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ABBREVIATIONS

A list of the abbreviations used is given here except
those of the ligands used which are to be found on the

insert inside the back cover.,

The abbreviations used, except for the ligands, are
those in common usage. However for the ligands a slightly

different, more logical nomenclature is used.

For example N,N'-ethylene-bis(salicylideneimine) is
usually abbreviated to salenH, but in this thesis is
abbreviated to =sal,enH, as the ligand is formed from
2 moles of salici?ldehyde and 1 mole of ethylenediamine.
Similarly N,N'-o-phenylene-bis(salicylideneimine) is usvally
abbreviated to salophenH, or just salphenH, when it can
be confused with N-phenyl(salicylideneimine). However in
the nomenclature used here the latter is salphenH andi the

former sal,phenH,.

Thus to summarise, the first part of the avbreviation
refers to the part of the molecule formed from the carbonyl
species and the second part of the abtbreviation refers to
the part of the molecule derived from the amino species.
(The diamines considered are 1,2 diamines unless otherwise
stated). The subscript between the two sections (omitted
if equal to 1) refers to the number of moles of carbonyl
compound to each mole of amino compound. The Hn after
the abbreviation refers to the number of acidic protons

in the mclecule.

thf tetrahydrofuran
Me methyl



€.S.T
nbd
COoD
dmso

phent

py
“bipy

cyoxH,

acacH

ether

/(A-B)

ethyl

pheny1l

nuclear megnetic resonance
electron spin resonance
bicyclo(2,2,1)hepta-2,5-diene
cycloocta-1,5~diene
dimethylsulphoxide

1,10 phenanthroline

pyridine

bipyridyl
cyclohexan-1,2~-dione dioxime
acetylacetone

diethyl ether

infra-red spectral zbsorption due to

the vibration of the A-B bond



ABSTRACT

The reactions of RuCl,(PPh;); with the sodium
salts of some tetradentate, tridentate and bidentate
Schiff bases have been studied and the complexes formed
are of the type trans-Ru(Schiff base), (PPh,), (n =1 or
2). The reactions of the complex trans-bis(triphenyl-
phosphine)-N,N'-ethylene-bis(salicylideneiminato)-
ruthenium(II) (Ru(sal;en)(PPh,;),) with carbon monoxide,
to yield [:Iiu(salzen)(cd:)]1 ; nitric oxide, to yield
Ru(sal,en)(ONO)(NO) and [%u(sallen)(NO) , 0, and strong
non-complexing acids to yield [Ru(saizenH)(PPh3ﬂ X

(X = BFA-, p-toluenesulphonate) are reported.

The preparations of complexes Ru(Schiff base) Cl,
(n =1 or 2) and Ru(C0),C1,(Schiff base), containing
the neutral pyridine-2-aldimine Schiff bases, by the
reaction with the ruthenium blue solution and

[Ru(CO)3Clal are also described.

The reactions of several oximes with RuCl,(PPh,),
were also studied, the complexes isolated and found to
be of the type Ru(oxime),(PPh,), or Ru(oximeHn)(PPh3)2012

(n =1o0r 2).

3}

The complexes are characterised by i.r., 'H, P

13
and C n.m.r. specira and analytical data.
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CHAPTER I

INTRODUCTION

The preparation in 1840 by Ettling 1 of the first
Schiff base complex, bis(salicylideneiminato)copper(II),
by the reaction of copper(II)acetate and salicylaldehyde

in aqueous ammonia (Equation I-1), and the isolation of

H
Cu(0,CCH,), + @G% NE, — Cu 1«/:@
CH 0

the oxime complex Ni(dmgH), by Chugaev e

by reaction of
nickel(II)chloride with dimethyiglyoxine, have resulted
in the: extensive development of. the chemistry of these

ligands wifh transition metals.

Interest in this area has been stimulated not only
by the desire to form new complexes which may have
interesting stereochemistry or different donor atoms,
but also in the use of these complexes as biological

models for vitamin B,, and as reversible oxygen carriers.

However, it is apparent from the literature that
while the first row transition metals have been covered
in great depth the second and third row elements have
been almosi neglected. In the cagse of ruthenium this
is particularly surprising considering the amount of
interest shown in ruthenium complex chemistry. In fact,
oenly 2 minimum of work has been carried out using any
type of macrocyclic or polydentate ligend and, zpart

from the complexes [1Ksh“2en)(ﬂ ]2, gingu(salphen)n(COL .
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and Rul}al(d-benzylethylj]s, which will be described in
detail later, only a few ruthenium porphyrin complexes

3

have been made ~.

Consequently, the present study was undertaken to
react several ruthenium precursors with some of the
commoner Schiff bases and oximes in the literaturs.

The reactions carried out here, however are dissimilar
from most reports since the complexes prepared are
predominantly octahedral 6-co-ordinate with the Schiff
base or oxime occupying four or less of the co-ordination
sites, and by varying the other ligands przsent the
gtereochemistry of the Schiff base or oxime can be

altered.

Before discussing the present work it is, however,
necessary to place the work in context and so a brief
review of Schiff base znd oxime complexes follecws. This
concentrates on the modes of preparation, bonding (in the
case of the oximes) and the areas of research which have
stimulated most interest. Since the field is so vast
it is intended that, while most of the examples cited
are from recent work, the earlier reviews pertinant to
the subject matter in this thesis will also be quoted

where relevant.

A. SCHIFF BASE CONPLEXES

(i) Generalities

A Schiff (or Schiff'e) base is defined as the product
formed by condensation of an organic carbonyl compound

with a primary amine (Equation I-2) to produce a compound .
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containing a carbon-nitrogen doublie bond. The lone pair

of elzctrons on the nitrogen has bvasic properties which

R ' R

'FO + H,F-R'' T_—\_ . >_—-=N-R" + H,0
'
R

R

-
!
N

enables the formation of stable complexes, although it is
usual for there also to be present in the molecule a
functional group with an acidic proton near enough to

the -d:N- group to allow formation of a 5 or 6 membered

ring by chelation to the metal atom.

Although the first Schiff base complexes were

1 and Schiff 4 it was not until the

prepared by Ettling
1920t's that the first synthetic study of the chemistiry
of this type of ligand was carried out by Pfeiffer and
‘his co-workers from 1331-1942 5. They produced a large
number of complexes of transition metals with ligands
derived from o-aminobenzaldehyde, salicylaldchyde and

pyrrole-2-aldehyde.

Since then many papers have been published and the
last comprehensive review to be published was by Chakravorty,
Holm and Everett 6 which covered the literature to the

end of 1964,

(iii) Modes of Formation

Schiff tase complexes have been prepared by a number
of methods. Most of these methods have only been applied
to salicylideneimine ligands but could be expanded to
other Schiff bases with acidic protons. Those Schiff

bases derived from pyridine-2-aldehyde are prepared
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differently as they contain no acidic protons.

(H, SB = Schiff Base)

(a) LMX2 + Hz2(SB) —> LM(SB) + 2HX e o o 13
'This method is relatively uncommon but has been
shown for the reaction of TiX, (where X = C1 7, isopropoxy 8)

with H; sal,en and are best formulated [Ti(SB)]Xz.

(b) M(salicylaldehyde), + RNH, —> M(SB), + H,0 ., I-4
First discovered by Schiff ° this method has found

great use primarily among the first row transition

metal complexes £ but in some cases unusual products

are given. Tris(salicylaldehydato)chromium(III) with

primary amines yields the expected product but with

ethylenediamine forms the ligand ~0-C¢H ,~CH=NCH,CH, ~-NH,

to give Cr(salen), X 2.

0 . . ,
(¢) The converse 1 reaction has also been shown 1o be

of use
R!?
le\'[(NHz -R) n + B %ﬂ —_—) M(SB) or macrocycle I-5

Using I = Ni, Cu a variety of cocmplexes has been prepared.
The simple condensation of salicylaldehyde and Ni(en),C1,
in pyridine yielded the expected product Ni(sal,en) 11.
Howaver a similar reaction using (catechol)(1l,3-provane-
diamine)nickel(II) and salicylaldehyde led to retention
of the catechol and co-ordination of the Schiff base
formed only thnrough the nitrogens of the ~C=N- 12.

Curtis 13 has studied the reaction of various amine

complexes with acetone and other aliphatic carbonyl



compoundg and formed macrocyclic ligands e.g.

2+

(

>—=O + [I\Ii(en)z]‘?*__)

>

. I"‘6

b~ ._: Y
m\r_.
_ /N

- 1

(d) LMK+ ENH, + HR'C=0 + Base-—-——}-LM(SB)n e o o I-T
The Schiff base is preformsd in situ, then equivalent
amounts of NaOH, NaOAc, NEt, cor KOBut are added together
with the metal precursor. This is by far the most ccmmon
method and is particularly useful for ligands which are

notv readily iscolatecd pure 14. It

is not, however, of
use if non-agveous conditions are required excent when
NEt

3 has been used asg a base,

(e) MO(CO)X + Hz(SE) — M(SB)(CO)y + H2 + CO . I-8

Under forcing conditions,such as prolonged refluxing
in dimethyl formamide, transition metal binary carbonyls
react with Schiff bases and oxidation of the metal
occurs with formation of the M(SB) complex. For
ruthenium [Ru(salaen)(CO)]2 and g;g-Ru(salphen)z(COL
~are formed, with M = Fe, Mn only the M(sal,en) complexes
are formed 15, but with Mo(CO)6 [Moo(salzenﬂ ,0 was

16

formed .

(f) LMX, + M',(SB) — 1IM(SB) + 2M'X . . I-9

In these reactions the salt of the Schiff base

is praformed either by reaction with T1CH 17, Nal 18 or-

14
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1i0Et 192 wnich can then be isolated pure and used for
reactions under anhydrous conditions., Although.this
method is only relatively new, it would seem to be the
bést scheme for reaction in non-aqueous media. The
reaction of the sodium salts of the Schiff bases is

the method employed primarily in this thesis.

The complexes of pyrrole-2-aldimine have been

prepared generally by reactions of type (d) 20

but
in non-aqueous media using potassium tertiary butoxide

as the base in thf 21,

The complexes prepared from the neutral
pyridine-2-aldimine ligande have been prepared by three
general methods (Schiff base = SB') :-

i. MX, + SB'-—> M(SB)X, . .....I-10

First used by Busch 22 for the preparation of
CuII and Fen— complexes, this is the commonest
method. With py,en, however, the Cu-II complexes
described as [?u(pyzenﬂ X223 (X = €1, Br) formed via
the reaction of CuX and py en in alcohol have been
shown to be a variety of complexes; Cu,py,enX,,
[Cu(pyzerwROH)X]ClO,’ and [Cuz(pyzen)z] (cxo0,), 2%,
Cuzpyzenxh wag postulated as having the Py, en ligand
acting as a bridging bis bidentate ligand.
Ehg(pyzen)J(Clok)h was shown by X-ray crystallography
to have octahedral'CuII atoms with three bridging Py, en
ligands. However, [?u(pyzen)](0105)2 with C17 in
alcohol was found to add one mole of alcohol across

one -C=N- to give a complex of formula[?u(pyzen+ROH)xJCJOk

the structure of which has been established as



5 co-ordinate Cuﬂ: 25.

iio M(CO)X + SB'-% P‘I(CO)ySB' ¢ e o o o o e ¢ o o I—ll
The reactions of Cr(CO)¢, Mo(CO)¢ and W(CO) ¢ with
bidentate pyridine-2-aldimines yielded M(CO) 4(SB'). The

species with M = Mo was also formed by the reaction of

Mo(CO) ,(nbd) and the Schiff base 26. In this respect

the Schiff bases form similar complexes to bipyridyl 27,28

and 1,10 phenanthroline 29.

iii. Several ruthenium o, A' diimino complexes which
contain pyridine-2-aldimine ligands have also been
prepared by electrolytic oxidation of 2(aminomethylpyridyl)

complexes of ruthenium 30.

J=-12
N N
(bipy),Rb ~2e” (bipy),Ru

More detailed discussion of this type of reaction

is to be found later.

(iii) Summary of the Main Areas of Research

By far the greatest interest has been shown in the
chemistry of salicylideneimine complexes as compared to
other Schiff base ligand types. This is posgibly a
consequence of the ready synthesis of the disprotonated

ligand.

The ability of these complexes to serve as good
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models for biological systems, in particular the reversible
addition of dioxygen, discovered in 1938, when it was found
that Co(sal,en) could act as an oxygen carrier 31.

The nature of this dioxygen species has been widely

studied 32 and the final species formed has been found

to be LBCo(salzen)] 20,(where B is a base such as dmf or
pyridine) where the dioxygen bonds as a J—PEroxo species 33
and a mechanism has been proposed 34 involving a monomeric
BCo(sal, en)0, paramagnetic species. Using sterically
hindered Schiff bases, the monomeric complexes have been
isolated and their structures established by X-ray
crystallography 35, The reactions of other M(sal,en)
complexes'with oxygen have been covered in a general
review on these compcunds by Hobday and Smith 36 although
none have been found to act as reversible oxygen carriers.
The general field has very recently been reviewed by

37

Martell and ilcLendon .

Because of the wide range of amines and substituted
salicylaldehydes available, much detailed work has been
carried out on the stereochemistry of the Schiff base
complexes., Calligaris et al. 38 have reviewed the
stereochemistry of ccmplexes containing tetradentate
Schiff bases and illustrate the various possible
conformations of sal,en in octahedral complexes as
either a) planar tetradentate, b) non-planar tetradentate,
c) bisbidentate and d) planar tetradentale bridging
through the oxygen atoms. The four types are illustrated
on the next page (Figure I-i). By far the commonest is
type a) with the ligand basically planar, although there

are slight conformational changes resulting in either
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a) b)
'... /‘

(Ot NG ||-\N>
Ne | S Q;f“l"wo
<N X L ( 7‘\140)
o b | N¥ 1SN
T\L \I_L/

d)

Figure I-i

stepped (see Appendix I) or umbrella forms

.8, [Co(salzen)L;]+'39, but most complexes of the

form M(sal, en) have this monomeric structure, e.g., M = Co,
Fe, Mn, Cu which were all isolated initially by

Pfeiffer. Type b) is less common, although an increasing
number of examples has been found of the form M(salzen)La.
In this thesis L, = nbd, 2(C0), while Co(sal,en)(acac) 40
I%;n(salzen) (R=Ne,Ph) 41, and Co(salzen)(glycine)42 were madc,
Type c) has been shown to exist in 002[33~MeOsal)2en 343
which has both non-planar and bis-bidentate Schiff base
ligands. A similar structure has been proposed for

Ln sal ,en); 44 (In = lanthanide). Type d) was first
45

recognised in the "inactive" form of Co(salzeniz

i.e. that which does not uptake dioxygen, but has
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also been found in [fe(salzen)Cﬂ 246 and proposed in

[Bu(salzen)(coﬂ 215.

The stereochemistries of the first row transition
metal bis-bidentate and quadridentate Schiff base complexes
has been extensively studied because of the possibility

of structural changes (Equation I-13), with resultant

planar E%E tetrahedral e ¢« o o o o o o o I-13

changeé in the magnetic properties of the complex, mainly
due to steric effects. Hohm and his co-workers have

47 and shown that

studied this subject comprehensively
while Nij; preferentially forms planar complexes, Co
preferentizally forms tetrahedral complexes, and so by
making the ligand such that the preferred confirmation

is no longer the lowest energy state it is then possible
to form planar Con: complexes and tetrahedral NiII
complexes, e.g. Co(salMe)2 and Ni(sal-isopropyl), 48,
although in a lot of these cases the system is complicated
by association to form 5 and 6 co-ordinate species.

The resultant stereochemical changes effect pertubations
in the magnetic properties of the complexes. This also
occurs in sal,en and pyrrolé-Z-aldimine complexes

where increasing the number of methylene groups results

in Cu-IL and NijL complexes with no structure change,

but in Co]L increasing the methylene bridge length

to 7-10 metihylenes results in a change to a tetrahedral

49

structure .

Co(aal £n) complexes have algo been widely studied
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since the discovery of Co-dalkyl bonds in vitamin B4, .

and the subsequent isolation of MeCo(sal,en)L 51

(L = H,0, py) by the reaction below (Equation I-14).
thf '
Co(saljzen) + Na == Na|Co(salsen)

H.0 I-14
Na[&lo(salzenil + Mel 2—>>HMeCo(sal, en)H,0 + NaI

Of course, by substituting functional groups
containing acidic protons or basic nitrogens in the
amine such that chelation is possible, a large number
of complexes have been prepared with not only N and O
as donor atoms but also S, P and Se, sometimes resulting

in interesting stereochemistries and polymerisation.

These areas have been reviewed recently by Bertrand 52

and Hodgson 53.

Finally, in industry, Schiff base complexes have

54

been used to stabilise polyolefirns and as additives

55

in the petroleum industry , although these appear to

be fairly minor uses.

B. OXIME COMPLEXES

(i) Generalities

The name oxime is a contraction of oxy-imine,
>C=I-0H. The oxime group is amphiprotic with a slightly
basic nitrogen atocm and a mildly acidic hydroxyl group.
Oximes are generally prepared by the reaction of an
organic carbeonyl compound with hydroxylamine (Equation

I-15).

