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ABSTRACT

An introduction to macrocyclic chemistry, with particular emphasis on [9]aneS;3
(1,4,7- trithiacyclononane) and thioether macrocyclic transition metal complexes of
groups VIII and IX is presented.

The reaction of [RuCl(PPh3)([9]aneS3)] with TIPFg in CH,Cl, at 298K results in the
formation of a mixture of complexes, [Ru(PPh3)([9]aneS3)(u-C1)]»(PFg); and
[Ru(PPh3)([9]aneS3)(u-C1),T1]2(PFg)2, which have been both characterised by X-ray
crystallography. The synthesis of pure [Ru(PPh3)([9]aneS3)(u-C1)],(PF), and
[Ru(PPh3)([9]aneS3)(u-Cl1); T1]o(PFg); is described. Both complexes react with
acetonitrile to form [Ru(NCCH3)CI(PPh3)([9]aneS3)](PFg).

The reaction of [RuCly(PPh3)([9]aneS3)] with TIPFg in CH3NO; leads to the
isolation of the complexes [Ru(NCCH,CH3)CI(PPh3)( [9]ane$3)1(PFg) and
[RuCI(INC3H30)(PPh3)([9]aneS3)1(PFg). The X-Ray structure of the latter complex
is described. The complexes form by reacting with two impurities (ethyl cyanide
and isoxazole) present in CH3NO,.

The addition of TIPFg to [RuCly(PPh3)([9]aneS3)] in CH3N Oz and THT forms the
complex [RuC(PPh3}(THT)([9]aneS3)}(PFe). The single crystal X-ray structure of
this complex reveals the presence of a 1: 1 mixture of the THT complex,
[RuCI(PPh3)(THT)([9]aneS3)1(PFg) and a THT-S-oxide complex,
[RuCl(PPh3)(THT-S-oxide)([9]aneS3))(PFg). The THT-S-oxide complex forms
during crystallisation.

The synthesis of [RuCly([n]aneSy)] (n = 12, 14, 16) is described. The complexes,
[RuCla([n]aneSy)] (n = 12, 14) adopt cis—configurations, whereas it is proposed that
[RuCly([16]aneSs)] adopts a trans—configuration. The synthesis of
[RhCI(PR3)([n]aneSg)](PFg); (n = 12, PR3 = PPhj, PCy3, PMesPh; n = 14, |
PR3 = PMeyPh) is achieved by reacting [RhCly([n]aneS4)](PFg) with TIPFg and
excess PR3 in refluxing acetone under Ng. The single crystal X-ray structure of
[RhCI(PPh3)([12]aneS4)]1(PFg), is reported.

The chemical oxidation of [9]aneS; is investigated. The complete oxidation of
[9]aneS3 is achieved by reacting [9]aneS3 with H,O, in glacial acetic acid at 60°C,
yielding the trisulfone Og[9]aneS3, which has been characterised by X-ray
crystallography. The attempted synthesis of the trisulfone, O3[9]aneSs is
discussed.



Chapter 1
A brief introduction to some general aspects of macrocyclic chemistry is

presented.

Chapter 2
 An introduction to general thioether macrocyclic chemistry , with particular
emphasis on [9]aneS3 and thioether transition metal complexes of groups VIII and

IXis given. The broad aims of this study are introduced and discussed.

Chapter 3

A brief introduction to catalysis by known Ru(II) complexes is given.

Reaction of [RuClz(PPh3)([9]aneS3)] with TIPFg in CH,Cly at 298K results in
the formation of a mixture of [Ru(PPh3)( [9]aneS3)(u-C1)12(PFg); and
[Ru(PPh3)([9]aneS3)(u-Cl)2T1]o(PFg),. The single crystal X-ray structure of
[Ru(PPh3)({9]aneS3)(u-C1)]2(PFg); shows the two Ru(ll) ions to be bridged by two
Cl-ligands [ Ru-Cl = 2.4654(10) and 2.4945(10) A ]. The PPh; groups are mutually
anti . The single crystal X-ray structure of [Ru(PPh3)([9]aneS3)(u-Cl), Tl]>(PFg),
shows the two Ru ions spanned by a T1Cl4 'ladder".

The synthesis of pure [Ru(PPh3)([9]aneS3)(u-Cl)]o(PFg)s and
[Ru(PPh3)([9]aneS3)(u-Cl);T1]o(PFg)s are described. Both complexes react with
acetonitrile to form [Ru(NCCH3)CI(PPh3)([9]aneS3)](PF), indicating that the
bridge can be easily cleaved, and [Ru(PPh3)( [9]aneS3)(u-Cl); T112(PFg), loses TICI in
acetone to form [Ru(PPh3)([9]aneS3)(u-Cl)]o(PFe),. |
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Chapter 4
| An introduction to CH3NO; and its complexes is given.

A discussion of the product which is formed by the reaction of
[RuCl2(PPh3)([9]aneS3)] with TIPFg in CH3NO; is given. Single crystal X-ray
crystallography identifies the presence of a C-bound furyl complex,
[RuCKC4H30)(PPh3)([9]aneS3)] and ir, THN.M.R,, 3IPN.M.R. and 13C N.M.R.
spectroscopy suggests that another complex is also present which is assigned as
[Ru(Z(CH2CH3)n)CI(PPh3)( [9]aneS3)}(PF6)m, where Z,n and m are unknown.

A discussion of possible mechanisms for the formation of these two
complexes is presented. The presence of impurities in CH3NO; leads to the
identification of one of the products as [Ru(NCCH2CH3)CI(PPh3)([9]aneS3)](PFg) ,
since propionitrile is an impurity in CH3NO;. On re-examining the spectroscopic
evidence the identity of a previously unknown impurity in CH3NO; is discussed
and identified as isoxazole. The X-ray data, previously assigned as a "C-bound
furyl” complex, are re-interpreted and are consistent with the the complex,
[RuCI(NC3H30)(PPh3)([9]aneS3)I(PFg). The identification of
[RuCl(NC3H30)(PPh3)([9]aneS3))(PFg) and
[RuCl(INCCH2CH3)(PPh3)([9]aneS3)]PFg are confirmed by reacting

[RuCl>(PPh3)([9]aneS3)] with TIPFg in isoxazole or propionitrile respectively.

iv



Chapter 5

An introduction to pyrrole, pyrrolidine, tetrahydrothiophene (THT) and
thiophene complexes of transition metals is given.

The reaction of [RuCl2(PPh3)([9]aneS3)] with TIPF in the presence of
pyrrole, pyrrolidine or thiophene in CH2Cl; or CH3NO> results in the formation of
[Ru(PPh3)([9]aneS3)(1-Ch]2(PFe)2 and [Ru(PPh3)([9]aneS3)(u-Cl), Tll2(PFe)s.
However, the addition of TIPFg to [RuCla(PPh3)([9]aneS3)] in CH3NOj and THT
forms the complex [RuCl(PPh3)(THT)([9]aneS3)I(PFe). The single crystal X-ray
structure of this complex reveals the presence of a 1: 1 mixture of the THT
complex, [RuCl(PPh3)(THT)([9]aneS3)](PFg) and a THT-S-oxide complex,
[RuCl(PPh3)(THT-S-oxide)([9]aneS3)1(PFg). The THT-S-oxide complex forms

during crystallisation.

Chapter 6

An introduction to Ru and Rh tetrathioether macrocyclic complexes is
presented.

The synthesis of [RuClx([n]aneSyg)] (n = 12, 14, 16) is described. The
complexes, [RuCla([n]aneSy)] (n =12, 14) adopt a cis—configurations, whereas it is
proposed that [RuClx([16]aneS4)] adopts a trans—configuration. The reaction of
[MCla(In]aneSy)l(PFg); (M=Ru, Z=0,n =12, 14,16; M=Rh,Z =1, n= 12, 14, 16)
with TIPFg in CH3NO3 in the presence of tetrahydrofuran leads to the formation of
[RuCIINCCH,CH3)([n]aneS4)1(PFe)z+1.

The synthesis of [RhCI(PR3)([n]aneS4)](PF¢); (n = 12, PR3 = PPhj, PCys,
PMesPh; n = 14, PR3 = PMeoPh) is achieved by reacting [RhCla([n]aneSy)](PF)
with TIPFg and excess PR3 in refluxing acetone under N. No reaction of
[MCI(PR3)([nJaneS4)I(PFe); (r =1, M =Ru, PR3 = PPh, n = 12, 14, 16; r = 2,M =Rh,
n =12, PR3 = PPh3, PCy3, PMe;Ph; n = 14, PR3 = PMe,Ph ) is observed with TIPFg
in CH3NO3 in the presence of THF confirming that the second CI” is more difficult

to remove than the first one.



Chapter 7

The chemical and physical properties of sulfoxides and sulfone are
discussed, with particular emphasis on preparative methods.

The chemical oxidation of [9]aneS; is investigated. The complete oxidation
of [9]aneS3 is achieved by reacting [9]aneS3 with H>0; in glacial acetic acid at 60°C,
yielding the trisulfone Og[9]aneS3. This compound has been characterised by ir
and N.M.R. spectroscopy, elemental analysis and X-ray diffraction.

The attempted synthesis of the trisulfoxide, O3[9]aneS; is described. The
usual product on gentle oxidation of f9]aneS3 was a compound or compounds

containing both the sulfoxide and sulfone functional groups. Possible reasons for

the difficulties in synthesising O3[9]aneS3 are discussed.

Appendix

An introduction to deprotonation of thicether macrocycles is given.
The deprotonation of [Rh([9]aneS3)213* results in the formation of
[Rh([9]aneS3)([9]aneS3-H)J2+ and another minor product. The minor product is
proposed as being the complex, [Rh([9]aneS3)(SCHCH2)(SCH,;CH,SCHCH,) J+.
The electrochemistry of [Rh([9]aneS3)([9]aneS3-H)]2+ shows a two electron
reduction at E =-1.04 V Vs Fc / Fc* and a reversible reduction at E; /2=154V Vs
Fc / Fctin 0.1 M TBAPFg in CH3CN. The conversion of
[Rh([9]aneS3)([9]aneS3-H)]2* to [Rh([9]aneS3)]3+ is discussed.

vi
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Chapter One

AN INTRODUCTION TO MACROCYCLIC COMPLEXES

1.1 General

A considerable body of literature exists in the area of macrocyclic
co-ordination chemistry, but it is only within the last thirty years that synthetic
strategies for new macrocycles have been developed!!-6l. The first synthesis of 2
new macrocyclic ligand was effected in 1960 by Curtis and co-workersl7], and
more recently, the development of high yield and reliable template synthetic
methods for new macrocycles!8l has led to considerable interest in this field of
chemistry.

A macrocyclic compound is generally defined as a cyclic compound with
nine or more members (including heteroatoms) with at least three donor
atomsll; 21, In general, macrocyclic complexes are characterised by their increased
kinetic inertness and thermodynamic stability compared with their open-chain
analogues and this phenomenon is referred to as the Macrocyclic Effect, which
will be discussed in Section 1.2. Sections 1.3-1.6 will present a brief introduction
to some aspects of general macrocyclic chemistry. Chapter 2 will discuss
thioether macrocycles and their transition metal complexes. The ligands and
abbreviations used throughout this work are shown in

Figure 1.1

1.2  The Thermodynamic Macrocyclic Effect

The term 'Macrocyclic Effect' was first used by Cabbiness and Margeruml9]
to describe the enhanced stability and kinetic inertness of [Cu(Meg[14]aneNy)]2+
compared to [Cu(2-3-2 tet)]2*. These ligands and complexes are shown in

Figure 1.2.9]
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Figure 1.1 cont
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In general the abbreviations used throughout this work are based on the rules
proposed in Ref. 2. In summary, the size of the macrocycle is expressed in Arabic
numerals enclosed in square brackets, a term denoting the saturation (e.g. ene,
ane, diene) follows, and the number and nature of the ligating atoms is stated
finally. Porphyrins and Phthalocyanines are abbreviated in the standard way.

Figure 1.2 The Kinetic Rate of Formation and Dissociation of
[Cu(Meg[14]aneN4)]2+ and [Cu(2-3-2 tet)]2+.

Cu?* + L —_—— [Cu(L)P*

Kf = Kinetic rate constant for the formation of [Cu(L))2+
Kd = Kinetic rate constant for the dissociation of [Cu(L)]2+

H 7\
N_ _NH,
/Cu\
‘N~ 'NH,
H \—
Kf(M-1sec"1) 5.8 x 10-2 8.9 x 104
Kd(sec1) 3.6 x10°7 4.1
Ks = Kt/Kd (M-1) 1.61 x 105 2.17 x 104



The thermodynamic macrocyclic effect is defined as the Gibbs free energy
(AG¢ = AHg - TAS¢) for the metathetical reaction shown in Scheme 1.1. The
thermodynamic origins of the Effect are still under discussion and the exact size
of the enthalpic and entropic terms, as well as the magnitude of the Effect itself,
depends greatly on the nature of the ligands, as well as the solvent and metal

ions involvedl[1-3, 10-12],

Scheme 1.1 The Metathetical Reaction for the Definition of the
Thermodynamic Macrocyclic Effect

[M(Lopen)]m + Lmac = [M(Lmac)]n+ + Lopen

Lmac = macrocyclic ligand Lopen = open chain ligand

A major contribution to the enthalpic term of the Macrocyclic Effect is the
conformational changes the ligands have to make in order to complex a metal
ion. Lopen has to change from a linear minimum energy conformation to a
cyclic one in order to complex a metal ion, whereas Lmac is said to be "pre-
organised' for co-ordination(13, 141

The exact size of the energy required to change conformation in the
macrocyclic ligand will depend on the extent of reorganisation required for the
ligand to complex to a metal ion. For example, in [14]aneSy the free ligand
adopts a conformation in the solid state in which all the sulfur atoms lie in the
exo-conformation, that is with the sulfur donor lone pairs directed away from
the macrocyclic cavityl15l. Clearly, for the ligand to co-ordinate to a metal ion, a
reorganisation of the ligand is required. However in [9]aneS3, all three sulfurs
are endodentate [16), so in principle very little change is required for
complexation to occur. [9]aneS3 may therefore be regarded as 'pre-organised' for
complexation to a metal ion{14l. This concept is illustrated diagrammatically in

Figure 1.3.



Figure 1.3 Representations of the Free Ligands and their Complexes

[14]aneS4 - requires a high degree of conformational change

S\ (\‘ _—I n+

s S S

MH + S \l — E\M/j
S 7 N\

I\ d S S

W (L

[9]aneS3 - pre-organised for complexation

T
\__/

M S-

Another contribution to the enthalpic term arises from the difference in
solvation energies of Lmac and Lopen. This depends critically on the ring size
of the macrocycle, the solvent medium, and the metal ion to be complexed.
Margerum and co-workers measured AHs for [Ni([14]aneSy)]2+ [17],

[Ni(TTT)]2+ [17], [Ni([14]aneNy)]2+ 18], [Ni(2-3-2tet)]2+ [18] (Figure 1.4). The
difference in energy between the tetrathioether ligands was substantially lower
than the difference between the tetraaza ligands. This was attributed to the
difference in solvation energies between N and S. In thioether ligands there is
very little difference in the solvation energies of Lmac and Lopen, the enthalpic
contribution to the Macrocyclic Effect is almost entirely due to the
conformational changes described above. In tetraaza ligands, due to hydrogen
bonding, there is a large difference in the solvation energies of the ligands and

hence a larger enthalpic contribution to the Macrocyclic Effect.[18]



Figure 1.4 A Representation of [Ni([14]aneS4)]?+ and [Ni([14]aneN4)}2+ and their
Open-Chain Analogues.
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The enthalpic component is also largely affected by the size of the metal
ion, and the macrocyclic cavity hole size. A mis-match between the size of the
metal and the ligand will result in weaker M-L bands and/or an increase in
macrocyclic ring strain, which in turn will reduce the enthalpic terml14, 19, 20].
Thus, in [Cu([13]aneN4)]2+ a relative mis-match between the cavity and the
metal ion radius forces the complex to adopt a strained stereo chemistry (201,

which should result in a lower enthalpic contribution to the Macrocyclic Effect.

The entropic contribution to the Macrocyclic Effect is related to the
number of degrees of freedom available in the system. On complexation, the
degrees of freedom of the macrocyclic ligand and the open-chain ligand will be
reduced. However, since the free open-chain ligand has more degrees of
freedom than the free macrocyclic ligand, there is an overall increase in the

entropy on release of the free open-chain ligand[13, 14.



1.3  The Kinetic Macrocyclic Effect

The kinetic inertness of macrocyclic corhplexes is well-established and
arises from the kinetic Macrocyclic Effect, which was analysed in a study of
formation and dissociation rate constants of [Cu(Meg[14]JaneN4)]2+ and its open-
chain analogue. The results and the reactions are shown in Figure 1.2(21],

The reason for the differences between the rate constants was explained by
Busch et al [22], and termed the 'Multiple Juxtapositional Fixedness'. During the
formation and, more noticeably, the dissociation of macrocyclic complexes,
considerable strain is placed on the rigid framework of the macrocyclic
complexes, leading to difficulties in both forming and dissociating the ligand
from the metal ion. In the case of the open-chain ligands, complexation and
decomplexation reactions 'enfold’ or 'unzip' in a relatively easy manner, as

illustrated for both cases in Figure 1.5.

Figure 1.5 A Representation of the Multiple Juxtapositional Fixedness
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1.4 The Stabilisation of Unusual Oxidation States

The enhanced kinetic inertness and thermodynamic stability has
contributed to the ability of macrocyclic complexes to stabilise metals in unusual
oxidation statesll, 3-6, 23-25], The uncommon Ni(I) and Ni(IIl) oxidation
states[27, 35] have been stabilised by aza macrocycles. The complexes [Ni{lIlDLp]3+
(n =1, L = Mey[12-16]aneNy, x =0,1, 4, 6, 10 [2643], Meg[14]dieneN4l1. 2]; n = 2,

= [9]aneN3[4648]) and [NiDL,]+(n = 1, L = Mex[12-16]aneNy, x =0, 1, 4, 6,
10[37-39,49], Me6[14]dieneN4[44]) are formed from their Ni(Il) analogues by
" electrochemicall37-40, 4347, 49], chemicall36, 48] or by pulse radiolyticall491 -
methods. Ni(I) and/or Ni(IIl) have been suggested as catalytic intermediates in
 the interconversion of Hz and H* in Nickel Hydrogenases!50l. The structure of
- these enzymes is-unclear, but it is proposed that there is one nickel per

molecule, as well as an [4Fe—4$] iron cluster(50). Although which Ni oxidation
state is involved in vivo has not been confirmed, the complexes [Ni(L)n]™+*
described above have proven that both Ni(I) and Ni(III) species can be generated
with these hgands[50'52] Monovalent Cu(III) species are also proposed in a
number of biological systems (e.g. galactose ox1dase)[28] and in order to gain a
greater understanding of these enzymes, the formation of Cu(III) macrocyclic
model systems has been studxedl53l Some aspects of macrocyclic chemistry
relevant to bioinorganic chemistry will be discussed in Section 1.5.

' The extremely rare oxidation state, Hg(III), has been characterised by
electrochermcal oxidation, at low temperature, of [Hg([14]aneN4)]2+ the
resultmg complex [Hg([14]aneN4)]3+ having a half life of 5 seconds at 77K [54].

Likewise, the rare d’ second and third row metal ions(29; 55, 56] have been
. stabilised using macrocyclic complexes. They are usually formed by one electron
. reduction by electrochemical or pulse radiolytical methods. Rh(II) complexes
are usually dimericl55] and there are a number of dimeric Rh(I) porphyrin
complexes in the literaturel56l. If, however, the porphyrin is substituted at the a,

B, vy and & positions, as in TPP or TMP, it is possible to synthesise a monomeric



[RhdD(Por)]. These complexes can be prepared by reducing the [Rh{ID(Por) X]
complexes (X = Cl, CH3, dimethylamine) [57-59 or directly by reacting
[Rh(CO)>Cl,]; with HyTPP in acetic acid[60). [Rh(ID(Por)] reacts with RCH3

(R = aryl){61] and alkenesl62] to form [Rh(CHR)(Por)] (Por = OEP, TPP) and
[(Por)RhCH(R)Rh(Por)] (Por = OEP). [Rh{ID(Pc)] (Pc = Phthalocyanine)
complexes have also been synthesised(63). The Rh(I) complexes also act as
catalysts in many systems and the use of macrocyclic complexes as catalysts will
be discussed in Section 1.6. [RhADL]2+ complexes can also be synthesised by
using hexaaza cage compounds such as diNOsar and sepl64]. These cage ligands
can also be used to stabilise the d7 Pt(III) metal ion, these [PtIIDL]3+ complexes
are formed by reduction of [PtIVIL]4+ (1,3, 65], while [Pd([9]aneN3)2]3+can be
generated by electrochemical oxidation of the Pd(II) precursor complex,
[PAID([9]aneN3)2]2+(66]. The PA(I) complex is surprisingly stable in H20, and
can be synthesised directly from PdCl,l1, 21, Thioether macrocycles, in particular
[9]aneS3, have been very successful in stabilising d7 metal centres and other rare

metal oxidation states[26]. These complexes will be discussed in Chapter 2.

The two-electron oxidation of Fe(Ill) porphyrins, chlorins (hydrogenated
porphyrins ) and phthalocyanines is of great importance in understanding the
mechanism of a number of haem containing enzymes, for example in
Cytochrome Py50 1.3l The one-electron oxidation of Fe(Il) porphyrins can result
in a Fe(IV) oxo species, [(O)FeV)(Por)]. The further oxidation of this complex
can result in the formation of n-cation radical [(O)Fe(V)(Por-)]* [67-73]. These
complexes are highly unstable; however, a stable complex (at 8°C) has been
synthesised with a porphyrin substituted with 12 Phenyl rings (1->8 = phenyl,
o =B =y= 5= (2, 6 dichloro)pheny])[72). A n-radical cation of [Fe(OEP)CI] has
been characterised by X-ray crystallography and reveals it to be dimeric in the
solid statel73]. Porphyrin n-cation radicals have been synthesised as a metal free

species(74] and also for a number of other metals (for example Co(III), Mg(Il),



Li(1), Zn(II) and Fe(IIDI75] ). These complexes could be utilised in a number of
areas of chemistry, such as molecular devices!54], modelling biological systems

(Section 1.5) and catalysis (Section 1.6).

1.5 Biological Systems

Several transition metals are known to be involved with biological
processes. The main uses of these metals are in catalysis, storage and
sequestering and transportation. The role of the metal and examples of
enzymes in which they are present are shown in Table 1.1(76, 771,

Metalloproteins are proteins that incorporate one or more metal atoms as
a normal part of their structures, in some cases it is possible to remove these
metals without collapse of the overall structurel78]. These naturally occurring
molecules are frequently extremely large, and so understanding the function of
 the metal, and in some cases identifying the metal itself, is a major challenge. In
order to increase our understanding of a particular biological system, models
incorporating the structural information known are synthesised. These model

complexes are often interesting in themselves, as they can exhibit unusual
stereochemistry or may be catalysts in their own right, usually being less
selective and more versatile than the original systemsll 4l. The

_ metalloporphyrin models for Cytochrome P450 will be discussed in the next

Section 1.6.

The sequestering of minerals such as Fe and V is essential for small
microbes, since they have very little storage capacity and must therefore
constantly acquire nutrients. Siderophores are used to sequester Fe from the
environmentl7% 801, and an example of one of these siderophores, enterobectin

is shown in Figure 1.6. The complex [Fe(ent)]3- has not been studied by X-ray
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crystallography, but the structure of Fe model complexes!81-83] and [V(ent)]>- [84]

have been studied and some of the structures are shown in Figure 1.7.

Table 1.1

METAL

Vanadium

Chromium

Molybdenum

Tungsten

Iron

Cobalt

Nickel

Copper

Zinc

BIOLOGICALLY IMPORTANT TRANSITION METALS

FOUND

All lower plants
All animals

All higher animals

All organisms

Some bacteria

Almost all
organisms

All animals
Not higher plants
Most bacteria

Most organisms

All aerobic
organisms

All(?) organisms

FUNCTION

Not fully known
Deficiency retards
growth

RNA synthesis
Electron transfer

Enzyme catalysts

Unknown

Enzyme catalysts

Enzyme catalysts

Enzyme catalysts

Enzyme catalysts

DNA production

Enzyme catalysts

11

ROLE/ENZYMES

Vanadium containing
Nitrogenase
(N2+6H*+6e"—2NH3+3H,0)

No enzymes known
Mo-containing Nitrogenases
Nitrate reductases
(NO3 +8e +9H*
—2NHj3+3H0

CO Dehydrogenases
(CO+H720—-CO+2Ht +2¢")

Unknown/ promotes growth of

- some bacteria

e.g. Haemoglobin, Myoglobin,
Catalases

(2H707 == 2H0+03)

Coenzyme B2
Isomerases C-C band formation
(and cleavage)

Co Dehydrogenase
(CO+H0O == CO+2H*

+2€¢7)
Some Hydrogenases

(Hy == 2Ht +2e)

e.g. Galactose Oxidase

(Oxidation) Plastocyanin

Azurin

e.g. Carbonic anhydrase

(CO+HO == H»CO3
== H* +HCO3")

Carboxypeptidase



Figure 1.6 A Representation of Enterobectin

Figure 1.7 Models of Enterobectin

Carbocyclic
Derivative

12
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OH
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Several different methods exist for transportation and storage of Fe. The
naturally occurring metalloproteins are transferrins and ferritins. Transferrins
have a molecular weight of about 80,000 and consist of a single polypeptide
chain, which binds two Fe(Ill) ions. Transferrin is not well understood but
when the Fe(Ill) is reduced to Fe(Il) the iron is released from the enzymel85].
Although no precise structure of any Ferritin is known, the compounds are
reasonably well characterised. A crystal structure of an apoferritin (the protein
with no Fe in it) consists of 24 equivalent subunits, which are arranged in a
hollow spherical shell and the inner cavity is around 70A in diameter!86]. The
crystal structure of the core cannot be studied, since it does not have a definite
orientation with respéct to the outer shell. The core is filled with an Fe(III)
oxyhydroxophosphate complex. An EXAFS spectrum suggests that each of the
Fe(Ill)'s are surrounded by 6 or 7 oxygens at an average distance of 1.92 A with
7+1 Fe(IIl) neighbours at an average distance of 3.95A86]. This core has been
modelled structurally and the model also mimics the chemical and spectral

properties of the metalloprotein Ferritin, and this is shown in Figure 18187,

Figure 1.8 A View of the Model of the Core of Ferritin

o =Fe
o=p'-0
—O= p_:—OH

[Fe1106(OH2)6] [Fe1106(OH2)6[O0C6H5]15

core
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A large number of metalloproteins are known to contain the tetrapyrrole
unitl1, 68,29, 8], Chlorophyll a and b initiate the photoredox process,
photosynthesis, in green plants and bacteria, both are illustrated schematically in
Figure 1.9. Two additional ligands co-ordinate along the axis perpendicular to
the plane of the porphyrin in the naturally occurring enzymes, one of which is
thought to be a HoO moleculel88].

Figure 1.9 A Representation of Chlorophyll a & b

H
H,C =C R
H4C C,oHs
H

CH,

H,C S5

R'O,C-C- H -
2 H, H, HC—cC=0

CO,CH,

Chlorophyll a : R' = CpoHzg ; R = CHj4
Chlorophyll b:R' = Conag , R =CHO

The tetrapyrrole unit is also present in the haem of haemoglobin and
myoglobin which reversibly bind and transport Oz. The haem
. (FeMprotoporphyrin) can be separated from its protein but is rapidly oxidised to
'Fe(IIDI88], A representation of the molecule is shown in Figure 1.10[29]. A
number of models for haemoglobin have been synthesised[29, 89-9]. Collman et
al have prepared and characterised an oxygenated 'picket’ fence haem which

unambiguously shows O2 in the molecule as bent (see Figure 1.11)[95, 961,
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Figure 1.10 A Representation of Haemoglobin

H
H20=C CH,
HA.C C=CH
3 G
HaC CH,
HO,C-G-C C-C-CO,H
2 Ho 2 Ha

. Fig:ure 1.11 A View of a Picket Fence'MOdel of Haemoglobin

o\(ucuy;

C(CH3)3

’Anovther ‘ivmp.o'rtant enzyme that incorporates the Fe(II)protoporphﬁiﬁ
unit within a préte’in complex are the Cytochromes. The differences between
~ the -C'ytochAxforhes and the haemdglobins are the slight variations of the
f'u'n.'ctional} groups attached to the pofphyr‘in and the protein itselfl88. 97, 981 A

general representation of a Cytochrome is shown in Figure 1.12.

: .‘Sch'eme 1.2 Oxidatioh of én Organic Substrate by Os.

RH + O ROH . H,O + A

A - biological reducing agent (NAD or FAD)
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Cytochrome C is used to transport electrons in biological systems, and
Cytochrome P45 is used to oxidise organic molecules by molecular Oz ( Scheme
1.2 ) . The main differences between these Cytochromes are the fifth ligand, the
way the protein holds the haem and the proteins themselves. The fifth ligand
in Cytochrome C is an imidazole; in Cytochrome P4sg it is the thiolate of

‘cysteine. Both are sandwiched between proteins and held in a pincer action.
However, in Cytochrome Pg50 these proteins cover only pyrrole ring. B, whilst in
Cytochrome C they completely cover the haem except for the outer rings of ¢

and d (Figure 1.13)[76,97].

Figure 1.12 A Representation of a Cytochrome

Y
H3C'CH CH3

G
H3C C-Y

H
HyC CHj,

HO,C-C-C C-C-CO,H
2 H 2 Ha

Peroxrdasés P450

Shaded areas are the region of the haem that are not accessible to organic
substrates .
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The catalytic cycle for the oxidation of organic substrates by
Cytochrdme P450 is shown in Scheme 1.3 and illustrates how the oxidation state
of the Fe changes during the course of the cydlell, 76,991, r-cation radical
complexes are thought to be the active oxy intermediates which transfer the
oxygen atom to the substrate. These were discussed in Section 1.4. This system
has been modelled using [Fe(TMP)CI] or [Fe(TPP)Cl] with various oxidising
agents and have been used to oxidise a wide range of organic compounds,
including alkenes to epoxides. This will be discussed in the following

Section 1.6.

Scheme 1.3 The Proposed Catalytic Mechanism for the Oxidation of Organic
Substrates by Cytochrome P450.

ROH S

N
L

_active oxy- low spin

intermediates

low spin,/ o) high spin
0O, S .
I high spin :
C ) CO-H
1 S= s/\(
O NH,

Coenzyme Biy, in the presence of other enzymes, catalyse a number of
important reactions involving C-C band cleavage and formation (for examples
see Figure 1.14), and is one of the few well-defined cobalt containing
biochemicals(100], It contains a corrin tetrapolypyrrole ligand. Its cyanide

derivative (Vitamin B13) was the first to be structurally characterised by X-ray
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crystallography, and is shown in Figure 1.15. In the naturally occurring
coenzyme Bip, an alkyl unit is present instead of the cyanide
(Figure 1.16)1, 68, 100-102],

Figure 1.14 Some Examples of the Reactions Catalysed by Coenzyme B12

Methylmalonyl-CoA Mutase
O

CO,H ' Q .
CoA—S - )K/COZH
CoA-S

CHs

L-Leucine-2,3-Amino mutase

CH,
H
CO,H NH, €0,

Diol Dehydrogenase

H
Lo = Y

Figure 1.15 A View of the Metal Centre of Vitamin B12
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Figure 1.16 A Representation of Coenzyme B12

—_ CO—CQN N\\\
e (\LN

N
NH,

1.6  Catalysis

The ability of naturally occurring macrocycles to catalytically reduce O2,
N, and other small molecules suggests that synthetic macrocycles should also be
of use in catalysis. The ability of macrocycles to protect and control the
stereochemical and electronic properties of a metal ion accounts for this usage in
activating small molecules.

The electrocatalytic reduction of Oz is of great interest since this could
provide a basis for a fuel cell. O2 can be reduced by either two or four electrons
to produce H202 or HO respectivelyl103-1051. The study of this reaction has
centred on porphyrins[106-115] and phthalocyanines[116-118] usually with Co or Fe

"metal ions, although O complexes with Ni, Cu and Co aza macrocycles have
also been synthesised(119-122]. In metalloporphyrins and phthalocyanines, Co?+
usually converts O to H707 and Fe?+ usually converts O2 to the more desirable
product HO, but only in alkaline media. However, if the electronic structure of

" a phthalocyanine is perturbed, it is possible to change the reactivity(116-118] ;

Thus, the corhplex [Co(Pc)] (Figure 1.17) can reduce O3 to HO over the pH range

1 to 14. Interestingly, the Fe(Il) analogue can only reduce O to HyO between

pH 7 and 14(117, 1181 A stacked complex [CoUIDN(CN)(Pc)]n[116], as well as a Cobalt
cofacial porphyrin can catalyse the four electron reduction of Oz to H2O. The
proposed mechanism for this reduction by the Cobalt cofacial porphyrin
complex is shown in Scheme 1.411101. In a similar cofacial porphyrin complex,
the dioxygen bridged species has been isolated[111]. The four electron reduction

of Oy has also been catalysed by an Ir porphyrin, [Ir(OEP)H][115] and has also been

19



photocatalysed by using [Co(Meg[14]aneN4)13+ as an electron relay and
[Ru(bipy)3]3+ as a sensitiser[123],

Scheme 1.4 The Proposed Mechanism for the Reduction of O2 by Cofacial
Porphyrin Complexes
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Figure 1.17 A Representation of the [Co(Pc)] Complex.

One of the favoured fuel cells is the H> / 0))] system in which Hj is

ox1dlsed as Oz s reduced(105]. Work on activating Hp by macrocyclic complexes

. has recently been examined by Collman et al in a series of Ru and Os

porphyrinsllz‘*'mf’]. A novel Hp c:ompiex with a Ru cofacial porphyfin has been
isolated, and the Hj is thought to lie along the axis perpendicular to the -
'Ru—Ru axis. This species is shown in Figure 1.18. This compound is not
-~ capable of cétalytic oxidation. The mononuclear porphyrin complex
[M(OEP)I;(Hz)](MA = Os, Ru; L = THF or Im*) (See Figure 1.19) have also been
| synthesised but only [Ru(OEP)(Hz)(T'I%IF)] seems capable of catélysing the
* oxidation of Hy to HyO. It has been shown that [Ru(OEPXH,)(THF)] is

vthermodynamlcally capable of catalytlc oxldatlon[126] and when the starting

- mater1a1 [Ru(OEP)(THEF)] is deposited on the electrode surface under H,

' 'catalytxc oxidation occurs. However, it is not thought that the [Ru(OEP)H2(THF)]
complex catalyses the reaction, but that the dimer, [Ru(OEP)]; is responsible for
the oxidation. The intermediate in this reaction is thought to have a similar

structuré to the cofacial Ru porphyrin species shown in Figure 1.18.
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Figure 1.18 A View of the Ru Cofacial Porphyrin Complex

N
Ay

Figure 1.19 The Imidazole Derivative for the Ru Porphyrin Complexes

The activation of N7 is another major aim in catalysis and is related to the
biological process. The application of macrocyclic complexes to the catalytic
conversion of N3 to reduced compounds such as hydrazine and ammonia is of
great interest commercially. A number of Ru and Os porphyrin complexes exist
with one or two N7 molecules co-ordinated to the metall127-130], A thioether
Mo}complex [Mo(Meg[16]aneS4)(N3)2] has been isolated and structurally
characterised[131]. These complexes do not catalytically reduce N>. The H in the
Ru cofacial porphyrin complex, shown in Figure 1.18, can easily be exchanged
for N»[132, 133]. The structure is similar to the Hy complex, with a linear N>
ligand. However, its exact orientation is not knownl!91. 921 The N> in the
complex can also be displaced by hydrazine or ammonia. The conversion of
ammonia to N (the reverse of the biological process) can be achieved by

addition of base to [Ru(Por)(NH3),], if the addition is stoicheiometrically



controlled the hydrazine, diazine and ammine complexes, as well as the N2 one
can all be isolated(133]. The protonation of the N2 complex does not occur with

trifluoroacetic acid, and so no catalytic reduction of Nz has been possiblel132, 1331,
Macrocydlic complexes have reduced NO™ [134] and NO3~ [135] electrocatalytically
using [Fe(TPPS)I>- and [Co([14]aneNy)]3+ respectively. [Ni({14 or 15]aneNy)]?* has

also electrocatalytically converted N2O to N2 [136],

The catalytic reduction of CO to CO; has been achieved using macrocyclic
complexes. [Rh(OEP)]; catalyses the conversion of Hy/CO mixtures into HyCO
and CH30H. The mechanism for this is shown in Scheme 1.5 (137-141], The
electrocatalytic reduction of CO2 by macrocyclic complexes yield a number of
products, such as oxalic acid(142-153}, glycolic acid{143], formic acid(144],
methanol{144] and CO[145-153], Most interesting is the catalytic reduction to CO.
[Co(Pc)] on carbon electrodes can convert CO3 to CO, but a significant amount of
water electrolysis also occurs to give Ha(g) as welll145). The reduction by
[M([14]aneNyg)]?+ (M=Co,Ni) and other tetraazamacrocycles has been
studied(148-153], The most efficient and selective (for CO production, even in
pure water) is [Ni([14]aneNy)]2+. This system is very durable, since it can be
cycled over 1000 times with no appreciable deterioration. The mechanism is
shown in Scheme 1.6[148, 149], and has recently been supported by theoretical
calculationsl154]. A derivative of the macrocycle [14]JaneNy incorporating a
1, 10 phen group has recently been synthesised. When this new ligand is
complexed with Ni(I) and a {Ru(l, 10 phen);} fragment added, the resulting
complex, shown in Figure 1.20, can photocatalytically reduce CO to COl155],



Figure 1.20 A Representation of the Ru/Ni Complex

Scheme 1.5 Proposed Mechanism of the Catalytic Conversion of H2 and CO
to HoCO By [Rh(OEP)]2

Formation of dimer from [Rh(OEP)H]

2: ©+H2

Rh

Initiation/Termination:

[Rh(OEP)], ==== 2 "Rh(OEP)

Propagation:

"Rh(OEP) + CO
* (CO)Rh(OEP) + HRh(OEP)

* (CO)Rh(OEP)
(CHO)Rh(OEP) + *Rh(OEP)
(CHO)Rh(OEP) + H, ==—=== HRhOEP) + H,CO
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Scheme 1.6 Proposed Mechanism for the Catalytic Conversion of CO2 to
CO by [Ni([14]aneN4)]2+

H+
o (LNi""COOHy*
.0 +
i . LN —c!
(LNi'"COOH) o
OH co,
(LNi'"y—CO (LNi)* 4 === (LNi'(CO))"
. o
co (LNi")z*

The catalytic oxidation of organic molecules has been another field of
macrocyclic chemistry that has been extensively studied(141. 1561, Metalloproteins
are excellent and versatile catalysts for a number of oxidations. Alkenes can be
readily converted to epoxides using PhIO, H>0,, NaOC], RO2H and other
oxidising agents, by both metailoproteinsllr 6-8] and aza macrocycles(156). The
mechanism for the epoxidation of an alkene by PhIO catalysed by [Fe(TPP)CI]
~ and the resulting products are shown in Scheme 1.7{157, 1581 By using chiral
porphyrins, chiral epoxides may be produced with enantiomeric excesses of up
" to 849%[156, 159-164] |

The hydroxylation of alkanes can be accomplished by using PhIO, NaOCl,
O,, HyO3 and other oxidising agents with metalloproteins as catalysts. In certain
cases, heteroaromatic N-oxides can be used as the oxygen source, instead of a
conventional oxidising agentl156, 173]. Further, if chiral porphyrins are used,
chiral products may result(156. 166-168], and an example of this is shown in

Scheme 1.8. These metalloporphyrins will catalyse most organic oxidations, and



the conversion of thioethers to sulfoxides has been performed(169]. This will be
discussed in Chapter 7.

Scheme 1.7 The Proposed Mechanism for the Catalytic Epoxidation of an
Alkene by PhlO by Metalloproteins.

pe}
—C-CZ |
Fe*
| PhiO
|
Fe.
rearraanged % |
products -~ C” *F?=O

Fe=0O
C*"C gy

C+
(faa&

|
;l:e = Fe Porphyrin complex, [Fe(Por)]

Scheme 1.8 Chiral Epoxidation of Alkenes Catalysed by Chiral
Metalloproteins.
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Chapter Two

THE CHEMISTRY OF THIOETHER MACROCYCLES

2.1  The Synthesis of Thioether Macrocycles

During the last ten years thioether macrocyclic chemistry has undergone
rapid development, undoubtedly due to the exploitation of new reliable and
high yielding synthetic routes to these ligands. The first preparation of cyclic
polyethers was achieved some twenty-five years ago by Pederson using alkali
metal ions for the preparation of macrocycles containing between three and
twenty oxygen atoms with a ring size varying from nine to sixtyl170). The
formation of thioether macrocycles using alkali metals is much less effective,
owing to weaker sulfur-metal inter-attractions!181l. The synthetic methods
generally used involve high dilution and long reaction times[261.

[9]aneSs was first reported in 1886 by Mansfield and was thought to have
been made by reacting ethylene bromide with Nas$ in ethanoll171]. In 1920 Ray
claimed that [9]aneS3 could be formed by addition of KSH to ethylene
bromidel172]. However, these claims were disproved in a series of experiments
conducted in the mid-1920s by Bennet et al [173]. In 1934, the first two thioether
macrocycles, [16]aneSy and [18]aneSg, were synthesised in less than 2% yield by
reacting dithiolates with dihalides in ethanoll174}, but the first study of the
- co-ordination che'miétry of a purely thioether macrocyclic ligand was carried out
in 1969 by Busch et al using Ni(Il) and [14]aneS4 [175]. The co-ordination
chemistry of thioether macrocycles will be discussed in Section 2.3.

[9]aneS3 was first synthesised in a yield of less than 0.04% by Ochrymoycz
et al in 1977, by reacting the disodium salt of 3-thiapentane-1,4-dithiolate with
1,2-dichloroethanel176l. Subsequently, the benzyltrimethylammonium salt of
the dithiolate was used in high dilution to increase the yield to 4.4%. This
method also produced the [2+2] addition product [18]aneS¢ in a 32% yield
(Scheme 2.1) 1771,
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Scheme 2.1 Synthesis of [9]aneS3

5D
S S\_/S

( Br [9]aneS;
S + )
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S S

s/

[18]aneS;

In 1984, a high yield (>60%) synthetic route to [9]aneS3 was achieved by
Sellman et al by utilising a {Mo(CO)3)} moiety as a template for the reaction. This
is shown in Scheme 2.2(1781, [NMe4]2[S(CH2)ZS(CH2)ZS] reacts with
[Mo(CO)3(CH3CN)3] to form [Mo(CO)3(S(CH2)2S(CH?>)25)12- which then reacts
with ethylene bromide to produce the [9]aneS3 complex, [Mo(CO)3([9]aneS3)].
The [9]aneS; ligand can then be substituted with the difhiolate by stirring in
DMSO at 298K for forty eight hours, thereby makiﬂg the reaction catalytic in
terms of {Mo(CO)3}[178]. A large-scale general synthesis of thioether macrocycles
has been achieved by Buter and Kellogg using CsCO3/DMF with high
dilution(179]. When this same method is applied to [9]aneS3, a yield of 50% was
reported(26]. Employing the same technique, [12]anéS4 and [14]aneS4 can be
synthesised in 88% and 76% yields respectivelyl178-1811. The ligands [9]aneSs,
[12]aneSy, [14]aneSy and [16]aneS4, which are used in this thesis, are all now

commercially available.



Scheme 2.2 Synthesis of [9]aneS3 using a {Mo(CO)3} Fragment as a

Catalyst.
[MO(COR(CH,CN) /\ N
RT,5 hrs, CH3CN S
+ — \\\
V \
[NMeglo (S(CH),S(CH:),S) oc cI:o 0
BrCH,CH,Br,
CH,CN, 15 min
% s 1" (,}?—/h
Sto ™S Stoppo™S
CO co

DMSO0,48 Hour:
[NMeyl,[S(CH:),S(CH,).S]

(;

Several derivatives of these thioether macrocycles have been synthesised
using the Cs2CO3/DMF methodology. For example, the rigidity of the ring has
been increased by incorporating benzene ring(182], and the ring size has been
increasing it from [9] to [10](183] (Figure 2.1). The incorporation of a
ketonel184-186] an alkenel184-186], alkyll187] or alkoxyl187] functional group into
the macrocyclic ring has also been achieved by using this methodology
(Figure 2.1). The CséCOg, /DMF synthetic method has also been used to prepare a
novel Sg thioether cage ( Scheme 2.3 )[188],

The main alternative preparative methodology utilizes the {Mo(CO)3}
fragment as a template. Thus, the macrocycles, benzo[12]aneS3 and
benzo[14]aneS3[189-191] a novel [13]aneSy derivativel192] and a series of
C-functionalised [9]aneS3 derivatives[193] have all been prepared. These ligands

are illustrated in Figure 2.2.
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Figure 2.1 Thioether Macrocycles Synthesised Using The Cs2CO3/DMF
Methodology
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X=0H,Y=H ; Hydroxy[10]aneS3
TT[9]OB X,Y=0 ,Keto[10]aneS3

Figure 2.2 Thioether Macrocycles Synthesised Using The {Mo(CO)z} Methodology
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Scheme 2.3 The Synthesis of a Thioether Cage Ligand
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An interesting [11]aneS3 macrocycle has been made by reacting
[Cor(u-(HOCH,C=CCH20H)(CO)¢] with bis(2-mercaptoethyl)sulfide in the
presence of HBF4 to form the complex [Coa{u-C2(CH2SCH2CH?2)2S}(CO)g]. In this
complex the Co is co-ordinated to the macrocyclic ligand through two carbon

donors, as opposed to the expected sulfur ligation ( Figure 2.3 )[194],

Figure 2.3 A Representation of [Co2{u-C2(CH2SCH2CH2)2S}(CO)s]

H,C-S~CH,
HC CH,
S S
H,C._ _.CH,

(OC)4Co Co(CO),
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A series of thioether macrocycles incorporating a thiophene unit
(Figure 2.4 ) has been synthesised by reacting a dithiolate with
2,5-bis(chloromethyl) thiophene in high dilution in refluxing ethanol [195, 1961,
These thiophene-containing macrocycles have been complexed to a number of

transition metal ions [e.g. W(0)[197], Mo(0)[197), PA(ID)[198] and Cu(IN){198]].

Figure 2.4 Thioether Macrocycles Incorporating a Thiophene Unit.

/ \ |
(s 3 ' s’ S//
<—S S—7 [s S
% !
[16JaneSs o [12]anes,

A number of mixed dondr'macr’ocYclés have been charactérised which
_incorporate a thioether donor, of particular interest being macrocycles which
Aincorl:-)orat-e bofh hard and soft donors,. for example, mixed N a'ﬁdiS donor
macrocycles (e.g. [18]aneN7S4 and its derivatives(199-205]) or O and S donors
. '(e.Ag.j' [15]aneS;03 and its derivatives(24 206-2091).  All the macrocycles in the series
[9]éneNxS}} (x+y= 3)[24, 210-212) and [14]5neS;Ny (x + y = 4)[213, 214] have been
prepared along. w1th some derlvatlves (e.g. [lO]aneN 252151, [9]aneN>S with two
pendant CO;Me groups[217] or with the N-donor mcorporated into a pyridine

: umt[217]) (Flgure 2. 5)

_'Fi.gur_e,2.5 Mixe_d Donor Macrocycles Incdrpo_rating a Thioether.

