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PREFACE

Organometallic chemistry is one of the most important and interesting area in
inorganic chemistry due to its catalytic properties and high reactivity. It is a broad
interdisplinary whose sphere of interest includes all compounds wherein metals are in
low oxidation states and bounded with carbon a;[om of organic molecules, radicals and
ions. In the mid of twentieth century and after the syntheses of the cyclopentadienyl, its
analogues and arene transition metal complexes, there is a large number of work in
organo transition metal chemistry which led to the development of new areas like
homogeneous catalysis efc., These compounds are potential precursors of organic
polymers that shows interesting electrical and conducting properties. More recently, (n°-
arene) ruthenium complexes have been the subject of intensive studies due to their
interesting antibacterial, antiviral and anticancer properties, coordination chemistry and
its catalytic properties. They have the potential for inhibiting enzymes involving DNA
biochemistry for example; ethylenediamine are cytotoxic to cancer. Thus, keeping this
in mind the importance of these type of complexes, the research work is based on
synthesis and characterization of new complexes arising from the versatile starting
materials like [(né-arene)RuClz]z (arene = benzene, p-cymene), [(nS-CSHs)M(PPh3)2X]
where [M = Ru, X = Cl; M= Os, X = Br] and [(n’-CsMes)MCl,]o M = Rh and Ir. The o-
donor and m-acceptor abilities of the cyclopentadienyl ligands stabilize transition metal
complexes in low and high oxidation states. Thus the cylopentadienyl group is one of
the most important ligands in Organometallic chemistry. The importance of [(1’-
CsHs)Ru(PPh;3),Cl] complex is evident from its appearance in literature and several

papers reported that the catalytic property of this compound. Interestingly, there is
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noticeable lack of emphasis on the osmium analogue, [(n°-CsH;s)Os(PPhs),Br] as evident
from the literature survey. This could be due to the lower kinetic lability of osmium
relative to ruthenium and possibly the cost of osmium metal. Thus, this thesis consists of
seven chapters mentioned as bellow:-

Chapter 1:

This chapter gives a brief introduction to arene ruthenium (arene = benzene and
p-cymene) cyclopentadienyl ruthenium(Il), osmium(Il); pentamethylcyclopentadienyl
ruthenium(Il), rhodium(Ill) and iridium(IIl) complexes, and their reactions towards
bridge cleavage and its substitution reactions. These complexes undergo substitution
reactions with various N,N’-donor and O,0’-donor ligands, and deals with their
application in the field of catalytic activities.

Chapter 2.

This chapter describes reactions of cyclopentadienyl osmium(II) biphosphine
azido complexes with activated alkynes and nitriles and its isolation of osmium triazole
complexes. The cyclopentadienyl osmium(Il). biphosphine azido complexes thus
generated undergo 1,3 dipolar cycloaddition reaction with various substituted acetylene,
nitriles efc., to gives triazolate and tetrazolato complexes. The single crystal X-ray

structure of representative complex has been established.
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ORTEP diagram of complex [CpOs(PPh;),( N3C,(CO,CyHs),] with 30% probability
thermal ellipsoids displayed with out phenyl groups of phosphines and H atoms being

omitted for clarity.
Chapter 3.
This chapter describes a brief synthetic methods and spectral characterization of

the complexes results from the reaction of [(n°-CsHs)Os(PPhs),Br] with N,N’-donor

Schiff’s bases viz. para-substituted N-(pyrid-2-ylmethylene)phenyl amines.
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Chapter 4.

This chapter encompasses a brief detail syntheses and characterization of n’-
pentamethylcyclopentadienyl and n’-cyclopentadienyl ruthenium(il), osmium(II).
rhodium(Ill) and iridium(Ill) complexes of 3,5-bis(2-pyridyl)pyrazole (Hbpp). The
molecular structural studies of the complexes [(n°-CsHs)Ru(Hbpp)PPhs]* and [(n’-

CsMes)Ir(Hbpp)CI]" were carried out.

@E Hbpp M——PPh,
BP/M\X N/ \\N

MeOH
Ph \\
PPh,

X = ClorBr
M = Ru(Il), Os(Il).
Hbpp = 3.5-bis(2-pyridyl)pyrazole

xXvi
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Cl
l\ 7 Hbpp /NH,PFs pM—cCl

~
M .
Cl/ \CI/ \C) MeOH N/\

PF

Hbpp = 3,5-bis(2'-pyridyl)pyrazole
M = Rh(III) or Ir(III)

ORTEP diagram of [(n’-CsMes)Ir(Hbpp)CI]PFs drawing with labelling scheme at 50%
probability level, [10]PFs anion omitted for clarity
Chapter S.

This chapter encompasses reactivity studies of cyclopentadienyl ruthenium(ll),

osmium(Il) and pentamethylcyclopentadieny! iridium(III) complexes towards 2-(2’-
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pyridyl)imidazole derivatives. Its describes substitution reaction of (-
CsHs)M(PPh3),Cl] [M = ruthenium(1l) and osmium(IT)], and [(n°-CsMes)IrCly], with 2-
(2’-pyridyl)imidazole and 2-(2’-pyridyl)benzimidazole ligands. The single crystal X-ray

study have been carried out for representative complexes.

ORTEP diagram with labelling scheme for [(n’-CsHs)Ru{2-(2’-pyridyl)imidazole}

(PPh3)]" ([1]PFs), at 50% probability level, H atoms and PF¢ anion omitted for clarity.

Chapter 6.

This chapter deals with syntheses and chgracterization of n’-arene ruthenium(II)
(arene = benzene and p-cymene) azido complexes. The dinuclear complex [(n’-
CeHg)Ru(p-N3)Cl], obtained from the reaction of [(né'C6H6)RUC12]2 with sodium azide
in ethanol. The benzene ruthenium B-diketonato complexes of the general formula [(n°-
C¢Hg)RW(LNL)CI} {LNL = O,0’-acac; O,0-bzac; O,0’-dbzm} are obtained in
methanol by the reaction of [(n°-C¢He)RuCly], with the corresponding S-diketonates.

These complexes further react with sodium azide in ethanol to yield complexes of the

xviii






{N3CACO:ED2}),  [(n*-CeHg)Ru(0,0 -acac){N3;C;HCN}],  [(n°-CeHe)Ru(0,0 -
bzac){N3;C,HCN}] and [(n°-CsHe)Ru(O,0 -dbzm){N;C;HCN}]. These complexes are

well characterized and the representative single crystal x-ray structure is established.

CO2R"™

N S| oo
CO2R" N
AN /Na+ CHCl N u/\l
;u\ I\ }?\o
A, ~
R , R
R.R'=Me,Me (5 R,R', R", R™ = Me, Me, Me.Me ( 8)
R,R'=Me,Me R, R"=Et,Et ( 9)
c118 17 C16
- c1s
c19 Cc14

ORTEP diagram of complex 9 with labeling scheme at 50% probability level and H
atoms being omitted for clarity

Chapter 7: This chapter deals with Syntheses of mono and di nuclear n®-arene
ruthenium carboxylato complexes; their reactions towards azide, icetate anions and
some neutral ligands. The mono and di nuclear n®- arene ruthenium carboxylato
complexes thus obtained from the reaction of [(n°-arene)RuCl,], with the corresponding

sodium salts of the carboxylic acids further reacted with sodium azide in ethanol to give
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Chapter 7: This chapter deals with Syntheses of mono and di nuclear n®-arene
ruthenium carboxylato complexes; their reactions towards azide, acetate anions and

some neutral ligands. The mono and di nuclear n®- arene ruthenium carboxylato

complexes thus obtained from the reaction of [(n°®-arene)RuCl,), with the corresponding
sodium salts of the carboxylic acids further reacted with sodium azide in ethanol to give
known azide dimers [{(né-arene)Ru(/J-N3)Cl}2] by the displacement of the carboxylate

ligand.

Ci
Ru:

I8
CI/

PN
Ny

/ MeCH &R /i"\m/cI
\@ SN \§
5

benzene, p-cymene 1,2
ﬁ p-cym Na,C /
Lz = C2042' NaN3
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General Introduction

dhhhhkhhk



Chapter 1

General Introduction

Organometallic chemistry mainly dealt with compounds which contain organic
groups, bound to the metal centre through one or more carbons atoms. The chemistry of
such compounds provides a bridge between organic compounds and coordination
complexes. Organic and organometallic chemists have extensively investigated arene—
metal complexes for over forty years. The first sandwich complex ferrocene was
obtained by Paulson and S. A. Miller and followed by E.O. Fischer the syntheses of
sandwich complex of arene. Organometallic compounds have a wide range of
application in catalysis [1], transformation of organic molecules [2] and are biologically
important [3]. The transformation of organic molecules on industrial and laboratory scale
involved catalysis by metals. Metals serve as reaction templates, which bond organic
species providing a low-energy reaction pathway for their combination with other
bonded species and producing a weakly bonded species. Arene complexes are used as
versatile intermediates to access the reactive arene metal hydride or 16-electrons metal
(0) intermediate that has been used recently for carbon-hydrogen bond activation.
Classification of organometallic compounds is based on the nature of bonds i. e., sigma
(0), pi(mt) or del(d) bond. Among the various half sandwich ruthenium complexes this
work deals with penta- and hexa-hapto cyclichydrocarbons complexes viz.
Cyclopentadienyl,  pentamethylcyclopentadienyl, né—benzene and  p-cymene
ruthenium(Il), osmium(ll), rhodium(Ill) and iridium({Il) complexes. The aim of this
work i1s to study the synthetic route of these classes of complexes and their

characterization with the help of spectroscopic data and single crystal X-ray analyses.
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The first introductory chapter is divided into three sections. The first section mainly

focussed on the chemistry of n’-cyclichydrocarbon ruthenium complexes ie.

cyclopentadienyl and pentamethylcyclopentadienyl complexes giving a general

presentation on the synthesis of precursor complexes and recent development of their

chemistry. The second section concerned with the chemistry of arene ruthenium

complexes. The third section is the brief discussion on various physical methods

employed and preparation of selected starting materials which involved in this study.

L1 nj-cyclichydrocarbons ruthenium (I1) and osmium (II) complexes

The most successful method of preparation of cyclopentadienyl ruthenium(Il)
triphenylphosphines complex was reported by Bruce et al., [4], using cyclopentadiene,
ruthenium trichloride trihydrate (RuCl3.3H,0), and triphenylphosphine which gave the
complex in high yield (scheme 1.1). The advantage of this method is direct formation of
the desired complex in a single pot with good yield. It has been shown that the complex
[(n°-CsHs)Ru(PPh3);Cl] is one of the most attractive molecules for synthetic

manipulation.

RuCl; 3H,0 + 4PPh; + CsH —EOH

Scheme 1.1
The complex dissolved in polar solvent and dissociates its Metal-chloride bond, whereas
the triphenylphosphines groups dissociate in non-polar solvent. The cyclopentadienyl

ruthenium(II) and osmium(Il) complexes reacted with Nitrogen donor based ligands such
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as N,N-donor bases and Schiffs’ bases to yield cationic and neutral complexes of the type
[(7°-CsHs)M(PPh3)LNL]" where, M = Ru(Il), Os(Il); LNL = N, N’-donor ligands. The
complexes undergo substitution reaction whereby, substitution of chloride and one

triphenylphosphine group is taken place (scheme 1.2).

s /\ MeOH - M+____L
/ X+L'L Refluxed /
Ph,P \ Ph,;P
PPh,
M = ruthenium (II) and osmium (I1)

AL = bidentate nitrogen base and Schiffs' base ligands.

L
X = Cl,Bror CH3CN
Scheme 1.2

The closely related osmium analogue, [(n>-CsHs)Os(PPh;),Br] has been prepared by
treatment of osmium tetra oxide with hydrobromic acid (HBr), cyclopentadiene (CsHp)
and triphenylphosphines, refluxed in ethanol under nitrogen atmosphere [5] (scheme
1.3). However, literature survey revealed that not much work has been carried out on
this compound which could be due to the lower kinetic labiality of osmium relative to
the ruthenium complexes, other reasons might be due to the greater cost of osmium. The
main objectives of our synthetic work on [(n’-CsHs)Os(PPhs),Br] is to study its
reactivity towards N, N’-base ligands, to compare and contrast the structures and the

properties with that of the corresponding cyclopentadienyl ruthenium(II) complexes.
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Q

FtOH, H,O _ Os
Oy + HBr + PPy + Gl Rl N, ,H’hp/ \\B'
PP,
Scheme 1.3

The pentamethylcyclopentadienyl analogue [(n5 -CsMes)Ru(PPh;),Cl] can be prepared in
good yield using a similar procedure of [(’-CsHs)Ru(PPhs),Cl], but longer reaction time
is required [6]. The complex [(n’-CsMes)Ru(PPh3),Cl] can be prepared using less
strenuous condition if ruthenium trichloride hydrate and pentamethylcyclopentadiene are
first reacted to give polymeric pentamethylcyclopentadienyl-ruthenium dichloride, and
treated with excess triphenylphosphine to prodﬁce the desired complex [7]. Recently,
Bruce and his co-workers developed an improve method for the preparation of [(7’-
CsMes)Ru(PPh;3),Cl] by using NaOEt base, which give a considerably good yield. In this
method ruthenium trichloride and pentamethylcyclopentadiene was refluxed in ethanol
followed by the addition of triphenylphosphine and NaOEt base [19]. It is noteworthy
that studies on the ruthenium(II) complexes containing n°-cyclichydrocarbons and triaryl
and trialkylphosphine as co-ligands have been accompanied to a very large extent and
interest in the ligand substitution processes at plus two valent metal centre. Generally two
approaches have been applied to substitution réaction of [(’-CsHs)Ru(PPh3),Cl]. The
first approach centered around the reaction of Ru-Cl bond resulting in the replacement of
chloride either by other anions or by neutral ligands to give neutral complex (-

CsHs)Ru(PPh;3),X] or cationic complexes of the type [(1°-CsHs)Ru(PPhs)»(L)]* [8].
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Another approach is the substitution of PPhs and chloride ligands or both the
PPh; with various ligands like heterocyclic molecules N, N’- donor bases to give neutral
complex or one triphenylphosphine along with the chloride by N- base ligands to yield
cationic complexes. A least common reaction i1s displacement of the organic moieties
which is expected to be more common in complexes containing labile organic moieties
such as Cp* ligand. In addition there is another.possibility of the reaction, though very
little studied that is organic moiety (Cp) which could be activated towards substitution.
The suggested factors for accounting these types of behaviors are: (a) the high electron
density on ruthenium because of the presence of the two triphenylphosphine ligands and
(b) the steric interaction between the two bulky PPh; molecules [9]. The Ru-Cl bond of
the complex [(nS-C5H5)Ru(PPh3)2C1] can be readily substituted with a variety of ligands
to yield neutral or cationic complexes. Thus the complexes of the type (-
CsHs)Ru(PPh;),X] (X = NCS [10], NO; [11]; CN [12]) can be readily prepared by
treatment of [(n’-CsHs)Ru(PPh3),Cl] with methanolic solution of the appropriate sodium
or potassium salts.
1.1 Exchange of PPh; ligands

The two triphenylphosphines ligands in [(nS-CsHs)Ru(PPh3)2Cl] can be replaced
by others alkylphosphines and chelated phosphines to give neutral complexes. Thus,
stepwise replacement of tertiaryphosphines occurs in the complex [(n’-
CsHs)Ru(PPhs),X], by alkylphosphine such as PMes in non-polar solvents to give [(n’-
CsHs)Ru(PMe;3)(PPh3)CI] at 80-100 degree centigrade and[(nS-CsHs)Ru(PMeg)2Cl] at
110 degree centigrade [13]. Tertiary phosphine requires more severe conditions, short

heating with decalin being required to form [(n°-CsHs)Ru{P(OR);},Cl] (R= Me, Ph). An
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olefinic phosphines also displaces the two PPh; ligands to give [(1°-CsHs)Ru(n’-

CH,=CHCH,4PPh,)] [14] (Scheme 1.4).

«

/RU\CI

Ph,P

PPh,
L = PPh,Me, PPhMe,, PMe;, PPh,OMe, P(OiPr);
Scheme i.4

1.2 Derivatives of nitriles, nitrosyls, carbonyl and N, N’-base ligands

Cyclopentadienyl complexes [(17’-CsHs)Ru(PPhs),Cl] undergo a wide range of
reactions with sulphur, nitrosyl and carbon bonded ligands. Thus, treatment of the complex
[(n°-CsHs)Ru(PPhs3),Cl] with NaSH yielded complex of the type [(n’-CsHs)Ru(PPh;),SH]
[15]. Treatment of [(n’-CsHs)Ru(PPh;),Cl] complex with sodium thiocarbamate affords
complexes of the type [(n5-C5H5)Ru(SzCX)(PPh3)2] [16]. Cyclopentadienyl complex of the
type [(nS-C5H5)Ru(PPh3)(N ,N")]" are obtained by ready substitution of two facile coordination
sites of the complex [(nS-C5H5)Ru(PPh3)2Cl] with N, N’- base ligands [17].
1.3 Pentamethylcyclopentadienyl ruthenium (II) complexes
The complex [(n°>-CsMes)Ru(PPh3),Cl] can be prepared by the reaction bétween
RuCl3.3H,0 and pentamethylcyclopentadiene in methanolic solution to give dimeric
pentamethylcyclopentadienyl ruthenium dichloride, which is further treated with excess

of triphenylphosphine to yield the desired complex (scheme 1.5) [18].
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Cl

/\/@

RuCl.3H,0 CsMesH / \Cl Cl
MeOH

Ru——CI

Ph3P/ \

Scheme 1.5

PPh,

An improved method of preparation of this complex was reported by Bruce and his co-
workers by using NaOEt base, which give a considerably good yield. In this method
ruthenium trichloride and pentamethylcyclopentadiene was refluxed in ethanol followed
by the addition of triphenylphosphine and NaOEt base [19] to give the desired complex

of the type [(n’-CsMes)Ru(PPhs),Cl] (scheme 1.6).

RuCl;3H,0 + CsMesH + PPh, NaOEt
EtOH Ru____
/ cl
PhsP
PPh,
Scheme 1.6
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Both of the triphenylphosphines can be replaced by the alkyl phosphines and chelating

phosphines to give neutral complexes [(nS-C5Mes)Ru(L)2C1] (scheme 1.7) [20].

{
N\
2L or L L - Ru
RU—_ .| MeOH/Toluene / Tl
/ L
BPh, g
PPh,
A

L' "L =dppm ordppe

Scheme 1.7

B. Steinmetz and his co-workers described a convenient route for the synthesis of a novel
[(nS-CsMes)Ru(NCMe)g]Jr complexes by zinc reduction of [(n5 -CsMes)RuCly]; in

acetonitrile in the presence of NaPFg [21].

1.4 APPLICATION TO ORGANIC SYNTHESES

The cyclopentadienyl and pentamethylcyclopentadienyl ruthenium(Il) complexes are
extensively used in organic molecules transformations. Ruthenium a catalyzed organic
reactions are the most important and useful reactions in organic syntheses [22] mentioned

as below:
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Figure: Ruthenium catalyzed reactions in organic syntheses.

1.5 1% Cyclichydrocarbon ruthenium(II) complexes

In recent years, m-arene metal complexes have generated considerable interest
due to their potential roles in homogeneous catalysts. Its complexes have been
extensively investigated by organic and organometallic chemists for over 40 years. In
particular, n’-arene complexes have emerged as versatile intermediates in organic
synthesis as a consequence of the ease with which the arene ligand can be functionalized

[23]. The versatile starting materials [(n6-arene)RuCl;_]2 are usually prepared by
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refluxing the appropriate cyclohexa-1, 3 diene or cyclohexa-1, 4-diene with RuCl;.3H,0
in ethanol [24]. The [(né-arene)RuClz]z complexes of mesitylene, 1, 2, 3, 4-
tetramethylbenzene, 1,3,5—triethylbenzene, 1,3,5-triisopropylbenzene and
tetramethylthiophene [25] have been made similarly from [(n°-arene)RuCly),. The
coordination of a metal fragment (MLn) to an arene ring dramatically increases the
electrophillic character of the ligand. Thus, processes such as nucleophillic aromatic
addition and substitution, arene deprotonation, and benzylic deprotonation are greatly
facilitated. In addition, the presence of a transition metal centre (and ancillary ligands)
on one face of the coordinated arene can serve as a valuable stereo control element.
Arene metal complexes also have been utilized as homogeneous catalysts or catalyst
precursors in numerous transformations such as hydrogenation, esterification, olefin
metathesis, and Diels-Alder cycloaddition [26]. More recently, planar chiral arene metal
complexes have been employed as effective chiral auxiliaries and as asymmetric ligands
that are capable of coordinating a second metal ion [27]. Thus, the utility of n6-arene
metal complexes emanates not only from the reactivity inherent to the coordinated ring
but also from the control over three facially disposed coordination sites about a given
metal centre afforded by incorporation of an arene ligands. While a number of transition
metals form tractable n’-arene complexes, those that incorporate the neutral tricarbonyl
Chromium(0) {Cr(CO);} fragment are the most thoroughly studied and the chemistry of
arene chromium complexes has been summarized in a number of review articles [28]. In
addition to chromium, arene complexes of manganese, iron, and ruthenium are important
members of this family of organometallic materials. The most commonly encountered

n’-arene complexes prepared from these latter three metals are isoelectronic with their
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tricarbonyl chromium analogues; hence, manganese is assigned a formal +1 oxidation
state while iron and ruthenium are present in +2 oxidation states. Consequently, many of
the arene complexes of Mn, Fe, and Ru are isolated as mono- coordination materials
depending on the identity of the ancillary ligands. In turn, the cationic nature of these
complexes often results in increased reactivity of the arene ring and enhanced Lewis
acidity in coordinative unsaturated derivatives (an important feature for certain catalytic
applications) relative to neutral chromium complexes.
1.6  Arene ruthenium half sandwich complexes

Most half-sandwich complexes that contain an arene ruthenium moiety are
conveniently prepared from chloro-bridged n’-arene ruthenium(ll) dimer. Majority of
half sandwich arene chemistry based on ruthenium arises from the binuclear complexes
[(m°-arene)RuCl,], (arene = C¢Hg MeCgH,Pri) which results from the reactions of RuCls.
3H,0 with 1, 3-cyclohexadiene or a- phellandrene as described by Zelonka and Baird as
well as Bennett and Smith [29]. The n6-p-cymene ruthenium dimer undergoes facile
arene exchange at high temperature and this reaction provides a means of accessing new

arene Ru (II) dimers [30] (scheme 1.8).

12
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[(arene)RuCl|,
) \ \ |/

%
S-180° "y
I(C6M96)RUCI2]2 A:’ CI
a
@ F = 3)
Ru—N Ph
\ CI/ \ H
[(arene)Ru(NCCH;)|BF, Cl (32)
(4)

L = R;P, Py etc.
L' = H,N-CH(Ph)(CH3)
arene = benzene, p-cymene
Scheme 1.8A
The chloro bridges are labile and stirring dimeric complexes, such as 1 in coordinating
solvents (e.g., CH;CN, DMSQO) leads to formation of solvated monomeric derivatives.
Simply treating 1 or 2 with suitable monodentate ligands (such as pyridines, phosphines,
phosphites, arsines and amines) generates isolable monomeric air-stable arene ruthenium
complexes 3 [31]. Reaction of (S)-(-)-a- methylbenzylamine with the dimer derived from
O-toluic acid methyl ester eventually led to isolation of complex 3a in greater than 90%
diastereomeric excess. Complex 3a was reported to be the first resolved planar chiral
arene ruthenium (II) complex. Completely solvated arene ruthenium(II) dications (4) can
be prepared from 1 or 2 and an excess of Ag (I) salt [32]. Ruthenium(II) dimers such as 1
serve as precursors for monomeric piano stool complexes with more than one added
ligand as well. For example, conversion of 1 to 5§ followed by treatment with a second

monodentate phosphines in the presence of NH4PF4 afforded complex 6 with two

different phosphines bonded to the Ru(Il) centre (Scheme 1.9) [33].

13
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e \Ru > Ru
Ru ™~
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Cl

Ru
Ru\ l’/ \ '
R; \ PR; 3
7  cI

= benzene, p-cymene (6)
Scheme 1.9
Incorporation of two identical phosphine ligands 7 was accomplished directly by
reacting 1 with excess of phosphine and NH4PFs: Complexes such as 5§ and 7 were found
to be susceptible to further attack by phosphine, ultimately providing phosphonio-n’-
cyclohexadienyl ruthenium complexes 8 (Scheme 1.10), thus illustrating the activated
nature of the coordinated arene ring [34]. Similarly, reaction of the tris-(acetonitrile)
arene ruthenium dication 4 with an excess of PMe; afforded the cyclohexadienyl
complex 9 in which one acetonitrile ligand had been retained (Scheme 1.10).
Spectroscopic studies confirmed that addition of the phosphine nucleophile had occurred
exclusively from the exo-face of the arene ligand. Complexes 8-9 were reported to be
reasonably air-stable but treatment with trifluoroacetic acid results in cleavage of the

cyclohexadienyl-P bond with regeneration of an (n’-arene)Ru(1l) complex.