>>==o + NH, -Oil =>> :}==N—0H O i 1

20



Since the discovery by Chugaev 2 in 1905 of the
reaction between NiIL salts and dimethylglyoxime (dmgH,)
to give Ni(dmgH)z, the reaction of transition metals
with oximes has been intensely studied. The early

56,57

workx has been summarised by several authors

This brief review of the literature of oxime
complexes will concentrate on the structural aspects
of the complexes, rather than the use of oximes as
analytical reagents though various reviews will be

mentioned that concentrate on this aspect.

(ii) Modes of Bonding

The ambidentate nature of the oxime group is

illustrated in Figure I-ii.

@
| ~M

¥ !
DY
a) b)

YN\M/NH/ YN\O/M

c) d)

\T;;PL::>\ Figure I-ii



The preparation of these oxime complexes is
invariably by the reaction (Equation I-16) where OxH = oxime

and the base B is usually NaOAc or NaOH. In a very

OxH + B —> Oxi' + H,0
(in situ)

OxM* + MX —> MOx + M'X

. ] . L] L] . . I"16

recent publication lithium and trimethyl tin salts were
ugsed for reaction in anhydrous conditions 58. In this

present work the sodium salts were used.

Of the various types of bonding I-iie is the least
common, having been established in one example only; the
complex (ato)Mo(CO)z(qf -CsHs) 53 (Figure I-iii) prepared
by reacticn of NaMo(CO),(q?-C H;) with 2-bromo-2-nitrosopropane

or Mo(CO); (q{—CsHS)Cl and the oxime calt 58. These

.-M e
Q\ 0

o=C"
R

Figure I-iii
complexes will be discussed in detail in chapter IV

with relevance to the complex cis-Ru(atc) 2(PPhs),

which appears to be similar,

The bridging mode shown in I-iib is much more
common and, by way of comparison, the ligand stoH reacts
with palladium(II)acetate to produce a trimeric complex

[.Pd(OAc)(ato)]3 with the three palladium atoms



constituting an equilateral triangle in which each
adjacent pair is held by one OAc™ and one ato” ligand 60.
Similar acetoxime bridging has been found in the
non-transition element complexes [?(ato)Meg]z where

2 = B, Al or Ge 61. Recently Bertrand has identified a
copper(II) complex, [?u»Lu(ClOu)zJQClO»)z 62 where

L = 2-2aminoethylimino-~3~butanoneoxime by reaction

of Cu(C10,), and the oxime in methanol. Each copper
atom is co-ordinated by two oxygens and three nitrogens.
Interestingly, the analogous 2-dpyridyl complex is

only dimeric with the fifth position being taken up

by a solvent acetonitrile ligand.

The normal type of bonding in M(dmgH), complexes is
type I-iic with a hydrogen bond between the two oxime
ligands resulting in an approximately planar structure.
The nature of the hydrogen bonding has been studied with
great interest and it has been found that if the C. . .0
distance is greater than 2.53 the hydrogen bond will
be assymetric. Thus only Ni(dmgH), (0. . .0 = 2.403)
and similar nickel complexes appear to have symmetric
hydrogen bonds 63. The hydrogen atom may be replaced
by -BFa~ by reaction of the complexes M(dmgH)2z with
BF ;.0Et , in encapsulation reactions. For M = Ni,
Ni(dmg) ,(BF,), 64 is formed but with Co(dmgH), a
bicyclic macrocyclic ligand was formed and a trigonal

prismatic complex {Co[}BF,)z(dmg);]}BFk is formed 65.

The infra-red spectra of the M(dmgH) , complexes
have been studied and it has been determined that the

C=N stretching vibrations, Y(C=N), lie in the range



1550 - 1590 cm~L ©60+67

; the decrease in frequency
Cu<iii<Cu<Fe being ascribed to increasing conjugation
by increasing the M9N=C donor W bond strength. The

N-O stretching vibration,/(N-0), is assigned as two

bands, one in the range 1190 - 1220 cm™% and the other

1

between 1065 - 1110 cm ~, which are considered to be

characteristic of N-bonded dioximes.,

A series of compounds has been prepared by

68,69 i which it has been shown that

Lacey et al.
the oxime ligand is both 0 and N bonded in different

isomers (Figure I-iv).

a) b)

Figure I-iv

The O-bonded oxime I-ivb has a strong band at

1

1171 cm™— which is assigned to a coupled /(N-0) (44% ,

by isotopic exchange) O-bonded. In the other isomer

I-iva the absence of the strong band at ca. 1200 et

is deemed as sufficient evidence for non-oxygen
co-ordination 70. A recent publication of a mixed

oxime complex (Figure I-v) states that in the O-bonded

24
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(93]

Figure I-v

oxime V(N-0) is at 1210 ecm~% while that for the N-bonded

-1 71 with the molecule

oxime)/(N—b) is at 1150 cm
preferentially forming one five and one gix membered
chelate ring. It is clear, therefore, that the
situation, as to the actual position of N and O bonded
oxime V/(N-0) vibrations is still a little confused, and
only by comparison with those complexes of known X-ray
structure can the actual mode of bonding be determined
(cf. the complex in Figure I-ivb whose structure has teen

proved by X-ray crystallography 72).

(iii) Primary Areas of Research

Like the Co(eal,2n) complexes,the cobalt oxime
complexes, abbreviated to cobaloximes, have been used
as bioicgical models for vitamin By, 73. The main
complexes used have been (Figure I-vi) where R = alkyl
and B = base such as pyridine or imidazole. These
are used since they have stable oCo-alkyl bonds.
The complexes are formed in a similar way to RCo(salzen)B

I
by reduction to Co  species followed by reaction

with alkyl halides. The kinetics of the reactions and
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Figure I-vi

the stereochemistries of the reaction products have

been extensively studied 74

in an attempt to perfect
the model systems. Most of the work, however, has been
involved with the reactivity of the alkyl fragment.
Rhodoximes with 0'Rh-C bonds have been prepared but are
much less reactive than the corresponding cobalt

75

complexes .

Apart from the synthetic research which has been
described in detail by Chakravorty, the major use of
oximes in chemistry is as analytical reagents. Many
76

oximes have been used as either colorimetric reagents

or as gravimetric reagents. For example, the insolubility

of Ni(dmgH), and Pd(dmgH), enables very accurate determination

of the nickel and palladium content of a solution.

Egneus Ll has reviewed the chemistry of dioximes from

this aspect rather than a structural viewpoint. The

whole field of chelating agents in metal extraction

for industry has also recently been reviewed by Ashbrook 78.

However the gravimetric analyesis is only a part of

the analytical use, as oximes with transition metals
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usually form highly coloured solutions and thus
spectrophctometry can be used to determine the heavy
metal content in the solution 76. Often the exact nature
of the metal complex is uncertain, only the metal:ligand
ratio being known, and the essencz of the problem is to
produce selective reagents which can detect the presence

of one metal without complexing any others which might

be present; an aim which is rarely, if ever, achieved.

The work described in the remainder of this thesis
concentrates on the synthesis of novel ruthenium

complexes using selected ligands.

In chapter II the reaction of the sodium salts of
Schiff bases, derived principally from salicylaldehyde,

with various ruthenium precursors are described.

The synthesis of complexes containing neutral
Schiff bases required different procedures from those
normally used (see above) and these are recorded in

chapter III.

Finally in chapter IV the preparation of some

ruthenium complexes containing oxime ligands is described.



CHAPTER II

COMPLEXES OF PUTHENIUM (II) WITH SCHIFF BASES DERIVED FROM

SALICYLALDEHYDE ,PYRROLE-2-ALDEHYDE AND PENTAN-2,4-DIONE

A, INTRODUCTION

In this ch?pter is described the preparation of
complexes of ruthenium(II) using'Schiff base ligands which
contain acidic protons. Complexes of those Schiff base
ligands which do not have acidic protons are discussed

in Chapter III.

Although there have been many complexes prepared by the
reaction of Schiff bases with transition metals (see Chapter I)
there are very few in which a Schiff base ligand has been

complexed to ruthenium,

‘ The reaction of Ruj;(CO)4, with sal.enH. has beenvreported
to give a complex of stoichiometry [:Ru(salzen)(Cd-i]2 or
Ru(sal,en)(CO), 15, The former is favoured since the

complex is insoluble in all common solvents. The proposed
structure (Figure II-i) has bridging through the oxygens

as has been found for the "inactive" form of Co(sal ,en) 45

so-called because it does not reversibly complex with O,.

Figure II-i
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In this thesis this complex E{u(salzen)(coz]2 has
been prepared by other methods. The reaction of
salphenH and Ru ;(CO),, gave very small yields (less
than 1%) of c¢is-Ru(salphen) ,(CO), . Also the reaction
of ruthenium(III)tris(acetylacetonate) with
N-g~benzylethylsalicylideneimine in ethyl benzoate

79

gave the chiral tris complex .

Finally there has been a study of ruthenium Schiff
base complexes as potential hydrogenation catalysts 80
although né isolation or characterisation of the

complexes was described.

B, SCHIFF BASE COMPLEXES CONTAINING TERTIARY PHOSPHINES

A wide range of Schiff base complexes was prepared by
the reaction of RuCl,(PPh;); with the sodium salts of
the Schiff Bases, which were prepared by stirring the
appropricte Schiff base with sodium hydride in

diethyl ether 18

until hydrogen evolution ceased.
Although the reactions were carried out with RuCl (PPh,),
the reaction cof RuClz(PPhMez)h appeared to be similar
and there 1is no reason why many different phosphine

complexes cculd not be prepared.

Schiff base complexes containing tertiary phosphines
are known only for cobalt and rhodiuvm, the former being
prepared by the reaction of Co(sal,en) with PR,

81 to give complexes

followed by acidification with HC1O,
of the type [(_Jo(sal 2en)(PR;)r]*L (n =1 or 2) 82 e
reactions of [:Rh(CO)z]z(sal2 en) and Rh(CO)z[sal(p-Mephen)]

with .PPh, yielded in benzene E%h(CO)(PPh 3:%1 (sal,en)
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and Rh(CO)(PPh,) sal(p~Mephenﬂ respectively. Similar

sk . ; 83
iridium complexes were also isolated .

(i) Quadridentate ligands

On refluxing a suspension of the sodium salt
of the Schiff bases and RuCl,(PPh;); in thf, sodium
chloride was precipitated and deep red solutions
obtained for the ligands derived from salicylaldehyde,
and orange-red solutions from pyrrole-2-aldehyde
from which were isolated complexes of the type

trans-Ru(SB),(PPh ) ,,

The 3'P n.m.r. spectra of the triphenylphosphine
complexes have only a singlet in.the region +25 -~ +38 ppm
(for Ru(sal,en)(PPhMe, ), a singlet at 16.8 ppm), relative
to 85% H PO, external standard which is in agreement
with the complexes having mutually trans phosphires 84.
Altkough the isolation of Ru [8812(1,3-pr0p)] (PPh ),
and Ru[%a12(1,6-hexﬂ (PPh j , proved very difficult as
the complexes appeared oily, there was no evidence
for the formation of cis-phosphine complexes with a
distorted Schiff base ligand even on increasing the
chain length of the methylene groups to six (cf. the
change in structure of some cobalt Schiff base complexes 49)
and the 3P n.m.r. spectra of the two complexes had
singlet resonances at +29.81 ppm and +31.58 ppm
respectively. This was probably due to the tendency
of ruthenium(II) to form octahedral complexes and

clearly the least hindered arrangement is with mutually

trans-phosphines and the Schiff base planar.
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The infra-red spectra of the complexes in the
region 165C - 1500 cm-lwas complicated, with strong bands
at ca. 1600 cm™! and others at ca. 1520 cm L. Initially,
the bands at 1520 cm™' were assigned to the C=N stretching

1 46 the

vibrations, J/(C=N), and those at 1600 cm~
C-0 vibrations of the phenolic groups, J/(C-0) 6.
However, it is now generally agreed that the ascignments
should be reversed. Indeed in the pyrrole-2-aldimine
complexes no vibrations were observed at 1520 cm—l.

The 1660 cm-l region is complicated, in this case, by

the vibrations due to the aromatic rings of PPhs.

The gpectra of the complexes did, however, appear

similar to other compounds of this type,with #(C=N)
shifted to lower frequency relative to’the unco-ordinated
ligand. These shifts in the phosphine containing
ccmplexes were, in general, greater than in other
complexes prepared due to the Tr-acceptor properties

of the phosphine which increased the Ru-N Tr bonding,

g0 decreasing the strength of the C=N bond. I-N bonds

in salzen'complexes have been found to be shorter

than M-V bonds in amine complexes. For example in
Co(sal,en) Co-N are 1.83 X and 1.86 i, while in
cobalt-bis(L-histadinate) Cs-N is 2.07 X - 2.15 X

and in cobalt(peptide) Co-N is 2.12 i - 2.14 X, the

difference being ascribed to M-N T bonding 38,

In the complex prepared in this work, Ru(sal,en)(ONO)(NO),
o]
the average Ru-N(salzen) bond length was 2.005 A

whereas in [ﬁu(en) N;N,]PF6 the Ru-N(en) bond length

0 hr
was found to be 2.13 A °7, and in Ru; 0,(en), (NH,), C1,
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)
the Ru-K(en) bond length was close to 2.13 A 86.

The 'H n.m.r. spectra of thes® complexes were citen
difficult to obtain because of_low solubility. 1In
the bis-trirhenylphosphine complexes the methine resonances
were obscurea by the phenyl resonances., However, using
PPhile, and sal gnH, as the Schiff base the methine
resonance of Ru(sal,en)(PPhMe,), was observed at 1,96 T
a8 a 1:2:1 triplet due to long range coupling with the
two trans phosphorous atoms. The value Jp_y = 5Hz is
similar to E)o(salz en)(PR3)2]+ 82, Jp_y = 3.0 - 3.5 Haz.
The methylene protons in Ru(sal gn)(FPh,), appeared
as a broad resonance at 6.2 - 6.4 T. This broadening
was due to the non-equivalence of the four methylene
protons on co-ordination. The expected pattern is A, B,
or AA'BB' but only a diffused multiplet could be observed.
The multiplet is a common feature of M(sal,en) complexes 36.
The methylene resonances of Ru(sal,en)(PPhMe ), gave a
similar pattern but the methyl resonances were observed
as two 1:2:1 triplets (Jp_y + Jp_py. = 16 Hz) at 8.38T,
8.78 TV respectively. This indicates non-equivalence
of the methyl groups and loss of symmetry in the plane

through the P-Ru-P axis,

The YH n.m.r. specirum of the complex trans-
Ru(pyr, en)(PPh,), had a broad resonence for the phenyl
prctons at 2.97Y7 and a small shoulder at 2.75% due to
the methine protons. There was, however, a single
reacnance at 4.177 due to four pyrrole protons (Figure II-ii).
Also,unlike the sal,en complexes the methylene protons

resonated as a singlet at 6.367. Ru(pyr, phen)(PPh, ),
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did not have the resonance at 4.177T and showed only
a broad multiplet assignable to the phenyl and pyrrole

protons.

The reaction of Na,(sal,en) or Na,(sal,phen) and
RuC1,(PPh;), in methanol, unlike the reaction in
tetrahydrofuran, gave mixtures of the bis-phosphine
complex together with a carbonyl containing species
(y(c=o0) = 1900cm-1) but separation proved impossible
even by chromatography. Using Na,pyr,en only the

bis-phosphine complex was formed.

The ligand acac,enH, and sodium hydride in thf,
on treatment with RuClz(PPhs)s, gave an orange-red
solution from which the red crystalline complex
trans-Ru(acac ,en)(PPh ), could be isolated. The b
n.m.r. spectrum had again only a singlet resonance at
+33.24 ppm. The Y n.m.r. spectrum was solvent dependent.
In CD,Cl, there were four resonances ascribable to the
ligand at 6.287T (2H), 7.12 Y(4H), 8.60 T(6H), 8.97 T (6H).
In Cst the two high field resonances coalesced and the
values were 6.14% (2H), 7.43 T (4H) and 8.72t(12H).

87 (FPigure

The free ligand has two main tautcmeric forms
II-iii a, b with hydrogen position labelled) and in

most solvents it exists mainly in form a) but in

(CD3)ZCO form b) is present to about 30%. The shift

of H1 for a) is ca. 57T, varying + 0.2¥ with solvent,

while in b) H1'is at 7.2%. In the complex Ru(acac,en)(PPh,), ,

as in other complexes with acac ,n as ligand, the a)

form was retained as in Figure II-iiic. The H, proton
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resonance is shifted considerably because of shielding
due to the phenyl ring currents of the PPh3 in the

trans positions. In the presence of P(OMe)3 the benzene
solution became yellow-green and the H1 proton resonance
was shifted to S.ZOTQ while the methyl resonances split
into two at 8,097, 8.39Y. This change is protably

due to the displacement of the trans-PPh ; ligands by

P(OMe), which reduced the shielding of the H: protons.

In the 'H n.m.r. spectrum of Ru(acaczen)(PPhs)2
the phenyl protons were a broad single resonance at
2.3 - 3.2T in CD,C1l, and two broad resonances at 2.407
2.927 in C¢D¢. The i.r. spectrum had a single band at
1573 cm™"

due to the carbonyl stretching mode perturbed

by co-ordination resulting in a delocalised environment

(ii) 3Bidentate Monofunctional Ligands

The reaction of Na(salbenz) and RuCl,(PPh,), in thf
gave red crystals of trans-Ru(salbenz), (FPh ), for
which the 2'P n.m.r. resonance cccurs at +28.53 ppm
which was indicative of trans-phesphines. This was
unlike the reaction with Na(acac) which yielded the
orange cis isomer of Ru(acac) (PPh ), previously
prepared by other means 89 (31P n.m.,r, resonance =
+52.30 ppm), this must clearly have been due to steric
constraints. The methylene protons of the Schiff base

are split into a doublet at 5.237T on co-ordination

due to non-equivalence.