(_ _3 ' (‘S’» \/l

NR - RN N N N
’ \
s s ) HCO,C" \_/ cO,CH; S S
R=H ;[18]aneN,S,  [9]aneN,S with
R=CHjs ; [18]aneN,S, two pendant arms [12])aneN,S
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2.2  The Structure of [9]aneS3

The single crystal X-ray structure of [9]aneS3 shows that it adopts a [333]
endo conformation of C3 symmetry with the S-atoms directed towards the
centre of the macrocyclic ringl16] (Figure 2.6). The conformational analysis in
the gas phase, using photoelectron spectroscopy suggests that this conformation
is retained(218], However, a gas phase electron diffraction study showed that this
conformation was, at best, only present as a minor component in a mixture of
predominantly other conformers. It seemed that the C1 conformer was present,
since it gave the best fit with experimental data, although the C2 conformer may
also be present in a mixture of C1 and C, conformers (Figure 2.7) 2191, In
solution it seems that [9]aneS3 adopts a wide range of structures, each one with a
considerable population[220). The change in conformation, when this

compound is oxidised, will be discussed in chapter 7.

Figure 2.6 A View of the Single Crystal X-Ray Structure of [9]aneS3
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Figure 2.7 Some Possible Conformations of [S]aneS3

S(1)

2.3  Thioether Macrocyclic Complexes

A number of reviews dealing with the chemistry and complexes of
thioether macrocycles have appeared(26, 33,181, 221-224], In, recent years, [9]aneS3
comvplexes have received particular attention since they can stabilise-some
unusual oxidation states of metals, e.g. [Autll([9]aneS3);])2+ [225, 226],
[Pd(m)([9]ane53)2]3+ (26, 222, 227] and [pt(lll)([gjanes3)2]3+ (26,222, 228] The Au, Pt
and Pd complexes [M([9]aneS3)2]2+ (M = Au, Pt, Pd) can be prepared by reacting
[MCl4]2- with [9)aneS3, and can be oxidised either electrochemically or
chemically to afford the [M([9]aneS3)7]3+ complexes!227-229]. The single crystal
structure of [Pd([9]aneS3)]2* (Figure 2.8) shows each [9]aneS3 to be bound in a
bidentate manner to give a [PdS4]2+ square planar complex. The two remaining

thioether donors are situated at apical sites and are involved in long-range
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interactions [ Pd-Sequ = 2.332(3), 2.311(3)A, Pd-Sap = 2.952(4)A 11268]. The single
crystal X-ray structure of the Pt(II) complex [Pt([9]aneS3)2]2* shows the Pt ion to
also be in a square planar environment [ Pt-Sequ = 2.246(8), 2.293(8), 2.305(8) and
2.261(7)A 1. However, only one of the remaining thioether donors iﬁteracts with
the Pt(Il) ion [ Pt-Sap = 2.884(7)A ], the remaining sulfur is a distance of 4.04A
away. (Figure 2.9)[228]. The structure of these complexes can be explained as a
compromise between the stereochemical preference of the d8 metal ion to be
square planar, and the ligand to be facially co-ordinated!26. 222l. The crystal
structure of the Pd(IlI) complex [Pd([9]aneS3)2]3+ is shown in Figure 2.10. The d’
Pd(III) ion is found in a tetragonally distorted octahedral stereochemistry
[ Pd-S = 2.5448(15), 2.3558(14) and 2.3692(15)A ]. On changing the Pd ion from d8
to d7, the Pd-S,p distance changes from 2.952(4) to 2.5448(15)A, which is
consisten}t with the increased charge at the metal centre and the stereochemical
preference of the metal ions(26. 2661, Recently other trithioether macrocycles,
(TT[9]OB and [10]aneS3) have been co-ordinated to the Pd(II) metal ion(230-232],
The complexes of thioether macrocycles with transition metals from

groups VIII and IX will be discussed in the following subsections 2.3.1 and 2.3.2.

Figure 2.8 A View of the Single Crystal X-Ray Structure of
[Pd([9]aneS3)2]2*
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Figure 2.9 A View of the Single Crystal X-Ray Structure of
[Pt([9]aneS3)2]%+

. Figure 2.10 A View of the Single Crystal X-Ray Structure of
- [Pd([9]aneS3)l3+
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2.3.1 Group VIII thioether macrocyclic complexes
Reaction of [Fe(OH2)](ClO04)2 or FeClp.4H,0 with [9]aneS3 in MeOH

affords the low spin homoleptic complex, [Fe([9]aneS3)212+ whose single crystal
X-ray structure shows [9]aneS; to be facially bound to an octahedral Fe(II) metal
centre [ Fe-S =2.251(1), 2.241(1), 2.259(1)A 1 (2331, [Fe([9]aneS3),]?*+ undergoes a
reversible one-electron oxidation at E1/2 = 0.98V Vs Fct/Fc, which has been
assigned as a Fe(I/Fe(D couple. [Fe([9]aneS3)2]2*can also be chemically
oxidised with PbO; in 1M H2SOj4 to yield the highly unstable complex,
[Fe(ID([9]aneS3)7]3+ (2341, The electronic and Méssbauer spectroscopy of this
Fe(III) complex reveals the d metal ion to be low spin(234, 235] and the single
crystal X-ray structure of [Fe@D([9]aneS3)2]3* ( Figure 2.11) shows the Fe to be
octahedrally co-ordinated to the six sulfurs of the [9]aneS3 macrocycles
[ Fe=S = 2.280(3), 2.2846(3), 2.276(3) A ] . On oxidation from Fe(Il) to Fe(III) the
Fe—S bond lengths increase, giving direct evidence for the n-acceptor properties
of thioether macrocydlic ligands(234l. The Fe(Ill) complex is stabilised in acidic
solutions(234] since the use of acidic media inhibits the deprotonation and ring-

opening reactions which can occur with [9]aneS3 (See Appendix).

Tetrathioether macrocycle complexes with Fe(II) have been reported. The
crystal structure of [Fe([16]aneS4)]I2 shows the Fe ion to be co-ordinated to four
sulfur donors [ Fe-S = 2.475(1) and 2.485(1) A ] ( Figure 2.12). There is some doubt
over the Fe-I bonds in this structure [ Fe-I = 2.8896(2) A ] [236]. The Mossbauer
spectra of the complexes, [Fe([16]aneS4)1X2 (X =1, Br) indicates that it is an
unusual high spin Fe(Il) square planar complex [237], this contrasts with the
complex, [Fe(NCCH3)2([14]aneS4)]7-+, whose Mdssbauer spectra is consistent with
a low spin complex{2371.

Hexathioether macrocyclic Fe complexes have been previously
characterised(238, 239]. Reaction of (benzo);-[18laneSg with Fe(C204).2H20 in

acidified nitroethane affords the violet complex [Fe{(benzo)>—[18]aneSg}]2+ [238].
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This complex can also be synthesised by reacting [Fe(CO)(S-Ph-5);S)] with

S(CH4Br)7 as shown in Scheme 2.4[238],

Figure 2.11 A View of the Single Crystal X-Ray Structure of
[Fe([9]aneS3)2]3*

Figure 2.12 A View of the Single Crystal X-Ray Structure of
[Fe([16]aneS4)]l2
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A series of homoleptic hexathioether complexes of Ru(ll) have been
prepared by reacting [n]aneS3 (n =9, 12) or [m]aneSs (m=18, 20) with
[Ru(DMSO)e)2+ (26,222, 239]. The complexes, [Ru([n]aneS3)2]2*, can also be made
by reacting [n]aneS3 with [RuClg(arene);] (arene=CgHg, CgMeg, 4-MeCgHy4iPr).
However, when [18]aneSg is reacted with [Ru2Cl4(arene)2] the mixed sandwich
complex [RuzCly(arene)([18]aneSg)}2+ is formed[26, 2401, A variety of Ru
sandwich complexes of trithioether macrocycles have also been characterised.
The single crystal X-ray structure of [Ru(NCCH3)CI(CO)([9]aneS3)]+ shows the
octahedral Ru(Il) ion to be co-ordinated to a [9]aneS3 [ Ru-S = 2.3139(11),
2.3115(13) and 2.3923(13)A 1, an acetonitrile [ Ru-N = 2.072(9)A ], a carbonyl
[ Ru-C = 1.884(4)A ] and CI- donor [ Ru-Cl = 2.4150(14)A ] (Figure 2.13)126, 240-242],
The preparation of the sandwich complex, [RuBr2(CO)(Benzo-[9]aneS3)} has
been achieved by using template methods (Scheme 2.4)[243]-

The synthesis and reactivity of [RuClz(PPh3)([9]aneS3)] will be discussed in
Chapter 3 and Ru tetrathioether macrocyclic complexes will be discussed in

Chapter 6.

Figure 2.13 A View of the Single Crystal X-Ray Structure of
[Ru([9]aneS3)(NCMe)(CO)CIi}*
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Scheme 2.4 The Synthesis of (Benzo)2—{18}JaneSe and Benzo—{9]aneS3
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The addition of [9]aneS3 or [18]aneSg to [OsCly(4-Me-CgHy'Pr)]2 in
refluxing ethanol affords the complexes [Os(4-MeCgH4'Pr)(L)]2+ and [Os(L)2)2+
(L = [9]aneS3)[275] or [OsyCla(4-Me-CeH4iPr)a(L)12* (L = [18]aneSe)[240L. The bis-
[9]aneS3 complex, [Os([9]aneS3)2]2* can also be synthesised by reacting
[NH4]o[OsClg] with [9]aneS3 in refluxing HyO/DMF/CH30H for 48 hours(244].
The addition of [9]aneS3 to [Os(H)2(CO)2(PPh3),] affords the complex
[Os(H)(CO)(PPh3)([9]aneS3]* which has been characterised by X-ray diffraction(244]
and the green complex [OsCly([14]aneSy4)] has been prepared by reacting Na2OsClg

with [14]aneSy in refluxing 2-ethoxyethanol(245].

The reaction of Os and Ru carbonyl clusters with [12]aneS3 has also been
investigated. [Os3(CO)12] reacts with [12]aneS3 to form [Os3(CO)11([12]aneS3)] and
[Os4(CO)13([12]aneS3)]. The latter complex has been analysed by X-ray diffraction

and shows one of the sulfurs of the macrocycle co-ordinated to the 'wing-tips' of



the Osy4 butterfly (Figure 2.14). [Ru(CO)12] reacts with [12]aneS3 to form a number
of products including [Rug(CO)11([12]aneS3)], [Rus(CO)13([12]aneS3)] and
[Rug(CO)16([12]aneS3)] (2461,

Figure 2.14 A View of the Single Crystal X-Ray Structure of
[Os4(CO)13([12]aneS3)]

2.3.2. Group IX thioether macrocyclic complexes

[Co([9]aneS3)2]2+ was synthesised ten years ago and was one of the first
transition metal complexes of [9]aneS3[247]. 1t is a violet, low spin Co(II) complex
and the X-ray crystal structure shows the Co ion to be in a tetragonaliy
| co’mpressed octahedral stereochemistry surrounded by six thioethers(247, 2481,
The low spin complexes [Co{(benzo),-[18]aneSe}12* (n = 0, 2) can also be
synthesised[236. 249, However, the complex [Co([18]aneSe)]2+ has a tetragonally
elongated octahedral stereochemistry (249 unlike its [9]aneS3 analogue. The
complexes [Co(L)n]?* (n =1, L = [18]aneSe, (bz0),[18)aneSe); n = 2, L = [9]aneS;,
[10]aneS3, [12]aneS3)l 26, 247, 248, 250, 251] are known and can be electrochemically
oxidised (n = 1,L = [18]aneSg, n = 2, L = [9]aneSs, [10]aneS3)[248, 249, 251] or

chemically oxidised (n=2, L=[9 or 10]aneS3)[250, 2511 to form [Co(L)y]3+. The
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electron self-exchange rate for the Coll/Ill couple in the complex
[Co([9]aneS3)2]n+ has been determined using N.M.R. line broadening techniques
to give an estimated rate constant of 1.6 x 105 M1s"1 at 250C (I = 0.2 M)[252]. The
effects of pressure on the transfer ratel253! and the effect of increasing the ring
size from [9] to [10] have also been investigated[251]. The mixed sandwich
complex [Co([9]aneN3)([9]aneS3)]3+ has been synthesised and its electron
exchange rate (II /IM) is 4.2x104 M-1s-1 at 250 C (I = 0.2 M).

A series of cis-[14]aneS4 and (benzo)-[15]aneS4 complexes of [Co(X2)L}*
(X = Cl, Br, NCS, NO», /2C204, MeS(CH3)SMe)[254, 2551 have been prepared and
characterised by i.r. and u.v. spectroscopyl254]. The 59Co N.M.R. spectra of some
of these complexes ( X = Cl, Br, MeS(CH3)2SMe ) has also been recorded?6]. A
Co(II) complex, [Co(L)2]2+ (L = a NOH derivative of [13]aneSy {see Figure 2.2} )
has been synthesised but is co-ordinated to the two macrocycles through the aza-
pendant arms. This complex should be able to co-ordinate another two metals

and allow investigation into the interaction of these metals(192].

The homoleptic hexathioether Rh(Ill) complexes, [Rh(IID([n]aneS3)713+
(n=9, 10, 12) can be prepared by reacting [Rh(OH2)s)3+ or Rh(Ill) triflate with
[n]aneS3(26, 256, 257). The crystal structure of [Rh([9]aneS3)213+ (Figure 2.15) reveals
the Rh(III) ion to have a symmetric octahedral geometry [ Rh-S = 2.3316(14),
2.3335(12), 2.3334(12)A ] (256, 257]. These complexes can be electrochemically
reduced by one electron to form a rare example of a d7 Rh(I) complex. This
complex has been characterised by E;S.R. and spectroelectrochemistry. It can be
further reduced to form a [Rh@X([n]aneS3)2]* complex whose exact structure is
unknown256-258], The Rh(I) and Ir(I) complexes [M([9]aneS3)(COD)]* can be
formed by reacting [MCI(COD)]2 (M = Ir, Rh, COD = Cyclooctadiene) with
[9]aneS3 in CH30H (M = Rh) or CH>Cly (M =1Ir). Using a similar method, the
complexes [M([9]aneS3)(COE)2]* (M = Rh, Ir, COE = Cyclooctene),
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[M([9]aneS3)(CoHyg)2]* (M = Rh, Ir), [M([9]aneS3)(tcne)(CH3CN)]* (M = Rh),
[M([9]aneS3)(C2Hg)(PR3)]* (M = Rh, R = Ph, Cy), and [M([9]aneS3}(CO)PPh3)*

(M = Rh) can also be synthesised(259]. The complexes [Rh([9]aneS3)(COD)]* and
[Rh([9]aneS3)(C2Hy)2]* have been structurally characterised as 5 co-ordinate with
the [9]aneS3 bound facially to Rh(I). The reaction of [RhCI(COD)]> with [20]aneSe
affords the dimeric complex [Rh2(COD)2([20]aneSg)]2* the crystal structure of
which shows the thioether macrocycle bridging the two Rh centres

(Figure 2.16)I260). A similar thioether bridge exists in the complex
[M(Cp*)Cla([18]aneSe)12* (M = Rh, In){191. Rh complexes with tetrathioether

ligands will be discussed in Chapter 6.

Figure 2.15 A View of the Single Crystal X-Ray Structure of
[Rh([9]aneS3)2]3+

Figure 2.16 A View of the Single Crystal X-Ray Structure of
[Rh2(COD)2([20aneSeg))2+
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The addition of [9]aneS3 to IrCl3 affords the complexes
[IrCl3([9]aneS3)1(26, 222] which can be reacted further to produce
[Ir([9]aneS3)713+(26, 222]. The homoleptic hexathioether octahedral
stereochemistry of [Ir([9]aneS3)2]3+ has been confirmed by X-ray diffraction(261].
A higher yield route to this complex is to react [IrCI(COE)2]2 (COE = cyclooctene)
with [9]aneS; in ethanol, followed by treatment with HNO3[261l. In this case, an
intermediate Ir-H species, [Ir(H)([9]aneS3)2]2+ can be isolated whose crystal
structure shows one [9]aneS3 to be co-ordinated through all three sulfurs in a
facial manner, and the other as a bidentate ligand, the sixth ligand being the

hydride. IrClzreacts with [14]aneS4 to afford the [IrCly([14)aneS,)] (2621,

24 Aims of Research

Macrocyclic polythioethers enjoy several distinctive features. Unlike
monodentate and chelate thioethers they bind effectively to a wide range of
metal ions(19l. Crown thioethers can use their filled 3p orbital to act as a
n-donors(235], or their empty 3d or S-C ¢*-orbital to act as a n-acceptorl241l. They
are also notable for their ability to change their conformation to suit the
preferred stereochemistry of the metal ions. This is illustrated by the complexes
[Au([9]aneS3);]n+ (n=1, 2, 3). All these complexes have been structurally
characterised. The single crystal X-ray structure of [Au([9]aneS3),]* (Figure 2.17)
shows the Au(l) metal ion to be in a distorted tetrahedral stereochemistry, with
one [9]aneS3 being bound as a monodentate ligand [ Au(I)-S = 2.3026A ] and the
other asymmetrically bound [ Au(I)-S = 2.350(7), 2.733(8), and 2.858(8)A 1. This
structure is a compromise between the d10 metal ion's preference for a linear
geometry and [9]aneS3 imposing its preference to bind faciallyl226]. On oxidation
to [AuD([9]aneS3)7]2+ the stereochemistry changes to a tetragonally elongated
octahedron with both [9]aneS3 macrocycles being bound in a tridentate manner

(Figure 2.18) [ Au(I)-Sequ = 2.452(5), 2.462(5) Au---Sap=2.839(5)A ] [225]. Further



oxidation of the Au complexes to [AuID([9]aneS3)2]3+ affords a complex which
also adopts a tetragonally elongated octahedral stereochemistry:

Au-Sequ = 2.348(4) and 2.354(4)A, Au.--Sap = 2.926(4)A1265] (Figure 2.19). A
similar change in stereochemistry is seen with [Cu®([9]aneS3)2}* (263 and
[CulD([9]aneS3);]2+[247]. Thus [9]aneS3 has the ability to bind in a tridentate
(e.g. [Rh([9]aneS3)213+ (Figure 2.15)), a bidentate (e.g. [Pt([9]aneS3)2)2+ (Figure 2.9))
or monodentate (e.g. [Au([9]aneS3)2]* (Figure 2.17)) manner. This flexibility
allows [9]aneS3 to co-ordinate to a wide variety of metal ions.

The main aim of the work described in this thesis was to the synthesise,
characterise and investigate the reactivity of half-sandwich Ru(ll) complexes of
the trithioether macrocycle, [9]aneS3. In such half-sandwich complexes [9)aneS3
would act as a six electron donor using three co-ordination sites around the
Ru(II) metal ion, and therefore would be analogous to Cp, arene, triphos and
trispyrazolylborate ligands. Ru(Il) half-sandwich complexes can form
catalytically active complexes, a number of which will be discussed in Chapter 4.
The synthesis and characterisation of a chloro-bridged dimer and a Ru/TI cluster
are discussed in Chapter 3. The thalliation reactions of [RuCla(PPh3)([9]aneSs3)]
in nitromethane are the subject of Chapters 4 and 5. Chapter 6 extends this work
to tetrathioether macrocycles with both Ru(Il) and Rh(IIl). Chapter 7 describes
the attempted synthesis of the trisulfoxide ligand, O3[9]aneS3, and the synthesis
and characterisation of the trisulfone Og[9]aneS3. Finally, the appendix discusses
the deprotonation reactions of thioether ligands, and, in particular, the complex

[Rh([9]aneS3)213+.
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Figure 2.17 A View of the Single Crystal X-Ray Structure of [Au([9]aneS3)2]*

Figure 2.18 A View of the Single Crystal X-Ray Structure of
[Au([9]aneS3)2])2+

FigUré 2 19 A View of the Single Crystal X-Ray Structure of
[Au([9]aneS3)2]3+
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Chapter Three

SYNTHESIS OF DIMERIC COMPLEXES OF Ru(Il) WITH [9]aneS3

3.1 Introduction

A considerable volume of literature has been published on the chemistry
of Ruthenium(34, 264, 265]. The common Ru oxidation state, Ru(Il), has been
extensively studied. One of the reasons for this interest is the ability of Ru
complexes to act as catalysts. For example, the complex [RuCly(PPh3)3] acts as a
catalyst for a number of reactions, incdluding isomerisation of alkenes, dienes,
aldehydes, ketones and carboxylic acids!264-267], hydroformulation of
alkenes[266, 2671 and the oxidation of alkenes and alcohols in the presence of Oz
or hydroperoxides[34, 264, 265],

The complex, [RuCl2(PPh3)3] is also a useful starting material for the
synthesis of a large number of complexes|26, 241, 266, 267). Work in the Edinburgh
group has shown that addition of [9]aneS3 to [RuClz(PPh3)3] in refluxing EtOH
yields a yellow compound [RuCl>(PPh3)([9]aneS3)] (Table 3.1)[26, 2411,
[RuCly(PPh3)([9]aneS3)] reacts with TIPFg, in the presence of a donor ligand (L) to
yield a range of complexes, [RuCI(L)(PPh3)([9]aneS3)]* (L = Py,PMesPh, PhCN,
P(OMe),Ph) (Table 3.2)[241]. Using the same synthetic strategy, the complexes
[RuXo(EPPh3)([9]aneS3)] (X = CLE = P, As; X = Br, E = P) (Table 3.1) and
[RuX(EPPh3)([9]aneS3)](PFg) (X = Cl, E = P, As; L = Py, PMesPh ; X =Br, E=P,

L = Py, PMeoPh) (Table 3.2)[2411 may be synthesised from [RuX2(EPPh3)3].

The single crystal X-ray structure of [RuCl2(PPh3)([9]aneS3)] has recently
been reported, and confirms the octahedral Ru(Il) ion to be facially bound to a
[9]aneS3 macrocycle [ Ru-S = 2.270(2), 2.269(2) and 2.356(2)A], two CI” donors
[Ru—Cl = 2.456(2) and 2.449(2)A] and a phosphine ligand [ Ru-P = 2.345(2)A ]
(Figure 3.1)[268].

The 31P N.M.R. spectra of half sandwich Ru [9]aneS3 complexes can help

to identify the products, and is also a very good indicator of the purity of the
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samples. The 3P N.M.R. spectral data of half sandwich Ru [9]ane53 complexes is
listed in Table 3.3 [241,242],

The reaction of [RuCl(R)(CE)(PPh3)2] {E = O, R = CgHyMe, CH=CHPh,
CPh=CHPh; E = S, R = (Me02C)C=CH(CO2Me)} with [9]aneS3 yields the half-
sandwich Ru complexes [Ru(CE)R)(PPh3)([9]aneS3)]C1{269). However the
addition of [9]aneS3 to [RuCI(CR=CPhH)(CS)(PPh3)2] affords the thiocinnamoy!
complex [Ru(PPH3)(n2-SCCPh=CHR)([9]aneS3)]* (R = H, Ph), via vinyl-

thiocarbonyl ligand coupling(269].

Figure 3.1 A View of the Single Crystal X-Ray Structure of
- [RuCi2(PPh3g)([9]aneS3)]




Table 3.1 The Synthesis of Half Sandwich Ru [9]aneS3 Complexes

[RuCI3(P+R2Ph)3] NH4PF61CH2C|2$ [RUCI(PR,Ph),([9]aneS3)]PF¢
GlaneS, Refiux R=Me, Et
[RuX,(PEt,Ph),] NH4PFe, EtOH [RuX(PEt,Ph)([9]aneS)]PF¢
. — 3
(SlaneS, . Refio X=Cl, Br
[Ruxgippha)al EtOH _ [RuXx(PPhg)([9]aneSs)]
[9]aneS; Reflux =Cl. Br
[RuCIa(Asth)z(MeOH)l EtOH  _  [RuClAsPhg)([9]aneSs)]

[9laneS; Reflux

[RUCI(CO)(PPhy)(DMF)]  NH,PFg, EtOH
+

» [RuC(CO)PPh,([9]aneS;)|PF
[9]aneS; Reflux

[RUCL(CO)(PE;Ph),(DMF)] NH4PFg, ETOH ‘[RuCl(CO)(PEbPh)(BlaneSa)]PFs
+

[SlaneS; Refiux i [RuCI(CO)(DI\;F)(PE;Ph)([Q]aneS:;)]PFG

[RUCL(CS)(PPhy}] NH,PFg, EtOH [RuCL(PPh3)([9aneS,)]PFg
+ » +

[9JaneS; Reflux [RuCI(CS)(PPh)([]aneS,)|PFg
Ru(H)(CO)(PP acetone,NHPFg/ N,
(AU [E(]a;e)és "l —— —»[Ru(H)(CO)(PPhy)([9]aneS;)]PFg
RuCI(H)(CS)(PP LiCIQ,CHCl2
o, ————— > RU(H)(OS)PPIY(Blane, ICIQ
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Table 3.2 The Synthesis of Ru [9]aneS3 Half Sandwich Complexes

RUCL(PPhy)([9
[uCEPPr(Elanes) _CHCh. L (RuCI(L)(PPh)([9]aneS;)IPFe
T":F L=Py, PMe,Ph, PhCN, P(OMe),Ph
6

[RuBry(PPhg)([9]ane$)]
+

TIPFg

CH,Ch, L [RuBr(L)(PPhs)([9]ane$,)]PFg
L=Py, PMe,Ph

[RuChL(AsPhs)([S]ane )] CH,Ch, L [RuCI(L)(AsPhs)([9)aneS;)]PFg
+ __’szy, PM82Ph

TIPFg

Figure 3.2 A View of the Single Crystal X-Ray Structure of
[RuCI(NCCHg)(PPhg)([9]aneS3)](PFe)
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Table 3.3 31P N.M.R. Spectral Data of Complexes of the type
[Ru(PR3)(X)(Y)([9]aneS3)]**

Complex

[RuCl(PMe,Ph)2([9]aneS3)]*

[RuCl(PMe;Ph)(AsPh3)([9]aneS3)]+

[RuCl(PMesPh)(PPh3)([9]aneS3)]+

[RuBr(PMesPh)(PPh3)([9]aneS3)]*

[RuCl2(PPh3)([9]aneS3)]
[RuClx(PPh3)([9]aneS3)]
[RuBr2(PPh3)([9]aneS3)]
[RuCl(Py)(PPh3)([9]aneS3)]+
[RuBr(Py)(PPh3)([9]aneS3)]*
[RuCI(NCPh)(PPh3)([9]aneS3)]*
[RuCI(CO)(PPh3)([9]aneS3)]*
[RuCl(CS)(PPh3)([9]aneS3)]*

" [RuH(CO)(PPh3)([9]aneS3)]+

[RuCl(P(OMe)3)(PPh3)([9]aneS3)]*

[RuCl(PEt;Ph)2([9]aneS3)]t
[RuBr(PEtyPh)2([9]aneS3)]*
[RuCI(PEt2Ph)(CO)([9]aneS3)]+

N.M.R
Solvent
CDCl3

db-acetone

CDCl3

CDCl3

CD3NO2
CDClI3
CD3NO2
db-acetone
d6-acetone
d6-acetone
d6-acetone
d6-acetone

db-acetone

db-acetone

db-acetone
CD3NO?

CD3NO2
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31p NMR
din p.p.m.
4.84
2.69

1.99(d, PMeoPh)
28.50(d, PPh3)

J2pp =36 Hz

-0.74(d.PMe;Ph)
27.76(d,(PPh3)
J2pp =35Hz

22.96
35.0

22.08
34.41
33.92
32.72
30.83
32.08
48.19

113.0(P(OMe),Ph)
32.0(PPhg)

J2pp =44 Hz

21.30
23.14

31.52




One of the aims of the work described in Chapters 3, 4 and 5 was to
investigate the reaction of TIPFg with [RuCl2(PPh3)([9]aneS3)]. In the
co-ordinating solvent CH3CN, the reaction of TIPFg with [RuClo(PPh3)([9]aneS3)]
yields the complex [RuCI(NCCH3)(PPh3)([9]aneS3)]PFg, whose 31P N.M.R.
spectrum (CD3CN) shows resonances at § = 35.44 (PPh3), - 145 (septet, ] = 710Hz,
PFg"). The single crystal X-ray structure of this complex confirms the octahedral
stereochemistry of the Ru(Il) ion which co-ordinates to a facially bound [9]aneS3
[ Ru-S = 2.348(16), 2.248(14), and 2.332(15)A1,aClI'[Ru-Cl = 2.439(11)A 1, a
phosphine [ Ru-P = 2.360(14)A ] and an acetonitrile ligand [ Ru-N = 2.01(9)A ]
(Figure 3.2)[241]. This complex, [RuCI(NCCH3)(PPh3)([9]aneS3)]PFg has been
dissolved in refluxing CH3CN with an excess of TIPFg, but no further
substitution took placel241l. Nor was any reaction observed when
[RuClI(INCCH3)(PPh3)([9]aneS3)]PFg and TIPF¢ were refluxed in.CH2C12 in the
presence of donor ligands(241]. The reaction of [RuClo(PPh3)([9]aneS3)] with
TIPFg in non-co-ordinating solvents is investigated in this chapter, since the
possible product [RuCl(Solv)(PPh3)([9]aneS3)]PF should be reactive to further

substitution, and therefore a useful precursor for half-sandwich Ru complexes.

3.2  Results and Discussion

3.2.1 The Thalliation of [RuCl2(PPh3)([9]aneS3)]

The reaction of [RuCl2(PPh3)([9]aneS3)] with TIPFg in CH2Cl; at 298K leads
to the formation of a dark yellow solution and a small amount of white
precipitate of TICl. Removing the TICI and reducing the solution to dryness
reveals a yellow/orange product. The ir spectrum of this product shows bands

indicating the presence of [9]aneS3, PPh3 and PFg
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[ v (cm1) = 1483(ms), 1435(s), 1410(ms), 1090(s), 835(vs), 555(s), 528(s), 513(ms),
499(m) ] . However, this product slowly decomposes in acetone, CH3NO; or
CH3CN to afford more white precipitate of TICl. Due to this decomposition, the
1H N.M.R. spectrum (d6-acetone) is broad with resonances at § = 2.5-3.2 (m,
[9]aneS3) and 7.3-8.0(m, PPh3 ) p.p.m.

The reaction of [RuCly(PPh3)([9]aneS3)] with TIPFg in CD3NO2 and
d8-THF at 298K affords a white precipitate and a yellow solution after stirring for
fifteen hours. Filtering the mixture and reducing the volume results in a clear
dark solution, which slowly evaporates to yield orange and yellow crystals. Both

samples are suitable for X-ray analysis.

3.2.1.1 The Crystal Structure of [Ru(PPh3)([9]aneS3)(u-CD12(PF¢)2

The single crystal X-ray structure of the grange complex shows that it is
the bis-chloro-bridged Ru(Il/II) dimer, [Ru(PPh3)([9]aneS3)(u-C1)]12(PFg)2. Each
Ru ion is octahedrally co-ordinated to one P-donor (Ru-P = 2.3741(10)A), two
bridging C1~ donors [ Ru-Cl = 2.4654(10), 2.4945(10)A ] and a facially bound
[9]aneS3 [ Ru-S = 2.2880(10), 2.3456(10), and 2.2817(10)A ] (Figure 3.3 and
Scheme 3.1). The distance between the Ru atoms is 3.7769(6)A and between the
Cl atoms is 3.2151(18)A. The RuCl2Ru bridging unit is planar
- [ £Ru-Cl-Ru = 99.19(3)° and «Cl-Ru-Cl = 80.81(3)° ]. The two halves of the cation
are related by inversion through (1/2, 0, /2). Selected bond lengths and angles
are given in Table 3.4 and a view of the X-ray crystal structure of the cation is

shown in Figure 3.3.
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Table 3.4 Bond Lengths (A), Angles (°) and Torsion Angles (°) with standard
deviations for [Ru(PPh3)(I9]aneS3)(u-Cl)122+

Ru — Cl 24654 (10) C3) — SM4) 1.822 (4)

Ru — S(1) 2.2880 (10) S@4) — C(5) 1.828 (4)

Ru — S(4) 23456 (10) Ci) — C(6) 1.519 (6)

Ru — S(7) 2.2817 (10) C®6) — S(7) 1.835 (4)

Ru — P 2.3741 (10) S(7) — C(8) 1.855 (4)

Ru — CI() 24945 (10) Cc®) — C9 1517 (5)

S(1) — C(2) 1843 4) P — C(1P) 1.8476 (23)

S(1) — C(9) 1833 (4) P — CQ1P) 18513 (24)

C(2) — C@3) 1526 (5) P — C(31P) 1.8385 (22)

Cl — Ru — S(1) 97.52 (3) Ru — CI — Ru() 99.19 (3)
Cl — Ru — S(4) 83.54 (3) Ru — S(1) — C@Q) 107.32 (13)
Cl — Ru — S(7) 16997 (3) C(2 — S(1) — CM 99.48 (17)
Cl — Ru — P 92.80 (3) S(1) — C(2 — C®B3) 1120 (3)
Cl — Ru — CI() 8081 (3) C@2) — C@3) — S® 1125 (3)
S(1) — Ru — S@4) 87.29 (3) C(3) — S@) — C(5) 102.39 (18)
S(1) — Ru — S(7) 88.13 (3) S(4) — C(6) — C(6 1102 (3)
S(1) — Ru — P 90.59 (3) C(B) — C6) — S 1125 (3)
S(1) — Ru — CI() 170.70 (3) C®6) — S(7) — C(8) 99.50 (18)
S(4) — Ru — S(7) 88.48 (3) S(7) — C@B) — C9 1132 (3)
S(4) — Ru — P 175.50 (3) S(1) — C@Y — C@® 113.6 (3)
S(4) — Ru — CI(') 8343 (3) C(11P)— P — CQ1P) 10341 (10)
S(7) — Ru — P 95.43 (3) C11P)— P — C(31P) 107.33 (10)
S(7) — Ru — CI') 9227 (3) CQ1P)— P — C@31P)  95.68 (10)
P — Ru — CI() 9861 (3)

a) — () —Q2 — A3 - 142 Q sS4 — Q5 — A6 —S?D 5250
Q) — ) —Qa9 —Aa® 73 Qs —Qe — S —QA8 €503
Sy —qQ2 — Ay —S9 457 Q) Qe — S —Qa8 — A9 -1950Q)
a —qa3) —s@ —Aas» &2 Q S7H —Qa8 —QAQ9) —S() 3814

a3 —s@ —Aay —ae  -1389 Q)



Figure 3.3 A View of the Single Crystal X-Ray Structure of
[Ru(PPhg)([9]aneS3)(u-Cl)]2(PFe)2
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A number of other chloro-bridged Ru dimers are reported in the
literaturel34, 264-267), The single crystal X-ray structure of the complex
[{(PR3)(CO)2Ru(p-C1)}2] [PR3 = P(t-Bu)2(p-tolyl)] shows a Ru---Ru bond distance of
2.632(2)A suggesting that there is a bond between the two Ru(I) metal ions. The
crystal structure also shows the {(RuCloRu} fragment to be non planerl270l. Triply
chloro-bridged dimers of the type [(X)(Y)(Z)(Ru(u-C1)3Ru(X)(Y )(Z)] have also
been synthesised, and the crystal structure of [(PPh3)2(SC)Ru(p-Cl)3RuCl(PPh3);]
solved. In this case the Ru---Ru distance is 3.35(2)A[271]. A large number of
bis-chloro bridged Ru(Il)/Ru(Il) dimers have also been characterised[34 265]. The
crystal structure of the novel dimer [(PPh3)Ru(DPF)(p-C)Cl]2
(DPF = 3,3 4,4 -tetramethyl-1,1-diphosphaferrocene) has been reported
(Figure 3.4)[272]. The {RuClpRu} moiety is planar, and the Ru---Ru is
3.683(2)Al272], which is similar to the Ru---Ru distance of 3.7768(6)A in the
orange complex [Ru(PPh3)[9]aneS3(u-CD)]2(PFs)2.

Figure 3.4 A Representation of [(PPh3z)Ru(DPF)(u-Cl)2Cl]2



3.2.1.2 The Crystal Structure of [Ru(PPh3)([9]aneS3)(u-Cl)2T1]2(PFe)2

The single crystal X-ray structure of the yellow product confirms it to be
the Ru(Il)/Ru(ll) dimer, [Ru(PPh3)([9]aneS3)(u-C1)2T1]2(PFg)2. Each Ru(Il) ion is
octahedrally co-ordinated to a facially bound [9]aneSs [ Ru-S = 2.2804(13),
2.3501(13) and 2.2821(13)A ], two bridging Cl- donors [ Ru-Cl = 2.4416(12) and
2.4526(12)A 1 and a phosphine donor [ Ru-P = 2.3539(12)A ]. The Ru(Il) ions in
[Ru(PPh3)([9]aneS3)(u-C1)2T1]2(PFg)2 have a similar stereochemistry to those in
[Ru(PPh3)([9]aneS3)(u-C1)]2(PFg)2. However, in the yellow complex
[Ru(PPh3)([9]aneS3)(u-C1)2T1]2(PFg)2 , the bridging group is a novel T12Cly 'ladder’
species (Figures 3.5 and 3.6). The TI(I) ion in this bridging group shows an
unusual, distorted trigonal planar geometry [ <CH1)TICI(2) = 69.36(3)°,
<CK1)TICI(1") = 72.66 and «CI1(2)TICI(1') = 107.38(3)° ] . The two halves of the
cation are related by an inversion centre at (0,1,1). Selected bond lengths and
angles are shown in Table 3.5 and views of the X-ray structure are shown in

Figures 3.5 and 3.6.

A number of Tl-heterometallic complexes containing transition metals
are described in the literaturel273-285], although most of them contain direct
M-TI interactions[273-279), Only a few structures contain a Tl to metal bridging
unit, M-X-T1(280-285], and only two of these species contain a bridging halide.
Mingos et al prepared the complex [Pt3(CO)3(PCy3)3T1][Rh(CgH12Cl2)]

(Cy = cyclohexyl), which incorporates both Pt-T1 bonds as well as a‘ Rh:--Cl.--Tl
moiety (Figure 3.7)[284]. Schmidbauer et al have reacted [GaBrg]- with
[TI(CgH3Me3),]1- and [TI(CgH3Me3)1!- to afford [{CeH3(CH3)3)6Tl4l[GaBryls. The
single crystal X-ray structure of this complex reveals a series of Ga:--Br---Tl

interactions (Figure 3.8)[285],
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Table 3.5 Bond Lengths (A), Angles (°) and Torsion Angles (°) with standard
deviations [Ru(PPh3)([9]aneS3)(u-C,T1]2*

TI(1) — Ru(1) 4.0596 (4) s(1) — C9) 1.835 (5)

TI(1) — CK1) 3.0734 (11) C2) — C®3) 1.488 (8)

TI(1) — CI(2) 3.0026 (12) C@3) — SH4) 1.821 (6)

TI(1) — S(4) 3.6481 (13) S(4) — C(5) 1.803 (6)

Ru(1) — CI(1) 2.4416 (12) C(5) — C(6) 1.493 (8)

Ru(1) — CI(2) 2.4526 (12) C6) — S(7) 1.837 (5)

Ru(1) — S(1) 2.2804 (13) S(7) — C(8) 1.802 (5)

Ru(1) — S(4) 2.3501 (13) c@) — C9) 1.509 (8)

Ru(l) — S(7) 2.2821 (13) P(1) — C@1A) 1.8453 (25)

Ru(1) — P(1) 23539 (12) P(1) — C(1B) 1.8416 (25)

S(1) — C(2) 1819 (5) P(1) — CQO1C) 1.8508 (24)

Cl(1) — T — Cl(2) 69.35(3) C2) — Cl — C9 10141 (25)
Cl(1) — Ru(l) — CI(2) 89.89(4) S(1) — C2 — C@B3) 1156 (4)
Cl(1) — Ru(l) — S(1) 87.40(4) C(2) — C(3) — S4) 1120 4)
Cl(1) — Ru(l) — S(4) 8647(4) Ru(l) — S(4) — C(3) 105.71 (18)
Cl(1) — Ru(l) — S(7) 173.30(4) Ru(l) — S(4) — C(5) 10249 (19)
Cl(1) — Ru(l) — P(1) 91.88(4) C3 — SM4) — CO) 101.8 (3)
Cl(2) — Ru(l) — S(1) 170.57(4) S(4) — C(6)y — C(6) 114.0 (4)
Cl(2) — Ru(l) — S(4) 83.08(4) c) — C6 — S(7) 113.2 (4)
Cl(2), — Ru(l) — S(7) 93.10(4) Ru(l) — S(7) — C(6) 106.09 (18)
Cl(2) — Ruw(l) — P(1) 94.67(4) Ru(l) — S(7) — C(8) 103.48 (18)
S(1) — Ru(l) — S(4) 87.74(5) C6) — S(7) — C(8) 101.14 (25)
S(1) — Ru(l) — S(7) 88.70(5) S(7) — C@B — CY 1153 (4)
S(1). — Ru(l) — P(1) 9444(4) S(1) — C9 — C@® 1121 (4)
S(4) — Ru(l) — S(7) 8794(4) Ru(l) — C(8) — C@1A) 11876 (9)
S(4) — Ru(l) — P(1) 177.21(4) Ru(l) — P(1) — C@OB) 111.20 (9)
S(7) — Ru(l) — P(1) 93.85(4) Ru(l) — P(1) — C@1C) 11848 (8)
TI(1) — CI1) — Ru(l) 94.10(18) C(1A) — P(1) — C@OB) 104.73 (11)
TI(1) — CI(2) — Ru(1l) 95.65(18) C(1A) — P(1) — CaC)- 9832 (11)
Ru(l) — S(1) — C(2) 103.62(18) C(1B) — P(1) — CQ1C) 1103.24 (11)
Ru(l) — S(1) — C(9) 106.57(18)

C@9 — S(1) — C@2) — C@B)-70.2 (4) S(4) — C(5) — C(6) — S(7) -45.2 (5)
C(2) — S(1) — C(9) — C(8)129.8 (4) C(5) — C(6) — S(7) — C(8) 133.2 (4)
S(1) — C(2) — C@3) — S(4) 44.1 (5) C6) — S(7) — C(8) — C(9) -70.7 (4)
C(2) — C@B) — S(4) — C(5)132.0 (4) S(7) — C(@B8) — C(9) — S(1) -41.0 (5)

C@3) — S(4) — C(5) — C(6)-68.4 (4)
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Figure 3.5 A View of the Single Crystal X-Ray Strucure of
[Ru(PPh3)([9]aneS3)(u-Ch2Tl2(PFe)2
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Figure 3.6 An Alternative View of the Single Crystal X-Ray Strucure of
[Ru(PPh3)([9]aneS3)(u-Cl)2TN2(PF6)2 '
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Figure 3.7 A Representation of the Complex [Pt3(CO)3(PCy3)3TI][Rh(CgH12)ClI2].

Figure 3.8 A Representation of the Complex [{CeH3(CH3)3}eTl4][GaBry]

The formation of the complex, [Ru(PPh3)([9]aneS3)(n-C1)2T1]22+ suggests
that the first step in the thalliation reaction involves the interaction of Tl* with
the Ru-Cl bond to form a Ru-Cl:—>TI species. Subsequent elimination of TICI in
the presence of a co-ordinating ligand, L, affords the complex

[RuCI(L)PPh3([9]aneS3)]+ (Figure 3.9).
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Figure 3.9 The Reaction of TIPFg with [RuCla(PPh3)([9]aneS3)]
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Thus, addition of TIPFg to [RuCly(PPh3)([9]aneS3)] in CH,Cl) at 298K yields
a mixture of two dimeric Ru complexes, which have been identified as
[Ru(PPh3)([9]aneS3)(u-C1)]2(PFe)2 and [Ru(PPh3)([9]aneS3)(u-C1)2Tl2](PFg)2 by
X-ray diffraction. However, pure samples of these complexes are not formed
when the reaction takes place at 298K. In order to investigate their reactivity

and chemistry, pure samples of both complexes have to be prepared.

3.2.2 The Synthesis and Reactivity of [Ru(PPh3)([9]aneS3)(u-C)]2(PFe)2

The addition of TIPFg to [RuCla(PPh3)([9]aneS3)] in CD3NO; or acetone
results in a mixture of the two dimeric Ru complexes,
[Ru(PPh3)([9]aneS3)(u-CD]2(PFe)2 and [Ru(PPh3)([9]aneS3)(u-C1)2T1]2(PFe)2
discussed in Section 3.2.1 above. However, the reaction between
[RuCl(PPh3)([9]aneS3)] and T1PFg in refluxing acetone or CH,Cly affords a
copious quantity of white precipitate (TICIl). Filtration of the mixture results in a

golden yellow solution which yields an orange solid on removal of solvent.
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Dissolving this product in acetone and allowing it to stand for one day results in
a further small amount of white precipitate and a clear golden yellow solution.
Addition of hexane to this solution forms an orange precipitate which is
collected and dried. The ir spectrum of the isolated product indicates the
presence of [9]aneS3, PPh3 and PFg™ [v cm-1 = 1480(ms), 1432(s), 1410(ms),
1089(ms), 835(vs), 552(s), 526(s), 513(ms), 499(ms) ] . The TH N.M.R. spectrum
(d6-acetone) of this orange complex shows resonances at 8 = 2.2-3.5 (m, broad,
[9]aneS3) and 7.35-8.0 p.p.m.(m, PPh3) (Figure 3.10), while the 31P N.M.R.
(db-acetone) spectrum reveals resonances at 8 = -145(septet, ] = 710Hz, PFg") and
33.4 p.p.m.(s, PPh3). The F.A.B. mass spectrum shows peaks with the correct
isotopic distribution at m/e = 716, 614 and 579, which are assigned to
{RusCly(PPh3)([9]aneS3)}+, {(RuCla(PPh3)([9]aneS3)}+ and {RuCl(PPh3)([9]aneS3)}+
respectively. The product can therefore be assigned as the dimer
" [Ru(PPh3)([9]aneS3)(1u-CD1x(PFg)2, whose crystal structure is shown in Figure 3.3.
When [Ru(PPh3)([9]aneS3)(u-CD]2(PFg)2 was dissolved in CH3CN a yellow
solution formed. Removing the solvent and recrystallising the residue results
in a lemon yellow solid, which can be recrystallised from acetone and hexane.
The ir and TH N.M.R. spectra of this product are the same as
[RuCI(INCCH3)(PPh3)([9]aneS3)]PFg, which was first synthesised in Edinburgh by
Hydel286l. This result indicates that the chloro-bridged dimer is easily cleaved,
and in co-ordinating solvents the species in solution is

[Ru(solv)CI(PPh3)([9]aneS3)]PFg (solv = solvent).
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Figure 3.10 The TH N.M.R. Spectrum (d®-acetone) of
[Ru(PPh3)([9]aneS3)(n-Cl)l2(PFe)2
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3.2.3 The Synthesis and Reactivity of [RuCl(PPh3)([9]aneS3)(u-Cl),T1]2(PF¢)2

A number of problems oécurred in the synthesis of pure

- [Ru(PPh3)([9]aneS3)(u-CD]2T1I(PFg)2. The cbmplex rapidly decomposes in
solution, forming a white precipitate of TICl. This decomposition is slower at

: reduéed temperatures. The synthesis of the RuTl dimeric complex also needs to
be carried out under an inert atmosphere. In acetone, regardless of whether a
low tempefatin‘e and an inert atmosphere are used, the reaction of

. [RuClz(PPh3)([9]aneS3)] and TlPF(, results in a white precipitate of TICl. Filtering

this mixture through cehte and reducmg the solutlon to dryness reveals a solid,

B whose_ ir, 'TH N.MR. and F.A.B. mass spectra are identical to the mixture of

’produéfs [Ru(PPth[9janeS3)(u-Cl)]2(PF(,)2 and
- [Ru(PPh3)([9]ane83)(u-Cl)2T1]2(PF6)2 discussed in Sectlon 321
. ~ The reacuon ‘of TIPFg with [RuClz(PPh3)([9]aneS3)] in CH2C12 at 0° C under
N 2 yields a clear solution. Rapidly reducmg this solution to dryness yields a
yellow solid. The ir -spectrum of this produlct!c_onfirms the presence of [9]aneS3, -
' PPh3 and PFs" with bands observed at v cm! = 1482(ms), 1434(s), 1409(ms),
1090(s), v840(vs),' 558(s), 527(ms), 513(m), 449(m). The F.A.B. mass spectrum of the
product shoWs péaks wuh the correct isotopic distribution atm/e = 819, 614 and
579, which can be assighed as {RuCl>TI(PPh3)([9]aneS3)}+,
. {RuClz(PPh3)([9]aneS3)}+ and {RuCl(PPh3)([9]aneS3)}* respecnvely The
,':1H N.M. R spectrum (d6-acetone,230K) confirms the presence of [9]aneS3 and
PPh3 with resonances at § = 2.5-3.5 (broad, m, [9]aneS3 ) and 7.3-8.0p.p.m.(m,
PPh3)..(Figure 3.11). The product is therefore assigned as the Ru/Tl dimer,

| _[RuCl(PPh3)([9]aneS3)(u—Cl)2T1]2(PF6)2 Whose_, X- ray crystal structure is shown in
= Figures 3.5 and 3.6. The 3P N.M.R. spectrum(d6-acetone ) shows resonances at
8= -145(septet, ] = 710 Hz, PF¢’), 33.5 and 32.7 p.p.m. Both the 31P and the
- THN.MR spectra are both broadened due to the precipitation of the white

_ precipitate of TICl which forms during the accumulation of the spectra. The
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31p N.M.R. spectrum exhibits two signals in the PPhj3 region at 8 = 32.8 and 33.5
p-p-m.. Thesignal at § = 33.5 p.p.m. is probably due to the Ru dimer,
[Ru(PPh3)([9]aneS3)(u-C1)]2(PFg)2. However, it is not clear whether this dimer is
present in the original product as a minor impurity, or whether it is formed in
solution during the accumulation of the spectrum. The resonance at § = 32.8
p-p-m. in the 3IP N.M.R. spectrum is assigned to the PPh3 group in the complex,
[Ru(PPh3)([9]aneS3)(u-C1)2T1]2(PF)2.