14
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PR',

(5)

[(CsHg)Ru(PR3),CI
(7

PM €3

(C¢Hg)Ru(NCCH,),|BF,

(4)

Scheme 1.10

The bis(phosphine)ethylene arene ruthenium complex 11 (Scheme 1.11) presents two n-

ligands potentially susceptible to nucleophillic attack. Reaction with a phosphine or

phosphites resulted in addition to the coordinated ethylene ligand, while treatment with

harder nucleophiles (EtsN, MeO-, MeLi) resulted in reaction at the arene ligand (from

the exo-face) [35].

Nuc n+
A

\
RY Nuc Ru—C,H,
C,H, >
Me,po (1) Me,P
3
PMe; PMe,
(13)
»
Nuc = Et3N (n =2)
— 2+ MeO-(n=1)MeLi
‘ (n =1)
\\/ R=Me,Ph,OMe
Ru _
PR,
Me;P \
(12) PMe;
Scheme 1:11
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1.7 Complexes with Nitrogen and oxygen donor ligands

A number of complexes of arene ruthenium fragment containing N, N’; and N.O
donor ligands are generated by the reaction of [(n°-arene)RuCl,], with the appropriate
ligands [36]. The [(né-arene)RuCI;g]z complex reacts with NaOR/ROH to give [(m°-
arene)Ruy(p-OR);]" [37). The complex [(n®-arene)RuCly]; reacts with primary and
secondary amines, neither at room temperature nor heating in non-polar solvents to gives
[(n(’-arene)RuClz(L)] (arene = 1, 3, 5-C¢Hs;Me;; L = CsH;(NHPy) [38]. Similar
complexes of the type [(n°-arene)Ru{CLNCsH,;NH;-0}] was obtained by the reaction of
[(n°-arene)RuCl,]; with amino pyridines. Reaction of p-cymene ruthenium dimer with
N,N and N,O Schiff’s base ligands generated cationic and neutral chelated complexes
[(®-p-cymene)Ru(N,N*)C1]" and [(n®-p-cymene)Ru(N,0)C1]" [39]. The similar reaction
between [(n°-CsHg)RuCly], and 0,0’ donor ligands produced complexes of the type

[(°- CsHe)Ru(0,0°)Cl], which have been reported in this work (scheme 1.12).
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L = Cl, N3, Triazole and tetrazole
R= CH3, OC2H5,C6H5
X= H, CH3,0CH3,C|, N02

Scheme 1.12

1.8 Application of arene ruthenium(Il) complexes

Most of the arene ruthenium compounds are.used in hydrogenation catalysts. The
complexes [(né-arene)RuClz]z (arene = benzene(C¢Hg), p-cymene, 1,3,5-C¢H3Me;s, 1,3,5-
CeH3Phs) [40] and [(n°-arene)RuCl,(DMSO)] were found to be catalyst precursors for
hydrogenation of alkenes. Zero-valent ruthenium complex [(n°-CeMeg)Ru(m’ -CoMeg)]
was found to be catalytically active for arene hydrogenation [41]. The complex [RuH(n’-
Ce¢Meg)(Ph)s] was found to be an active catalyst for arene hydrogenation and for the
transfer of hydrogenation from I[-phenylethanol to a variety of alkenes [42]. The
analogous irtddium and rhodium pentamethylcyclodienyl complexes are reported to
hydrogenation catalyst of alkenes and arene [43]. In 1984 Pertici et al., reported that
hydrogenation of alkenes in the presence of the catalyst [Ru(n6-arene)(n4-COD)] (arene

= Cg¢Hs, 1,4-C¢HsMe,, 1,3,5-C¢HizMes) [44]. Benzene was selectively reduced to
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cyclohexene by hydride reduction of [Ru(n6—21rene)(116-C(,Me(,)]2+ and [M(n’-CsMes)(n’-
CeHe)]*" {M = Rh and Ir}, followed by protonation. During the process of benzene
protonation in presence of a weak coordinating counter-ion, the starting complex was
regenerated. Under these conditions the protonation is formally catalytic in the complex,
but the turnover number is low. In particular, transition metal complexes with
coordinating group (n-electron bonded e.g, arene ligands) have attracted much attention
from the viewpoints of improving and elucidating catalytic processes such as olefin
polymerization [45]. Interest arises for synthesizing new arene-ruthenium(ll) complexes
due to their biological activities. For examples: [(rf*-arene)Ru(en)Cl]+ (en = 1,2-
diaminoethane). [(p-cymene)RuCl(u-BESE)],, [(p-cymene)RuCl(n-BESP)], and ([(p-
cymene)RuCly (BESE)|PF (where, BESE = 1,2-bis(ethylsulfonyl)ethane, BESP = 1,2-
bis(methylsulfonyl)ethane) has shown anti cancer activity [46-47]. The reaction of N-
alkylimidazolines and N-arylalkylimidazoline with the arene-ruthenium(II) dimer gave
the imidazoline complexes. These complexes are generated in situ and used as active

catalysts for the cycloisomerization of 1, 6-diallyltosylamide into N-tosylpyrrolidine

Ts N/\/ arene-ruthenium _ TsN
\/\\ imidazole complex

Diphosphine arene ruthenium(Il) complexes [(n(’-arene)Ru(P-P)Cl]CF;SO3(arene =

[48].

C¢H¢. p-cymene, mesitylene, hexamethylbenzene(HMB); P-P = 3.4-dimethyl-1-
phenylphosphine, diphenylvinylphosphine) acting as catalyst for the hydrogenation of

ketones [49],
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OH o)
o OH +
. ==
Neutral and cationic arene-ruthenium(ll) complexes containing the iminophosphine-
phosphine ligand PhPCH,P(=N-p-CsF4N)Ph;, are active catalyst for the hydrogenation of
cyclohexanone [50].
o) OH o)

OH 0.4 mol% catalyst /“\
+
+ /k 9.6 mol% NaOH

1.9 Physical Measurements

FT-IR: FT-IR spectra were recorded on a Perkin-Elmer model-983 and BX-series
spectrophotometer with samples prepared as KBr pellets.

FT-NMR: The NMR spectroscopic data 'H, 13C{‘H} and *'P{'H} NMR were recorded
in suitable deuterated solvents using Bruker ACF-300 MHz or AMX 400 MHz
instruments at sophisticated instruments Facility (SIF), 1ISc Bangalore, University of
Barcelona-Spain, IIT Guwahati. For 'H, Be {IH} SiMe;, is used as an internal standard
while chemical shift for *'P {'H} resonance were referred to 85% HiPO,4 and the
coupling constant were given in Hertz. Elemental analyses and Micro analytical data
were obtained from Sophisticated Analytical Instruments Facility (SAIF), NEHU using a
Perkin-Elmer 2400CHN/S analyzer.

Materials

The precursors complexes [(ns-CsHs)Ru(PPh3)2Cl] [4], [(nS-C5H5)Os(PPh3)2Br] [5],

[(n*-CsMes)Ru(PPhs),Cl] [21], [(n*-CeHe)RuCLy]; [31] and [(n*-CsMes)IrCh)s, [(n’*-
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CsMes)RhCL], [51] and [(n®-p-cymene)RuCly]; [30] were prepared by following the
literature methods.

2.1 Preparation of starting materials

1. [(m°-p-cymene)RuCly], [30]

1 g of RuCl3.3H,0 dissolved in 80 ml of ethanol and 5 ml of a-phellandrene was
added. The mixture was Refluxed for 4 hr and cooled to room temperature. Reduce the
volume to about 40 ml and kept in the fridge. The precipitate is collected by filtration,
washed with hexane 10 ml x 3 and then washed with diethyl ether and dried in vacuum.
The second crop can be collected after concentration of the filtrate and followed the
same procedure.

Yield: 1.2 g (81.63%)
2. [(M°-CeHg)RuCly]; [31]

2 g of RuCl3.6H,0 in ethanol (100 ml) was heated under reflux with 1,4 or 1,3-
cyclohexadiene (10 ml) for 4 hr. The brown précipitates was filtered off, washed with
methanol and dried in vacuo.

Yield: 1.05 g (87.5%)

3. [(n°-CsHs)Os(PPhs):Br] [5]

An ample of OsOy4 (1.0 g, 3.93 mmol) was broken in a flask containing 48% of
HBr (37 ml) and the red solution was heated at reflux for 2 hr in air. Water and excess
HBr were removed from the mixture by distillation at 50 °C under vacuum, leaving a
dark red residue. The residue was dissolved in absolute ethanol (20 ml) and added to a
stirred triphenylphosphines (6.30 g, 24.0 mm.ol) in ethanol (180 ml) immediately

followed by a solution of freshly distilled cyclopentadienyl (10 ml) in ethanol (20 ml),
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water (25 ml) was then added to the mixture via syringe, and the crimson suspension
was heated at reflux for 2 hr; resulting in a colour change to orange. After the reaction
mixture was cooled to room temperature, the resulting orange yellow powder was
filtered, wash with hexane (2 x 10 ml). The solid compound was dried in vacuum to give
pure product. The orange filtrate was concentrated to 40 ml and cooled to -30°C to
obtain the remaining products.

Yield: 2.55 g (74%)

4. [(’-CsHs)Ru(PPh3:Cl] [4].

4.2 g of triphenylphosphine was dissolved in 200 ml of ethanol and placed in a two
necked round bottom flask (1000 ml), kept in an oil bath and refluxed (60 °C) 30-40
mins with rapid stirring up to triphenylphosphine is dissolve. Immediately 9-10 ml of
freshly distilled cyclopentadienyl, 1 g of RuCl;.3H,0 and 40 ml of ethanol mixture is
added. A dark brown colouration is observed. The mixture solution was refluxed for ca.
45-60 mins, the dark brown colour changes to orange colour. The orange colour product
is filtered and washed with cold water, dried in vacuum.

Yield: 2.52 g (86%)

5. [(M°-CsMes)Ru(PPh3),Cl] [21].

The compound RuCl3.3H,0 (1 g, 2.41mmol) and pentamethylcyclopentadienyl (0.67 g,
4.82 mmol) were dissolved in ethanol (30 ml) and heated under refluxed for 90 mins,
after which a solution of triphenylphosphines (2.53 g, 9.64 mmol) and sodium ethoxide
(40 ml) was added drop wise. The solution was then refluxed for 18 hr. The orange
yellow precipitates was collected and washed with ethanol (2 x 5 ml) and then with

hexane (2 x 5 ml) to give the above complex.
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Yields: 2.56 g (78%)

6. [(M*-CsMes)IrCly}; [51]

IrCl3.3H,0 (10 g), pentamethylcyclopentadienyl (6 g, 0.004 mmol), reagent
grade methanol (300 ml) and a magnetic stirrer are placed in a 500 ml round bottom
flask fitted with reflux condenser. A nitrogen bubbler is attached to the top of the
condenser. The round bottomed flask is purged with nitrogen for 5 mins; the mixture
was refluxed gently under nitrogen atmosphere for 48 hr with constant stirring. The
reaction mixture was allowed to cool to room temperature and a dark red precipitate is
filtered off in air through the glass sinter. The red filtrate is reduced to 50 ml in rotary
evaporator, and kept in cool condition to get red crystalline product, washed with diethyl
ether (3 x 20 ml).If required the product may be recrystallized from chloroform-hexane,
gives an orange microcrystalline compound.

Yield: 10.7g (85%)

7. [(m*-CsMes)RhCLy]; [51]

Method of preparation of this compound is same as above except rhodium trichloride
trihydrate was used instead of iridium trichloride trihydrate.

Yields: 1.13 g (83%)

Preparation of Ligands

2-(2’-pyridyl)imidazole (L) [52]: An ice-cold solution of pyridine-2-carbaldehyde
(10.7 g) in ethanol and glyoxal (20 ml. of 30 % aqueous solution) in ethanol (10 ml)
were mixed and then, without delay, ice- cold concentrated aqueous ammonia solution
(30 ml, of 20 N) was added. The yellow brown solution was kept at zero degree

centigrade for 30 minutes, then allowed to stand overnight at room temperature. Most of
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the ethanol was distilled off and the cold residue was extracted many times with
diethylether. The solvent was removed from the combined, dried, ether extracts and the
residual oil distilled in vacuo. It soon solidified and was obtained by recrystallization
from ethy! acetate as yellow prism.

Melting point: 134 °C.

Analytical calculated for CgH7N3: C, 66.2; H, 4.8; N, 29.0.

Found: C, 66.3; H, 4.9; N, 28.7

'H {NMR, 8}: 8.5 (d, Jun = 5.34Hz, 1H, He of py); 8.3 (d, Jun = 4.75Hz, 1H, H; of py):
7.8 (t, 1H, Hy of py); 7.3 (t, 1H, Hs of py).

Preparation of 2- (2’-pyridyl) benzimidazole (L;) [52].

2- (2’-pyridyl) benzimidazole has been prepared by many different methods. The
material used for this experiment in this paper was made in rather poor yield by heating
O-phenylenediamine and 2-picolinic acids together. A much more convenient method
consists in careful heating together equimolecular amounts of O-phenylenediamine and
2-picolinthioamide. The purified product was melted at 221 degree centigrade.
Commercially prepared by Aldrich company was available and can be used as received.
Analytical calculated for C;HgN;: C, 73.85; H, 4.62; N, 21.54.

Found: C, 74.05; H, 4.82; N, 21.94

'H {NMR, 8}: 8.6 (d, Jun = 6.00Hz, 1H, H¢ of Py); 8.3 (d, Jun = 5.75Hz, 1H, H; of Py):
7.5 (t, 1H, Hq of Py); 7.3 (t, 1H, Hs of Py); 7.0 (m, 4H).

2-(2’-pyridyl)-4, 5-dimethylimidazole (L;).

Preparation method was similar to L; except 2, 3 butanedione instead of glyoxal.

Analytical calculated for Cy4H3N3: C, 75.34; H, 5.83; N, 18.83.
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Found: C,75.82; H, 5.28; N, 18.40

'"H {NMR. 8}: 8.5 (d, Jun = 5.34Hz, 1H, H6 of py); 8.3 (d, Jun = 4.75Hz, 1H, H3 of Py);
7.8 (1, 1H, H4 of Py); 7.3 (t, 1H, HS of Py), 3.48(s, 6H of -CH3).

2-(2’-pyridyl)-4, 5-diphenylimidazole (L4)

Preparation method was similar to L; except benzil instead of glyoxal.

Analytical calculated for Cy0H¢N3: C, 80.54; H, 5.37; N, 14.09.

Found: C, 80.86; H, 5.75; N, 14.42

'H {NMR, 8}: 8.4 (d, Jun = 5.34Hz, 1H, Hg of py); 8.3 (d, Juu = 4.75Hz, 1H, H; of Py);

7.7 (t, 1H, Hy of Py): 7.4 (t, 1H, Hs of Py), 5.84(s, 10H of C¢Hp).

5 HN B HN HN

L1 L2 L3 La

Preparation of 3,5-bis(2-pyridyl)pyrazole (Hbpp) [52]

This ligand is prepared by following three steps, given as bellow:

. Preparation of NaOEt: 50 ml of ethanol and 1.67 g of sodium was added slowly to the
stirred solution. When all sodium is dissolved or disappeared the solvent is removed
under vacuum, a white solid compound was collected.

To this round bottomed flask, containing 250 ml of dry toluene was purged with
nitrogen. Then 8.8 ml of methyl picolinate was added under stirring condition. To this

mixture 11.6 ml of acetylpyridine was added drop wise. During the course of addition, a
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yellow colour changed was observed. The reaction mixture was stirred for another 50
mins; cool to room temperature, filtered and washed with toluene and hexane and dried
in vacuo. The crude product was added to a mixture of 75 ml of acetic acids and 75 ml
of water with 250 g of ice and shake rigorouély. The precipitates were filtered off,
washed with water and diethyl ether.

5 .8 g of diketone and 76 ml of absolute ethanol are taken in a flask. To this solution 9.5
ml of hydrazine hydrate was added. The mixture was boiled for 90 mins, and then
cooled to a room temperature, the precipitated compound (Hbpp) was filtered off. The
filtrate was concentrated to a minimum volume; the precipitates appeared which is
collected. The compound was washed with ethanol and hexane and dried in vacuum.
Melting point: 167 °C;

Preparation of sodium salts of f-diketonate ligands

Sodium salts of S-diketonates ligand namely; acetylacetonate {Na(acac)}, benzene
acetylacetonate {Na(bzac)}, dibenzenemethylacetonate {Na(dbzm)} were prepared by
reacting corresponding f-diketones with 2 equivalent of sodium hydroxide (NaOH) in
ethanol as delineated here. 2 equivalent of sodium hydroxide in 100 ml of ethanol were
stirred until sodium hydroxide was completely dissolved. To this stirring solution was
added 1 equivalent of the corresponding fS-diketones and stirred for 24 hr. The white

precipitates were filtered and washed with cold ethanol and dried under vacuum.
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MeWMe MeWPh Ph \ Ph

0 ONa' 0 ONa* 0 ONa'

Na[acac] Na[bzac] Na[dbzm]

Crystallographic investigation

X-ray analyses of the complexes were performed by employing Bruker AXS Apex
CCD, Rigaku Mercury CCD and Bruker Smart 1000 CCD diffractometer, using graphite
monochromated Mo-Ka.(A = 0.71069A and 0.71073 A). Intensity data were corrected
for Lorentz and polarization effects and absorption corrections were done using the
SAINT program [53]. An empirical absorption correction was made by modelling a
transmission surface by spherical harmonics employing equivalent reflections with 1 >
26 (1) (Program SADABS) [54]. The structure were solved by direct methods (SIR 97)
[56] and (SHELXS 97) [56]. Refinement by full matrix least squares base on F? using
(SHELXS 97) software packages [57]. The X-ray data of the complexes were corrected
for the presence of disordered solvent using “SQUEEZE” [58]. The weighting scheme
used were W = 1/ [o%(F®)+aP® + bP] where, P = Fo> + 2F3A and w =
1/[6*(F*)+0.0311P> + 3.5016P. All the non-hydrogen atoms were refined
anisotropically using the full-matrix, least squares technique on F2 using the SHELXL-
97 software [59].

Supplementary materials

Crystallographic data for the structural analysis of the complexes have been deposited at

the Cambridge Crystallographic Data Centre (CCDC), CCDC Nos. of the complexes are
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given in the summary of the crystallographic data collection tables. Copies of this
information may be obtained free of charge from the director, CCDC, 12 Union Road,
Cambridge, CB2 1EZ, UK (Fax: + 44-1223336033; email:deposit@ccdc.cam.ac.uk or

http//www.ccdc.cedc.ac.uk)
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bisphosphine azido complexes with activated
alkynes and nitriles: isolation of osmium triazolato
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Chapter 2

Reactivity study of cyclopentadienyl osmium (II) bisphosphine azido complexes
with activated alkynes and nitriles: isolation of osmium triazolato and tetrazolato

complexes by 1,3 dipolar addition*.

Abstract:

The cyclopentadienyl osmium(Il) complexes [(n5 -CsHs)Os(PPh;3),X] [X = Br
(1), CH3CN (2)] reacts with sodium azide (NaNj3) to yield the corresponding azido
complex of the type [(nS-C5H5)Os(PPh3)2N3] (3). The azido complex thus generated
undergoes [3+2] dipolar cycloaddition reaction with activated alkynes such as
diethylacetylenedicarboxylate and dimethylacetylenedicarboxylate to yield triazolato
complexes [(n°-CsHs)Os(PPhs);{N3C2(CO,R);}] [R = -CH,CH; (4) and -CH; (5)]. The
complex 3 also reacts with nitriles such as tetracyanoethylene (TCE), fumaronitrile and
p-nitrobenzonitrile to yield complexes of the type [(n’-CsHs)Os(PPhs),
{N4C2(CNY=C(CN);}] (6), [(n’-CsHs)Os(PPh3)2{N3C;HCN}] (7) and [(n°-CsHs)Os -
(PPh3),{N4C(CsHs-p-NO,)}] (8). These complexes were fully characterized on the basis
of microanalyses, FT-IR and NMR spectroscopic data. Molecular structure of the
representative complex [(nS-CsHs)Os(PPh3)2{N3C2(C02CH2CH3)2}] (4) was determined

by single crystal X-ray analysis.

Keywords: Osmium complexes, cyclopentadienyl, dimethylacetylenedicarboxylate,
diethylacetylenedicarboxylate, fumaronitrile, tetracyanoethylene, p-nitrobenzonitrile.

*Communicated Inorganica Chimica Acta
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2.1 Introduction

The o-donor and m-acceptor abilities of the cyclopentadienyl ligands stabilize transition
metal complexes in low and high oxidation states. The half sandwich cyclopentadienyl
ruthenium and osmium biphosphine complexes viz., [(n>-CsHs)Ru(PPh;3),Cl] and [(n’-
CsHs)Os(PPh3),Br] (1), have generated a great deal of interest for the last few decades
due to high reactivity [1] and catalytic activity [2]. However, the chemistry of [(n’-
CsHs)Os(PPh3);Br] (1) is less research in compared to its analogue ruthenium
complexes [3]. This could be due to the lack of convenient osmium synthetic precursor
[4] and the higher kinetic stability of the cyclopentadienyl osmium ((n°-CsHs)OsL3)"
compounds in comparison with the related cyclopentadienyl ruthenium complexes [5].
Our interest arises due to catalytic potential in organic reactions, which is particularly
important for synthesizing heterocyclic compounds [6]. In addition, tetrazoles are not
only important in precursors to a variety of nitrogen containing heterocycles [7] but also
to diverse application in pharmaceuticals [8], explosives [9] and corrosion inhibitors
{10]. The presence of a coordinated azide in certain metal complexes has been reported
to react with electron-poor nitriles [11] and isonitriles [12] under relatively mild
conditions to produce metal-nitrogen and metal-carbon bonded tetrazoles respectively.
Similar reactions with alkynes produce triazolates, whereas alkenes react very slowly
and mostly afford an impure product [13]. Similarly, it has been reported that azido
complexes react with carbon disulfides to produce thiothiatriazolate [14]. A number of
azido complexes have been found to react with organic isothiocyanates and alkyl

thiocyanates to give tetrazolinethionates and 5-(thioalkyl) tetrazolates respectively [15].
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Recently cyclopentadienyl ruthenium triazolato and tetrazolato complexes have been
reported [16]. We recently reported the triazolato complexes of the type [(n’-
arene)Ru(LL){N;C,(CO;R),}] and [(ns-indenyl)Ru(LL){N3C2(C02R)2}] (LL = B-
diketonates, dppe, dppm) which result from the reaction of [(n°-arene)Ru(u-N3)(LL)]
and [(n’-indenyl)Ru(LL)(N3)] respectively with various substituted acetylenes [17]. The
study revealed two important observations, these are:- (i) nS-indenyl ruthenium(II)
complexes containing bulky triphenylphosphine ligands did not undergo 1, 3 cyclo-
addition and (ii) in our study, the ethoxy substituted complex exclusively produces the
isomer with the metal bonded to the terminal nitrogen atom (N1) of triazolato ring. To
understand the role of steric factors in 1,3 —dipolar cyclo-addition reactions, we carried
out the reaction between activated alkynes / nitriles and cyclopentadienyl osmium azido
complex [(nS-CsHs)Os(PPh3)2N3] (3). The work presented here is an elaborate study on
cycloaddition reaction of cyclopentadienyl osmium azido complexes.
2.2 Experimental Section

All solvents were dried in appropriate drying agents and distilled prior to use
[22]. Osmium tetraoxide (Arora Matthey Limited), dimethylacetylenedicarboxylate.
diethylacetylenedicarboxylate, tetracyano-ethylene (TCE), fumaronitrile (Aldrich) and
p-nitrobenzonitrile (Across) were used as received. 'H NMR spectra were recorded on
an AMX-400 MHz spectrometer at 400.13 ('"H), or 100.61 MHz (**C) and 161.97 (*'P)
with SiMey4 or 85% H3PO, as references and coupling constants were given in Hertz.
Infrared spectra were recorded as a KBr pellets on a Perkin-Elmer Model 983
spectrometer. Elemental analyses were carried out at the Sophisticated Analytical

Instrumentation facility (SAIF), NEHU - Shillong, using a Perkin-Elmer 2400 CHN/S
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analyzer. The precursor complexes [(ns;C5H5)Os(PPh3)zBr] (1) and [(ns-
CsHs)Os(PPh;3),CH3CN][PF¢] (2) were prepared by following a literature method [21].
2.3 Synthesis of the complex [(;15-C5H 5)Os(PPh;3),N;] (3)

Two routes were used to prepare for this complex:

(Caution: Reactions with azide salts and their complexes should perform with extreme
care)

Route (a): A solution of [(n5-C5H5)Os(PPh3)zBr] (1) (100 mg, 0.12 mmol) and NaN3; (50
mg, 0.75 mmol) in ethanol (30 ml) was refluxed for ca., 5 hrs. During the period of
reaction, the color of the solution progressively éhanged from pale yellow to an orange
colored. The solution was concentrated to ca. 5 ml and left at room temperature for
overnight; a pale green crystalline compound was deposited on the beaker. The
crystalline compound was collected and washed with cold ethanol (3 x 10 ml) and air
dried.