A similar reaction cccurred with Na(pyrbenz) to

yield a yellow microcrystalline solid which appears,

88

36
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from the physical data, to be trans-Ru(pyrbenz),(PPh,)

(*'P n.m.r. spectrum singlet at +48.30 ppm), but sétisfactory
analytical data for this complex was not obtained, the
analysis being consistently low., No explanation can

be offered for this other tﬁan that the complexes

are not completely combusted in the analyser which

has been previously noted in many cases for ruthenium

complexes 90.

The ligand salpyH which is potentially tridentate

also gave the analagous complex trans-Ru(salpy),(PPh,),.

(iii) Tridentate Bifunctional Ligands

The interaction of Nazsalnap with RuClz(PPh3)3
in thf gave a greenish-black solution from which no
pure product could be isolated. However, when the
reaction was carried out using a large excess of PPh,
a reddish solution was formed from which dark red-bhlack
crystals of stoichiometry Ru(salnap)(PPhBL .2thf were
precipitated, these again appeared to have irans-phosphines
(31P n.nm.r., resonance = +23.05 ppm). This complex
appeared to be rather unstable when dried, going
much greener in colour, and it is probable that the
excess phosphine resulted in loose co-ordination
to the sixth position, which was not retained on
precipitation when this position was occupied by a thf
molecule., Reaction of carbon monoxide yielded a readily

isolable complex (see below).
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C. REACTION OF SCHIFF BASE COMPLEXES OF RUTHENIUM (II)

CONTAINING TERTIARY PHOSPHINES

The reactions of the complexes prepared above with
nitric oxide, strong acids and carbon monoxide were
studied and found usually to result in retention of

the Schiff base with loss of one or both of the phosphines.

(i) Carbon Monoxide

The reaction of these complexes with carbon monoxide

gave a variety of isolable complexes.
a. Ru(sal,en)(PPh,),

Bubbling carbon monoxide through a warm solution of
Ru(salzen)(PP‘n;)2 in thf gave immediate precipitation
of the complex previously isolated by Calderazzo 15
[%u(salzen)(coilz. The i.r. spectrum of this complex
has a single C=0 stretching vibration, M(C=0), at

1910 em™t

which was diminished in intensity in the

Raman spectrum which shows no new absorptions and
appears to confirm the dimeric structure (Figure II-i).
The V(C=N) region was very complex with four absorptions
at 1645, 1627, 1595 and 1550 cm *. The complex was

too insoluble for 'H n.m.r. studies or molecular

weight determinations, while the mass spectrum showed

ornily organic fragments.
[&]

However, the reaction of RuCl, (PPh, ),with Na,sal en,
when carried out under carbon monoxide, did not yield,
as the majcr product [?u(salzen)(coi ,: although some
of this was formed, but rather a yellow complex

Ru(salzen)(CO)(PPh_) which had the cartonyl and
2
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phospine ligands mutually cis.

|
PPh,
Figure II-iv

The i.r. spectrum of this complex again had only a

single /(C=0) but at 1930 cm™t with J(C=N) at 1622,

1610 cm-l. The ' H n.m.r. spectrum of the complex had
two methine resonances at 1.417 and 1.627, indicative of
a non-planar sal,en ligand as in Co(sal,en)(acac) 40
where the methine protons resonated at 2.0, 2.27T.

The methylene protons resonated as a multiplet in the

region expected and the >*

P n.m.,r. spectrum showed
merely a singlet resonance at +32.61 ppm and did not

offer any information as to the structure of the complex.
b.. Ru(salbenz)z(PPg )2

Although a longer reaction time was required
for the reaction to go to completion under similar
conditions to a., the only product which was isolated
after chromatography was the orange complex trans-
Ru(salbenz)z(CO)z. The compound was assigned CZh
symmetry (Figure II-v) on the basis of the

single: Y(C=0) at 1930 em L ia the i.v. spectrum,

39
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Figure II-v
The alternative trans isomers were not favoured, for

steric reasons while the cis carbonyl structures would be
expected to have two C=0 stretching vibrations active

in the i.r. spectrum. The 1H n.m.r. spectrum had a single
methine resonance at 1.86U with the methylene protons

split into a doublet at 4.81t and 4.93%T., Very small amounts
of the cis-Ru(salbenz),(CO), appeared to be formed

(/(c=0) 2041, 1970 cm™1), similar to cis-Ru(salphen),(C0), 2,

which was prepared in better yields by an alternative

route (see Chapter II-d).

The reaction of Ru(pybenz),(PPh,), and Ru{salpy), (PPhy),
with carbon monoxide yielded only trace amounts of
the complexes which from the i.r. spectra appeared to

be trans-RuLz(CO%, Y(C=0) = 1925, 1930 cm -1 respectively.
C. Ru(salnap)(PPh}%

The complex Ru(salnap)(PPhs)2 was rather difficult
to isolate pure, but on refluxing in thf under an
atmosphere of carbon monoxide, the yellow crystalline
complex Ru(salnap)(CO)(PPh,), was formed readily,

evidently by replacement of a labile co-ordinating



solvent molecule by carbon monoxide. No phosphine

displacement occurred merely by refluxing in thf but

it is probable that at high pressures of carbon monoxide

such displacement would occur. Ru(salnap)(CO)(PPh,),

has a single V(C=0) at 1930 em™L

1

and V(C=N) at 1623,

1610, 1598 and 1585 cm ~. The phosphines resonated as a

singlet at +28.51 ppm and were evidently mutually trans

so the structure of the complex is probably as
Figure II-vi. The TH n.m.r.spectrum had a single
methine resonance at 2.187 and the methylene protons

resonate at 5.547,

PPh

O”i-!e le
co’l ©
PPh,

3

Figure II-vi

d. Ru(pyr,en)(PPh,),

The orange solution of Ru(pyr en)(PPh ), in thf
changed colour immediately to yellow on exposure to
carbon monoxide. Evaporation of the solution yielded
yellov crystals of 3£§§§~Ru(pyr2en)(co)(PPh,). The

'y n.m,r. spectrum of this complex along with

Ru(pyr,en)(FPh;), and pyr,enH, are shown in Figure II-ii.



Replacement of one phosphine ligand by a carbonyl split
the resonance at 4.17T into a doublet of doublets at
3.78, 4.08T. The i.r. spectrum of Ru(pyr,en)(C0)(PPh,)

1

had a single J(C=0) at 1940 cm -~ with vibrations in the

region of Y(C=N) at 1587 and 1580 cm %

which were shifted
slightly to higher frequency. The P n.m.r. resonance
was shifted from +38.85 ppm in Ru(pyr,en)(PPh;) to

+22.78 ppm in Ru(pyr ,en)(CO)(PPh;) .

The reaction of Ru(pyr, phen)(PPh,), with carbon
monoxide appeared to give a very similar red complex

1 31

with a single Y (C=0) at 1948 ¢cm -~ and P resonance

at +23.4ppm but a satisfactory analysis was not obtained.
e. Ru(sal, phen)(PPh,),

A solution of Ru(sal ,phen)(PPh;), in thf reacted

instantly with carbon monoxide; the solution colour

changing from dark yellow-black to purple. Chromatography

of this solution yielded a small amount of a pale orange
elutate with thf which was probably cis-Ru(sal, phen)(CO),
(see Chapter IT-d)(J(C=0) = 2040, 1965 cm™ 1) and a
red-purple elutate with methanol ()(C=0) = 1940 cm_l),
which on evaporation and addition of ether yielded
red-purple crystals (Y(C=0) = 1925(sh), 1910 em™L in
nujol), these were insoluble in methanol but soluble in
dmso (/(C=0) = 1908 cm'l). The cryoscopic molecular
weight of the crystals in dmso indicated that the

complex was polymeric (Molecular weight = 760, calculated
for dimer = 886). The Raman spectra of the above species

showed only very weak }/(C=0) which appeared not to have

shifted from the i.r. frequency, analagous to

42
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[ﬁu(salzen)(coilz. The species in methanol (J/(C=0) =
1940 cm-l) may have been the monomeric species which

on crystallisation polymerises since it is clear that

" the species in methanol and the crystalline material
obtained were different. The 'H n.m.r. gspectrum of the
crystals in deuterated dmso confirmed that the sal,pnen
ligand was planar, with a single methine resonance at
0.597T, with two groups of phenyl resonances at 1.40 - 3.37T,
It is thus probable that the structure of this complex
was similar to that proposed for [Ru(sal 2en)(CO)] 5 )
although the structure may be more polymeric than just

a dimer.

(ii) Strong acids

Only with sal, enH, as the Schiff base were the

products isolated.

The reaction of Ru(sal gn)(PPh,), with 40% aqueous
fluoroboric acid or p-toluene sulphonic acid (Htos) in
thf yielded a red-yellow solution from which red
crystals of [Ru(sal2 enH) (PPh 3)]X were isolated. When
however, the initial solution with HBF , was heated,
other reactions occurred. The red initial solution
changed colour and precipitated a red solid which was
only stable in the presence of solvent, the removal of
which resulted in the formation of a black oil. (This
product was also formed if the reaction was carried
out in methanol). Addition of solvent to this oil
regenerated the red solid which was probably a

co-ordinating unsaturated species caused by the loss of
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both PPh, molecules from the initial Ru(sal.en)(PPh,)}, .
On heating further the red s0lid redissolved to a
green-red solution from which crystallised very small
amounts of an unidentified green solid. However,
addition of a large excess of water to the solution

still resulted in precipitation of Fu(salzenH)(PPh )]BF

The complexes Fu(salzenH)(PPhiﬂfX where X = BF ,
tos were 1l:1 electrolytes in CHS?NO2 although the conductances
were somewhat low, being.ﬁulo-am = 49, 41 .Nn lcm2mol -1
for the BF;; tos salts respectively. This compares
with the usual value for 1l:1 electrolytes of
60 - 90 5L “lemPmor™t 91, The 31P n.m.r. spectra of
these salts had a single resonance at +64.22 ppm which
is shifted from +34.3 ppm for Ru(sal,en)(PPh,), suggesting

probably a 5-co-ordinate structure (Figure II-vii).

- 1+
PPha

S=2—%% u‘Nﬁ

A

Figure II-vii

The anions are not co~ordinated as both salts have
the same31 P n.m.r resonance. This behaviour was unlike
that of Co(sal ,en) which reacts with PR, and HC1O,

to give [Cc(salzen)(PRB)z]+ Bl mne complexes prepared



here were diamagnetic. There was, however, no band
which could be attributed to 0....H - 0 vibrations

in the i.r. spectra of the complexes. Additionally,
the ?'P n.m.r. spectra were the same in both fully and
partially decoupled modes, éhowing that no ruthenium

hydride species was present.

With Ru(sal.phen)(PPhs), the reaction appeared to
be similar, resulting in a purple solid which, although
it seemed to be a 1:1 electrolyte in CH,NQ, , was less
stable than [Bu(salzenH)(PPh,i]X and could not be isolated
pure. The complexes with Schiff bases derived from
pyrrole-2-aldehyde did not react in a similar way
and only intractable black oils were obtained on reaction

with HBF,, Htos.

(iii) Nitric Oxide

Very few Schiff base complexes have been rescted with
nitric oxide prior to the present work. The reaction
of Co(salzen) with nitric oxide has been shown to yield
the complex Co(sal,en)(W0) 92 which appeared to have a
bent nitrosyl structure (formally bonding as NO~).
Similarly, the reaction of Fe(sal,en) has been shown to
give Fe(sal,en)(NO), although oxidation to an oxo

bridged FeJD' species has been found to occur under

different conditions 93. The interaction of Mn(OAc),

and (saljenl,) in the presence of nitric oxide gave

the complex Mn(OAc)(sal,en) and an analagous hydroxy

complex was formed by the reaction of Mn(sal, en) with
94

nitric oxide . Mn(salzen) has also been shown to

react in dimethyl-sulphoxide with nitric oxide to

45
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yield a complex of stoichiometry [@no(salzenﬂz 0, 95,
which has a bridging peroxo and a terminal oxo ligand.
Under similar conditions Ni(sal, en) and Cu(sal,en) do

not react with nitric oxide in the absence of air,

but in the presence of air nitration occurs in the

fifth position of the phenyl rings to give
[5,5'-dinitro(salzenﬂ derivatives of nickel and copper 96.
Similar reactions have been observed with the reaction

of Cu(sal,en) with nitrating agents such as N 0, 97.

The same authors have shown that in the presence of

NaBH, several M(sal ,en) complexes (M = Co, Fe) in
8

dimethyl formamide will reduce nitric oxide to nitrogen °

The reaction of Co(acacaen).with nitric oxide has
been found to form Co(acac,en){NO) 99, but for M(acac,en)
(M = Ni, Pd, Cu) 100 insertion of nitric oxide into the
ligand took place %to yield an oxime complex, in which

there may have been one or two oxime functions (Figure

II-viii).

Figure II-viii
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In this work only Ru(sal,en)(PPh;), yielded

readily isolable complexes.

Bubbling uncontrolled amounts of nitric oxide
through a solution of Ru(sal,en)(PPh;), in thf resulted
in the solution rapidly changing colour from purple-red
to yellow-red. The passage of nitric oxide through
the solution was continued whilst the solution was
warmed, and a red solid precipitated, leaving a red-green
solution. After filtration this supernatant yielded
burgundy coloured crystals of the complex Ru(sal, en)(ONO)(NO).
Evaporation of the initial cold solution yielded the
same mixture of complexes (identified by i.r. to be
approximately 50% of each), but it appeared that on
heating, precipitation of the complex [.Ru(salzen)(NO)J2 0
resulted in the yield of the latter increasing relative
to the former (80% : 20%). The same complexes were
also formed in acetone and toluene, though in the letter
the insolubility of both products yielded a 50% mixture
of both products. Both products were formed whether
the nitric oxide was purified either by passing through
30% KOH and then a CaCl,drying tcwer, by passing through

5A molecular sieves at -78% or used as purchased.

An X-ray crystallographic structure determination
was carried out on the complex Ru(sal ,en)(ONO)(NO) 101
and the structure is as shown in Figure II-ix, with a
linear nitrosyl and an O-bonded nitrito ligand. The
sal,en ligand is basically planar with the nitrosyl and

nitrito ligands mutually trans, a detailed explanation

of this structure is given in Appendix I. The i.r.
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spectrum of this complex had a single N=0 stretching

-1

vibration, )/ (N=0) at 1831 ecm ~ and anti-symmetric N-0

VibrationsL/a_S (N~-0) at 1488, 1507 em T as expected from
the above structqre 102. The 1H n.m.r, spectrum of this
complex was somewhat'similar to that of a usual complex
containing a planar sal,en ligand, with a single methine
resonance at l1l.777Tand a complex multiplet for the

phenyl resonances at 2.53 - 3.3T but, unexpectedly,

a singlet resonance at 5.97T due to the methylene protons.
In the starting material Ru(sal,en)(PPh,), these protons
resonated as a multiplet at 6.2 - 6.4T. A singlet
methylene resonance has been ascribed to a bridging

83

salzen structure which was clearly not the case in

this complex, Busch 103 has recently preparad the

complex E)r(fvles[l/l] 4,11 dienelN ) (NO 2)(No)] PF, (Figure II-x).
The i.r. spectrum of this CrI species has a single

Y(N=0) at 1640 cm™+ (linear nitrosyl) but did not
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Figure II-x

indicate the frequency of the VAS(N—O) vibrations.
However the iso-electronic complex cis-Fe[?ch(Et);]2(N02)(N0) 104
to Ru(sal,en)(ONO)(NO) has been postulated as having an

N-bonded nitro group and has b;s(N-O) at 1419, 1470 cm™t

and //(N=0) at 1820 cm-l.

Recrystallisation of the other product of this
reaction from dichloromethane gave red metallic lustre
plates of [ﬁu(salzen)(NOﬂ;zo. This complex has an i.r.
spectrum similar to Ru(sal,en)(ONO)(NO) except that
the bands due to the ONO ligand were absent; the
V(N=0) was shifted to 1742 cm™>, there was a sharp but
very weak vibration at 3490 cm-l, a very strong band
at 800 cm™% and several additional bands in the region

620 - 400 cm’l. Although, initially, the band at 3490 cm~

1
gseemed to be due to a hydroxy V(0-H), carrying out the
reaction in deuterated acetone resulted in no shift

"in frequency or change in intensity of the band. The

intensity was much weaker than in the other Ru-OH



épecies 105 and .no resonance could be assigned to this

proton in the | H n.m.r. spectrum. Thus the vibration
was assigned to an overtone of J/(N=0) which could only
be proved, of course, by labelling experiments. The

vibration at 800 cm™T was comparable with )/ (M-0-M)

vibrations in other salzen complexes (M = Fe, 807 cm'l 106;

-1 -1 107)

Mo, 750 cm ~; Re, 698 cm The vibration has a

strong band in the i.r. spectrum and the new band at
-1

540 cm™~ was probably the };Jm

the Ru~0-Ru bond was considerably bent. In (Ru20X1°)n'

(Ru-0-Ru) indicating that

and [?u3OZ(NH3)1H] ¢* where the Ru-O-Ru bond is linear
the intensity of the vibration in the i.r. spectrum is

108

rather weak . Thus the structure of Ehﬂsalzen)(NOilzﬁ

is as shown below in Figure II-xi.