The yellow complex, [Ru(PPh3)([9]aneS3)(u-Cl)Tl2]2(PFg); dissolves in
acetone at 298K and after 24 hours, a copious precipitation of TICI forms.
Removing the TICl, reducing the solution in volume and adding hexane yields
an orange precipitate, which is collected and dried. The ir, 1H N.M.R. and
31P N.M.R spectra of this orange complex are identical to the Ru dimer,
[Ru(PPh3)([9]aneS3)(u-C1)]2(PFe)2, discussed in Section 3.2.2.

Dissolving the yellow complex, [Ru(PPh3)([9]aneS3)(i-Cl),T1]2(PF¢); in
CH3CN results in a large quantity of TICI being precipitated and when this
mixture is filtered a bright yellow solution is isolated. Reducing this solution in
volume and recrystallising it from acetone and hexane results in a lemon
yellow solid of which ir, TH N.M.R. and 31P N.M.R spectra are the same as the
complex, [RuCI(NCCH3)(PPh3)([9]aneS3)]PFs.



Figure 3.11 The TH N.M.R. Spectrum (d8-acetone) of
[Ru(PPh3)([9]aneS3)(n-Cl)2Tl]2(PF6)2
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3.3 Conclusion

The complexes [Ru(PPh3)([9]aneS3)(u-Cl1)]2(PFg)2 and
[Ru(PPh3)([9]aneS3)(u-C1)2T1]2(PFg)2 have been synthesised and characterised by
ir, 1H N.M.R and 31P N.M.R. and F.A.B. mass spectroscopy and their structures
have been confirmed by X-ray analysis. The bridges in both dimeric complexes
are easily cleaved in co-ordinating solvents, thus when the complexes are
dissolved in CH3CN they form [RuCl(PPh3)(NCCH3)([9]aneS3)]PFp.
[Ru(PPh3)([9]aneS3)(u-Cl1);T1]2(PFg)2 dissolves in acetone to afford a white
precipitate of TlCl and the Ru dimer, [Ru(PPh3)([9]aneS3)(u-C)]2(PFg)2. A
summary of the synthesis and reactivity of [Ru(PPhs)([9]aneSg,)(u-Cl)]zPF(, and
[Ru(PPh3)([9]aneS3)(u-Cl)2T1]2(PFg)2 is shown in Scheme 3.1.

Scheme 3.1 The Interconversion of [Ru(PPh3)([9]aneS3)(u-Cl)]2(PFe)2,
[Ru(PPhg3)([9]aneS3)(u-Cl)2Ti]2(PFg)2 and
[RuCI(PPh3)(NCCHz3)([9]aneS3)]PFes.
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3.4  Experimental Physical Measurements

Infrared spectra (4000-250cm-1) were recorded on a Perkin-Elmer 598 or
FT1600 series spectrometer, using the KBr Disc method. TH N.M.R. spectra were
recorded on a Briiker WP80 instrument operating at 80.13 MHz. 13C(Dept) and
proton decoupled 13C N.M.R. spectra were recorded at 50.31 MHz using the
Briiker WP200 spectrometer. The proton decoupled 3!P N.M.R. spectra were
recorded on the Joel FX90Q spectrometer operating at 36.4 MHz. F.A.B. mass
spectra, unless otherwise stated, were obtained in a 3-NOBA matrix on a Kratos

MSS50TC spectrometer.

Reagents

RuCl3.nH,0 was provided as a generous loan from Johnson-Matthey
P.L.C. [9]aneS; was purchased from Aldrich. Dichloromethane was purified by
standing it over KOH and dried by distillation over P20Os. Acetonitrile was
dried by distillation over P2Os5. All other solvents were Analar grade and used
without further purification. [RuCl2(PPh3)3] was prepared by literature
methods[287], and [RuClo(PPh3)([9]aneS3)] was prepared by the method used by

Christiel241], Unless otherwise stated, an inert atmosphere was not used.

3.4.1. The Reaction of [RuCl2(PPh3)([9]aneS3)] with TIPFg in CH,Cl; or Acetone

- [RuClp(PPh3)([9]aneS3)] (55 mg, 0.080 mM) was added to CH,Cl5 (10 cm3)
and TIPFg (35 mg, 0.1 mM) was added and the system stirred for six hours during
which time a white precipitate formed. The white solid was removed by
filtration through celite, and the resulting dark yellow solution reduced in
volume to near dryness and recrystallised from acetone/hexane. The resulting
light orange solid was dried under vacuum for three days. (Yield = 43 mg).

Ir spectrum v(cm-1) : 3050(w), 2980-2920(w, broad), 1711(m), 1665(m, H20),
1618(w), 1585(w), 1572(w), 1485(ms), 1435(s), 1410(ms), 1362(w), 1293(mw),
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1217(w), 1193(w), 1146(w), 1090(s), 1025(w), 994(w), 835(vs), 750(ms), 695(s), 555(s),
528(s), 513(ms), 499(ms), 420(w).

" 1H N.M.R spectrum (d6-acetone, 298K) & = 1.28(s), 2.5-3.2 (s, broad),

| 7.3-8.0(m) p.p.m.

31P N.M.R.spectrum (d6-acetone, 298K) & = -145 ( septet, ] = 710Hz, PFq~ (weak
siénal)) p-p-m. '

F.A.B. Mass Spectrum found m/e = 819, 716, 614, 579, 551, 516;

calculated for (205TI35C1,102Ru(PPh3)([9]aneS3)}+: 819, |
(102Ru,35Cl(PPh3)([9]aneS3)}+: 716, (102Ru35Cly(PPhs)([9]aneSy)}*: 614,
{102Ry35CIPPhs([9]aneSa)}*: 579, {102Ru35CIPPh3(S(CH),S(CH)S}+: 551,
(102Ru(PPh3)(S(CH:)2S(CH)S))*: 516.

342 [RuCl(PPhs)([9]aneSy)] with TIPFg in CD3NO;

[RuClo(PPh3)([9]aneSy)] (40 mg, 0.65 mM) and TIPF (23 mg, 0.65 mM)
»wefe stirred in CD3N02 and d8-THF (4:1 v/v, 5 cm3) for fifteen hours. The |
fesﬁlﬁﬁg white(precipi't?éte was: rémoved by filtration through celite, and the - -
Afiltrat»_e‘reduced toa small volufne (1-2 ¢cm3). The soluﬁbﬁ Was then left to

slowly evaporate in air. Orange and yellow crystals formed within two days.

" Orangecrystals - —  [Ru(PPh3)([9]aneS3)(u-CDI2(PFe);
“Yellow aystals:  —  [Ru(PPhs)(9]aneS3)(u-CD;TII(PFe);
| 3.4.2_,1. o “ Crystal structure d_et_ehhixﬁtioh of [Ru(PPha)([9]aneS3)(u-Cl)]2(PF6)2

, Crystal data:~ CagHs4CloPsRusS6.2PFe.2CDsNO,. MW = 1570.18,

| monodlinic, Py1/n, a = 14.5986(24), b = 13.1911(23), ¢ = 15.6282(17)A, B = 103.42509)°,
V = 2927.3A3 [frqm 20 values of 31 reflections measured at o (24°<26<26°),

T = 150£0.1K, A = 0.71073A], D = 1.781 gam3, Z = 2, F(0,0,0) = 1586. Orange tablet,
0.085x0.23x0.23 mm, p(Mo-Kg) = 9.44 cm-1. | |
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Data collection and processing~ Stde Stadi-4 diffractometer, graphite
monochromated Mo-Kq, radiation, @-20 scans, 3631 unique data measured
(26 max = 45°, h = -15515, k = 014, 1 = 0—16) giving 3222 data with F240(F).

No significant crystal decay or movement was observed. Absorption correction
(NPM) was applied, min = 0.3813, max = 0.4247.

Structure solution and refinement:— The Ru position was located by
Patterson synthesis(288l. Non-H atoms were located and refined by iterative least
squares refinement and Fourier transformation. All non-H atoms were refined
anisotropically (for F fragments only if occupancy >50% of one atom). The PFg”
group was spinning about one F-P-F axis. The disorder was treated by split
occupancy refinement. H-atoms were included at fixed calculated positions.
Phenyl rings were constrained as idealised, planar hexagons and CD3 groups
- were fixed but allowed to rotate about their C-N bond. At convergence
w1 =62(F) + 0.000565(F)2, RRw = 0.0293, 0.0434, S = 1.312 for 354 parameters. For
the final AF synthesis, max and min residues were 0.47 and -0.69eA-3. Views of
the cation were generated by XP{289], and tables utilised CALC[?%0). Primed atoms
are related to their unp;rimed equivalents by inversion through (1/2, 0, 1/2).

Scattering factors were inlaid, or taken from Ref 291.

3422 Crystal structure determination of
[Ru(PPh3)([9]aneS3)(1-Cl2) T1]2(PFe¢)2

Crystal data:- RuyT1yC4gHs4ClyP4F1256.4CD3NO,y. MWt = 2184.155,
triclinic, Py, a = 10.2202(23), b = 10.7668(18), c = 16.4498(24)A, o = 96.206(15)°,
B = 100.971(16)°, y = 90.862(14)°, V = 1765.4A3 [from 26 values of 42 reflections
measured at +o (31°<20<32°), T = 150+0.1K, A =0.71073A], De = 2.053 gem3, Z =1,
F(0,0,0) = 1052, yellow columnar crystal, 9.078x1.55x0.43 mm,
p(Mo-Kq) = 9.44 cm-1.

Data collection and processing— Stbe Stadi-4 diffractometer, graphite

monochromated Mo-K, radiation, ®-26 scans, 4520 unique data measured
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(20 max = 45°, h =-11510, k = -11-11, 1 = 0-17) giving 4193 data with F24c(F).
No significant crystal decay or movement was observed. No absorption
correction was applied.

Structure solution and refinement:— The Ru position was located by
Patterson synthesis[288]. Non-H atoms were located and refined by iterative least
squares refinement and Fourier transformations. All non-H atoms were refined
anisotropically (for O and F fragments only if occupancy >50% of one atom).

The PFg™ group was spinning about one F-P-F axis. The disorder was treated by
split occupancy refinement. H-atoms were included at fixed calculated
positions. Phenyl rings were constrained as idealised, planar hexagons and CD3
groups were fixed but allowed to rotate about their C-N bond. At convergence
o1 = 62(F) + 0.000138(F)2, R,Rw = 0.0251, 0.0321, S = 1.053 for 439 parameters. For
the final AF synthesis, max and min residues were 0.72 and -0.71eA3. Views of
the cations were generated by XP1289), and tables utilised CALCI290]. Scattering

factors were inlaid, or taken from Ref 291.

3.4.3 The Synthesis of [Ru(PPh3)([9]aneS3)(1-C1)212(PF¢)2

(a) The reaction was carried out as in 3.4.1; however the solution was
refluxed for twelve hours. (Yield 43 mg, 66%).

(b) The reaction was carried out as in 3.4.1; however, acetone (10 cm3) at
reflux was stirred for twelve hours. (Yield 45 mg, 69%).

In both cases, the physical and chemical characteristics of the resulting
orange solid were identical.
Ir spectrum v(cm1) : 3054(ms), 2980(ms), 2920(m), 1629(mw), 1480(ms), 1432(s),
1410(ms), 1192(mw), 1090(s), 1025(w), 999(mw), 835(vs), 748(s), 699(s), 552(s),
526(s), 513(ms), 499(ms).
1H N.M.R.spectrum (d6-acetone, 298K) & = 1.1(t), 1.28(s), 2.2-3.5(m), 7.2-8.0(m)

p.p-m.
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31P N.M.R.spectrum (d6-acetone, 298K) 8 = -145(septet, J=710Hz, PF¢), + 33.4
p-p-m.

F.A.B. Mass Spectrum found m/e = 716, 614, 579, 551;

calculated for {102Ru335Clo(PPh3)([9]aneS3)}+: 716, {102Ru35Cly(PPh3)([9]aneS3)}+:
614, {102Ru35CI(PPh3)([9]aneS3)}+: 579, {102Ru35CI(PPh3)(S(CH2)2S(CH2)S}+: 551.

3.4.4 The Synthesis of [Ru(PPh3)([9]aneS3)(u-C1)2T1]2(PFg)2

The reaction was carried out in a similar manner as the one described in
3.4.1, except that the solution was degassed and stirred at 0° C for six hours under
N32. The resulting yellow solution was reduced quickly to dryness. (Yield 25 mg,
32%)
Ir spectrum v(cm-1) : 3054(ms), 2963(m), 2920(w), 1669(mw), 1482(ms), 1434(s),
1409(ms), 1261(ms), 1091(s), 840(vs), 746(m), 697(s), 558(s), 527(s), 513(m), 499(m),
460(w), 426(w).
1H N.M.R. spectrum (d6-acetone, -43° C, sealed tube, N2) 8 = 0.8(broad), 2.5-3.2
(broad), 4.24(s), 5.7(s), 7.2-8.0(m)p.p.m.
31P N.M.R. spectrum (d6-acetone, -40° C, sealed tube N2) § = 33.5, 32.8, -145 (3 of
7,] = 710Hz, PFg)p.p.m.
F.A.B. Mass Spectrum found m/e = 819, 614, 579, 551, 516;
calculated for {102Ru35Cl>(PPh3)([9]aneS3)205T1}+: 819,
{102Ru35Cl5(PPh3)([9]aneS3)}+: 614, {102Ru35C1(PPh3)([9]aneS3)}+: 579,
{102Ru35CI(PPh3)(S(CH2)2S(CH2)S}*: 551, {102R(PPh3)(S(CH,)2S(CH)S}*: 516.

3.4.5 The Synthesis of [RuCl(NCCH3)(PPh3)([9]aneS3)]PF5 from -
[Ru(PPh3)([9]aneS3)(u-Cl)]2(PFg)2

[Ru(PPh3)([9]aneS3)(u-C1)12(PFg)2 (48 mg, 0.033 mM) was added to CH3CN
(10 em3) and stirred for fifteen hours. The solution was then evaporated to near
dryness and acetone and hexane added. A yellow precipitate formed which was

filtered and dried. (Yield 46 mg, 91%)
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Ir specﬁum v(cm-1) : 3048(m), 2986(ms), 2920(m), 2040(m.CN) , 1620(m), 1586(w),
1482(ms), 1435(s), 1410(ms), 1295(m), 1266(m), 1188(mw), 1090(s), 999(ms),
910(ms), 835(m), 699(s), 580(ms), 558(s), 528(ms), 517(ms), 501(ms).

1H N.M.R.spectrum (CD3CN, 298K) & = 2.5-3.5 (m, [9]aneSs3), 7.2-8.0 (m, PPh3)
p.p-m.

31P N.M.R.spectrum (CD3CN, 298K) & = -145 ( septet, ] = 710Hz, PF¢), +35.4
p.p-m.

F.A.B. Mass Spectrum found m/e = 620, 579, 551;

calculated for {102Ru35CI(INCCH3)(PPh3)([9]aneS3)}*: 620,
{102Ru35C1(PPh3)([9]aneS3)}+: 579, {102Ru35C1(PPh3)(S(CH2)2S(CH2)S}*: 551.

3.4.6 The Synthesis of [RuCI(NCCH3)(PPh3)[9]aneS3] from
[Ru(PPhj3)([9]aneS3)(u-C1)2T1]2(PFe)2

[Ru(PPh3)([9]aneS3)(1-C1)]2(PFg)2 (38 mg, 0.022 mM) was dissolved in
CH3CN(10 cm3 ) and stirred for six hours, during which time a white precipitate
formed which was removed by filtration through celite. The resulting yellow
solution was evaporated to near dryness, and acetone/hexane added and the
yellow precipitate collected and dried. (Yield = 25 mg, 74%)

The ir, 1H N.M.R,, 31P N.M.R. and F.A.B. mass spectra were similar to 3.4.5

3.47 The Conversion of [Ru(PPh3)([9]aneS3)(p—CDT1]2(PFg)2 to
[RuCl(PPh3)([9]aneS3)12(PFe); |

[Ru(PPh3)([9]aneS3)(CI2T1}2(PFe)2 (29 mg, 0.017 mM) was dissolved in
acetone(10 cm-3 ) and stirred for six hours, during which time a white
precipitate of TICl formed. The TICl was removed by filtration through celite,
and the dark yellow solution was evaporated to near dryness, and hexane added.

The resulting orange solid had infrared, TH N.M.R,, 31P N.M.R. and F.A.B. mass

spectra similar to the dimer 3.4.3.
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Chapter Four

THE THALLIATION OF [RuCly(PPh3)([9]aneS3)] IN CH3NO>

41 Introduction

The reaction of [RuCl2(PPh3)([9]aneS3)] with TIPFg in co-ordinating and
non-co-ordinating solvents was discussed in Chapter 3. In non-co-ordinating
solvents, such as CH2Cly, the dimeric Ru species, [Ru(PPh3)([9]aneS3)(u-Ch12(PFe)2
and the Ru/Tl ladder complex, [Ru(PPh3)([9]aneS3)(u-C1)2T1)2(PFe)2 is isolated,
whereas in co-ordinating solvents, such as CH3CN, the complex,
[RuCl(solv)(PPh3)([9]aneS3))(PFg) (solv = solvent) is formed.
[RuClI(NCCH3)(PPh3)([9]aneS3)1(PFg) is relatively inert to further substitution, the
acetonitrile ligand being relatively strongly bound to the Ru(ll) centre. In order to
facilitate substitution in complexes of the type, [RuCl(solv)(PPh3)([9]aneS3)]PFg a
solvent with less co-ordinating ability than CH3CN but more than CH,Cl; has to be
used. CH3NO; is such a solvent. This chapter gives a chronological account of the
study of the reaction of [RuCl2(PPh3)([9]aneS3)] with TIPFe in CH3NO».

CH3NO; is a weak proton acceptor with a pk, value =-12 for its conjugate
acid in aqueous sulfuric acid(292. In contrast, it is a relatively strong proton donor
with a pk, = 10.2 in aqueous solution[292]. The reason for this considerable acidity
lies in the resonance forms which are available to both CH3NO; and its conjugate
base (Figure 4.1)[292). CH3NO; can also tautomerise to form the structures shown
in Figure 4.2. In aqueous solution, the nitronic acid form is only present in very low

concentration{292],
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Figure 4.1 Resonance forms of CHgNO2 and CH2NO2"

H.C N"'//O <« H.C N"’/O
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Figure 4.2 Nitromethane Tautomers
H30-N+\ S H2C=N+\

o) o}

Several O-bound CH3NO; complexes of transition metals have been
reported[293-298]. The usual synthetic method for preparing these CH3NO,
complexes is toreact a halogen-containing starting material with a dehaiogenating
agent e.g. AgPF¢. Thus, the complexes, [M(CH3N02)6]2+ (M =Mg, Ca, Sr, Mn, Fe,
Co, Ni, Zn)[294] and [Mo(NO)2(CH3NO2)4J(PFg)[295] have all been characterised, as
has the Pd(I) complex shown in Figure 4.3[2%). The reaction

of [(PEt2Ph)3Ru(p-C1)3RuCl(PEt2Ph)3] in CHyClp with an

equimolar amount of TIBF4 and CH3NO3 results in the complex
[(PEtzPh)3Ru(p-C1)sRu(CH3NO,)(PEtoPh);1BF[297). An alternative synthetic

, strétegy to CH3NO; complexes is by electrochemically oxidising or reducing
complexes in CH3NO». Thus, the electrochemical oxidation of [Ru(TPP)(CO)] in
CH3NO; results in the formation of [Ru(TPP)(CO)XCH3NO)] [298]. The bond
dissociation energy of [Cu(CH3NO2)}+ relative to [Cu(CH3CH2Cl)]*+ has been
measured as 7.9 kcal mol-1[293],

Transition metal complexes with CH,NO, have also been studied
previously (299303 CH;NO, may co-ordinate through its O-atoms (Figure 4.4)[2%9]
or through the C-atom(300-303]. A number of C-bound CHNO,~ complex have been
structurally characterised by X-ray crystallographyl302], and the complex

76



trans-bis(dimethylglyoximato)(nitromethyl)(pyridine) cobalt (III) is shown in
Figure 4.5. A CH,NO;7™ derivative of coenzyme By (see Chapter 1) has also been
characterised[302]. The double deprotonation of CH3NO2 by a dinuclear Au(I)
complex results in the formation of the novel CHNO; 2" bridging unit, which has -

been characterised by X-ray crystallography (Figure 4.6)1303],

Figure 4.3 A Representation of [Pd(Ph-N=N-Ph)(CH3NO2)2]+

Figure 4.4 A Representation of [[CH2NO2)Ru(H)(PPh3)3]

L
OIM, RI oW\ L

HC=NT TRUS

0”7 |
H L=PPh3

Figure 4.5 A View of the Single Crystal X-Ray Structure of
trans-bis(Dimethylglyoximato)-(nitromethy!)(pyridine)cobalt(lil)
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Figure 4.6 The Synthesis of [Au2{(CH2)2PPh2}2(02CPh)2(CHNO2)]

H 1 H2
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CH3NO,

4.2 The Reaction of [RuCl2(PPh3)([9]aneS3)] with TIPFg in CH3NO>

4.2.1 Results and Discussion

The addition of TIPFg to [RuCla(PPh3z)([9]aneS3)] in CH3NO> at 298K for
sixteen hours in air affords a white precipitate of TICI and a yellow solution.
vFiltra’tion of the mixture through celite yields a clear solution, which is then reduced
in volume. Addition of Et;0 results in a yellow precipitate which is collected, dried
and recrystallised from acetone/Et20. The ir spectrum of the product shows that
PPh3, [9]aneS3 and PFg™ are all present [ (cm™1) = 1482, 1434, 1409, 835, 555, 528,
517 and 499 ] . The THN.M.R. (CD3NO») spectrum shows resonances at § = 0.96 (t,

] = 7.5Hz), 1.5-3.5 (m, [9]aneS3), 6.5 (t, ] = 2Hz), 7.35-7.85 (m, PPh3), 8.26 (d,

] = 2Hz) and 8.95 (d, ] = 2Hz) (Figure 4.7). The 13C N.M.R. spectrum exhibits
resonances in the region & = 29-36 p.p.m. assigned to the co-ordinated [9]aneS; as
well as resonances in the phenyl region 8 = 126-133 p.p.m. (PPh3), and unusual
resonances at 8 = 7.8, 11.4, 106.2, 152.4, 160.1 and 206.9 (Figure 4.8).
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Figure 4.7 The TH N.M.R. Spectrum of the Product iosolated from Section 4.2.1
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Figure 4.8 The 13C N.M.R. Spectrum of the Product iosolated from Section 4.2.1
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The unusual high field resonances in the IHN.M.R. and 13C N.M.R. spectra
were originally assigned to orthometallation of one of the phenyl rings of PPh3
(Figure 4.9). A number of examples of orthometallated Ru complexes have been
reported(304-306]. The crystal structure of [RuCCgH4PPh2)(NH{SiMe2CH,PPhob)]
has been solved and clearly shows the ortho carbon of one of the phenyl groups of
PPhj3 co-ordinated to the Ru(Il) metal ion (Figure 4.10)[304, 305, However,
orthometallation in our system would result in four novel proton and five unusual
carbon resonances. This is inconsistent with the observed N.M.R. spectra which
shows only three novel proton resonances (5 = 6.5, 8.25 and 8.94 p.p.m.) and four
unusual carbon resonances (& = 106.2, 152.4, 160.1 and 206.1 p.p.m.). It is possible
that the 'missing' resonances of the orthometallated complex may overlap with the
phenyl rings of the PPh3 group. However, no 31P coupling is observed in the high
field resonances at 8 = 106.2, 152.4, 160.1 and 206.1 p.p.m., thus ruling out an
orthometallated Ru species. The high frequency of the chemical shifts in the 1H and
13C N.M.R. spectra of the unknown ligand, together with the small coupling
constant (J = 2Hz) associated with the 1H N.M.R. resonances at § = 6.5, 8.26 and
8.95 p.p.m. suggests that the unknown ligand is a four carbon membered aromatic

species, possibly a furyl moiety ( see Figure 4.11).

Figure 4.9 A Representation of the Ortho-Metallated Complex,
[RuCi(CeH4PPh2)([9]aneS3)]

ng

’\
Ph Ph
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Figure 4.10 A View of the Single Crystal X-Ray Structure of
[RuCI(CgH4PPh2) (NH{SiMe2CH2PPh2}2)]

Figure 4.11 A Representation of the Furyl Complex,
[RuCI(C4H30)(PPh3)([9]aneS3)]

Ll

PPh3 o

4.2.2 The crystal structure of [Ru(C4H30)Cl(PPh3)([9]aneS3)]HPFe¢

- Crystals which were suitable for X-ray analysis can be grown by vapour

~ diffusion of Etp0 into CH3NO3. The crystal structure confirms the distorted
octahedral stereochemistry of the Ru(ll) ion. The Ru(ll) co-ordinates to a Cr
[Ru-Cl = 2.4507 (21) A], a PPh3 [Ru-P = 2.3477(20)A], and a facially bound [9]aneS3
[Ru-S = 2.3006(23), 2.2942(21) and 2.3562(21)A). A C-bound furyl group is bound to
the metal ion in the remaining sixth site [Ru-C = 2.085(6)]. A view of the cation is
shown in Figure 4.12 and selected bond lengths and angles are shown in Table 4.1.
Although the protons on the furyl ring are placed in calculated positions, the

internal bond lengths [ O(1)-C(2) = 1.408(9), C(2)-C(3) = 1.227(11),

82



C(3)-C(4) = 1.408(13), C(4)-C(5) = 1.323(14) and C(5)-O(1) = 1.368(14)A ] and the

torsion angles [max = 1.2(10)°] indicate that the ring is a planar aromatic furyl as

opposed to a saturated THF ligand. Since the C-bound furyl is formally a

uninegative donor, the complex should be neutral for Ru(Il); however, the crystal

structure shows the complex to be monocationic, with an additional positive chérge

residing somewhere in the complex. The bond lengths of the complex are

consistent with those associated with a Ru(Il) complex (see Table 4.2) and the

complex is also diamagnetic, since no observable line-broadening in the N.M.R.

spectra is observed. Therefore, it must be assumed that there is a proton associated

with one of theligands. The location of the proton in the single crystal X-ray

structure can not be determined, but it may be associated with the O-atom of the

furyl group, although no O-H resonance is observed in the TH N.M.R. spectrum,

nor are any OH stretches seen in the ir spectrum.

Table 4.2

Bond
Lengths

Ru-P
Ru—CI(1)

Ru-Cl1(2)

Ru-S(p)
Ru-5()
Ru-5(c

Notes

X-Ray Crystallographic Data for a Series of Ru(II) [9]aneS3;

Complexes

[RuCl2(PPh3)([9]aneS3)]
A)

2.345 (2)
2.456 (2)
2.449 (2)
2.356 (2)
2.270 (2)
2.269 (2)

Complexes

[Ru(PPh3)([9]aneS3)
(u-CDI2(PF¢)2
A)

2.3741 (10)
2.4945 (10)
2.4654 (10)
2.3456 (10)
2.2880(10)
2.2817 (10)

Ru-S(p) is the sulfur trans to the PPh3 group
Ru-5((y) is the sulfur trans to the Cl group

[Ru(PPh3)X[9]aneS3)
(u-C)2Til2(PFg)?
(A)

2.3539 (12)
2.4526 (12)
2.4416 (12)
2.3501 (13)
2.2821 (13)
2.2804 (13)



Table 4.1 Selected Bond Lengths (A) and Angles (°) and Torsion Angles (°)
with standard deviations for [RuCl(C4H30)(PPh3)[9]aneS3)].HPFg

" C(6)-S(7)

Ru-Cl 2.4507(21)
Ru-S(1) 2.3006 (23)
Ru-S(4) 2.2942 (21)
Ru-S(7) 2.3562 (21)
Ru-P(1) 2.3477 (20)
Ru~C(2F) 2.085 ( 6)
S(1)-C(2) 1.816 (10)
S(1)-C(9) 1.847 (10)
C(2)-C(3) 1.505 (13)
C(3)-S(4) 1.826 (9)
S(4)-C(5) 1.826 ( 8)
C(5)-C(6) 1.502 (12)
Cl-Ru-S(1) 95.05 (7)
Cl-Ru-S4)  171.56(7)
Cl-Ru-S(7) 83.60 (7)
Cl-Ru-P(1) 9435 (7)
Cl-Ru-C(2F)  89.32(18)
S(1)-Ru-S(4)  88.35(8)
S(1)-Ru-S(7)  87.68(8)
S(1)-Ru-P(1) 9459 (7)
S(1)-Ru-C(2F) 173.85 (18)
S(4)-Ru-S(7)  87.99(7)
S(4)-Ru-P(1)  94.02(7)
S(4)-Ru-C(2F)  89.42 (18)
S(7)-Ru-P(1)  177.00(7)
S(7)-Ru-C(2F) 86.51 (18)
P(1)-Ru-C(2F) 9128 (18)
C9)-S(1)-C)-CB)  74.1(7)
C(2)-S(1)-C(9)-C(8)  -133.1(7)
S(1)-C(2)-C(3)-5(4) 39.4(9)
C(2)-C(3)-S4)-C(5)  -129.3 (7)
C(3)-S(4)-C(5)-C(6) 66.9 (7)
S(4)-C(5)-C(6)-S(7)  49.1(7)
C(5)-C(6)-S(7)-C(8) -135.7(7)

1.837(8)
S(7)-C(8) 1.828 (9)
C(8)>S(9) 1.501 (13)
O(1F-C(2F) 1.408 (9)
O(1F)-C(5F) 1.368 (12)
C(2F)-C(3F) 1.277 (11)
C(3F)-C(4F) 1.408 (13)
C4F)-C(5F) 1.323 (14)
P(1)-C(11) 1.830 (5)
P(1)-C(21) 1.826 (5)
P(1)-C(31) 1.835(5)
C(2F)-S(1)-C(9) 101.1(4)
S(1)-C(2)-C(3) 115.0 (6)
C(2)-C(3)-5(4) 113.5(6)
C(3)-5(4)-C(5) 100.0 (4)
S(4)-C(6)-5(7) 114.1(6)
C(5)-C(6)-5(7) 111.1(6)
C(6)-S(7)-C(8) 102.4 (4)
S(7)-C(8)-C(9) 113.4(6)
S(1)-C(9)-C(8) 112.5(6)
C(2F)-O(1F)-C(5F) 107.5(6)
O(1F)-C(2F)-C(3F) 104.9 (6)
C(2F)-C(3F)-C(4F) 113.8 (8)
C(3F)-C(4F)-C(5F) 103.7 (9)
O(1F)-C(5F)-C(4F) 110.1(9)
C(6)-5(7)-C(8)-C(9) 64.2(7)
S(7)-C(8)-C(9)-5(1) 46.7 (8)
C(5F)-O(1F)-C(2F-C(F) -1.1(9)
C(2F)-O(1F)-C(5F)-C(4F) 0.7 (10)
O(1F)-C(2F)-C(3F)-C(4F) 1.2(10)
C(QF)-C(F)-CF)-C(5F) -0.8(11)
C(3F)-C@F)-C(5F)-O(1F) 0.1 (11)



Figure 4.12 A View of the Single Crystal X-Ray Structure of
[RuCI(C4H30)(PPh3)([9]aneS3)).HPFg
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The metallation of cyclic ethers has been previously reported: [Co'(OEP)]
reacts with THF in the presence of excess NaBHyj to afford a C-bound THF species,
[CoIM(OEP)(C4H70)]. The mechanism is thought to be a radical process and is
shown in Scheme 4.1[307), The double deprotonation of an a-methylene group in
cyclic ethers and esters has recently been reported, and results in the formation of
carbene complexes (Figure 4.13)[308-3111. A number of 2,3 dihydrofurans have been
co-ordinated to transition metals{312, 313]; for example the MnPt dimer
[(CO)sMn(CHCH2CH>CH,0C)Pt(PMe3)] in which the 2,3-DHF bridges the two
metal centres (Figure 4.14) has been prepared [3121. [M(N2)(dppe)2](M = Mo, W)
reacts with THF in the presence of alkylbromides to form
[M(Br)(N=N-N-CH-O-CH,CH>-CH>)(dppe)2] which, on addition of acid, forms
[M(Br)(N-N=N-CHCH,CH>CH>OH(dppe)]-. This reaction is thought to proceed

by a radical process(311l,

Scheme 4.1 The Formation of [Co(ll)(OEP)(C4H70)}

ROOH -OR Cj
(O2) +OH)
Co'  Co"—OH ROH
H,{{ J—NaBH,



Figure 4.13 Representations of some Carbene Complexes of THF

[Fe(CO)3(Si(OMe)3(Ph2PCH2PPh2)(C4HeO)] Tpir(H)(C4Hg)(C4HeO)]

Figure 4.14- A Representation of [Mn(CO)4(CHCH2CH20C-)-Pt(PMe3)2]
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P, Ar
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Metal C-bound furyl groups have been widely utilised in organic
synthesis[314]. The most widely used reagent is furyl lithium, which is prepared by
reacting a halofuran with LitBu. Numerous substitution reactions can then be |
performed on this complex[315]. Interestingly, if Cul is added to Li(C4H30), then
* the complex [LiCu(C4H30)3] can be isolated (Scheme 4.2)316]. Other Cu C-bound
furyl complexes have also been used in organic synthesis, and are usually formed
by reacting the halofuran with Li"Bu/CuBr{317). The formation of
[CpMo(CO)2(PPh3)(C4H30)] (Figure 4.15) will be discussed in Section 4.3318]. The
first n-bound furyl complex, [Cp*Ru(C4H40)]X has been prepared by reacting
[Cp*RuCl]n with furan, and is shown in Figure 4.16[3191.
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Figure 4.15 A Representation of [CpMo(CO)2(PPh3)(C4H30)]
COco o

PhaP<_ 7/ /@
<>

Figure 4.16 A Representation of [Cp*Ru(C4H40))(Cl)

2,

us Cr

<>

Scheme 4.2 The Synthesis Of LiCu(C4HgO)2

u .
(‘S _Li'Bu (/'O_\S Cul (@C L

A thorough inspection of the spectroscopic properties of our C-bound furyl

complex, [RuCl(C4H30)(PPh3)([9]aneS3)]HPFg was undertaken in order to confirm

its formation and to identify any by-products which may also be present.

423 N.M.R. spectroscopic study of [RuCl(C4H30)(PPh3)([9]aneS3)]

The 1H N.M.R. and 13C N.M.R. spectra in CD3NO of the yellow product
isolated when [RuCla(PPh3)([9]aneS3)] is reacted with TIPFg in CH3NO2 in the
présence of Et20 (see Section 4.2.1) are shown in Figures 4.7 and 4.8. The
31p N.M.R. (CD3NOy) spectrum of this product shows two resonances in the PPh3
region at 8 = 347, and 35.7 p.p.m. (Figure 4.17), in addition to the PFg resonance at
8 = -145 (septet, ] = 710Hz) p.p.m. This indicates the presence of two PPh3
containing complexes. One of these can be assigned as the complex
[RuCl(C4H30)(PPh3)([9]aneS3)], but the other resonance must be due to a different
product. Initially it was thought that the second product might be due to a complex

containing a co-ordinated CH3NO; formed either by displacement of the
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C-bound furyl from the complex, [RuCl(C4H30)(PPh3)([9]aneS3)] or as an
intermediate in the reaction of [RuClo(PPh3)([9]aneS3)] with TIPFg in CH3NO>. The
31P N.M.R. spectrum of the product isolated in section 4.2.1 does not show any
change when left in the N.M.R. solvent for three weeks. This suggests that the
complex [R\'1C1(solv)(PPh3)([9]aneS3)]+ (solv = solvent [d6-acetone or CD3NO3]) is
not formed by the simple substitution of a C-bound furyl with the N.M.R. solvent.
In any case, it seemed improbable that the N.M.R. solvent (CD3NO; or dé-acetone)
would be able to displace the uninegative furyl ligand in the complex. However,
the complex [RuCl(solv)(PPh3)[9]aneS3]* could be formed prior to being dissolved
in the N.M.R. solvent.

A triplet at 8 = 0.96 (t, ] = 7.5Hz) is observed in the 1H N.M.R. spectrum
(Figure 4.18) of the yellow product described in Section 4.2.1. When this resonance
(8 = 0.96) is irradiated, the resonance at § = 2.61 (q, ] = 7.5Hz) p.p.m. turns from a
quartet to a singlet (Figure 4.19), thus indicating that this quartet is coupled to the
triplet at 8 = 0.96 p.p.m. This implies the presence of an ethyl group in the mixture
of complexes.

A further splitting of the resonance at 8 = 2.61 p.p.m. is observable
(J = 0.6Hz), which may be due to the long-range coupling to the co-ordinated 3!P in
the PPh3 group. This ethyl group is not due to free Et0 since the THN.MR.
spectrum of Et70O in CD3NO; shows resonances at 8 =1.17 (t,] = 7Hz) and
3.4(q, ] = 7Hz). The resonances for both free Et2O and the complex containing an
ethyl group can be seen in Figure 4.18. |

The 13C (DEPT) N.M.R. spectrum (CD3NO3) of the product isolated when
[RuClo(PPh3)([9]aneS3)] is reacted with TIPFg in CH3NO2 shows resonances at
8 = 7.8 (CH or CH3) and 11.4 (CHp) p.p.m. which can also be assigned to the
presence of an ethyl group. The ethyl complex is assigned as
[RuCl(Z(CH2CH3)n)(PPh3)([9]aneS3)1(PFg)m ( Figure 4.20), where Z, n and m are
unknown
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Figure 4.17 The 3P N.M.R. Spectrum of the Product iosolated from Section 4.2.1
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Figure 4.19 The TH N.M.R. (d8-acetone,360MHz, Irradiated at 8=0.97 p.p.m.)
Spectrum of the Product iosolated from Section 4.2.1

2.2
PPM

2.4
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Figure 4.20 A Representation of the Ethyl Complex,
[Ru(Z(CH2CHg3)n)CI(PPh3)([9]aneS3)}(PFe)m
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Therefore, the reaction of [RuCly(PPh3)([9]aneS3)] with TIPFg in CH3NO>
may afford a mixture of products containing a C-bound furyl complex,
[RuCl(C4H30)(PPh3)([9]aneS3)] and an ethyl complex,
[RuCl(Z(CH,CH3)n)(PPh3)([9]aneS3)1(PFg)m. The % composition of these
complexes can be calculated by comparing the TH N.M.R. integrals of the C-bound
furyl complex (8 = 6.5, 8.5, 9.1), the ethyl complex (8 = 0.97 ()) with the integrals of
the phenyl region. The results for a series of experiments in which various factors
are varied ( see Section 4.3) are shown in Table 4.3. Furthermore, it appears that the
31P N.M.R. (d6-acetone) resonance at 8 = 33.4 p.p.m. is related to the THN.M.R.
(d6-acetone) resonance at § = 0.97 (t, (CH3CHp)n) p.p.m. and the 3IPN.M.R.
(d6-acetone) resonance at 8 = 32.2 p.p.m. is related to the TH N.M.R. (d6-acetone)
furyl resonances at § = 6.5 (t), 8.5 (d) and 9.1 (d) p.p.m. The N.M.R. spectal data for
both these products, [RuCI(Z(CH,CHa)n)(PPha)([9laneSs)[(PFe)m and
[RuCI(C4H30)(PPh3)([9]aneS3)] are summarised in Tables 4.4 and 4.5.
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Table4.3  Comparison of 1H and 31P N.M.R. spectra
Ratio of the lTHN.M.R. Ratio of the 31P N.M.R. % composition of the
integrals of the furyl and intensities of the resonances complexes(i)
ethyl resonances(? at §=32.2 and 33.4
C-Furyl Ethy](i)
1:4.6 1:51 15 70
1:26 1:32 25 65
1:22 1:19 30 65
1:1 1:1 50 50
13:1 1.2:1 60 40
22:1 21:1 . 65 30
Notes
(i) Different conditions lead to different composition (see section 4.3)
(ii) Estimated £ 5% error on composition
(iii)  Ethyl % composition based on n =1 in the ethyl complex,
[Ru(Z(CH2CH3)n)CI(PPh3)([9]aneS3)1(PFg)m
Table 4.4 The N.M.R. Spectral Data for
[Ru(Z(CH2CH3))Cl(PPh3)([9]aneS3)1(PFg) m
CD3NO2 d6-acetone Assignment
'HN.MR. 8= 0.96(t,8=7.5Hz) 0.97(t,8=7.5Hz) CH2CHj
Spectrum — 2.61(q, 5=7.5Hz) CH3CH;
p-pa 1.5-3.5 (m) 1.8-34 (m) [9]aneS;
7.35-7.85 (m) 7.4-7.85 (m) PPh3
IBCN.MR. 8= 7.8 8.3 CH,CHj
?)Iicntlx:um 11.4 11.8 CHoCHj
29-38 27-40 [9]aneS3
126-133 127-135 PPhj
3IPNMR.ppm. 8= 357 33.4 PPh;
-145 ( Septet -145 ( Septet PF¢”
J =710 Hz) ] = 710 Hz)



Table 4.5

TH N.M.R Spectrum
p-p-m.

13C N.M.R. Spectrum
p-p-m.

31IPN.MR. p.p.m.

CD3NO,

1.5-3.5 (m)
6.46 (t, ]=2Hz)
7.35-7.85 (m)
8.26 (d, J=2Hz)
8.95 (d, J=2Hz)

29-36
106.2
126-133
1524
160.1
206.9

34.7
-145 (Septet,

J = 710 Hz)

d6-acetone

1.8-3.4 (m)
6.56 (t, J=2Hz)
7.4-7.85 (m)
8.52 (d, J=2Hz)
9.01 (d, ]=2Hz)

2740
108.1
127-135
153.5
162.1

32.2
-145 (Septet,

J =710 Hz)

The N.M.R. Spectral Data for [RuCl(C4H30)(PPh3)([9]aneS3)]

Assignment

[9]aneS3
C-Furyl
PPhj

C-Furyl
C-Furyl

[9]laneS3
C-Furyl
PPh3

C-Furyl
C-Furyl
C-Furyl

PPh3
PF¢

4.24 F.A.B. mass spectroscopic study of [RuCl(C4H30)(PPh3)([9]aneS3)] and

[Ru(Z(CH2CH3)nC1(PPh3)([9]aneS3)1(PF¢)m

The mass spectrum of the mixture of complexes
[RuCl(C4H30)(PPh3)([9]aneS3)] and [Ru(Z(CH2CH3)n)CI(PPh3)([9]aneS3))(PFe)m in
3-NOBA shows peaks atm/e = 779, 648, 634, 579, 551 and 516, of which 579 and

551 peaks are the largest (Figure 4.21). The peaks at 648 and 579 can be assigned to
{(102Ru(C4H30)35C1(PPh3)([9]aneS3)]+2H}+ and {102Ru35CI(PPh3)([9]aneSs)}*. The

peaks at 779 and 634 could not be easily assigned. The difference between these

two peaks is 145, and corresponds to a PFg~ counter ion, implying that these two

peaks are related. The difference between 634 and 579 is 55. This may correspond

to a complex of the type [RuCI(X)PPh3[9]aneS3]™+ where X has a mass of 55. No

solvent used in preparation of the products has this weight, the nearest being



acetone which has a mass of 58. The only other possibility is
{102Ru(OH2)THF(PPh3)([9]aneS3)+H}* and its PFg salt,
(102Ru(OH2)THF(PPh3)([9]aneS3)+HPFg}*, which might indicate that the second CI'
may be removed during the reaction. The peaks at 551 and 516 can be assigned to
{102Ru35CI(PPh3)(S(CH2)2S(CH2)25)}* and {192Ru(PPh3)(S(CH2)2S(CH2)25)}*. To
verify whether the dithiolate complex, [RuClI(PPh3)}(S(CH2)2S(CH2)25)(L)] forms in
the reaction, or whether it forms as a breakdown product during the F.A.B. mass
spectroscopic experiment, a selected mass F.A.B. spectrum is recorded.