Route (b):; A mixture of [(n5-C5H5)Os(PPh3)2(CH3CN)][BF4] (2) (100 mg, 0.10 mmol)
and NaNj; (20 mg, 0.31 mmol) in ethanol (30 ml) was refluxed for ca., 3 hrs. The
solvent was removed under reduced pressure; the solid residue was extracted with
dichloromethane and filtered to remove NaCl and excess NaNj. The filtrate on
concentration to ca. 5 ml and addition of excess hexane gave a pale green crystalline
solid of compound (3), and washed with cold ethanol (3 x 10 ml).

Yield: 72 mg, 84.61 %

Elemental analyses: (%) for. Calc.C4H;35P2N3Os: C 59.2; H 4.2; N 5.1; found: C 59.75;
H 4.87; N 5.64.

IR (KBr, cm™): 2034 (vn3).
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'H NMR (CDCl;, 8): 7.82-7.01 (m, 30H, Ph); 4.47 (s, 5H, CsHs).

13C {'"H} NMR (CDCl3, 8): 133.5-127.6 (Ph), 79.7 (CsHs).

3P {'H} NMR (CDCls, 8): 1.15.

2.4 Synthesis of [(1°-CsHs)Os(PPh;) f{N;C5(CO,C,Hs) 2] (4)

General Procedure:

Diethylacetylenedicarboxylate (175 mg, 1.23 mmol) and dichloromethane (20 ml) were
added to a round bottom flask charged with the corresponding azido complex (3) (100
mg. 0.12 mmol). The reaction mixture was stirred at room temperature for ca.15 hrs.
The solvent was evaporated under reduced pressure to ca. 5 ml. To this solution was
added 30 ml of hexane, whereby the compound precipitated out as a light yellow solid.
The solid compound was collected by centrifuge and washed with hexane (2 x 20 ml)
and dried under vacuum to yield the N(2)-bound triazole complex [(n’-CsHs)Os(PPhs), .
N3C(CO2C,Hs),] (4)

Yield: 85 mg, 62.69 %.

Elemental analyses: (%) for CsoHssN3P,040s. Cale.: C 59.3; H 4.5; N 4.2; found: C
59.9;H4.1; N 4.8.

IR (KBr, em™): 1724 (ve=o), 1433 (vn=n), 1245 (ve.o).

'H NMR (CDCls, 8): 7.45-7.03 (m, 30H; Ph); 4.51 (s, SH, CsHs); 3.23 (q, 2H, -
OCH,CH3); 1.94 (t, 3H, OCH,CHz).

3P {'"H} NMR (CDCls, 8): 1.15 (s).
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2.5 Synthesis of [(n°-CsHs)Os(PPh;3) {N;C2(CO;CH3) 4] (5)

This complex was prepared in a similar manner to that of the preparation of complex 4,
except the ligand dimethylacetylenedicarboxylate [C,(CO,Me),] was used instead of
[C2(CO,CoHs),] to yield a light yellow complex (5)

Yield: 85 mg, 64.52 %

Elemental analyses: (%) for C47H41N3P,040s. Calc.: C 58.6; H 4.3; N 4.4; found: C
58.1:H 4.8:N 4.2.

IR (KBr, em™): 1735 (ve=o). 1439 (vu=n).

'"H NMR (CDCls, 8): 7.45-7.03 (m, 30H, Ph); 4.51 (s, 5H, CsHs); 3.06 (s, 3H, OCH3).
BC {"H} NMR (CDCl3, 8): 162.9 (CO,); 135.2{C(CO,CHs)}; 133.8 (Ph); 82.81 (CsHs);
51.4 (OCHy).

3'p {'"H} NMR (CDCls 8): 1.19(s).

2.6 Synthesis of [(y’-CsHs)Os(PPh3) ,;N,C{(CN)C=C(CN)»}] (6)

Dichloromethane (20 ml) was added to a round bottom flask charged with complex 3
(100 mg, 0.12 mmol) and tetracyanoethylene (0.60 mmol). The reaction mixture was
stirred at room temperature for ca. 36 hrs. The solvent was evaporated under reduced
pressure to ca. 5 ml. To the solution was added 20 ml of n-hexane, whereby a deep blue
compound was precipitated. The precipitate was filtered, washed with n-hexane (2 x 10
ml) and dried under vacuum to yield [(T]S-C5H5)OS(PPh3)2{N4C{(CN)C:C(CN)z}] (6)
Yield: 83 mg, 64.0 %

Elemental analyses: (%) for C47H35N;P,0s. Calc.: C 59.4; H 3.7: N 10.3; found: C 58.9;
H32;N98.

IR (KBr, cm™): 2227, 2183 (s, veen), 1430 (s, vn=).
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'H NMR (CDCls, 8): 7.73-6.96 (m, 30H, Ph); 4.05 (s, SH, CsHs).

BC ('H} NMR (CDCls, 8): 154.2 {C(CN),}, 139.4 {C(CN)}, 132.1-126.4 (Ph),
1253 (C=N), 112. 6, 110.4, 108.5 (CN), 81.4 (s, CsHs).

3P {'"H} NMR (CDCl; 8): 1.26 (s).

2.7 Synthesis of [( 775-C sHs)Os(PPh;),N;C,HCN] (7)

The mixture of azido complex [(n’-CsHs)Os(PPh3),N3] (3) (100 mg, 0.12 mmol) and
fumaronitrile [C;H2(CN);] (0.60 mmol) was stirred at room temperature for 36 hrs in
dichloromethane (20 ml), then the solution was concentrated to ca. 5 ml. To this
solution was added 30 ml of n-pentane, whereby the compound precipitated as a deep
green solid. The solid compound was centrifuged, collected and washed with n-pentane
(2 x 10 ml) to yield the complex [(nS-C5H5)Os(PPh3)2N3C2HCN] (7) and further dried
under vacuum.

Yield: 86 mg; 72.1 %

Elemental analyses: (%) for C4H3¢NgP2Os. Calc.: C 59.7; H 3.9; N 9.1; found: C
59.0; H4.1; N 8.7.

IR (KBr, cm'l): 2221 (s, ve=N), 1433 (s, VN=N)-

'HNMR (CDCls, 8): 7.50-7.13 (m. 30H, Ph); 6.2 (s, 1H, CH); 4.05 (s, 5H, CsHs).

BC {'"H} NMR (CDCl3, 8): 137.2 {C(CN)}, 136.02 (CH); 132.1-126.4 ({'H} Ph).
113.8 (CN); 82.8 (s, CsHs).

'p {'"H} NMR (CDCl;_8): 1.25.

2.8 Synthesis of [(n°-CsHs)Os(PPh3) ;N C(CsH,-p-NO»)] (8)

The mixture of azido complex [(T]S-C5H5)OS(PPh3)2N3] (3) (100 mg, 0.12 mmol) and

para-nitrobenzonitrile (NO»-C¢H4-C=N) (0.60 mmol) in dichloromethane (20 ml) was
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stirred at room temperature for one week, and the solution was concentrated to c¢a. 5 ml.
To this solution was added 30 ml of n-pentane, Whereby the compound precipitated as a
deep green solid. The solid compound was centrifuged, collected and washed with n-
pentane (2 x 20 ml) to yield the complex [(n5-C5H5)OS(PPh3)2N4C(C6H4-p-NOz)] (16)
and dried under vacuum.

Yield: 75 mg, 71.0 %

Elemental analyses: (%) for C4gH3zoNs O,P,0s. Calc.: C 59.4; H 4.0; N 7.2; found: C
589;H4.7; N 7.9.

IR (KBr, cm™): 1475 (vnoz2 ), 1430 (vaen).

'H NMR (CDCls. 8): 4.82 (s, SH, CsHs); 7.0-7.56 (m, 30H, Ph); 8.3 (d, J;..1 = 5.92Hz,
1H): 9.3 (d, Ju.n = 5.6Hz, 1H).

BC {'H} NMR (CDCl3, 8): 36.02 (CH); 132.1-126.4 (Ph); 82.0 (CsHs).

3P {'"H} NMR (CDCl; 8): 1.19 (s)

Results and discussion

2.9 Preparation of azido complex [(1°-CsHs5)Os(PPh3),N3]

Treatment of the complexes [(1°-CsHs)Os(PPhs),Br] (1) and [(n’-CsHs)Os-(PPhs); -
(CH;CN)]BF4 (2) with an excess of sodium azide (NaN3) in ethanol under refluxed
condition for 5 hrs, affords a pale yellow product of cyclopentadienyl osmium azido
complex [(1°-CsHs)Os(PPhs),N3] (3) in good yield (Scheme 2.1). The azido complex 3
is air stable and soluble in polar solvents such as CH,Cl,, CHCI; and acetone, also
stable in solution. The infrared spectrum of the complex exhibits a strong band at 2034
cm”' due to terminal azido group (Figure 2.1). The >'P NMR spectrum of the complex 3

displays a singlet at & 1.15 corresponds to triphenylphosphines. The '"H NMR spectrum
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of the complex 3 displays a singlet resonance at & 4.47, assigned to the protons of
cyclopentadienyl group. The cyclopentadienyl protons showed a down field position in
compared to the starting complex (8 4.31) is presume as due to the increased steric
factor on the metal centre of the complex (3). Also the spectrum displays a multiplet in

the range of 8 7.82-7.01 corresponds to the protons of the triphenylphosphines.

-~ - “
E ; I||l (11' ! "’ ) ‘! ;
l y H 5:’\"0 .,f '{ - !
i | : {f‘\_ (“ ; ‘ i 1ol '9 i
z . C P
il I Cohr b ;
R i A
i 1638 B LT
i P : A
| [ oW ,
i O I
si | |
i ({ R ng o
: | ;
| !
mo e
2064 AN I
: 7 e T B i — . S
2400 2000 1800 1600 pii 4] 1B} 1600 400 1LY 100
ol
Figure 2.1: Infrared spectrum of Figure 2.2: Infrared spectrum of
[(’15'C5H5)05(Pph3)2N3] (3) [(T]S'CsHs)OS(PPh.z)z {N1C5(COCyH5)11(4)

2.9.1 Reaction of complex 3 with diethylacetylenedicarboxylate:

Azido complex [(nS-CsHS)Os(PPh3)2N3] (3) is treated with excess of
diethylacetylenedicarboxylate in dichloromethane and stirred at room temperature for
15 hrs, and results in a light yellow solid compound 4 in good yield. The formation of

the complex can be readily confirmed by the disappearance of characteristic azide peak
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and the subsequent appearance of a sharp peaks at 1724 and 1433 cm’ corresponds to
the characteristic stretching frequency of C=0 and N=N respectively(Figure 2.2). The
formation of the complex is supported by the single crystal X-ray analysis. The proton
NMR spectrum shows a quartet at & 3.23, triplet at & 1.94, and singlet & 4.51 for the ten
ethoxy protons and five protons of cyclopentadienyl group. It has been reported that the
triazole anion could be coordinated by a metal centre through either its N(1) or N(2)
nitrogen atoms [18]. Evidence obtained to date indicates that either two isomers N(1)
and N(2) are formed simultaneously. In our case, the N(2) bound isomer is produced
exclusively. The 'H NMR spectrum is also displays multiplet in the aromatic region due
to phenyl groups of triphenylphosphines.
2.9.2 Reaction of complex 3 with dimethylacetylenedicarboxylate

Treatment of complex 3 with excess of dimethylacetylenedicarboxylate in
dichloromethane at room temperature for 15 hrs affords 4,5-bis(methoxycarbonyl)-
1.2,3-triazolato complex § in good yield. The infrared spectrum shows sharp peaks at
1724 and 1433 cm™ which are assigned to the stretching frequencies of C=0 and N=N
of the complex. The proton NMR spectrum displays a singlet at & 3.06 and 6 4.51
corresponds to methoxy and cyclopentadienyl protons. *'P NMR resonance of the
complex S appears at & 1.19 which is comparable to the starting complex (3). The

complex is soluble in polar solvents but insoluble in non-polar solvents, and is air stable.
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L, = diethylacetylenedicarboxylate = R, R' = CO,Et (4)

= dimethylacetylenedicarboxylate = R, R' = CO,Me (5) @ N=N
L, = tetracyanoethylene (6)

/
L3 = fumaronitrile (7) CH,CI, \)S/N\N/)\Q
L, = p-nitrbenzonitrile (8) L, / \ NO

Scheme 2.1

2.9.3 Reaction of complex 3 with tetracyanoethylene (TCE):

The azido complex 3 is reacted with excess of tetracyanoethylene (TCE) in
dichloromethane at room temperature. The reaction mixture is turned to deep green
colouration after one hour and continued to stirring up to 36 hrs to ensure complete
reaction. This affords the tetrazolato complex [(ns-C5H5)Os(PPh3)2N4C{(CN)C=
C(CN),}] (6) in good yield. The infrared spectrum exhibited a sharp peaks at 2925 cm’™',
2197 ¢cm™ and 1430 cm™' assigned to the stretching frequencies of C=N and N=N
groups (Figure 2.3), agreeable to the reported values [17]. The 'H NMR spectrum shows

a singlet at 6 4.05 for cyclopentadienyl group, the up field chemical shift of this
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compound is due to more electron density on the metal centre. Multiplets observed at

the aromatic region correspond to the protons of the triphenylphosphines.

m

1200 2800 2400 200 1800

Figure 2.3: IR spectrum of [(nS-C5H5)Os(PPh3)2N4C{(CN)C=C(CN)2}] (6)
3'P NMR resonance of this complex displays singlet at 8 1.26. The formation of
complex 6 can also be confirmed by the disappearance of terminal azide peak, which is
observed at 2057 cm™ and the appearance of stretching frequency of C=N group. In
general, most of the tetrazoles are prepared from the corresponding nitriles by reaction
of sodium azide and ammonium chloride [19]. Our effort to get single crystals for X-ray
analysis was not succeed.

2.9.4 Reaction of complex 3 with fumaronitrile:

Treatment of complex 3 with excess of fumaronitrile at room temperature
affords a chocolate coloured 4-cyano-1, 2, 3-triazolato complex [(n’-CsHs)Os(PPhs),
{N3;C,HCN}] (7) in good yield. The infrared spectrum of the complex shows as a sharp

peaks at 2221 and 1433 cm’' assignable to the stretching frequency of C=N and N=N
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groups. The '"H NMR spectrum displays a characteristic singlet resonance at § 6.2
assigned to the proton (-CH) of triazole group and a singlet resonance at & 4.05
attributed to the protons of cyclopentadienyl ligand (Figure 2.4). The 3P NMR
resonance of this complex appears at & 1.25 for two triphenylphosphine groups. The
complex is soluble in dipolar solvents such as acetone, chloroform, methanol efc., and
air stable. The cycloaddition reaction of fumaronitrile to coordinated azide can take
place via C=C or C=N bond. In addition, the reaction of coordinated azide in Ni (II)
with CH,=CHCN gave triazolinato complex [18]. A pathway via direct cyclization of
HC=CCN with azide resulting in the formation of triazalato has been reported [20]. The
formation of this complex can also be readily confirmed by the disappearance of the
azide peak at 2037 cm”', and the simultaneous appearance of the peak for C=N group.

Our effort to get single crystals for x-ray analysis is not successful.

[S—

LJL A | _JNM_

Figure 2.4: 'H NMR spectrum of [CpOs(PPh;3),N3C,HCN] (7)

2.9.5 Reaction of complex 3 with p-nitrobenzonitrile:
Treatment of complex 3 with five fold excess of p-nitrobenzonitrile at room

temperature for one week gives a deep green coloured complex [(n°-CsHs)Os(PPh;),
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{N4C(CgH4-p-NO7)}] (8), in good yield. The formation of the complex is enviable from
the appearance of -NO, peak at 1474 cm™ and the disappearance of the terminal azide
peak (Figure 2.6). The '"H NMR spectrum shows» a singlet peak at 6 4.82 assigned to the
protons of cyclopentadienyl ligand which is very down field to the chemical shift of the
starting complex (8 4.47) (Figure 2.7). The p-nitrobenzonitrile ligand exhibited two

doublets at § 9.3, 6 8.2 which correspond to the 1,2 and 3,4 protons of benzy! group.

2
N NO,
N/
o\ ¥
N\ N=N
PhsP PPh;
Figure 2.5: Triazolato complex [(n5-C5H5)Os(PPh3)2N4C(C(,H4—p-N02)] (8) with
numbering scheme.
The phenyl protons of PPh; group displays in the aromatic region. Moreover, only a
slight shift of phosphorus resonance (5 1.19) in the *'P NMR was observed in
comparison to the starting complex (6 1.15). The complex is a deep green colour solid,

soluble in polar solvents such as acetone, dichloromethane; chloroform and methanol

etc., and is air stable.
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Figure 2.6: IR spectrum of [(°-CsHs)Os(PPh3);N4C(CeHy-p-NO)] (8)

A JL_JL__J A JL

Figure 2.7: "H {NMR} spectrum of [(1n°-CsHs)Os(PPh3):N4C(CsHs-p-NO,)] (8)
2.9.6 Crystal structure
Crystal structure determination of the compound [(nS-C5H5)Os(PPh3)2 .
{N3C(CO,C;,Hs)}] (4) has been carried out. Details of crystallographic data collection
parameters are summarized in table 1. ORTEP diagram of the complex with atom

labelling scheme are shown in figure 2.8 and 2.9. ORTEP 2.7 exhibits clear view of the

molecule due to removal of phenyl groups of triphenylphosphine. In this complex the
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osmium atom is n-bonded to the cyclopentadienyl group in n’- fashion with the distance
between osmium atom and the centroid of the cyclopentadienyl being 1.66 A which is
similar to the ruthenium analogues. The geometry around the osmium atom is a
distorted octahedral assuming the cyclopentadienyl ligand which occupies three facial
coordination sites. The remaining coordination sites are occupied by the P atom of
triphenylphosphines and an N-atom of the coordinated triazolato group. The complex 4
adopts the well-known piano stool geometry with P and N atoms forming the legs. The
planar five—membered triazolato ring is coordinéted to Os via N(2). The N(1)-N(2) and
N(2)-N(3) bond distances are 1.331 (4) A and 1.343 (3) A respectively (Table 2.2),
which are comparable to the reported values of its ruthenium analogues [17]. The Os-
P(1) and Os-P(2) bond lengths are 2.323 A and 2.326 A which are slightly longer than

the average Os-P distance (2.293 A) [21].

Figure 2.8: ORTEP diagram of complex 4 with 30% probability thermal ellipsoids

displayed and H atoms being omitted for clarity.
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Figure 2.9: ORTEP diagram of complex 4 with 30% probability thermal ellipsoids

displayed with out phenyl groups of phosphines and H atoms being omitted for clarity.

2.9.7 Single-crystal X-ray structures analyses

Crystals suitable for X-ray diffraction study was grown by slow diffusion of
diethylether into dichloromethane solution of the complex 4. X-ray intensity data were
collected on a Rigaku Mercury CCD area detector employing graphite-monochromated
Mo-K, radiation (o = 0.71069 A) at a temperature of 143 K. Preliminary indexing was
performed from a series of twelve 0.5° rotation images with exposures of 30 seconds. A
total of 410 rotation images were collected with a crystal to detector distance of 35 mm,
a 2 a swing angle of -12°, rotation widths of 0.5° and exposures of 20 seconds. Rotation
images were processed using Crystal Clear [23] producing a listing of unaveraged F’
and o (Fz) values which were then passed to the crystal structure [24] program package
for further processing and structure solution on a Dell Pentium III computer. A total of
21130 reflections were measured over the ranges 5.08 <26<54.98 °, -15 <h <16, -

26 <k <32, -17 <1 <17 yielding 9051 unique reflections (Ri, = 0.0193). The
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intensity data were corrected for Lorentz and polarization effects and for absorption
using REQAB [23] (minimum and maximum transmission 0.836, 1.000). The structure
was solved by direct methods (SIR97) [25]. Refinement was by full-matrix least squares
based on F’ using SHELXL-97 [26]. All reflections were used during refinement
(F2 ’s that were experimentally negative wereireplaced by F? = 0). The weighting
scheme used was w = 1/[6°(F2 )+ 0.0112P” + 0.0000P] where P = (F2 + 2F2)/3. Non-
hydrogen atoms were refined anisotropically and hydrogen atoms were refined using a
"riding" model. Refinement converged to R;= 0.0214 and wR; = 0.0387 for 7407
reflections for which F > 46(F) and R; = 0.0286, wR,=0.0404 and GOF = 0.914 for all
9051 unique, non-zero reflections and 535 variables. The maximum A/c in the final
cycle of least squares was 0.003 and the two most prominent peaks in the final
difference Fourier were +1.579 and -0.923 e/A’. Crystallographic details are
summarized in table 2.1. The figure 2.8 and 2.9 were drawn with ORTEP -1 [27]
representation of the molecule with 30 % probability thermal ellipsoids displayed.

2.9.8 Concluding remarks: This study described the 1,3-dipolar addition of [(n’-
CsHs)Os(PPh3);N;3]  complex with activated alkynes and nitriles to generate
cyclopentadienyl osmium triazolato and tetrazolato complexes in spite of complex
having bulky triphenylphosphine groups. Where as its analogue ruthenium complexes
[(nS-CsHs)Ru(PPh3)2N3] and [(W’-indenyRu(PPhs),N3] do not undergo such type of
addition reaction, this could be due to bulkiness of triphenylphosphine. It may be due to
the larger size of the osmium atom in compared to its analogue ruthenium yielded these
complexes. Unlike p-cymene ruthenium triazolato complexes, central nitrogen atom of

triazolato ring is bonded to the osmium metal in these complexes. These reactions
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indicated that size of the central metal atom played a very important role in 1,3 dipolar-
cycloaddition reaction. Another fascinating point is that in contrast to ruthenium
complexes, the less steric complexes of the type [(n°-CsH;s)Os(dppe)N3] and [(n’-
CsH:)Os(dppm)N;] complexes did not undergo cyclo-addition reactions with
diethylacetylenedicarboxylate and dimethylacetylene dicarboxylate, investigation is
under process.

Table 2.1: Summary of structure determination for [(n-

C5H5)OS(PPh3)2N3C2(COzC2H5)2] (4)

Empirical formula Ca9HysN3P>,040s
CCDC. Number 649330

Formula weight 992.02
Temperature (K) 143 K

Crystal system, space group

Unit cell dimensions

Monoclinic, P2;/n (no.14)

a(A) 12.4947(7)
b (A) 24.8362(13)
¢ (A) 13.7755(8)
B () 99.558(2)
Volume (A% 4215.5(4)

m 31.50 cm’
Z 4
Calculated density (mg/cm®) 1.563

Radiation A

Mo-ka (A=0.71069)
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F (000)

Crystal size (mm3 )

hkl collected

No. reflections measured
No. unique reflections
(Rine=0.0193)

No. observed reflections (F> 4c)
Completeness to 2 6 (%)
Data/restraints/parameters
Goodness-of-fit on F?

R, [1>26(1)], wR;

R, R, (all data)

Largest diff. peak and hole (eA™)

1992

0.35x0.20x0.18
-15<h<16;-26<k<32;-17<1<17
21130

9051

7407

535

5.08-54.98

535

0.914

R;=0.0214, wR,= 0.0387
R;=0.0286, wR,= 0.0404

+1.579-0.923

R1 =Y [IFol - [Fell/ T [Fol; WR2 = {X w (F 5 -Fz)’ /S w(F o)}

GOF={Yw(Fi-F)Y/(n-pn"

Where, n = the number of reflections and p = the number of parameters refined.