O
|H

%W@

O" Ru Np

Osz

Figuce II-xi

The 'H n.m.r. spectrum of the complex was rather
informative with only the expected spectrum giving a
single methine resonance at'2.64T:-multiplet phenyl
rescnances at 2.7 - 3.7t and two multiplet methylene
resonances at 5.64 - 6.04Y and 6.18 - 6,457
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Although rigorous procedures were taken to exclude
NO , the formation of Ru(sal,en)(ONO)(NO) was either
formed from NO, impurity in the NO used, or from a
reaction of the NO (Equation II-1) which is known to

occur at 60% and high pressures 109,

3NO —% Nzo + Noz . . O . O . L} . II"l

Reaction of the NO,or N,0 formed with O=PPh could
have been the driving force required to push the
equilibrium to the right. A possible mechanism of

formation of the products is outlined in Equation II-2.

Ru(sal,en)(PPh,), + NO—> Ru(sal,en)(PPh,)(NO) + PPh,
Ru(sal,en)(PPh,)(NG) + ©NO, —§>.Ru(salzen)(ONO)(NO) + PPh;
2Ru(sa} en) (040) (¥0) —> [Ru(sal,en)(W0], 0 + mo,

Equation II-2

The O=PPh3 formed may have been due to reaction

with either NO, N.O or NO2.

D. SCHIFF BASE COMPLEXES CONTAINING METAL CARBONYLS

As has been shown in the last section the reaction
of the bis-phosphine Schiff base complexes yielded

principally the trans dicarbonyl products.

However, reaction of [?u(CO),C]z]2 with the sodium
salts of the Schiff bases, salbenzH, sal ,enH ,, salphenH,,
yielded principally the cis isomers. On refluxing a
mixture of the reactants in thf, a red solution was
formed, which after chromatography yielded two solutions,

one eluted with thf and the other with methanol.



Evaporation of the methanol elutate was shown to contain

a mixture of compounds, but the major products were the
trans isomers (identified by their i.r. spectra) previously
isolated. In the case of sal ,enH, , however, the methanol
elutate was a very air-sensitive green-red complex which

had a single })/(C=0) at 1910 em™ L.

From the thf elutate, only in the case of sal,enH,,
has a pure crystalline complex been isolated, but the
other reactions from their i.r. spectra appeared to be
identical with the cis isomers.being formed. The complex
cis-Ru(sal, en)(C0), was isolated as pale yellow feather-

like crystals with V(C=0) at 2038, 1965 cm™t

and M C=N) at
1628, 1598 cm™t, although the initial thf solution had

four bands at 2038, 2010, 1965 and 1935 cm™l. However
recrystallisation from chloroform yielded the complex
cis-Ru(sal, en)(CO), with only two V(cz0) absorptions.

The expected non-planar structure of this complex was

was confirmed by the u n.m.r. spectrum which showed two
methine resonances at 1.96T, 2.167 and a multiplet methylene
resonance at 6.0 - 6.27. The structure of this complex

is similar to that proposed for Ru(sal,en)(CO)(PPh )

(see PFigure II-iv).

The products from the reactions with Nasalbenz
and Na ,sal, phen were very similar, with }/ (C=0) at 2041,

1970 cm_1 1

and 2040, 1976 cm ~ respectively. The 'H n.m.r.
spectrum of the yellow-orange oil formed by evaporation

of the thf solution in the latter case showed that the
'sal,phen ligand was non-planar with iwo methine resonances

at 1.587 and 2.117. However for neither of these complexes



53

has it besn possible at present to obtain pure
crystalline solids. The complex cis-Ru(sal, phen)(CO0),
is the first example of the ligand sal,phen acting as

a non-planar quadridentate ligand.

These complexes are similar to those prepared
by the reaction of[%h(co)zcaxwith the thallium salts
of bis and tetradentate salicylideneimines to give
complexes of the form Rh(CO),(SB) and EﬂﬂCO){]z(SB)
83

respectively which also have cis carbonyls and

similar infra-red spectra.

E. SCHIFF BASE COMPLEXES CONTAINING BICYCLO(2,2.1)HEPTA-

2,5~-DIENE (NORBORNADIENE)

The preparation of ruthenium norbornadiene complexes
with many different ligands has been shown by the
reaction of [Ru(nbd)Clz]n with p-toluidine to yield

0

Ru(nbd)Cl (p-toluidine), 110 2n4 with various bidentate

111,112

ligands to yield complexes of the form Ru(nbd)(L-L),.

However apart from the [Rh(COD)] n(SB) (n =1 or 2)
prepared by the reaction of @h(COD)Cﬂzwith the thallium

83

salts of various Schiff bases » no previous Schiff

base complexes containing olefins as the other ligands

have been reported.

The reaction of the norbornadiene complex
[Ru(nbd)Clg]p with the sodium salts of the quadridentate
ligands sal,enH,; and pyrsenH, resulted in the formation

of the complexes Ru(sal,en)(nbd) and Ru(pyr,en)(nbd).

Stirring a suspension of [Ru(nbd)Clz]n and Na,sal,en
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in thf for several days at room temperature resulted in

the formation of a deep-red solution and a dark coloured
precipitate. Transfer of this mixture to an alumina

column followed by chromatography using tetrahydrofuran

gave a red-orange elutate from which an orange-red solid,
Ru(sal,en)(nbd), was isolated. This complex had the

expected i.r. spectrum with a band at 1305 cm-lcharacteristic

of norbornadiene complexes 110

at around 1600 cm™l. A similar reaction with Na, pyr: en

with bands due to )/(C=N)

yielded a yellow elutate with ether which on evaporation
gave the yellow microcrystalline solid Ru(pyr,en)(nbd),

1

this had the characteristic band, at 1302 cm™~, of the

co-ordinated norbornadiene and two V(C=N) at 1573 and
1558 cm-l. The complex Ru(sal,en)(nbd) was not soluble
enough for molecular weight determinations but in

chloroform Ru(pyr,en)(nbd) appeared to be monomeric.

The 'H n.m.r. spectra of the two complexes were
complicated by the methylene resonances of the Schiff
bases, which overlapped with the resonances due to the
norbornadiene ligand. However in both cases it was
possible to tentatively assign some of the resonances.
In the spectrum of Ru(sal,en)(nbd) there were two
methine resonances at 1.90 tand 2.29T, indicative of
a non-planar sal,en ligand, and a broad multiplet
phenyl resonance in the region 2.8 - 3.7%. Ru(pyr.en)(nbd)
had much better resolved regonances in this region, with
a number of resonances within 1.93 - 3,90T, including,
singlet resonances at 1.937, 2.28%, 2.517T, and 2.627%%

a larger doublet resonance at 3.19T and two doublets

of doublets at 3.43T and 3.90T. The methine resonances



Qere tentatively assigned as those resonances at 2.287T
and 2.517. The remainder of the 'H n.m.r. spectra of
these complexes was rather ill-defined and broad,
probably because the complexes.-have a very low symmetry
with the result that all the protons are non-equivalent.
This is unlike previous complexes, [}CO)RuCl;(nbdﬂ - 113
in which several of the olefinic protons are equivalent

and as such the fine structure can be observed.

Assuming that Ru(sal,en)(nbd) has a structure as
in Figure II-xii with the norbornadiene numbered as
shown, then the assignments for the norbornadiene are
H, 5.48T (doublet, JHQ-H3 = 4 Hz), H; 5.63t(broad
singlet), H , 6.09 7 (doublet JH;-Ha = 4 Hz), H%A 6.35T
(broad singlet), H, 6.657T (broad singlet), H, o 8.75T
(sharp singlet) with the methylene protons of the
sal,en ligand as a broad underlying resonance at
6.0 - 6.47. The complex Ru(pyr,en)(nbd) probably has
the same structure, except that the 6-membered chelate
rings of Ru(sal,en)(nbd) are reduced to 5-membered
rings in Ru(pyr,en)(nbd) with possibly greater steric
constraint. Similarly to the above H,J8 8.71T (broad
singlet), H,)4 6.96 T (complex multiplet which may be
a doublet of doublets) and the remainder of the spectrum
was a complex set of resonances 5.07 - 6.62TF which
contains the Hula,s'6 resonances and the methylene
resonances of the Schiff base ligand. Unfortunately
decoupling experiments did not clarify the assignments
because the decoupler used had too great a band width,
which resulted in saturation of more than just the

resonance required. Although these assignments

55
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Figure II-xii

are not wholely satisfactory, because of the insolubility
of the complexes and the underlying methylene protons

of the Schiff base ligand, it was clear that the
complexes Ru(sal,en)(nbd) and Ru(pyr,en)(nbd) contain

non-planar Schiff bases.

F. CATALYSIS

A report that Schiff base complexes of several of
the platinﬁm metals, including ruthenium (although no
preparative details were given), were effective as
hydrogenation catalysts for hex-l-ene 80, led to

investigation of the feasibility of the complexes described

above as useful catalysts.

The preliminary study, however, yielded rather
disappointing results as it was found that none of the
complexes studied acted as hydrogenation catalysts for
« hex-l-ene., Although the complexes were active as

hydroformylation catalysts for the same alkene, with
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conversion percentages of up to 90%. This was due to the
conversion of the complexes, at the temperatures and
pressures used, to other well-known species. The
phosphine-containing complexes were converted to

Ru(C0), (PPh;), which was isolated as yellow crystals from
the autoclave. This complex has been widely studied and
the amount of conversion of alkene appeared to be due only
to the relative ease of formation of Ru(CO),(PPh,Ji? The
oxime~containing complexes do not catalyse hydroformylation

of this alkene to any extent under the same conditions.

The non-phosphine containing complexes do hydroformylate
alkenes to only a small extent, this being probably due to

the production of Rus(CO)u in the course of the reaction.

Conditions used:

Catalyst 10mg

Solvent Benzene 10ml

Alkene Hex-l-ene 1ml

Temperature 100°%¢

Gases 100 at. CO/H, (1:1 ratio) measured at
room temperature

Time 15 hours

Gas Chromatograph Perkin-Elmer P,33

Injection Temperature 175%
Oven Temperature 120%

Column used D.E. 201 Carbowax 1500 (Temp. range =
0 - 160%)
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.G UNSUCCESSFUL REACTIONS

Apart from the reactions described above, a large
number of unsuccessful reactions were carried out, brief

details of which are described below,

The reaction of various ligands with RuCl,(PPh,), did
not yield pure complexes. Tetraphenylporphyrin did not
react with RuCl,(PPh,); in the presence of NaH in thf
and only the free porphyrin was isolated. The reaction of
N,N'-bis(salicylideneimine) with RuCl,(PPh,), under
similar conditions appeared from the p n.m.r, spectrum
to give a mixture of complexes in the red solution formed,
and no crystalline compléx was isolated. This was probably
due to steric constraints, which prevented the formation
of the chelate complex similar to Ru(sal,en)(PPh,), .

Also attempts to prepare complexes containing the
macrocyclic ligand, formed by the reaction of mesityl
oxide and ethylenediamine, failed due to the insolubility

of the ligand.

Other ruthenium precursors which were tried were
RuCl,py, from which only free ligand could be isolated;
RuCl ,(MeCN), , which appeared to give Shiff base complexes
containing no MeCN ligands, but no pure complexes
could be isolated, as was the case for RuCl,(dmso), .
RuHC1(PPh,); with the bidentate Schiff bagses reacted to
give a deep red solution, this contained some RuL,(PPh,)g
from the ¥ P n.m.r. gspectrum, but did not give
RuH(L)(PPhJ)n and no hydride species were prepared. Also,
surprisingly, Rul;(PPh,), in toluene did not react with

salléanand only the free ligand was obtained,
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H. CONCLUSION

While it has proved possible to prepare many new
Schiff base complexes of ruthenium, only for the phosphine
containing complexes were the reacticns facile. However
once prepared these Schiff Base phosphine containing
complexes proved to be rather reactive, and nitrosyl
and carbonyl Schiff base complexes were formed. The
other ruthenium scurces gave much lower yields as well
as mixtures of complexes from which separation of pure

compoﬁnds was rather difficult.

Finally, it is apparent that this is only an
introduction to the chemistry of these types of ruthenium
complexesa, and inevitably a greét many more will be

prepared in forthcoming yezars.
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CHAFTER I1I

PYRIDINE-2-ALDININE COMPLEXES OF RUTHENIUM

A. INTRODUCTION

While there have been ﬁo reports of complexes
formed directly by the reaction of pyridine-2-aldimines
with ruthenium precursors, Meyer has prepared
electrolytically the complex {Ru(bipy)zlﬁ-(pyridine—
aldimine)]}2+ (Equation I1II-1) 30,

- —— e
— 24 2 +
N -
/ -2e }q
) 3\
H, . H
o _ | B

This has proved to be a general method of preparation
of A-diimine complexes of ruthenium; ERu(en)q]z+ 115
underwent a 4e” oxidation to [%u(en)z(HN=C—C=NH) 2+
and a similar reaction occurred with [%u(phentk(enﬂ o+ 116.
The mechanism proposed for fhe above oxidation is as
shown in Equation III-2, with jinitial oxidation of the
metal to Ru'Iii followead by oxidation of the co-ordinated

I
ligand, and reduction of the metal to ruthenium .

(s ratem] 2 25 [rucospy), Cen)]
. Ebipb’)ﬁu(en)] 3+ ..lg [RU.(bipy)2 (HN=c..C=NH)] o
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No assignment for /(C=N) in {(bipy)zRu [2—(imino—
methylpyridinei]}2+ could be given, this was considered
as being due to either masking by the bipyridyl vibrations
or decreased intensity. Nakamoto 117 has shown that
the {~diimine ligand has two resonance forms {see
Figure III-i) which shifted the /(C=N) to 1520 cm™%
in [Fe(CHaN—;CH-CH:NCHaza] 2,

Pigure III-i

Since the pyridine-2-aldimine complexes contained
this «~diimine group it seemed 1ikely that, using similar
methods to those employed for bipyridyl and other
heterocyclic aromatics, the relevant ruthenium complexes
could be prepared. Using two precursors, the 'blue'

solution and [ﬁu(CO)aclaz, this proved successful.

B. REACTION WITH THE RUTHENIUM BLUE SOLUTION

pass
The blue solutions, formed by reduction of Ru or
™
Ru chloro species either chemically or electrolytically,
have been widely studied but the exact nature of the

. . < as 118
species remains unknown., Wilkinson 1

has proposed
that one of the species is Ru501,22' by preparing

complexes (cat),Ru,Cl,, (cat = (Ph,As)™, I:Fe(bipy)a]z"L
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‘and others). However, this species is formally RuJi ’
which is usually diamagnetic, while the solution and
the complexes are weakly paramagnetic. Other workers
have proposed a mixed valence-RuIL - Ruiﬂ species

on the basis of electrochemical studies 119.

The blue solution, prepared by the reduction of
RuCl,.xH,C in methanol under 2 atmospheres of H, in
the presence of Pt0,, has proved to be a useful starting
material for RuIr and Ru™ species 120. Relevant to
this work.was the preparation of trans-Rupy, Cl, by
refluxing the blue solution with pyridine for six hours.

Though the reactions of diquinolylpyridine 121,

2-(2'pyridyl)quinoline and 2,2'-biguinoline 122 gave
red-brown complexes of the type (RuL2)2+ which were
isolated by the addition of NaClO,. The complex

['Ru(bipy):,]2+ has been prepared by directly from the

reaction of RuCl, and bipy 27,

Consequently several ligands, both bi and tetra-
dentate, were refluxed with the blue solution and
formed as above. In all the ligaﬁds used, within a
short time, the solution became purple-red in colour
and, in the case of py,en and pyphen, precipitated
a small amount of crystalline material, analogous to
the preparation of trans-Rupy,Cl, 121 (n.b. Ru(bipy),Cl,
has been prepared by the reaction of K,(RuCl,OH),

€1 and bipy 12%),

Rupy,enCl, and Ru(pyphen), Cl,
respectively. The complexes were formed in greatest
yields when twice the stoichiometric amount of ligand

required to form the complex was added. Adding larger
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excesses of the ligand appeared to have no substantial
effect on the yield. The bronze coloured crystals of
Ru(py,en)Cl, and the purple-red crystals of Ru(pyphen),Cl,
dissolved only slightly in polar solvents to give blue

and green solutions respectively.

The deep-red solutions, also formed in the course
of the reaction, were chromatographed through an alumina
column and, in the case of pyphen and other bidentate
ligands, blue or green elutates were separated from the
column with thf or ether. These coloured solutions,
however, on concentration gave only minute (<K1%)
amounts of solids which could not be fully characterised,
but were probably RuL,Cl, analagous to Ru(pyphen),Cl,,
with the blue solutions being probably the trans isomers

and the green solutions the cis isomers.

The complexes Ru(py,en)Cl, and Ru(pyphen), C1,
had the expected i.r. spectra with strong vibrations
in the region 1500 - 1600 em™! due to the pyridine
ring vibrations, and the ¥(C=N) and ¥(Ru-Cl) at
295 cm™! (trans-Ru(py,en)Cl,) and 302 em™L (cis-
Ru(pyphen)zclz). These complexes were too insoluble
for molecular weight determinations or 'H n.m.r. spectra
to be carried out. They were also remarkably inert,
failing to react with carbon monoxide, nitric oxide

or sodium metal.