A double focus mass spectrometer has three main regions. The first region is the
first magnetic field, the second is the field free zone and the third is the second
magnetic field. In a selected mass F.A.B. spectrum, a peak is selected after the first
magnetic field. This peak breaks down in the field free region of the mass
spectrometer and is analysed in the second magnetic field. A selected mass F.A.B.
spectrum of the product isolated in Section 4.2.1, of the peak at 579 shows only a
breakdown product at m/e =553. This peak atm/e =553 is not observed in the
standard F.A.B. mass spectrum. This may be due to the overlap of this peak with
the isotopic distribution associated with the large peak at 551. However, in the
selected mass F.A.B. mass spectrum no peak atm/e =551 is observed, thus
indicating that the peak at m/e =579 is not responsible for the production of 551
peak in the field free region of the mass spectrometer. Thus, the species
[RuCl(PPh3)(S(CH2)2S(CH?2)2S)] is not formed in the spectrometer, but it still could
be formed during the fast atom bombardment in the 3-NOBA matrix. Therefore,
this experiment does not indicate whether the dithiolate complex is present in the -

original material.
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Figure 4.21 The F.A.B. Mass Spectrum of the product isolated in Section 4.2.1
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Ethylene loss from thioethers has been extensively studied by Sellman and
co-workersl320-323], They demonstrated that {S(C¢H4)S(CH2)2S(CHa)S}?™ (Lg) can
lose ethylene in both Fe and Mo complexes(320. 3211, Recently this work has been
extended to the [RuCl(PPh3)(L4)] complex and other Ru thioether
complexes!322,323]. The loss of ethylene may occur during the formation of the
mixture of compounds, [RuCl(C4H30)(PPh3)([9]aneS3)] and
[RuCl(Z(CH2CH3)n)(PPh3)([9]aneS3)](PFg)m. However, the F.A.B. mass spectra of
analogous pure complexes, such as [RuCl2(PPh3)([9]aneSs)],
[RuCI(L)(PPh3)([9]aneS3)]+ (L = NCCHj3, NCPh)[241],
[RuCI(SC4Hg)(PPh3)([9]aneS3)]* (Chapter 5), [Ru(PPh3)([9]aneS3)(1-C1)12(PFe)2 and
[Ru(PPh3)([9]aneS3)(u-C1)2T1](PFg)2, (Chapter 3) all contain the m/e =551 peak. It
would appear therefore that ethylene loss from complexes of the type
[RuCIl(L)(PPh3)([9]aneS3)I"+ occurs relatively easily during the fast atom
bombardment in the éxperiment. Hence, it seems unlikely that the dithiolate forms

during the reaction of [RuCl2(PPh3)([9]aneS3)] with TIPFe.

4.2.5 Summary

The reaction of [RuCl(PPh3)([9]aneS3)] with TIPFg in CH3NO, seems to
produce a mixture of a C-bound furyl complex, [RuCl(C4H30)(PPh3)([9]aneS3)] and
an ethyl complex, [Ru(Z(CH2CH3)n)CI(PPh3)([9]aneS3)I(PFg)m ( Figure 4.22). The
N.M.R. spectral data for these complexes are presented in Tables 4.4 and 4.5. The
F.A.B. mass spectrum of the mixture has peaks assignable to the C-bound furyl
coupled and peaks at m/e =779 and 634. The complex |
[RuCl(C4H30)(PPh3)([9]aneS3)] has been characterised by X-ray crystallography as
its HPFg adduct.

However, a number of anomalies are associated with this assignment. In the
X-ray crystal structure of the product, the location of the proton could not be
determined, and was thought to reside on the O atom. However, the THN.M.R.
(CD3NOy) spectra of this product did not show any resonances associated with this
missing proton. The resonances of the C-bound furyl group at & = 6.5, 8.26 and 8.95
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are significantly altered from those of free furan (3 - 6.3,7.4). In the F.A.B. mass
spectrum, there remains a problem in assigning the peaks at m/e =779, 634, and
551.

It also appeared that a very unusual reaction was taking place. The only
species containing four carbon atoms and an oxygen atom which is added to the
reaction mixture is EtpO. This suggests that Et;O is being converted to a C-bound
furyl group! This prospective conversion is highly unusual and unexpected since it
would involve both C-H activation and C—C bond formation. However, despite
considerable reservations about the unusual nature of this reaction a study of the
factors influencing the formation of these products was undertaken in order to
verify the exact nature of the product and to elucidate a possible pathway for this

reaction.

Figure 4.22 The Synthesis of the Furyl and Ethyl Complexes
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4.3  Factors Influencing the Formation of the Ethyl and Furyl Complexes

All the reactions of [RuCl2(PPh3)([9]aneS3)] with TIPFg in CH3NO; (4 cm3)
and a proposed furyl source (1 cm3), discussed in this Section, are carried out in a
standard way ( Scheme 4.3). No recrystallisation is carried out since this may alter
the % composition. Control reactions, using the same solvents and run

simultaneously with one in which a factor is varied, are also undertaken.

'Schem'e 4.3 The Reaction of RuCl2(PPh3)[9]aneS3 with TIPFg in CH3NO> in the
Presence of a Proposed Furyl Source.

(

S, le I .\“\\CI .
C Ru + TIPFg + CH3NO, + potential furyl source
s¥ | i -
PPhg

1/ Stir 16 hours
2/ Filter through Celite

Y
Yellow Solution

Rotary Evaporate to dryness

Y
Yellow Solid

| 4.3.1 Possible Intefmediateé

The formation of the unusual ethyl complex,
[Ru(Z(CH2CH3),)CI(PPh3)([9]aneS3)1(PFg)m and C-bound furyl complex,
[RuCl(C4H30)(PPh3)([9)aneSs;)] from the reaction of [RuCly(PPh3)([9]aneS3)] with
TIPFg in the presence of Et;0 suggests that the furyl group may come from the
EtzO This in turn would suggest that the ethyl complex is
[RuCI(O(CH3CH>)2)(PPh3)([9]aneS3)I(PF¢). A number of possible intermediates

‘could be involved in this reaction ( see Figure 4.23).
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Figure 4.23 Possible Intermediates in the Conversion of Et20 to a Furyl Ligand
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If any of the intermediates , shown in Figure 4.23 are present , it would be
expected that THEF, 2,5-dihydrofuran, 2,3-dihydrofuran [Figure 4.24] and furan
would react to form the C-bound furyl complex.

Figure 4.24 Representations of Dihydrofurans

O O

2,3 Dihydrofuran 2,5 Dihydrofuran
2,3 DHF 2,5 DHF
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A yellow product can be isolated by reacting [RuCly(PPh3)([9]aneS3)] with
TIPFg in CH3NO; and in the presence of THF, furan, 2,5-dihydrofuran or
2,3-dihydrofuran, using the method shown in Scheme 4.3. The ir, I HN.M.R,
31P N.M.R. and F.A.B. mass spectra of the yellow product are the same in each case,
and confirm the presence of the C-bound furyl complex. This indicates that the
possible furyl source can be changed from Et;0 to THF, furan, 2,5-dihydrofuran or

© 2,3-dihydrofuran. However, the spectral data of the product also confirms that the

| _ethyl species, [Ru(Z(CHché)n)Cl(PPh3)([9]aneS3)](PF6)m is also present. This
suggests that cyclic ethers can be surprisingly eonverted to an acyclic ethyl species.
The conVersion of THF to the C-bound furyl and the ethyl complex received most of
the attentlon durmg the work on this thesis.

The % composition of the two species, [RuCl(C4H3O)(PPh3)([9]ane53)] and
[Ru(Z(CHZCH3)n)Cl(PPh3)([9]aneSB)] (PFg)m , which are formed by reaction of
[RuClz(PPhg)([9]éneS§)] .with ;I"IPF,', in CH3NO23 in the presence of THF, is
mdependent of the atmosphere used( Nz, argon or air), temperature and incident
| sunhght : _

The conversion of cyclic ethers to the acydlic ethyl complex, together with the
o % cofnpfosition being independent of temperature, increased the concern over the
- possible nature of the reaetion, since it is even harder to envisage a pathway for this

type of reaction.

4.3.2 The Possble Disproportionation of THF to a Et20 Complex and the
- C-bound furyl Complex. '

If the ethyl group in the complex,
[Ru(Z(CH2CH3)a)Cl(PPh3)([9]aneS3)](PFg)m isEpO(Z=0,n=2,m=1) then it
would appear that the novel disproportionation reaction of THF to furan and Et;0

(Figure 4.25) may be occurring. However, there should also be a2 : 1 ratio in favour
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of the EtO complex, but this has never been consistently observed, despite the care
taken to ensure the integrity of the samples. The dispropotionation of THF would
also suggest that there are at least two different reactions occurring since the
formation of EtoO from furan and vice versa could not to proceed via this reaction.
Furthermore, Et20 is an extremely weak ligand and therefore it seems unlikely that
the complex [Ru(O(CH2CH3)2)CI(PPh3)([9]aneS3)l(PFg)m is present. Thus, it seems
unlikely that the disproportionation route is responsible for the formation of
[RuCl(C4H30)(PPh3)([9]aneS3)] and [Ru(Z(CH2CH3)n)CI(PPh3)([9]aneS3))(PFg)m.

Figure 4.25 The Disproportionation Reaction of THF

@) @)

4.3.3 The Role of T1 in the Reaction of [RuCl2(PPh3)([9]aneS3)] with TIPF¢ in
CH3NO; in the presence of THF

Thallium complexes of furan are known[324], and such a species may have
been partly responsible for the bond activation. However, when the
dehalogenating agent is changed from TIPFg to AgPFg in the reaction shown in
Scheme 4.3, no change is seen in the % compositions of
[RuCl(C4H30)(PPh3)([9]aneS3)] and [Ru(Z(CH2CH3)n)CI(PPh3)([9]aneS3)}(PFe)m.
Furthermore, when the Ru dimer, [Ru(PPh3)([9]aneS3)(u-C1)12(PFe)2 is dissolved in
CH3NO3 and THF both species are formed, thus indicating that the dehalogenating

agent is not responsible for the conversion of THF to the C-bound furyl complex.
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4.3.4 C-H and C-C Bond Activation of Cyclic Ethers

The conversion of THF and diethyl ether to the C-bound furyl complex,
[RuCl(C4H30)(PPh3)([9]aneS3)] (Figure 4.12) involves C-H bond activation of five
C-H bonds and C-C bond formation. The C-H activation of cyclic ethers to form
C-bound metal complexes was discussed in Section 4.2.2.

The catalytic activation of C-H, C-C and C-O bands by a 'Cp*Ru*'

(Cp* = C5Mes) moiety has recently been reported by Chaudret et al [325], The
'Cp*Ru*' moiety is synthesised by reacting [Cp*Ru(OMe)]> with CF350;H in
CH,Cl, or THF. The 'Cp*Ru*' fragment has catalysed the conversion of Ce alkenes,
dienes, alcohols, ketones, enone and dione to yield aromatic derivatives. The
by-products of this reaction are Hp, H70, CH4 and C2Hg. The proposed mechanism

for these reactions is shown in Scheme 4.4 [325],

Scheme 4.4 The Conversion of Methylhexene to Benzene and Toluene.

CH,
{Cp* Ru%} 1+ H 1+
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+
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The cyclisation of ethers has been previously reported(318,326] The
photochemical cyclisation of unsaturated ethers has been catalysed by Cu(CF3502)
and these reactions are shown in Figure 4.26[326]. Pannel et al [318] reported that the
complex [MoCp(CO)2(C4H30)(PPh3)] (Figure 4.15) can be formed by reacting
[CpMo(CO)3)” with BrCH,CHOCH)j in the presence of PPh3. The mechanism for
this reaction is shown in Scheme 4.5, and involves BrCH,CHOCH) coupling with a
CO ligand rearranging to form a substituted dihydrofuran complex, followed by
elimination of H70 to form the Mo C-bound furyl complex!318]. These mechanisms

all require two vacant sites to be present in the metal complex.

Figure 4.26 The Photochemical Cyclisation of Unsaturated Ethers
Catalysed by Cu(CF3SO2)

|
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Scheme 4.5 The Proposed Mechanism for the Synthesis of
' [CpMo(CO)2(PPh3)(C4H30)]

[@Mo(w)a] + B'\C,C'?—\CHz

H 2
|
IO

Y
H
@lVlo(CO)zco-cz—ﬁ--CH2

JPPha

@MO(CO)z(PPha)COHzC—ﬁE}CHz

/\"(-';2
Y H
@PPhg)(COz)Mo*=c-CZLg'-:O

- -
_ . 0.
@Ppha)(ooz)MW:C‘ (o

- v
@Pphg(coz)wlo*hc;l:o‘s;H2

'@(Ppha)(coz)mm—ﬁ

NB A répresentation of the final product is shown in Figure 4.15
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Most catalytic reactions involve two sites, and it is difficult to envisage the
C-H bond activation of THF or Et20 by our Ru complex proceeding without two
vacant sites. There is some tentative evidence for the loss of the second CI” during
the reaction, since in the F.A.B. mass spectrum peaks at m/e =779, 634 are observed.
These signals can be assigned to [Ru(OH2)(THF)(PPh3)([9]aneS3)PF¢+H}* and
[Ru(OH2)(THF)(PPh3)([9]aneS3)+H]* respectively, although the isotopic
distribution is not correct.

When [RuCla(PPh3)([9]aneS3)] in CH3NO2 and THF are reacted with an
excess TIPFg, to remove any free CI” from solution, no change in chemical shifts nor
composition of the mixture is observed. Furthermore, when a sample of the
product is refluxed overnight with TIPF¢ in CH3NO, no change is observed in the
TH N.M.R. spectrum. This implies that the second CI" is strongly bound {as is the
case for [RuCI(NCCH3)(PPh3)([9]aneS3)]PFg } or that the species solution does not
contain CI7, and the X-ray structure is of a 'rogue’ crystal. However, evidence for
the presence of CI” in the product comes from the F.A.B. mass spectrum which
shows peaks at m/e = 579, 551, which can be assigned as {RuCl(PPh3)([9]aneS3)}+
and {RuCl(PPh3)(S(CH32)2S(CH3)2S5)}* respectively. The loss of CI” from the second
peak is also observed, indicating that the second CI” is strongly bound, since ethene
is lost from [9]aneS3 more readily than CI” is displaced from the Ru(Il) ion.

All the evidence suggests that the fragment responsible for the reaction is
{RuCl(PPh3)([9]aneS3)}*, and that the mass spectrum peaks at m/e = 779 and 634
are due to the species [RuCl(L)(PPh3)([9]aneS3)]PFg , where L has a weight of 55
mass units. The second vacant site required by most mechanisms for the cyclisation
and dehydrogenation of THF of Et;0 may occur by [9]aneS; changing its
co-ordination from tridentate to bidentate, although no evidence supporting this
possibility has been found.

No evidence has been found for two free sites being present in any

intermediate in the reaction of [RuCl2(PPh3)([9]aneS3)] with TIPFg in CH3NO».
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Therefore, the problem of how the complexes, [RuCl(C4H30)(PPh3)([9]aneS3)] and
[Ru(Z(CH2CH3),)CI(PPh3)([9]aneS3)](PFg)m are formed still remains unresolved.

4.3.5 The Nature of the Solvent

(i) The Reaction of [RuCl>(PPh3)([9]aneSs)] with TIPFg in neat THF

The reaction of [RuCl2(PPh3)([9)aneS3)] with TIPF¢ in THF in air affords a
blue solution and a white precipitate. After filtration, and removal of the solvent, a
blue solid is isolated. No high frequency resonances associated with the C-bound
furyl complex are observed in the TH N.M.R. spectrum of the blue product
(Figure 4.27). However, the 1H N.M.R. spectrum is broadened, which may indicate
the presence of a Ru(Ill) complex, or some paramagnetic complex. The ir spectrum
reveals strong bands at v cm-1 = 1761, 1711 (br), 1615, 1572 and 1122, which are not
present in the mixture of the C-bound furyl and ethyl complexes. The F.A.B. mass
spectrum exhibits peaks at m/e = 836, 725, 644, 631, 594, 568, 550 and 530
(Figure 4.28). The peaks at 594, 550 and 530 show isotopic distributions which
suggest that both Ru and Cl are present; the peaks at 594 and 550 can be assigned as
{RuCl(PPh3)O([9]aneS3)}* and {RuCl(PPh3)(S(CH2)S(CH32)25)}+ respectively. This
may indicate the presence of a species such as [Ru(O)Cl(PPh3)([9]aneS3)In+.

On exposure to air, the compound becomes yellow and both the THN.M.R.
‘and ir spectra broaden. No features can be distinguished in the F.A.B. mass
Spectrum. The nature of this yellow complex remains unknown. However, it is
clear that the reaction of [RuCl>(PPh3)([9]aneS3)] with TIPFg in neat THF does not

yield either the ethyl species or the C-bound furyl complex.
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Figure 4.27 The 1H N.M.R. Spectrum of the product of [RuCl2(PPh3)([9]aneSg3)]
and TIPFgin THF
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Figure 4.28 The F.A.B. Mass Spectrum of the Product of [RuCl2(PPh3)([9]aneS3)]
and TIPFgin THF
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(ii) The Reaction of [RuCl>(PPh3)([9]aneS3)] with TIPFe in neat DHF

When [RuCl(PPh3)([9]aneS3)] and TIPFg are added to neat 2,5-dihydrofuran
or 2,3-dihydrofuran ( no CH3NO; ) a yellow solution forms. Reducing the solvent
| yields a yellow 'sticky' solid, whosé F.A.B. mass spectrum shows peaks at
m/e = 1122, 1052, 982, 841, 771, 701, 631, 561, 491, 421, 351, 281, 211, 141 and 72.
This implies that a polymer has formed with at least sixteen units of DHF
(16 x 71 =1121). A possible structure of the polymer is shown in Figure 4.29.
Hence, the reaction of [RuCla(PPh3)([9]aneS3)] with TIPFg in DHF does not result in
the formation of [Ru(Z(CH2CH3)n)CI(PPh3)([9]aneS53)}(PFg)m and
[RuCI(C4H30)(PPh3)([9]aneS3)], suggesting that in order to form these complexes a

solvent is required.
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Figure 4.29 A Possible Structure of the 2,3- or 2,5- DHF Polymer

00

(iii) The Reaction of [RuCly(PPh3)([9]aneS3)] with TIPF¢ and THF in a
RNO» (R = Et, Ph)
When the solvent is changed from CH3NO; to CH3CH2NO; or PhNO2 in

the reaction shown in Scheme 4.3, no C-bound furyl complex nor ethyl complex is
observed in the TH N.M.R. spectrum. The light orange solid which can be isolated
has been identified as the Ru dimer, [Ru(PPh3)([9]aneS3)(n-C1)]2(PF¢)2 and the

Ru /Tl ladder, [Ru(PPh3)([9]aneS3)(u-Cl1)2T1]2(PFg)2 described in Chapter 3. This
indicates that only specific solvents may react to form the C- bound furyl and ethyl

complexes.

(iv) The Reaction of [RuCl>(PPh3)({9]aneS3)] with TIPFg and THEF in a

Deuterated Solvents

The reaction of [RuClo(PPh3)([9]aneS3)] with TIPFg in CD3NO2 and in either
d8-THF or 'normal' THF in the conditions shown in Scheme 4.3 results in a product
the 1H or 2D N.M.R spectra of which does not show any resonances associated with
“the C-bound furyl or ethyl complexes. Yellow and 6range crystals form from the
solution, which are identified as the Ru dimer, [Ru(PPh3)([9]aneS3)(u-CD12(PFe)>
and the Rus T, ladder, [Ru(PPh3)([9]aneS3)(u-Cl)2T12(PFg)2 discussed in Chapter 3.

The reaction o’f [RuCl>(PPh3)([9]aneS3)] with TIPFg in CH3NO3 in the
presence of d8-THF in the conditions shown in Scheme 4.3 leads to the isolation of a
product, the 1H N.M.R. spectrum of which shows the presence of both the C-bound
furyl complex and ethyl species. However, no incorporation of the deuterium label

into the C-bound furyl complex is seen in the 2D N.M.R. This may indicate that the
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d8-THF undergoes deuterium/ proton exchange with the CH3NO;. To check
whether this occurs in the absence of the Ru complex, a mixture of
d8-THF/CH3NO3 (0.2 ml : 0.8 ml) was left for two days. The results show that little
or no deuterium has been incorporated into the CH3NO nor have any protons
been incorporated into the d8-THF. When this was repeated with THF and
CD3NO3 in the absence of any Ru complexes, similar results are observed. Thus
d8-THF only appears to undergo deuterium/proton exchange in the presence of
[RuCly(PPh3)([9]aneS3)] and TIPFe. If this exchange occurs after the reaction has
been completed i.e. between the C-bound furyl complex and the solvent rather than
during the reaction to form this complex, then exchange should occur between the
C-bound furyl complex and CD3NO». To investigate this, a sample of the mixture
of the C-bound complex and the ethyl species was prepared according to Scheme
4.3 in non-deuterated solvents and was dissolved in CD3NO> for eight days,
whereupon its 1H N.M.R. spectra (CD3NO3>) was recorded. No change in the
spectrum is observed. However, this may be because the exchange was slow. The
sample was then refluxed for two days and the spectrum retaken in CD3NO2 but
the 1H N.M.R spectrum still remains unchanged. To check whether any deuterium
has been incorporarated into the furyl group, the sample was evaporated to
dryness, and dissolved in CH3NO3, and the 2D N.M.R. spectrum run. No
incorporation of the 2D label is seen in the 2D N.M.R. spectrum. The only 2D signal
is of CHxDyNO? , which could be due either to incompletely drying the compound,
or to the naturally occurring deuterium in CH3NO,. Thus, when
[RuCl2(PPh3)([9]aneSs)] and TIPFg is reacted in CH3NO; and d8-THF, no
incorporation of the label is observed in the complex,
[RuCl{C4H30)(PPh3)([9]aneS3)]. However, it is unclear whether the deuterium
label undergoes exchange during the reaction.

If THF and CH3N O, do exchange protons then it could account for the fact
that no other solvent displays this phenomenon, since any other solvent would

have different proton exchange characteristics. It has been reported that the action
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of acids or bases on THF leads to polymerisation[327]. Hence the reaction may occur
only within a very specific pH range and if this is the case then it would explain the
difference in reactivity between non deuteurated and deuterated CH3NO>. The |
solvent may also be responsible for prevention of dimerisation. If the solvent is not
sufficiently ligating, then it cannot prevent dimerisation (e.g. acetone, CD3NO,
CH3CH,NO;, PhNO,, CH,Cl). Likewise, if it has too great a co-ordinating ability ‘
(e.g. CH3CN), then the solvated complex [RuCl(Solv)PPh3[9]aneS3]PFg will be
formed. This may explain why the only solvent in which the reaction occurs is
CH3NOas.

An alternative explanation for the lack of the 2D label being incorporated
into the C-bound furyl complex, [RuCl(C4H30)(PPh3)([9]aneS3)] in the reaction of
[RuClp(PPh3)([9]aneSs)] with TIPFg in CH3NO> and d8-THF is that the furyl
complex does not come from THF. This suggests that another species, possibly aﬁ

impurity, may be responsible for the reaction.

(v) The Presence of Impurities in CH3NO»

While the novel acid/base and proton exchange characteristics of CH3NO2
may explain why the reaction only occurs in this solvent, an alternative reason may
be that an impurity is present in the CH3NO> . The impurity may account for the
reactivity in two main ways. Firstly, the impurity may react with the
[RuClo(PPh3)([9]aneSs)] to form a very reactive species, which could then go on to
react with the potential furyl source to form the C-bound furyl complex and the
ethyl species. Secondly, the impurity may react directly with the Ru complex to
form both the ethyl and C-bound furyl complex. In order to determine whether the
impurities have any effect on the formation of the C-bound furyl complex and the
ethyl species, both distilled and non-distilled CH3NO; can be used in a series of
reactions.

CH3NO:;, is purified by refluxing it with activated charcoal under N> for
twenty-four hours, filtering it to remove the charcoal and then distilling it,

discarding H,0O/CH3NO; azeotrope (at 83° C). The distilled solvent is then passed
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down an alumina column and redistilled. It is stored over CaCl and redistilled
before use.

No significant effect is observed in the composition of
[Ru(Z(CH2CH3),)Cl(PPh3)([9]aneS3)}(PFg)m and [RuCIl(C4H30)(PPh3)([9]aneS3)]
when [RuCl2(PPh3)[9]aneS3] is reacted with TIPFg in freshly distilled CH3NO» and
THF.

4.3.6 Summary

The reaction of [RuCl2(PPh3)([9]aneS3)] with TIPFg in CH3NO; in the
presence of THF or Et20 leads to the isolation of a product which has been assigned
as a mixture of a C-bound furyl complex and an ethyl species. The reaction is
independent of the dehalogenating agent used, the prospective furyl source, the Ru
starting material and temperature. The only factor that cannot be changed is the
solvent, CH3NO,. Changing the solvent to EtNO, or to CD3NO, prevents the
formation of the two complexes, [Ru(Z(CH,CH3)n)CI(PPh3)([9]aneS3)](PFg)m and
[RuCl(C4H30)(PPh3)([9]aneS3)]. This indicates that CH3NO is crucial for the
formation of the products. The reason for the key role of CH3NO; is discussed in
the next section.

It should be noted that the reservations expressed about the unusual nature
of the the reaction in Section 4.2 and the lack of any logical explanation of the
reactivity have not been clarified. Indeed, after the work described in this Section
the problem seems to have become more complex, since it appears that not only
does Et20 convert to C-bound furyl complex; [RuCI(C4H30)(PPh3)([9]aneS3)]
but that cyclic ethers are unexpectedly and uncharacteristically converted to the
acyclic ethyl species, [Ru(Z(CH2CH3)n)Cl(PPh3)([9]ane53)](PF(,)m . This confusing
and complex reaction presents a number of problems in trying to account for it.
However, towards the end of the research time available, an important break
through was made, which totally explained the nature of this reaction, and this is
the focus of Section 4.4.
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44  The Key Role of Nitromethane

The normal supplier of CH3NO; used in this work was May and Baker.
When the reaction of [RuCl>(PPh3)([9]aneS3)] with TIPFg in CH3NO; and THF is
repeated as shown in Schemg 4.3, using Aldrich CH3NO3, no C-bound furyl
complex is observed. The only product is the ethyl complex
[Ru(Z(CH2CH3)n)Cl(PPh3)([9]aneS3)](PFg)m (80% composition). When a third
source of CH3NO; (Prolabo) is used in the reaction, the C-bound furyl species is
once again observed. However, both Prolabo and May and Baker probably use the
same manufacturing process, since both are owned by Rhéne-Poulenc. Thus, the

use of Aldrich CH3NO; in the reaction of [RuCl,PPh3[9laneS3] with TIPFg in

H > ; THF preven i = 1 i i
in formati f . rol I nd Baker
H 2 i in reacti - 1 ies an hyl
complex form,

The difference in the reactivity of the CH3NO> from the different
manufacturers again alerted us to the possibility that very low concentrations of
impuritiest are possibly responsible for the reaction. However, any impurity must
have a similar boiling point to CH3NO,, as no difference in the % composition of
the C-bound furyl and the ethyl complexes is observed when CH3NO; is distilled
(Section 4.3 ). CH3NO2 is usually manufactured by gas-phase nitration of methane.
The common impurities found are higher nitroalkanes, aldehydes, ketones and
alcohols, all of which can be removed by distillation[328]. The presence of another
impurity has also been identified, and provided us with a major insight into the
process[329]. Propionitrile (ethyl cyanide) is present in low concentrations (less than
1071 M) in commercial CH3NO2 [292). Its physical properties make it very difficult
to remove it by distillation[292). The recommended method for its removal is by

crystallisation of a CH3NO» /EtyO (1 : 1) mixture at -60° C[292, 330-332],

t 500 p.p.m. contamination level of an impurity would be a stoichiometric concentration with
respect to the Ru starting material
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Reacting [RuCl2(PPh3)([9]aneS3)] directly with TIPFg in propionitrile
(NCCH2CH3) results in a white precipitate of TICl and a yellow solution.
Removing the TIC] and reducing the solvent to dryness affords a yellow product,
which is identified as [RuCI(INCCH2CH3)(PPh3)([9]aneS3)IPFg . The ir spectrum of
the product is similar to the one observed for the mixture of products formed from
Scheme 4.3, except that there is a weak stretch at v = 2212 cm™1, which can be
assigned as a CN stretch. The THN.M.R. (Figure 4.30 ), 13C N.M.R. (Dept)

(Figure 31) and 31P N.M.R. spectra were recorded. They confirm that
[RuCl(NCCHzCHa)(PPh3)([9]aness)]PF6 is part of the product mixture which is
formed when TIPFp is added to [RuCl2(PPh3)([9]aneS3)] in CH3NO3 . This complex,
[RuCI(INCCHCH3)(PPh3)([9]aneS3)]PF also explains the F.A.B. mass spectrum
peaks at m/e = 779, 634, which can now be assigned as
{RuCI(NCCH;CH3)(PPh3)([9]aneS3)PFg}* and
{RuCI(NCCHCH3)(PPh3)([9]aneSs)}*, respectively.

The reaction is therefore not a disproportionation reaction, but a competition
between the formation of the C-bound furyl complex,
[RuCl(C4H30)(PPh3)([9]aneS3)] and the reaction with the EtCN impurity. The
reaction to form the C-bound furyl complex may not have occurred in Aldrich
CH3NO; because the concentration of propionitrile was sufficiently high to impede
totally the formation of the C-bound furyl complex. The reaction of
- [RuCla(PPh3)([9]aneS3)] in Aldrich CH3NO; (purified by crystallisation) in the
presence of THF, undertaken as shown in Scheme 4.3 results in a yellow/orange
material containing the Ru dimer [Ru(PPh3)([9]aneS3)(1-C1)]2(PFg); and a small
amount of [RuCI(NCCH,CH3)(PPh3)([9]aneS3)]PFg. This indicates that only Rhone-
Poulenc CH3NO2 could form the C-bound furyl complex, which may be due to

another impurity activating the complex to C~H bonds.
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Figure 4.30 The 'H N.M.R. Spectrum of [RuCI(NCCH2CHgz)(PPh3)([9]aneS3)}(PFs)
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Figure 4.31 The 13C N.M.R. Spectrum of
[RuCI(NCCH2CH3)(PPh3)([9]aneS3)](PFeg)
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In order to demonstrate that the C-bound furyl complex is formed from
THE, labelled THF could be used in the reaction described in Scheme 4.3. As has
already been discussed, deuterium labelled THF did not incorporate the label into
the product. However, this could be due to H/D exchange, and 13C labelled THF
would avoid this problem. The cost of commerdially produced 13C labelled THF is
prohibitive, so the synthesis of 13C labelled THF from labelled K*CN has to be
undertaken. The method used is based on the previously reported preparations of
labelled HO.*CCH,>CH,*CO,HI333], the conversion of this labelled species into
HO*CH,CH,CH>*CH,OHI334l and the reported dehydration of unlabelled
HOCH,CH,CH>CH,0H into THFI335] (see Scheme 4.6).

Scheme 4.6 The Synthesis of THF

2KCN + g7 ‘B T NC’ CN

NapPH
/\ EtOH /\
EtO,C COEt - HO,C CO.H
LiAIH,
A
OH OH O

A mixture of K*CN, Br—CH>—CH>-Br and a trace amount of KI in HoO and
EtOH (1 : 3) was refluxed for one hour. The resulting light brown solution was
diluted with H>O and extracted with Et;O to separate the excess dibromide starting
material. The aqueous solution was then acidified with H2SO4 and left to stand for
thirty minutes. KOH was added until the pH = 10, and then the system was
refluxed for one day. The diacid, HO>*CCHCH2*CO2H was isolated by continous
ether extraction of the aqueous solution for three days. The ether was then

removed to yield a white solid of HO*CH>CH>CH2*CH>OH.
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HO*CH,CH,CH*CH,OH was dissolved in EtOH/Benzene (1: 4, v/v) and
the solution saturated with HCl(g). This solution was refluxed for fifteen hours and
the water that formed was removed by a water trap. The excess EtOH, the
remaining water and the bulk of the benzene was removed by distillation at room
temperature. This solution of diethyl succinate was diluted with Et2O and then
slowly added to a rapidly stirring solution of LiAlH4 in Et,O and refluxed for one
hour. The excess LiAlHg was then destroyed by the carefull additionA of H,O,

followed by the addition of HCI ( 6M) until a clear solution was obtained. The diol,
HO*CH,CH,CH2*CH,0H was isolated by continous EfO extraction of the
aqueous solution for three days. Removing the Et2O resulted in a cream solid.

- The dehydration of this labeled diol, HO*CH>CH>CH2*CH,OH in refluxing
DMSO at 160°C did not result in the isolation of THF, the first time it was
attempted. Before another attempt was undertaken, our attention turned again to
the idea that impurities were responsible for the reaction.

Representatives from both Aldrich and Rhone-Poulenc stated that apart from
H,0 and higher nitroalkanes, there are no significant impurities in their CH3NO>.
However, a number of studies have revealed the presence of CH3CH,CNI330-332],

A gas chromatographic study by Osa et al [332] showed that, apart form H0O, there
were four organic components in commercial CH3NO3 (including CH3NO; itself).
These impuritiest were identified by J.-C. Bardin{331] as CH3CH,CN

(=2.2 x 102M)3, nitroethane (=1.8 x 10"2 M)}, and nitro-2-propane (1.5 x 1071 M)%.
Three other impurities were also identified as NO», acetone and CH3CN. However,
none of these could explain the formation of the C-bound furyl complex.

It was therefore decided to check whether any further impurities are present
in CH3NO,. A sample of Prolabo CH3NO2 in CDCl3 was placed in the THN.MR.
spectrometer and the spectrum accumulated over twenty four hours. The resulting
spectrum confirms the presence of propionitrile and H2O, and also shows the

presence of a third very minor impurity with resonances in the aromatic region at

t  For Aldich, Prolabo and Eastman Kodak CH3NO?
Concentrations were only quoted for Aldrich CH3NO,
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3 = 6.2 (t), 8.25 (broad) and 8.4 (d) p.p.m. (Figure 4.32). The guestimated
concentration of the aromatic impurity is 300 p.p.m. The IH N.M.R. of Aldrich
CH3NO32 was also accumulated over twenty four hours, however, no aromatic
resonances were observed in the spectrum. This indicates that the C-bound furyl
complex may come from an impurity in nitromethane.

It would seem that this impurity is an aromatic species, since it has a small
coupling constant of 2 Hz associated with the triplet and the doublet, and also
because of the high frequency of the chemical shifts. Due to the splitting pattern it
seems probable that this complex is substituted at the 2-position. No
monosubstituted furan seems capable of achieving such high frequencies of
chemical shifts (8.25 and 8.44 p.p.m.). Nitrofuran has one of the highest frequencies
associated with monosubstituted furans with d = 7.54, 6.88 and 7.89 p.p.m. for the
3,4,5-H:s, respectively. The presence of nitrofurans would not be unexpected due
to the method of manufacture of nitromethane.

Since no 2-substituted furyl species has chemical shifts in the desired region,
it must be due to a different heterocycle. One such heterocycle, with chemical shifts
in approximately the correct area i§ isoxazole, which has chemical shifts in the
TH N.M.R. (CDCl3 ) at = 6.41, 8.51 and 8.34 p.p.m. or at 6.53, 8.64 and 8.44p.p.m.
There are two values for the chemical shift in the literature, since the exact position

is variable, due to hydrogen bonding with the nitrogen of isoxazole.
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Figure 4.32 The TH N.M.R. Spectrum of Prolabo CH3NO>
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If isoxazole is present in Rhone-Poulenc nitromethane, the complex
produced would not be the C-bound furyl but an N-donor isoxazole, the complex
being [RuCI(NC3H30)(PPh3)([9]aneS3)1(PFe). The broadening of the resonance at
& = 8.25 p.p.m. could be explained by N quadropolar coupling, and so it leaves
unexplained only the extra quaternary carbon resonance in the BCN.MR
spectrum at 206.9 p.p.m. This resonance, however, can now be explained by the CN
group of the [RuCI(NCCH,CH3)(PPh3)([9]aneS3)]PF¢ complex, which is present in
the product mixture. The 13C {1H} N.M.R. spectrum of the ethyl cyanide complex,
[RuCI(NCCH,CH3)(PPh3)([9]aneSs)]PFg (Figure 4.31) confirms that the resonance at
8 = 206.9 p.p.m. is due to the complex, [Ru(NCCH>CH3)CI(PPh3)([9]aneS3)](PFe)
rather than [RuCl(C4H30)(PPh3)([9]aneS3)]. If the C-bound furyl group is present,
there is a missing quaternary carbon resonance in the 13C {1H} N.M.R. spectrum.
Consequently it would appear that an isoxazole group is present as opposed to a
furyl ligand.

On spectroscopic evidence, the structures of the two complexes which form
during the reaction shown in Scheme 4.3 are an ethyl cyanide complex
[RuCI(INCCH,CH3)(PPh3)([9]aneS3)]PFg and an isoxazole complex
[RuCl(NC3H30)(PPh3)([9]aneS3))(PFg). The presence of the isoxazole complex
implies that the X-ray structure (Figure 4.12) has been mis-assigned. Examining the
bond lengths of the 'bound furyl species’ (Table 4.1), the bond length C>-C3 is very
short at 1.277A, especially when compared to C4-Cs (1.368A). It would be expected
that the C2—C3 bond length would be longer'than the C4—Cs bond length because of
the co-ordinated Ru(Il) ion, since the Ru would lower the electron density, and
therefore lower the bond order.

Further supporting evidence is obtained from a G.C./M.S. study of Prolabo
CH3NO; , which shows a peak at m/e = 69 ({Isoxazole}*) (Figure 4.33). Although
only a very small amount is present, no recorded peaks are labelled in the spectrum
unless the signal is present in three consecutive scans. This procedure removes all

'noise’, and hence the signal marked at m/e = 69 is present in Prolabo CH3NO; .
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The small amount present would be enough to react with [RuClx(PPh3)([9]aneSs)]
and TIPFg to form the isoxazole complex.

Finally, conclusive evidence is obtained by reacting [RuCl2(PPh3)([9]aneS3)]
with TIPFg in isoxazole. After filtration and removal of the solvent, a yellow solid is
isolated, whose the ITHN.M.R., 13C N.M.R. and 31P N.M.R. spectra confirms that the
complex, [RuCI(NC3H30)(PPh3)([9]aneS3))(PFe) is present in the product obtained
when [RuCly(PPh3)([9]aneS3)] is reacted with TIPFg in CH3NO2 and THF. The
1H and 13C N.M.R. spectra of [RuCIINC3H30)(PPh3)([9]aneS3)](PFe) are shown in
Figures 4.34 and 4.35 respectively.

Distillation of Prolabo CH3NO7 does not remove the isoxazole impurity,
since the reaction of [RuClo(PPh3)([9]aneS3)] and TIPF in distilled Prolabo CH3NO>
still results in the formation of [RuClC4H30)(PPh3)([9]aneS3)] ( see Section 4.3.5).
The physiéal properties of both ethyl cyanide and isoxazole are similar ( Table 4.6 )
and both should be removed by recrystallisation of CH3NO; in Et20 at -60°C. The
reaction of [RuCla2(PPh3)([9]aneSz)] with TIPFg in thoroughly recrystallised
CH3NO, in the conditions shown in Scheme 4.3, results in a light orange product
the spectral properties of which are identical to the mixture of
[Ru(PPh3)([9]aneS3)(1-C1)7Tl]2(PFg)2 and [Ru(PPh3)([9]aneS3)(p-Ch]2(PFe)2 isolated

in chapter 3.

Table 4.6 The Boiling and Freezing Points of CH3NO; , EtCN and Isoxazole

Compound - Boiling point : Freezing Point
°C °C
CH3NO2 100.8 -17
EtCN ' 97.3 -92.9
Isoxazole 95-96 <-80
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Figure 4.33 The G.C. / Mass Spectrum of Prolabo CH3NOz2
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Figure 4.34 The TH N.M.R. Spectrum of
[RuCI(NC3H30)(PPh3)([9]aneS3)](PFe)
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Figure 4.35 The 13C N.M.R. Spectrum of
[RuCI(NC3H30)(PPh3)([9]aneS3)](PFe)
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Re-interpreting the X-ray data in the light of the spectroscopic evidence
results in a slight improvement in the R factor (R¢fury1) = 0.477, R(isoxazole) = 0.0459). -
- The bond lengths and angles of the isoxazole complex are shown in Table 4.7. A
viéw of the revised structure is shown in Figure 4.36. _

In summary, the reaction of [RuClz(PPH3)([9]aneS3)] with TIPFg in CH3NO;
results in a fnixture of [Ru(NCCH,CH3)CI(PPh3)([9]aneS3)](PFg) and
~ [Ru(NCH2CH,CH,;O)CI(PPh3)([9]aneS3)](PFe) and all that we have been

fn_onitoring are the relative concentrations of these impurities and the factors
influencing their relative ratés of reaction. The nov'el conversion of Et20 to the
»' C-bound furyl complex, [RuCl(C4H30)(PPh3)([9]aneS3)] and an ethyl species, |
[Ru(Z(CH2CH3),)Cl(PPh3)([9]aneS3)] (PF6)-m 'has been proven not to take place.
| In$tead it i;la simple matter of the fragment {RuCl(PPh3)([9]aneS3)} reacting with
‘the impurities. Our early résewaﬁbns about the reaction, which prompted us to
| inVes'tigé;cé'the system in furt‘hrervdetail, have been shown to be well founded and

fully justified.
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Table 4.7 Selected Bond Lengths (A) and Angles (°) and Torsion Angles (°) with

standard deviations for [RuCl(NC3H30)(PPh3)[9]aneS3)1(PF¢)

Ru-Cl 2.4519 (19) C(6)-5(7) 1.837( 8)
Ru-S(1) 2.3024 (20) S(7)-C(8) 1.818 (8)
Ru-5(4) 2.2930 (18) C(8)-S(9) 1.494 (12)
Ru-S(7) 2.3560 (20) O(1i)-N(2i) 1.414 (8)
Ru-P(1) 2.3478 (20) O(1i)-C(51) 1.359 (11)
Ru-N(2i) 2.091(5) N(2i)-C(31) 1.288 (10)
S(1)-C(2) 1.817 (9) C(3i)-C(4i) 1.405 (12)
S(1)-C(9) . 1.837 (9) C(4i)—C(51) 1.320 (13)
C(2)-C(@3) 1.512(12) P(1)-C(11) 1.832(5)
C(3)-5(4) 1.827 (8) P(1)-C(21) 1.830 (5)
S(4)-C(5) 1.828 (8) P(1)-C(31) 1.834 (5)
C(5)-C(6) - 1.500 (11)

Cl-Ru-5(1) 91.98 (7) C(2)-5(1)-C(9) 101.2(4)
Cl-Ru-5(4) 171.54(7) S(1)-C(2)-C(3) 115.0(6)
Cl-Ru-5(7) 83.61(7) C(2)-C(3)-5(4) 113.3 (6)
Cl-Ru-P(1) 94.36 (6) C(3)-S(4)-C(5) 100.1 (4)
Cl-Ru-N(2i) 89.16 (16) S(4)-C(6)-5(7) 114.0 (5)
S(1)-Ru-5(4) 88.38 (7) C(5)-C(6)-5(7) 111.1(5)
S(1)-Ru-5(7) 87.61(7) C(6)-S(7)—C(8) 102.3 (4)
S(1)-Ru-P(1) 94.61 (7) S(7)-C(8)-C(9) 114.0 (6)
S(1)-Ru-N(2i) 173.84(16) S(1)-C(9)-C(8) 112.7 (6)
S(4)-Ru-S(7) 8797 (7) N(2i)-O(1i)-C(51) 107.5(6)
S(4)-Ru-P(1) 94.04 (6) O(11)-N(2i)-C(3i) 104.9 (6)
S(4)-Ru-N(2i) 89.61 (16) N(2i)-C(3i)-C(4i) 112.9(7)
S(7)-Ru-P(1) 177.05(7) C(31)~C(4i)—C(51) 104.4 (8)
S(7)-Ru-N(2i) 86.51 (16) O(11)-C(51)—C(4i) 110.4 (8)
P(1)-Ru-N(2i) 91.33(16) Ru-5(1)-C(2) 104.2 (3)
Ru-S(1)-C(9) 106.3 (3) Ru-5(4)-C(3) 106.8 (3)
Ru-S(4)-C(5)  103.07 (25) Ru-S(7)-C(6) 104.9 (3)
Ru-S(4)-C(8) 101.6(3) Ru-N(2i)-O(1i) 118.1(4)
Ru-N(2i)-C(3i) 136.4 (5) Ru-P(1)-C(1A) 111.76 (17)

- Ru-P(1)-C(1B) 115.60 (16) Ru-P(1)-C(1C) 119.45 (16)
C(9)-S(1)-C(2)-C(@3) 74.1(7) C(6)-S(7)-C(8)-C(9) 64.5(7)
C(2)-S(1)-C(9)-C(8) -132.8(6) S(7)-C(8)-C(9)-5(1) 46.4 (8)
S(1)-C(2)-C(3)-5(4) 39.2(8) C(51)-O(1i)-N(2i)-C(3i) -1.2(8)
C(2-C(3>-S4)-C(5) -129.2(6) N(2i)-O(1i)-C(51)—C(4i) 0.7 (9)
C(3)-S(4)-C(5)-C(6) 66.9 ( 6) O(1i)-N(2i)-C(3i)-C(4i) 1.3(8)
S(4)-C(5)-C(6)-5(7) 49.4(7) N(2i)~C(3i)—-C(4i)-C(5i) 0.9 (10)
C(5)-C(6)-S(7)-C(8)  -135.6 (5) C(3i)—C(4i)-C(5i)-O(1i) 0.1(10)
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Figure 4.36 A View of the X-Ray Structure of
[RuCI(NC3H30)(PPh3)([9]aneS3)](PFs)
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45 Summary and Conclusion

The reaction of [RuCly(PPh3)([9]aneS3)] with TIPFg in CH3NO3 in the
presence of THF for sixteen hours afforded a yellow solid after filtration and
removal of the solvent. This yellow material was characterised by X-ray
crystallography as [RuCl(C4H30)(PPh3)([9]aneS3)]. HPFg. However, the presence of
another complex was identified by ir, 1H, 13C and 3P N.M.R. spectroscopy as
[Ru(Z(CH>CH3)n)CI(PPh3)([9]aneS3)l(PFe)m . After trying to elucidate a
mechanism for this reaction, it was discovered that CH3NO; contains propionitrile,
which cannot be removed by distillation. The identity of the ethyl complex was
confirmed as [RuCI(NCCH,CH3)(PPh3)([9]aneS3)]PF¢ by reacting
[RuClo(PPh3)([9]aneS;] with TIPFg in propionitrile.

On re-examination by spectroscopic methods, the C-Bound furyl complex,
[RuCl(C4H30)(PPh3)([9]aneS3)] was re-assigned as a N-bound isoxazole complex,
[RuCl(NC3H30)(PPh3)([9]aneS3)1(PFg). An isoxazole impurity in CH3NO; has
never been reported previously. Evidence for this impurity was obtained from a
1H N.M.R. and by G.C./mass spectroscopic study of neat CH3NO>. The X-ray data
were re—-interpreted and were consistent with the isoxazole complex,
[RuCl(NC3H30)(PPh3)[9]aneS3](PF¢). The isoxazole complex was confirmed by
reacting [RuCly(PPh3)([9]aneS3)] with TIPFe in neat isoxazole.

Results from the interpretation of X-ray data are usually taken to be
extremely reliable. While this is generally the case, the correct identification of
atom types is not a trivial matter. The difference beMeen aC (6 electrons )and aN
(7 electrons) is small, especially when it is bound to a transition metal ion.
Therefore, care must be taken when assigning atom types in these types of systems
and other spectroscopic evidence must be fully taken into account when assigning a

complex.
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4.6  Experimental
Physical Measurements

These were carried out as described in Section 3.4, except that TH N.M.R.
were also run on a Briiker WP200 and a WH360 spectrometer operating at
200.13 MHz and 360 MHz. Selectively decoupled TH N.M.R. were also run on the
WH360 instrument. 2D N.M.R. were run on the Briiker WP200 operating at 30.722
MHz. Gas Chromatography/Mass Spectrometry were carried out on a KRATOS
MS 50TC, using a OV101 column at an injection temperature of 100° C and a scan

rate of 0.2 s°1.