Table 2.2: Selected bond lengths and angles of [(1°-CsH5)Os(PPh3)aN3C2(CO,CoHs))

4)

Os(1)- P(2) 2.3263(6)
N(1)-N(2) 1.302(3)
N(2)-N@3) 1.343(3)

N(1)-Os(1) 2.078(3)

N(1)-N(2)-N(3) 114.902)
N(3)-N(2)-0s(1) 118.20(14)
N(1)-N(2)-Os(1) 126.7(2)

N(2)-N(3)-C(1) 104.8(2)
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N(3)-C(1) 1.343(3) N(2)-0s(1)-P(1) 87.11(6)
N(1)-C(2) 1.346(3) N(2)-Os(1)-P(2) 92.19(5)
C(1)-C(3) 1.502(4) 0s(1)-N(2) 2.110(2)

C(2)-C(6) 1.478(3) P(1)-0s(1)-P(2) 102.77(2)

Os(1)-Centroid of Cp 1.66
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Syntheses and spectral characterization of
[(’-CsH;5)Os(PPh;)(NNN)]BF, complexes

(NNN) = Schiff’s base ligands.
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Chapter 3

Syntheses and spectral characterization of [(n>-CsHs)Os(PPh3)(NNN)|BF,

complexes (NNN) = Schiff’s base ligands.

Abstract:

The reaction of [(ns-CsHs)Os(PPh3)zBr] (1) and [(‘q5-C5H5)OS(PPh3)2(CH3CN)] (2) with
bi-dentate (NNN) base ligands (L = CsH4N,-CH=NC¢Hy-p-X)], [X = H, CH3;, OCHj, Cl,
NO,] in dry methanol yielded cationic complexes of the type [(’-CsHs)Os(PPhs)
(NON)X] (NNN = CsHyN-CH=NC¢H;-p-X)]" {X = H, (3), X = CH3, (4), X = OCHj,
(5), X =Cl, (6), X = NO,, (7)}. The cationic complexes were isolated as BF salts.
These complexes were fully characterized on the basis of microanalyses, FT-IR and FT-

NMR spectroscopy.

Keywords: Osmium(Il), cyclopentadienyl, N-(pyrid-2-ylmethylene)phenylamines(2-
PP); pentamethylcyclopentadienyl.
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INTRODUCTION

Cyclopentadienyl ruthenium half sandwich complexes are the most extensively
studied class of cyclopentadienyl chemistry among the transition metal complexes. The
spectrum of reactivity and chemical properties to date for this system is remarkable,
especially considering the limited number of synthetic precursors, viz., [(17'-
CsHs)Ru(PPh;),Cl] and [(nS-CsHs)Ru(CO)zCl] [1]. The chemistry of these complexes is
characterized by the ready displacement of one or both triphenylphosphine and chloride
ligands which occur under mild conditions -[2]. The electron rich metal center
contributes to the stabilization of unusual ligands such as vinyllidines and allenylidines
[3]. The steric interactions of the two triphenylphosphines ligands often leads to the
displacement of either both the triphenylphosphine units or one of them along with
chlorides to yield neutral or cationic complexes [4]. No reports are available on the
reactions where all the three ligands are replaced. However, the corresponding
analogues [(n°-CsH5)Os(PPh;),Br] chemistry have not been studied extensively due to
lower kinetic labiality of the phosphines compared to its ruthenium. However, not much
work has been carried out in the case of [(nS-C5H5)Os(PPh3)2Br] which could be due to
lower kinetic labiality of the phosphines compared to its ruthenium analogues. For
instance, in the case of ruthentum. the substitution of two triphenylphosphines by
chelating diphos-ligands takes place readily in boiling benzene or toluene, whereas the
same reaction requires boiling decalin for several hours in the case of its Osmium
analogue [5]. Until recently far fewer studies had been carried out on
pentamethylcyclopentadienyl rhodium(III) and iridium(IIT) complexes with chelating N,

N’-donor bases [6]. But it was observed that the dissociation of the M-X bond takes
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place at room temperature in polar solvents such as methanol for both the cases. We had
recently reported that the reaction of n’-arene ruthenium(I) and n°-indenyl
ruthenium(Il) [7] with Schiff’s base ligands.A During the reactions involving the
analogous pentamethylcyclopentadienyl or indenyl system, the product did not show
evidence of binding of these organic ligands, simple coordination compound being
formed instead. However, no reports are available in the literature for the analogous
cyclopentadienyl osmium(II) Schiff’s base complexes. In this paper, we would like to
report the syntheses and characterization of new cationic cyclopentadienyl osmium(II)
complexes with NNN base ligands, viz., various para-substituted N-(pyrid-2-
ylmethylene)phenylamines (NNN or 2-PP) because of their photochemical and catalytic

activities [8]
Experimental
3.2 General remarks:

All reactions were carried out in distilled and dried solvents under dry nitrogen
atmosphere. OsO4 was purchased from Sd. Fine Chem. Limited and used as such.
Pyridine-2-carbaldehyde (Fluka) was purchased and used as received. All ligands
amines were reagent grade and distilled prior to use, while solid amines were used as
such. Elemental analyses were performed in a Perkin-Elmer model 983
spectrophotometer, the sample were prepared as KBr pellets. The 'H NMR spectra were
recorded in CDCI; solvents (tetramethyl silane as the internal standard) on a Bruker
ACF-400 spectrometer. *'P {'"H} NMR chemical shift were recorded relative to H;P0,

(85%). The ligands CsH4N,-CH=C¢H4-p-X (where X = H, CHs, Cl, NO, OCHj) were
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prepared by known literature method. [9] The precursor complex [(n-

CsHs)Os(PPh;3),Br] (1) is prepared by following the literature procedures [10].
3.2.1  Preparation of [(n°-CsHs)Os(PPh;),Br] (1).

An ample of OsO4 (100 mg, 3.93 mmol) was broken in a flask containing HBr (47%
w/v, 36 ml), and the red solution was refluxed for 2 h. The solution was reduced to 5 ml,
methanol (20 ml) added, and the whole mixture was added rapidly to a stirred, boiling
solution of triphenylphosphine (1370 mg, 52 mmol) in methanol (380 ml), followed
immediately by a solution of freshly distilled cyclopentadiene (10 ml) in methanol,
small volume of water also added via syringe. Refluxing the stirred dark red suspension
for 18 h resulted in a colour change to orange. After cooling the resulting orange powder
was filtered off, washed with ethanol (2 x 10 ml), water (2 x 10 ml), ethanol (2 x 10 ml)
and light petroleum (2 x 10 ml), and dried under vacuum. The yellow filtrate was
reduced in volume to a few milliliters and cooled for 2 hr in the refrigerator to separates
the rest of the product.

Yield: 2.55 g (74%)

Melting point: 180-181°C

'H NMR (CDCls. 8): 7.25 (m, 30H, Ph), 4.31 (s, SH, CsHs).

3'p ('HY NMR (CDCl;, 8): - 3.85 (s).

3.2.2. Preparation of [(1]5-C5H5)Os(PPh3)2(CH3CN)]BF4 2)

A mixture of [(nS-C5H5)Os(PPh3)2Br] (100 mg, 0.116 mmols) and NH4BF, (25 mg, 0.24
mmol) was refluxed in acetonitrile (20 ml) under nitrogen atmosphere. The insoluble
starting materials were slowly dissolved and the color changed to very pale yellow

solution after one hour. The solvent was then evaporated under reduced pressure. The
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residue was then extracted with acetone, filtered and the volume of the filtrate was
reduced. Subsequently an addition of hexane yielded a cream colored product. The
compound was recrystallised from dichloromethane-diethyl ether giving grey needle

shaped crystals.
Yield: 86 mg, 82 %.

Elemental analyses (%) for C43H3sBF/NP,Os: C, 56.89; H, 4.21; N, 1.54; found: C,

56.88; H, 4.20; N, 1.59.

IR (KBr): 2282 (m, ve=n), 1082 (vB-F).

'HNMR {CDCl;, 8}: 7.34 — 7.01(m, 30H, Ph), 4.56 (s, SH, Cp); 2.41 (s, 3H, CH;).
3'p {'"H} NMR, (CDCl; 8): 2.11 (s).

Synthesis of [(1n’-CsHs)Os(PPh3)(NNN)|BF; (3-7)

NNN or 2-PP = CsH;sN»-CH=N-C¢Hy4-p-X

X =H (3), CHs (4), OCHj; (5), C1(6), NO; (7).

The following general procedure was used for the preparation of these five complexes:

Mixture of the starting complexes [(n5~C5H5)OS(PPh3)2(CH3CN)]BF4 (100 g, 0.112
mmols), the appropriate Schiff’s base ligands (NNN or 2-PP) (40 g, 0. 224 mmol) and
NH4BF; was refluxed in methanol (40 ml) under dry nitrogen atmosphere whereby the
orange yellow color suspension gradually changed to a dark red solution. The mixture

was refluxed ca. 12 hr, and the solvent was evaporated in rotary evaporator under
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reduced pressure. The residue was dissolved in dichloromethane and filter through a
short silica gel column to remove insoluble materials. The filtrate was again
concentrated to about 2 ml, whereupon addition of excess hexane gave the desired
complexes (3-7) as dark brown solids. The solids was washed with diethyl ether and

dried under vacuum to afford 56-60 % yield of the complexes.
Complex [(y’-CsHs)Os(PPh3)(CsHsN-CH=N-CsH -p-H)]BF 4 [3]BF

Elemental analysis (%) for C;sH3N,OsPBF,: C, 49.9; H, 3.6; N, 3.34; found: C, 50.2;

H.3.9; N, 3.04
IR (KBr pellets, cm™): 1587 (ven); 1084 (va.p).

'"H NMR (CDCls, 8): 4.66 (s, SH, CsHs); 8.31 (d, Jius = 5.00 Hz, 1H); 8.15 (d, Jyyn =

5.65 Hz, 1H of Py), 6.80 - 7.49 (m. 23H);
3'p {'"H} NMR (CDCl;, 8): 2.25 (s).
Complex [(n*-CsHs)Os(PPh3)(CsHsN-CH=N-CsH -p-CH3)] BF, [4]BF,

Elemental analysis (%) for CssH33N,OsPBF,. C, 50.5; H, 3.9; N, 3.3; found: C, 50.00;

H, 3.24, N, 3.87
IR (KBr pellets, cm"): 1593 (ve=n); 1089 (vp.p).

'"H NMR (CDCls, 8): 3.59 (s, 3H, CHs); 4.66 (s, 5H, CsHs); 7.05 (d, Ju.u = 4.8 Hz, 1H);

7.01- 7.83 (m, 22H); 8.45 (d, Ju.i = 5.00 Hz, 1H of Py).

' {'"H} NMR (CDCls, 8): 2.50 (s).
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Complex [(4’-CsHs)Os(PPhs)(CsHsN,-CH=N-CsH p-OCH3)|BF, [5|BF ,

Elemental analysis (%) for C3;sH3N,OsOPBFy: C, 49.54; H, 3.78; N, 3.21; found: C,

49.83; H, 3.28; N, 3.76

IR (KBr pellets, cm™): 1590 (ve-y); 1084 (vi.r).
'H NMR (CDCls, 8): 3.69 (s, 3H, OCHj3), 4.66 (s, 5H, CsHs); 7.45 (d, Jyn = 5.18 Hz.

1H); 7.58- 7.89 (m, 22H); 8.45 (d, Jy.s = 5.00 Hz, 1H of Py).
' {'H} NMR (CDCls, 5): 2.45 (s).
Complex [(n’-CsHs)Os(PPh3)(CsHsN»CH=N-CsH p-Cl)]BF, [6]BF ;

Elemental analysis (%) for C3sH3N,OsCIPBFy: C, 47.89; H, 3.31; N, 3.33; found: C,

47.06; H,3.92; N, 3.71.

IR (KBr pellets, cm™): 1602 (ve-n), 1084(va.p)

'H NMR (CDCls, 8): 4.91 (s, SH, CsHs); 9.15 (d, Jun = 5.18 Hz, 1H)
8.16 (d, J;1.1 = 5.00 Hz, 1H of Py); 7.18 - 7.38 (m, 22H);

3P {'H} NMR (CDCls, 8): 2.05 (s).

Complex [(n5-C5H5)Os(PPh3)(C5H5N2-CH=N-C6H4-p-N02)/BF4 [7]|BF

Elemental analysis (%) for C3sH3N3OsOPBFy: C, 47.35, H; 3.38; N, 4.73; found: C,

47.01; H; 3.82, N, 5.05.

IR (KBr pellets, cm™): 1604 (ve-x), 1084 (vg.r)
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'H NMR (CDCls, 8): 4.65 (s, SH, CsHs); 6.64 (d, Juy = 84.8Hz, 1H); 7.01- 7.33 (m,

22H); 8.06 (d, Ju.y = 5.2 Hz, 1H of Py).
3'p {'H} NMR (CDCls, 8): 2.32 (s).
3.3 Results and discussion

The synthetic reaction of the cyclopentadienyl complexes 3-7 with an excess of
N, N’- donor Schiff’s base ligands, viz., NN or 2-PP, in dry methanol under dry
nitrogen atmosphere refluxing condition resulted in the formation of dark-red colored
compounds which is an air stable catiohic complexes of the type [(1'-
CsHs)Os(PPhs3)(CsHsN-2-CH=N-C¢Hs-p-X)|BF4 (X = H (3), CH; (4), OCHj (5), Cl (6),
NO; (7) (Scheme 3.1) by dissociation of one of the triphenylphosphine and chloride
ligands. Here, we would like to highlight that the substitution of two
triphenylphosphines by chelating diphos ligands takes place readily in boiling decalin or
toluene for several hours. But it was observed that the dissociation of the M-X bond

takes place readily in polar solvents such as methanol [11]

¢ B
\

N
PPhs \

(|)s+ NON, NH4BFy

_ 0
MeOH
///// \;;\\CH3CBJ ﬁgﬁz/

PPhs

’ BF,

S
P
N IN = N-(pyrid-2-ylmethylene)phenylamine

X = H, CH;, OCHj, Cl, NO,

Scheme 3.1
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Figure 3.2: Infrared spectrum of [(n°-CsHs)Os(PPhs)(CsHsN-2-CH=N-C¢Hs-p-H)]BF4
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Figure 3.1: IR- spectrum of [(n5 -CsHs)Os(PPh;)(CsH4N-2-CH=N-CsH4-p-NO,)|BF,4
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Figure 3.5: *'P {NMR} spectrum of [(n’-CsHs)Os(PPh3)(CsH4N,-CH=N-C¢H,-

p-CD]BF4 [6]BF,

The complexes (3-7) are highly soluble in polar solvents such as chloroform,
dichloromethane. acetone, acetonitrile esc., but insoluble in non-polar solvents such as
hexane, pentane etc. These complexes were characterized by using analytical, infrared
(IR), proton ("H) NMR and phosphorus (*'P) NMR spectroscopic techniques. C, H, N
analyses, Infrared, 'H and *'P NMR spectroscopic data given in experimental parts
support the formulation of these complexes (3-7). The infrared spectra of all these
complexes shows a strong bands due to phenyl groups of triphenylphosphines, vc-n
group of the Schiff’s base ligands at around 1580 cm™ and BF; exhibited strong band
for vgy in the range of 1082-1089 cm™ respectively. In addition, complex [(n’-
CsHs)Os(PPh3)(CsHsN-2-CH=N-C¢H4-p-NO,)|BF; (7) shows the characteristic bands
for vno2 (asymmetric stretch at 1493 cm™ and symmetric stretch 1314 cm'l). The
infrared spectra of the representative complexes 3 and 7 were shown in figures 3.1 and
3.2. The proton NMR spectra of these complexes are presented in fig 3.3 to 3.7. The
cyclopentadienyl! ring protons displayed a sharp singlet at 4.65 ppm - 4.80 ppm. The

downfield shift of cyclopentadienyl ligand from the starting complex (4.56 ppm)
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indicates that cationic nature of these complexes after substituting one tri-
phenylphosphine and CH3;CN group with N-donor ligands. The presence of
Cyclopentadienyl, triphenylphosphine and NNN ligand in a 1:1:1 ratio is inferred from
the areas obtained upon peak integration of the 'H NMR spectra. A doublet observed in
the range 8.5 ppm-7.9 ppm is assigned to the ortho-proton of the pyridine ring of the
ligand (NMN), a triplet observed in the range 6.85 -7.30 ppm corresponds to the meta-
proton and para-proton of the pyridine ring of the ligand (NNN). The methine protons
displayed a doublet in the range 6.6 - 7.0 ppm. The 3'P NMR spectra of these
complexes (3-7) exhibit a single sharp resonance for triphenylphosphine in the range of
2.05 - 2.50 ppm, whereas the starting complexes [(ns-C5H5)OS(PPh3)2(CH3CN)]BF4
[2]BF, exhibits at 2.11 ppm as a singlet for triphenylphosphine indicating the cationic
nature of these complexes 3-7. The '"H NMR and *'P {'H} NMR spectrums of complex
[3] as the representative complexes is shown in figure 3.4. On the basis of spectral

studies the following structure was proposed:

34 Conlusions: The reaction of [(n°-CsHs)Os(PPhs),(CH3;CN)]BF, [2]BF4 with
Schiff’s base viz., para-substituted N-(2-pyridinylmethylene)cyclohexylamine (NNN or
2-PP) yielded cationic complexes of the type [(n5 -CsHs5)Os(PPh;)(CsH4N,-CH=N-C,H,-

p-X)]BF4 resulting from the substitution of CH3CN and one triphenylphosphine.
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CHAPTER 4

Syntheses and characterization of ruthenium(II),
osmium(II), rhodium(III) and iridium(III)
complexes containing cyclichydrocarbons and 3,5-

bis(2-pyridyl)pyrazole(Hbpp) as a Ligands.
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Syntheses and characterization of ruthenium(II), osmium(II), rhodium(III)
and iridium (III) complexes containing ns-cyclichydrocarbons and 3,5-

bis(2-pyridyl)pyrazole (Hbpp) as a ligands.

Abstract

The compound [(n’-CsHs)M(PPh3),X] {M = Ru, X= Cl (1); M = Os, X = Br (2)}, [(n’-
CsMes)Ru(PPh3),X] (3) and [(’-CsMes)M(u-CHCl], {M = Rh(IIl) (4) and Ir(IIl) (5)}
reacts with N,N’-donor chelating ligand viz., 3,5-bis(2-pyridyl)pyrazole (Hbpp) in
methanol to afford the cyclopentadienyl rutheniﬁm and osmium complexes of the type
[(nS—C5H5)M(prp)(PPh3)]PF6 (M = Ru(1l) (6); M = Os(Il) (7); and pentamethyl -
cyclopentadienyl ruthenium, rhodium and iridium complexes of the type [(n'-
CsMes)Ru(Hbpp)(PPhs)] (8) and [(ns-CsMe5)M(prp)Cl]PF6 where M = Rh(II) (9)
and Ir(Ill) (10) respectively. These compounds were characterized by FT-IR and FT-
NMR spectroscopy as well as analytical data. The molecular structures of the
hexaflourophosphate ~ salts  of  [(n>-CsHs)Ru(Hbpp)(PPh3)]  (6) and [(n’-

CsMes)Ir(Hbpp)CI]* (10) were established by single X-ray diffraction studies.

Keywords: Pentamethylcyclopentadienyl, cyclopentadienyl, rhodium and iridium

complexes, 3, 5-bis(2-pyridyl)pyrazole(Hbpp)
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4.1 INTRODUCTON

The chemistry of transition metal complexes having pentamethylcyclopentadienyl and
cyclopentadienyl ruthenium(Il) complexes have been mainly considered as useful mode}
compounds and have been successfully employed as catalyst in a series of C-C bond
forming  reaction  [1].  Similarly, ligand  substitution  reactions  of
pentamethylcyclopentadienyl rhodium and iridium complexes [2] are of considerable
importance, especially in view of the utility of these complexes for many types of
reactions [3]. The dimeric chloro bridged complexes [(n°-CsMes)M(u-CDCl]; (M = Rh
or Ir) display some rich chemistry by cleavage of the chloro-bridge, leading to the
formation of a series of interesting neutral and cationic mononuclear complexes [4].
Many studies of cyclopentadienyl ruthenium(Il) complexes with bidentate ligands have
shown that substitution reaction at the metal centre [S].We had already reported that the
syntheses and characterization of cationic complexes of cyclopentadieny! ruthenium(ll)
(6], osmium(Il) [7]. pentamethylcyclopentadienyl ruthenium(Il), rhodium(ill) and
iridium(IIl) [8] with a variety of nitrogen based ligands, principally because these
complexes and its derivatives have generated a lot of interest due to their high reactivity
[9] and catalytic activity [10].

As a part of our continuing study, we here report on complexes of
cyclopentadienyl  ruthenium(Il), osmium(Il) and pentamethylcyclopentadienyl
ruthenium(Il), osmium(Il), rhodium(IIl) and iridium(IIl) with tetradentate N.N’-donor
ligand viz., 3,5-bis(2-pyridyl)pyrazole (Hbpp). The 3,5-bis(2-pyridyl)pyrazole (Hbpp)
transition metal complexes are associated with extremely interesting considered as water

oxidation catalyst [11]. This ligand has been acting as a bidentate as well as tetradentate
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depends on the ratio of metal to ligand. The molecular structures of representative
compounds are solved by X-ray crystallography and are reported as well.

4.2. Experimental

4.2.1 Physical measurements

Elemental analyses were performed on a Perkin-Elmer-2400 CHN/O analyzer. Infrared
spectra were recorded on a Perkin-Elmer Model 983 spectrophotometer with the sample
prepared as KBr pellets. The "H NMR spectra were recorded on a Bruker ACF-300 (300
MHz) spectrometer in CDCl; solvents with TMS as internal reference. All chemicals
used were of reagent grade. All reactions were carried out in distilled and dried solvents.
Ruthenium trichloride, iridium trichloride, rhodium trichloride and osmium tetraoxide
(OsO,) were purchased from Arora Matthey Ltd and Aldrich. The 3.5-bis(2-
pyridyl)pyrazole (Hbpp) was prepared by following a literature procedure [12]. The
precursor’s complexes [(n*-CsHs)Ru(PPh3),Cl] [13], [(n’-CsHs)Os(PPhs),Br] [14], [(n'-
CsMes)Ir(u-CHCl],. [(1°-CsMes)Rh(p-C1)Cl], [15] and [(°-CsMes)Ru(PPh;),Cl] [16]
were prepared by following the reported literature methods.

4.2.2  Preparation of [CpM(Hbpp)(PPh3)]PFs {M = Ru [6]PF§, Os [7]PF¢}

A mixture of [(n*-CsHs)M(PPh;),X] {M = Ru, X = Cl (1) and M = Os, X = Br (2)}
(100 mg, 0.11 mmol), 3,5-bis(2-pyridyl)pyrazole (Hbpp) (49 mg, 0.22 mmol) and
NH4PFs (36 mg, 0.22 mmol) in dry methanol (15 ml) were refluxed under dry nitrogen
for 8 hrs until the colour of the solution changed from pale yellow to orange. The
solvent were removed under vacuum, the residue was dissolved in dichloromethane (10

ml), and the solution filtered to remove ammonium halide. The orange solution was
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concentrated to 5 ml, when addition of excess diethylether gave the orange-yellow
complex, which was separated and dried under vacuum.

Complex [(n’-CsHs)Ru(Hbpp)(PPh;)]PFs [6]PF

Yield: 75 mg, 68.4%

Elemental Anal (%) Calc. for C3gH3oNgP2FgRu: C 54.3; H 3.7; N 7.1; found: C 54.87; H
4.13; N 7.94.

IR (KBr pellets, cm™): 3429 (vn.i); 1460 (vea); 850 (Vp.p);

'H NMR (CDCls, 8): 4.75 (s, SH, CsHs); 7.1 (t, 1H, CH of Pz); 7.2 (t, 1H, CH of Py);
7.3 (t, 1H, CH of Py); 7.5 (t, 1H of Py); 7.7 (t, 1H,CH of Py); 7.85 (t, 1H, CH of Py); 8.6
(d, Ju.n = 4.53Hz, 1H, a-proton of Py); 9.3 (d, Ju.u = 4.97Hz, 1H, a-proton of Py); 11.8
(s. IH, NH of Pz ).

Complex [(n’-CsHs)Os(Hbpp)(PPh3)[PF [7]PF

Yield: 65 mg, 66.7%.

Elemental Anal (%) Calc. for C3¢H30N4P,F¢Os: C 48.9; H 3.4; N 6.3; found: C 49.2; H
391; N 6.87

IR (KBr pellets, cm™): 3425 (vnn); 1474 (ven); 850 (vpop);

'H NMR (CDCls, 8): 4.69 (s, 5H, CsHs); 6.9 (t, 1H, CH of Pz); 7.1 (t,1H,CH of Py); 7.3
(t, 1H,CH of Py); 7.4 (t,1H,CH of Py); 7.6 (t, IH,CH of Py); 7.7 (t,1H,CH of Py); 8.4 (d,
Ju = 5.0Hz,1H, a-proton of Py); 8.9 (d, Ju.y = 5.2Hz, 1H, a-proton of Py);12.23 (s, 1H,
NH of Pz).