The remainder of the solutions, in each case, was
eluted through the alumina column with methanol to yield

a deep-red solution. On concentration these red solutions
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gave only red oils, although addition of NaBPh, to

the methanolic solutions yielded red salts. The salts,
formed in the reaction with py,en, were insoluble in
methanol and precipitated out immediately, the others
however were more soluble, After addition of the NaBPh,,
the resulting solutions were chromatographed again and
this time the main red band was eluted through with
acetone (the pyphen salt was eluted through with thf).
Addition of ether to the resulting solutions gave red

solids.

As yet it has not proved possible to assign a
structure to these salts although they appear to
reggsemble the red-brown salts (RuL2)2+ isolated by

‘Klasgsen 122’123.

The 'H n.m.r. spectra of the salts
prepared had only very broad resonances, but using an
gliphatic amine with a large number of alkyl protons
[??N~(CH2)3Si(OEt)J to form the pyridine-2-z2ldimine
it was possible to show that the ligand framework was
still intact after reaction with the blue solution.

However, the e.s.r. spectra showed only very weak signals

which apbeared to be due to impurities.

The i.r. spectra of thése complexes was also
essentially uninformative apart from the vibrations
due to the anions; unlike the complexes Ru(py,en)Cl,
and Ru(pyphen),Cl, which had strong vibrations in
their i.r. spectra. The analysis of the py,en and
pypy complexes, however, indicated the formulae
{ [Em(py2 en) ]lCl(gcetone)}(BPhA)z and
{[:Ru(pypy)z]2 Cl(acetone)}(BPhA)z. The similar PF,
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"salt of the former was also prepared and a satisfactory
analysis obtained. Conductivity measurements of these
complexes fitted the above formulae, with the BPh,”

- 110 - 1200 temmo1t

salts havingdﬁ_m(lo-BM) mol™~, while
the PFs salt had the higher conductance JLnKlO'BM) =
166 2 tem®mol ™! as expected %1 1he pyphen BPh,~

salt, however, when analysed did not contain any
chloride. The structure proposed for{ Ehﬂpyzenﬂa..
Cl(acetone)‘}){.2 was a mixed Ru’ - Ru  species which

was hitherto unknown. This structure should, however,
have Lad one unpaired electron and so give an e.s.r.
signal. As has been explained above the e.s.r. spectra
of the complexes appeared to show only small amounts

of paramagnetic impurities and no reproducible spectra
were obtained. Electrochemical studies were attempted

to reduce the ligand but no evidence for either oxidation

or reduction of the solutions was observed.

An alternate explanation could have been that
hydrolysis of the ligand occurred to yield merely the
amine complexes, but the lack of V(N-H) in the i.r.
spectra and the analytical data were not consistent
with this formulation. The lack of i.r. vibrations
and broad 'H n.m.r. spectra has also been noted when
similar purple complexes were formed, by the reaction
of ReCl, and Re0CI,(PPh,), with the ligand py,en 107,

In the former the complex appeared to be ReCl,.py,en.

Thus, although the physical data available
for the red salts suggested that the ligand had

rearranged in some way, the analytical data suggested
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that the ligand was still present, though the structures
suggested on the basisg of the analytical data appeared
unlikely. The colour seemed to resemble the salts of

the form (RuL2)2+ previously prepared, but the analytical
data never concurred with this assignment , although the
pyphen complex did give analytical data which was
reasonably close to that required for [%u(pyphen){](BPh4)2,
though even in this case the ruthenium analysis was not

as desired.

C. REACTION OF SCHIFF BASES WITH lhu(CO)chJz
| % ol

The reaction of Ehd00)301J2 with various ligands has
been shown to give cis-Ru(C0),Cl,L, where L, = 2py, bipy,
diphos, 2AsPn,,2PPh, 125. Similar ccmplexes have been
prepared by the reaction of the red solution, prepared
by interaction of carbon monoxide and RuCl,, with
pyridine, AsPh, and PPh, 126. Alsc some of the trans

isomers are formed.

The reaction of pyphen or pypy in methanol with
|:Ru(CO)3012}2 gave red solutions, from which orange
crystals of the cis isomer Ru(CO0),Cl,L' were prcduced.
The i.r. spectra of the two complexes in chloroform was
consistent with this formulation, resembling closely
the reaction with pyridine, to give absorptions due

to Y(C=0) at 2061 and 2003 cm™ Y, and 2068 and 2012 cm™*

respectively (in chloroform ¢is-Ru(CO0),Cl,py, has similar

1y. The yellow

absorptions at 2074 and 2013 cm
chloroform soluticns of Ru(CO0),Cl,L'(L' = pyphen, pypy)

changed colour on standing in air to deep red. The i.r.
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and n.m.r. spectra of the solutions did not appear
to change. In thf yellow solutions were formed, from
which solids were obtained identical to those isolated
from the methanol sclutions. The thf solution also

changed colour to become red on standing in air.

The reaction of py,en with E?u(CO)aclz,]2 in
thf yielded initial precipitation of a pale pink
coloured solid which was insoluble in thf and had
three absorptions due to V(CZ0) at 2129(m), 2048(s)
and 1972(s, br) en™l. on leaving the solution in
air a further red solid precipitate was formed, this
had a similar i.r. spectrum except that the absorption
at 2122 cm™1 was much stronger, and the absorption
below 2000 cm™* was much broader with a shoulder
at ca. 1940 em™ Y. This solid was dissolved in methanol
to give a red solution from which was isolated, by
precipitation with ether, a red powder. This powder
rapidly became a red oil on drying and had only a

1

weak absorption at 2122 cm™~ and three other absorptions

due to Y(C=0) at 2056(s), 1988(s, br) and 1941(s, br) cm™r.

On carrying out the same reaction in methanol,
a red oil was formed on cooling, the i.r. spectrum
of which resembled that described above. Rationalisation
of this sytem at this stage is difficult, but it
is possible that the methancl solution was a mixture
of cis and trans isomers. However separation by

normal means was not possible.

The reaction of pyrgenH,and salpyH in methanol

wifh [:Ru(CO)sclzj7 also gave red solutions which had



68

the three absorptions due to Y(C=0) at 2125, 2040

1 1

and 1968 cm™~ and 2125, 2060 and 1985 cm -~ respectively,

although the intensity of the absorption at 2125 cm_1
was very variable. These complexes appeared to be of
the type cis-Ru(C0),Cl,L but no adequate analyses

were given,
The same complexes were obtained with Ru(CO),Cl, thf.

D. CONCLUSION

It appears from the above work that the pyridine-
2-aldimine ligands reacted in a similar fashion to
other heteroaromatic bases such as pyridine or bipyridyl,
except that because of the lack of good physical data

complete characterisation proved difficult.

Other reactions which failed to give even partially
characterisable products, included RuClz(dmso)A,
which failed to react and RuCl,(PPh,),, which gave a
red solution where the °*P n.m.r. spectrum contained
a large number of singlet resonances., Chromatography

failed to clarify the position.
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CHAPTER IV

PREPARATION OF RUTHENIUM(II) COMPLEXES CONTAINING OXIMES

A. INTRODUCTION

Reaction of the ruthenium complexes with oximes has
not previously been studied in any detail but, in this
chapter, the reactions of RuCl,(PPh,;); with both the
sodium and protonated forms of a) simple oximes,

b) A -carbonyl oximes, c¢) A-dioximes and d) o{~-iminooximes

are described.

The only reports of ruthenium oxime complexes have
been the reaction of ruthenium complexes with violuric
acid (VH,, Figure IV-i) and the N,N'-dimethyl analogue
(Me ,VH). The reaction of Ru(NO,), with violuric acid
at pH 1, followed by addition of Ba(NO,),, gave the

complex Ba[:Ru(VHz)SOH.]1 127 phe N,N'-dimethyl analcgue

Figure IV-i

with several cations was preparcd by the reaction of
NazﬁthO)(Nozh(ﬁq with N,N'-dimethylbarbituric acid,

as below in Equation IV-1,

0

Ny
o=< : + Na, Eiu(NO)(NOz),,OH] - Iv*a[Ru(IvIezV)zoﬂ] IV-1
% '
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Replacement of the co-ordinated hydroxyl group by
N,” and NO,” was also carried out and a mechanism proposed

for the reaction above 128.

However, there have been.no previous examples of
ruthenium complexes using the ligands described below.
Pure complexes were readily obtained with only RuClz(PPha)3

as the ruthenium source.

B. SIMPLE OXIMES

In this reaction a 'simple oxime' is considered as
a ligand with only an oxime function available for
co-ordination, acetoxime was used as the ligand in this

case.,

RuCl,(PPh,), did not react with acetoxime other than
in the presence of an equivalent of base (NaOH). Under
these conditions, stirring the reactants in methanol for
several hours gave a yellow solid which, when crystallised
from chloroform, gave orange crystals. This material had
the stoichiometry Ru(ato),(PPh;),. The °'P n.m.r. spectrum
of the complex had a slightly broadened singlet at +66.36 ppm
(equivalent mutually cis phosphines), which on cooliung
partially split into a doublet of doublets (AB pattern)

with J = 10,3 Hz, with the two doublets split by

P-p!
only 5.3 Hz. This slight non-equivalence of the two
phosphine ligands on oooling was probably due to 211 four
of the methyl groups on the ligands becoming non-equivalent,
and not due to the formation of another isomeric form of

‘the molecule. The °'P n.m.,r. spectrum of the reaction

supernatant, after filtration, had two small resonances
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at +31.75 ppm and +36.7 ppm, as welil as free triphenyl-
phosphine and trace amounts of the major product
cis-Ru(ato), (PPh,),. The two extra resonances were
probably due to the two possible trans isomers but,

as the yield of these was very low (K{1%), these species
could not be further identified. The 'H n.m.r. spectrum
of the complex héd two non-equivalent methylene
resonances at 8.28T and 8.69T. At -60°C extra resonance
at 8.75v appeared at the side of the 8.69T’resonance, this
concurred with the possible non-equivalence of all four
methyl groups at this temperature. Similar complexes
(ato)M(CO),(Q?-CsHs) (M = Mo, W) 129,58 yave also been
shown to have two non-equivalent methyl groups (2 singlets
at 7.90¥ and 7.97Yt (Mo), 7.84T and 7.93t (W)). Acetoxime
has a singlet methyl resonance at 8.20T.

The X-ray crystal structure of (ato)Mo(CO),(QF-CSHS)
has shown that the ato ligand was bonded to the metal
through both nitrogen and oxygen (Figure I-jii) 59.
However, if the ligand had been bonded through the
nitrogen only, this would also have heid; as has been

shown by Fischer 130

in the similar complex
(CO)5Cr[HN=C(Me)2] where the cis and trans methyl groups,
relative to the chromium, resonated at 8.44 7T (singlet)
and 8.98T (doublet, split by the hydrogen atom on the
nitrogen) respectively. This complex was formed by

the reaction of acetoxime with the carbene complex

(CO)Cr(0oMe) (Me).

The mode of bonding of cis-Ru(ato), (PPh,), is



probably similar to (ato)Mo(CO)z(q?-CsHs) (Figu;e IV-ii)
to give an 18 electreon ruthenium(II) species, with the
ligand acting as a three electron donor, although a 16
electron species, with co-ordination only through the

nitrogen, is also a possibility. The "C n.m.r. spectrum

Pigure IV-ii

of cis~Ru(ato), (PPh,), was similar tc that of

(ato)M(C0), (A2-C5H,) (Table IV-1), with two methyl
resonances at<§20.5 and §17.6 and the R,C=N-0 resonance

at 5142.9. The differences in the 'H rn.m.r. resonances
and the "C n.m.r. frequencies of cis-Ru(ato),(PPh,),

and (éto)M(CO)z(Q?-CSHj) were probably due to preferential

shielding of one set of methyl groups by the PPh, ligands.

The i.r. spectrum of the complex has no V(Ru-Cl)
and only a weak absorption at 1626 cm™! which was assigned

tO V(C=N)o

72
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*
Table IV-1 '°C n.m.r. data

atoH |Ru(ato), (PPh,;), [(ato)W(CO),Cp [(ato)Mo(CO),Cp

R,0=N-0{155.,2 142.9 148.6 149.C
' 21.5 20.5 20.7 20.7
Me

14.9 17.6 19.4 19.4
Phenyl 137.6 - 127.1

* relative to TMS = 0 from CDC1l, internal standard = §76.9

C. oK-CARBORYL OXIMES

The reaction of butan-2,3-diore monoxime with transition
metals has been studied only rarely and inconclusive
results have generally been given. Taylor and Ewbank 131
in 1926 reported the attempted preparation of metal
complexes by the reaction of the Mn: acetates (M = Ni, Cu)
with the oxime in aqueous solution in the presence of
NaOH, but could isolate only a poorly characterised copper
complex. Using a similar procedure, incorporating cobalt(II)
chloride, the tris complex has been prepared 132. Several
other workers have noted that the ligand caused a colour
change in soluticn with transition metals 133°135, but
have found that even in alkaline solution the ligand

bdoH rearranged to dmgH, by the reaction below, see

Equation IV-2,

The converse has also been shown,whereby the addition
of 2N HC1l to a solution of sodium molybdate, SnCl, and

‘dmgHz resulted in the formation of a series of molybdenum
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bdo complexes, which were not fully characterised.

//OH

\ 0 N
= _. :
— + Iv-2
N,
AN 0

However, the reaction of RuCl,(PPh,), with bdoH,
both with and without the addition of base (NaOH), yielded
readily isolable complexes with no evidence of formation

of dmgH, .

On heating a mixture of RuCl,(PPh,), and bdoH in
methanol for brolonged periods a brown crystalline complex
Ru(bdoH)(PPh,),Cl, was precipitated. The P n.m.r.
spectrum (singlet at +25.31 ppm) indicated that the
phosphines were mutually trans. The 'H n.m.r. gspectrum of
the complex showed the presence of two methyl resonances
(singlets at 8.231, 9.10Y),a complex phenyl resonanée
at 2.20 - 2.70% and a sharp resonance at -2.39%7, the latter
being due to the hydroxy proton. In the free ligand the
methyl rescnances occur at 7.607 and 8.10T, while the
hydroxy proton resonates at -0.22T as a broad singlet
due to isomeric exchange. The'H n.m.r., resonances of
several Co(dmghB),L, complexes have shown that hydrogen
bonding causes the hydroxy proton resonance to shift
to lower field and resonate at ca. -8.0T 137, The shift

"in the hydroxy resonance in Ru(bdoH) (PPh,),Cl, was not
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concentration dependent in CDC1l, and so there was probably
little or no intermolecular hydrogen bonding. The i.r.
spectrum did not appear to contain an absorption due

to the 0-H stretch, V(0-H). However, the deuterated
derivative Ru(bdoD)(PPh,),Cl;, contained a weak absorption

1

at 2315 cm ™~ which was not present in the original spectrum.

Assuming that the absorption was due to Y (0-D) then
the }/(0~H) would have occurred at 3253 em™l. In the free
ligand the J/(0-H) vibration is in this region. However,
it was unlikely that the vibration in the spectrum
of Ru(bdoD)(PPh,),Cl, was due to an impurity of the free
ligand, since the 'H n.m.r. spectrum of this complex
'did not coﬁtain a resonance at -2.397. Only on addition
of one drop of water to the n.m.r. sample was the latter
resonance observed. Also, when the sample of Ru(bdoD)(PPh,),C1,
was exposed to air for several hours the absorption at

2315 cm'l disappeared and in the 'H n.m.r. spectrum the

resonance at at -2.397 reappeared.

The i.r. spectra of the two complexes Ru(bdoD)(PPh,),Cl,
and Ru(bdoH)(PPh,),Cl, were otherwise very similar.
There were no strong absorptions in the region expected
for the }J/(C=0) and V(C=N), which suggested that the ligand
was bonding in a bidentate fashion. The complex was thus

of structure shown in Figure IV-iii.

Whereas the complex Ru(bdoH)(PPh,),Cl,was formed by
reaction of RuCl,(PPh,), and bdoH in the absence of added
base, the reaction of RuCl,(PPh,), with bdoH in methanol
in the presence of base (NaOH), resulted in a different

reaction to that above.
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FPigure IV-iii
On heating, a deep red solution was formed which precipitate
a red solid.on further heating. The red solid was
recrystallised from thf, acetone and ether to give compliexes
of stoichiometry Ru(bdo),(PPh,), .2solvent, where the amount
of solvent present appeared to be dependent on crystal
size, varying between O - 2 molecules of solvent per
ruthenium. The red solution, on cocling, gave a red
microcrystalline compound Ru(bdo),(PPh,),. The 3P n.m.r.
spectrum of this solution had three singlet resonanées
at +45.9 ppm, +33.5 ppm and -6.03 ppm. The complex
Ru(bdo), (PPh,),had only a singlet resonance at ca.
+45.9 ppm ( the value varied slightly with solvent),
while the complex Ru(bdo),(PPh,), had P n.m.r. resonances
at +45.9 ppm and -6.0 ppm. This was rationalised as
being due to Ru(bdo),(PPh,), and two moles of free PPh,
and in fact recrystellisation of Ru(bdo),(PPh,), in

thf or acetone yielded only Ru(bdo),(PPh,).,.
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Recrystallisation of Ru(bdo), (PPh,), in hot methanol in
the presence of two moles of PPh, yielded only
Ru(bdo),(PPh,), .2Me0H. The resonance at +33.5 ppm, which
was only a minor product, was probably due to a different
isomer of the complex Ru(bdo),(PPh,),; probably the
isomer with mutually trans phosphines. The resonance

at +45.9 ppm was of the cis isomer which was the major

product.