Reagents
The reagents and starting materials were used as described in Section 3.4.

THF was purified by distillation over Na in the presence of benzophenone.
CH3NO» was purchased from May and Baker and was used without further
purification, unless otherwise stated. Diethyl ether and hexane were purified by
distillation over sodium wire and furan and the dihydrofurans were distilled before
use. CD3NO,, d8-THF and d6-acetone were provided in sealed ampoules by
Aldrich.
4.6.1 [RuCly(PPh3)([9]aneS3)] with TIPFe in CH3NO; : THF then diethyl ether
(@  [RuClo(PPh3)([9]aneSs)] (51 mg, 8.3 x 10> M) and TIPFg (30 mg,
8.6 x 10”5 M) were added to CH3NO3 : THF (5 cm3, 4 : 1 v/v) at 298K and stirred for
sixteen hours. The white TICI precipitate was removed by filtration through celite.
The yellow soiution was reduéed in volume on a rotary evaporator and diethyl
ether added. The yellow precipitate was collected and dried (Yield = 45 mg).
Ir spectrum v(cm-1) : 3650(mw), 3635(m), 3059(w), 2990(w), 2940(w), 2920(w),
1706(mw), 1623(w), 1587(w), 1557(w), 1484(m), 1436(s), 1410(ms), 1378(ms),
1318(w), 1293(w), 1225(w), 1189(w), 1132(m), 1092 (ms), 1045(m), 1027(w), 999(w),
839(vs, PF¢"), 746(m), 699(s), 584(mw), 558(s, PFg"), 528(s), 517(ms), 501(s), 464(w),
446(w), 434(w), 301(w).
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1TH N.M.R. spectrum (CD3NO», 298K) 8 = 0.96 (t, ] = 7.5 Hz), 1.8-3.5 (m, [9]aneS3),
6.49(t, ] = 2 Hz), 7.35-7.85 (m, PPh3), 8.26 (d, ] = 2 Hz), 8.95 (d, ] = 2 Hz) p.p.m.

1H N.M.R.spectrum (d6-acetone, 298K) & = 0.97 (t, ] = 7.5 Hz), 1.8-3.4 (m, [9]aneS3),
6.56(t, ] =2 Hz), 7.4-7.85 (m, PPh3), 8.52 (d, ] =2 Hz), 9.01 (d, ] =2 Hz) p.p.m.
When the TH N.M.R. spectrum (dé-acetone) was irradiated at 8= 0.97 p.p.m. the
spectrum was the same as above, except the quartet at 6 = 2.61 p.p.m. became a
singlet.

13C N.M R spectrum (Dept) (CD3NOy) § = 7.8, 11.4, 28 - 38( [9]aneS3), 106.1,

127 - 133 ( PPh3), 1524, 160.1

13C N.M.R.(Dept) spectrum (d6-acetone) & = 8.3, 11.4, 13.47 ( diethyl ether),

28 — 40 ([9]aneS3) , 63.1( diethyl ether), 108.1, 127 - 135, 153.5, 162.1 p.p.m.

31P N.M.R.spectrum (CD3NO2) § = -145 (septet, ] = 710 Hz, PF¢"), 34.7, 35.7 p.p.m.
31P N.M.R.spectrum (d6-acetone) & = -145 (septet, ] = 710 Hz, PF¢), 32.2, 33.4 p.p.m.
F.A.B. mass spectrum found m/e =779, 648, 634, 579, 551, 516;

calculated for {(RuCIINCCH2CH3)(PPh3)([9]aneS3)PFg}+: 779,
{RuCI(NOC3H3)(PPh3)([9]aneSs)}+: 648, {(RuCI(INCCH2CH3)(PPh3)([9]aneSs)} +: 634,
{RuCl(PPh3)([9]aneS3)}+: 579, {RuCl(PPh3)(S(CH2)2S(CH2)25)}: 551,
{Ru(PPh3)(S(CH2)2S(CH2)25)}*: 516.

(ii)  The reaction was repeated, but an aliquot of the solution was taken

after sixteen hours stirring, filtered and its 1H N.M.R. taken.

1H N.M.'R.spe'ctrum (d6-acetone capillary) & = 0.96 (1), 122(t), 1.79 (m, THF), 3.62
(m, THF), 4.33 (s, CH3NOy), 5.24 (s), 6.5 (t), 7.3-8.0 (m, Ph), 8.26 (d), 8.9 (d) p.p.m.

4.6.2 The crystal structure of [RuCl(L)((PPh3)([9]aneS3)1(PFe) (L = [C4H30] or

[NC3H30))

A lemon column (0.077 x 0.59 mm) was obtained by recrystallisation from
CH3NO»/ether.

Crystal data: (a)  C-bound furyl complex(L = C4H30);
C28H30CIOPRuS3+PF¢".CH3NO2, Mwt = 852.22
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(b) N-bound isoxazole complex( L = NC3H30);
C27H39CIOPRuUS3+PFg".CH3NO2, Mwt = 854.15

Monoclinic, space group P21/c, a = 8.5779(12), b = 14.6221(17),
c=27.661(4)A, p =93.384(9), V = 3463A [from 20 values of 31 reflections measured
at + (20 = 26530, A = 71073A), T =298K], Z = 4, De = 1.638 g cm™3,
p(Mo-Kg) = 0.850 mm™1, F(000) = 1.728.

Data Collection and processing: Stée Stadi-4 four-circle diffractometer, graphite
monochromated Mo-Kq X-radiation (A = 0.71 073A), 026 scans and the learnt-
profile method(288] gave 4694 unique reflections (20 max 45°, h = -9 -8, k = 015,
1= 0-29), of which 3167 with F > 46(F) were used in all calculations. A correction
for isotropic crystal decay (4.5%) was incorporated in the data reduction.

Structure solution and refinement: following solution by heavy atom methods
[330] the structure was refined by full-matrix least-squares on F. The usual disorder
in the PFg~ was modelled by two idealised octahedral with a common P atom: the
occupancies of the major and minor components refined to 0.839(12) and 0.161(12)
respectively. Two interpenetrating, half-occupied CH3NO3 solvent molecules were
found in the lattice. Anisotropic thermal parameters were allowed for all non-H
atoms except for solvent atoms and those F atoms of the minor disorder component.
Non-solvent H atoms were included in fixed, calculated positions[289].

At final convergence, the C-bound furyl solution gave
@1 = 62(F) + 0.000643(F)2, R = 0.0477, Rw = 0.0635, S = 1.054 for 379 parameters.
For final AF synthesis, max and min residues were +0.78 and -0.53A73.

At final convergence, the N-bound isoxazole solution gave R = 0.0459,

Rw = 0.0578, S = 1.053 for 363 parameters and the AF synthesis showed no feature
above 0.87eA-3. The final weighting scheme w1 = 62(F) + 0.00045(F)2 gave
satisfactory agreement analysis and in the final cycle (A/ G)max was 0.34.

The figures were prepared using SHELXTL PCI289] and the molecular

geometry calculations utilised CALCI2%0]. Scattering factors were inlaid or taken

from Ref. 291.

134



4.6.3 [RuCl2(PPh3)([9]aneS3)] + TIPF¢ in THF

[RuClo(PPh3)([9]aneS3)] (49 mg, 8.0 x 1075 M) and TIPF¢ (28 mg, 8.0 x 10 M)
were added to THF (5 cm3) and stirred for sixteen hours at 298K. The white
precipitate of TICl was removed by filtration through celite, revealing a blue
solution. The solvent was removed on a Schlenk line, and a blue solid was isolated

(Yield 30 mg), which turns green and then to yellow over three days.

Blue solid
TH N.M.R.spectrum (d6-acetone, 298K) § = 1.8-3.5 (broad, [9]aneS3), 7.2-8.0
(broad, PPh3) p.p-m.
Ir spectrum v(cm-1): 3654(mw), 3640(broad, m), 3055(w), 2980(mw), 2940(w),
2920(vw), 1764(ms), 1711(broad, m), 1615(s), 1572(s), 1486(m), 1432(s), 1410(ms),
1378(ms), 1318(w), 1295(w), 1225(w), 1189(m), 1122(s), 1092 (m), 1045(m), 1027(w),
999(w), 839(vs, PFg), 748(m), 699(s), 586(mw), 558(vs, PF¢"), 526(s), 517(ms), 510(s),
499(ms), 464(w), 446(vw)
F.A.B. Mass Spectrum found m/e = 836, 725, 644, 631, 594, 550, 530;
calculated for {RuCl(PPh3)(O)([9]aneS3)}*: 594, (RuCl(PPh3)(S(CH2)2S(CH2)2S)-Hj}+:
550.

Light green/yellow compound (on prolonged exposure to air the solid turns
gréen /yellow. In solution, the blue colouration rapidly turns green, and then

slowly to yellow).

1H N.M.R.spectrum (d6-acetone, 298K) & = 1.6-3.6 (v broad), 7.0-8.0 (v broad)
p.p-m.

Ir spectrum v(cm-1): 3650(mw, broad), 3050(w), 2980(w), 1760(broad, m), 1710(v
broad, m), 1610(broad, m), 1570(broad, m), 1486(mw), 1432(m), 1410(mw), 1378(m),
1189(w), 1120(m), 1090(mw), 1045(w), 839(vs, PF¢"), 749(mw), 699(m), 585(w), 555(s,
PFg"), 526(m), 517(m), 510(mw), 499(mw).

F.A.B. Mass Spectrum found m/e = 363
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F.A.B. Mass Spectrum(DMF/THIOGLYCEROL) found m/e = 363;
calculated for {Ru(PPh3)]+: 363

4.6.4 [RuCly(PPh3)([9]aneS3)] + TIPFg¢ in CH3NO2 and DHF or Furan

(i) [RuClp(PPh3)([9]aneS3)] (51 mg, 8.3 x 105 M) was added to TIPFg in
CH3NO7(4 cmd) and 2,3- or 2,5- dihydrofuran (1 cm3 ) and stirred at 298K for
sixteen hours. The white precipitate was removed by filtration through celite, and
the yellow solution was rotary evaporated to dryness; a light yellow sticky solid
was found.

The solid was dissolved in acetone, and a light white solid was filtered and
discarded, leaving a yellow solution which was evaporated to near dryness, and
hexane added and the yellow precipitate collected and dried (Yield = 43 mg). The
results were similar to 4.6.1.

(ii) The reaction was repeated as (i) above, except that Furan (1 cm3, 6 pl, 18
pl, or 36 pl) was used. The results were also similar to (i) above, except that a light
green sticky solid was formed. A yellow solid was obtained from recrystallisation
in acetone/hexane. The results were similar to 4.6.1.

(iii) [RuClo(PPh3)([9]aneS3)] (50 mg, 8.1 x 107> M) and TIPF¢ (29,

8.3 x 105 M) were added to 2,3- or 2,5- dihydrofuran( 5 cm3), a yellow solution
formed on reducing the solvent, a yellow 'sticky' solid formed (Yield 0.75'g) |
F.A.B. Mass Spectrum found m/e = 1122, 1052, 982, 911, 841, 771, 701, 631, 561, 491,
421,351, 281, 211, 141 and 72 | '

4.6.5 [RuCl2(PPh3)([9]aneS3)l+ TIPF¢ in CH3NO2 andTHF

[RuCly(PPh3)([9]aneS3)] (50 mg, 8.2 x 1075 M) was added to CH3NO; : THF
(5 cm3, 4 : 1 v/v) in the presence of a stoichiometric amount of TIPFg (29 mg,
8.3 x 1075 M) and stirred for sixteen hours at 298K. The white precipitate of TICl
was then removed by filtration through celite, and the yellow solution rotary
evaporated to dryness. The resulting yellow solid was transferred using excess

acetone and care was taken to make sure ALL the solid was completely dissolved.
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The acetone was then removed by evaporation. N.M.R. solutions were made by
adding the yellow solid to the deuteurated solvent, ensuring that the solid had
entirely dissolved. No excess solid was added and no filtration was required.
None of these solutions were recrystallised.

The ir, TH N.M.R,, 31P N.M.R. and F.A.B. mass spectra were similar to 4.6.1,
except that the relative integrals in the IH N.M.R. and the relative intensities of the

31p N.M.R. resonances varied.

4.6.6 [RuCl2(PPh3)([9]aneS3)] + TIPFg in distilled CH3NO2 andTHF

The nitromethane used in (i) above (same batch and bottle) was purified by
refluxing 450 cm3 with activated charcoal under N3 for twenty-four hours, and then
filtering off the black charcoal. The clear solution was then distilled and the
azeotrope (CN3NO2/H;0) at 83° C was discarded and only the fraction at 100-102°
C collected. This clear solution was then passed down a dry alumina column, and
redistilled (again discarding the azeotrope at 83° C, and only collecting the fraction
at 100-102° C). Finally, it was stored over dry CH2Cl and redistilled before use
(yield =50%). This distilled hitromethane was then used in the reaction described in

4.6.5. The results were also similar to 4.6.1 above. |

4.6.7 Other Factors Affecting the Reaction of [RuCl2(PPh3)([9]aneS3)] with
TIPFg

The reaction described in Table 4.8 were carried out as shown in Section
4.6.5. A control reaction was usually carried out in the same manner as 4.6.5, using
the same solvents and at the same time as the other reactions. These are also

indicated in Table 4.8.
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Table 4.8  Experimental Conditions for the Reaction of
[RuCl2(PPh3)([9]aneS3)lwith TIPFg

[RuCl2(PPh3)([9]aneS3)] TIPFg added CH3NO THF  Notes Product
added 2 added added
mg (x10°M) mg x10°M) em3  cm3
50 (8.1 28 (8.0 4 1 Heated to 40° C A
50 (8.1) 28 (8.0 4 1 Reaction vessel covered in A
foil
49 (79 4 1 24 mg TIBF4 (8.3 x 10°M B
50 (8.1) 4 1 21 mg AgPF (8.3 x10°M A
52 (8.5) 50 (143) 4 1 A
51 (8.3) 500 (143) 4 1 A
51 (8.3) 29 (83 3 2 A
51 (8.3) 28 8.0 1 4 A
49 (7.9 29 (83 5 0.006 A
50 (8.1 29 (83 5 0.012 A
51 (8.3) 28 (8.0 5 0.018 A
51 (83) 29 (83) 4 1 Under N3 using Schlenk A
techniques
51 (8.3) 30 (8.6) 4 1 Compressed air bubbled A
through
51 (8.3) 28 (8.0 4 1 Open to atmosphere. A
Workup using Schlenk
techniques
50 (8.1 28 (8.0 4 1 Aldrich CH3NO C
51 (83) 28 (8.0 4 1 Purified? Aldrich CH3NO> D
49 (79 28 (8.0 4 1 Prolabo CH3NO3 A
50 (@&.1) 29 (83) 4 1 Purified¥ Prolabo CH3NO; D
Notes

Product A Ir, lH N.M.R,, 31P N.M.R. and F.A.B. mass spectra are similar to 4.6.5
Product B as product A except that no PFg™ resonance was observed in the 31p N.MR.
spectrum at & = -145 p.p.m., nor ir peaks at 835 and 555 cm 1. An extra stretch in the infrared
spectrum is seen at v = 1000 - 1150 em’l
Product C Ir spectrum v(em1) : 3650(mw), 3635(m),2940(m), 1484(m), 1436(s),
1410(ms), 1378(ms), 1132(m), 1092 (ms), 1045(m), 83%(vs, PFg"), 746(m), 699(s), 583(mw), 556(s, PF¢),
527(s), 515(ms), 499(s), 303(w).
1H N.M.R spectrum (d-acetone, 298K) 8 = 0.97 (t, ] = 7.5 Hz), 1.8-3.4 (m, [9)aneS3), , 7.4-7.85
(m, PPh3) p.p.m. ‘ '
31p N.M.R.spectrum (d6-acetone) & = 145 (septet, ] = 710 Hz, PFg"), 33.4 p.p.m.
F.A.B. mass spectrum found m/e = 779, 634, 579, 551, 516;
calculated for (RuCIINCCH2CH3)(PPh3)([9]aneS3)PFg}*: 779, ,
{(RuCIINCCHCH3XPPh3)([9]aneS3)) +: 634, (RuCl(PPh3)([9]aneS3)}+: 579,
{(RuCI(PPh3)(S(CH2)2S(CH2)29)}*: 551, (Ru(PPh3)XS(CH2)2S(CH2)29)}: 516.
Product DIr, ITHN.M.R,, 31P N.M.R. and F.A.B. mass spectra as Section 3.4.1

1 Purified by adding dry ice to 450 cm3 CH3NO, and 500 cm3 ether till it was at -60°, filtering with
a cold funnel (packed with dry ice), discarding the solution, and allowing the crystalline CH3NO; to
thaw. Distillation of the thawed CH3NO», removing the CH3NO; /H30O azeotrope, and keeping the

fraction at 100-102° C. This was repeated four times, before use (Yield 75 em3, 17%).
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4.6.8 [RuCl2(PPh3)([9]aneS3)] + TIPFg in RNO2 and THF

The reaction was carried out as descrided in 4.6.5, except that RNO; (4 cm3,
R= Et, Ph) was used instead of CH2Cl, and the results were also similar to the
complexes, [Ru(PPh3)([9]aneS3)(u-Ch)]2(PFe)2 and
[Ru(PPh3)([9]aneS3)(u-Cl1)2T112(PFg)2 discussed in Chapter 3

4.6.9 [RuCl>(PPhj)([9]aneS3)] + TIPFg in d8-THF and CH3NO?

(i) [RuClo(PPh3)([9]aneS3)] (35 mg, 5.7 x 107 M) was added to TIPFg (20 mg,
5.7 x 1075 M) in d8-THF ( 0.5 cm3 ) andCH3NOy( 2.5cm3). The solution was stirred
for sixteen hours at 298K, filtered through celite and reduced in volume to dryness.
(Yield = 28 mg).

The results were similar to 4.6.6 and are shown in Table 4.15.
2D N.M.R. spectrum ( CH3NO3) 8 = 4.33 (CHxDyNO?) p.p.m.

(ii) A mixture of 0.2 cm3 d8-THF and 0.8 cm3 CH3NO, was left in a N.M.R.
tube for two days.

1H N.M.R. spectrum (d8-THF) § = 4.33. (CH3NO3) p.p.m.
2D N.M.R. spectrum (CH3NO3) § = 1.6 (s), 3.5 (s). (d8-THF) p.p.m

(iii) A mixture of 0.2 cm3 THF and 0.8 cm3 CH3NO; was left in an N.M.R.
tube for fourteen days

1H N.M.R. spectrum (CD3NO2) § = 1.8 (m), 3.7 (m) (THF) p.p.m.
2D N.M.R. spectrum (THF) 8 = 4.31 (CD3NO) p.p.m.

(iv) The product from the reaction 4.6.6 was dissolved in CD3NO>

(composition Furyl = 40% Ethyl = 45% composition) and left in solution for eight
days. Its 1H and 31P N.M.R.spectra did not show any change.

The sample was then refluxed for 2 days. Its TH N.M.R. spectrum (CD3NOy)
did not show any change. The sample then was then evaporated to dryness,

dissolved in CH3NO, and its 2D spectrum taken immediately.
2D N.M.R. spectrum 8 = 4.33 (s) CD3NO2) p.p-m.
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4.6.10 [RuCl,(PPh3)([9]JaneS3)] + TIPFg in CD3NO; and THF (d8 or Normal)

(i) [RuCla(PPh3)([9]aneS3)] (36 mg, 5.9 x 1075 M) was added TIPFg (20 mg,
5.7 x 105 M) TIPFg THF (0.5 cm3, d8 or Normal) and CH3NO3 ( 1 cm3), the sample
was stirred for sixteen hours, and then filtered through celite to remove the TIC],
and the dark yellow solution was rotary evaporated to dryness. The resulting light
orange solid was similar to the one described in Chapter 3, that contained

[Ru(PPh3)([9]aneS3)(u-CD]2(PFs)2 and [Ru(PPh3)([9]aneS3)(u-Cl)2 Tl]2(PFe)2 -

4.6.11 Synthesis of [RuCI(NCCH,CH3)(PPh3)([9]aneS3)]PFg

[RuClo(PPh3)([9]aneSs)] (75 mg, 1.2 x 1074 M) and 45 mg (1.3 x 1074 M) TIPFg
was added to propionitrile ( 5 cm3) and stirred for sixteen hours. The white
precipitate of TICl was removed by filtration through celite, and the yellow solution
was reduced to dryness and recrystallised from acetone/hexane.
Ir spectrum v(em1) : 3050(w), 2940(w), 2920(w), 2212(w), 1730(w), 1587(w),
1555(mw), 1482(m), 1433(ms), 1408(m), 1380(w), 1310(w), 1225(vw), 1189(mw), 1092
(ms), 1045(m), 999(mw), 839(vs, PF¢), 746(m), 699(ms), 555(s, PFg"), 528(ms),
517(ms), 499(ms), 464(w), 446(w), 434(w), 301(w).
F.A.B. Mass Spectrum found m/e = 779, 634, 579, 531; .
calculated for {RuCI(INCCH>CH3)(PPh3)([9]aneSs)PFg}: 779,
{(RuCI(INCCH,CH3)(PPh3)([9]aneS3)}: 634, {RuCl(PPh3)([9]aneS3)}: 579,
_ {RuCl(PPha)(S(CHz)ZS(CHz)zs)} 551
1H N.M.R.spectrum (CD3NO2) 8 = 0.97 (t, ] = 7 Hz), 1.8-3.2 (m [9]aneSs3), 2.73(t, ] =
7 Hz), 7.2-8.0 (m, PPh3) p.p.m.
31P N.M.R.spectrum (CD3NO3) 3 =-145 (PF¢ '}, ] = 710 Hz), 35.8 p.p.m.
13C N.M.R.spectrum (Dept) (CD3NO2) & = 7.9(+), 11.5(-), 28 - 35 ([9]aneS3), 126 -
133 (PPh3) p.p.m.
13C N.M.R. spectrum (CD3NO>) & = as DEPT except extra resonance at 207 p.p.m.
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4.6.12 Synthesis of [[RuCI(NC3H30)(PPh3)([9]aneS3)]PF¢

[RuCl(PPh3)([9]aneS3)] (70 mg, 1.1 x 1074 M) and TIPFe (43 mg,1.2 x 1074 M)
was added to isoxazole (5 cm3 ) and stirred for sixteen hours. The white precipitate
of TICl was removed by filtration through celite, and the yellow solution was
reduced to dryness and recrystallised from acetone/hexane.
Ir spectrum v(cm-1): 3630(mw), 3059(mw), 2990(mw), 2940(mw), 1708(mw),
1587(w), 1625(mw), 1587(w), 1557(w), 1482(m), 1435(s), 1410(ms), 1132(m), 1090
(ms), 1045(m), 1027(vw), 999(mw), 839(vs, PFg"), 746(m), 699(s), 584(mw),558(s,
PFg") 434(w), 305(w).
F.A.B. mass spectrum found m/e = 648, 579, 551;
calculated for {RuCI(N(CHj2)30)(PPh3)([9]aneS3)}*: 634, {RuCl(PPh3)([9]aneS3)}: 579,
(RuCI(PPh3)(S(CH2)2S(CH2),S)}*: 551.
1H N.M.R.spectrum (CD3NO») & = 1012 (t, ] = 7.5 Hz), 1.8-3.5 (m, [9]aneS3), 3.36 (q),
6.49 (t, ] = 2 Hz), 7.2-8.0 (m, PPh3). 8.25 (q, ] = 2 Hz), 8.59 (d, wk), 8.95 (] =2 Hz)
p-p-m.
13C N.M.R.spectrum (Dept) (CD3NO») & = 13.5(Et20), 28. - 37 ([9]aneS3), 64.5(Et20),
106.2, 127 - 133 (PPh3), 152.4, 160.1 p.p.m.
31P N.M.R spectrum (CD3NO2) 8 = -145 (septet, ] = 710 Hz, PF¢",)

4.6.13 Attempted synthesis of 13C labelled THF

K13CN was purchased from Aldrich. The synthesis of 1,4 Succinic acid from
KCN and ethylene bromide was performed as Ref. 333. The esterification with
ethanol, and reduction by LiAlHy of the 1,4 succinic acid to form the 1,4 butanediol
was carried out as described in Ref. 334. The results were identical to those
described in the literature.

The unsuccessful condensation of the 1,4 butanediol was carried out in

DMSO at 160° CI3351.

141



4.6.14 The reaction of [Ru(PPh3)([9]aneS3)(u-CD12(PF¢)2 with CH3NO2 and THF

[Ru(PPh3)([9]aneS3)(u-C1)12(PFe)2 (40 mg, 0.028 mM) was added to CH3NO>
and THF (4:1 v/v,5 cm3) and stirred for 18 hours. The resulting yellow solution
was reduced in volume to dryness. (Yield 30 mg).

Ir spectrum v(cm-1): 3050(m), 2985(ms), 2940(mw), 2920(w), 1620(m), 1586(w),
1552(w), 1482(ms), 1435(s), 1410(ms), 1377(w), 1315(w), 1295(ms), 1225(mw),
1188(mw), 1090(s), 1047 (mw), 1028(m), 1000(m), 942(m), 910(m), 840(vs, PFg"),
785(br, m), 751(m), 700(ms), 580(ms), 517(ms), 558(s, PF¢"), 528(ms), 517(ms),
501(ms), 468 (mw).

1H N.M.R.spectrum (d6-acetone) § = 0.98 (t, 3J = 7.5Hz),1.28 (s),2.55(q, 3JH =75
Hz), 1.50-3.30 (m), 6.50 (t, 3] = 2 Hz), 7.2-8.0 (), 8.51 (d, 3Jn = 2 Hz), 8.95 (d, =
2 Hz) p.p.m.

31P N.M.R. spectrum (d6-acetone) 8 = 33.3, 32.2 + -145 (septet, ] = 710 Hz, PF¢)
p.-p-m.

F.A.B. mass spectrum found m/e =779, 648, 634, 614, 579, 551
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Chapter 5

SYNTHESIS OF HALF SANDWICH Ru(ll) COMPLEXES WITH [9]aneS3 AND
SULFUR AND NITROGEN ANALOGUES OF FURAN AND THF

51 Introduction

Pyrrole, thiophene, pyrrolidine and tetrahydrothiophene (THT) are N
and S analogues of the five-membered heterocycles, furan and THF
(Figure 5.1)[336-343] and can co-ordinate to metal ions via the lone pairs on the
heteroatoms[221, 341, The unsaturated heterocycles, furan, thiophene and
pyrrole can also co-ordinate to metals through their C=Cl221,344, 3451, Thus, the
complex [Os(NH3)5(2,3-n*2-pyrrole)]2* has recently been reported
(Figure 5.2)[346],
Figure 5.1 Five Membered Heterocycles

Figure 5.1 Five Membered Heterocycles

H
O S N
§\ /7 <\ J §\ ]
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~ (THF) (THT) ~ Pyrrolidine

o
S

O

Tetrahydrothiophene-S-Oxide
(THT-S-Oxide)
Relatively few S-bound thiophene complexes have been synthesised[343],
since they usually co-ordinate to metals by their C=C bonds in a n2,n4, or
n5- manner (Figure 5.3)1345]. In 1985, the first structurally characterised S-bound
thiophene complex, [{(C4H3S)CH2Cp}Ru(PPh3)2]* was reported (Figure 5.4)[3471,
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Recently, the novel base hydrolysis of a co-ordinate thiophene in
[Cp*Rh(C4Me4S))2+ to form a furan (C4Me4O) and [Cp*RhS]4 has been reported.
The proposed mechanism is shown in Scheme 5.1(348].

Porphyrin ( polypyrrole) complexes have been discussed in Chapter 1.

Figure 5.2 A Representation of [Os(NH3)s(2,3-n"2—pyrrole))2+
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Figure 5.3 Possible Modes of Co-ordination of Thiophene

S
D
— /
nl- S-Bound n*
S
A i
M M
n' n’-

| Figure 5.4 A Representation of [{(C4H3S)CH2Cp}Ru(PPh3)2]*
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Scheme 5.1 The Conversion of Thiophene to Furan by [Cp*Rh(C4Me4S))2+
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The reaction of [RuCly(PPh3)([9]aneS3)] with TIPFg in CH3NO; in the
presence of THF or Furan was discussed in Chapter 4. This chapter extends this
work to S and N heteroaromatic analogues of THF and furan. Originally this
work was intended to help elucidate a possible mechanism for the formation of
the C-bound furyl complex, [RuCl{C4H30)(PPh3)([9]aneS3)]. The reaction of
[RuCl2(PPh3)([9]aneS3)] with TIPFg with S and N heterocycles is also of interest,
because of the possible formation of n1,n2, n4 or n° complexes or the possible

formation of C-bound heterocyclic complexes.
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5.2 Results and Discussion

52.1 The Reaction of [RuCl2(PPh3)([9]aneS3)] with TIPF¢ and Thiophene and
THT

The reaction of [RuCly(PPh3)([9]aneS3)] and TIPFg with thiophene in
CH,Cl, affords a white precipitate of TICl and a yellow solution. Filtration and
evaporation of the solution to dryness results in yellow solid, which can be
recrystallised from acetone/hexane. The ir spectrum of the product indicates
that [9]aneS3, PPh3 and PFg~ are all present and the TH N.M.R. spectrum
(d6-acetone) confirms the presence of [9]aneS3 and PPh3 with resonances at
8 = 1.5-3.5 (m, [9]aneS3 ) and 7.2-7.8 (m, PPh3 ) p.p.m. The 3IP N.M.R.
(d6-acetone) spectrum exhibits resonances at § = +33.5, +32.8 and -145 (septet,

J = 710 Hz, PF¢) p.p.m. indicating that the Ru dimer
[Ru(PPh3)([9]aneS3)(n-C1)]2(PFe)2 and the RuTl ladder species,
[Ru(PPh3)([9]aneS3)(u—C1)2T1]2(PFe)2 are also present. This is confirmed by F.A.B.
mass spectroscopy, which shows peaks at m/e = 819, 716, 614 and 579, which can
be assigned to {Ru(PPh3)( [9]aneS3)(u-C1)>T1}*, {Rua(PPh3)([9]aneS3)(u-Ch}*,
{RuClz(PPhs)([9]aneS3)]+ and {RuCl(PPh3)([9]aneS3)}+ respectively. A similar
mixture of products can be isolated from the reaction of [RuCl2(PPh3)([9]aneS3)]
and TIPFg in the presence of thiophene in CH3NO; . The spectral data for this
product is nearly identical to the solid which is isolated from the CH2Cl»
solvent. The only differences are an extra resonance at 8 = 0.97(t) in the

1H N.M.R. (db-acetone) spectrum, and an extra signal at m/e = 634 in the F.A.B.
mass spectrum in 3-NOBA, indicating that
[RuCI(NCCH,CH3)(PPh3)([9]aneS3)1(PFe) is also present (See Chapter 4).

Thus, the reaction of [RuCla(PPh3)([9]aneS3)] with TIPFg in the presence
of thiophene results in a mixture of the Ru dimer, [Ru(PPh3)([9]aneS3)(u—-Cl)122+
and the RuTl ladder, [Ru(PPh3)([9]aneS3)(u—Cl)7T1]22+, indicating that thiophene

does not have sufficient co-ordinating ability to prevent dimerisation.
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The addition of TIPFg to [RuCl(PPh3)([9]aneS3)] in either CH3NO? or
CH>Cl; in the presence of tetrahydrothiophene (THT) affords a yellow solution
and a white precipitate of TICl. Removal of TICI and the solvent, followed by
recrystallisation of the residue from acetone/hexane affords a bright yellow
solid, the ir spectrum of which indicates that PF¢, PPh3 and [9]aneS3 are present.
The 1H N.M.R. spectrum (d6-acetone) of this product shows resonances at
& = 2.0-3.5 (m) and 7.25-8.0 (m, PPh3 ) p.p-m and the 3P N.M.R. spectrum
(d6-acetone) exhibits resonances at 8 = 27.2 and -145 (septet, ] = 710 Hz, PFg")
p.p.m. The F.A.B. mass spectrum reveals signals at m/e = 812, 667, 579 and 551,
which can be assigned to {RuCl(PPh3)(THT)([9]aneS3)PFe}*,
{RuCl(PPh3)(THT)([9]aneS3)}*+ and {RuCl(PPh3)([9]aneS3)}* respectively,
suggesting that the complex [RuCI(PPh3)(THT)([9]aneS3)](PFs) has been
synthesised. To confirm this, crystals suitable for X-ray analysis were grown by

vapour diffusion of hexane into d6-acetone.

5.2.2 The crystal structure of [RuCl(PPh3}(THT)([9]aneS3)](PF¢)

The single crystal X-ray structure of [RuCl(PPh3)(THT)([9]aneS3)](PFe)
shows the [9]aneS3 ligand to be facially bound to an octahedral Ru(II) centre
[ Ru-5([9]aneS; ) = 2.3636(14), 2.3150(13) and 2.3335(13)A ]. The co-ordination shell
is completed by a CI” donor [ Ru-Cl = 2.4148(12)A 1, a PPh3 ligand
[ Ru-P = 2.3575(13)A ] and a THT ligand [ Ru-S = 2.3700(14)A ] (see Figure 5.5 and
| Table 5.1). Interestingly, the co-ordinated THT has been partially oxidised to a
sulfoxide. The occupancy of the O on the sulfur was refined to 50%, indicating
that in the crystal structure there is a 1 : 1 mixture of the THT complex,
[RuCl(PPh3)(THT)([9]aneS3)](PFg) and the THT-S-Oxide complex,
[RuCl(PPh3)(THT-S-Oxide)([9]aneS3)1(PFs). The two species could not be
distinguished crystallographically, and therefore the bond lengths and angles
obtained are an average of the two complexes. The thermal parameters for the

carbons in the heterocycle are only slightly larger than the carbons in the
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[9]aneS or PPhs ligands ( Table 5.2). This suggests that the conformation of the
heterocycle does not significantly alter, when it is oxidised from a thioether to a
sulfoxide. This contrasts with the change in conformation when free [9]aneS; is
oxidised to Og[9]aneS3 (See Chapter 7).

The sulfoxide is not formed during the reaction of [RuCl2(PPh3)([9]aneS3)]
with TIPFg in either CH3NO> or CHCl; in the presence of THT, since the ir,
1H N.M.R., 31P N.M.R. and F.A.B. mass spectra do not contain any features
attributable to the sulfoxide before the crystals were grown by vapour diffusion.
However, after vapour diffusion, the product shows an extra band at
v = 1048(m) cm’! in the ir spectrum, which can be assigned as a vso sulfoxide
stretch. Furthermore, after recystallisation of the product, the 3'P N.M.R.
spectrum shows two resonances at § = 27.2 and 23.7 p.p.-m. in the PPhj3 region
while the F.A.B. mass spectrum shows an extra signal at m/e = 683, assignable as
{(Ru(THT-S-Oxide)C1(PPh3)([9]aneS3)1}* , thus indicating that the sulfoxide must
form during the crystal growth by vapour diffusion (see Scheme 5.2).

Scheme 5.2 The Reaction of [RuCl2(PPh3)([9]aneS3)] with TIPFg and
THT
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Figure 5.5 The Single Crystal X-Ray Structure of
[RuCI(C4HgS)(PPh3)([9]aneS3)](PFe)
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Selected Bond Lengths (&), Angles (°) and Torsion Angles (°) with

standard deviations for [RuCl(PPh3)(THT)([9]aneS3)1(PF¢)

C(6)-S(7)
S(7)-C(8)
C(8)-5(9)
S-O
S-C(1t)
S-C(4t)
C-(1t)-C(2t)
C-(2t)-C(3t)
C-(3t)-C(4t)
P(1)-C(11)
P(1)-C(21)
P(1)-C(31)

C(3)-5(4)-C(5)
S5(4)-C(5)-C(6)
C(5)-C(6)-5(7)
Ru-S(7)-C(6)
Ru-S(7)-C(8)
C(6)-S(7)-C(8)
S(7)-C(8)-C(9)
S(1)-C(9)-C(8)
Ru-S-O
Ru-S-C(1t)
Ru-S-C(4t)
0O-S-C(1t)
0O-S-C(4t)
C(1t)-S-C(4t)
S-C(1t)-C(2t)
C(1t)-C(2t)-C(3t)
C(2t)-C(3t)-C(4t)
S—C(4t)-C(3t)
Ru-P(1)-C(11)
Ru-P(1)-C(21)
Ru-P(1)-C(31)

1.846(6)
1.818(7)
1.440(11)
1.495(8)
1.802(7)
1.813(7)
1.538(10)
1.469(11)
1.502(10)
1.843(3)
1.843(3)
1.855(3)

99.2(3)
114.5(4)
114.1(4)
105.81(19)
103.01(22)
100.4(3)
116.5(5)
115.9(6)
110.5(3)
120.46(22)
119.95(21)
106.4(4)
103.4(4)
93.7(3)
103.0(5)
108.6(6)
111.8(7)
107.3(5)
112.72(10)
118.04(11)
118.61(10)

Table 5.1

Ru-Cl 2.4148(12)
Ru-5(1) 2.3636(14)
Ru-S(4) 2.3150(13)
Ru-S(7) 2.3335(13)
Ru-S 2.3700(14)
Ru-P(1) 2.3573(12)
S(1)-C(2) 1.828(8)
S(1)-C(9) 1.821(8)
C(2)-C(3) 1.417(10)
C(3)-5(4) 1.840(6)
S(4)-C(5) 1.825(6)
C(5)-C(6) 1.470(8)
CI-Ru-S(1) 85.92(5)
Cl-Ru-S(4) 173.14(4)
Cl-Ru-S(7) 91.03(4)
Cl-Ru-§ 90.75(5)
Cl-Ru-P(1) 89.62(4)
S(1)-Ru-5(4) 87.36(5)
S(1)-Ru-S(7) 86.89(5)
S(1)-Ru-S$ 83.51(5)
S(1)-Ru-P(1) 174.51(5)
S(4)-Ru-S(7) 87.23(5)
S(4)-Ru-S 89.86(5)
S(4)-Ru-P(1) 97.01(4)
S(7)-Ru-S 170.08(5)
S(7)-Ru~P(1) 89.99(4)
S-Ru-P(1) 99.78(5)
Ru-S(1)-C(2) 103.33(24)
Ru-S()-C9)  105.2(3)
C()-S(H)-C(9)  102.24)
S(1)-C(2-C(3)  118.2(5)
C)-C(3)-S@4)  116.7(5).
Ru-S(4)-C(3) = 106.43(19)
Ru-S(4)-C(5) 105.18(19)
C(9)-5(1)-C(2)-C(3) 78.6(6)
C(2)-S(1)-C(9)-C(8) -125.1(6)
S(1)-C(2)-C(3)-5(4) 31.6(7)
C(2)-C(3)-5(4)-C(5) -124.5(5)
C(3)-5(4)-C(5)-C(6) 73.7(5)
S(4)-C(5)-C(6)-5(7) 41.3(6)
C(5)-C(6)-5(7)-C(8) -132.2(5)
C(6)-5(7)-C(8)-C(9) 70.7(6)

S(7)-C(8)-C(9)-5(1) 38.3(8)
O-S-C(1)-C(2t) -73.1(6)
C4t)-S-C(1t)-C(2t) 32.0(5)
O-5-C(4t)-C(3t) 92.4(6)
C(11)-S-C(4t)-C(3t) -15.5(5)
S-C(1t)-C(2t)-C(3t) -41.3(7)
C(1t)-C(2t)-C(3t)-C(4t)  32.0(8)
C(2t)-C(3t)-C(4t)-S -7.2(8)
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Table 5.2
Atom Ujpq
Ru 0.01877(23)
Cl 0.0251(6)
S(1) 0.0395(7)
C(2) 0.084(5)
C(3) 0.041(3)
S(4) 0.0257(7)
C(5) 0.049(4)
C(6) 0.051(4)
S(7) 0.0318(7)
C(8) 0.052(4)
C9) 0.111(6)
S 0.0408(8)
C(1t) 0.052(4)
C(2t) 0.075(5)
C(3t) 0.085(6)
C(4t) 0.053(4)
P(1) 0.0176(6)
c@11) 0.0188(24)
C(12) 0.024(3)
C(13) 0.023(3)
C(14) 0.037(3)
C(15) 0.039(3)
C(16) 0.033(3)
C(21) 0.027(3)
C(22) 0.029(3)
C(23) 0.041(3)
C(24) 0.041(3)
C(25) 0.043(3)
C(26) 0.031(3)
c@3n 0.028(3)
C(32) 0.038(3)
C(33) 0.059(4)

- C(34). 0.043(3)
C(35) 0.030(3)
C@36)  0.025(3)

P 0.0322(8)
F(1) 0.099(3)
F(2) 0.0767(25)
F(3) 0.0579(23)
F(4) 0.0695(25)
F(5) 0.116(4)
F(6) 0.074(3)

Anisotropic Thermal Parameters in A2 for

[RuCl(PPh3)(THT)([9]aneS3)1(PF¢)

Ua22

0.01752(23)
0.0301(7)
0.0272(7)
0.056(5)
0.038(3)
0.0264(7)
0.045(4)
0.057(4)
0.0342(7)
0.069(5)
0.060(5)
0.0285(7)
0.034(3)
0.075(5)
0.120(7)
0.054(4)
0.0176(6)
0.027(3)
0.026(3)
0.036(3)
0.035(3)
0.026(3)
0.022(3)
0.023(3)
0.033(3)
0.048(4)
0.065(4)
0.062(4)
0.041(3)
0.022(3)
0.022(3)
0.018(3)
0.032(3)
0.040(3)
0.033(3)
0.0394(8)
0.0428(22)
0.0602(23)
0.109(3)
0.131(4)
0.083(3)
0.162(5)

Uss
0.01545(22)

0.0257(6)
0.0285(7)
0.072(5)
0.053(4)
0.0232(6)
0.027(3)
0.033(3)
0.0219(6)
0.065(4)
0.093(6)
0.0338(7)
0.088(5)
0.073(5)
0.058(4)
0.057(4)
0.0170(6)
0.0179(23)
0.0247(25)
0.026(3)
0.028(3)
0.030(3)
0.027(3)
0.0179(24)
0.023(3)
0.027(3)
0.023(3)
0.040(3)
0.026(3)
0.0192(23)
0.025(3)
0.032(3)
0.027(3)
0.029(3)
0.0152(22)
0.0279(7)
0.102(3)
0.0480(20)
0.0560(21)
0.0485(21)
0.113(4)
0.0504(22)
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U2s
-0.0063(15)
-0.0026(5)
0.0063(6)
0.034(4)
0.021(3)
0.0030(5)
-0.012(3)
-0.024(3)
-0.0006(5)
-0.003(4)
0.003(4)
-0.0023(6
-0.002(3)
-0.008(4)
-0.033(5)
-0.023(3)
-0.0007(5)
-0.0019(21)
0.0003(22)
-0.0001(23)
-0.0035(23)
-0.0053(24)
-0.0020(22)
0.0011(20)
-0.0013(22)
-0.009(3)
-0.005(3)
0.002(3)
0.0008(24)
-0.0043(20)
0.0008(22)
0.0001(23)
-0.0102(24)
-0.0072(25)
-0.0025(21)
-0.0062(6)
-0.0097(21)
-0.0160(18)
0.0034(22)
-0.0136(23)
0.044(3)
-0.034(3)

Uis.
0.00353(16)
-0.0003(5)
0.0037(6)
-0.44(4)
0.001(3)
0.0000(5)
-0.002(3)
0.013(3)
0.0119(5)
0.038(3)
0.075(5)
0.0100(6)
0.033(4)
0.044(4)
0.013(4)
0.011(3)
0.0055(5)
0.0066(19)
0.0078(21)
0.0072(21)
0.0078(23)
0.0101(23)
0.0134(22)
0.0072(20)
0.0080(22)
0.0080(25)
0.0157(25)
0.024(3)
0.0132(22)
0.0051(20)
0.0016(22)
0.002(3)
-0.0041(24)
0.0035(22)
0.0032(20)
0.0132(6)
0.049(3)
0.0064(18)
0.0388(19)
0.0353(19)
0.026(3)
0.0115(20)

Uiz
-0.00232(15)
-0.0078(5)
-0.0089(6)
-0.019(4)
-0.002(3)
-0.0009(5)
0.000(3)
-0.010(3)
0.0026(6)
-0.008(3)
-0.020(5)
0.0055(6)
0.009(3)
0.012(4)
0.043(5)
0.004(3)
-0.0012(5)
-0.0069(21)
-0.0034(22)
-0.0064(23)
-0.013(3)
-0.007(3)
-0.0014(22)
0.0042(22)
0.0005(23)
-0.002(3)
0.001(3)
-0.002(3)
-0.004(3)
0.0027(21)
0.0006(24)
0.003(3)
0.012(3)
0.012(3)
0.0057(23)
-0.0030(6)
0.0163(21)
-0.0249(20)
0.0052(22)
-0.039(3)
0.049(3)
-0.069(3)



Bound thioether ligands can be oxidised in a variety of ways. The
reaction of [RuClo(PPh3)3] with 2-(diphenylphosphino)-benzene thiol (DPPBT)
yields [Ru(DPPBT)3]", which can be oxidised to the neutral Ru(Ill) complex,
[Ru(DPPBT)]. Further oxidation of the Ru(Ill) complex results in the complex,
[Ru(DPPBT)](2—Ph2PC(,H45—OH)(2—Ph2P—C(,H4502)], in which the co-ordinated
thioether ligand has been oxidised to a sulphinic acid (S-OH) group, and a
sulphinate (SO7) group, both being ligated via the sulfur(3491.

THT has been catalytically converted to THT-S-Oxides by Ru
complexesl341-3431. Riley and co-workers have investigated the oxidation of
[RuX2(DMSO)4] (X = Cl, Br) in alcohol with a number of thioethers, including
THTI350-353]. It has been found that trans-[RuCl2(DMSO)4] is the best catalyst for
the oxidation of thioethers, although a large number of Ru(Il) and Ru(III)
complexes are also active, including mer-[RuCl3(DMSO0)3], cis-[RuCla(DMSO)4]
and Ko[RuCls(OH)][354]. The 'all trans' relationship of thioether, sulfoxide and
halide (Figure 5.6) is thought to be the active species, in the catalytic conversion
of thioethers to sulfoxides in the presence of 02351, 354l. The oxidation of
thioethers to sulfoxides and sulfones by chemical oxidation is discussed in

chaPter 7.