4.2.4 Preparation of [(115-C sMes)Ru(Hbpp)(PPh3)]PFs [8]PF

A mixture of [(5-CsMes)Ru(PPh;),Cl] (100 mg, 0.125 mmol), 3,5-bis(2-

pyridyl)pyrazole (Hbpp) (56 mg, 0.25 mmol) and NH4PF¢ (40 mg, 0.25 mmol) in dry
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methanol (15 ml) were refluxed under dry nitrogen for 12 hrs until the colour of the
solution changed from pale yellow to orange. The solvents were removed in rotary
evaporator under reduced pressure, the residue dissolved in dichloromethane (10 ml),
and the solution filtered to remove ammonium chloride. The orange solution was
concentrated to 5 ml, when addition of excess hexane gave the orange-yellow complex,
which was separated and dried under vacuum.

Yield: 70 mg, 64.3%.

Elemental Anal (%) Calc. for C4;Hy4sN4P2FsRu: C 56.6; H 5.2; N 6.4; found: C 57.0; H
59:N 6.8

IR (KBr pellets, cm’'): 3424(vnn); 1613 (Ve=n); 850(vp.p).

'H NMR (CDCl3, 8): 1.45 (s, 15H, CsMes); 6.89 (t, 1H, CH of Pz); 7.1 (t, 1H, CH of
Py); 7.28 (t, 1H,CH of Py); 7.6 (t, 1H, CH of Py); 7.8 (t, IH, CH of Py); 8.5 (d, Jy.u =
3.42Hz, 1H, a-proton of Py); 8.7 (d, Ju.y = 4.5Hz, 1H a-proton of Py), 11.92 (s, 1H, NH
of Pz)

4.2.5  Preparation of [(n5-CsMes) M(Hbpp)CIJPFs {M = Rh (9), Ir (10)}

A mixture of [(’-CsMes)M(p-CCl]2{M = Rh (9), Ir (10)} (100 mg, 0.162
mmol), 3.5-bis(2-pyridyl)pyrazole (Hbpp) (70 mg, 0.325 mmol) and NH4PF¢ (50 mg,
0.325 mmol) in dry methanol (15 ml) were stirred at room temperature for 6 hrs until the
colour of the solution changed from pale yellow to pale green. The solvents were
removed in rotary evaporator under reduced pressure, the residue was dissolved in
dichloromethane (5 ml), and the solution filtered to remove ammonium chloride. The
pale green solution was concentrated to 2 ml, when addition of excess hexane gave the

orange-yellow complex, which was separated and dried under vacuum.
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Complex [9] PF6: Yield: 70 mg, 76%.
Elemental Anal (%) Calc. for C3HysN4PCIFgRh: C 37.8; H 3.4; N 7.7; found: C 38.0; H
39;)N7.0
IR (KBr pellets, cm'l): 3426 (vn-n); 1612 (ve=n); 850 (vpp);
'HNMR (CDCls, 8): 1.48 (s, 15H, CsMes); 7.2 (t, 1H, CH of Pz); 7.4 (t, 1H, CH of Py);
7.5.7 (t, IH, CH of Pz); 8.0 (t, 1H, CH of Py); 8.2 (t, 1H, CH of Py); 8.6 (d, Jy.y = 3.42
Hz, 1H, a-proton of Py); 8.9 (d, Jy.n = 4.8 Hz, 1H, a-proton of Py),11.80 (s, 1H, NH of
Pz)
Complex [10] PF6: Yield: 68 mg, 74.1%.
Elemental Anal (%) Calc. for Co3HsN4CIPFelr: C 43.1; H 3.9; N 8.7; found: C 43.6; H
4.2; N 8.0.
IR (KBr pellets, em™): 3429 (vaen); 1613 (ve=n); 850 (Vep):
'H NMR (CDCl3, 8):1.45 (s, 15H, CsMes); 7.2 (t, 1H, CH of Pz); 7.4 (t, 1H, CH of Py);
7.5 (t, 1H, CH of Py); 8.24 (t, 1H, CH of Py); 8.45 (t, 1H, CH of Py); 8.58 (d, Ju.yy =
3.42 Hz, 1H, a-proton of Py); 8.75 (d, Jy.y = 4.8 Hz, 1H, a-proton of Py), 11.86 (s, 1H,
NH of Pz)
4. 3. Results and discussion

The cyclopentadienyl and pentamethylcyclopentadienyl —ruthenium(Il),
cyclopentadienyl osmium(II) reacted with 3,5-bis(2pyridyl)pyrazole (Hbpp) in the
presence of ammonium hexaflorophosphate in methanol to form the mononuclear
cationic pentamethylcyclopentadienyl ruthenium and cyclopentadienyl osmium
complexes having the general formula [CpM(Hb'pp)PPh3]+ {Cp = CsHs. M = Ru (6); Cp

= CsHs. M = Os (7); Cp* = CsMes. M = Ru (8)} (Scheme 4.1). The complexes are
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orange yellow colored; they are non-hygroscopic, air stable, crystalline solids. They are
soluble in polar solvents like methanol, dichloromethane, chloroform, acetone etc., but

insoluble in hexane, petroleum ether and diethylether.
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Figure 4.1: Infrared spectrum of [(n°-CsMes) Rh (Hbpp)CI]PFs [9]PF6
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Figure 4.2: 'H NMR spectrum of [(n5-CsHs)Ru(Hbpp)PPh;]PFs [6]PFs
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Figure 4.4: 'H NMR spectrum of [(n5-CsMes)Ru(Hbpp)PPh;]PF, [8]PF;

4.3.1 Cyclopentadienyl ruthenium [6]PF; and osmium complexes [7]PF,
The analytical data of these compounds are consistent with the formulations. The

infrared spectra of the complexes 6 and 7 exhibit a chelated N,N’-bidentate ligand as
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strong bands at 3429 em™, 3425 cm™, 1460 cm™ and 1474 ecm™ corresponding to the
stretching frequencies of N-H bond of pyrazole ring and C-N bond of the pyridine ring
of the ligand. In addition, the infrared spectra contained a strong band at 850 cm™ due to
the stretching frequency of P-F bond for both the complexes. The proton NMR spectra
of these complexes 6 and 7 exhibit a singlet at 4.75 and 4.69 ppm for the
cyclopentadienyl ring protons, indicating a dowﬁﬁeld shift from the starting complex 1
and 2. Downfield shift in the position of cyclopentadienyl protons might result from a
change in electron density on the metal centre due to chelation of the 3, 5-bis(2-
pyridyl)pyrazole (Hbpp) ligand through it nitrogen atoms. The 3, 5-bis(2-
pyridyl)pyrazole (Hbpp) protons of the complexes 6 and 7 showed singlet at the range
of 6.9 and 7.1 ppm corresponding to the CH proton of pyrazole. The spectra also
display five triplets in the range of 7.1-7.85 ppm corresponding to the CH-protons of
pyridine groups of the ligand. The spectra also showed two doublets in the range of 8.4 -
9.3 ppm corresponding to the a-proton of pyridine group of the ligand for these
complexes (Figure 4.2). In addition, singlet peak observed at the range of 11.8 - 12.23

ppm corresponding to the N-H proton of pyrazole ring for both the complexes.

PPh,

X = ClorBr
M = Ru(lII), Os(1I).
Hbpp = 3,5-bis(2-pyridyl)pyrazole

Scheme 4.1
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4.3.2 Pentamethylcyclopentadienyl ruthenium complex [8]PF,

The  3,5-bis(2-pyridyl)pyrazole = (Hbpp) ligand reacted with the
pentamethylcyclopentadienyl ruthenium(II) complexes in presence of
hexafluorophosphate counter ion, in methanol to yield mononuclear cationic complex 8
(scheme 4.2). The complex is orange coloured, crystalline solids, soluble in polar
solvents and air stable. The infrared spectrum displays a sharp singlet at 3424 cm™, 1613
ecm™ and 850 cm™ corresponding to the stretching frequencies of N-H bond of the
pyrazole ring, C-N bond of the pyridine ring and P-F bond of the counter ion of the
complex. The proton NMR spectrum displays singlet peak at 1.45 ppm corresponding to
the CH proton of the pentamethylcyclopentadienyl ring and four triplets were observed
in the range of 7.1 ppm to 7.8 ppm corresponding to the CH protons of the pyridine
group. In addition, singlet peak appeared at 11.92 ppm due to the NH proton of the

pyrazole ring of the ligand (Figure 4.4).

Q Hboo /R“J\——Pph3
Ru -
/ \\Cl MeOH N /N\NH

Ph;P PPh,

Hbpp = 3,5-bis(2-pyridyl)pyrazole
& = pentamethylcyclopentadienyl

Scheme 4.2
4.3.3 Pentamethylcyclopentadienyl rhodium [9]PF¢ and iridium complexes

[10]PF
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The dinuclear complexes [(nS-CsMes)M(p-Cl)Cl]z {M = Rh (9) or Ir (10)}
undergo a bridge cleavage reaction with N,N’-bidentate hitrogen base (Hbpp) ligand in
methanol at room temperature to yield cationic complexes § and 6 (Scheme 4.3). These
complexes are isolated as the hexaflourophosphate salts. The orange-yellow complexes
are air stable, dissolved in polar solvents but in soluble in hexane, petroleum ether and
diethylether. The complex 9 showed a pale green coloured when it’s in solution form.
The infrared spectra of the complexes 9 and 10 exhibit a chelated N,N’-bidentate ligand
as strong bands at 3426, 1612, 3429 and 1613 cm™ corresponds to the stretching
frequencies of C-N bond of pyridine group and N-H bond of pyrazole ring [17]. In
addition, the infrared spectra contain a strong band at 850 cm™ due to the counter ion
PF¢. The proton NMR spectra of compounds 9 and 10 displays singlet at 1.48 and 1.45
ppm corresponding to the protons of the pentamethylcyclopentadienyl group. The five
triplets were observed in the range of 7.0-8.0 ppm corresponding to the proton of
pyrazole and pyridine group. Another two doublets were observed at the range of 8.0 -
8.7 ppm due to the a-proton of pyridine. In addition, the spectra displays singlet at the

range of 11.80 — 11.86 ppm corresponding to the NH-proton of the pyrazole ring.
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Q c M——Cl
N /N

MeOH
"

pentamethylcyclopentadienyl

’

Hbpp = 3,5-bis(2-pyridyl)pyrazole
M = Rh(ll) or Ir(l1l)

Scheme 4.3

4.4. Single-crystal X-ray structures analyses

Crystals suitable for X-ray diffraction study for compound [6]PF¢ and [10]PF¢ were
grown by slow diffusion of diethylether into dichloromethane solution of complexes
[6]PF¢, and [10]PF, respectively. The bright orange crystals of compound [6]PF¢ and
pale green crystal of compound [10]PF, were mounted on a Stoe-Image Plate
Diftraction system equipped with a ¢ circle goniometer, using Mo-Ka graphite
monochromated radiation (A = 0.71073 A) with ¢ range 0-200°, increment of 1.2°,
Dinax-Dmin = 12.45-0.81 A. X-ray intensity data were collected with Mo-Ka graphite
monochromated radiation at 120 (2) K, with 0.3°0 scan mode and 10 second per frame.
The intensity data were corrected for Lorenz and polarization effects. The structures
were solved by direct methods using the program SHELXS-97 [18]. Refinement and all
turther calculations were carried out using SHELXL-97 [19]. The H-atoms were
included in calculated positions and treated as riding atoms using the SHELXL defauit

parameters. The non-H atoms were refined anisotropically, using weighted full-matrix

least-squares on F*.
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Figure 4.5: ORTEP drawing with labelling scheme at 50% probability level. [6]PF,
anion omitted for clarity. Selected bond distances (A) and angles (°) are N1-Rul
2.188(2): N2-N3 1.342(3); P1-Rul2.311(7); C(14)-C(18) 1.398(5); N3-N2-Rul

135.69(15); N2-Ru-N75.56(8); N2-Rul-P1 89.93(6); N1-Rul-P1 89.87(6).
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Figure 4.6: ORTEP drawing with labelling scheme at 50% probability level. [16]1],
anion omitted for clarity. Selected bond distances(A) and angles(") are N(i)-Ir(1)
2.07(8); N(2)-Ir(1) 2.01(5); N(2)-N(3) 1.37(8); CI(1)-Ir(1) 2.398(17); N(3)-N(2)-Ir(1)
135(4); N(2)-Ir(1)-N(1) 77(2); N(2)-Ir(1)-CI(1) 83.1(15); N(1)-Ir(1)-CI(1) 87.9(15).
4.5  Molecular structure

Single crystals X — ray structure determination were carried out for compound 6
and 10 for confirmation of their formulae and structure. The ruthenium atom of
compound 6 and the iridium atom of compound 10 are coordinated to two nitrogen
atoms of the 3,5-bis(2-pyridyl)pyrazole (Hbpp) ligand, chlorine atom and the
cyclopentadienyl and pentamethylcyclopentadienyl molecule in a n’-fashion where one
triphenylphosphine in the case of complex 6 and leading to the usual “three-legged
piano stool” structures. The geometry around the metal atom can be regarded as

distorted octahedral if the n’-cyclopentadienyl and pentamethylcyclopentadienyl
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moieties are assumed to occupy three facial-coordinated positions. A summary of single
crystal X — ray structure analyses are shown in Table 4.1. The ORTEP drawing of
compounds 6 and 10 are shown in Figs 4.5 and 4.6 respectively.

The hexaflourophosphate salt of complex [(1°-CsHs)Ru(Hbpp)PPhs] [PFs] (6)
and [(°-CsMes)Ir(Hbpp)CI][PFs] (10) crystallizes in the monoclinic space group (Figs
4.5 and 4.6). The average bond distances of Ru-C (compound 2) and Ir-C(6) of
cyclopentadienyl group is 2.190 A and 2.140A. There are no significant differences in
the C-C bond lengths in the pentamethylcyclopentadienyl ring, all being about 1.337A
and pointing to w-electron delocalization in the ring. Further more; the five membered
ring is planar as evident in the nearly equal bond distances between metal atom and the
ring carbons. The Ru-N and Ir-N bond distances are 2.188(2) A and 2.07(8) A. Here, we
observed that the bond distance of Ru-N is longer than the bond distance of Ir-N, this
could be due to the size of the metal atom. The Ir-Cl bond distance is 2.398 A, which is
closely to another related two-coordinated chelating N,N’-base ligands iridium and
rhodium complexes.

4.6. Concluding remarks:

The reaction of 3,5-bis(2-pyridyl)pyrazole(Hbpp) ligand with pentamethyl-
cyclopentadienyl and cyclopentadienyl ruthenium, osmium, rhodium and iridium
complexes yielded cationic complexes. The complexes may able to bind with another
metal to form dinuclear complexes through the nitrogen atom, which is not carried out

in this work.
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Table 4.1. Crystal data and experimental details for [(n°-CsHs)Ru(Hbpp)PPh;][PF¢] (6)

and {(n’-CsMes)Ir(Hbpp)CI][PFe] (10)

Compund

[(n5-

CsMes)Ir(Hbpp)CI}[PF4](10)

-

CsHs)Ru(Hbpp)PPhs][PFe](6)

Empirical formula
Formula weight
Temperature
Wavelength (A)
Crystal system, space group
Unit cell dimensions

a(A)

b (A)

c(A)

B(*)

Volume (A%)
Z, Calculated  density
(Mg/m3 )
Absorption coefficient
(mm™)

F(000)

Crystal size(mm)

0 range for data collection

(deg) .

Cool CIFgItN;OP
748.11
293(2) K
0.71073

Monoclinic, P2,/n

8.7598(10)
13.9029(16)
13.706(2)
129.184(10)
293.8(3)

2, 1.920

5.393

728

0.42x0.38x0.24

1.46 to 34.82

89

C3H30F6N4P;Ru
795.65

293(2) K
0.71073

Monoclinic, P 2\/n

8.7598(10)
13.9029(16)
17.1718(12)
129.184(10)
3280.1(4)

4,1.611

0.644

1608

0.42x0.383x0.24

2.09 t0 26.00



Index ranges
Reflections  collected /
unique [Rin = 0.2224]

Refinement method(F?)
Completeness to 2 8 (°)
Data/restraints/parameters
Goodness-of-fit on (F?)
Final R indices [[>2o(1)]
R indices (all data)
Absolute structure parameter
and

Largest diff. peak

hole(A™)

-10<=h<=10,-
13<=k<=13,-20<=1<=20

9464 / 4814

Full-matrix least-squares on
34.82, 44.8

4814/2 /339

2.390

R1=0.1886, wR2=0.4351
R1=0.2292, wR2= 4720
0.60(10)

18.211 and -9.924

Chapter 4

-16<=h<=16,-17<=k<=17.-
21<=1<=21

25474/6310

26.00, 97.8

6310/0/442

1.108

R1=0.0324, wR,=0.0854

R1=0.0414, wR,= 0.0940

0.662 and -1.640
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CHAPTER 35

Reactivity Studies of Cyclopentadienyl
Ruthenium(II), Osmium(II) and Pentamethyl-
cyclopentadienyl Iridium(IIT) Complexes Towards 2-

(2’-Pyridyl)Imidazole Derivatives
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Chapter 5

Reactivity studies of cyclopentadienyl ruthenium (II), osmium (II) and
pentamethylcyclopentadienyl iridium(III) complexes towards 2-(2’-

pyridyl)imidazole derivatives.

Abstract

The reaction of [(n5 -CsHs)Ru(PPh;),CIl] and [(1’]5-C5H5)OS(PPh3)2Br] with
chelating 2-(2’-pyridyl)imidazole (NNN) ligands and NH4PF yields cationic complexes
of the type [(n°-CsHs)M(NNN)(PPh3)]" (1: M = Ru, NNN = 2-(2’-pyridyl)imidazole; 2:
M = Ru, NNN = 2-(2’-pyridyl)benzimidazole; 3: M = Ru, NNN = 2-(2’-pyridy})-4,5-
dimethylimidazole; 4: M = Ru, NNN = 2-(2’-pyridyl)-4,5-diphenylimidazole; 5: M =
Os, NNN = 2-(2"-pyridyl)imidazole; 6: M = Os, N(IN = 2-(2’-pyridyl)benzimidazole).
They have been isolated and characterized as their hexafluorophosphate salts. Similarly,
in the presence of NH,4PF, [(nS-CsMes)Ir(u-Cl)Cl]z reacts in dry methanol with NNN
chelating ligands to afford in excellent yield [(n’-CsMes)If(NNN)CI]PFq (7: NNN = 2-
(2’-pyridyl)imidazole; 8: NNN = 2-(2’-pyridyl)benzimidazole). All the compounds have
been characterized by infrared and NMR spectroscopy and the molecular structure of

[1]PFs, [2]PF¢ and [7]PF¢ by single-crystal X-ray structure analysis.

Polyhederon 00 2007 000
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5.1 Introduction

The chemistry of cyclopentadienyl bisphosphine ruthenium complexes [(n’-
CsHs)Ru(PPh;),X] is the family of an area of active research [1] due to their high
reactivity and catalytic activities [2-3]. These properties have prompted widespread
interest regarding both the synthetic applications and the mechanistic features of
cyclopentadienyl complexes for a large number of transition metals. Similarly, there is
an increasing interest in the organometallic chemistry of osmium as the nature of the
differences from its lighter congener ruthenium becomes more apparent [4]. However,
the complex [(n°-CsHs)Os(PPhs),Br] chemistry have not been studied extensively due to
lower kinetic labiality of the triphenylphosphines compared to its ruthenium analogue
{5]. Until recently far fewer studies had been carried out on
pentamethylcyclopentadienyl rhodium(Ill) and iridium(Ill) complexes with chelating
NMNN-donor bases [6]. The chemistry of [(nS-CsHs)Ru(PPh3)2Cl] is characterized by
facile displacement of either chloride or oneb or both triphenylphosphine ligands,
affording cationic or neutral compounds, respectively, depending on the solvent and
reaction conditions [7]. The electron rich metal center contributes to the stabilization of
unusual ligands such as vinyllidines and allenylidines [8). We had reported that the
reactions of cyclopentadienyl ruthenium (II), [(n’-CsMes)Ru(PPh;),(CH:CN)]™ and
[(n°-CoH7)Ru(PPh;)2(CH;CN)]* [9] with a variety of nitrogen based ligands. In this
paper, as a part of our continuing study, we would like to report the syntheses and
characterization of new cationic cyclopentadienyl (Cp) ruthenium(Il), osmium(Il) and
pentamethylcyclopentadienyl (Cp*) iridium(III) complexes with chelating NNN-donor

ligands [L; = 2-(2’-pyridyl)imidazole, 1., = 2-(2’-pyridyl)benzimidazole, L; = 2-(2’-
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pyridyl)-4,5-dimethylimidazole, Ly = 2-(2’-pyridyl)-4,5-diphenylimidazole) (Scheme
5.1). In order to confirm the nature of bonding, the molecular structures of [(n5 -
CsHs)Ru{2-(2’-pyridyl)imidazole} (PPh;3)|PF, ([1]PFs), [(n°-CsHs)Ru{2-(2’-
pyridyl)benzimidazole} -(PPh3)]PF, ([2]PF¢) and [(n°-CsMes)Ir{2-(2’-

pyridyl)imidazole } CI]PF¢ ([7]PFs) have been solved by x-ray crystallography.

6 HN : HN HN
o s Ph

L1 Lo L3 L4

Scheme 5.1: Ligands and numbering scheme used in this study.

5.2. Experimental

Elemental analyses were performed on a Perkin-Elmer-2400 CHN/O analyzer. Infrared
spectra were recorded on a Perkin-Elmer Model 983 spectrophotometer with the sample
prepared as KBr pellets. The '"H NMR spectra were recorded on a Bruker ACF-300 (300
MHz) spectrometer in CDCl; solvents with TMS as internal reference. All chemicals
used were of reagent grade. All reactions were carried out in distilled and dried solvents.
Ruthenium trichloride, iridium trichloride and osmium tetraoxide were purchased from
Arora Matthey Ltd and Aldrich. The 2-(2’-pyridyl)imidazole and its derivatives were
prepared by following a literature procedure [10]. 2-(2’-Pyridyl)benzimidazole
(Aldrich), pyridine-2-aldehyde (Fluka), glyoxal (Aldrich), 2,3-butanedione (Aldrich)

and benzyl (Sd Fine) were used as received. The precursor’s complexes [(n’-
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CsHs)Ru(PPhs),Cl]. [(n’-CsHs)Os(PPhs),Br] [11] and [(n’-CsMes)Ir(u-C1Cl]> [12]
were prepared by following the reported literature methods.

5.2.1. Synthesis of [(17-CsHs)Ru(NNN)(PPh3)]PF

The following general procedure was used for the preparation of complexes [1]PFg to
[4]PFs.

Preparation of [1]PF¢: A mixture of [(1°-CsHs)Ru(PPh3),Cl] (0.1 g, 0.14 mmol), 2-(2'-
pyridyl)imidazole (0.04, 0.28 mmol) and NH4PF; (0.046 g, 0.28 mmol) was refluxed in
dry methanol (20 ml) under a nitrogen atmosphere for 6 hrs. The yellow suspension
turns to a light yellow color. The solvent is evaporated at reduced pressure. Then the
residue was dissolved in dichloromethane (5 ml), and the solution filtered to remove
ammonium chloride. The yellow solution was concentrated (2 ml) and by addition of an
excess of hexane the orange yellow product precipitates. The compound is filtered and
dried under vacuum to give [1]PFs.

Complex [( 7-CsH s)Ru{2-(2’-pyridyl)imidazole}(PPh3)JPFs [1]PF

Yield: 63mg, 64 %.

Elemental Anal (%) Calc. for C3;H27N3F¢P2Ru: C, 51.81; H, 3.76; N, 5.85.

Found: C.51.54;: H.4.17: N, 5.44.

IR (KBr pellets, cm"): 1606 (ve=c), 1480, 1440 (ve=n), 857 (vprs),

'H NMR (CDCls, 8): 12.01 (s, 1H, NH); 9.04 (d, Jy.u = 5.74 Hz, 1H, H); 8. 75 (d, Jyn
= 6.08 Hz. H7); 8.50 (d, Jy.u = 6.02Hz, Hg); 8.00 (d. Ju.y = 5.12 Hz, 1H, H3); 7.78 (m,

15H, Ph); 7.70 (t, 1H, Ha); 7.32 (t, 1H, Hs); 4.68 (s, SH, CsHs).
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Complex [( 7-CsH )Ruf2-(2°-pyridyl)benzimidazole}(PPh;)]PFg [2]PF s
Yield: 65 mg, 62 %.

Elemental Anal (%), Calc. for C3sHoF¢P,N3sRu: C, 54.69; H, 3.78; N, 5.47; found: C,

54.87,H,4.12: N, 5.67.