The 'H n.m.r. spectrum of cis-Ru(bdo), (PPh,), had
a singlet broad phenyl resonance at 2.19T and two sharp
singlet methyl resonances at 8.07Y and 8.73T. There was
no hydroxyl resonance below pTZobservable. The spectrum
of Ru(bdo), (PPh;), was similar to cis-Ru(bdo),(PPh,),
except that there were two extra phenyl resonances at
2.64T and 2.79)}, which were shown to be due to free PPn,
by addition of PPh, to a sample of Ru(bdo), (PPh,),,
which results in the growth of the resonances at 2.647

and 2.79T.

The i.r. spectra of the complexes Ru(bdoH)(PPh,),C1,
and Ru(bdo),(PPh,;), were compared with those of bdoH

and RuCl,(PPh,) and it was found that the strong

1

3 ”
absorption at 1012 cm™~ in bdoH was probably mainly the
Y(N-0) which had disappeared in both the complexes.

The strong absorption at 1665 em™t

had also disappeared.
In Ru(bdoH)(PPh,;),Cl, an additional absorption was
observed at 1080 - 1065 cm™t, in this region
RuCl,(PPh,), has a singlc absorption, though in

Ru(bdoH)(PPh3)2012 two absorptions were observed. Also
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abéorptions at 1624 cm™t (medium intensity) and 1508 cm™L

(very weak) were found in Ru(bdoH)(PPh,),Cl,, which were
probably due to J/(C=N) or J{C=0), and also an additional
strong absorption at 1395 cm™t. In Ru(bdo),(PPh,), the
additional absorptions were at 1520 cm_1 (very weak),
1203 em™t (strong) and 970 em™L (weak). No unequivocal
agsignments for these absorptions could be made, except

that the absorptions at 1080 - 1065 cm™t

in Ru(bdoH)(PPh,),C1,
and 1263 em™% in Ru(bdo),(PPh,), probably contained some

J(N-0) character.

In Ru(bdoH)(PPh3)2C12 there was a strong absorption

at 259 cm-1 and 312 cm-1 (shoulder), of these the absorption
at 259 cm™! was assigned to })/{Ru-Cl) while the other may

have been due to) (M-N).

Thus although the oxime in Ru(bdoH)(PPh,),Cl, was
almost certainly N-bonded, little information on the
nature of the bonding in Ru(bdo), (PPh,), could be obtained
from the physical data., By far the commonest arrangement
is N-bonded, but without an X-ray single crystal structure

it is not possible to separate between the structures

5 r c?rﬁg

/
2. | D Clﬁf’ \Sj
RU ~o JR%

l PPh4 N—O, PPh,
PPN | PPh,

shown in Figure IV-iv(a,b).

Oo—Z=

a) Figure IV-iv b)
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D. J-DIOXINES

Because of the ability of cobalt dioxime complexes
to react in similar fashion to vitamin B,, , many complexes
containing this ligand have been prepared and their
reactions studied in great detail. This study of reactions
of Co(dmgH), has led to the preparation of complexes of
the type Co(dmgH), (PPh,),, [Co(dmgH)2 (PPh, )] 138
and [@o(dmgH)(PR )n] 135 (n =1 or 2); while the reaction
of RhCl; with dmgH, and PPh, in methanol, in the absence
of added base, yielded the complex Rh(dmgH), (PPh,)C1 140
(which can also be prepared by the reaction of Rh(PPh,), Cl
with dmgH,). The reaction of Rh(dmgH), (PPh,)C1l with
NaBH, yielded the complex EHKdmgH)z(PPh3ﬂ2 141 ynien
has been shown by X-ray crystallography to have a

0
Rh-Rh single bond (2.93 A) 142,

The reaction of RuCl,(PPh,;), with dmgH,, without
added base, did not result in oxidation of the metal,
but merely replacement of one of the phosphine ligands
by dmgH,. On refluxing a mixture of dmgH, and
RuCl,(PPhy); in methanol, a red complex Ru(dmgH,)(PPh,),C1,
was formed which was totally insoluble in all common
solvents, thus no 'H n.m.r. or *P n.m.r. spectra could
be obtained. The i.r. spectrum of Ru(dmgH,)(PPh,),Cl,
was rather unusual, having a very sharp absorption due

to the hydroxy stretching vibration, Y(0-H), at 3440 em™t

with a much weaker charp absorption at 3393 em™1,

These peaks were shifted on deuteration to 2540 and

2517 cm'l.
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A similar complex was prepared with cyclohexane-1,2-

dione dioxime, which had a sharp Z(0-H) at 3435 cm‘l,

with the smaller absorption at 3377 cm™t. These absorptions
indicated that there was no hydrogen bonding in the complex.
In all three complexes the }J/(Ru-Cl) was a single absorption
at 323 cm.l indicating that the chlorides were equivalent.
It. was not possible to determine whether the chlorides

were mutually cis (i.e. opposite the nitrogen atoms of

the dmgH,) as in Figure IV-iii or mutually trans, without

a P n.m.r. spectrum. Weak absorptions at 1542 em™t
in Ru(dmgH,)(PPh,),C1,, 1510 cm™ ' in Ru(dmgD, )(PPh,),C1,
and 1534 cm—_1 in Ru(cyoxH,)(PPh,),Cl, were found, and were

probably due to coupled Y(C=N) stretching modes.

The reaction of Ru(dmgH,)(PPh,;),Cl, and Ru(cyoxH,)(FPh,),Cl,
above, with NaOH in the presence of excess of the oxime
ligand, yielded yellow-orange insoluble complexes
Ru(dmgH), (PPh,), and Ru(cyoxH),(PPh,), respectively. The
same complexes were obtained by reacting RuCl,(PPh,),
with two equivalents of oxime ligand and NaOH. The:complex
Ru(dmgH), (PPh,), was slightly soluble in thf, and a 3'P
n.m.r. spectrum showed that the phosphine ligands were
mutually trans (singlet at + é8.93 ppm) the structure of
these complexes was probably similar to Rh(dmgH), (PPh,)C1 143
with octahedral co-ordination around the ruthenium(ag in
Figure I-vi & and hydrogen bonding between the two oxime
groups, although it was not possible to unequivocally
assign i.r. absorption due to the O-H...0 stretching

"vibration. A polymeric structure is, of course, another

possibiility.
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Deuteration studies proved inconclusive in this case
due to contamination of the products with free dmgD,
ligand. An alternative structure, involving a ruthenium(IV)
species of stoichiometry RU(dmgjz(PPhg)z and Ru(cycx), (PPh,),,
was unlikely as the complexes were not paramagnetic
whereas a ruthenium(IV) species would be expected to have

2 unpaired electrons (d4), unless spin pairing occurred.

The i.r. spectra of M(dmgH), (M = Cu, Ni, Pd, Pt)
and Co(dmgH),LL' complexes have been predicted
theoretically 1% and it has been found that all the
observed absorptions are due to coupling of several
vibrations, but those of predominantly ¥V (N-0) character

1 2nd 1070 - 1110 em™I,

66,67

were in the range 1190 - 1260 cm

This confirmed earlier cempirical assignments In

Ru(dmgH), (PPh,), and Ru(cyoxH), (PPh;), there were very

1 and 1218 cm™? respectively

strong absorptions at 1224 cm
(in Rh(dmgH), (PPh,)Cl this absorption occurred at 1256 cm'l)
which contained certainly some J{(N-0) character. The
other absorption expected was much more difficult to

assign due to the PPh,; absorptions in this region,

1

but it appeared that the absorptions at 1081 cm ~ and

1080 em~L

in Ru(dmgH), (PPh;), and Ru(cyoxH), (PPh,),
respectively were stronger than usually found in PFh,
complexes. Thus, in conclusion the i.r. spectra appeared

to confirm that the complexes were N-bonded.

The complexes Ru(dmgH,)(PPh;),C1l, and Ru(cyotz)(PPh3)2CI2

did not have a strong absorption at 1210 - 1225 cm™!

since the Y(N-0) was shifted to lower frequency, as has
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been shown previously with a series of pyridine-2-
aldoxime complexes 20 due to the non-hydrogen bonded
hydroxy group. Comparison of the i.r. spectra of
Ru(dmgH,) (PPh;),Cl, and Ru(dmgH), (PPh;), revealed that,

while the strong absorption at 1224 em™1

1

had disappeared,

a weaker absorption at 1152 cm™~ appeared. Also a

strong absorption appeared centred at 1027 cm-l. In

Ru(dmgD, ) (PPh,), C1, the same changes occurred with new

absorptions at 1153 cm'1 and a very strong absorption

at 998 crn"1

1

which almost masked the absorption at ca,
1020 cm™—, the latter appeared merely as a shoulder on the
side of this strong absorption. The very strong absorption
was possibly due to an 0-D vibratiﬁn, the /{0-H) of which in
Ru(dmgH,) (PPh;),C1, vibrated at 1342 cm™'. Comparison

of Ru(cyoxH,)(PPh,),C1l, and Rul(cyoxH),(PPh,), gave
similar results, with the new absorptions at 1153 cm"1
and 1005 em™L. of course, it is not possible to
assign these absorptions without doudt to the y(N-0),
but from the absorptions described above they would

seem to be most likely due to )/ (N-0).

E. A-IMINO OXIMES

As has been seen in chapter I chelating J- imino
oximes have been widely studied because of their

resemblance to biological systems, in particular vitamin
B 73,74.

12

The condensation of bdoH and half a mole off
. ethylenediamine is a rather complicated reaction, since

it yields several different compounds, which all appear
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to follow Equation IV-3

IVANIR

+ Hy Hz_$> V-3
N | ' t::E::: | %::j:::
L |

If the reaction is carried out in water the compound

145

OH OH

obtained has a melting point of 242°%
146

sy in benzene the
melting point was 168 - 171°% and in methanol it was
173 - 174%. This was due to the formation of different
isomers of the starting material, because of the two
possible co-ordination sites of the oxygens of the oxime
group. The products formed in methanol and benzene
contained varying proportions of twec isomers which had

1 and 1621 em™?! respectively.

strong abserptions at 1608 cm™
The product formed from methanol being much purer containing
ca. 90% of the former isomer, while the product for

benzene contained 70% : 30% mixtures of the two.

The compound formed by the reaction in water had a

totally different i.r., spectrum from the two isomers

1

prepared, with no absorptions at 1600 e¢m™ ", its only

features being two strong absorptions at 979 and 905 cm'l,

a broad absorption at 3200 cm"l and a weak one at 1678 cm-l.
The product also sublimed in the melting point tube as

white crystals, and was probably not the required ligand.

Both the isomers formed above, in the presence of
added base, reacted with RuCl,(PPh,); in methanol, to

give a yellow-red solution from which on cooling red crystals



were isolated. The 'H n.m.r. spectrum of these crystals
"showed that the complex contained both triphenylphosphine
resonating as a broad singlet resonance at 2.767, methylene
protons of the ligand (singlet resonance at 6.30T) and two
slightly non-equivalent sets of methyl groups resonating

as singlet resonances at 8.837T and 8.927, with the former
in general broader than the latter. Integration of this
gspectrum gave a complex of stoichiometry Ru(bdo,en)(PPh,),.
The °'P n.m.r. spectrum of the complex had only a singlet

resonance at +38.24 ppm (trans phosphines).

The i.r. spectrum of the complex Ru(bdo,en)(PPh,;),
did not have a strong absorption at 1608 em™L E/(C:Ni]

or 998 cm'l E/(N-O)]) but had a very strong broad absorption

1

at 1266 cm ~ and an increase in intensity of the absorption

at 1130 cm™t (in Co[-bdoz(l,B-prop)'}—_w_I}Me1 Y(N-0) absorbed
1y 1 had
1

at 1131 cm ~). The broad absorption at 3130 cm”

also disappeared, but in the spectrum above 3000 cm~

there were several weak absorptions, at 3640 cm-l, 3300 -~

3500 cm"1 (very broad) and 3140 cm-l. A1l three persisted
even after several recrystallisations. No resonance in the
'"H n.m.r. spectrum was observed for a hydroxy or N-H proton
although the latter may have been hidden under the phenyl
resonances., Thq crystals formed by recrystallisation

from thf appeared to have the thf present in variable

amounts, and consistent analyses proved difficult to obtain.

The near equivalence of the methyl groups suggested
that the ligand was N-bonded (Figure IV-vi) although again

unequivocal agssignment is impossible.

84
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Figure IV-vi

Bdo2(1l,3-prop)H, under similar conditions did not

give a crystalline cocmplex, only red oils were obtained.

F, CONCLUSION

The oxime ligands prepared in this chapter were, in
general, rather difficult to characterise because of the
lack of physical data. They are, however, exceedingly
interesting complexes since they are ameong the first

ruthenium oxime complexes prepared.

Further research on this subject should be concentrated
on the preparation of further complexes with simple
oximes, since they can act as either one, two or three
electron donors. Also the reactions of the chlorine
containing complexes should facilitate the preparation
of a wide range of new complexes, analogous to the

reactions of RuCl,(PPh,), .



CHAPTER V

EXPERIMENTAL

A. GENERAL

(i) Elemental Analysis

Microanalysis were by the microanalytical laboratories
of Imperial College; Butterworth Microanalytical Consultancy
and F. Pascher (Bonn). Several ruthenium analyses were
carried out using a plasma spectrometer belonging to
the Analytical Chemistry department of Imperizal College.

The results are given in Table 1. For several of
the complexes prepared consistent analytical data was
difficult to obtain, although the compounds appeared

pure by physical tests.

{(ii) Instruments

'H n.m.r. spectra were recorded on Perkin-Elmer
R12A (60 MHz) and Varian XL100-12 (100MHz) spectrometers.
P n.m.r. spectra were recorded at 40.505 MHz using the
latter spectrometer operating in the Fourier transform
mode. Perkin-Elmer 257 and 457 spectrometers were
used to record infra-red spectra. G.l.c. measurements
were made by a Perkin-Elmer F33 chromatograph and an
Infotronics CRS-208 automatic digital integrator.
Conductivities were measured using a Mullard conductivity

bridge type E7566/3 with a matching conductivity cell.

(iii) Waterials and Procedure

All preparations and other operations were normally
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carried out under oxygen~free, argon or nitrogen
surroundings, using standard Schlenk tube, suba-seal
and thin-steel tubing techniques. Tetrahydrofuran,
petroleum (b.p. = 40 - 60 °c);'die{chy1 ether and
toluene were all dried and distilled from sodium and
benzophenone immediately prior to use. Methanol,
chloroform, acetone and dichloromethane were all dried

by standing over molecular sieves.

The Schiff bases were prepared by refluxing
equivalent amounts of the amine and aldehyde in methanol
for ten minutes and were recrystallised from ethanol
unless otherwise stated. The pyridine-2-aldimine ligands

were recrystallised from petroleum 147’148.

The sodium salts were prerared by stirring ecuivalent
amounts of sodium hydride and the Schiff bases in

diethyl ether until hydrogen evolution ceased 18.

The nitric oxide used was of reagent grade by
Matthesons and was purified by passing through 5A molecular

sieves at -78°C 104

or through 10% KOH solution and
then a CaCl, drying tower. The carbon moncxide used

wag of reagent grade and needed no further purification.

The ruthenium complexes employed as precursors were
all prepared by existing procedures; RuCl,(PPh,), 126,
[Ru(nbd)Cl;Jn 149 Ruc1,(PPhMe,), 129, Rucl,(Mecn), +20,

RuCl, (dmso), 151 , [Ru(CO)3C12]2 152,

On heating all the new complexes formed decomposed

without melting, except where otherwise stated. All



yields quoted are the average of several preparations.

B. COMPLEXES PREPARED IN CHAPTER II AND IIX

(i) Trans-bis(triphenylphosphine)-N,N'-ethylene-bis

(salicylideneiminato)ruthenium(II)

a. RuCl,(PPh,), (1.0g, 1.04 mmole) was added to a
suspension of Na,sal,en (0.32g, 1.04 mmole) in thf

(50 cm’) and the solution refluxed for two hours. The
deep red solution was then filtered and evaporated to
small voluﬁe to give purple crystals of the complex.
These were collected and recrystallised from

tetrahydrofuran-petroleum. (Yield 60%).

b. The same complex was prepared using methanol asg

solvent, but refluxing for several days was required.

(ii) Trans-bis(triphenylphosphine)-l,N'-o~phenvlen=

bisg(galicylideneiminato)ruthenium(ITI)

Using method a. above bui refluxing for five hours
a yellow-black solution was formed which on cooling

yielded black crystals of the complex. (Yield 70%).

(iii)Trans-bis(triphenylphosphine)-N,N'-ethylene-bis

(pyrrole-2-aldiminato)ruthenium(II)

Similarly except that warming the mixture to ca.
60°C for ten minutes effected complete reaction, an
orange solution was formed from which orange crystals
of the complex were isolated. (Yield 75%). A similar

reaction time was required for the reaction in methanol.
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(iv) Trancs-bis(iriphenvlphosphine)-N,N'-o-phenyvlene-

bis(pyrrole-2-aldiminato)

As for (iii) the reaction time was very short and

orange crystals of the complex were isolated. (Yield

60%) .