Figure 5.6 The Proposed Active Species in the Catalytic Oxidation of Thioethers
to Sulfoxides by [RuCl2(DMSO)4]
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A number of THT complexes of transition metal ions have been
reported(221, 350-367]. THT co-ordinates to metal ions in a variety of ways, usually

via the sulfur lone pairs. THT can also co-ordinate via the a-carbon
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(Figure 5.7)[361] and can also bridge two metals, as shown in Figure 5.8[367). The
reaction of [Pt(H)(acetone)(PEt3)2]* with 2,3-dihydrothiophene (2,3-DHT) results
in the formation of the novel complex [Pt(PEt3)2(SC4H7)] shown in

Figure 5.91361], 2,3-DHT can also bridge two metals, and this is illustrated in the
Os3 cluster shown in Figure 5.10, the structure of the Osj3 cluster was cdnfirmed

by X-ray diffraction{361],

Figure 5.7 A Representation of [CpFe(CO)(C4H3S)]
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Figure 5.8 A Representation of [Cp2Mo2(C0O)4(C4H4S)]
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Figure 5.9 A Representation of [Pt(PEt3)2(SC4H7)]
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Figure 5.10 A Representation of [Os3(CO)g(H)(PPh3)(SC4H3)]

[,
,Os
\O\s—-PPh3

153



The Fe(ll) porphyrin complexes [Fe(TPP)(THT-5-Oxide)2] and
[Fe(TPP)(THT);] have been prepared, and characterised by X-ray
crystallography(350, 360, 366]. In [Fe(TPP)(THT)], the Fe(Il) is co-ordinated to the
porphyrin and two THT ligands [Ru-S = 2.336A (362, 366l In the THT-S-Oxide
complex, [Fe(TPP)(THT-S-Oxide)], the Fe(Il) is again co-ordinated to the
porphyrin, but is also co-ordinated through the O donors of the
THT-S-Oxide ligand (360},

A number of Ru complexes containing THT or THT-5-Oxide are
knownl221, 349-358], The Ru(IIl) complexes, [Ru(NH3)s(THT)]3+(357] and
mer-[RuCl3(THT)3](356] have been prepared, and their single crystal X-ray
structures determined. The Ru-S bond length in [Ru(NH3)s(THT)]3+ is
2.3666A357], which is very similar to the ones reported for mer-[RuCl3(THT)3]

[ Ru=S = 2.393(1), 2.386(1) and 2.381(1)A ] [356]. The Ru(IV) complex,
[Ru(Cp*)Cl2(THT)2]ClO4 has been synthesised and its crystal structure shows the
Ru to be co-ordinated to two THT ligands.[ Ru-S = 2.422(1), 2.409(1)A 1.

The Ru(ll) complex, cis-[RuClo(THT-S-Oxide)4] has been synthesised and
characterised by X-ray crystallography. In this complex, the Ru.co-ordinates to
all four S—donors [ Ru-S = 2.74(1) and 2.341(1)A ][356]. This contrasts with cis-
[RuCly(DMSO)4] which is co-ordinated to three S-donors and an O-donorl356l. In
the complex, cis-[RuClpo(THT-S-Oxide)4] the Ru-S bond length is 2.341(1)A for
the S trans to a THT-S-Oxide ligand. This is comparable to the
Ru—S(THT/THT-S-Oxide) bond length of 2.3700(14) A in the crystal structure of the
mixture, [RuCl(L)(PPh3)([9]aneS3)}(PFg) (L = THT or THT-5-Oxide). The
complex, [RuCl(THT)(1,5-DTCO)(1,5-DTCO-0)](BPhy) (Figure 5.11) has been
synthesised. The Ru(Il) metal ion co-ordinates to the two S donors of 1,5-DTCO
[ Ru-S = 2.361(2), 2.349(2)A ], the S-donor of THT [ Ru-S = 2.398(4)A ], two
S—donors of 1,5~-DTCO-O [ Ru-S = 2.353(2) Ru-Ssulfoxide) = 2.269(2)A ], and a
CI” donor [ Ru-Cl = 2.455(2)A 1[355]. The sulfoxide is trans to the Cl donor. The

remaining S-donors are all trans to sulfur and have a comparable length
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[ Ru=S = 2.349(2) - 2.398(2)A ] to the Ru-S bond length in
[RuCl(L)(PPh3)([9]aneS3)1(PFe) (L = THT and THT-S-Oxide). This suggests that
there is very little structural change when a bound THT is oxidised to a S-bound
THT-5-Oxide .

Figure 5.11 A Representation of [RuCI(THT)(1,5-DTCO)(1,5-DTCO-0)BPh4
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The reaction of [RuClo(PPh3)[9]aneS3)] with TIPFg in the presence of
sulfur heterocycles, THT and thiophene results in the formation of
[RuCl(L)(PPh3)([9]aneS3)](PFg) (L = THT) or the Ru dimers
[Ru(PPh3)([9]aneS3)(u—~Cl)2]2(PF¢)2 and [Ru(PPh3)([9]aneS3)(u—Cl)2T1]2(PFe)

( L = thiophene). The difference in reactivity can be attributed to the weaker
co-ordination ability of the S in thiophene, since the sulfur in thiophene

contributes two electrons to the aromatic n-electron cloud, and is less basic.

5.2.3 The Reaction of [RuCl2(PPh3)([9]aneS3)] with TIPFg and Pyrrole and

Pyrrolidine

The reaction of TIPFg with [RuClz(PPh3)([9]ané83)] in CH3NO3 and
pyrrolidine for sixteen hours results in the formation of a dark yellow solution
and a white precipitate of TICl. Removing the TICI and reducing the solution to
dryness affords an orange solid which can be recrystallised from acetone and -
hexane. The ir spectrum of the product indicates that PPh3, [9]aneS3 and PFg
are present [v am™ = 1484(ms), 1435(s), 1410(ms), 1090(s), 835(vs), 557(s), 528(s),
513(ms), 499(m)]. The 'H N.M.R. spectrum (d6-acetone) of the product shows
resonances at § = 0.97(t), 1.5-3.5(m), 7.3-8.0(m) p.p.m. Its F.A.B. mass spectrum
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shows peaks at m/e = 819, 716, 634, 614, 579 which can be assigned to
(TICI2Ru([9]aneS3)(PPh3)}+, {(RuzClz2(PPh3)([9]aneS3)}+,
{Ru(NCCH,CH3)(PPh3)CI([9]aneS3)}*, {RuCla(PPh3)([9]aneS3)}t,
{RuC1(PPh3)([9]aneS3)}* respectively. Thus, the product formed is a mixture of
the RuTl ladder, [Ru(PPh3)([9]aneS3)(u—Cl)2T1]2(PFe)2, the Ru dimer,
[Ru(PPh3)([9]aneS3)(u-C1)12(PFg), (Chapter 3), and the ethyl cyanide complex,
[RuClH(INCCH2CH3)(PPh3)([9]aneS3)1(PFg) (EtCN is an impurity in CH3NO; ( see
Chapter 4). Undertaking an identical reaction in CHCl; results in a similar
product. The only differences are that no resonance is observed at & = 0.97(t)
p.p-m. in the TH N.M.R. spectrum (d6-acetone), and no peak at m/e = 634 is seen
in the F.A.B. mass spectrum. Thus, the product formed when
[RuClo(PPh3)([9]aneS3)] reacts with TIPFg in CH2Cl» in the presence of
pyrrolidine, is a mixture of the Ru dimer, [Ru(PPh3)([9]aneS3)(u—CD)]2(PFs) and
the RuTl ladder species [Ru(PPh3)([9]aneS3)(u—C1)2T1]2(PFe¢)s.

Addition of TIPFg to [RuCla(PPh3)([9]aneS3)] in CH3NO; or CH,Cl; in the
presence of pyrrole, and stirring for sixteen hours results in a white precipitate
of TICI and a light green solution. Removal of TICI followed by reduction of
solution to dryness affords a light green solid which is recrystallised from
acetone/hexane. The TH N.M.R. spectrum (d6-acetone) of the green solid is very
broad, possibly indicating the presence of Ru(Ill) complex. The ir spectrum
indicates that PPh3, [9]aneS3 and PFg™ are present and the F.A.B. mass spectrum
shows peaks at m/e = 819, 715, (634), 614, 579 (m/e = 634, only when undertaken
in CH3NO3). This suggests that a mixture of the Ru dimer,
[Ru(PPh3)([9]aneS3)(u—C1)]2(PFg)2, RuTl complex
[Ru(PPh3)([9]aneS3)(u—-Cl)>T1l2(PFg)2, and another unidentified product possibly
a Ru(Ill) complex are formed when the reaction of [RuCly(PPh3)([9]aneS3)] with
TIPFg is undertaken in the presence of pyrrole.
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The presence of the dimeric Ru complexes suggests that these five-
membered N-heterocycles do not have sufficient co-ordinating ability to prevent
the dimerisation. It is also interesting to note that in CH3NO2, no isoxazole
complex, [RuCI(NC3H30)(PPh3)([9]aneS3)]* ( another impurity in CH3NO; see
Section 4.4) was found. This could be due either to the N-heterocycles
preventing the formation of the isoxazole complex, or to the batch of
nitromethane used in these experiments being free from the trace isoxazole
impurity.

Deprotonation of five-membered N-heterocycles improves their
co-ordinating ability[344]. Therefore, reactions were undertaken with pyrrole
and pyrrolidine, in the presence of base (either NEt3 or proton sponge).
Addition of TIPFg to [RuCl(PPh3)([9]aneS3)] in CH,Cl; or CH3NO3 in the
presence of pyrrole along with NEt3 or proton sponge forms a red solution and
a white precipitate of TICl. Removing the TICl and evaporating the solution to
dryness affords a red sticky solid. This product can be recrystallised from
acetone/hexane. It is known that when a strong acid is added to pyrrole a red
polymeric compound ( polypyrrole) forms. However, the ir spectrum of this red
sticky material shows that PFg~, PPh3 and a thioether are all present. The
TH N.M.R. spectrum (d6-acetone) of the product is broad showing resonances at
8 = 1.3-3.5(m, broad), 7.3-8.0(m, PPh3) p.p.m, and a weak resonance at & = 6.3(m)
p.p-m. No significant peaks are observed in the F.A.B. mass spectra in either a |
3-NOBA or a DMF/thioglycerol matrix. The reaction of [RuCl>(PPh3)([9]aneS3)]
with TIPFg in CHCl; or CH3NO> and pyrrolidine in the presence of base also
forms a red solution and a white precipitate of TICl. Removing the TICl,
reducing the solution to dryness and recrystallising the resulting solid from
acetone/hexane yields a similar sticky red solid. From this one can conclude
that the product from both these reactions is not a pyrrole polymer.
Furthermore, when base is added to neat pyrrole or pyrrolidine there is no

change in colour after 2 days. The weak resonance at 8 = 6.3 p.p.m., along with
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its physical appearance may suggest that the co-ordinated [9]aneS3 macrocycle
ring-opened, to form a vinyl thioether moiety ( see the Appendix and

Figure 5.12). When pyrrole and pyrrolidine are deprotonated, they form quite
powerful bases, which could easily deprotonate bound [9]aneS3. However, the

nature of this red Ru complex is not fully understood.

Figure 5.12 A Representation of a Possible Ru Vinyl Thioether Complex.
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53 Summary

Thé reaction of [RuCl(PPh3)([9]aneS3)] with TIPFg in the presence of S
and N heterocydic analogues of furan or THF in CH3NO3; or CHCl; has been
investigated. Pyrrole, pyrrolidine and thiophene do not afford a heterocylic
complex, instead the dimeric complexes, [Ru(PPh3)([9]aneS3)(u—CD]2(PFg)2 and
[Ru(PPh3)([9]aneS3)(u—Cl)2T1]2(PFe) are formed. Tetrahydrothiophene reacts
with [RuClo(PPh3)([9]aneS3)] and TIPFg to form the complex
[RuCI(THT)(PPh3)([9]aneS3)]PF¢ , which is oxidised in air to form
[RuCI(THT-S-Oxide)(PPh3)([9]aneS3)]PFs.

5.4 Experiniental

All physical measurements were recorded as described in Chapters 3 and

Reagents

The reagents, solvents and starting materials were prepared as described
in Chapters 3 and 4. Tetrahydrothiophene was purchased from Aldrich and
distilled before use. All reactions involving CH»Cl, were carried out on a

Schlenk line under Nj.
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5.4.1 [RuCl2(PPh3)([9]aneS3)] and TIPFg with pyrrolidine

(a) [RuClo(PPh3)([9]aneS3)] (50 mg, 8.1 x 10°M) and T1PFg (30 mg, 8.5 x
10"5M) were added to CH3NO3 (4 cm3) and pyrrolidine (1 cm3) and stirred for
sixteen hours. The white precipitate TICl was removed by filtration and the
solvent evaporated to dryness on a rotary evaporator. The light orange solid
- was recrystallised from acetone/hexane.

Ir spech‘.ﬁm v(em1): 3600(broad, m), 3051(w), 3059(w), 2920(mw), 1630(broad,
mw), 1585(w), 1484(ms), 1435(s), 1410(ms), 1364(w), 1291(mw), 1090(s), 1025(w),
998(mw), 835(vs), 750(ms), 696(s), 557(s), 528(s), 513(ms), 499(m)

1H N.M.R.spectrum (d6-acetone, 298K) & = 0.97 (1), 1728(5), 1.5-3.5(m) , 7.3-8.0 (m)
p-p-m. " "

' FAB mass spectrum found m/e = 8»1_9, 716, 634, 614, 579;

calculated for {205T135C12102R'u[9]aneS3PPh3}+° 819, {102Ru35C12(PPh3)( [9]aneS3)}+:
>716 {102Ru(NCCHgCH3)35Cl(PPh3)([9]aneS3)}+ 634, {107-Ru35C12(PPh3)([9]aneS3)} :
614, {102Ry335CI(PPh3)([9]aneSa)}*: 579

® Thé _réagtion was repeated as (a)-above, but NEt3 (0.1 cm3) was
added. A red solution fofmed éfter sixteen houfs of stirririg; which was filtered
to remove a white p‘recipitate, and the solvent removed by a rotary evaporator.
The red sticky solid wasfrecrystaillised from acetone/hexane.
if'_spectrum v(cm-1) : 3580(broad, ms), 3052(w), 2980(w), 2920(w), 1635(broad, m),
 1555(mw), 1475(ms), 1442(5), 1410(ms), 1365(w), 1290(w), 1090(s), 1035(w),
999(mw), 835(vs), 750(ms), 698(s), 557(vs), 528(s), 513(ams), 499(m)
IH N.M.R spectrum (d6-acetone, 298K) & = 1.28(s), 1.3-3.5(m, broad) , 7.3-8.0 (m,
PPh3) p.p.m.
F.A.B. mass spectrum(3-NOBA or DMF/ Thioglycerol matrixes) : only showed

S pealis associated with the matrix.
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(c)  The reaction was carried out as described in (a) above, except that
CH>Cl, (8 cm3) was used as a solvent, instead of CH3NO».
Ir spectrum v(cm-1) : 3600(broad, ms), 3051(w), 2920(w), 1630(broad, m),
1587(mw), 1485(ms), 1435(ms), 1410(ms), 1290(mw), 1090(s), 1025(w), 999(mw),
835(vs), 750(ms), 695(s), 558(vs), 527(s), 510(ms), 499(m)
1H N.M.R.spectrum (d6-acetone, 298K) & = 1.28(s), 1.3-3.5(m) , 7.3-8.0 (m) p.p.m.
F.A.B. mass spectrum found m/e = 819, 716, 614, 579;

calculated assignments see 5.4.1 (a)

(d) The reaction was repeated, in the conditions shown in Table 5.3.1,
and, as indicated on the table, the resulting products spectra were similar to (a),

(b) or (c) above.

5.4.2 [RuCly(PPh3)([9]aneS3)] and TIPFg with pyrrole

A similar series of experiments was undertaken in an identical manner as
5.4.1, except that pyrrole (1 cm3) was used in place of pyrrolidine. The conditions

and results are shown in Table 5.3.2.

5.4.3 [RuCly(PPh3)([9]aneS;)] and TIPFg with thiophene

The experiments were carried out as described in Section 5.4.1, except that
~ thiophene (1 cm3) was used in place of pyrrolidine. The conditions and results
are shown in Table 5.3.3. In addition a 31P N.M.R. was recorded.

31P N.M.R.spectrum (d6-acetone, 243K) & = 33.5, 32.8, -145 (septet, ] = 710 Hz, PF¢")

p-p-m.

5.4.4. Synthesis of [RuCl(PPh3)}(THT)({9]aneS3)1(PF¢)

[RuCl(THT)(PPh3)([9]aneS3)] (51 mg, 8.3 x 107> M) and TIPFg (30 mg, 8.6 x
1075 M) was added to CH3NO; (4 cm3) (or CH,Cl; (8 cm3) under N») and
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THT (1 cm3) , and the solution stirred for sixteen hours. The white -precipitate of
TICl was removed by filtration through celite, and the solvent removed by
rotary evaporation. The bright product was recrystallised from acetone/hexane
(yield = 60 mg, 86%).

(a) Before Crystallisation
Ir spectrum v(cm-1) : 3640(broad, w), 3052(mw), 2934(mw), 1705(ms), 1482(ms),
1434(s), 1410(s), 1363(w), 1263(w), 1223(w), 1188(w), 1091(ms), 1027(w), 999(w),
840(vvs), 746(ms), 698(s), 528(s), 558(vs), 527(s), 513(ms), 500(ms), 466(w), 425(w).
1H N.M.R.spectrum (dé-acetone, 298K) & = 1.28(s), 1.8-3.5(m) , 7.25-8.0 (m) p.p-m.
31P N.M.R.spectrum (d6-acetone, 298K) & = 27.2. -145 (septet, | = 710 Hz, PF¢)
p-p-m.
F.A.B. mass spectrum found m/e = 812, 667, 579, 551;
calculated for (102Ru([9]aneS3)35C1(PPh3)(THT)PFg}*: 812,
{102Ru([9]aneS3)35C1(PPh3)(THT)}*: 667, {102Ru35CI(PPh3)([9]aneS3)}: 579,
{(102Ru(S(CH2)2S(CH2)25)3°Cl(PPh3)} : 551.
C.HN. Expect 41.3%C 4.31%H 0%N for [RuCl(PPh3)}(THT)([9]aneS3)1(PFe)

Found 39.6%C 4.25%H 0.0%N

(b) After Crystallisation

Crystals were grown by vapour diffusion of hexane into acetone (both db-
or normal) |
Ir spectrum v(cm-1) : 3450(broad, w), 3052(mw), 2926(w), 1711(m), 1482(m),
1436(ms), 1409(m), 1223(w), 1092(m), 1047(m), 1000(w), 840(vs), 779(m), 700(ms),
558(s), 528(s), 515(m), 499(mw), 431(w).
1H N.M.R.spectrum (dé-acetone, 298K) & = 1.28(s), 1.7-3.5(m) , 7.25-8.0 (m) p.p.m.
31P N.M.R.spectrum (d6-acetone, 298K) 8 = 27.2, 23.7, -145 (septet, ] = 710 Hz, PFg)
- ppm
F.A.B. mass spectrum found m/e = 683, 667, 579, 351;
calculated assignment as (a) above except

for {102Ru(THT-S-Oxide)3°C1(PPh3)([9]aneS3)}: 683
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5.4.5 The X-ray crystal structure of the 1: 1 mixture of
[RuCl(PPh3)(THT)([9]aneS3)1(PFg) and
[RuCl(PPh3)(THT-S-Oxide)([9]aneS3)1(PF¢)

Crystal data C29H3554CIPRuOPF¢, M = 840.23, monoclinic, P21 /n,

a = 12.9373(26), b = 16.710(5), ¢ = 16.609(4)A, B = 108.909(20); V = 3397A3 [from 26
values of 65 reflections measured at +® (30 <26 < 32°), T = 150 £ 0.1K,

A = 0.71073A], De = 1.643 gcm'l, Z = 4, F(000) = 1704, yellow column, 0.35 x 0.39 x
0.74 mm, p(Mo-Kg) = 9.17 cm™1

Data Collection and processing: Stoe Stadi-4 diffractometer, graphite
monochromated Mo-Kg, radiation, ®-20 scans, 4226 unique data collected
measured (20max = 45°, h =-13 - 13,k =0 - 15,1 =0 — 17), giving 3699 data with
F > 406(F). No significant crystal decay or movement was observed. Absorption
correction (NPM) was applied, min = 0.625, max = 0.7226.

Structure solution and refinement: The Ru position was located by
Patterson synthesis(288]. Non-H atoms were located and refined by interactive
least squares refinement and Fourier transformations. All non-H atoms with
an occupancy greater than 50% were refined anisotropically. The occupancy of
the oxygen was refined and then set to 50%. The solvent fragment (C20) was
also refined to an occupancy of 50%. H-atoms were included at fixed calculated
positions with a fixed Ujso. Phenyl rings were constrained as idealised, planar
hexagons. At cohvérgence, ol = o2(F) + 0.000256(F)2, R = 0.0349 and
Rw = 0.0494, S = 1.281 for 360 parameters. For final AF synthesis, max and min
residues were +0.78 and -0.52eA3. Views of the cation were generated using
XP[289] and tables utilised CALCI2%0). Scattering factors were inlaid, or taken

from Ref. 291.
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Table 5.3 Experimental Conditions

Table 5.3.1 The reaction of [RuCl(PPh3)([9]aneS3)] with TIPFg in the presence

of pyrrolidine.
Amount of Amount of TIPFg Solvent Base Product
[RuCl2(PPh3) added
[9]aneS3)] added see
mg x105M g x10° M Added section
50 8.1 30 8.6 CH3NO; (4 cm3) 54.1a
49 7.9 29 8.3 CH3NO; (4 cm3) NEt3 (0.1 cm3) 54.1.b
51 83 30 8.6 CH3NO; (4 cm3) Proton sponge 54.1b
50 8.1 28 8.0 CH,Cl; (8 cm3) 54.1.c
50 8.1 29 8.3 CH,Cly (8 cm3)  NEt3 (0.1 em3) 54.1.b
49 7.9 30 8.6 CH,Clp (8 cm3) Protonsponge (100 mg, 5.4.1.b

0.41 cm3)

Table 5.3.2 The reaction of [RuCl2(PPh3)[9]aneS3)] with TIPFg in the presence of

pyrrole.

Amount of Amount of TIPFg  Solvent Base Product

[RuClo(PPh3) added

[9]aneS3)] added see

ng x10°M  ng x10° M Added section

50 8.1 31 8.9 CH3NO> (4 cm3) 54.1a

49 79 30 8.6 CH3NO; (4 cm3) NEt3 (0.1 cm3) 54.1b

49 7.9 30 8.6 CH3NO; (4 cm3) Proton sponge(100mg, 5.4.1.b
041 cm3)

50 8.1 29 8.3 CH)Cl (8 cm3) 5.4.1.c

50 8.3 31 8.9 CH,Cl3 (8 cm3) NEt;3 (0.1 cmd) 54.1.b

51 8.3 31 8.9 ' CHyCly (8 cm3)  Proton sponge (100 mg, 5.4.1.b
0.41 cm3)

Table 5.3.3 The reaction of [RuCly(PPh3)[9]aneS3)] with TIPFg in the presence of

thiophene.
Amount of Amount of TIPFg Solvent Product
[RuCl2(PPh3) added
[9]aneS3)] added see
mg x10°M  mg x105M section
50 8.1 30 8.6 CH3NO; (4 cm3) 5.4.1a
48 7.7 28 8.0 CH,Cl; 8cm3) 54.1c
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Chapter 6

RHODIUM AND RUTHENIUM COMPLEXES OF [n]aneS; (n = 12, 14, 16)

6.1 Introduction

The greater part of this thesis has been concerned with Ru complexes of
[9]aneSs3, and in particular the reaction of [RuCly(PPh3)([9]aneS3)] with TIPFg
(Chapters 3, 4 and 5). In this chapter, there is a change of emphasis to Ru and Rh
complexes of [n]aneS4 (n =12, 14, 16). The complexes, [RuCly(L)] (L = [13]aneSy ,
[14]aneSy4 , benzo-[15]aneSs, Mey[14]aneS4 and Meg[14]aneSy) have been reported
and prepared by refluxing K2[RuCl5(OH2)] with the tetrathioether
macrocyclel26, 181, 368-372], The structure of [RuCly([14]aneS4)] has been
confirmed by X-ray crystallography, as an octahedral Ru(Il) complex with the CI”
donors in a cis-conformation [ Ru-Cl = 2.471 (1)A, Ru-S(trans to CI) = 2.262(1)A,
Ru—S(trans to §) = 2.333(1)A ] (Figure 6.1)[368-371], The complexes [RuCly(L)]

(L = Meg[14]aneS4 and Meg[16]aneSy) react with a large excess of NaBH;4 in
CH3OH at 298K to give the trans complexes [Ru(H)(CI)(L)] [373]. Other complexes
of the type [RuXY ([14]aneSy)1x+ (X,Y = Br, I, NCS, NOy, N3, OHp; x =0, 1) have
been prepared and their electrochemistry studied(368-372l. Ali et al have
proposed that the reaction of RuCl3.3H20 with [14]aneSy in ethanol yields the

~ complex [RuCl([14]aneS3)], in which the [14]aneS; is proposed to be
tridentatel245]. This complex reacts with LiBr to form the analogous Br complex
[RuBr3[14]aneS4](245]. The addition of [12]aneS4 to [RuClx(CO)2(DMF)(PPh3)]
affords the complex [Ru(CO)(PPh3)([12]aneS4)]>+ , whose crystal structure shows
the octahedral Ru(ll) ion to be co-ordinated to tetrathioether macrocycle

[ Ru-Strans to P) = 2.3757(11) A, Ru-Strans to €) = 2.3986(10) A and

Ru-S = 2.3819(10), 2.3913(10) A ], a phosphine ligand [ Ru-P = 2.3880(10) A J and a
carbonyl ligand [ Ru-C = 1.889(4) A ] (Figure 6.2)[242. 2681,
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Figure 6.1 A View of the Single Crystal X-Ray Structure of [RuCl2([14]aneSa4))

Figure 6.2 A View of the Single Crystal X-Ray Structure of
[Ru(CO)(PPh3)([12]aneS4)]2+
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The Rh compiexes [RhCly(L)]* (L = [12]aneSy, [14]aneSy of [16]aneSy) have
also been prepared by refluxing RhCl3.3H20 and L in CH30HI26. 374, 3751, The
single crystal structures of [RhCly([14]aneS4)1(PFg) and [RhClx([16]aneS4)1(PFe)
have been determined, and their structures are shown in Figures 6.3 and
6.41374, 3751, The complex [RhCl([14]aneS4)1(PFe) shows that the CI” donors adopt
a cis orientation [ Rh-Cl = 2.3836(12) A ] and that the octahedral Rh(IIl) ion is
co-ordinated to the tetrathioether macrocycle [ Rh-S (trans to CI) = 2.2870(1 2)A and
Rh-S( trans to 5) = 2.3275(12)A 1. In contrast, the [16]aneS4 complex
[RhClo([16]aneS4)]PFg adopts a trans- configuration [ Rh-Cl - 2.3391(22)A and
Rh-S = 2.3483(25)A 1. This demonstrates that changing the ring size of [n]aneS4
macrocycles can alter the stereochemistry of the metal ion, and is consistent
with the increase in the hole size of a [16]JaneS4 macrocycle as compared to the
[12] and [14] membered tetrathioethers.

Rh(I) complexes of tetrathioether macrocycles have also been reported.
The complexes, [RhD(L)]* (L = [14]aneSy, Meg[14]aneSy,

Benzo[15]aneS; ) [26. 181, 375, 376] have been synthesised by electrochemically
reducing [RhClx([n]aneS4)]*. The resultant complexes are dimeric (Figure 6.5),
and undergo oxidative additions with CH,Cly, CH31, CcHsCH>Br, and
CH3NO,CI1[376], [Rh([14]aneS4)]* can also combine with SO, BF3, NO*, O2, tcne
and H+[26, 1811, [Rhy(Cp*)2Cly] reacts with [14]aneS4 to form the dimeric species
[Rha(Cp*)2Cla([14]aneSy)], shown in Figure 6.6[26, 181],
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Figure 6.3 A View of the Single Crystal X-Ray Structure of
[RhCl2([14]aneS4)](PFe)

ct CL2)

Figure 6.4 A View of the Single Crystal X-Ray Structure of
[RhCl2([16]aneS4)](PFe)
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Figure 6.5 A View of the Single Crystal X-Ray Structure of
[Rhz([14]aneS4)2](PFe)2

Figure 6.6 A View of the Single X-Ray Crystal Structure of
[Rh2Cl2(Cp*)2([14]aneS4))(PFe)2
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The aim of this work was to prepare [RuCla([14]aneS4)] and also the
previously uncharacterised complexes,[RuClz([n}aneSs)] (n = 12, 16). Originally,
one of the aims of this work was to help elucidate a possible mechanism for the
synthesis of the 'C-bound furyl complex' from [RuClz(PPh3)( [9]aneS3)] with
TIPFg in the presence of THF and CH3NO; which was discussed in Chapter 4.
The complexes [MCly([n]aneSg)]** (M = Rh, x =1,n =12, 14, 16; M = Ru, x = 0,

n = 12, 14, 16) may have revealed whether the {MClp} moiety was necessary for
the formation of the 'C-bound furyl complex’, and the complexes
[MCI(PR3)([n]aneSy)]*+ (M = Ru, Rh, x = 1, 2, PR3 - PPh3, n = 12, 14, 16) would
have revealed whether the {MCI(PPh3)} moiety was necessary. However, it was
discovered that the reaction of [RuCla(PPh3)([9]aneS3)] with TIPFg in CH3NO>2
and THF was a simple substitution of the impurities present in CH3NO>
(isoxazole and propionitrile). At the outset of the work described in this chapter,
the explanation of the 'C-bound furyl complex' was not known. For the sake of
brevity, the results will be discussed in the light of the impurities found in

CH3NO3, which were presented in Section 4.4.

6.2 Ruthenium Complexes of [n]JaneS; (n = 12, 14, 16)
6.2.1 The synthesis and reactivity of [RuCl,([n]aneSy)] (n = 12, 14, 16)

The complex [RuCl([14]aneS4)] has been previously prepared by reaction
of Ko[RuCls(OHy)] with [14]aneSy in 2-methoxyethanol for two days[369, 3701,
This procedure was repeated and results in a yellow solid which is collected and
dried. The complex is insoluble in CH30H , acetone, and CH3NO», but is soluble
in refluxing 2M HCl. The ir spectrum shows a broad band at v¢-s = 1450 cml,
which could be assigned to [14]aneSy, the absorbances in the v 'fingerprint’
region at 925, 908, 856, 843 and 814 cm™! being the same as the literature

values[368-371], The F.A.B. mass spectrum of [RuCly([14]aneSy)} shows m/e = 404
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and 369, which can be assigned to {RuCl([14]aneSq)-H}*, and {Ru([14]aneSy)}*.
However, no parent ion is observed in either a 3-NOBA or a DMF/ thioglycerol
matrix.

The addition of [12]aneSs to K2[RuCls5(OHj)] in 2-methoxyethanol forms a
similar yellow product, the ir spectrum of which is similar to [RuCly([14]aneSy)].
The ir spectrum of the yellow product shows absorbances, in the ve-c
'fingerprint' region, at Ve cm™1 = 925, 911, 860, 840, 820, suggesting that the
configuration of the [12]aneS4 and [14]aneS4 macrocycles are similar. Thus, the
stereochemistry of [RuCla([12]aneSy)] is assigned as a cis-complex (Figure 6.1).
The F.A.B. mass spectrum of [RuCly([12]aneS4)] shows peaks at m/e = 377, 345
which correspond to {RuCl({12]aneS4)+H}* and {Ru[12]aneS4]+H]}* respectively.

Reaction of K2[RuCls(OHj2)] with [16]aneSy affords a pink solid after
refluxing in 2-methoxyethanol for two days. The ir spectrum shows stretches at
v cm-1 = 1435, 926, 884, 873, 842 and 769 , which are quite different from both
[RuClo([n]aneSy)] (n = 12, 14) complexes. The F.A.B. mass spectrum confirms the
product to be [RuCla([16]aneS4)] with peaks at m/e = 470, 433, 397, which
correspond to (RuCl([16]aneSg)+3H*}, {RuCl[16]aneS4+H]}*, and {Ru([16]aneSy)}*
respectively. The ir spectrum and colour of the [16]aneS4 complex are quite
different from the [12]aneS4 and [14]aneS4 analogues, suggesting that
[RuCla([16]aneS4)] adopts a trans configuration rather than a cis one. A similar
change in stereochemistry has been observed from the complexes
[RhClo([n]aneS)]PFg (n = 14, 16) (Figures 6.3 and 6.4).

The reaction of [RuClo([n]aneSs)] (n = 12, 14, 16) with TIPFg and THF in
CH3NO3 results in the slow formation of a white solid (TICl) and a coloured
solution (n = 12, 14, yellow; n = 16 orange). Removing the precipitate, reducing
the solution in volume to dryness, and recrystallising the resulting solid from
acetone/hexane yields a yellow (n = 12, 14) or light orange (n = 16) solid. The
F.A.B. mass spectra for all three compounds shows a peak at 55 mass units

greater than [RuCl([n]aneS4)] (n =12, 14, 16) which corresponds to the ethyl
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cyanide complexes, [RuCIINCCH2CH3)([n]aneSy)]™*. Ir spectroscopy confirms the
presence of a CN group, with a stretch near v = 2220 cm’! for all three systems.
In the [12]aneSs and [16]aneSy cases, no high frequency resonances assignable to
an isoxazole complex are observed in the 1H N.M.R. (d6-acetone) spectrum .
However, in the case of [14]aneSy, a series of weak resonances are observed in
the TH N.M.R. (d6-acetone) spectrum ( Figure 6.7 ), which possibly indicates the
presence of an isoxazole complex, [RuCI(NC3H30)[14]aneS4]PF¢ . As discussed in
Section 4.4, CH3NO; contains both ethyl cyanide and trace isoxazole impurities.
The resulting complexes from the reaction of [RuClz([n]aneSy)] (n = 12, 14, 16)
with TIPFg in CH3NO> : THF are [RuCI(NCCHCH3)([n]aneS4)]PFs (n = 12, 14, 16)
and possibly a small amount of [RuCIINC3H30)([14]aneS4)]PFe (n=14).

6.2.2 The reactivity of [RuCl(PPh3)(InlaneS4)1(PFg) complexes

The complexes [RuCl(PPh3)([n]aneS4)1(PFe) (n = 12, 14, 16) have been
synthesised, in the Edinburgh group by reacting [RuCl2(PPh3)3] with [n]aneSs in
refluxing EtOH. The crystal structures of the complexes [RuCl(PPh3)([14]aneSy)]*
and [RuCl(PPh3)([16]aneS4)]* have also been determined
(Figures 6.8 and 6.9)[242],

The addition of TIPFg to [RuCl(PPh3)([n]aneS4)]PF¢ in CH3NO7 and THF
does not result in any precipitation of TICl, after stirring for sixteen hours at
298K, or aftér refluxing for eight hours. This implies that this CI” ligand is much
more difficult to remove from the complex [RuCl(PPh3)([n]aneS4)]PF¢ than in
[RuCla([n]aneSy)]; This is probably due in part to the difference in charge
between the complexes. It is interesting to note that [RuCl(PPh3)([n]aneS4)](PFe)
(n = 12, 16) reacts with TIPFg in CH3CN to afford the complexes |
[Ru(NCCH3)(PPh3)([12]aneS4)}(PF¢)2 and [Ru(NCCH3)2([16)aneS4)1(PFe)2
(Figures 6.10, 6.11)1242], thus indicating that TIPFg can remove a CI” from the
complexes [RuCl(PPh3)[n]aneS4)]PF¢ (n = 14, 16), but only in strongly

co-ordinating solvents.
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Figure 6.7 The TH N.M.R. Spectrum (d®-acetone) of the yellow product isolated

when [RuClz([n]aneS4)] reacts with TIPFgin CH3NO2

172

|-

L cs

L5

-

-

~




Figure 6.8 A View of the Single Crystal X-Ray Structure of
[RuCI(PPh3)([14]aneS4)](PFg)

Figure 6.9 A View of the Single Crystal X-Ray Structure of
[RuCI(PPh3)([16]aneS4)](PFe)
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Figure 6.10 A View of the Single Crystal X-Ray Structure of
[Ru(NCCHg3)(PPh3)([12]aneS4))(PFe)2

Figure 6.11 A View of the Single Crystal X-Ray Structure of
- [Ru(NCCHg)2({16]aneS4))(PFe)2
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6.3 Rhodium Complexes of [n]JaneSy
6.3.1 The reactivity of [RhCl2(InlaneS4)]PF¢ complexes (n=12,14,16)

The complexes [RhCly([n]aneSy)]PF¢ (n = 12, 14, 16) have been synthesised,
by Busch et al and also by the Edinburgh group, by reacting RhCl3.xH20 with
[n]aneSy in refluxing CH30H under N, and then adding NH4PFg[374, 375,
Reaction of [RhClo([n]aneS4)]PFg (n = 12, 14, 16) with TIPF¢ in CH30H and THF
at 298K for sixteen hours results in a white precipitate of TICl, and a yellow
solution. Evaporating the solution to dryness, and recrystallising the residue
from acetone/hexane affords a yellow solid which shows resonances in the 1H
N.M.R. spectrum (d6-acetone) at & = 1.1(m), 2.2-3.5 (m, [n]aneSy) p.p.m.,
indicating that [n]aneS; is still present in the product. The F.A.B. mass spectrum
of the yellow product shows a peak at 55 mass units greater than
[RuCl([n]aneSy)] and the ir spectrum reveals a stretch at v = 2230cm™ , indicating
that the ethyl cyanide, present in CH3NO3, is co-ordinated to the Rh(III) ion.
Thus, on reacting [RhCly([n}aneS4)}(PFe) with TIPFg in CH3NO; and THF, the
complex [RhCI(NCCH,CH3)([n]aneSy)](PF¢)2 (n = 12, 14, 16) is formed and can be

isolated.

6.3.2 The Synthesis of [RhCl(PR3)(In]aneSg)]1(PFg)2 Complexes, (n=12,14,16;
PR3 = PMe,Ph, PPh3, PCy3)

The reaction of [RhCl3(PRPh)3] (R = Et, Me) with [12]aneSy in refluxing
MeOH/EtOH (1 : 2 v/v) for six hours, followed by addition of NH4PFg yields a
yellow solid, which can be recrystallised from CH3CN/diethyl ether. The ir
spectrum indicates the presence of [12]aneS4, PFg~ and PRyPh. However, the
F.A.B. mass spectrum shows signals at m/e = 661, 515, 413, 378, and 343 (for
R = Me) which can be assigned to {RhCl(PMesPh)([12]aneS4)PFg}+,
(RhCl(PMe;Ph)([12]aneSy)}+, (RhClp([12]aneSy)}*, (RhCl[12]aneS4}* and

{Rh[12]aneS4}* respectively, indicating that the product is a mixture of
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[RhCI(PR,Ph)([12]aneS4)](PF¢)2 and [RhCly([12]aneS4)]PFs. Reacting
[RhCl3(PR2Ph)3] with [12]aneSy in a series of solvents results in the desired
complex, [RhCI(PRoPh)([12]aneS4)](PF¢)2, together with a significant amount of
[RhCl2([12]aneS4)]PFs. When two equivalents of TIPFg are added to the reaction
mixture of [RhClz(PR2Ph)3] and [12]aneS4, [RhCl([12]aneS4)](PFe) is still formed.

The presence of this [RhClp([12]aneS4)]PFg and the shortage of suitable
starting materials, led us to develop an alternative strategy, which involves
reacting [RhCly([n]aneS,)]PFg with TIPFg in the presence of an excess of PR3. The
reaction of [RhCly([12]aneS4)]PFg with TIPFg and PPh3 ( 2 equivalents) under Nj
in refluxing acetone affords a white precipitate of TICl and a yellow solution.
Removal of the TICl and reduction of the volume of solution, followed by the
addition of Ety0 results in a yellow precipitate, which can be collected and
recrystallised from CH3CN/Et;0O. The ir spectrum of the product shows bands at
v cm~1= 1483, 1438, 1416, 833, 558, 526, 511 and 499 indicating the presence of
PPh3 PF¢ and [12]aneS4 while the TH N.M.R spectrum (CD3CN) confirms the
presence of [12]aneS4 and PPh3 with resonances at 6 = 2.5-4.5(m, [12]aneS4) and .
7.4-8.0 (m, PPh3) p.p.m. (Figure 6.12). The F.A.B. mass spectrum of the product
shows peaks at m/e = 785, 640 and 378, which are assigned to
{RhCI(PPh3)([12]aneS4)PFg}*, {(RhCl(PPh3)([12]aneSy)}+, {RhCl([12]aneSy)}+,
respectively. The 13C N.M.R. spectrum (CD3CN) shows resonances in the
[12]aneS4 and PPhj region, some of which show coupling to 103Rh (Figure 6.13),
and in the 31P N.M.R. spectrum (CD3CN) a doublet at § = 29.0 (d, J = 96 Hz)
p-p-m. and a septet at 8 = -145 (septet, ] = 710 Hz, PFg") p.p.m. are observed
(Figure 6.14), confirming that this complex is [RhCI(PPh3)([12]aneS4)](PFe)2.

The reaction of [RhCly([12]aneS4)]PF¢ with PCy3 or PMe2Ph and TIPFg in
acetone also results in a white precipitate and a yellow solution from which a
yellow solid can be isolated. The resulting yellow products exhibit similar
spectral properties to [RhCI(PPh3)([n]aneS4)1(PFg)2, which are summarised in

Table 6.1
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Figure 6.12 The 'H N.M.R. Spectrum (CD3CN) of [RhCI(PPh3)([12]aneSs)}(PFe)2
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Figure 6.13 The 13C N.M.R. Spectrum (CD3CN) of [RhCI(PPhg)([12]aneS4)](PFe)2

178

O

E:

100

100

‘140




Figure 6.14 The 31P N.M.R. Spectrum (CD3CN) of [RhCI(PPh3)([12]aneS4)](PFs)2

b e s dad i

ooy
o

|
W |
V\WW .

179



Table 6.1 Selected Spectroscopic Properties of [RhCl(PR3)([12]aneS4)}(PF¢)2

PR3 PCy3 PPhj PMesPh
F.A.B. mass spectrum
m/e= 803 785 661
{Rh([12]aneS4) {Rh([12]aneS4) (Rh([12]aneS4)
(PCy3)Cl PFg}* CI(PPh3)PFg)* CI(PMePh)PFg)*
m/e= 658 640 515
{(Rh([12]aneS4) {Rh([12]aneS4) {Rh([12]aneS4)
(PCy3)Cl}* CI(PPh3)}* CI(PMe2Ph)-H}*
31P N.M.R. (CD3CN)
5= 41(d, ] =92 Hz) 29(d,J =96 Hz) 14(d, ] =90 Hz)
(p.p-m.)

The reaction of [RhCly([14]aneS,)]PFg with TIPFg in the presence of two
equivalents of PMesPh in refluxing acetone under N results in a white
precipitate and a yellow solution. Removing the TICl, reducing the solvent in
volume and adding Et,O yields a yellow precipitate, which can be collected and
recrystallised from CH3CN/Et20. The ir spectrum of the product shows
absorbances assignable to [14]aneS4, PMeoPh and PF¢™ The N.M.R. (CD3CN) -
spectra confirms the presence of [14)aneSs, PMe,oPh with the TH N.M.R.
spectrum showing resonances at & = 1.1(m), 2.5-3.5(m), 7.5-7.8(m) p.p.m. and
the 31P N.M.R. spectra revealing resonances at § = -145 (septet, ] = 710 Hz, PFg))
and 13(d, J = 94 Hz) p.p.m. The F.A.B. mass spectrum shows peaks at m/e = 669,
554 and 405, corresponding to {RhCl(PMeyPh)([14]aneS3)PFg},
{Rh([14]aneS4)Cl(PMe,Ph)}* and {RhCl([14]aneSg)}+, respectively.

However, the reaction of [RhCly([14]aneS4)]PFg with TIPFe in refluxing
acetone in the presence of PR3 (PR3 = PPh3, PCy3) did not afford a phosphine
containing complex. The material isolated seems to be a mixture of starting
material and another uncharacterised complex, perhaps

[Rh(solv)Cl([14]laneS4)](PFg)2. This can be attributed to the steric crowding
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around the Rh(III) ion due to the increased size of the PR3 groupl3771. If this. is
the case, one does not expect that [RhCl([16]aneS4)](PF¢) would react with these
phosphines. However, since [RhCl([16]aneS4)1(PFe) is a trans isomer, the
synthesis of [RhCI(PR3)([16]aneS4)](PFg) may be possible.

The reaction of [RhCly([16]aneS4)]PFg with TIPFg in the presence of PR3
(PR3 = PPh3, PCy3, PMePh) in refluxing acetone does not yield a phosphine
containing complex, and the product is a mixture of the starting material and
another complex, possibly [RhCl(solv)([16]aneS4)](PFe)2.

To confirm the cis-stereochemistry of the new complexes
[RhCI(PR3)([n]aneS4)}(PFg)2 (n = 12, PR3 = PPh3, PCy3, PMe;PH; n = 14, PR3 =
PMe;PH) crystals of [RhC1(PPh3)([12]aneS4)1(PFg)2, suitable for X-ray analysis,
were grown by vapour diffusion of Et20 into an CH3CN solution of the

complex.

6.3.3 The Crystal Structure of [RhCl(PPh3)(12]aneS4)1(PF¢)2

Selected bond lengths and angles are shown in Table 6.2, and a view of
the cation is shown in Figure 6.15.

The X-ray crystal structure shows the Rh(Ill) ion to be bound octahedrally
to the tetrathioether macrocycle [ Rh—S(trans to CI) = 2.2955(14) A,

Rh-S(trans to PPhg) = 2.3712(15), Rh-5 = 2.3626(15) and 2.3673(15)A ], a CI” donor
[Rh-Cl = 2.3675(14) A ] and PPhs ligand [ Rh-P =2.3719(15) A ). The CI" and PPh
ligands are in a cis-orientation with respect to each other.

In parallel with this work, the Edinburgh group have determined the
structure of [RhCI(PEt2Ph)([12]aneS4)]1(PFg); (Figure 6.16). This simiiar cbmplex
also has a cis-configuration of the phosphine and Cl” donors
[ Rh—Cl = 2.3567(19)A, Rh-P = 2.3494(17)A ], with the Rh(II) ion also

co-ordinated to the macrocycle [ Rh—Strans to C1) = 2.2869(16),
Rh-S(trans to PRg) = 2.3825(17)A , Rh-S = 2.3402(17), 2.3507(17)A ] [286).
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A comparison of bond lengths between various Rh(IIl) structures is

shown in Table 6.3 It is interesting to note that in all the complexes studied in

this thesis the M-S bond length is shortened when it is trans to a CI” donor (see

Tables 4.2 and 6.3, as well as the crystal structures discussed in chapters 3 and 5).

This implies that M—S Tt-back-donation occurs in thioether macrocyclic

complexes.