IR (KBr pellets, cm"): 1613 (ve=c), 1447 (ve=n), 850 (vp.p),

'H NMR (CDCls, 8): 8.74 (d, Juy = 5.42Hz, 1H, Hy); 8.07 (d, Juy = 5.80Hz, 1H, Hs);
7.98 (t, 1H, Hyq); 7.90 (t, 1H, Hs); 7.48 (m, 15H, Ph); 7.32 (m, 4H H7-16); 4.64 (s, 5H,
CsHs).

Complex [( 775 -CsHs)Ru{2-(2’-pyridyl)-4,5-dimethylimidazole}(PPh;)]PFs [3]PF,

Yield: 64 mg, 62 %.

Elemental Anal. (%) Calc. for C33H31F¢P,N3Ru: C, 53.08; H, 4.16; N, 5.63; found: C,

53.28; H, 4.66; N, 5.77.

IR (KBr pellets, cm"): 1604 (ve=c), 1480, 1447 (ve=n); 855 (vp.p),

'H NMR (CDCls, 8): 8.50 (d, Juu = 5.74Hz, 1H, He); 8.18 (d, Juy = 5.00 Hz, 1H, H;):;
7.53 (m, 15H, Ph); 7.39 (t, 1H, Hs); 7.28 (t, 1H, Hs); 4.67 (s, SH, CsHs); 3.21 (s, 6H,
CHa).

Complex [( 775 -CsHs)Ru{2-(2’-pyridyl)-4,5-diphenylimidazole}(PPh;3) |PF s [4]PF

Yield: 70 mg, 60%.

Elemental Anal (%), Calc for C43H3sN3PoFgRu: C, 59.31; H, 4.02, N, 4.83; found: C,

60.23: H, 4.23; N, 5.13.
IR (KBr pellets, cm™): 1600 (ve=c). 1480, 1440 (veo), 850 (Vpor),
'H NMR (CDCls, 8): 8.50 (d, Ju.n= 5.0 Hz, 1H, He); 8.27 (d, Jist = 5.73 Hz, 1H, H;).

7.92 (m, 25H, Ph): 7.60 (t, 1H, Hy); 7.37 (t, 1H. Hs); 4. 62 (s, SH, CsHs)
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5.2.2. Synthesis of [(17-CsHs )M(NO\N) (PPh;3)]PF

These complexes were prepared by the same method given in section 2.1 using of [(n°-
CsH;)Os(PPh;),(CH3CN)]PF; instead of [(1°-CsHs)Ru(PPhs),Cl].

Complex [(nS-CsHs)Os{2-(2’-pyridyl)imidazole}(PPh3)]PF 6 [S]PFs

Yield: 48 mg, 57 %.

Elemental analysis (%) for C3;H7N3P,F¢Os. Calc.: C, 46.09; H, 3.35; N, 5.21; found: C,

46.36; H, 4.03; N, 5.65.

IR (KBr pellets, cm”): 1600 (ve=c), 1480, 1440 (ve=n), 885 (vp.p)

'H NMR (CDCls, 8): 8.95 (d, Jun = 5.7 Hz, 1H, He); 8.78 (d, Ju.u = 6.05 Hz, 1H, Hs);
8.63 (d, Ju.u = 6.12Hz, 1H, Hy); 8.59 (d, Jy.uy = 5.52Hz, 1H, Hg); 7.89 (m, 15H, Ph);
7.75 (t, 1H, Ha); 7.48 (1, 1H, Hs); 4.59 (s, SH, CsHs).

Complex [(17-CsHs)Os{2-(2’-pyridyl)benzimidazole}(PPh3)]PF [6]PF

Yield: 46 mg, 52 %.

Elemental analysis (%) for C3sHagN3P2F¢Os. Calc.: C, 49.01; H, 3.38; N, 4.90; found: C,
49.15; H, 3.56; N, 5.15.

IR (KBr pellets, cm'l): 1613 (ve=c), 1447 (ven), 850 (vp.p).

'H (NMR, CDCl3_8): 8.50 (d, Jy.u = 5.2Hz, 1H, He); 8.10 (d, Jup = 5.2Hz, 1H, H3); 7.0-
7.27 (m, 15H, Ph); 7.9 (t, 1H, Ha4); 7.45 (t, 1H, Hs); 7.37 (q, 4H H7.10); 4.65 (s, SH,
CsHs).

5.2.3. Synthesis of [(17-CsMes)Ir(NNN)CIJPF

These complexes were prepared by the same method given in section 2.1 using 0.5
equivalent of [(°-CsMes)Ir(u-C)Cl],  instead of 1 equivalent of [(n5 -

CsHs)M(PPh3),Cl].
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Complex [(n5—C5Me5)lr{2-(2’-pyridyl)imidazole}Cl]PF6 [7]PF¢

Yield: 52 mg, 64 %.

Elemental Anal (%), Calc for: CgH»nCIN;F¢PIr. Cale.: C, 33.13; H, 3.37; N, 6.44;
found: C, 32.87; H, 3.88; N, 6.23.

IR (KBr pellets, cm™): 1600 (ve=c), 1460-1327 (ve-n), 850 (Vp.g),

'H NMR (CDCl3,3): 8.94 (d, Jy.i = 6.4 Hz, 1H, He); 8.50 (d, Juy = 6.12 Hz, 1H, H;);
8.00 (d, Ju. = 6.03 Hz, 1H, H7); 7.90 (d, Jy.u = 5.23 Hz, 1H, Hg); 7.73 (t, 1H, Hq); 7.43
(t, 1H, Hs); 1. 9 (s, 15H, CsMes)

Complex [(17-CsMes)Ir{2-(2 *-pyridyl)benzimidazole}CI|PF¢ [8]PF¢

Yield: 54 mg, 62 %.

Elemental Anal (%), Calc for: CyHasCIN;FePIr. Calc.: C, 37.61; H, 3.42; N, 5.98.
found: C, 37.52; H, 3.87; N, 6.15.

IR (KBr pellets, cm™): 1600 (ve=c), 1474-1407 (ven), 850 (Vpp),

'"H NMR (CDCl;, 8): 8.97 (d, Ji.y = 5.63Hz, 1H, Hg); 8.90 (d, Jy.p = 5.29 Hz, 1H, Hy);
7.85 (t, 1H, Hy); 7.43 (t, 1H, Hs); 7.24 (m, 4H, Hy.10); 1.82 (s, 15H, CsMes)

5.2.3. Single-crystal X-ray structures analyses

Crystal suitable for X-ray diffraction study for compound [1]PF¢, [2]PFs and [7]PF;
were grown by slow diffusion of diethylether into dichloromethane solution of
complexes [1]PFs, [2]PF¢ and [7]PF¢, respectively. The orange reddish crystals of
compound [1]PF¢ and [7]PF¢ were mounted on a Stoe Image Plate Diffraction system
equipped with a ¢ circle goniometer, using Mo-Ko graphite monochromated radiation
(A = 0.71073 A) with ¢ range 0-200°, increment of 1.2°, Dyax-Dinin = 12.45-0.81 A.

Whereas crystal of [2]PF¢ was mounted on a Bruker Apex CCD diffractometer in a full
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reciprocal sphere equipped with a CCD detector, X-ray intensity data were collected
with Mo-Ka graphite monochromated radiation at 120 (2) K, with 0.3°» scan mode and
10 second per frame. The intensity data were corrected for Lorenz and polarization
effects. The structures were solved by direct methods using the program SHELXS-97
[13]. Refinement and all further calculations were carried out using SHELXL-97 [14].
The H-atoms were included in calculated positions and treated as riding atoms using the
SHELXL default parameters. The non-H atoms were refined anisotropically, using
weighted full-matrix least-square on F. In [2]PF¢ H,0, the -CsH4NC3N,H- fragment of
the 2-(2’-pyridyl)benzimidazole was found to be disordered over two positions and the
partial occupancy factor was refined at 76:24. Crystallographic details are summarized
in Table 1. Figures 1, 2 and 4 are drawn with ORTEP32 [15] while Figures 3 and S are
drawn with MERCURY [16].

5.3.  Results and discussion

The reactions in dry methanol of [(1n’-CsHs)Ru(PPh3),Cl] and [(n’-CsHs)Os(PPh;),Br]
with an excess of chelating NNN ligands and NH4PF result, under refluxing conditions.
in the dissociation of one triphenylphosphine and the halide ligands to yield the
monocationic complexes [(n5-C5H5)M(N0N)(PPh3)]+ (I: M = Ru, NNN = 2-(2’-
pyridyl)imidazole; 2: M = Ru, NNN = 2-(2’-pyridyl)benzimidazole; 3: M = Ru, NN = 2-
(2’-pyridyl)-4,5-dimethylimidazole; 4: M = Ru, NNN = 2-(2’-pyridyl)-4.5-
diphenylimidazole; 5: M = Os, NNN = 2-(2’-pyridyl)imidazole; 6: M = Os, NN = 2-(2°-
pyridyl)benzimidazole), see Scheme 5.2. The compounds are isolated and characterized as

hexafluorophosphate salts.

103831
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+
<=7 <=7 (PFs)
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Scheme 5.2
In the case of the reaction of the dinuclear iridium(IIT) complex [(1n°-CsMes)Ir(n-C1)Cl],
with two equivalents of chelating NNN ligands in the presence of NH4PFs, cleavage of
the chloride-bridge followed by dissociation of one chloride ligand, affords the
complexes [(nS-CsMes)Ir{2-(2’-pyridyl)imidazole}CI]PF6 ([7]PF¢) and  [(n°-

CsMes)Ir{2-(2’-pyridyl)benzimidazole} CI]PF¢ ([8]PF¢), see Scheme 5.3.

Ir
-h__q_h
Cl N / Ny -
C| Cl NH,PFg |
\“Ir | R H
=
Scheme 5.3

The complexes (1-8) are pale yellow to orange reddish colored. They are highly soluble
in polar solvents such as chloroform, acetone, methanol, dichloromethane erc., but

insoluble in non-polar solvents such as hexane, pentane etc., C, H, N analyses, IR, 'H
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NMR spectroscopic data were given in the experimental section, which supported the
formation of these complexes (1-8). The X-ray structures of representative complexes 1,

2 and 7 were determined to confirm the structure of the complexes (1-8).

Figure 5.1: Infrared spectrum of [(n’-CsMes)Ir{2-(2’-pyridyl)imidazole}C1|PF [7]
The infrared spectra of complexes (1-6) exhibited very strong bands at 1613-1600 cm™
and 1480-1440 cm™' corresponding to phenyl groups of triphenylphosphine and N-bases,
while in complexes 7 and 8 prominent peaks were observed at 1600 cm™ and 1474-1327
cm”. The counter ion (PF) exhibit a strong band around 845 cm™ for vp.¢ group (Figure
5.1). The protons’ corresponding to the cyclopentadienyl ligands appear in the region of
4.6-4.7 ppm while the triphenylphosphine peaks are observed as multiplets in the
aromatic region between 7-8 ppm. The chemical shifts of cyclopentadienyl groups are
shifted to down field as compared to the precursor complexes (4.43-4.31 ppm) (Figure

5.2 and 5.3).
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igure 5.2: 'TH NMR, "*C spectra of [(n’-CsHs)Ru{2-(2’-pyridyl)benzimidazole(PPhs)]PFs[2]

Figure 5.3: 'H and *'P {NMR}, spectra of [(nS-CsHs)Os{2-(2’-pyridyl)benzimidazole}

(PPh;)]PFe
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Figure 5.4: "H NMR, spectrum of [(1*-CsMes)Ir{2-(2’-pyridyl)benzimidazole} C1]PF;
[8]PFq

The down field shift position of the cyclopentadienyl protons in complexes 1-6, which
might results from the change in electron density on the metal center due to chelation of
the nitrogen base ligands through the nitrogen atoms of the 2-(2’-pyridyl)imidazole
derivatives ligands. The '"H NMR spectra of complexes 1-6 also showed two pseudo-
triplets in the range of 7.85 - 6.32 ppm due to the pyridine protons (Hs and Hs) of the
NNN-donor ligands. The spectra of the Cp* complexes 7 and 8 showed resonance for
the methyl protons of the Cp* ligand as singlet at 1.86 ppm and 1.82 ppm respectively
(Figure 5.4). Molecular structure of the representative hexafluorophosphates salts
[1]PF¢, [2]PF¢ and [7]PF, are presented in Figures 1, 2 and 4 respectively. Selected bond
lengths and angles are recorded in Table 2. The molecular structures of [(n°-CsHs)Ru{2-
(2°-pyridyl)imidazole}(PPh3)]" (1) and [(n’-CsHs)Ru{2-(2’-pyridyl)benzimidazole}
(PPh3)]" (2) have been established by single-crystal X-ray structure analysis of [1]PFs
and [2]PFs--- H,0, respectively. Both complexes show typical piano-stool geometry
with the metal center coordinated by a cyclopentadienyl ligand, a PPh; ligand and a

chelating NNN-ligand, see Figures 5.1 and 5.2.
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Figure 5.5: ORTEP diagram with labelling scheme for [(n’-CsHs)Rui2-(2’-
pyridyl)imidazole} (PPh;)]" ([1]PFg), at 50% probability level, H atoms and PF, anion
omitted for clarity.

The Ru-N bond distances [2.113(3) and 2.093(3) A in 1; 2.117(2) and 2.094(2) in 2] are
comparable to those in [(n°-p—PriC6H4Me)RuCl(2,3-bis(2-pyridyl)py1m:xnc)th [17]
and [(n°-CsHg)RuCl(2-(1-imidazole-2-yl)pyridine)]PFs [18a). Accordingly, there is no
significant difference in the Ru-P bond length in 1 [2.316(1) A] or 2 [2.325(1) A] with
reported values [9d, 19]. The N(1)-Ru-N(3) bond angle in complexes } [76.0(1)°] and 2
[76.1(2)°] are similar to those of compounds [(né—p-l’riC(,H‘;Me)RuCl(2,3-bis(2v
pyridyl)pyrazine)]’ [N-Ru-N = 76.5(2)°] [17] and [(n’-p-Pr'CsHsMe)RuCl(2,3-his(q-

pyridyl)quinoxaline)]” [N-Ru-N = 76.2(2)"] [18b]. The angles between the least-square
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planes of nS—CsHs and that of the NNN ligand are 57.8(2)° in 1 and 55.3(2)° in 2 (Table

5.2).

Figure =~ 5.6: ORTEP  diagram  with  labelling  scheme  for [(n5-
CsHs)Ru{2-(2’-pyridyl)benzimidazole} (PPhs)]" ([2]PFs - H,0O) at 50% probability
level, H atoms, PF¢ anion and water molecule omitted for clarity.

Complex [2]PF; crystallizes with one molecule of water per asymmetric unit,
which forms a hydrogen-bonded network with two hexafluorophosphate anions and the
N-H group of the NNN ligand, see Figure 3. The N-O and O-F distances of the
hydrogen bonds are respectively, 2.820(3) A for the N-H of the 2-(2’-
pyridyl)benzimidazole ligand and H,O, and 2.941(4) and 2.907(4) A between the
hexafluorophosphate anions and the water molecule (Table 5.2). The N-H---O angle is

167.1° while the O-H--F angles are 178 and 153°, respectively.
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Figure 5.7: Hydrogen-bonded system observed in [2]PFg
The molecular structure of [(nS-C5Me5)Ir{2-(2’-pyridyl)imidazole 4C1]" (7) has been
established by single-crystal X-ray structure analysis of [7]PFs (see Figure 4). The
complex shows a typical piano-stool geometry with the metal center coordinated by the
pentamethyleyclopentadienyl ligand, a terminal chloride and the 2-(2’-pyridyl)imidazole
ligand. The Ir-N bond distances [2.106(5) and 2.080(5) A] are slightly shorier to thosc in
[1]PFs and [2]PFs. The average distance between the metal atom and the carbon atoms
of the n°-CsMes ring is 2.16 A. This average bond length is comparable to that in the
related n°-CsMes iridium complex [(1n°-CsMes)IrCI((S)-1-phenylethylsalicylaldiimine)]
[2.17 A] [20]. The Ir-Cl bond length is 2.4183(14) A in 7, which is slightly longer to the
reported  iridium  complex [(°-CsMes)IrCI((S)-1-phenylethylsalicylaldiimine)]

[2.4017(16) A] [20] (Table 5.2).
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Cc18

CI1

Figure ~ 5.8: ORTEP  diagram  with  labelling  scheme for  [(n’-
CsMes)Ir{2-(2’-pyridyl)imidazole}Cl]" ([7]PFs) at 50% probability level, H atoms and
PF¢ anion omitted for clarity.

In the crystal packing of [7]PF¢, two molecules of 7 form a dimer through N-H--
Cl contacts and n-stacking interactions, see Figure 5. The N--Cl separation is 3.254(5) A
with an N-H--Cl angle of 162.1°. The distance observed between the n-stacking
interacting systems (centroid---centroid 3.76 A) is in good agreement with the
theoretical value calculated for this stacking mode {21]. The distance observed between
the two iridium centres of the dimer is 7.841(1) A and excludes any possible metal-

metal interactions.
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Figyre 5.9: Rimerje strugture of [T]PFe shawing the intermplecular NH-CI hydrogep

contacts and a-a ipjgracting system.

5.4. Conclusions:

The present study describe the syntheses of eight new (n°-CsHs)Ru, (n°-CsHs)Os
and (nS-CsMes)lr complexes containing 2-(2’-pyridyl)imidazole ligands. Representative
complexes have been characterized by single X-ray study. In the crystal packing of
[7]PFs, two molecules of 7 form a dimer through N-H--Cl contacts and zn-stacking

interactions.
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Table 5.1: Crystallographic and structure refinement parameters for complexes [1]PF,,

[2]PF, - H>0 and [7]PFs

[1]PFs [2]PFs - H,O [7]PF,

Chemicalformula C3|H27F6N3P2RU C35H3|F(,N3OP2RU C|3H22C1F6N3Plr

Formula weight 718.57 786.64 653.01
Crystal system monoclinic Triclinic Triclinic
Space group P 2)/c (no. 14) P -1 (no. 2) P -1(no.2)
Crystal colour and shape  orange block red block red block

Crystal size 0.32x020x0.200. 28x0.23x0.18 0.35x0.26x0.21

a(A) 13.552(3) 10.379(4) 8.0428(9)

b (A) 14.582(3) 11.285(4) 11.4031(14)
¢ (A) 17.920(6) 15.601(6) 11.7074(13)
a(®) 90 108.602(5) 93.585(14)
L) 126.31(2) 91.211(5) 96.862(14)
y ) 90 104.887(5) 98.154(14)
V(A 2853.6(13) 1663.0(10) 1051.8(2)
zZ 4 2 2

T (K) 173(2) 120(2) 173(2)

D. (g.cm™) 1.673 1.571 2.062
p(mm™) 0.729 0.635 6.613

Scan range (°)

Unique reflections

1.86 <0 <29.24

6277

1.98 <0 <28.23

7437

2.58 <0 <26.03
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Reflections used [[>20(1)] 4388 6379 3518
Rint 0.0588 0.0261 0.0501
Final R indices [I>2c(1)]* 0.0387, wR, 0.0860  0.0457, wR,0.1073  0.0323,wR, 0.0782

R indices (all data) ~ 0.0605, wR; 0.0926 0.0543, wR,0.1131 0.0373,wR, 0.0884

Goodness-of-fit 0.910 1.016 1.112

Max, Min Ap/e (A™) 0.763,-1.038 0.754, -0.530 1.775, -1.850

Structures were refined on F 02: wRy = Y [w(F o - Fcz)z] / Zw(Foz)z]”z, where w’'
o =[Y(F¢) +(aP)’ + bP] and P = [max(Fy’, 0) + 2F.*)/3

Table 5.2: Selected bond lengths and angles for complexes [1]PF, [2]PF and [7]PFs.

Distances (A) 1 2 7

Ru-P 2.316(1) 2.325(1)

Ir-Cl 2.4183(14)
M-NI1 2.113(3) 2.1169(17) 2.106(5)
M-N3 2.093(3) 2.0939(15) 2.080(5)
M-C1 2.208(4) 2.109(4) 2.178(6)
M-C2 2.177(4) 2.157(3) 2.149(5)
M-C3 2.150(4) 2.226(3) 2.158(6)
M-C4 2.180(4) 2.219(3) 2.144(6)
M-C5 2.215(4) 2.146(4) 2.164(6)
Angles (°)

N1-M-N3 75.98(10) 76.08(17) 76.48(19)
N1-M-P1 90.12(8) 92.15(6)
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N3-M-PI 87.66(8) 89.02(6)

N1-Ir-Cl1 | 84.60(14)
N3-Ir-Cl1 86.95(14)
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Chapter 6

Syntheses of benzene ruthenium triazolato complexes by [3+2] cycloaddition
reactions of activated alkynes and fumaronitrile to benzene ruthenium azido

complexes.

Abstract:

The dinuclear complex [(n6-C6H6)Ru(u-N3)Cl]2 (1) is obtained by the reaction of [(nf’-
Ce¢He)RuCly]; with sodium azide in ethanol. The benzene ruthenium B-diketonato
complexes of the general formula [(nﬁ-C(,H())Ru(LﬂL)Cl] {LNL = O0,0-acac (2); 0,0 -
bzac (3); 0.0 -dbzm (4)} are obtained in methanol by the reaction of [(1°-CsHe)RuCl,],
with the corresponding f-diketonates. These complexes further react with sodium azide
in ethanol to yield complexes of the type [(n®-C¢Hg)Ru(LNL)N;] [LNL = 0,0 -acac (5);
LNL = 0,0 -bzac (6); LNL = O,0-dbzm (7)]. The complexes 5 to 7 are obtained as
well by treating 1 with sodium salts of S-diketonates. These neutral benzene ruthenium
azido complexes undergo [3+2] dipolar cycloaddition reaction with activated alkynes
(MeO,CC=CCO,Me, EtO,CC=CCO,Et) or fumaronitrile (NCHC=CHCN) to yield the
corresponding  benzene ruthenium triazolato complexes; [(n°-CeHe)Ru(O,0 -
acac){N3;C2(COMe),}]  (8), [(M°-CeHe)Ru(0,0 -acac){N;Co(CO:E),}] (9), [(m'-
CeHe)RU(0. 0 -acac){N3;C,HCNY] (10), [(n°-CsHe)Ru(O, 0 -bzac){N3C,;HCN}] (11)
and [(n*-CsHe)Ru(O, 0 -dbzm){N3C,HCN}] (12). These complexes are fully
characterized on the basis of microanalyses, FT-IR and FT-NMR spectroscopy. The
molecular structure of [(n6-C6H6)Ru(0,0’-acac){N3C2(C02C2H5)2}] (9) is confirmed by

single crystal X-ray diffraction study.

Inorganica Chim Acta 00, 2008, 000
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6.1. Introduction

Arene ruthenium compounds belong to a well-established family of robust metal-
organic molecules that have played an important role in the development of
organometallic chemistry [1]. Our interest in such systems arises due their catalytic
potential in a wide range of organic reactions [2] and very promising anticancer activity
[3]. The arene ruthenium halide compounds obtained by Winkhaus er al. [4] are key
starting materials for the formation of a wide range of neutral and cationic derivatives
[5]. Reaction of chloro bridged dimeric arene ruthenium complexes with Lewis bases
and a variety of ligands have been reported. Azide chemistry has attracted the attention
of many chemists, as these compounds play an important role in organic chemistry [6].
The 1,3-dipolar cycloaddition reactions between substituted acetylenes and azides is a
very important reaction and the most efficient route to synthesize 1,2,2-triazoles. Among
the various 1,3-dipolar cycloaddition reactions, organic azides have been particularly
important for synthesizing heterocyclic compounds [7]. Similarly coordinated azides in
metal complexes can also undergo cycloaddition reaction [8]. We have recently reported
the triazolato complexes [(n(’-p-cymene)Ru(LﬂL){N3C2(C02R)2}] and  [(n’-
indeny)Ru(LNL){N3C(CO2R),}] (LNL = f-diketonates, dppe, dppm) from the reaction
of [(n6-p-cymene)Ru(u-N3)C1]2 and [(n5 -indenyl)Ru(LNL)(N3)], respectively with
various substituted acetylenes [9]. However, to the best of our knowledge, there is no
report in the literature on structurally characterized benzene ruthenium triazolato
complexes. Our continuing interest in chloro bridged dimeric arene ruthenium involves

the substitution of chloride with azide group and the synthesis of the corresponding
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azido complexes. We had already reported that complete substitution of chloride by
azido groups in the p-cymene ruthenium dimer is not achieved, whereas in the case of
the hexamethylbenzene ruthenium dimer, the complete chloride substitution reaction is
successfully carried out [10]. Keeping this in mind, the reaction of sodium azide with
benzene ruthenium dimer is studied in this work. The substitution of all the chlorides in
benzene ruthenium dimer with azide was incomplete as observed for the p-cymene
analogue. This work presents a comparison between the 1,3—dipolar cycloaddition
reactions of p-cymene ruthenium dimer and benzene ruthenium dimer in relation to
azide bonding and activated acetylene groups. The benzene ruthenium triazolato
complexes thus generated were characterized on the basis of microanalyses and
spectroscopic data. The molecular structure of the representative complex (9) was

established by single crystal X-ray structure analysis.