(v) Trans-bis(dimethylphenylphosphine)-N,N'-ethylene-~

bis(salicylideneiminato)ruthenium(ITI)

This reaction was very similar to (i)a and yielded
a red solution, from which red crystals of the complex

were isolated. (Yield 50%).

(vi) Trans-bis(triphenylphosphine)-bis-N-benzyl-

(salicylideneiminato)ruthenium(II)

Using two moles of the sodium salt for every mole
of RuCl1,(PPh,),in thf after refluxing a red soclution
wvas formed which, after filtration, on cooling gave

red crystals of the complex. (Yield 50%).

(vii)Big(triphenvliphosphine)-big-N-benzvl(pyrrole-2-

aldiminato)ruthenium(II)

Under the same conditions as in (vi) a yellow
solution was formed which on cooling yielded very
air-sensitive crystals of the complex Ru(pybenz), (PPh,), .

(Yield 60%).

(viii)Trans~bis(triphenylphosphine)-big-N-2-pyridyl-

(salicylideneiminato)ruthenium(II)

The ligand salpyH was prepared by standard methods

and is an orange microcrystalline compound (M.pt. = 64 -
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66QJ), this was stored at -20°C to prevent decomposition.
Method (i)a above gave a red solution from which it proved
rather difficult to crystallise large amounts of the complex,
however it was prepared in better yield by addition of
petroleum to give a red powder. (Yield: of crystals =

10%, of powder = 60%).

(ix) Trans-bis(triphenylphosphine)-N-R-hydroxy-L-napthyl

methyl(salicylideneiminato)ruthenium(II)

The ligand salnapH was prepared by the reaction of
B -hydroxy-od-napthylmethylamine hydrochloride with
salicylaldehyde in methanol in the presence of one
equivalent of NaOH. The yellow product was recrystallised

from ethanol as yellow crystals (M.pt. = 184 - 185°¢).

RuCl,(PPh,), (1.0g, 1.04 mmole) was refluxed in thf
(50 cm’) with Na,(salnap) (0.33g, 1.04 mmole) and PPh,
(1.0g, 3.7 mmole) for 12 hours to yield a red-black
gsolution which on cooling yielded red-black crystals of
the complex. These crystals rapidly turn green when dry.

(Yield 10%).

(x) Trans-bis(triphenylphosphine)-N,N'-ethylene-bis-

(pentan-2,4~dionemonoiminato) ruthenium(II)

RuCl,(PPh,), (1.0g, 1.04 mmole) was added to a
suspension of Na,(acac,en) (0.27g, 1.04 mmole) in thf

(50 cm3) and the mixture refluxed for 1 hour. The resulting

red solution was filtered and evaporated to ca., 10 cm3.
Petroleum (50 cm3) was then added to precipitate the

brown complex, this was recrystallised from acetone



and then tetrahydrofuran to give red needles. (Yield

ca. 30%).

(xi) Bisrcarbonyl-N,N'-ethylene-bis(salicylideneiminato)

ruthenium(IIﬂ

a. Carbon monoxide was bubbled through a warm solution
(60%) of Ru(sal,en)(PPh,), (0.2g, 0.22 mmole) in thf
(20 cm3). Immediate precipitation of the yellow complex

.
I:Ru(salzen)(CO)2 occurred. (Yield ca. 90%).

b, Bubbling carbon monoxide through a warm solution
(60%) of Ru(sal,en)(nbd) (0.2g, 0.43 mmole) also gave
immediate precipitation of the yellow complex

E?u(sallen)(coil2 . (Yield ca. 90%).

(xii) Trans-dicarbonvl-bis-N-benzyl(salicylideneiminato)

ruthenium(II)

Refluxing a solution of Ru(salbenz),(PPh,), (0.5z,
0.4 mmole) in thf under an atmosphere of carbon monoxide
gave a change in colour of the solution from red to
orange. The resulting solution was transferred to an
alumina column and the column eluted with petroleum,
thf and methanol. The methanol elutate was collected and
on evaporation gave orange crystals of the complex

trans-Ru(salbenz)z(CO)z. (Yield 40%).

(xiii)Carbonvl-triphenvlphogphine~-N,N'-ethylene-~big~

(pyrrole-2-aldiminato) ruthenium(IT)

Bubbling carbon monoxide through a solution of
Ru(pyr, en) (PPh,;), (0.2g, 0.2 mmole) in thf (10 cm3)

resulted in an immediate colour change from orange to
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yellow. After two minutes the flow of carbon monoxide

was stopped and the solution evaporated to low volume

to give yellow crystals of the complex Ru(pyr,en)(CO)(PPh, ),
this was then recrystallised from thf-petroleum.

(Yield ca. 80%).

(xiv) Carbonyl-bis(triphenylphosphine)-N-B-hydroxy-/-

napthylmethyl(salicylideneiminato)ruthenium(II)

A solution of Ru(salnap)(PPh;), (0.2g, 0.2 mmole)
in thf (20 cm3) was refluxed under a carbon monoxide
atmosphere for 3 hours. On cooling a green solution
and some yellow solid were given. Evaporation of the
green solution to low volume precipitated more of the
yellow solid. The combined yellow solid was recrystallised
from hot thf (3 times) to give pale yellow crystals
of Ru(salnap)(CO)(PPh,), .2thf. (Yield ca. 60%).
The same product was prepared by the reaction of
RuCl,(PPh,); and Najsalnap under an atmosphere of carbon

monoxide.

(xv) Bis[}arbonyl—NiN'—o—nhenylene—bis(salicylideneiminato)

ruthenium(II)J

Bubbling carbon monoxide through a solution of
Ru(sal,phen)(PPh,), (0.4g, 0.43 mmole) in thf (20 em’)
resulted in an immediate colour change from brown to
purple. Work up was as in (xii) and the purple
microcrystalline complex, [iu(salzphen)(coﬂ ,y Wasg
isolated from the methanolic solution. (Yield

70%) .
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(xvi) Carbonyl-triphenylphosphine-N,N'-ethylene-bis-

(salicylideneiminato)ruthenium(II)

RuCl ,(PPh,); (1.0g, 1.04 mmole) was dissolved in
thf (30cm35 under a carbon monoxide atmosphere and
Na,(sal,en) (0.32g, 1.04 mmole) was added. After refluxing
the mixture for several hours a red solution and a yellow
golid, which contained [:I_{u(salzen)(COE]2 end NaCl, were
formed. The red solution was transferred to an alumira
column and the red thf elutate collected. Evaporation
of this solution yielded the yellow microcrystalline
complex Ru(sal,en)(CO)(PPh,), which was purified by
recrystallisation from thf-petroleum or acetone. (Yield

40%) .

(xvii)Triphenylphosphine-N,N'-ethvlene-bis(salicylidene-

iminato)ruthenium(II)-tetrafluoroborate

a.  To Ru(salyen)(PPh,), (0.5g, 0.6 mmole) in thf (25cm’)
was added HBF, (15cm” of 40% aqueous solution). The
solution, which became yellow, was reduced to 1Ocm3
and then Qater (4Ocm3) was added. The red precipitate
was collected, washed with water, ether and dried in
vacuo. Recrystallisation from nitromethane gave orange

crystals with a metallic lustre of the salt

Ehmsalzenu)(PPhsﬂIﬁ;. (Yield 90%).

b. Using p-toluene sulphonic acid, a similar salt

Iéu(sal2enH)(PPh3ﬂ (tos) was obtained, (Yield 90%).
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(xviii)N,N'-ethylene-bis(salicylideneiminato)-nitrito-

nitrosyl-ruthenium{(II)

Nitric oxide was bubbled through a warm solution
(60%C) of Ru(sal,en)(PPh;), (0.5g, 0.6 mmole) in thf
(20 cm3) until no more‘red solid formed. The pale
green-red solution formed was filtered and evaporation
of this solution to low volume yielded burgundy coloured
needles of the complex Ru(sal,en)(ONO)(NO).
(Yield 20%).

(xix)/quo—bis[ﬁ,N'—ethx;ene—bis(salicvlideneiminato)-

nitrosyl—ruthenium(IIﬂ

The red solid formed in (xviii) was recrystallised
from CH,Cl, to give red metallic lustre plates of

[Ru(sal,en)(WO)], 0. (Yield 70%).

(xx) Cigs-dicarbonyl-N,N'-ethylene-bis(salicylidene-

iminato)ruthenium(II)

[Ru(CO)3CI2]2 (0.5g, 1.95 mmole) was added to a
suspension of Na,sal,en (0.60g, 1.95 mmole) in thf (50 cm3)
and the suspension refluxed for 1 hour to give a red
solution and a yellow-white solid (NaCl plus
[Bu(sa12en)(00)]2 ). The red solution was then transferred
onto an alumina column and the product eluted with thf.
After evaporation to dryness, the solid was redissolved

g}

in chloroform and cooled to -78°C to give pale-yellow
feather-like crystals of the complex cis-Ru(sal,en)(CO),,

which were then crystallised from hot thf. (Yield 35%).
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(xxi) Bicvelo(2,2,1)hepta~2,5-diena-N,N'-ethylene-

big(salicylideneiminato)ruthenium(II)

[Ru(nbd)Cl;ln (0.30g, 1.14 mmole) was added to a
suspension of Na,(sal,en) (0.35g, 1.14 mmole) in thf
(30 cm3) and the mixture stirred for three days. The
resulting mixture was transferred to an alumina column.
Elution with thf gave a red solution which on evaporation

gave the red complex Ru(sal,en)(nbd). (Yield ca. 20%).

(xxii) Bicyclo(?2,2,1)hepta-2,5-diene-N,N'~ethylene~

bis(pyrrole-2-aldiminato)ruthenium(II)

[ﬁu(nbd)Cl;In (0.30g, 1.14 mmole) was added to a
suspension of Na,(pyr,en) (0.30g, 1.14 mmole) in thf
(30 cm3) and the solution heated under reflux until all
the [Ru(nbd)Clé]n had dissolved. The resulting mixture
was transferred to an alumina column, and elution with
ether gave a yellow solution from which the yellow
microcrystalline complex Ru(pyr,en)(nbd) was isolated.

(Yield 30%).

(xxiii)Dichloro-N,N'-ethylene~bis(pyridine~2-aldiminato)-

ruthenium(II)

Commercial 'RuCl,' (0.5g, 1.9 mmole) was added to
a degassed methanolic solution (50 cm3) in a pressure
vessel and Pt0O, (5mg) added. The vessel was then
pressurised with two atmospheres of hydrogen and the
solution stirred until it became blue. The blue solution
was then filtered and py,en (0.90g, 3.8 mmole) added,
and the mixiure refluxed for 24 hours, After cooling the

deep~-red solution was filtered and bronze crystals of



the complex Ru(py,en)Cl, washed with methanol (until
the washings became blue in colour) and ether, aﬁd then

dried in vacuo. (Yield ca. 4%).

(xxiv) Dichloro-bis-N'-phenyl(pyridine-2-aldiminato)

ruthenium(II)

This preparation was identical to (xxii) except
that 7.6 mmoles of the ligand were used to yield purple
crystals of Ru(pyphen),Cl,. These were washed with
methanol (until all the washings were green in colour)

and ether, and then dried in vacuo. (Yield ca. 4%).

(xxv) Cis-dichloro-dicarbonyl-N-2-pvridyl(pyridine-

2-aldiminato)ruthenium(II)

To a suspension of [:Ru(CO);,Cl.;'2 (0.30g, 0.59
mmole) in methanol (2Ocm3), was added a solution of
pypy (0.26g, 1.18 mmole) in methanol (50m3) and the
solution heated until all the Ezu(co)gch]2 had dissolved.
The resulting red solution was transferred onto an aluminsa
column and after elution with ether and thf the main red
complex was eluted with metheanol. On evaporation to
low volume red crystals of cig-Ru(C0),Cl,.pypy were

obtained. (Yield 60%).

A similar complex was formed with the ligand

pyphen.
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C. COMPLEXES PREPARED IN CHAPTER IV

(xxvi) Bis(triphenylphosphine)bis(acetoximato)ruthenium(II)

To a solution of acetoxime (0.20g, 2,7 mmole) and
NaOH (0.11g, 2.7 mmole) in methanol (SOcmB) was added
RuCl ,(PPh;); (1.0g, 1.04 mmole) and the mixture heated
at 50% for ten minutes and then stirred at room temperature
for ten hours. The bright yellow precipitate formed was
filtered and washed with methanol (SOcmB) and then .
redissolved in hot thf (100cm3) and the red solution
filtered. On cooling the yellow complex precipitated
from this solution and was collected. The yellow complex
was recrystallised from chloroform as orange crystals.

(Yield 85%).

(xxvii)Dichloro-big(triphenylphoaphine)-(butan-2,3-dione

monoxime ) ruthenium(II)

RuCl, (PPh; ); (1.0g, 1.04 mmole) was added to a
solution of butan-2,3-dione monoxime (bdoH) (0.4g, 4.1
mmole) in methanol (BOcmB) and the mixture refluxed
for 16 hours without stirring, the solution was then
left to cool. The resulting brown crystalline complex
was filtered off and washed ﬁith cold methanol (lOcmB),
cold thf (1Ocm3) and then ether (4Ocm3) and dried in
vacuo. Recrystallisation from chloroform or dichloromethane

yielded a brown powder. (Yield 60%).
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(xxviii) Bis(triphenvlphosphine)-hig(butan-2,3=diqne

monoximinato)ruthenivm(II) and tetrakis(tri-

phenvlphosphine=-bis(butan-2,3-dione monoximato)

ruthenium(IT)

To a solution of butan-2,3-dione monoxime (0.21g,
2.08 mmole) and NaOH (0.08g, 2.08 mmole) in methanol (3Ocm3)
was added RuCl,(PPh,), (1.0g, 1.04 mmole) and the mixture
refluxed for several hours, A pale red precipitate
was formed and a deep red solution, the latter on
evaporation to low volume yielded a red microcrystalline

complex Ru(bdo), (PPh,;), (Yield 15%)

To the pale red precipitate was added hot thf (20cm3)
and the red solution formed filtered from the NaCl
remaining. On cooling this red solution yielded red
crystals of Ru(bdo),(PPh;),.2thf (Yield 50%). The same

complex was formed by recrystallisation of Ru(bdo), (PPh;),

from thf.

(xxix) Dichloro-bis(triphenylphosphine)-(dimethyl-

glyoxime)ruthenium(II)

RuCl, (PPh,), (1.0g, 1.04 mmole) was added to a
suspension of dimethylglyoxime (0.2Cg, 1.73 mmole) in
methanol (30cm3) and the suspension refluxed for two
hours. The resulting red precipitate was washed
with methanol, thf and ether and dried in vacuo.

(Yield 70%)
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(xxx) Dichloro-bis(triphenylphosvhine)-(cyclohexane-

1,2-dione dioxime)ruthenium(II)

Under similar conditions to the above reaction
Ru(cyoxH,)(PPh;),Cl, was prepared as a red microcrystalline

complex. (Yield 70%).

(xxxi) Bis(triphenvlphosphine)-bis(dimethylglyvoximato)

ruthenium(ITI)

To a solution of dmgH, (0.24g, 2.08 mmole) and
NaOH (0.08g, 2.08 mmole) in methanol (30 cm3) was added
RuCl,(PPh,), (1.0g, 1.04 mmole) and the mixture heated
under reflux for ten hours. The orange complex formed
was filtered, washed with water and methanol, and
redissolved in hot thf (3000m3). On cooling the thf
solution precipitated the orange complex. (Yield 80%).
Using commercially purchased Na,dmg the same complex

wasg formed.

This complex was also formed by the reaction of
Ru(dmgH,) (PPh,;),Cl, with a solution of dmgH, and NaOH

in methanol,

(xxxii) Bis(triphenylphosphine)-bis(cyclohexane-],2-

dione dioximato)ruthenium(IT)

Under similar conditions to those above the orange
complex Ru{cyoxH),(PPh,), was prepared., It was, however,
not soluble enough in thf to afford recrystallisation.

(Yield 80%).
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(xxxiii) Bis(triphenvlphosphine)-N,N'-ethylene-bis{butan-

2,3-dione-2-oxime-3~-iminato)ruthenium(IT)

The ligand bdo,enH, was prepared by refluxing
bdoH and ethylenediamine (2:1 molar ratio) in methanol
for 30 minutes. Evaporation to low volume afforded a
cream coloured solid which on recrystallisation from
hot ethanol yielded white crystals of the required

ligand. (Yield 70%) (Melting point = 173 - 174°C)

To a solution of bdo,enH,(0.32g, 1.04 mmole) and
NaOH (0.08g, 2.1 mmole) in methanol (300m3) was added
RuCl,(PPh; ), (1.0g, 1.04 mmole) and the mixture heated
under reflux until all the RuCl,(PPh;); had reacted
(ca. one hour). The darx red solution formed was cooled,
filtered to remove NaCl and then evaporated to low
volume to yield red crystals of the complex Ru(bdo,en)(PPh,),

these being recrystallised from hot thf. (Yield 40%).

With NEt, as base the same reaction occurred, but

isolation of the complex proved more difficult.