Table 6.2

Selected Bond Lengths (A), Angles (°) and Torsion Angles (°) with

standard deviations for [RhCl(PPh3)(I12)aneS4)1(PF¢)2

Rh-Cl1
Rh-5(1)
Rh-S(4)
Rh-5(7)

Rh-5(10)
Rh-P(1)
S(1)-C(2)
S(1)-C(12)
C(2-C@)
C(3)-5(4)
S(4)-C(5)

CI1-Rh-5(1)
Cl-Rh-5(4)
C1-Rh-S(7)
C1-Rh-S(10)
C1-Rh-P(1)
S(1)-Rh-S(4)
S(1)-Rh-5(7)
5(1)-Rh-S(10)
S(1)-Rh-P(1)
S(4)-Rh-S(7)
S(4)-Rh-S(10)
" S(4)-Rh-P(1)
S(7)-Rh-S(10)
S(7)-Rh-P(1)
S(10)-Rh-P(1)
Rh-S(1)-C(2)
Rh-S(1)-C(12)
C(2)-5(1)-C(12)
S(1)-C(2)-C(3)
C(2)-C(3)-5(4)

C(12)-5(1)-C(2)-C(3)

C(2)-S(1)-C(12)-C(11)

S(1)-C(2)-C(3)-54)
C(2)-C(3)-5(4)-C(5)
C(3)-5(4)-C(5)-C(6)
S(4)-C(5)-C(6)-5(7)

2.3675(14)
2.2955(14)
2.3673(15)
2.3712(15)
2.3626(15)
2.3719(15)
1.821(6)
1.811(6)
1.515(8)
1.836(6)
1.857(6)

178.72(5)
92.29(5)
89.67(5)
93.56(5)
86.58(5)
87.27(5)
91.47(5)
87.12(5)
92.28(5)
83.31(5)
166.52(5)
97.16(5)
84.59(5)
176.24(5)
95.30(5)

101.42(19)

101.87(19)
106.5(3)
105.1(4)
113.7(4)

161.9(4)
-160.8(4)
-59.5(4)
-74.9(4)
123.14)
-54.2(5)

C(5)-C(6)
C(6)-5(7)
S(7)-C(8)
C(8)-C(9)
C(9)-5(10)
S(10)-C(11)
C(11)-C(12)
P(1)-C(11)
P(1)-C(21)
P(1)-C(31)

Rh-5(4)-C(3)
Rh-5(4)-C(5)
C(3)-5(4)-C(5)
$(4)-C(5)-C(6)
C(5)-C(6)-5(7)
Rh-5(7)-C(6)
Rh-5(7)-C(8)
C(6)-5(7)-C(8)
S(7)-C(8)-C(9)
C(8)-C(9)-5(10)
Rh-S(10)-C(9)
Rh-5(10)-C(11)

- C(9)-S(10)-C(11)

$(10)-C(11)-C(12)

S(1)-C(12)-C(11)
Rh-P(1)-C(11)
Rh-P(1)-C(21)
Rh-P(1)-C(31)
Rh-P(1)-C(31)

C(5)-C(6)-5(7)-C(8)
C(6)-5(7)-C(8)-C(9)

S(7)-C(8)-C(9)-5(10)
C(8)-C(9)-5(10)-C(11)
C(9)-5(10)-C(11)-C(12)
$(10)-C(11)-C(12)-5(1)
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1.525(8)
1.818(8)
1.829(6)
1.505(8)
1.848(6)
1.837(6)
1.503(6)
1.837(3)
1.814(3)
1.828(4)

100.94(19)
104.26(19)
100.3(3)
112.8(4)
105.4(4)
99.32(20)
98.30(20)
106.7(3)
105.9(4)
113.5(4)
103.27(19)
101.02(19)
99.9(3)
113.6(4)
105.5(4)
117.18(12)
108.64(12)
115.37(12)
115.37(12)

163.9(4)
-163.6(4)
55.9(5)
-125.2(4)
72.9(5)
59.4(5)



Figure 6.15 The Single Crystal X-Ray Structure of [RhCI(PPh3)([12]aneS4)](PFg)2
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Figure 6.16 The Single Crystal X-Ray Structure of
[RhCI(PEt2Ph)([12]aneSa4)](PFe)2

6.3.4 The Reactivity of [RhCI(PR3)(In]laneSg)1(PF¢)2 with TIPFg

No TICI precipitate is observed when [RhCIPR3)([n] aneSy)1(PFe)2 (n = 12,
PR3 = PPh3, PCy3, PMeyPh; n =14, PR3 = PMe,Ph) is treated with TIPFg in
CH3NO>; and THF at 298K for sixteen hours, nor after refluxing the same
mixture for forty eight hours. The removal of a CI” from
. [MCI(PR3)([n]aneSy)](PFg), (z =1, M = Ru, PR3 = PPh3, n =12, 14, 16; 2 = 2,
M = Rh, PR3 = PPh3, PCy3, PMeyPh, n = 12; PR3 = PMeyPh, n = 14) does not occur
with excess TIPFg in refluxing CH3NO». This may be due to the difficulty of
removing the negatively charged CI” from a 1+ or 2+ charged compléx.
However, it has been shown, in the Edinburgh group, that
[RuCl(PPh3)([n]aneS4))]PF¢ will react with TIPFe in CH3CN to form
[Ru(NCCH3)(PPh3)([12]aneS4)]PFg and [Ru(NCCH3)2(PPh3)([16]aneS4)]PFl286],
this is probably due to CH3CN being a strongly co-ordinating ligand.
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Table 6.3 A Comparison of the Bond Lengths in Rh(III) Tetrathioether Macrocyclic Complexes

[RhCly([14]aneS4)]PFg
A
Ru-Cly 2.3826(12)
Ru-PR3 —
Ru-S trans to Cl 2.2870(12)
Ru-S trans to P —
Ru-S trans to S 2.3275(12)

[RhCly([16]ane S4)]PFq

A

2.3391(22)

2.3483(25)

[RhCI(PEtyPh)([12]ane S4)]1(PFg)>

A

2.3567(19)
2.3494(17)
2.2869(16)
2.3825(17)
2.3402(17)

2.3505(17)

[RhCI(PPh3)([12]ane S4)1(PFg);

A

2.3675(14)
2.3917(15)
2.2955(14)
2.3712(15)
2.3673(15)

2.3626(15)



6.4 Summary

The synthesis of [RuClz([n]aneS4)] (n = 12, 14, 16) has beeh achieved by
reacting K2[RuCls(OH») with [n]aneS; in refluxing 2-methoxyethanol for two
| days. The complexes [RuCly([n]aneSy)] (n = 12, 14) adopt cis-configurations,
whereas it is proposed that [RuClz([n]aneS4)] adopts a trans-configuration. The
reaction of [MCly([n]aneS4)](PFg), (z=0,M=Ru,n=12,14,16;z=1, M =Rh;
n = 12, 14, 16) with TIPFg in CH3NO; and THF for sixteen hours leads to the
formation of [MCI(NCC,Hs5)([12]aneS4)](PFg)z+1. The only high frequency
resonances observed in the TH N.M.R. spectra is in the reaction with
[RuCly([14]aneSy)] (Figure 6.12) which may indicate that a small amount of
[RﬁCl(NC3H3O)([14]aneS4)](PF(,) is present. The synthesis of
[RhCI(PR3)([n]aneSy)](PFg); (n = 12, PR3 = PPh3, PCy3, PMeoPH; n = 14,
PR3 = PMeyPH) has been achieved by reacting [RhCl([n]laneS4)](PFg) with TIPFg
and excess PR3 in refluxing acetone under N3. No reaction of
[MCI(PR3)([n]aneS))(PFg); (r = 1, M = Ru, PR3 = PPh3, n =12, 14, 16; r =2, M = Rh,
n = 12, PR3 = PPh3, PCy3, PMe;PH; n = 14, PR3 = PMe,Ph) was observed with
TIPFe in CH3NO3 in the presence of THF, even at reflux, confirming that the

second CI” is more difficult to remove than the first one.
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6.5 Experimental

The physical measurements were carried out as described in Chapters 3

and 4.

Reagents

The reagents were used as described in Chapters 3, 4 and 5. Generous
loans of RhCl3.nH0 were provided by Johnson-Matthey, PLC. K>[RuCls5(OH))]
was synthesised from of RhCla.nH;O by literature methods!378. 3791 and
[RhCl,([n]aneSg)](PFe) (n = 12, 14, 16)[374, 3751 and [RuCIPPh3([n]aneS4)PF¢
(n = 12, 14, 16)1242] were prepared using previously published procedures.
[12]aneSy, [14]aneS4 and [16]aneS4 were purchased from Aldrich, and used

without further purification.
6.5.1 Synthesis of [RuClz([14]aneS4)}

The complex was prepared as described in the literature(36% 3701, The
resulting yellow complex was thoroughly washed with CH30H and acetone.
Ir spectrum v(cm-1) : 3630(broad, w), 2950(w), 2905(m), 1650(m, broad),
1450(broad, s), 1260(mw), 1241(mw), 1162(ms), 1143(w), 1090(w), 1169(w),
1006(mw), 994(mw), 971(m), 925(m), 905(m), 856(s), 843(m), 814(mw), 699(w),
665(w), 452(w), 430(w), 355(w), 270(mw).
F.A.B. mass spectrum found m/e = 404 and 369;
calculated for {102Ru35C1([14]aneS4}* : 404, {102Ru([14]aneS4}* : 369.
C.H.N. Expect 27.3%C 4.55%H 0%N for [RuCly([14]aneSy)]

Found 26.8%C 4.35%H 0.0%N
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6.5.2 The synthesis of [RuCl2([12]JaneS4)}

The complex was synthesised in a similar manner to 6.5.1 except that
[12]aneS4 was used.
Ir spectrum v(cm-1) : 3630(broad, mw), 2920(ms), 1630(broad, w), 1435(s, broad),
1280(m), 1205(m), 1173(m), 1125(m), 1055(w), 1030(w), 925(mw), 911(mw),
860(ms), 840(mw), 820(m), 345(w), 249(mw).
F.A.B. mass spectrum found m/e = 377 and 345;
calculated for {102Ru35C1([12]aneS4}* : 376, {102Ru({12]aneS4}* : 341.
C.H.N. Expect 23.3%C 3.88%H 0%N for [RuCly([12]aneSy)]

Found 23.8%C 3.95%H 0.0%N

6.5.3 The synthesis of [RuCl2([16]aneS4)]

The complex was synthesised in a similar manner to 6.5.1 except that
[16]aneSs was used, and the final product was light pink in colour.
Ir spectrum v(cm-1) : 3420(broad, ms), 2904(m), 1652(ms), 1432(ms), 1310(w),
1264(w), 1158(w), 1101(mw), 1061(mw), 1017(ms), 926(m), 883(mw), 872(ms),
842(ms), 769(ms), 649(w), 495(w), 478(w), 340(w), 330(w), 298(mw).
F.A.B. mass spectrum found m/e = 470, 433 and 397,
calculated for {102Ru35Clx([16]aneSg}+ : 467{102Ru35Cl([16]aneS4}* : 432,
{102Ru([16)aneS4}* : 397.
C.H.N. Expect 23.3%C 3.88%H 0%N for [RuCl([16]aneSy)]

| Found 238%C  395%H  0.0%N

6.5.4 The Reactions of [RuClz(In]aneS4)] with TIPFg in CH3NO>

The reaction was carried out as described in Section 4.7.5, except that
[RuCly([n]aneSy)] (n = 12, 14, 16) was used in place of [RuCly(PPh3)[9]aneS3)].

(@ n=12
Ir spectrum v(cm-1) : 3540(broad, m), 2980(w), 2930(m), 2222(w), 1650(br, mw),l
1435(ms, broad), 1283(m), 1206(m), 1175(m), 1125(m), 1065(w), 928(mw), 911(mw),
835(vs, PFg"), 558(s), 345(w).. |
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F.A.B. mass spectrum found m/e = 431, 376, 343;
calculated for {102Ru(NCCH>CH3)35CI([12]aneSg)}* : 431,

{(102Ru35C1([12]aneSy)}* : 376, {102Ru([12]aneSy)}* : 341.
1H N.M.R.spectrum (CD3CN, 298K) & = 1.1 (m), 1.28(s), 2.4-3.8(m) p.p.m.

(b) n=14
Ir spectrum v(cm-1) : 3640(broad, m), 2968(mw), 2911(m), 2225(w), 1650(br, mw),
1440(m, broad), 1250(br, m), 1168(ms), 1008(w), 995(w), 970(mw), 925(mw),
835(vs), 558(s), 270(w).
F.A.B. mass spectrum found m/e = 460, 405, 369;
calculated for {102Ru(NCCH,CH3)35Cl([14]aneS4}* : 459,
{102Ru35C1([14)aneSy)}* : 404, {102Ru([14]aneSy)}+ : 369
1H N.M.R.spectrum (CD3CN, 298K) & = 1.2(m), 2.5-3.5(m) and weak resonances
at 6.6(m), 6.9(m), 7.9(m), 8.1(m), 9.1(m) p.p.m.
(c) n=16
Ir spectrum v(em-1) : 3305(broad, ms), 2980(mw), 2906(w), 2235(w), 1650(br, mw),
1435(w), 1312(w), 1103(m), 926(mw), 835(vs), 768(m), 556(vs).
F.A.B. mass spectrum found m/e =487, 433, 397;
calculated for {I2Ru(NCCH,CH3)35Cl([16]aneS4}* : 487,
{102Ru35CI1([16]aneS4}+ : 433, {102Ru([{16]aneS4}* : 397
1H N.M.R.spectrum (CD3CN, 298K) & = 1.08(m), 2.5-3.6(m) p.p.m.
6.5.5 The Reaction of [RuCl(PPh3)([n]aneS)]PFs with TIPFe in CH3NO2 and
THF
The reaction of [RuCl(PPh3)([n]aneS4)]PF¢ (n = 12, 14, 16) with TIPFg in
CH3NO> and THF was carried out in the same way as described in Section 4.7.5,
except that [RuCl(PPh3)([n]aneS4)]PFg (n = 12, 14, 16) was used in place of
[RuCl>(PPh3)([9]aneS3)]. No white precipitate of TIC] was observed after stirring
for sixteen hours at 298K. The mixture was then refluxed for eight hours, but

still no precipitation of TICl occurred. On removal of solvent and
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recrystallisation from acetone/hexane the ir and TH N.M.R. spectra were

identical to the starting material.

6.5.6 The Reaction of [RhClz([n]aneS4)]PF¢ with TIPFg in CH3NO2 and THF
The reactions were carried out as described in Section 4.7.5, except that
[RhClo([n]JaneSy)]PFg (n = 12, 14, 16) was used in place of [RuClx(PPh3)([9]aneS3)].
(@) n=12
Ir spectrum v(cm-1) : 3480(broad, m), 3005(sh), 2995(ms), 2930(s), 2228(w),
1630(broad, w), 1418(s), 1295(w), 1281(mw), 1264(mw), 1222(mw), 1096(mw),
995(mw), 929(ms), 908(ms), 835(vs), 695(w), 645(w), 610(w), 556(vs), 440(w),
365(w), 350(w), 295(m), 260(w)
1H N.M.R.spectrum (CD3CN, 298K) & = 1.1 (m), 2.5-4.0(m) p.p.m.
F.A.B. mass spectrum found m/e = 613, 468, 413, 378, 343;
calculated for {Rh([12]aneS4)(NCCHCH3)CIPFg}* : 613,
{103Rh([12]aneS4)(NCCH,>CH3)35Cl}+ : 468, (103Rh([12]aneS4)35Clp}+ : 413,
(103Rh([12)aneS4)35Cl}+ : 378, {103Rh([12]aneSy)}* : 343
(b) n=14
Ir spectrum v(em-1) : 3530(broad, ms), 3000(ms), 2932(s), 2230(mw), 1630(mw),
1430(ms), 1405(m), 1278(w), 1263(w), 1221(w), 1099(w), 996(w), 835(vs), 698(mw),
557(vs), 295(w).
- IH N.M.R.spectrum (CD3CN, 298K) & = 1.2(m), 2.2-3.9(m) p.p.m.
F.A.B. mass spectrum found m/e = 641, 496, 406;
calculated for {103Rh35CI(NCCH>CH3)([14]aneS4)PFg}* : 641,
{103Rh35CI(NCCH,CH3)([14]aneSg)}* : 496, {103Rh35Cl([14]aneSy)}+ : 406
(c) n=16
Ir spectrum v(cm-!) : 3500(broad, ms), 2970(m), 2920(m), 2245(w), 1630(br, m),
1460(broad, m), 1399(mw), 1270(w), 1230(w), 1080(w), 996(w), 835(vs), 678(m),
557(s).
1H N.M.R.spectrum (CD3CN, 298K) 8 = 1.25(m), 2.5-3.8(m) p.p.m.
F.A.B. mass spectrum found m/e = 669, 524, 469, 434;
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calculated for {193Rh([16]aneS4)35CIINCCH2CH3)PFg}* : 669,
{103Rh([16]aneSs)35CIINCCHCH3)}* : 524, {103Rh35CIx([16]aneS)}* : 469,
{103Rh35Cl1([16)aneSy)}* : 434

6.5.7 The synthesis of [Rh(PPh3)Cl([12]aneS4)1(PF¢)2

[RhCl([12]aneS4)1(PFg) (60 mg, 1.1 x 10 M), TIPF¢ (40 mg, 1.1 x 1074 M)
and PPh; (59 mg, 2.3 x 104 M) was added to acetone (100 cm3 , dry, degassed) at
reflux. After sixteen hours the solution was filtered, reduced in volume and
diethyl ether added. The yellow precipitate was collected and recrystallised from
acetonitrile/diethyl ether.

Ir spectrum v(cm-1) : 3560(broad, ms), 2996(ms), 2942(m), 1701(mw), 1652(mw),

1579(w), 1568(w), 1483(ms), 1434(vs), 1406(vs), 1359(w), 1320(w), 1290(w),

1266(mw), 1255(mw), 1222(vw), 1190(w), 1161(w), 1095(vs), 1085(vs), 995(m),

953(m), 925(m), 835(broad, vs), 751(s), 699(s), 556(vs), 525(s), 518(s), 499(s), 448(m),

430(mw), 355(w), 343(w), 290(mw).

F.A.B. mass spectrum found m/e = 785, 640, 378, 343;

calculated for {103Rh([12]aneS4)(PPh3)35CIPFg}* : 785,

{103Rh([12]aneS4)(PPh3)35Cl}+ : 640, {103Rh([12]aneS4)35Cl}+ : 378,

(103Rh([12]aneSg)}* : 343

1H N.M.R.spectrum (CD3CN, 298K) 8 = 3.5-4.5(m)., 7.5-7.8 (m) p.p.m.

13C N.M.R.(DEPT)spectrum (CD3CN, 298K) & = 34-45 (CHy, [12]aneSy), 125-134

(CH, PPh3) p.p.m.

31P N.M.Rspectrum (CD3CN, 298K) & = 29(d, J = 96 Hz), -145(septet, ] = 710 Hz,

PFg) p.p-m.

C.HN. Expect 33.6%C 3.35%H  0%N for [Rh(PPh3)Cl([12]aneS4)1(PF¢)2
Found 33.7%C 3.46%H 0%N

6.58 The crystal structure of [RhC1(PPh3)([12]aneS4)1(PFe)2

Crystals suitable for X-ray analysis were grown by vapour diffusion of
diethyl ether into a solution of the compound in acetonitrile

Crystal data: C26H31S4CIPRh(PFg)2, M = 930.91, monoclinic, P21/¢,
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a = 8.403(4), b = 19.756(12), ¢ = 20.055(13)A, B = 92.19(4); V = 3327A3 [from 260
values of 16 reflections measured at o (26 <26 <28°), T =150 £ 0.1K,

A = 0.710773A], De = 1.858 gcm3, Z = 4, F(000) = 1864, pale yellow lath, 0.039 x 0.12
x 0.39 mm, p(Mo-Kg) = 1.056 mm™1

Data Collection and refinement: Stoe Stadi-4 diffractometer, graphite
monochromated Mo—Kg, radiation, ®-26 scans, 4507 data measured (20max = 45°,
h=-9-59,k=0-—21,1=0- 21), giving 3146 data with F 2 40(F). No significant
decay or movement of the crystal was observed.

Structure solution and refinement: The Rh position was located by
Patterson synthesis[288]. Non-H atoms were located and refined by iterative least
squares refinement and Fourier transformations. All non-H atoms with an
occupancy greater than 50% were refined anisotropically. H-atoms were
included at fixed calculated positions with a fixed piso. Phenyl rings were
constrained as idealised, planar hexagons. At final convergence,

@1 = 62(F) + 0.000109(F)2, R = 0.0352 and Rw = 0.0405, S = 1.070 for 389
parameters. For final AF synthesis, max and min residues were 0.39 and
-0.48eA™3. Views of the cation were generated by XPI289], and tables utilised

CALCI290]. Scattering factors were inlaid, or taken from Ref. 291.

6.5.9 The synthesis of [RhCI(PCy3)([12]aneS4)1(PFe)2

The complex was synthesised as described in 6.5.7, but PCy3 was used in
place of PPh3. |
Ir spectrum v(em-1) : 3500(broad, m), 2932(m), 2852(mw), 1453(mw), 1433(mw),
1418(mw), 1301(vw), 1279(vw), 1210(vw), 1183(vw), 1120(vw), 999(w), 835(vs),
740(w), 556(s).
F.A.B. mass spéctrum found m/e = 803, 658, 378;
calculated for {103Rh[12]aneS4)(PCy3)3°Cl]PFg}* : 803,
(103Rh[12]aneS4)(PCy3)35Cl]}+ : 658, {103Rh[12]aneS4)33Cl]}+ : 378
1H N.M.R.spectrum (CD3CN, 298K) & = 1.2-4.2(m) p.p.m.
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13C N.M.R.(DEPT)spectrum (CD3CN, 298K) & = 25-29 ( CHy, PCy3) 33-45

( CHy, [12]aneS;) p.p-m. '

31P N.M.R.spectrum (d6-acetone, 298K) 8 = 41.0(d, ] = 92 Hz), -145(septet, ]=710

Hz, PF¢’) p.p-m.

C.H.N. Expect 329%C 510%H 0%N for [Rh(PCy3)Cl([12]aneS4)}(PF¢)2
Found 33.5%C 4.98%H 0%N

6.5.10 The synthesis of [RhCl(PMezPh)([12]aneS4)1(PF¢)2

The complex was synthesised as described in 6.5.7, but PMesPh was used
in place of PPh3.
Ir spectrum v(cm-1): 3500(broad, m), 2998(m), 2947(m), 1653(broad, m), 1433(m),
1290(m), 1110(mw), 952(m), 921(s), 835(vs), 750(m), 726(m), 699(m), 557(s), 490(m),
422(mw).
F.A.B. mass spectrum found m/e = 661, 515, 378;
calculated for {103Rh([12]aneS4)(PMepPh)35CIPFg}+ : 661,
{103Rh([12]aneS4)(PMe,Ph)35Cl)* : 516, {103Rh[12]aneS4)33Cl}* : 378
1H N.M.R.spectrum (CD3CN, 298K) & = 2.13(s), 2.28(s), 3.0-4.5(m), 7.5-7.75(m)
p.p-m.
13C N.M.R.(DEPT) spectrum (CD3CN, 298K) & = 12.4 (CH3, d, ] = 38 Hz, PMe,Ph),
29-45 ( CHp, [12]aneSy), 128-132 ( CH, PMeyPh) p.p.m.
31p N.M.R.spectrum (CD3CN, 298K) & = 14(d, ] = 90 Hz), -145(septet, J = 710 Hz,
PF6)_ ppm. | _ _
CHN. Expect 238%C 3.35%H O%N for [Rh(PMesPh)CI({12]aneSs)l(PEg)2

Found 23.1%C 3.28%H 0%N

6.5.11 The synthesis of [RhCl(PMezPh)([14]aneS4))(PFe)2

The complex was synthesised as described in 6.5.10 above, except that
[RhCly([14]aneS4)]PFg was used as the Rh(I) starting material.
Ir spectrum v(em-1) : 3510(broad, m), 3002(m), 2948(m), 1650(broad, ms), 1438(m),
1402(m), 1285(m), 1110(mw), 953(m), 920(s), 835(vs), 750(m), 728(m), 703(m),
556(s), 490(m), 422(mw).
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F.A.B. mass spectrum found m/e = 669, 554, 405;

calculated for {103Rh35C1(PMe;Ph)([14]aneS4)PFg}* : 669,

{(103Rh35C1(PMezPh)([14]aneSg)}+ : 554, {103Rh35CI([14]aneSy)}* : 405

1H N.M.R.spectrum (CD3CN, 298K) 6 = 2.05(s), 2.18(s), 2.6—4.1(m), 7.5-7.8(m)

p-p-m.

13C N.M.R.spectrum (CD3CN) & = 12.7( CH3, d, ] = 42Hz, PMe;Ph) , 3445

( CHy, [14]aneSy), 128-132 (CH, PMezPh) p.p.m.

31P N.M.Rspectrum (CD3CN, 298K) d =13(d, J = 94 Hz), -145(septet, ] = 710 Hz,

PF¢") p.p-m.

C.HN. Expect 36.5%C 3.81%H 0%N for [Rh(PPh3)CI([12]aneS4)](PFg)2
Found 27.3%C 390%H 0%N

6.5.12 The Reaction of [RhCI(PR3)([n]aneS4)1(PFg)2 with TIPFg in CH3NO>2 and

THF

[RhC1(PPh3)(12]aneS4)1(PFe)2 (75 mg, 8.0 x 105 M) and TIPF¢ (55 mg, 1.5 x
104 M) was added to CH3NO; : THF (5 cm3 , 4 : 1, v/v) and stirred for sixteen
hours. No white precipitate was observed. The system was then refluxed for a
further forty-eight hours, but still no precipitate was seen. The solvent was
removed, and the yellow solid recrystallised from acetonitrile and diethyl ether.
The infrared and 1H N.M.R. spectra were identical to the starting material,
- [RhCI(PPh3)(12]aneS4)1(PFe¢)2.

When the reaction was repeated using [Rh(PR3)Cl([n]aneS4)](PFg)2 .
(PR3 = PMezPh, PCy3, n = 12, n = 14, PR3 = PMePh) similar results were

observed.
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6.5.13 Attempted synthesis of [RhCI(PR3)([12]aneS4)]1(PF¢)2 from [Rh(PR3)5Cl3]

(PR3 = PMezPh, PEt2Ph) |

()  [RhCls(PMeyPh)s] (98 mg, 0.156 mM), [12]aneSs (42 mg, 0.156 mM)
and AgPFg (98 mg, 0.390 mM) were added to EtOH (50cm3 ) under N, refluxed
for sixteen hours and the solvent reduced in volume. Diethyl ether was then
added, the precipitate collected and recrystallised from acetonitrile/ diethyl ether.
Ir spectrum v(cm-1) : 3600(broad, ms), 2970(mw), 2920(mw), 1650(broad, m),
1450(m), 1430(ms), 1406(m), 1262(mw), 1171(ms), 1098(mw), 935(m), 835(vs),
750(m), 626(mw), 557(s), 529(m), 508(mw), 427(w).
F.A.B. mass spectrum found m/e = 661, 515, 413, 378, 343,
{103Rh35C1(PMesPh)([12]aneS4)PFg}+ : 661, {103Rh35CI(PMezPh)([12]aneSg)}+ : 516,
{103Rh35Cly([12]aneS4)}* : 413, {103Rh35CI([12]aneSy)}+ : 378,
{103Rh([12]aneSy)}* : 343

() The reaction was carried out in the refluxing solvents under Nz‘in
conditions shown in Table 6.4, the results were similar to (a) above, and are

shown in Table 6.4
Table 6.4 Experimental Conditions for the Reaction of [12]aneSy with

[Rh(PMe,Ph)3Cl3]
Products
Solvent Volume Counterion [RhCly[12]aneS4]PFg [Rh(PMe2Ph)CI([12]aneS4)]
a3 , (PFg)2

MeOH 5 NH4PFg N X
EtOH 10 NH4PFg v X

- MeOH 50 AgPFg v V
MeOH/EtOH 100 NH4PFg ) v
MeOH/EtOH 100 AgPFg v v
Acetone 50 NH4PFg v v
CH3NO2 50 TIPF¢ v v
Acetone 50 TIPFs v i

(©) The reaction was carried out as described in (a) above, except that
[RhCl3(PEt;Ph)s] (104 mg, 1.17 x 1074 M) was used in place of [RhCl3(PMePh)3).

The results were similar to (a) above and are shown in Table 6.5.
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F.A.B. mass spectrum found m/e = 689, 543, 413, 378, 343;
calculated for {103Rh(PEt;Ph)35Cl{12]aneS4)PFg}* : 689,
(103Rh(PEt,Ph)35Cl[12]aneSy)}* : 543. For the assignment of the rest of the peaks

see (a) above.
Table 6.5 Experimental Conditions for the Reaction of [12]aneS4 with

[Rh(PEt;Ph)3Cl3]
Products
Solvent Volume Counterion [RhCly[12]aneS4]PFg [Rh[12]aneS4PEtyCyCl(PFg)2
and
MeOH 10 NH4PFg v X
EtOH 50 AgPFg v v
Acetone 50 TIPFg v v
CH3NO2 50 TIPFg v v
CH3CN 50 TIPFg N N

6.5.14 Attempted synthesis of [RhCI(PR3)([14]aneS4)}(PFe)2 (PR3 = PPh3, PCy3)

The reaction was carried out as described in 6.5.7, except that
[RhCly([14]aneS4)]PFg and PPh3 or PCy3 were used in the conditions shown in

Table 6.6.
Table 6.6 Experimental Conditions for the Attempted Synthesis of
[Rh(PR3)Cl[14]aneS4](PFg); from [RhClz([14]aneS4)]PFg

PR3 Solvent Vol Time | Conditions Dehalogenating Product
and hrs agent
PPh3 | Acetone 100 16 Reflux/N2 TIPFg (1 equiv) A
PPh3 | CH3NO2 100 16 Reflux/N2 TIPF¢ (1 equiv) A
PPh3 | CH3CN 100 16 Reflux/N2 TIPFg (1 equiv) A
PPh3 | Acetone 25 24 Reflux/N2 A TIPFg¢ (2 equiv). A
PCy3 | Acetone 100 16 Reflux/N2 TIPFg (1 equiv) A
PCy3 | CH3NO2 100 16 Reflux/N2 TIPFg (1 equiv) A
PCy3 | CH3CN 100 16 Reflux/N2 TIPFg (1 equiv) A
Notes
Product A

Ir spectrum \)(cm'l) - 3600(broad, s), 3010(w), 2996(w), 2920(w), 1650(broad, m), 1570(mw),
1440(broad, m), 1405(m), 1260(mw), 1178(m), 926(m), 835(vs), 750(m), 626(mw), 557(s), 499(w),
430(w).

F.A.B. mass spectrum found m/e =405, 371;

calculated for (103Rh35CI([14)aneS4)}* : 406, (103Rh([14]aneSq)}* : 371
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1H N.M.R.spectrum (CD3CN, 298K) § = 2.8-3.9(m) p.p.m.
31p N.M.R.spectrum (CD3CN, 298K) & = -145(septet, ] = 710 Hz, PFg).p.p.m.

6.5.17 Attempted synthesis of [RhCl(PR3)([16]aneS41(PFg)2 (PR3 = PMezPh, PPh;,
PCys)

The reaction was carried out as described in 6.5.7, except that
[RhCl>([16]aneS4]PFg was used in the conditions shown in Table 6.7.
Table 6.7  Experimental Conditions for the Attempted Synthesis of
RhC1(PR3)[16]aneS4]1(PFg)2 from [RhCl>([16]JaneS4)]PFg

PR3 Solvent Vol Time | Conditions Dehalogenating Product
em3 hrs agent
PMePh | CH3NO2 100 16 Reflux/N2 TIPFg (1 equiv) B
PMeaPh | Acetone 100 16 Reflux/N2 TIPFg (1 equiv) B
PMesPh | CH3CN 50 24 Reflux/N2 TIPFg (1 equiv) B
PPh3 CH3NO2 100 16 Reflux/N2 TIPFg (2 equiv) B
PPh3 Acetone 100 24 | Reflux/N2 TIPFg (2 equiv) B
PPh3 CH3CN 50 16 Reflux/N2 TIPFg (1 equiv) B
PCy3 CH3NO2 100 24 Reflux/N2 TIPFg (1 equiv) B
PCy3 Acetone 100 16 Reflux/N2 TIPFg (1 equiv) B
PCy3 CH3CN 50 16 Reflux/N2 TIPFg (1 equiv) B
Notes
Product B

Ir spectrum u(cm'l) : 3520(broad, m), 3005(w), 2940(w), 1650(mw), 1530(mw), 1435(m), 1410(m),
1261(mw), 1175(m), 945(m), 905(mw), 874(m), 835(vs), 773(m), 628(mw), 557(s), 499(w), 430(w).

F.A.B. mass spectrum found m/e =435, 399;
calculated for (103Rh35CI([16]aneSy)) : 434, (103Rh([16]aneSy)) : 399
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Chapter 7

THE OXIDATION OF [9]aneS3

7.1 Introduction

This chapter describes the synthesis of the trisulfone, Og[9]aneS3 and the
attempted synthesis of the trisulfoxide, O3[9]aneS3. These compounds are

illustrated in Figure 7.1.

Figure 7.1 The Ligands Discussed in Chapter 7

o Y/ o
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CS Y S O
Y S \
\_/ o°\_s 0 O o \_/
[9]aneS, O3[9]aneS3 Og[9]aneS; 04[9]aneN,>S
Trithioether Trisulfoxide Trisulfone

In cyclic sulfoxides, a number of isomers are possible which depend upon
the orientation of the O-atom with respect to the conformation. of the ring
(Figure 7.2). These cis and trans isomers exhibit different chemical and
spectroscopic properties. This is exemplified in the TH N.M.R. spectra for a
series of thian-1-oxide derivatives (CsR10SO) in which an axially orientated S=0
bond has been found to deshield the syn 1,3 axial hydrogens by as much as
1 p.p-m..compared to its equatorial isomer ( see Table 7.1)[380]. N.M.R.
spectroscopy has not proven to be a good method of detecting previously
uncharacterised cydlic sulfoxides, since no reliable méthod for predicting the
position of the TH or 13C N.M.R. resonance exists. However, in ir spectroscopy,
the position of the strong band at 1060-1030 cm’! assigned to S=O stretching
vibration , V50, of a sulfoxide, is not affected by the conformation of the ring,
and thus, ir spectroscopy is an excellent method for detecting the presence of a

sulfoxide in a compound|(381, 3821,
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Ir spectroscopy is also of great use in detecting sulfones, since a sulfone

shows two strong bands in its ir spectrum at Vso, = 1340 to 1400 cm™! and 1160 to

1140 cm! assigned to the assymetric and symetric stretches of the SO2 group,

Vso,Tespectively.

Figure 7.2 Cis and Trans Isomerisation in Cyclic Sulfoxides.

N L7 N
Equatorial Axial

Cis Trans

Table 7.1 1H and 13C N.M.R. spectral data of t-butylthian-1-oxide

6 3 2
6
1H NM.R. (3 p.p-m.) 13C N.M.R. (8 p.p.m.)

Atom Cis Trans  Difference Atom Cis Trans Difference

compound compound Scis-Strans compound compound Scis-Otrans
Ha(ax) 2.53 2.30 0.23 C? 52.4 46.9 55
Ha(eq) 3.36 3.00 0.36 C3 244 16.9 7.5
H3(ax) 1.42 2.10 -0.68 ‘ Cy4 48.0 473 0.7
H3(eq) 2.06 1.70 0.36 ‘ Cs 325 33.6 -0.5
Hy 130 1.14 0.16 Ce 27.6 273 03
Hg 0.86 0.90 -0.04

The S=O bonds in sulfones are both shorter (1.43 A Vs 1.49A) and stronger
(bond dissociation energy per S-O bond of 469 Vs 368 kjmol™1) than those in
sulfoxides. In fact, the S=O bond in a sulfone is one of the strongest bonds
known[383], The formation of a sulfone is consequently thermodynamically

more likely than the formation of two sulfoxides. This situation creates
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synthetic difficulties in oxidising thioethers to sulfoxides, since sulfones may

also be synthesised (Figure 7.3).

Figure 7.3 The General Synthesis of Sulfoxides and Sulfones

There are a number of reviews in the literature discussing the synthesis
of sulfoxides, most of which involve the oxidation of a thioether!381, 383-385],
The methods for reducing sulfones have also been reviewed, but these usually
only produce thioethers[386, 387). A very wide range of oxidising agents have
been used for the conversion of thioethers to sulfones, but the specific oxidation
to a sulfoxide is synthetically difficult, and requires stoichiometric quantities of
highly selective oxidising agents.

The problems encountered in the synthesis of linear polysulfoxides lie in
the formation of sulfones and other unwanted products such as sulfoxides
(Scheme 7.1) and problems may also arise in the separation of the different
isomers and compounds formed during the oxidation(353]. Furthermore, in the
syhthesis of cyclic sulfoxides, ring opening has also proved to be a serious
| problem; espedially in 3, 4 or 5 membered rings. For example, heating the
3-membered cyclic sulfoxide, C,H4SO results in bond cleavage to form an
isomeric linear compound(353]. However, both in principle and in practice the
properties and chemical behaviour of cyclic sulfoxides and sulfones with a ring

size greater than 7 are usually similar to their acyclic analogues[381],
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Scheme 7.1 Oxidation to Polysulfoxides
( CHsS ™ ""87""sC,Hs )
;[0]
(CoHsS 8 "s0pHs ) o [ CaHsS TS TG, )
O o) O

(CaHsS N8 Nsehg ) + 02'_"5‘2’;\/\5 Sagl-CL
o 0]

0O o) 0

The presence of more than one thioether in a ring makes any selective
oxidation intrinsically more difficult. In general, these cyclic polysulfoxides are
generally much less stable and much more reactive to further oxidation than
their open-chain analogues[383]. No general synthetic methods are available for
the synthesis of pure sulfoxides, and during their synthesis sulfones are
frequently generated (Scheme 7.2)[383]. However, in some cases, the synthesis of
cyclic polysulfoxides can be achieved. Some examples are illustrated in

Scheme 7.3.
Scheme 7.2 The Unselective Oxidation of Thioethers
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Scheme 7.3 The Selective Oxidation of Thioethers
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Cyclic polythioethers can be electrochemically oxidised to form a number
of products, usually involving C-S bond cleavage and S---S bond formation,
although sulfoxides have also been synthesised (Scheme 7.4)[388]. During photo-
oxidation, similar C-S bond cleavage and S---S bond formation occurs

(Scheme 7.5)[386],

Scheme 7.4 The Electrochemical Oxidation of Thioethers

O. e}
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R= 'Bu, p-CH30CgH, ; X = H, OH, OCHg, OSi(CHg)x('Bu)
Y= H, OH, OSi(CHs)s, OSi(CHg)s('Bu) ; XY= OCH,CH,0

/ \ CH3CN O= s:> :>
S S
g H
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Scheme 7.5 The Photochemical Oxidation of Thioethers

Oxidation of 9-membered thioether macrocycles has been previously
studied . The compound, O[9]aneN3S has been prepared by oxidation of
[9]aneN>S with NaBrO,[389]. The oxidation of [9]aneS3 in dry anaerobic
conditions using one molar equivalent of PhAC*PFg™ in CH3NO results in the
formation of a bicylclic sulfonium salt [C¢H11S3]*, whose structure consists of a
fused 5- and 6-membered ring, with the sulfonium S-atom at the bridgehead
(Figure 7.4). This has been confirmed by X-Ray crystallography!390l. The
electrochemical oxidation of [9]aneS3 in CH3CN (in 0.1 M TBAPFg) shows an
irreversible oxidation at Epa = +0.98V vs Fc/Fct, with a return wave being
observed at Epc = 0.5 V. This electrochemical oxidation has been assigned as the
formation of a dithioether dication (Figure 7.5)[390 ‘The trisulfone, Og[9]aneS3
has been synthesised by reacting [9]aneS3 in refluxing H>O> for 10 minutes, but

the compound was only characterised on the basis of its ir spectrum.[391],
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Figure 7.4 A Representation of the Sulfonium Salt, [CeH11S3]*

()

Sulfonium Salt
[CeH11S3]"

Figure 7.5 A Representation of the Dithioether Dication
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In recent years, great interest has been shown in mixed donor
macrocycles, since they can exhibit unusual chemical properties. Since the target
compound O3[9]aneS; is a trisulfoxide, it could co-ordinate through either the O
or the S atoms, in an ambivalent manner similar to DMSO.

Crystallographic studies on a series of DMSO complexes of transition
metal ions show that the internal geometry of DMSO is largely unaffected on
co-ordination (Table 7.2)[406]. When DMSO co-ordinates to a metal ion through
the S-donor, the S-O bond length shortens from the free ligand value of
1.531A[4071 | however, when DMSO co-ordinates to a metal ion.through the O-

" donor, the S-O bond length does not change appreciably. This is illustrated in
the complex, [Ru(DMSO)]%+ which clearly shows this trend in its DMSO bond
lengths [ Ru-5s-bound) = 1.482 A and R-5(0-bound) = 1.536 A ][265]

Table 7.2 The Internal Geometry of Free and Co-ordinated DMSO

Free DMSO Co-ordinated DMSO
<0OSO | 106.7° = 107°
<CSC 97 .4° from 99.4(6)° to 104.5(7)°
C-S bond length 1.8A 1.8A
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The effect on the metal-S bond length when a thioether is oxidised to a
sulfoxide has been studied in the complexes [Pt(H,NCH(CO,H)CH,SMe)Cl2] and
[Pt(Ho,NCH(CO;H)CH,SMe)Clp]. The Pt-S bond length is 2.26 A in the thioether
case and when the sulfur is oxidised to a sulfoxide Pt-S bond length shortens to
2.198A1392, 393, It would be interesting to compare the trisulfoxide, O3[9]aneS3
complexes of transition metal ions with their thioether ([9]aneS3) analogues, to
see what effect the oxidation of [9]aneS3 has on its chemical, physical and
co-ordinative properties.

A number of 9-membered sulfoxide-containing macrocyclic complexes
have been reported(389. 3911 The complexes [M(O[9]aneN>S)2]%* (M = Co, Cu,
Ni) have been synthesised in which the metal ion binds to the oxygen in the
sulfoxide [389]. [9]aneSs has been oxidised to the monosulfoxide, in the complex
[Fe(O[9]aneS3)([9]aneS3)]12+ by reacting [Fe([9]aneS3)2]2+ with Nap520g in H2O. In
this complex, [Fe(O[9]aneS3)([9]aneS3)12+, the sulfoxide is co-ordinated through
the S-donor (Figure 7.6)1391].

The synthesis and characterisation of the trisulfone Og[9]aneS; is
described in section 7.2 and the attempted synthesis of the polysulfoxide
O3[9]aneS; using the common selective oxidisation methods is described in

section 7.3.
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Figure 7.6 A View of the Single Crystal X—Ray Structure of
[Fe(O[9]aneS3)([9]aneS3))2+

7.2  The Synthesis of Og[9]aneS;

Suifones are chemically and thermodynamically very stable. They can be
oxidised further, but only under extreme and forceful conditions, usually
involving combustion at high temperatures[383l. The oxidation of thioethers to
sulfones normally proceeds via a sulfoxide intermediate (Figure 7.3). The
formation of a sulfoxide can generally be avoided by using an excess of a
powerful oxidising agent at elevated temperatures. The compound Og[9]aneS3
has been previously synthesised by refluxing either [Mo([9]aneS3)(CO)3] or

[9]aneS3 with H2O7 for ten minutes. This compound has been reported as
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insoluble in all common solvents, and has been characterised purely on the
basis of its ir spectrum[3911,

Repeating the literature preparation of Og[9]aneS3 by refluxing the slurry
of [9]aneS3 and H>O> for ten minutes only results in unreacted starting material,
Refluxing the slurry for longer periods of time still shows no change from
[9]aneS3. This lack of reactivity may be due to [9]aneS3 not being soluble in H>O2
or that H>O3 is not a powerful enough oxidising agent. It is known that the
presence of acid catalyses the reaction of peroxides with thioethers[383l; therefore,
to overcome both these potential problems the reaction was carried out in
glacial acetic acid. The addition of H2O> to [9]aneS3 in glacial acetic acid at 60°C
results, after stirring for six hours, in the formation of a white precipitate ,
which was collected and dried. The ir spectrum of this product shows two
strong bands atv = 1315 cm™! and 1120 cm™ which can be assigned as the
V(asymm) and Vsymm) stretching vibration of a SO; group, respectively. The ir
spectrum is similar to the one that has been reported by Wieghardt et all391].
The frequency of the symmetric stretch is lower than expected at 1120 cm™, as
compared to the usual frequency for this stretch (Vsymm) = 1140-1160 cm™).
However, the elemental analysis agrees the formulation as CgH12530¢ and the
compound is assigned as the trisulfone.

The trisulfone compound is soluble in DMSO and refluxing HO. The
1TH N.M.R. spectrum (d6-DMSO) of Og[9]aneS3 shows a resonance at
8 = 3.96(s) p.p.m and the 13C N.M.R. spectrum (d6-DMSO) shows a resonance at
3 = 43.3 p.p.m., confirming the symmetric nature of the compound.

The TH N.M.R. spectum of free [9]aneS3 in d6~-DMSO shows a resonance
at 8 = 3.06 p.p.m., which is a lower frequency than the trisulfone compound.
This shift can be attributed to the electron density being reduced at the sulfur
due to the bonded oxygens. This in turn will lead to a reduction in the electron
density around the C and H atoms, and hence to a deshielding the protons and

an increase the frequency of the chemical shift. Neither E.I. nor F.A.B. (in
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3-NOBA or DMF/ thieglycerol matrices) mass spectrometroscopy is successful in
locating the parent ion.

To confirm the structure of the compound, crystals suitable for X-ray
analysis can be grown by vapour diffusion of CH30OH into a DMSO solution of
the compound. The structure is shown in Figure 7.7 and 7.8, and the bond
lengths and angles are shown in Table 7.3. The S-O and the C-5 bond lengths
are typical of a sulfone [ S-O = 1.4306(15) - 1.4431(14)A ,

C-S = 1.7817(19) — 1.788(19)A]. The C-S bond lengths are slightly shorter in the
trisulfone than in [9]aneS3 [ C-S = 1.820(5)A - 1.823(5)A 1, the structure of
[9]aneS3 is shown in Figure 2.6{16]. The C-C bond lengths of the two compounds
Og[9]aneS3 and [9]aneS; are very similar [C-Crisulfone ) = 1.525(3)A - 1.533(3)A ,
C—C([9]aneS3) = 1.510(6)A 1. Both compounds adopt the symmetric [333]
conformation in the solid state. The conformations are related by a pseudo

rotation of 40°.
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Table 7.3 Selected Bond Lengths (A), Angles (°) and Torsion Angles (°)
with standard deviations for Og[9]aneS3

S(1)-0O(1a)
S(1)-O(1b)
S(1)-C(2)
S(1)-C(9)
C(2-C(3)
C(3)-5(4)
S(4)-O(4a)

1.4431(14)
1.4370(14)
1.7820(19)
1.7817(19)
1.525 (3)

1.7881(19)
1.4373(15)
1.4306(15)

S(4)-C(5)
C(5)-C(6)
C(6)-5(7)
S(7)-O(7a)
S(7)-O(7b)
S(7)-C(8)
C(8>C©

1.7855(20)
1.529(3)

1.7852(19)
1.4306(15)
1.4344(14)
1.7826(19)
1.533(3)

S(4)-O(4b)

O(1a)-S(1)-O(1b)
O(1a)-S(1)-C(2)
O(1a)-S(1)-C(9)
O(1b)-S(1)-C(2)
O(1b)-S(1)-C(9)
C(2)-5(1)-C(9)
S(1)-C(2)—C(3)
C(2)-C(3)-5(4)
C(3)-S(4)-O(4a)
C(3)-S(4)-O(4b)
C(3)-S(4)-C(5)
O(4a)-S(4)-O(4b)

O(1a)-S(1)-C(2)-C(3)
- O(1b)-S(1)-C(2)-C(3)
C(9)-5(1)-C(2)-C(3)
O(1a)-S(1)-C(9)-C(8)
O(1b)-S(1)—-C(9)—C(8)
C(2)-S(1)-C(9)-C(8)
S(1)-C(2)—C(3)-S(4)
C(2)-C(3)-5(4)-O(4a)
C(2)-C(3)-S(4)-O(4b)
C(2)-C(3)-5(4)-C(5)
C(3)-5(4)-C(5)-C(6)

119.32(8)
108.32(8)
106.56(8)
106.93(8)
108.30(8)
106.81(8)
114.22(13)
112.56(13)
106.45(8)
108.06(9)
106.10(9)
119.79(9)

58.70(15)
-171.51(13)
-55.74(15)
-176.74(13)
53.73(15)
-61.12(15)
137.52(11)
-179.80(13)
50.33(15)
-64.98(15)
-57.59(15)

O(4a)-5(4)-C(5)
O(4b)-S(4)-C(5)
S(4)-C(5)-C(6)
C(5)-C(6)-5(7)
C(6)-S(7)-O(7a)
C(6)-S(7)-O(7b)
C(6)-S(7)-C(8)
O(7a)-5(7)-0O(7b)
O(7a)-S(7)-C(8)
O(7b)-5(7)-C(8)
S(7)-C(8)-C(9)
S(1)-C(9)-C(8)

O(4a)-S(4)-C(5)-C(6)
O(4b)-S(4)-C(5)-C(6)
S(4)-C(5)-C(6)-5(7)
C(5)-C(6)-S(7)-O(7a)
C(5)-C(6)-S(7)-O(7b)
C(5)-C(6)-S(7)-C(8)
C(6)-5(7)-C(8)-C(9)
O(7a)-S(7)-C(8)-C(9)
O(7b)-S(7)-C(8)-C(9)
S(7)-C(8)-C(9)-5(1)
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107.96(9)
107.73(9)
113.31(13)
115.921(13)
106.49(9)
108.92(8)
106.50(9)
118.74(9)
108.10(9)
107.49(8)
112.89(13)
113.08(13)

56.20(15)
-173.12(13)
133.28(12)
-170.91(14)
59.92(16)
-55.72(16)
-65.72(15)
48.37(15)
177.67(13)
137.22(11)



Figure 7.7 A View of the Single Crystal X-Ray Structure of Og[9]aneS3

Figure 7.8 An Alternative View of the Single Crystal X-Ray Structure of
Og[9]aneSs3
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7.3  The attempted synthesis of O3[9]aneS3
Scheme 7.6 The Oxidation of Thioethers by ROOH

Sulfoxide
R, R.
,S + ROOH —_— ,S:O + ROH
R R
Sulfone
R‘ R. O
S +2ROOH — S< + 2 ROH
R R (@]

The reaction of ROOH (R = H, alkyl) with thioethers at 298K is one of the
most widely used methods for forming sulfoxides(383, 3841 (Scheme 7.6).
However, [9]aneS3 does not react with either HyO7 or t-BuOOH at 298K in HyO ,
CH3O0H or acetone. [9]aneS3 does react with HpO2 in glacial acetic acid when
heated or after prolonged exposure resulting in a product which shows stretches
in the ir spectrum indicating the presence of both sulfoxide and sulfone
functional groups ( see Table 7.4). It is unclear whether the product is a single
compound, which contains both functional groups ( for example the compound
Os[9]aneS3 shown in Figure 7.9 ) or whether it is a mixture of compounds.