Me\ﬂ/\r Me Me\ﬂ/\r Ph Ph\”/\( Ph

O O Na* 0] O'Na* O ONa*

Na[acac] Na[bzac] Na[dbzm]

Chart 6.1. LNL ligands used in this study

6.2. Experimental:

Caution- Reactions with azide salts and their complexes should be perform with
extreme care.

All solvents were dried in appropriate drying agents and distilled prior to use [11].

Dimethylacetylenedicarboxylate (Aldrich), diethylacetylenedicarboxylate (Across),
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fumaronitrile (Aldrich) and RuCl;-3H,O (Arora Matthey Limited) were used as
received. NMR spectra were recorded on an AMX-400 MHz spectrometer at 400.13
(‘H). or 100.61 MHz (*C) with SiMe, as internal reference and coupling constants are
given in Hz. The starting material [(n°-C¢Hg)RuCly], was synthesized according to the
literature procedure [12]. Sodium salts of acetylacetone, benzoylacetone and
diphenylmethane were prepared by treating the appropriate S-diketonates with NaOH in

ethanol.

6.2.1 Preparation of [(1°-CsHg)Ru(1-N3)ClJ; (1)

A mixture of the starting complex [{(1°-CsHe)RuCly}]2 (0.1 g, 0.20 mmol) and sodium
azide (0.03 g, 0.50 mmol) in ethanol (20 ml) was stirred at room temperature for 5 hrs; a
yellow colored compound was precipitated. The precipitate was filtered and washed
with methanol (3 x 10 ml) and then dried in vacuo. The additional complex was isolated

by concentration of the filtrate and washing with methanol (3 x 10 ml), and then dried in
vacuum to give a yellow powdered compound.

Yield: 50.5 mg, 48.3 %.

IR (KBr, em™): 2044 (vn3), 1639 (ve=c).

'H NMR (CDCl3,8): 5.81 (s, 6H, CHp).

6.2.2  Preparation of [( 776-C6H6)Ru(LﬂL)Cl[ [LNL = 0,0’-acac (2), 0,0’-bzac (3),
0,0”-dbzm (4)]

General method of preparation of these complexes:

A mixture of [{(n6-C6H6)RuC12}]2 (0.1 g, 0.20 mmol) and the LNL sodium salt (0.06 g,
0.40 mmol) in dry methano! (20 ml) was stirred at room temperature for 3 hrs. The color of

the solution turns a brick-red and the reaction mixture is evaporated to dryness under
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reduced pressure. The solid residue is dissolved in dichloromethane and filtered to remove
NaCl. The solution is concentrated to ca. 5 ml and addition of hexane precipitates an orange

powdered solid which is filtered and dried under vacuum.

Complex [(n°-CsHg)Ru(0,0’-acac)Cl] (2)

Yield: 35 mg, 51.0 %

IR (KBr, cm™): 1570, 1533 (Ve=0 + c=¢)

'H NMR (CDCls, 8): 2.05 (s, 6H, CHs), 5.65 (s, 6H, CsHe), 5.21 (s, 1H, yH).

Complex [(1°-CsHg)Ru(0,0’-bzac)ClJ (3)

Yield: 37 mg, 46.3 %.

IR (KBr, cm™): 1520, 1447 (Ve=0 + c=¢)

'H NMR (CDCl3,8): 2.14 (s, 3H, CH3), 5.60 (s, 1H, yH), 5.80 (s, 6H, C¢Hy), 7.52-7.61

(m. SH. Ph)

Complex [( 776-C6H6)Ru(0,0’-dbzm)C[/ 4)

Yield: 34 mg, 38.7 %.

IR (KBr, cm™): 1533, 1525 (Ve=0+ c=¢)

'HNMR (CDCl3.8): 5.70 (s. 1H, yH), 6.04 (s, 6H, C¢Hg), 7.32-7.59 (m, 10H, Ph).

6.2.3 Preparation of [( 776-C6H6)Ru(LﬂL)N3] [(LNL = 0,0’-acac (5), 0,0’-bzac (6),
0,0”-dbzm (7)]

Two routes were used to prepare these complexes:

Route (a): A mixture of [(n(’-C(,H(,)Ru(LﬂL)Cl] (0.1 g, 0.29 mmol) and NaNj (0.06 g, 0.73
mmol) in ethanol (20 ml) was stirred at room temperature for 8 hrs. The mixture solution
turned a brick-red color. The reaction mixture was evaporated to dryness under reduced

pressure; the solid residue was dissolved in dichloromethane and filtered to remove NaCl.
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The filtrate on evaporation at room temperature afforded orange-yellow powder complexes
5-7, which were separated and dried under vacuum.

Route (b): The above complexes 5-7 can also be synthesized by the reaction of azide
dimer [{(n(’-Cf,H(,)Ru(p-NﬁCl}z] (1) (0.1 g, 0.20 mmols) and the appropriate sodium
salts of S-diketonates (0.07 g, 0.48 mmol) in ethanol (20 ml). The mixture was stirred at
room temperature for 7 hrs. The solvent was evaporated under reduced pressure. The
residue was dissolved in dichloromethane (5 ml) and filtered to remove sodium chloride.
The filtrate upon concentration to a minimum volume ca. 5 ml and addition of excess
hexane gave the orange-yellow complexes 5-7, which were separated and dried under
vacuum.

(Caution: This complex should be handled with extreme care and usage of spatula is
avoided)

Complex [( 776-C6H6)Ru(0, O’-acac)N;] (5)

Yield: 42 mg, 41 %.

IR (KBr, em™): 2026 (vn3); 1568, 1387 (Voo + c=c)

'H NMR (CDCl5,8): 2.20 (s, 6H, CH3), 5.69 (s, 1H, yH), 5.81 (s, 6H, C¢Hg), 7.37-7.42
(m, Ph)

Complex [(n°-CsHg)Ru(0, O’-bzac)Ns] (6)

This complex was prepared by following a similar method employed in the preparation
of [(n°-C¢He)Ru(0,0’-acac)Ns] (5), using Na(0,0’-bzac).H,O instead of Na(0,0’-
acac). HyO.

Yield: 49 mg, 51 %.

IR (KBr. cm™): 2025 (vas). 1553, 520 (V=0 +Ve=c)
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'H NMR (CDCl;,8): 2.02 (s, 3H, CHs), 5.59 (s, 1H, yH), 5.91 (s, 6H, C¢Hg), 7.02-7.28
(m, 5H, Ph)

Complex [(1°-CsHg)Ru(0,0’-dbzm)N;] (7)

This complex was prepared by following the similar procedure as described in the
preparation of complex [(n®-C¢He)Ru(0,0’-acac)Ns] (5) using Na(O,0’-dbzm).H,0
instead of Na (0,0’-acac).H,O0.

Yield: 56 mg, 58 %

IR (KBr, cm™): 2022 (vn3), 1646, 1573 (Ve=o. c=c)

'"H NMR (CDCl3,8): 5.47 (s, 1H, yH), 5.89 (s, 6H, C¢Hp), 7.30-7.62 (m, 10H, Ph).

6.2.4  Preparation of triazolato complex [(1’-CsHg)Ru(0,0’-acac){N;C,(CO,CH3),}]
@®)

To a round-bottom flask charged with the corresponding azido complex [(n°-
Ce¢Hg)Ru(O,0-acac)N;} (0.1 g, 0.31 mmol) was added a five-fold excess of
dimethylacetylenedicarboxylate and CH,Cl, (20 ml). The mixture was stirred at room
temperature for 14 to 15 hrs. The solution was evaporated to ca. 5 ml. To this solution
was added 30 ml of hexane, whereby the compound was precipitated out as a yellow
solid. The solid compound was collected by filtration and washed

with (2 x 20 ml) of hexane and dried under vacuum to gave the triazolato complexes
[(n*-CeHe)Ru(LNL) {N3C2(CO.CHy)2} ).

Yield: 52 mg, 34 %.

IR (KBr, cm™): 1437-1446 (vn=x), 1580, 1529 (ve=o + c=c).

'H NMR (CDCl5,0): 1.91(s, 6H, acac-Me); 2.87 (s, 6H, OCHa); 5.47 (s, 1H, acac-yH);

5.69 (S, 6H, CGH(,).
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6.2.5 Preparation of triazolato complexes/[( 776-C6H6)Ru(0,0’-acac)
{N3C2(CO,C:Hys)3}] (9)

The complex is prepared by following the same procedure for the preparation of [(né-

CeHg)Ru(0O,0’-acac){N3Co(CO,CH;),}] (8), where diethylacetylenedicarboxylate is

used instead of dimethylacetylenedicarboxylate.

Yield: 55 mg, 39 %.

IR (KBr, cm™): 1437-1446 (vn=n), 1533 (ve=0 + cc).

'H NMR (CDCl3,8): 1.93 (s, 6H, (acac-Me), 2.21 (s, 6H, {OCH(CHs),}, 2.35 (t, 4H, -

CH; of OCH; (CH3),); 5.85 (s, 1H, (acac-yH), 5.94 (s, 6H, CsHe)

6.2.6. Preparation of complexes [( 176-C6H6)Ru(LﬂL){N3C2HCN}] LNL = 0,0’-acac

(10); 0,0’-bzac (11); 0,0°-dbzm (12)

To a round-bottom flask charged with the azido complex 5] (0.1 g, 0.31 mmol) was

added fumaronitrile (0.05 g, 0.63 mmol) and 20 ml of dichloromethane-methanol

mixture. The solution was stirred at room temperature for 10 hrs. The solvent was

reduced to ca. 5 ml and an excess of n-pentane added to give a chocolate color

precipitate. The powder compound was collected and washed with n-pentane (3 x 10 ml)

and dried under vacuum.

Complex [( 776-C6H6)Ru(0, O’-acac){N;C:HCN}] (10)

Yield: 50 mg, 43.14 %.

IR (KBr, em™): 2236 (ve=n). 1580, 1520 (vean + Ve ¢).

'H NMR (CDCl5,8): 2.25 (s, 6H, CHs), 5.59 (s, 1H, yH), 6.02 (s, 6H, CsHg); 6.82 (s, 1H,

CH).
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Complex [(1°-CsH ) Ru(0,0’-bzac){N;C:HCN} (11)

Yield: 54 mg, 47.64 %.

Elemental Anal (%), Calc for CjoHsN4O;Ru: C, 52.66; H, 3.69; N, 12.93; found: C,
52.03; H, 3.96; N, 13.15

IR (KBr, cm™): 2234 (veen), 1572, 1520 (Veon+ Ve =¢)

'H NMR (CDCl3,8): 2.12 (s, 3H, (bzac-CH3), 5.75 (s, 1H, yH), 5.79 (s, 6H, C¢He); 6.86
(s, 1H, CH); 7.24-7.52 (m, 5H)

Complex [(1°-CsHg)Ru(0,0’-dbzm) {N;C,HCN}] (12)

Yield: 56 mg, 50.3 %. |

IR (KBr, cm™): 2225 (ve=n), 1571, 1520 (Ve-n+ Ve =¢)

'H NMR (CDCl3,8): 5.81 (s, 1H, yH), 5.94 (s, 6H, C¢H), 6.83 (s, 1H, CH); 7.28-7.42
(m, 10H, Ph).

6.2.7. Single-crystal X-ray structures analysis

A crystal suitable for X-ray diffraction study for compound (9) was grown by slow
diffusion of diethylether into a dichloromethane solution of the complex. The orange
reddish crystal of compound (9) was mounted on a Stoe Image Plate Diffraction system
equipped with a ¢ circle goniometer, with ¢ range 0-200°, Dpax-Dmin = 12.45-0.81 A. X-
ray intensity data were collected with Mo-Ka graphite monochromated radiation (o =
0.71073 A) at 173 (2) K, having increment of 1.0° and 3 minutes per frame. The
intensity data were corrected for Lorenz and polarization effects. The structure was
solved by direct methods using the program SHELXS-97 [13]. Refinement and all
further calculations were carried out using SHELXI.-97 [14]. The H-atoms were

included in calculated positions and treated as riding atoms using the SHELXL default
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parameters. The non-H atoms were refined anisotropically, using weighted full-matrix
least-square on F. Crystallographic details are summarized in Table 1. Figure 1 was
drawn with ORTEP 32 [15].

6.3. Results and discussion

6.3.1 Syntheses of benzene ruthenium azide dimer complex.

Reaction of [(n®-CsHs)RUCI,),] with an excess of sodium azide in ethanol after stirring for 5 hrs
affords a yellow colored complex [{(n®-CeHs)Ru(u-Na)Cl},] (1). Safety measure should be taken
while handling the solid in dry condition, scratching with a spatula should be avoided since it can
explode. The formation of this compound can be readily confirmed from the appearance of a
strong adsorption peak at 2044 cm™ which corresponds to the stretching frequency of the
bridging vns group and compares well with analogous compounds [10]. The 'H NMR spectrum
shows a singlet peak at 5.86 ppm corresponding to the protons of the benzene ligand. However,
attempts to substitute all the chlorides in the starting benzene dimer with azide group was
incomplete, possibly due to less electron density on the ruthenium metal atom in comparison to
hexamethylbenzene ruthenium dimer where we reported the substitution of all the chlorides with

azide group [10].

Figure 6.1: 'H {NMR} spectrum of [(n°-CeHg)Ru(0,0"-acac)Cl] (2)

126



Chapter 6

4
]
=

T T T M
10 9 8 7 6 S

T T T T T T T
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.C

Figure 6.2: 'H {NMR} spectrum of [(n°-CsHg)Ru(O,0’-bzac)Cl] (3)

Figure 6.3: 'H {NMR} spectrum of [(n°-CsHg)Ru(O,0’-dbzm)Cl] (4)

6.3.2 Syntheses of benzene ruthenium f-diketonato complexes.

Reaction of [(n%-C¢Hg)RuCl,);] with sodium salt of the appropriate B-diketonate in dry
methanol for 5 hrs results in orange colored complexes of the general formula [(nf’-
CeHe)Ru(LNL)CI} [LNL = 0,0 -acac (2); O,0’-bzac (3); O,0’-dbzm (4)]. The infrared
spectrum of these complexes shows strong bands within the range of 1570-1447 cm’

corresponding to the stretching frequency of C=0 and C=C groups. The 'H NMR
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spectra of these complexes (2, 3 and 4) shows a characteristic singlet resonance within
the range of 5.80-6.04 ppm assignable to the protons of the benzene ligand. Singlet
peaks observed within the range of 2.14 - 2.35 ppm and 5.68-5.72 ppm are assigned to
the —CH; group and to the y-H proton of the fS-diketonate ligand respectively. Phenyl
protons of fS-diketonate ligand show characteristic multiplet resonance at the aromatic
region.

6.3.3  Syntheses of benzene ruthenium azido complexes.

Treatment of complexes 2 to 4 with sodium azide forms the corresponding azido
complexes: [(n6-C6H(,)Ru(LﬂL)N3] [LNL = 0,0 -acac (5); 0,0 -bzac (6); O,0’-dbzm
(7)] (Scheme 6.1). The formation of these complexes is readily confirmed by the
observation of a sharp absorption peak in the range 2020-2035 cm’' which is
characteristic to terminal azido group [10](Figure 6.4). Accordingly, complexes 5, 6 and
7 can also be prepared by reacting the azido dimer [{(n®-CeHe)Ru(u-N3)CD},] (1) with
sodium salts of f-diketonates in methanol at room temperature (scheme 1). The
formation of azido complexes is confirmed by the disappearance of the bridging azide

stretching frequency at 2044 cm™' and the appearance of a new band at 2020-2035 cm’!
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Figure 6.4: IR spectrum of [(n®-CsHe)Ru(O, O -acac)N3] (5)
corresponding to stretching frequencies of terminal vs). The infrared spectra also
showed a pair of strong to medium absorption bands in the range 1571-1520 cm™ which
is assigned to v(c=0) + v(c =c) stretching frequencies of B-diketonate ligands [16]
S PP e S
o e @ MeOH < o

2,
NaN3z| EtOH

b
R
e \® Meor /L:\/'I\R

5,6,7
R, R'=Me,Me ( 2) R, R"=Me, Me (5)
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R, R'=Ph,Ph ( 4) R.R'=Ph.Ph (7

R, R'=Me, Ph ( 3)

Scheme 6.1: Reaction pathways
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The 'H NMR spectra of these complexes exhibit a characteristic peaks in the range 5.80-
6.00 ppm which corresponding to the protons of the benzene ligand. A singlet peak
observed at 2.70-2.85 ppm is assigned to the methyl group of the B-diketonate ligand. In
4, 5.7 and 8 multiplets are observed in the aromatic region corresponding to the protons
of the phenyl groups of the chelating ligands. A singlet at 5.60-5.78 ppm may be
attributed to the y-H proton of the f-diketonate ligands.

6.3.4. Reaction of benzene ruthenium azido complexes with dimethylacetylene-
dicarboxylate and diethylacetylenedicarboxylate

Treatment of complex [(n°-CsHg)Ru(O,0 -acac)Ns] (5) with a five-fold excess of a
substituted acetylenes viz., dimethylacetylenedicarboxylate (MeO,CC=CCO,Me) and
diethylacetylenedicarboxylate (EtO,CC=CCO,Et) in dichloromethane or acetone and
stirring at room temperature for 14-15 hrs affords in low yield the yellow-colored

benzene ruthenium triazolato complexes: [(T]é-C()H(,)Ru(O,O’-acac){N3C2-(C02CH3)2}]

(8) and [(n°-CsHe)Ru(0,0’-acac){N;3C,(CO,C,Hs),}] (9), respectively (Scheme 2).

COzR"
NJ}*CO R™
S .
Ru + m CHClp /Qu\
S y

o \COQR'" O', '.
L A M '
R/)\')\Rl R R

R, R'=Me, Me (5 R,R,R" R"=Me, Me,Me, Me ( 8)
R,R'=Me,Me R" R"=EtEt ( 9)

Scheme 6.2: Reaction of carboxylate with ruthenium azide complex (5)

The formation of the yellow triazolato complexes (8 and 9) is confirmed by observing

130



Chapter 6

the disappearance of the azido stretching frequency and appearance of a carbonyl (ve=0)
stretch at 1580 cm’' for complex 8 and 1533 cm™ for complex 9. Apart from vc=, the
infrared spectra show medium bands in the region 1580-1437 cm™ due to (ve-c) and
(vn-n), respectively (Figure 6.5). The 'H NMR spectra of complexes 8 and 9 show a

singlet resonance at 5.80-6.00 ppm corresponding to the protons of the benzene ligand.

2500 2000 1500 1000

Figure 6.5: IR spectra of [(né-C(,Hé)Ru(O,O’-acac){N3C2(C02C2H5)2}] 9)

Singlet peak observed around 2.14 - 2.35 ppm is assigned to the methylene protons of
the f-diketonate ligand. The protons of the methoxy group of the triazole ring appear as
singlet at 1.91-2.21 ppm. In the case of 9, the 'H NMR spectrum exhibits a quartet at
3.65 ppm and a triplet at 2.35 ppm due to the methylene and methyl protons of the ethyl
groups. We had recently reported the p-cymene ruthenium triazolato complex [(n®-p-
cymene)Ru(O, O -bzac){N;C,(CO,C,H;s);}] where a terminal nitrogen of the triazolato
group bonds to the metal [9]. In the case of benzene ruthenium triazolato complexes, the
ruthenium metal binds with the middle nitrogen atom, which is a (N1)-bound isomer, as

confirmed from the single crystal X-ray analysis of complex 9 (Figure 6.5). The bond
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formation of ethoxy substituted complexes of p-cymene ruthenium and benzene
ruthenium indicates that steric factors play an important role. The bulkier organic
fragment of p-cymene ruthenium could cause steric hindrance for the incoming
diethylacetylenedicarboxylate ligand which leads to bond formation with the terminal
nitrogen. In the case of the benzene derivative 6, the organic fragment does not
encountered steric hindrance for the incoming ligands which results in metal bonding to
the middle nitrogen (N1). Similarly, indenyl ruthenium bis(triphenylphosphine) azido
complexes did not yield the triazolato complexes due to steric factor [9]. Study of the
molecular models of the linkage isomer indicates that this congestion would be totally
relieved in the isomer involving the middle nitrogen atom (N2) bonding. It should be
noted that the triazole anion may be coordinated to a metal either through the N(1) atom
or the N(2) atom [17]. Evidence obtained to date indicates that both the N(1) and N(2)-
bonded products may be formed simultaneously [18]. In our study, the ethoxy
substituted complex exclusively produces the isomer with the metal bonded to the
middle nitrogen atom (N1).It has been reported that the initial formation of the N(1)-
bonded complex via azide attack on the coordinated nitrile carbon of the
pentamethylamine cobalt complexes is followed by slow isomerization to the N(2)-
bonded complex [19]. In case of complexes 5 and 6, our efforts to prepare the
corresponding triazole complexes were unsuccessful. This may be due to lower electron
density on the metal center (i) no methyl groups on aromatic ring and (ii) the
substituents on the fB-diketonate ligand, viz,, phenyl and methyl in (O O’-bzac) and
phenyl and phenyl in (O ,0O’-dbzm). At the same time, solubility problems are also

encountered throughout the whole reaction process. The complexes 8 and 9 are soluble
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in chlorinated solvents but insoluble in non-polar solvents and stable in air. The
complexes 1 to 7 are partially soluble in methanol, dichloromethane, acetone and
acetonitrile, but insoluble in non-polar solvents. Solubility problem with starting

compounds have been faced throughout this study, which results in low yields.

The molecular structure of the complex [(n6-C6H6)Ru(O,O’-acac) -{N3Cy(CO,C,Hs)2}]
(9) is presented in Figure 1 and selected bond lengths and angles are given as well. The
complex shows typical piano-stool geometry with the metal center being coordinated by
a benzene ligand, a chelating B-diketonate and triazolate ligands. The Ru(1)-O(1) and
Ru(1)-O(2) bond distances [2.062(3) and 2.063(3)] of the acetylacetato complex are
similar to reported Ru-O bond lengths of other ruthenium B-diketonate systems [3b, 9,
20]. The Ru(1)-N(1) bond distance [2.078(3)} A in complex 9 is comparable to those in
[(m®-p-cymene)Ru(O, O -acac){N3Ca(CO,C,H;s),}] [9a] and other ruthenium triazolato
complexes [21]. The N-N bond distances of the triazole ring are 1.331(4) and 1.343(4)
A which is comparable to reported triazolato N-N bond lengths [9a, 21] (Figure 6.6).
The O(1)-Ru(1)-O(2) [88.21(10)] bond angles of the complex are also comparable to

other related systems [3b, 9, 20].
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Figure 6.6: ORTEP diagram of 9 with labeling scheme at 50% probability level and H
atoms being omitted for clarity. Selected bond distances (A) and angles (°): C(2)-C(3)
1.386(6), C(3)-C(4) 1.388(6), N(1)-N(2) 1.331(4), N(1)-N(3) 1.343(4), N(1)-Ru(1)
2.078(3), O(2)-Ru(1) 2.063(3), O(1)-Ru(1) 2.062(3); N(2)-N(1)-N(3) 112.8(3), N(2)-
N(1)-Ru(1) 125.1(2), N(3)-N(1)-Ru(1) 122.2(2), C(2)-O(1)-Ru(1) 124.4(2), C(4)-0(2)-
Ru(1) 124.6(2), O(1)-Ru(1)-0(2) 88.21(10), O(1)-Ru(1)-N(1) 83.95(12), O(2)-Ru(1)-
N(1) 83.27(12).

6.3.5. Reaction of ruthenium azido complexes with fumaronitrile

The reaction of azido complexes (5, 6 and 7) with an excess of fumaronitrile at room
temperature for 24 hrs affords the chocolate-colored triazolato complexes (10, 11, and
12). The complexes are readily soluble in polar solvents like dichloromethane,
chloroform, acetone and methanol but insoluble in non-polar solvents. The formation of
the triazolato complexes is readily confirmed by the absence of the starting azide

stretching frequency and the appearance of a strong peak in the range of 2225-2236 cm™
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Figure 6.7: 'H {NMR} spectrum of [(n6-C6H6)Ru(O, 0O’-acac){N;C,HCN}] (10)

which corresponds to the stretching frequency of the C=N group of the coordinated
triazolato ligands. The 'H NMR spectrum of the complexes shows characteristic singlet
resonance at 6.86 ppm assignable to the CH proton of the triazolato group. A singlet in

the region 5.59-5.81 ppm is attributed to the yH proton of the B-diketonate group (Figure

6.7).