Ru(bdo), (PPh,), failed to react with ethylene

dismine and none of the above complex was formed,
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TABLE 1

ANALYTICAL DATA OF COMPLEXFES PREPARED 2

COMPLEX COLOUR c H N P OTHER MOL, Wr. ®
Ru(sal, en)(PPhs ), purple 68.7(70.1)[5.0(4.9)| 3.1(3.1)| 7.1(6.9) '
Ru(sal, en)(PPhMe, ), red 59.1(59.7){ 5.7(5.6)| 3.6(4.3)| 9.4(9.6) 643(644) °
Ru(salp phen)(PPh; ), .2the black 71.9(70.8){5.5(5.5) 2.L;(é;6) 5.5(5.7)
Ru(salbenz), (PPh; ), .2thf red 72.7(72.9){5.6(5.6){ 2.4(2.4)| 5.2(5.2)
Ru(salpy), (PFhs ), . thf red 70.3(70.4)}5.5(5.1)] 4.6(5.2)] 5.8(5.7)
Ru(salnap)(PPh; ), . 2thf green-black|69.8(71.1)]5.6(5.8)1.3(1.3)]5.9(5.9)
Ru(pyrz en)(PPh; ), orange 68.6(68.8)|5.7(5.6)|6.7(6.7)]| 7.9(7.4)
Ru(pyr, phen)(PPhy ), red 69.9(70.5)| 4.9(4.7){ 6.0(6.3)|6.8(7.0)
Ru(pyrbenz), (PPhs ), .2thf yellow 69.3(71.9)15.4(5.3)| 4.8(4.9}|5.4(5.4)
Rulacac, en) (FPh ), . 2thf red 67.6(68.0)(6.1(5.7)| 3.2(3.3)[7.1(7.3)
[Ru(sal, en)(C0)], & yellow 51.0(51.6)|4.0(3.6)| 6.4(7.1)
Ru(salp en)(CO)(PPh; ) yellow 60.6(63.9) | 4.6(4.4)[3.8(4.2) | 4.6(4.7) [Ru 14.5(15.3)[716(659)
trans-Ru(salbenz), (CO), .MeOH oranée 60.8(61.1)[5.0(4.6)|4.6(4.6) 591(577)
[Ru(sal, phen)(CO)I, purple 53.8(56.9)|3.7(3.2)| 5.6(6.3) 770(886) ©
Ru(salnap)(CO)(PPhy ).2thf | yellow 69.2(70.1){5.6(5.5)11.3(1.3) |5.6(5.8) 929(928)
Ru(pyr; en)(CO)(PPh; ) 61.6(61.7) | 4.8(4.5)19.3(9.3) |5.0(5.1)

yellow

cO0l



TABLE 1 (contd.)

COMPLEX COLOUR c H N P OTHER MOL. WT.
[Ru(sal, enH)(PPhs ) ]BF, £ orange-red 58.8(57.0){u.6(L.2) | 4.1(3.9) |4.4(4.3)

[Ru(sal, enH)(PPhy )Jtos & orange-red 61.7(61.5)15.2(5.1) | 3.5(3.5) [4.3(3.9)

" Ru(sal, en)(ONO)(NO).thf burgundy 46.6(46.6)|3.2(4.2){11.0(11.0) 486(L4L43)
[Ru(sal, en)(NO)T, O orange-red | 46.9(47.4)|3.7(3.5)[10.1(10.3) 0 13.7(13.8)| 770(810) B
cis-Ru(sal, en)(CO), pale yellow | 50.4(51.1){4.3(3.3}| 5.7(6.6) Ruzl.3(23.4)| 454(432)
Ru(sal, en){nbd) orange-red 58.9(60.1)|4.9¢4.8)| 5.9(6.1)

Ru(pyr; en){nbd) yellow 54.5(56.3) [ 4.8(4.9)|13.1(13.8) 418(405)
Ru(py, en)Cl, bronze 41.0(41.0)}3.5(3.4)|13.3(13.6) €116.7(17.3)
Ru(pyphen), Cl, purple 53.8(53.7) 3.7(3.7.) 10.3(10.4) C112.9(13.2)

Ru(C0), C1, .pypy orange-red 38.7(37.9)|3.3(2.2)|10.3(20.2) C115.9(17.3)

Ru(ato), (PPhs ), orange 64.6(65.5) | 4.9(5.5)| 3.9(3.6) 17.8(8.1)|C1 0.0(0.0).| 817(769)
Ru(bdoH )(PPhs ), C, brown 58.6(60.2) | 4.6(L.4)| 1.8(1.8) C1 8.2(8.9) | 739(796)
Ru(bdo), (PFh; ), red 71.9(72.1)(5.7(5.6)| 2.0(2.1) {9.1(9.1)

Ru(bdo), (PPhs ), «2thf red 63.3(64.3)16.0(6.0)| 2.6(2.9) |6.3(6.4)

Ru(dmgt, )(PPhs ), Cl, red 59.2(59.1) [4.8(4.7)| 3.5(3.4)

Ru( cyoxt, )(PPhy ), Cl, red 61.1(60.1) 1 4.8(4.8)| 2.9(3.3)

€01



TABLE 1

(contd.)

COMPLEX COLCUR c H N 2 OTHER  [MOL. WT.
Ru(dmgH), (PPhs ), orange | 60.8(61.7)|5.2(5.1)|6.4(6.5) c1  0(0)
Ru(cyoxH), (PPh; ), orange | 60.8(63.4){5.7(5.2)|5.8(6.1) C1 0.7(0)

Ru(bdo, en)(PPhy ), purple | 66.7(65.0)|5.8(5.4)|7.0(6.6)|7.8(7.3)|C1 0.2(0)|793(849)

V0T
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NOTES TO TABLES 2 AND 3

All measurements in ppm relative to TMS = 107V as

internal standard or from solvent resonances.

All measurements in ppm relative to 85% H,PO, external
standard. All resonances are singlets, and resonances to
high frequency are termed positive., All spectra were

measured in thf/C,D, solution except where stated otherwise.
Resonance obscured by aromatic proton resonances,

Solvent CDC1,.

Solvent CD,C1l,.

Not observed due to insolubility of complex.

Solvent (CD,),CO,

Solvent (CD;), SO,

Solvent CH,NO,/C,D,.

Not assigned due to diverse aromatic resonances,

Abbreviations used s = singlet, m = multiplet, t = triplet,

d = doublet and br = broad.



+
N.M.R. SPECTRA OF CCMPLEXES PREPARED IN CHAPTERS II AND III

TABLE 2

CCMPLEX 'y @ np B
Teu-v| Thromatic T'N-CHa OTHER
Ru(salzen)(PPh3)2d ¢ |2.40~4.00(br,m) | 6.20~6.40(br,m) +29.92
Ru(sal,en)(PPhMe,),° |1.56(4)2.10~3.80(br,m) | 5.90~6.60(br,m) 7:B4ne=8.38(t),8.78(t) +15.41
Ru(salzphen)(PPh3)2d ¢ {2.30-3.20(br,s) +29.04
Ru(salbenz),(PPh;),%| ¢ |2.30-3.50(br,m) |5.23(a) +28.53
Ru(salpy), (PPhy), ¢ |2.10-3.80(br,m) +30.30
Ru(salnap)(PPh3)2d ¢  |2.20~3.40(br,m) f +23.05
Ru(pyrzen)(PPh3)2d 2. 75(s)2.80-3.16(br,s) |6.36(s) 4.17(s) +38.85
Ru(pyr,phen)(PPhs)zd ¢ |2.70-3.40(Dbr,m) +37.76
Ru(pyrbenz)z(PPh3)2d ¢ 12.60-3.80(br,m) |7.12(br,s) +48.30
Ru(acac,en)(PPh,), % 2.30~3.20(br,s) [7.12(s) 6.28(s),8.60(s),8.97(s) +33.24
Ru(salzen)(CO)(PPh3)dl.4l(s)2.20—3.96(br,m) 5.85-6.20(mn) +32.61
1.62(s)
[Ru(salzphen)(co)Jzh D« 59(s)1+40~1.70(m)

90Tt



3. b

COMPLEX H P

T oH-x Taromatic T ¥-cH,, OTHER
j£g£§fRu(salbenz)2(CO)2d 1.86(s) | 2.43~3.62(br,m) | 4.81(s),4.93(s)
Ru(salnap)(CO)(PPh,) & | 2.18(s)| 2.30~4.00(br,m)| 5.54(s) +28,51
Ru(pyr,en)(CO)(PPh;) & 2.54(s) | 2.75-3.38(br,m) | 6.05(s) 3.78(d),4.08(d) +22.78
[hu(salzenﬂ)(PPhgi]BF; €| 2.26(s) 2.57—3.6o(br,m) 6.60~6.80(br,m) ' +64.22 i
[ﬁu(salzenﬂ)(Pph3j]tos € c 2.40-3.70(br,m) | 6.50-6.80(br,m) | 7.73(s) +64,22 1
Ru(sal,en)(ONO)(NO) © 1.77(s)| 2.53-3.30(m) 5.97(s)
Eﬁ;(salzen)(Noi]zo e 2,64(s)| 2.70-3.70(m) 5,64=6.04(m)

6.18-6.45(m)

gigrRu(salzen)(CO)zd 1.96§sg 2.87—3.25§m§ 6.00=6.20(m)

2.16(s)| 3.40-3.60(m
Ru(sal,en)(nbd) © 1.90(s)| 2.80-3.75(br,m) | 5.70~6.70(br,m) | 5.48(d),5.63(s)

2-29(e) HERURTR
Ru(pyr,en)(nbd) & 2.§§Ez; 1.93-3.90(m) | 5.07=6.62(br,m) | 8.71(s),6.96(m)
Ru(CO), C1, pypy d 3 1.12~2,92(br,m)

Ru(C0), C1, pyphen d

1.12-2.70(m)

LCT



TABLE 3

N.M.R. SPECTRA OF COMPLEXES PREPARED IN CHAPTER IV ¥

CCMPLEX 'g @ 2p b
Taronatic Tet, OTHER

Ru(ato),(PPh,)," 2.83(br,s) 8.28(s),8.69(s) +66.36

Ru(bdoH)(PPha)zclzd 2.20-2.70(m) 8.23(s),9.10(s) TTO_H=-2.39 +25.31

Ru(bdo)z(PPh3)2d 2.91(br,s) 8.07(s),8.73(s) +45.90

Ru(bdo)z(PPh3)4d 2.64(s),2.79(s), 8.07(s),8.73(s) +45.90 ,=6.02
2.91(s)

Ru(dmgH), (PPh,), +28.93

Ru(bdogen)(PPh,),¢ | 2.76(s) 8.83(br,s), | Ty .. =6.30(s) +38.53

8.92(s) 2

801



8.

NOTES TO TABLES 4 AND 5

All spectra as nujol mulls using CsI, or KBr plates,

or KBr discs.

All values expressed in cm™ L.

See text for details of i,r. spectrum.
2200 - 1800 cm"l region in CHC1, solution.

Not assigned.

Abbreviations used for intensities: s = strong,

m = medium, w = weak, sh = shoulder, br = broad.
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TABLE 4

T.R. SPECTRA OF COMPLEXES PREPARED IN CHAPTERS IT AND III >'° *
CCUPLEX 1650-1500 cm™t OTHER
Ru(sal,en)(PPh,), 1595(s),1525(m)
Ru(sal;en)(PPhife,), » 1610(w),1594(s),1528(m)
Ru(sal,phen)(PPh,), 1598(s),1568(s),1509(m)
Ru(salbenz),(PPh;), 1630(s),1608(vs),1594(s),1528(m)

Ru(salpy), (PPh,),
Ru(salnap)(PPhy),
Ru(pyr,en)(PPh3),
Ru(pyr,phen)(PFPh3),
Ru(pybenz )(PPh;),
Ru(acac,en)(PPhj),
[Ru(sal,en)(c0)],
Ru(sal, en)(CO)(PPh,)
[Ru(salzphen)(co)]2

Ru(salnap)(CO)(PPh,)

1600(s),1585(s),1560(m),1520(m)
1605(m),1595(sh),1580(sh),1530(m),1500(m)
1580(s),1510(w)

1573(w),1540(s),1510(sh)

1587(s),1562(sh)

1573(m)
1645(m),1627(s),1595(s),1550(w),1528(s)
1622(s),1609(s),1523(m)
1606(s),1590(m),1578(s),1523(m)

© 1623(m),1610(w),1598(w),1585(m),1530(m)

V(6=0)=1910(s),1865(vw)

/(020)=1932(s)
Mc=0)=1910(s),1925(sh)

c

H(€=0)=1930(vs),1887(vw)

OTT



COMPLEX

1650~1500

OTHER

trans-Ru(salbenz),(C0),
Ru(pyraen)(CO)(PPhy)
[?u(salzenH)(PPhg)]BFA
[Ru(salzenH)(PPhJ)]tos

Ru(salqen)(ONO)(NO)

[Ru( salzen) (NO):L_O

gingu(sallen)(CO)z
Ru(salzen)(nbd)
Ru(pyrzen)(nbd)
Ru(pyy en)Cla
Ru(pyphen), C1,

Ru(C0),Cl.pypy

Ru(CO0), Cl,.pyphen

1615(s),1595(s),1529(m)
1587(s),1580(sh),1510(m)
1595(sh),1590(s),1545(m)
1590(s),1548(m)
1628(s),1599(s),1529(m)

1643(s),1598(s), 1527(5)

1628(s),1598(s),1527(s)
1611(s),1590(s),1525(m)
1573(s),1558(s)

1591(s),1559(s),1538(s)

1599(s),1588(s),1570(s),1532(s)
1609(m)’1600(m)71586(w)71577(m)

1632(5)11592(m)’1562(w)

W(6=0) 1930(s)
YV (=0) 1940(s)

YV (%0) 1488(w),1507(w)
) ti=0) 1837(s)

V (w=0) 1742(s)
L/as(Ru-O—Ru) soo(s),3490(vw)

)/ (c=0) 2038(s),1975(sh),1965(s)
1305(m)

1302(m)

Y (Ru-C1) 325(m)

J/ (Ru=C1) 348(m),303(s)

Y (c=0) 2068(s),2012(s) &
V (Ru~C1) 328(sh),320(s)

)/gczo) 2061(8),200358) d
)/ (Ru-C1) 332(m),302(m),1055(vs)

1T



TABLE 5

I.R. SPECTRA OF CCMPLEXES PREPARED IN CHAPTER IV 24P

+

COMPLEX 16501500 V(n-0) OTHER
Ru(ato)(PPh,) 1626(w),1579(w),1566(w)
Ru(bdoH) (PPhj)2Cl, 1625(w),1532(w),1569(w) ,1508(vw) 1080~1065(br,s) V(Ru-ci) 259(s)

Ru(bdoD) (PPhj);Cls

Ru(bdo), (PPh,),
Ru(bdo), (PPhy ),

Ru(dmgH, ) (PPhy); Clz
Ru(dmgD2) (PPh3)5Cl,
Ru( cyoxHa) (PPh4)2Cla

Ru(dmgH)z (PPh3),
Ru(cyoxt)2(PPh ),

Ru(bdo en)(PPh, ),

1608(w),1581(w),1568(w),1540(vw)

1580(w),1569(w),1520(w)
1580(w) ,1569(w),1518(wm)
1610(w),1552(w) ,1569(w) ,1541(m)

1581 (w),1570(w),1510(w)
1582(w),1569(w),1534(w)

1640(w) ;1581 (w),1570(w),1510(sh)
1620(w),1581(w),1569(w)
1635(w),1583(w),1565(w)

e -

1263(s)
1263(s)

1i52(w),1027(s)
1153(w),1020(sh)
1153(w),1005(s)

1224(s),1081(m)
1218(s),1080(m)

e

Y(0-D) 2315
/ (Ru=Cl) 259

V(0-H)  3440(s),3393(sh)
/ (Ru~C1) 323(s)

/(0-D)  2540(s),2517(sh)
M(Ru=~Cl1) 323(s)
V(0-H)  3435(s),3377(=)

Z(Ru=~C1) 323(s)

1129(s),1256(s)

AN
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APPENDIX T

THE X-RAY STRUCTURE OF N,N'-ETHYLENE-BIS(SALICYLIDENEINMINATO) ~
NITRITO-NITROSYL~RUTHENIUM(II)

The X-ray single crystal structure of Ru{sal,en){(ONO)(NO)
shows that the NO, ligand is O-bonded with an O0-N-0 bond
angle of 118.5° while the nitrosyl is linear having a
Ru-N-O angle of 177.8°. The sal,en ligand is basically
planar but is slightly stepped due to the nitrito ligand

Molecule I ' Molecule II
which is bent towards the plane of one of the phenyl rings.

Otherwise the sal ,en ligand has bond angles and lengths

which are within the limits of reported values 38.

The crystal lattice contains two discrete molecules
and the thf of crystallisation appears to be present in
only 70% of the positions associated with one molecule
of the complex and 100% in the other. This accounts for
the variable analysis obtained for this complex ,

(see following page for diagram of complex).
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ERRATA

Page 10, 1.6

'dimethylglyoxine'should read 'dimethylglyoxime®.

" 19, 1.9 - 'Hohm' should read 'Holm'.

" 19, 1.13 - 'confirmation' should read 'conformation'.

" 42, last - 'analagous' should read 'analogous'.
line

" 43, last - 'co-ordinating' should read 'co-ordinatively'.
line

" 63, 1.13 - 'analagous' should read 'analogous'.