N3 H CN —N
AN Ru/ . CH,Cly N u/\'
o/ \o -HCN /Q \
1 \ O O
R > ! R/L\_/KR'

5,6,7
R,R'=Me,Me (5) R,R'=Me,Me ( 10)
R,R'=Me,Ph (6) R,R'=Me,Ph ( 11)
R,R'=Ph,Ph (7) R,R'=Ph,Ph ( 12)

Scheme 6.3: Reaction of fumaronitrile with ruthenium azide complexes
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In addition, the aromatic protons of the benzene ligand give a signal at 5.92 ppm. In
principle, cycloaddition of fumaronitrile to coordinated azide can take place through the

C=N or the C=C bond.

6.4. Conclusions

The syntheses of benzene ruthenium azido complexes of B-diketonates are described.
These complexes undergo [3+2] cycloaddition reaction with substituted alkynes or
fumaronitrile leading to the formation of substituted triazolato complexes. The
cycloaddition of diethylacetylenedicarboxylate produces triazolato complexes with the
middle atom of the triazole group bonded to the metal. In the case of the p-cymene
ruthenium triazolato analogue, the same reaction produces terminal nitrogen-bonded

triazalato complexes.
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Table 6.1. Crystal data and experimental details for [(n°-C¢Hg)Ru(O, O -acac) -

{N3C2(CO,CyHs)2}] (9).

Chemical formula
Formula weight
Crystal system
Space group
Crystal colour and shape
Crystal size

a(A)

b (A)

c(A)

BC)

V(A%

Z4

T (K)

D. (g.cm™)

u (mm’™)

Scan range (°)

Unique retlections

Reflections used [[>2o(1)]

Rinl

Final R indices [I>2c(1)]*

Ci9H24N306Ru
491.48
Monoclinic

P 2,/c (no. 14)
red block
042x0.22x0.10
11.265(2)
7.2910(10)
24.976(5)
98.36(3)

2029.6(6)

1732)

1.608

0.813
2.28 <0 <25.97
3941

2772

0.0481

0.0364, wR, 0.0894
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R indices (all data) 0.0574, wR; 0.0951
Goodness-of-fit 1.038
Max. Min Ap/e (A™) 0.794, -0.549

* Structures were refined on Fy*: wR, = [Y[W(F¢" - Fo)°] / Yw(Fo) ], where w' =

[T(F¢%) + (aP)? + bP] and P = [max(F¢’, 0) + 2F.*)/3
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Syntheses of mono, di and trinuclear n®-arene
ruthenium carboxylato complexes: their reactions
towards azide and acetate anions and some neutral
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Chapter 7

Syntheses of mono, di and trinuclear nﬁ-arene ruthenium carboxylato complexes:

their reactions towards azide and acetate anions and some neutral ligands.

Abstract

Arene ruthenium complexes containing carboxylato groups can be readily
prepared by reacting [(n’-arene)RuCly), with the corresponding sodium salts of the
carboxylic acids. The reaction of [(né-arene)RuClz]z [arene = benzene (1), p-cymene (2)]
with sodium salts of carboxylic acids viz. sodium anisiate (pa), in methanol yields
complexes of formulations [(n6-arene)RuCl(OzCC6H4-p-OMe)] (3 and 4). In similar
manner the reaction of [(n®-arene)RuCl], with sodium oxlate Na,C,Os, sodium
malonate Na;CH,(CO,),, sodium salt of benzene 1, 4 dicarboxylic acid (terephthalic
acid) Na; C¢Hg(CO;); and sodium salt of benzene tricaboxylic acid NajCgH3(CO,); to
yield complexes of the type [{(n’-arene)RuCl},(u-n*-C204)] (5 and 6), [{(n’-
arene)RuCl}, { -n*-CHy(CO,),}] (7 and 8), [{(n®-arene)RuCl},{x-n*-1,4-C¢Ha(CO,)2} ]
(9 and 10) and [{(n®-arene)RuCl}3{1n°-1,3,5-C¢H3(CO,)3}] (11 and 12) respectively.
These complexes (5) to (10) reacts with NaNj3 in ethanol to give known azide dimers
[(n°-arene)Ru(u-N3)Cl], by the displacement of the carboxylate ligand. Whereas
complexes 11 and 12 with sodium azide yielded triazido complexes [(n°-arene)Ru(u-

N3)Cl]; (13 and 14) respectively. This is the first time trimers which were isolated.

Keywords: Ruthenium, cymene, benzene tricaboxylic acid, terephthalic acid, oxalic

acid.
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71 Introduction

The reactivity of arene ruthenium(II) dimers with various ligands have been reported [1-
3]. In contrast, the chemistry of arene ruthenium dimer with oxygen donor ligands is
relatively unexplored. A few reports are available on these complexes of p-diketonate
and a few carboxylato ligands [4-6]. It is well known that carboxylato complexes of the
platinum-group metals are useful synthetic precursors owing to the lability of the
carboxylato ligands, which allows, for exampleb, the generation of hydrido-complexes
under mild conditions [7, 8]. Carboxylato group can be displaced by other anions in the
complexes. The labile nature of carboxylato group towards anions leads to generate a lot
of interesting chemistry of arene ruthenium carboxylato complexes. We reinvestigated
the preparation of mono and di-nuclear arene ruthenium complexes [5, 6] and reported
an improved method for the preparation of [{ (né-p-cymene)RuCl}2(p-n4-C204)] and its
reaction with various ligands. This chapter describes the synthesis of mono, di and tri-
nuclear arene ruthenium complexes containing carboxylato groups and the facile
displacement of the carboxylate ligands with another anions such as azide and acetate
and various neutral ligands. The formation of carboxylato complexes from the versatile
starting complexes [(né-arene)Ru(u-Ng)Cl]z are also described. The complexes were
characterized on the basis of microanalysis, Infrared and NMR spectroscopic data. The

following ligands are used in this study (Scheme 7.1).
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dicarboxylate

Sodium salt of benzene 1,3, 5
tricarboxylate

L4 LS

Scheme 7.1: Ligands are used in this study

7.2  Experimental

All solvents were dried in appropriate drying agents and distilled prior to use [9].
RuCls. 3H,0 (Arora Matthey Limited) Oxalic acid (SD Fine), Malonic acid (SD Fine)
and p-Anisic acid (SRL), terephthalic acid (SRL), benzene 1, 3, 5 tricarboxylic acid
(Alfa Aesar) were used as received. 'H NMR spectra were recorded on an AMX-400
MHz spectrometer at 400.13 ('H), or 100.61 MHz ('3C) with SiMe,s as internal

references and coupling constants are given in hertz. The precursor complexes [(17°-
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benzene)RuCl]; (1) and [(n®-p-cymene)RuCly]; (2) were prepared according to the

literature method [10].

B A
B A

7.2.1 Preparation of sodium salts of carboxylic acids

Sodium salts of carboxylic acids were prepared by reacting corresponding
carboxylic acids with 2 equiv. of NaOH in ethanol as delineated here. 2 equivalents of
NaOH in 100 ml of ethanol were stirred until NaOH is completely dissolved. To this
stirring solution was added 1 equiv. of the corresponding carboxylic acid and stirred for
24 hr. The white precipitate was filtered and washed with cold ethanol and dried.
7.2.2. Preparation of [( 176-arene)Ru(L )Cl] (3 and 4)

The complex [(n(’-arene)RuClz]z (100 mg, 0.163 mmol) and the ligand L, (56 mg,
0.326 mmol) were stirred in 40 ml of methanol for 6 hr. The red solution changed to
orange red as the reaction proceeded. The solvent was evaporated in vacuum and the
residue was dissolved in dichloromethane. The solution was concentrated to ca. 5 ml
followed by excess of hexane was added. The yellow orange solid was collected and
washed with (2 x 20 ml) hexane and dried under vacuum.

Complex [(1°-CsHg) RuCl(0,CCsH -p-OMe)] (3)
Yield: 140 mg (67.7%)
Complex [(1°-p-cymene) RuCl(O,CCsH -p-OMe)] (4)

Yield: 46 mg (76%).
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7.2.3  Preparation of [{( nd-arene)RuCI} 20-Ly)] (Lr; = - 7’-C,0,) (5, 6)
To a solution of [(n(’-p-cymene)RuClz]z (200 mg, 0.326 mmol) in MeOH (30 ml) was
added Na;C,04.H,0 (43 mg, 0.326 mmol). The mixture was stirred for 1 hr at room
temperature. The yellow orange precipitate was collected by centrifuged and washed
with methanol and finally with diethyl ether and dried under vacuum. Additional
product can be obtained from the liquid by evaporating the liquid to dryness and filtered
to remove NaCl and precipitated out with hexane.
Complex [{(n-CsHo RuClix(1-17"-C209] (5)
Yield: 75 mg (72.4%)
Complex /{n6-p-cymene)RuCl} 2(1-C104)] (6)
Yield: 143 mg (92%)
7.2.4. Preparation of [{( 776-arene)RuCl}2 (w-L3)] (L; = 774-CH2(C02) 20,8

A round bottom flask was charged with [{(n°-p-arene)RuCl,},] (120 mg, 0.196
mmol), Na,CH»(CO,); (ma) (28 mg, 0.196 mmoli) and methanol (40 ml). The mixture
was stirred at room temperature for 6 hrs. The red solution turned into orange yellow
solution as the reaction proceeded. The solvenf was removed under reduced pressure
then the solid residue was extracted with dichloromethane. After which the solution was
filtered to remove insoluble materials. The filtrate on subsequent concentration to ca. 5
ml and addition of excess hexane induced a yellow solid of the complex. The solid was

collected and washed with hexane (2 x 10 ml) and dried under vacuum.

Complex [{(11°-CsHy) RuCl}x{p-11*-CHA(CO2)3}] (7).

Yield: 138 mg (87%).
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Complex [{né-p-cymene)RuCl}g{y- 774-CH 2,CO3) 2} (8).
Yield: 120 mg (98%).

7.2.5 Preparation of[{(rf-arene)RuCl}z(y-L4)] (L= 17°-CsH (CO>)5) (9, 10)

A round bottom flask was charged with [(°-CsHe)RuCly]> (100 mg, 0.163 mmol),
Na,C¢Hy(CO3); (bd) (34 mg, 0.163 mmol) and methanol (30 ml). The mixture was
stirred at room temperature for 8 hrs. The brick-red solution turned into orange yellow
solution as the reaction proceeded. The solvent were removed under reduce pressure
then the solid residue was extracted with dichloromethane. After that the solution was
filtered to remove insoluble materials. The filtrate on subsequent concentration to ca. 5
ml and addition of hexane induced a yellow solid of the complex. The solid was
collected and washed with (2 x 20 ml) of hexane and dried under vacuum.

Complex [{(1°-CsHg) RuCl}s{1-11°-1,4-CsH (CO2) 23] (9)

Yield: 65 mg (60.3%).
Complex [(n°-p-cymene) RuCl}y{u-17-1,4-CsH (CO,) 2} (10)

120 mg (75%).

7.2.6  Preparation of [{(1’-CsHe) RuClis(us-CsH3(CO2s] (11

A round bottom flask was charged with [(né-C6H6)RuC12]2 (100 mg, 0.19 mmol),
NaCgH3(CO3); (bt) (16 mg, 0.59 mmol) and methanol (30 ml). The mixture was stirred
at room temperature for 8 hrs. The brick-red solution turned into orange color solution
as the reaction proceeded. The solvent were removed under reduce pressure then the
solid residue was extracted with dichloromethane. After that the solution was filtered to

remove insoluble materials. The filtrate on subsequent concentration to ca. 5 ml and
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addition of hexane induced a yellow solid of the complex. The solid was collected and

washed with (2 x 20 ml) of hexane and dried under vacuum.

Yield: 65 mg (39.3%)

7.2.7 Preparation of [{( 1°-p-cymene) RuCl}s(11;-Ls)] (Ls = (7°-CsH3(CO2)3) (12)

A round bottom flask was charged with [(7°-p-cymene)RuCl,], (100 mg, 0.163
mmol), Na3CeH3(CO»)3 (bt) (22 mg, 0.082 mmol) and methanol (30 ml). The mixture
was stirred at room temperature for 10 hrs. The wine-red solution turned into deep
orange color solution as the reaction proceeded. The solvent were removed under reduce
pressure then the solid residue was extracted with dichloromethane. After that the
solution was filtered to remove insoluble materials. The filtrate on subsequent
concentration to ca. 5 ml and addition of hexane induced a yellow solid of the complex.
The solid was collected and washed with (2 x 20 ml) of hexane and dried under vacuum.
Yield: 79 mg (51.33%).

7.2.8 Preparation of [( n’-arene) Ru(1-N 3)Cl]; (13 and 14)

This complex is prepared by the reaction of [{(n°-arene)RuCl}3{u-C¢H3(CO,)3}]
(100 mg, 0.19 mmol) with five fold of sodium azides (60 mg, 0.98 mmol) in 20 ml of
ethanol. The reddish mixture solution was stirred at room temperature for 8hrs. The
solution turned into a yellow solution. The insoluble materials were filtered off and the
solvent were removed by rotary evaporator to ca.5 ml. The residue was extracted with

dichloromethane followed by addition of an excess of hexane which afforded a yellow

solid compound.

Complex [(n°-C¢Hg)Ru(1-N3)Cl3 (13).

Yield: 68 mg (44.1%).
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Complex [(n%-p-cymene)Ru(1-N3)Cls (14).
Yield: 119 mg (78%).

7.3.  Results and discussion

The reaction of [(n®-arene)RuCL], with sodium salts of the ligand (pa) in
methanol yielded an orange yellow mononuclear complexes of formulation [(n°-
arene)RuCl(L;)] (L, = pa; 3 and 4) in good yield (Scheme 7.2). The infrared spectra of
these complexes (3 and 4) shows a strong peak corresponding to the veo around 1626
em’' (Figure 7.1). The proton NMR spectra of the complexes exhibited a characteristic
peaks for benzene and p-cymene groups where as methoxy group of the coordinated

ligand appeared as singlet at & 3.80 (IR and 'H NMR details data are given in table 7.1).

T
2000 1500 1000

Figure 7.1: IR spectrum of [né-p-cymene)RuCl(pa)]
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Scheme 7.2: Syntheses of mono nuclear complexes

7.3.2 Reactions of sodium oxlate, sodium malonate and sodium salt of benzene
dicarboxylate:

We reinvestigated and report an improved method for the preparation of this complex 6
in good yield by two methods. (a) Treatment of [(n°-p-cymene)RuCl,], with
Na,C,04.H;0 in methanol stirring for 1 hr afforded yellow complex of (6) in good yield.
(b) Treatment of complex [(n°-p-cymene)Ru(u-N3)Cl], with sodium oxalate gave the
complex in fairly good yield. The complex 6 has been fully characterized by analytical,
spectroscopic data (‘H, *C {'"H} NMR data, details are given in table 7.1) and confirmed
by X-ray crystallography. Since the single crystal data matched well to the one reported
by G. S. Fink and co-workers [5], so data is not reported here. The IR spectrum showed a
strong single peak at around 1619 cm™ characteristic of vc=o, which is slightly lower
than that reported in copper oxalato system [11]. The single absorption peak indicates the
delocalization of electron in oxalato group. The ’C {'H} NMR data of the complex
exhibits signal in addition to signal for the carbons of arene ring at 171 ppm assignable

to the carbon of CO; group (spectroscopic analytical data, details are given in table 7.1).
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This complex can also be obtained by azide displacement of complex [(n®-p-
cymene)Ru(-N3)Cl], with oxalato group. Thus, treatment of azide dimer [(n®-p-
cymene)Ru(u-N3)Cl]; with sodium oxalate in ethanol gave a yellow solid of the
complex [{(n°-p-cymene)RuCl}2(n>-C204)]. The formation of this complex was
confirmed by the absence of azide stretching frequency and appearance of new peak at
1619 cm™ for vc-0) in the IR spectrum. This indicates that the reaction is reversible. In
an attempt to synthesis [(n%-p-cymene)Ru(u-N3)Cl], by treating the complex [{(nG-p-
cymene)Ru(n?-C204)Cl},] with sodium azide in ethanol afforded a red compound
appears to be same complex obtained from [(n°-p-cymene)Ru(p-N3)Cl], with
trimethylsilyl azide by Bates et al [12] and reported by us [12a]. The IR spectrum of this
complex showed strong absorption at 2057 cm™ characteristic of bridging azide ligands
[13]. The complex is believed to be resulted by the displacement of oxalato group with
azido group giving a well known azide dimer [(n6-p-cymene)Ru(,u—N3)Cl]2 which had
already been synthesized and structurally characterized by previous workers (Scheme
7.3) [12]. The formation of this compound is supported by analytical and spectroscopic
data. Further, single crystal X-ray analysis confirmed the formation this compound [(n’-
p-cymene)Ru(4-N3)Cl],. These reactions we extended to benzene dimer and observed
similar results. The IR spectrum complex 5 showed a strong single peak at around 1633
cm” characteristic of v(c-oy Which is higher than that of p-cymene dimer, which is
understood easily by low electron density on metal as compared to p-cymene dimer due
to benzene ring. The proton NMR spectrum has exhibited single sharp peak at § 5.97

due to benzene ring protons.
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Figure 7.2: IR spectrum of [ {(n°-CsHs)RuCl}2(z-n"-CsHa(CO2)2)] (9)

R
Cl 4 L, I/ \ /
Cl

&Ru/ CI\ P MeOH &
N

~ (5, 6)
Lz = C2042- N32C204

NaN3
& = benzene, p-cymene 1,2
/
CI
N3

Scheme 7.3: Syntheses of dinuclear complexes
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In similar manner dinuclear complex [{(n(’-p-arene)RuCl}2(;z-n2-(C02)2CH7_)] can be
prepared by the treatment of complex [(n®-p-arene)RuCl, ], with sodium malonate in
methanol at room temperature (Scheme 7.4). The infrared spectra of these complexes
exhibited a strong band due to v =0, around 1630 cm™. Treatment of dimers [{(n’-p-
arene)RuCl} 2(/1-n2-(C02)2CH2)] with sodium azide gave azide dimer [(n(’-p-
cym)Ru(u-N3)Cl], by the displacement of malanato group which has been observed

in the case of oxalato complexes.

%R/C'v” %
No” y Lol

ﬂ= benzene 1 R=CHy 7 R=CgHg 9

N vz

Cl
O
Ru »C—R —C. \?u/
-

Ng” A\

Cl

=cymene 2 R=CHy 8 R=CgHg 10

Scheme 7.4: Syntheses of dinuclear complexes

The proton NMR spectra of these complexes exhibited bridging CH; group at 3.5 ppm as
a singlet and bridging benzene protons at 5.98 ppm as a singlet respectively along with
benzene and p-cymene peaks.

3.3 Reaction with benzene tricarboxylate (L;s)

Arene dimers 1 and 2 reacted with sodium salt of benzene tricarboxylate in ethanol and
yielded trimeric complexes. These complexes exhibited sharp single band in the infrared
spectra around 1619 for v(¢=o) indicating the symmetric complexes (11 and 12) and also
exhibited single sharp peak at § 5.14-5.94 for protons of benzene ring apart from which

an usual peaks for cymene ring and single peak for benzene in the ratio 1:3. We are
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unable to get single crystals of these complexes. However on the basis dimeric structures

of dicarboxylates, these complexes are proposed trimeric structures (Scheme 7.5). Like

complexes 7-10, these complexes also reacted with Sodium azide and yielded trimeric

azido complexes (13 and 14) (Scheme 7.5). These are the first complexes of this nature.

These complexes conformed by mass spectral analyses. The infrared spectra also shows

the absence of v(c=0) band and the presence of 2057 cm™ due to azido group which

conforms the formation of azido complexes (Figure 7.6). However, efforts to make single

crystals of these compounds not yielded fruitful results. So, we proposed the following

structures which are mentioned in scheme 7.5.

. 7
- A 03. I{ . h
\,. 1500 s // ‘.I ! i : -
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Figure 7.5: IR spectrum of[{(n(’-C(,H(,)RuCl}3(u3-C6H3(C02)3] (11)
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Table 7.1; IR and NMR data of the complexes (3-14)

Complex No. IR (KBr, "H NMR (CDCls, ) BC NMR (CDCls,
cm-1, d)
V(C=0)

3 1624 3.80 (s, 3H. OCH3); 5.89 (s, 6H, C¢Ho);

7.12 (d, Ju.u= 7.00Hz, 1H); 8.00 (d, Ju.

1= 7.7Hz, 1H)

4 1626 1.39 (d, 6H, CH(CH;), Ju-11= 6.92 Hz), 18.81 (s, CHs).
2.32 (s, 3H, (CHy), 2.98 (m, 1H, 2240 (s, CH;,
CH(CHs)y)), 3.80 (s, OMe), 5.44 (d, CH(CHj)), 31.59
2H, Jy.n = 6.96 Hz), 5.67 (d, 2H, Juuu= (s, CH, CH(CHjs),),
6.0 Hz), 6.79 (d, 2H, Ju.n = 8.76 Hz), 5535 (s, CH;
7.81 (d, 2H., Ju.n = 8.76 Hz). (OCH3)), 78.56 (s,

Can), 7912 (s,
Cey), 9420 (s,
CMe), 100.44
(CPr'), 11323 (s),
124.16 (s), 130.60
(s), 16329 (s,
C(CO,)), 184.38 (s,
(COy).

5 1633 5.97 (s, 6H, C¢He) 120(s),159.07(s,COy)
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11

1619

1633

1633.

1633.

1606.

1619.

'H NMR (CDCls, 8): 1.30 (d, 6H, Ji.1
= 6.86), 2.22 (s, 3H), 2.63 (m, 1H),

5.33 (d, 2H, Ju.u = 6.08), 5.56 (d, 2H,

Jun= 6.02).

5.88 (s, 6H. CsHy): 3.62 (s, 2H, (CH,)).

1.26 (d, 12H, Jiy = 6.9), 2.08 (s, 6H),
2.82 (m, 2H, CH(CHa),), 3.47 (s, 2H,

(CH»)), 5.32 (d, 4H, Ju.u = 5.8), 5.46

(d, 4H, JH-H = 57)

5.87 (s, 6H, CsHe); 5.98 (s, 4H)

1.26 (d, 12H, Jin = 6.9), 2.08 (s, 6H),
2.82 (m, 2H, CH(CHs),), 3.47 (s, 4H,

(CeHa)), 5.32 (d, 4H. J4.11=6.02).

571 (s, 6H, Cg¢Hg), 595 (s,
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18.64 (s. CHy).
2255 (s, CHs,
CH(CHy),). 31.23
(s, CH, CH(CHa),).
78.52, 80.53. 95.60,
99.95 (Ce¢Ha),

171.80 (s, CO).

1839 (s, Me),
2207 (s, CHs,
CH(CH;)), 30.76
(s, CH, CH(CH;)),
40.76 (s, -CHy-),
77.33-101.20

(CeHa), 17243 (s,

COy).

122.45 (S, C()H(,),

160.65 (s, CO»).

125 (s, CeHg),
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C6H3(C02)3) 158.95 (S, CO))

12 1624, 1.32 (d, 12H, Jint = 6.9), 2.25(s, 6H),
2.92 (sept., 2H), 5.20 (d, 4H, Ju.= 6.2

Hz),

5.14 (s, 3H, CeH35(CO,)3), 5.46 (d, 4H,

Junw = 64 Hz), 512 (s, 3H,

CeH3(COz)3)
13 2057 5.82 (s, 6H, C¢Hp);
14 2057 1.34 (d, 12H, Juu = 6.4), 2.10 (s, 6H),

2.78 (sept., 2H), 3.80 (s, 6H, OMe),
526 (d,4H, Jy.u=5.9), 5.48 (d, 4H, Ju.
u=6.2), 6.78 (d, 4H, Juy.u = 5.7), 7.72
(d, 2H, Jyy = 6.8), 7.88 (d, 4H, Jy.y =

6.0), 8.69 (d, 2H, Ju.n=6.7).

4 Conclusions

The present chapter described the synthesis of a series of arene ruthenium(ll)
complexes incorporating carboxylato groups. Mono, di and trinuclear complexes of

arene ruthenium complexes were prepared and their reaction towards anions and neutral
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ligands has been discussed. It also highlighted that the facile displacement of
carboxylato group in the dinuclear complexes 5, 6, 9, 10, 11 and 12 by azide anion
resulting in the formation of arene ruthenium azide dimer [(n6-arene)Ru(,u-N 3)Cls]2 and

[{(n°-arene)Ru(x-N3)Cl}3].
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