Possible compounds, which may be present in the product are shown in

Figure 7.9.

Table 7.4 The ir Spectra of the oxidised products
Oxidising conditions ir spectrum v(cm™1). Stretches

Sulfoxide Sulfone

H>03/ glacial acetic acid 1050-1020 (s, br) 1130(s) 1330(s)
MCPBA 1000-1050 (s) 1120 (s) 1320(s)
MMPP 1045 (s) 1125(s) 1325(s)
NalOg4 1020 (mw) 1115(s)  1325(s)
NaBrO; 1040 (s) 1120 (s) 1325(s)
PhIO 1050 (s) 1120 (s) 1330(s)
NalO4/Si Gel 1040 (s) 1120 (s) 1340(s)
(NBuy)IO4/ [TPPFeCl] 1050 (w) 1120 (w) 1350(w)

The ir spectrum generally shows bands at v (em1) = 2960(ms), 2920(w), 1445(s), 1285(ms),
1260(ms), 940(m), 890(m), 855(m), 720(m), 680(w), 480(w), and bands in the sulfoxide and sulfone
regions as shown above

211



Figure 7.9 Possible Compounds Synthesised when Oxidising [9]aneS3
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It is well known that the selective oxidation of thioethers requires gentle
conditions. Organic peracids are stronger oxidising agents than peroxides and
should react with thioethers in less forcing conditions. The mechanism for the.
oxidation of thioethers by peracids has been proposed and is shown in
Scheme 7.7. One of the most selective oxidising agents for the conversion of
thioethers to sulfoxides in metachloro perbenzoic acid (MCPBA).
Unfortunately, this compound is unstable and highly explosive, and is no
longer commercially available.

The addition of MCPBA to [9]aneS3 in CHClp, CH3CN or CH3NO; at 298K

for six hours results in a clear solution. Subsequent addition of a saturated
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solution of NaHCO3 affords a two-phase mixture, which is separated and the
aqueous layer extracted with Et2O and then CH3NO>. Removing the solvent
from the organic layers reveals a white solid which shows strong bands in both
the sulfone and sulfoxide regions of the ir spectrum ( see Table 7.4), suggesting
that the product is a compound or a mixtufe of compounds shown in Figﬁre 7.9.

Magnesium monophthalate (MMPP) is a more stable recent replacement
for MCPBAI387], [9]aneS; reacts with MMPP in EtOH and H>O to afford a clear
solution. Passing this solution down a column of Silica removes the oxidising
agent and reducing the resulting solution to dryness yields a white sticky solid
the ir spectrum of which reveals the presence of a sulfoxide and a sulfone
functional groups. The F.A.B. mass spectrum of the white product shows peaks
at m/e = 259 and 242, which may correspond to {Os[9]aneS3+H}* and
(Os5[9]aneS3-2H}*. In general, F.A.B. mass spectroscopy is not suitable for
detecting the presence of sulfoxides or sulfones. In the previous section (7.2) it
was noted that Og[9]aneS3 did not exhibit a mass spectrum (either E.I. or F.A.B),
and so it is not be surprising that in the majority of cases, no satisfactory mass
spéctrum of the oxidised product is observed. It seems that the oxidation of
[9]aneS3 with MMPP or MCPBA is not selective.

Although the exact nature of the products which form when [9]aneS3 is
reacted with peroxides and peracids is unknown, it would seem that the
probable mixture of products contains a sulfone functional group,
demonstrating that the selective oxidation to the trisulfoxide has not been

acheived.
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Scheme 7.7 The Proposed Mechanism for the Oxidation of Thioethers by
Peracids
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A second major class of oxidising agents used for the conversion of
thioethers to sulfoxides are the halogen oxides. A wide variety of thioethers
have been oxidised to sulfoxides by NalOg (Scheme 7.8)[383, 3841, and more
recently by NaBrO,[384, 3941, [9]aneS3 reacts with NalO4 in CH30H/H0 at 273K
after four hours to afford a clear solution. Passing the solution down a Si Gel
column, and then removing the solvent affords a white solid the ir spectrum of
which indicates that a sulfone is present. A suifoxide may also be present since a
stretching vibration is observed in the ir spectrum at v = 1200 (mw) cm™1. This
band is both weak and rather low for a sulfoxide [the normal range for a
sulfoxide being v cm™1= 1060-1040 (s)] suggesting that if a sulfoxide is present
then it is only in a small amount. However, there are a strong bands at v = 1325
ﬁm‘l and v = 1115 cm™1 , which suggests that the compbund is predominantly a
sulfone. Since the white solid was soluble in CH3CN, it could not be the
trisulfone, because Og[9]aneS3 is soluble only in hot H2O or DMSO. The product

is probably a mono- or di- sulfone.

Scheme 7.8 The Oxidation of Thioethers by Periodate

R R
NalO, + S — ;S =0 + NalOg
R
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[9]aneSs is oxidised by NaBrO2 when the reaction is carried out in
H0O/dioxane. A white solid could be isolated, the ir spectrum of which shows
bands associated with both sulfoxide and sulfone. The product is probably a
compound or a mixture of compounds illustrated in Figure 7.9.

Iodosobenzene (PhIO) and its diacetate derivative [ PhI(OAC); ] are
frequently used to oxidise thioethers to sulfoxides (Scheme 7.9 and
Scheme 7.10)[381, 383-385, 3951 However, [9]aneS3 does not react with PhIO in
either CH30H or dioxane . The reaction of [9]aneS3 with PhI(OAC); in MeOH
yields a white solid, whose ir spectrum indicates that both a sulfoxide and
sulfone functional group are present in the product . Consequently, it would
appear that halogen oxides are not selective in their oxidation of [9]aneS3 to

O3[9]aneSs.

Scheme 7.9 The Oxidation of Thioethers by PhlO
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,S + @—IO  — ,S=O + @—l
R : R

Scheme 7.10 The Proposed Mechanism for the Oxidation of Thioethers by
PhI(OAc)2
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All the oxidising agents so far discussed have required HyO as a solvent,
or were only soluble in HyO. A number of sulfoxides are hygroscopic, and so the

presence of HyO may lead to problems in isolating the complex. (NBuy)IOy4 is an
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oxidising agent soluble in organic media. Addition of (NBug)IO4 to [9]aneS3 in
CH,Cl, affords a clear solution, from which a white solid can be isolated. The ir
spectrum of this product shows weak stretches in the regions associated witﬁ a
sulfone functional group and no bands associated with a sulfoxide (Table 7.4).
The presence of a sulfone suggests that (NBuy)IO4 is too powerful and
unselective at oxidising [9]aneS3. The reaction of NalO4 on Silical396] with
[9]aneS3 in CH,Cly affords a slurry which is stirred for four days. Filtering the
mixture and reducing the solvent to dryness results in a white solid, whose ir
spectrum shows bands which can be assigned to a sulfoxide and a sulfone
functional group. This indicates that periodate is not a selective enough

oxidising agent

The highly selective oxidation of thioethers in biological systems may
result in chiral sulfoxides[397). The reaction is generally catalysed by Cytochrome
P450[398] (see Chapter 1) and this system has recently been modelled by using a
'twin coronet' Fe porphyrin to catalyse the chiral oxidation of a thioether to a
sulfoxidel399). In general [Fe('ID(TPP)CI] has been used to catalyse the oxidation
of thioethers from sulfoxides[400].

No reaction is observed when PhIO is added to [9]aneS3 at 298K in the
presence of [FelI(TPP)Cl]. The more powerful oxidising agent (NBuy)IO4 reacts
with [9]aneSs in the presence of a catalytic amount of [Fe(lID(TPP)CI] after three
- hours to yield a white solid, whose ir spectrum shows bands in both the
sulfoxide and sulfone regions. While [FelIN(TPP)CI] catalyses the reaction of

[9]aneS3 with (NBuy)IOy, it does not do so selectively.

One possible method of avoiding the over oxidation of [9]aneS3 is to co-
ordinate it to a metal ion, and then chemically oxidise the complex. The metal
ion will bind to [9]aneS3 through three of the sulfur lone pairs and only the

three remaining lone pairs should be available for oxidation (Scheme 7.11). The
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partial oxidation of [Fe([9]aneS3)212* by NaS;0g has been previously reported
(Figure 7.6)[391],

Scheme 7.11 The Oxidation of Co-ordinated [9]aneS3
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No reaction is observed when [Co([9]aneS3)2](PFg)3 is refluxed in neat
H,0,, when [Ni([9]aneS3)2](PF¢); is passed down a column of NalOy4 loaded
Silica, or when [Ni([9]aneS3)2](PFg); is stirred with MMPP in EtOH at 298K for
eight hours. However, the addition of MMPP to [Ni([9]aneS3)2](PF¢)2 in CH3CN
at reflux for two hours affords a precipitate. Collecting the precipitate and
washing it with CH3CN removes the remaining Ni complex. The resulting
white solid is only soluble in DMSO and exhibits the same ir and 1H N.M.R.
spectra as the trisulfone Og[9]aneS3, thus indicating that Og[9]aneS3 has been
prepared. The CH3CN solvent and washings only contained unreacted starting
material. The effect on co-ordinating [9]aneS3 to a metal ion, and then oxidising
it neither increases the selectivity of the oxidising agent, nor the ease of |
~ oxidation. |

The reaction of a slurry of Og[9]aneS3 with NaBHy in dry refluxing
CH3OH for 24 hours results in unreacted Og[9]aneS3 and [9laneS3. No sulfoxide |
stretches are observed in any of the compounds isolated. It seems that
Og[9]aneS3 behaves as a typical sulfone, since it is both difficult to reduce and a
thioether is formed on reduction.

In general, the oxidation of [9]aneS; by the common oxidising agents
discussed in this section either were not powerful enough, or were not selective

enough in their oxidation. This resulted in products which showed the
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presence of both sulfoxide and sulfone functional groups. The probable
composition of the product is either a compound or a mixture of the
compounds shown in Figure 7.9.

In the case of the oxidation shown in Scheme 7.1, the products have been
separated by extracting the aqueous acetone with pentane. The pentane layer
contained monosulfoxides and the aqueous acetone layer held the di- and tri-
sulfoxidesl353], In our case, the solubility of the monosulfoxide should be
similar to [9]aneS3. However, the ir spectrum of any recovered product from the
Et20 or CH,Cl; extractions did not show any sign of the presence of any
sulfoxide. The oxidised product that was obtained by extracting the aqueous
layer with CH3NO; contained both sulfone and sulfoxide. It is possible that in
these reactions, the di- or tri-sulfoxide may remain in the aqueous layer.
However, removing the oxidising agents by column chromatography and
reducing the resulting solution to dryness results in a product that still shows
the presence of both sulfoxide and sulfone functional groups in the ir spectrum,
suggesting that simple extraction is not suitable for separating the mixture of
compounds.

The problem of separating the probable mixture of products could be
overcome by thin layer chromotography (TLC). The monosulfoxide should be
easily separated from the tri- and di-sulfoxides. The T.L.C. of the product
isolated from the CH3NO; extraction does not separate in the following solvent
systems; MeOH/H>O (various ratios), ethylacetate/H20, CH3CN/H,0 and
DMSO/H0.

The TH N.M.R. spectrum of the products containing both sulfoxide and
sulfone is not very informative. A typical spectrum consists of a multiplet
between & = 2.8 and 4.0p.p.m. This indicates that the nature of the oxidation is
non symmetric, that a mixture of isomers are present, or that a mixture of

compounds of the type On[9]aneS3 (n = 1 to 6) are present. Neither F.A.B. (in
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3-NOBA or DMF/thioglycerol) nor E.I. Mass spectroscopy are informative, since
no parent on peaks are observable for either sulfones or sulfoxides. Only in one
case (MMPP) was a satisfactory mass spectrum obtained, which indicated that

Os[9]aneS3 and O4[9]aneS3 may be present.

The problem in synthesising O3[9]aneS3 could be due to the selectivity of
the oxidising methods employed. If there is no selectivity for the oxidation of
thioether as compared to a sulfoxide, most of the product would be a compound
with one sulfone and one sulfoxide functional group.

A number of other compounds, without sulfoxide or sulfone functional
groups could also be formed in the reaction. The solid state crystal structure of
[9]aneS3 shows all three sulfur lone pairs point towards the centre of the cavity
(Chapter 2). It should therefore be possible to form an internal oxy-bridged
compound (Scheme 7.12). Attack of the oxidising agent on the oxy-bridge
would probably result in the formation of the thermodynamically more stable

mono sulfone as opposed to the disulfoxide (Scheme 7.13).

Scheme 7.12 The Formation of an Oxy-Bridged Species
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It is known that oxygen exchange between a thioether and a sulfoxide can
occur (Scheme 7.14)[384], Due to the geometry of [9]aneS3, a sulfur lone bai’r is
ideally placed to interact with another sulfur's oxygen, enabling exchange to take
place internally. This in turn could form a sulfone (Scheme 7.15), since sulfones
are thermodynamically more stable than disulfoxides and are resistant to
reduction. Once a sulfone is formed, it is likely that they would remain inert to

subsequent reaction.
Scheme 7.14 Sulfoxide/Thioether Oxygen Exchange
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Scheme 7.15 The Interconversion of a Disulfoxide to a Sulfone
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The synthesis of the trisulfoxide O3[9]aneS3 has not been successful. This
could be due to problems associated with separating a large number of possible
products obtained when oxidising [9]aneS3, or that the nature of [9]aneS3 leads to
the isomerisation of di- or trisulfoxides to form a sulfone. The reduction of the
trisulfone Og[9]aneS3 did not yield the trisulfoxide. The trisulfone behaves as a
typical sulfone, being difficult to reduce, and producing the thioether [9]aneS; on
reduction.

In contrast, in the complex [RuCl(PPh3)(THT)([9]aneS3)1(PFe¢), the THT
ligand is easily oxidised in air to the sulfoxide THT-S Oxide. This is discussed in

Chapter 5.
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74  Summary

The chemical oxidation of [9]aneS3 has been investigated. Since the
trisulfoxide O3[9]aneS3 could not be synthesised, it was not possible to
investigate the chemical and physical characteristics of both the free ligand and
its complexes. The usual product on gentle oxidation of [9]aneS3 was a
compound or compounds containing both the sulfoxide and sulfone functional
groups. The reason for the difficulties in synthesising O3[9]aneS3 is not known.
However, the complete oxidation of [9]aneS3 has been achieved, yielding the
trisulfone Og[9]aneS3. This compound has been characterised by ir and N.M.R.

spectroscopy, elemental analysis and X-ray diffraction.

7.5  Experimental

Reagents and physical measurements were used as discussed in Chapters
3 and 4. Most oxidising agents were commercially available, except
lodosobenzene [401], NaIO4 on silica (10% loaded by weight)[396] and
[FeUID(TPP)CI]402] which were synthesised by literature methods. All the
products in the reactions which exhibited an ir spectrum that indicated the
presence of sulfones or sulfoxides were analysed by T.L.C. All the samples were
thoroughly dried in a dessicator before use. The solvent systems used were
MeOH/H,0(10:1,5:1,3:1,1: 1) ethylacetate/H20 (5 : 1), or DMSO/H0 (3 : 1),
depending on the product. No separation of the product in any of the cases was
observed. The plates were developed in an iodine tank, after they had been

dried in an oven.

7.5.1 Oxidation of [9]aneS3 by H>02 and t-BuOOH

(@ HyO (5 cm3, 30% vol 0.09 mM) was added to [9]aneS3 (50 mg, 0.29
mM) and stirred in a slurry at 298K for three hours, filtered and the white solid
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dried. The ir spectrum was the same as [9]aneS3. The aqueous layer was then
extracted CH3NO3, but no solid was found in the CH3NO; layer.

This procedure was repeated in the conditions shown in Table 7.5(i).

()  [9)aneSs (52 mg, 0.29 mM) was added to HyO2 (0.1 cm3, 30% vol 0.09
mM) in 5 cm3 of solvent and stirred in the conditions shown in Table 7.5(ii).
The solution was extracted by ether and then by CH3NO>. The ether extraction
contained unreacted [9]aneS3 and the CH3NO; extraction the oxidised product.
Both were isolated by removing the solvent on a rotary evaporator. The results

of the ir spectrum of the oxidised product is shown in Table 7.4.

() The reaction was carried out as described in 7.5.1b, except that
t-BuOOH replaced H,0> as the oxidising agent. The results and conditions are

shown in Table 7.5(iii).

Table 7.5 Experimental Conditions for the Oxidation of [9]aneS; by H,0; and
t-BuOOH

$)) [9]aneS; with neat H,O

Volume (cm3) Temp (K) Time (hours) % [9]aneS3 recovered
5 298 3 90
5 298 6 73
5 298 12 68
5 298 24 81
5 338 12 82
5 reflux 10 mins 91
5 reflux 20 mins 89
5 reflux 4 83
10 reflux 4 88

(ii) [9]aneS3 with H2O3 in a solvent

Solvent Temp (K) Time (hours) % [9]aneS3 recovered Result
acetone reflux 2 80 [9]aneSs
acetone 298 12 days 80 [9]aneS3
glacial aceticacid 298 24 76 [9]aneS3
glacial aceticacid 338 12 — Table 7.4
glacial aceticacid 298 12 days —_ Table 7.4



(iii) [9]aneS3 and t-BuOOH in a solvent
Volume t-BuOOH  Solvent (cm3) Temp K Time day % [9]aneS3 recovered

cm3 (mM)

1.4 (1.02) H>0(3.5) 298 1 78
14 (1.02) H>0(3.5) 358 1 76
1.4 (1.02) H>O(3.5) reflux 1 80
1.2 (0.87) CH;0H(3) 298 1 70
1.2 0.87) CH30H(10) reflux 1 72
1.2 (0.87) CH3OH(10) 298 12 78
1.2 (0.87) Acetone(10) 298 1 72
1.2 (0.87) Acetone(15) 298 12 80
7.5.2.1 The synthesis of Og[9]aneS3

[9]aneS; (96 mg, 0.533 mM) was dissolved in glacial acetic acid (7.5cm3)
and heated to 60° C for six hours. The resulting white precipitate was collected
by centrifuge, washed with H20O2, acetone and ether, and dried. (Yield = 133 mg,
90%).

Ir spectrum v(cm-1) : 2970(s), 2940(s), 1445(s), 1430(s), 1405(w), 1340(s), 1270(s),
1200(w), 1182(w), 1145(m), 1115(vs), 1055(m), 1040(w), 947(mw), 900(m), 890(mw),
850(mw), 780(vs), 750(m), 730(mw), 690(w), 650(w), 530(w), 510(m), 495(sh), 450(s),
430(m).

E.I. Mass Spectrum found m/e = 184, 156, 140, 120, 92, 91;

F.A.B. Mass Spectrum (DMF/Thioglycerol) found m/e = 279, 274, 257, 239, 197;
calculated for {Og[9]aneS3}*: 276, {O5[9]aneSs}+: 260, {O4[9]aneS3}+: 244,
(Ol9]aneS3}*: 196, {[9]aneSs}*: 180

THN MR spectrum (d®-DMSO, 298K) 8 = 3.96 p.p.m.

13C N.M.R.spectrum. (d6~-DMSO, 298K) 3 = 43.3 p.p.m.

C.H.N. Expect 26.1%C 4.34%H 0%N for Og[9]aneS3
Found 25.9%C 4.45%H 0%N
Sulfur analysis Expect 34.8% for Og[9]aneS3
Found 34.3%



7.5.2.2 Structural Determination of Ogl9]aneS3

A colourless columnar crystal (0.18 x 0.21 x 0.42 mm) suitable for X-ray
analysis was obtained by vapour diffusion of CH30OH into DMSO.

Crystal data: [C26H12530¢l, Mwt = 276.31, monoclinic, space group P21/n,

a = 5.99785, b = 12.9947(12), ¢ = 13.8201(12)A, B = 101.244(8)°; V = 1056.3A3 [from
setting angles for 18 centred reflections with 20 = 30-32°, A = 0.71073A, Z = 4,
D¢ = 1.737 Mgm3, p = 0.68 mm™1, F(000) = 576.5

Data Collection and processing: Stoe Stadi~4 circle diffractometer, graphite
monochromated Mo-K X-radiation, T = 298K, @20 scans using the learnt
profile method[403l. 1937 data measured (20max = 50°, h =-6 — 6, k =0-15,

1 =0 — 16), giving 1672 data with F > 60(F) for use in all calculations. No
significant crystal decay was observed.

Structure solution and refinement: Automatic direct methods[404] located
all non-H atoms were refined anisotropicallyl288]: H-atoms were refined freely
with a common sy Of 0.0368(16)A2. At final convergence, R = 0.0246 and
Rw = 0.0370, S = 1.322 for 173 parameters. The weighting scheme
o1 = 62(F) + 0.000225(F)? gave satisfactory agreement analysis and in the final

cycle A/c max 0.07.

7.5.3 The oxidation of [9]aneS3 by MCPBA

[9]aneS; (50 mg, 0.28 mM) was dissolved in CH,Cl; or CH3CN or CH3NO,
-‘ (5 cm3 in each case) at 273K for six hours with MCPBA (278 mg, 50% in HO,
0.802 mM). A saturated solution of sodium bicarbonate (10 cm3) was then added
and the resulting two-phase solution was separated, and worked up in the same
way as 7.5.1(b). The ir spectrum was identical in all three cases and is shown in

Table 7.4.

7.5.4 The oxidation of [9]aneS; by MMPP

[9]aneS; (54 mg, 0.30 mM) was dissolved in 6 cm3 EtOH and 270 mg
MMPP (0.42 mM) in 3 cm3 HyO (15 cm3) was added and the solution stirred at
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room temperature for six hours, passed down a Si Gel column, eluted with
EtOH, and the resulting solution reduced in volume to dryness to reveal a white
sticky solid (yield 38 mg).

Ir spectrum as shown in Table 7.5

F.A.B. Mass Spectrum found m/e = 259, 242;

calculated for {O5[9]aneS3}+*: 260, {O4[9]aneS3}+: 244

7.5.5 The oxidation of [9]aneS3 by 104~

) [9]aneS3 was added to three equivalents of the oxidising agent and
in the conditions shown in Table 7.6. The resulting solution was passed down a
column of silica gel, and then the solvent was removed. The resulting white
solid was identified by ir spectroscopy.

(ii)  [9]aneS3 (48 mg, 0.27 mM) was dissolved in 10 cm3 CHClp and
stirred at 298K for four days with NaIO4 on Si Gel (10% loaded), filtered and the

solvent removed to reveal a white solid. The results are shown in Table 7.4.

Table 7.6 Experimental Conditions for the Oxidation of [9]aneS3 by Periodate

Solvent Method Oxidising Agent Temp Time Result
CH3CN(5 em3)/H20 (2 cm3) (i) NalQOy4 273 8 hrs No reaction
CH30H/H,0 (5 em3, 2 cm3) (i) NalO4 273 4 hrs Table 7.4
CH,Cl, (4 cmd3) (i) N(Bu4)IO4 208  24hrs  Table 7.4
CH,Cl3 (10 cm3) (ii) NalOy4/Si Gel 298 4 days Table 74

7.5.6 - Oxidation of [9]aneS3 with NaBrO»

| [9]aneS;3 (61 mg, 0.34 mM) was dissolved.in the solvent and in the
conditions shown in Table 7.7, and a solution of NaBrO; in HyO added. The
solvent was reduced in volume, and extracted with ether and the nitromethane.
The ether extraction contained any unreacted [9]aneS3, and the CH3NO;
extraction contained the oxidised products. The results with dioxane/H20 were

all the same, and their ir is shown in Table 7.4.



Table7.7  Experimental Conditions for the Oxidation of [9]aneS3 by NaBrO;

Solvent Temp K Time Result

Dioxane (20 cm3)/H20 (5 cm3) 298 30 mins Table 7.4
Dioxane (10 cm3)/H20 (10 cm3) 298 1hr Table 7.4
Dioxane (30 cm3)/H20 (5 cm3) 298 30 mins Table 7.4
Dioxane (40 cm3)/H20 (1 cm3) 298 30 mins Table 7.4

7.5.7 Oxidation of [9]aneS; with PhIO and PhI(OAC),

[9]aneS3 (45 mg, 0.25 mM) was added to three equivalents of the oxidising
agent and in the conditions shown in Table 7.8. The solution was then passed
through a Si Gel column, and the solvent removed to yield a white solid which

was characterised by ir (Tables 7.4 and 7.8).

Table 7.8 Experimental Conditions for the Oxidation of [9]aneS3 by PhIO or

PhI(OAc);
Oxidising agent Solvent Temp Time Result
PhIO CH3OH (10 cm3)/0.5 cm3 H)O 298 12 hrs No reaction
PhIO Dioxane (10 cm3)/1cm3 H,O 298 12 hrs No reaction
PhI(OAc)2 CH30H (20 cm3)/1 ecm3 HyO 298 12 hrs Table 7.4

7.5.8 Oxidation of [9]aneS3 using a [Fe(TPP)CI] catalyst

[9]aneS3 (45 mg, 0.25 mM) was added to the oxidising agent and in the
conditions shown in Table 7.9, along with [Fe(TPP)CI] (10 mg). The colour
chéng_ed immediately to brown. After the solution had been stirred for the
number 6f hours shown in Table 7.9, it was filtered through silica gel and the

solvent removed. The results are shown in Table 7.9

Table 7.9 Experimental Conditions for the Oxidation of [9]aneS3 Catalysed by

[Fe(TPP)Cl]
Oxidising Solvent Temp Time Result
Agent (K) (hours)
PhIO CH2Cl (10 cm3) 298 10 [9]aneS3
(NBuy)IO4 CH,Cl; (10 cm3) 298 4 Table 7.4

226



7.5.9 Oxidation of [9]aneS3 metal complexes

[Ni([9]aneS3)2](PFe)2[177) and [Co([9]aneS3),](PFe)3!405] were prepared by
literature methods.

@ [Ni([9]aneS3)7](PFg)2 (70 mg, 0.098 mM) was added to 3 equivalents
of MMPP and reacted in the conditions shown in Table 7.10. The white solid of
Og[9]aneS3, which was found during the reaction was removed by filtration and
identified by ir and 1TH N.M.R. The pink solution was passed down a Si Gel
column, and eluted with CH3CN until all the pink bond had been removed
from the column. On reducing the solvent to dryness, a pink solid formed
which had the same ir spectrum as the starting material [Ni([9]aneS3)2](PFg)2.

(b) [Ni([9]aneS3)21(PFg)2 (70 mg, 0.098 mM) was dissolved in CH3CN
and passed down a silica gel column with a 10% loading of NalO4 and eluted
with CH3CN. The pink bond obtained from the column was identified by ir as
the starting material.

(c) [Co([9]aneS3);](PFg)3 (50 mg, 0.058 mM) was added to HzO2 (10 cm3,
30% vol) and refluxed in a slurry for six hours, filtered and dried. The HyO3
aqueous solutions was colourless, and the orange solid was identified as the Co

starting material by its ir spectrum.

Table7.10  Experimental Conditions for the Oxidation of [9]aneS3 metal

complexes
Metal Oxidising Temp  Time Solvent Result
Complex Agent (K) (hours)
[Ni([9]aneS3)7]2+ MMPP reflux 2 CH3CN  Og[9]aneS3
[Ni([9]aneS3)2]2+ MMPP 298 8 CH3CN  No reaction
[Ni([9]aneS3)2]2*  NalO4/Si Gel 298 — CH3CN  No reaction
[Ni([9laneS3)2l2+  Hz02 reflux 6 — No reaction
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7.5.10 Reduction of Og[9]aneS3 by NaBHy

Og[9]aneS3 (50 mg, 0.18 mM) was added to a solution of NaBHj (16 cm3,
0.42 mM) in-dry degassed CH30H and the white slurry stirred at reflux for one
day under Nj. The mixture was filtered and the white solid dried (yield = 30
mg). The ir spectrum of this product was the same as the Og[9]aneSs.

The CH30H solvent was passed down a silica column, eluted with
CH3OH and all the fractions collected, reduced in volume to dryness and the
resulting white solid had ir and TH N.M.R. spectra which were identical to

[9]aneSs3.



Appendix

THE DEPROTONATION OF THIOETHER MACROCYCLES

Introduction

Co-ordinated thioether macrocycles are gét\erally regarded as stable.
However, when they are co-ordinated to transition metal ions, the macrocyclic
ring may be cleaved to yield an open—chain vinyl thioether complex!408l. The
addition of NEt3 to [M([9]aneS3)2]3*+ (M = Co, Rh, Ir) leads to the deprotonation at
a methylene carbon of [9]aneS3. This is followed by a ring opening process to
yield [M ([9]aneS3)([9]aneS3 -H)}2+: as illustrated in Scheme A.1. The crystal
structures of [Rh([9]aneS3)7]3+ and [Rh([9]aneS3)([9]aneS3- H)]2* have been solved
by the Edinburgh group and are shown in Figures 2.15 and A.1. During the
course of this work, the double deprotonation of [Ru(Cp’*)([9]ane53,)]2~+ was
reported by Bennett et al 1409]. The second deprotonation of bound [9]aneS;
occurs on the same ring to yield a bound ethene thiol ligand, as illustrated in
Scheme A.2. The final species [Ru(n—-Cp*~CHy-CH>-5-CH>~-CH>-S)(SCHCH)3)]

has been characterised by X-ray Crystallography!409].

Figure A.1 A View of the Single Crystal X-Ray Structure of
[Rh([9]aneS3)([9]aneS3-H)}2+
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Scheme A.1 The Deprotonation of Co—ordinated [9]aneS3
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Scheme A.2 The Double Deprotonation of Co-ordinated [9]aneS3

The formation of the Ethene thiol Complex
3. L e 3. | S
24 -H L, [
[MIQ — . MZ —_— MZ
s~ S Sas) s~ S

The Subsequent Reaction to form the Complex
[Ru(n—Cp*~CH2-CH2-S—-CH2—-CH2—S)(SCHCH_)]

Sﬁu

Sellman and co-workers have also reported the deprotonation of bound
thioether macrocycles. The Ru complex, [Rul)(Ly)(PPh3);] ( Ly4- dication of
1,2-bis{mercaptophenylthio}ethane ) ring opens to form a vinyl thioether
moiety, which has been characterised by X-ray crystallography. This is illustrated
in Scheme A.3[410]. Sevdic et al reported that [14]aneS; and [18)aneSg
deprotonate in the complexes, [MoCl,(L)],. The products were characterised by

ir, THN.M.R,, I3C N.M.R. and mass spectroscopy as well as elemental analysis
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and magnetic measurements(411l. This appendix discusses the deprotonation

reactions of [Rh([9]aneS3)2](PFg)s3.

Scheme A.3 The Formation of a Vinyl-Thioether Moiety from [Ru(Ly4)(PPh3)2]

2 Q. Q

O~ | _PPhg S<_|.PPh, —,S<_| .PPhy
R - * ) [ /R - -H ,Ru\
= | *PPhg—™—"Lg NO ——— s~ | PPh;

@5' ] @s

Results and Discussion

On addition of a stoichiometric éuﬁognt of NEt3 to [Rh([9]aneS3)7](PFg); in
- CH3N 02-, the -ééliition turns»_fr»om colourless to red. The 1TH N.M.R.spectrum
(CD3N02)' shows resonances at § = 2.9(m), 6.2(dd), and 6.9(dd) p-p-m. ‘
(Figure A.2), indicating that the complex, [Rh([9]aneS3)([9]aneSs-H)J2* is formed.
The presence of a minor component can also be seen in the TH N.M.R.
spectrum, since there.virs an extra resonance at § = 6.75(dd) p.p-m. The presence of
this minor product is confirmed by 13C N.M.R. spectroscopy which shows

* resonances at § = 30-42 ([9]aneSg), 122.1, 124.3, 128,8, and 131.0 p.p.m.[286].

A varlable temperature TH N.M.R. study, between 71°C and 18°C of the
deprotonated product did not show coalescence of the vinyl thloe_ther '
resonances(286]. This suggeste that‘the product is a mixture of two different
products, which may be either isomers that do not easily interconvert, or two
different comple'kes, one of which-:can be assigned as

[Rh([9]aneS3)([9]aneS3-H)]2+.
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Figure A.2 The TH N.M.R. Spectrum (CD3NO>, 298K) of
[Rh([9]aneS3)([9]aneS3-H)}2+
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When a excess of NEt;3 is added to [Rh([9]aneS3),]3+ or to
[Rh([9]aneS3)([9]aneS3-H)]2+ in CH3NO;, ir bands at 1549(mw) and 1590 (mw)
cm-! are observed. These stretches are not seen in either the ir spectrum of
[Rh([9]aneS3)2]3+ or of [Rh([9]aneS3)([9]aneS3-H)J2+. The ratio of the intergrals of
the two resonances at 8 = 6.75 and 6.9 p.p.m. in the ITH N -M.R.spectrum also
changes, with a slight increase in the proportion of the minor component at
8 = 6.75 (dd). Bennett et al described in their recent paper the ir spectrum of a
bound ethene thiol, which showed an infrared stretch at v = 1556 cm-1. This
suggests that the addition of excess of NEt3 to [Rh([9]aneS3),13+ results in the
double deprotonation of [9]aneS3 on the same ring to form a ethene thiol
complex, [Rh([9]aneS3)(S-C,H4-5-CoH3)(SC2H3)]+ as opposed to the second
[9]aneS3 ring opening ( Figure A.3).

Figure A.3 The Possible Structures Formed When Double Deprotonating
[Rh([9]aneS3)2]3+

. " ]

se s s s/
\,S \) I\‘,s

Cyclic voltammetry of [Rh([9]aneS3)([9]aneS3-H)]2+ shows that the
complex has no oxidation ( to + 2V Vs Fc/Fc*) but exhibits an irreversible
reduction at E = -1.04V and a reversible reduction at -1.56 V ( AE = 88mV) Vs
Fc/Fc* (0.IM TBAPFg in CH3CN at 12°C, scan speed = 181 V.ms-1) . Coulometric
measurements on the first reduction at a constant potential of e = 1.2 V show
that it is a 2 electron process.

The protonation of [Rh([9]aneS3)([9]aneS3-H)]2+ can be achieved by using
forcing conditions. The conversion occurs in refluxing HBFy after two hours, or

in refluxing CH3CN in the presence of an excess of HPFg
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Summary
The deprotonation of [Rh([9]aneS3)7]3+ results in the formation of

[Rh([9]aneS3)([9]aneS3-H)]?* and another minor product. The formation of the
minor product is favoured in excess NEt3 and exhibits ir stretches at 1590 and
1549 cm-1. By analogy with the doﬁble deprotonation of [Ru(CeMeg)([9]aneSs3)]+,
the complex [Rh([9]aneS3)(SCHCH)(SCH,CHSCHCH))]+ is proposed as being
the minor product. The electrochemistry of [Rh([9]aneS3)([9]aneS3-H)]2+ shows a
two electron reduction at E = -1.04 V Vs Fc / Fc* and a reversible reduction at
E1/2 =154 VVs Fc / Fct in 0.1 M TBAPFg in CH3CN. The conversion of
[Rh([9]aneS3)([9]aneS3-H)12+ to [Rh([9]aneS3)2]3+ has been acheived by refluxing
[Rh([9]aneS3)([9]aneS3-H)]2+ in HBF4 or in CH3CN in the presence of an excess of
HPFg.

Experimental

Physical measurements and reagents were used as descibed in Chapters 3
and [Rh([9]aneS3),]3+ was prepared as described in the literaturel408], except that
NaBF4 was used in place of NH4PF¢. An inert atmosphere was not used unless

otherwise stated . This work was based upon the work of T.I. Hydel286, 408]

The Synthesis of [Rh([9]ane83M9]aneS3-H)]2+

(a) [Rh([9]aneS3)2](BFy)3 (95mg, 0.12 x 10-3M) was added to CH3NO; (3
cm3) and NEt; (18.5 x 10-3 cm3, 0.13 x 10-3M). The resulting solution turned red
very rapidly, and the mixture was stirred for one hour. Et,O was then added
and the red precipitate filtered, washed with Et;O, and then recystallised from
acetone/Et,O
Ir spectrum v(cm-1) : 2990-2960(broad, s), 1630(m), 1449 (s), 1410(s), 1200-1000(vs,
BFy), 820(s), 621(m), 552(w)
1H N.M.R spectrum ( CD3NO> , 298K) § = 2.7-3.7 (m), 6.2(m), 6.75 (dd, | = 9Hz),
and 6.9 (dd, ] = 9 Hz) p.p.m.
13C N.M.R.(DEPT) spectrum ( CD3NO; , 298K) & = 31-43 ( [9]aneS3), 122.1, 124.3,
128.8, 131.0 p.p.m.
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F.A.B. mass spectrum found m/e = 549, 461;
calculated for {103Rh([9]aneS3)([9]aneS3-H)BF4}+ = 549,
{103Rh([9]aneS3)([9]aneS3-H)}+ = 461
C H N Analysis
Expect 19.9%C 3.23%H  0%N  for [Rh([9]aneS3)( [9]aneS3-H)I(BFy),
Found 204%C  329%H 0%N

(b) The reaction was carried out as described in (a) above, except that 0.5
cm3 of NEt3 was added. The resulting red product was isolated as detailed above.
The 'H N.M.R. spectrum was similar to a above except that the intergral of the
resonance at é = 6.75 was larger.
Ir spectrum v(cm-1) : 2995-2940(broad, s), 1630(w),
1590(mw),1550(mw),1445(s), 1415(s),1405(s), 1285(s), 1200-1000(br,vs,BFy), 940(ms),
910(ms), 820 (ms), 620(ms), 520(ms).

The Conversion of [Rh([9]aneSs)( [9]aneS3-H)](BFy); to [Rh([9]aneS3),]
(a) [Rh([9]aneS3)([9]aneS3-H)](BFy), (20mg) was added to refluxing HBF,

and stirred for two hours. CH3CN was added and then EtO to yield a cream
precipitate which was isolated and dried.
TH N.M.R.spectrum (CD3CN, 298K) & = 3.09 ([9]aneS3) p.p.m.

(b) [Rh([9]aneS3)([9]aneS3-H)](PFg), (20mg) was dissolved in refluxing
CH3CN and HPFg added. After stirring for two hours Et,O was added to yield a
cream precipitate which was isolated and dried.

TH N.M.R.spectrum (CD3CN, 298K) § = 3.09 ([9]aneS3) p.p.m.

Electrochemistry

Electrochemical measurements were carried out on a Briiker E310
Universal Palorograph. All readings were taken using a three-electrode
potentiastatic system in CH3CN with 0.1M TBABF; as a supporting electrolyte.
Cyclic Voltammetry measurements were performed under an argon
atmosphere using a double Pt electrods and an Ag/AgCl reference electrode. All

potentials are quoted Vs Fc / Fc+.
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Heteronuclear Cluster Formation: The Synthesis and Structure of the Chloro-bridged

Tetranuclear Complex [TICIzRu(PPh3)([9]aneS3)]2(PF5)z Incorporating a [RuCI,TI,Cl,Ru]
Ladder ([9]aneS; = 1,4,7-Trithiacyclononane)

Alexander J. Blake, Robert M. Christie, Yvonne V. Roberts, Martin J. Sullivan, Martin Schréder* and Lesley J.

Yellowlees*

Department of Chemistry, The University of Edinburgh, West Mains Road, Edinburgh EH9 3JJ, Scotland

Treatment of [RuCl,(PPh;)([9]aneS;)], formed in high yield by reaction of [RuCl»(PPhs);] with [9]aneS;, with TIPFg in
CH,CI; at 273 K affords the yellow hetero-cluster species [TICI,Ru(PPh;)([9]aneS;)],(PFg), incorporating a
[RuCI,TI,Cl;Ru] ladder; dissolution of [TICIZRu(PPha)([9]ane33)]2(PF6)2 in acetone leads to precipitation of TICI and the
formation of the orange chloro-bridged dimer [RuCI(PPhg)([9]aneS3)]2(PFs)2'.

The macrocycle [9]aneS; has been shown to be an effective
six-electron capping ligand for a range of transition metal
centres.I~* [9]aneS; is, therefore, the thioether S-donor
analogue of cyclopentadienyl, aryl, tris(pyrazolyl)borate and
triphos [(Ph,PCH,);CMe], and might be expected to form a
range of half-sandwich organometallic and coordination
compounds. We have reported previously the synthesis and
properties of the low-valent complexes [M([9]aneS,)-
(alkene),]* (M = Rh, Ir),5 and describe herein the first
examples of half-sandwich complexes of [9]aneS; with Rull,
and the formation of an unusual heteronuclear Ru, T, cluster.

Treatment of [RuX3(PR;)s] (X = CI, PR; = PMe,Ph,
PEt,Ph, PEtPhy; X = Br, PR, = PEtPh;) with [9]aneS; in
EtOH or CH,Cl, affords [RuCI(PR3),([9]aneS;)]*, while
reaction of [RuX,(PPh;);] (X = Cl, Br) with [9]aneS; gives
[RuX,(PPh;)([9]aneS;)] in high yield.t The bright yellow
complex [RuCl,(AsPh;)([9]aneS3)] can be prepared by reac-
tion of [RuCl;(AsPhs),(MeOH)] with [9}aneS; in refluxing
EtOH. [RuX,(PPh;)([9]aneSs)] is a particularly useful start-
ing material for the synthesis of chiral complexes of the type
[RuX(PPh3)(L)([9]aneS;)]*. Thus, reaction of [RuX>-

+ All complexes reported herein have been fully characterised using
elemental analysis, IR, NMR, electronic and FAB mass spectroscopy,
and in the case of [RuCIl(PEtPh,)([9]aneS;)}* and [RuCI(PPhj;)-
(NCMe)([9]aneS;z)]* by single crystal X-ray diffraction.

(PPh3)([9]aneS;)] with TIPF in the presence of coordinating
solvents or ligands gives [RuX(PPh3)(L)([9]aneS3)]+ (X=0a,
L = NCMe, NCPh, PMe,Ph, P(OMe),Ph, CO, CS, py; X =

Fig. 1 The single crystal X-ray structure of [TICI,Ru(PPh,)-
([9]aneS;)],2+ with numbering scheme adopted. H atoms are omitted
for clarity. TI-CI(1) 3.0734(11), TI-CI(1') 3.0014(11), TI-CI(2)
3.0026(12), Ru-Cl(1) 2.4416(12), Ru-Cl(2) 2.4526(12), Ru-S(1)
2.2804(13), Ru-S(4) 2.3501(13), Ru-§(7) 2.2821(13), Ru-P(1)
2.3539(12) A. The primed atom is related to its unprimed equivalent
by inversion through (0,1.1).
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Br, L = PMe;Ph, py: py = pyridine).3+ Interestingly. the
complex [RuCH(PPhs),([9]aneS;)}* could not be prepared
under these conditions, presumably owing to the steric
hindrance of the relatively large phosphine ligands. We were
interested in the reactions of [RuX,(PPh;)([9]aneS;)] with
TIPFs in the absence of coordinating ligands, particularly with
regard to the possibility of forming oligomers of the
[Ru([9]aneS3)]2+ fragment.

Reaction of [RuCl,(PPh;)([9]aneS;)] with TIPF in CH,Cl,
at 273 K leads to the formation of a yellow complex.
Elemental analysis of the product indicated a stoichiometry
[RuCly(PPhs3)([9]aneS;)]- TIPF,. while FAB mass spectro-
scopy showed a molecular ion peak at M+ = 819 assigned to
['92Ru35Cly(PPh;)([9]aneS;)205T1}+ with the correct isotopic
distribution: IR and NMR spectroscopy confirmed the
presence of {9]aneS;, PPh; and PF,~ counter-ion. Crystals of
the complex were obtained from CD;NO, and a single crystal
X-ray structural determination was undertaken. The crystal
structuret confirms the presence of Ru and Tl within a
tetranuclear cluster (Fig. 1). Two octahedral [RuCl,-

% Crystal data for CigHsiClLiP;Ru;S6TI2“2PF~-4CD;NO.. M =
2184.15, triclinic, space group P1,a = 10.2202(23). b = 10.7668(18).
¢ = 16.4498(24) A. « = 96.206(15). B = 100.971(16). y = 90.862(14)°.
V = 1765.4 A3 [from 26 values of 42 reflections measured at + (20 =
31-32°, A =0.71073 A). T= 150 + 0.1 KL.Z=1.D.=2.053gcm-3,
Hw(Mo-Ka) = 5.45 mm~!. A yellow column (0.08 x 0.16 x 0.43 mm)
was mounted on a Stoé STADI4 four-circle_diffractometer. Data
collection at 150 K using Mo-K« X-radiation (r = 0.71073 A). w-28
scans and the learnt-profile method? gave 4620 unique reflections
(28max 45°), of which 4193 with F = 40(F) were used in all calculations.
A correction for ca. 5% linear isotropic decay was incorporated in the
data reduction. Following solution by heavy-atom methods, the
structure was refined by full-matrix least-squares (on F).1 with
anisotropic thermal parameters for all non-H atoms except that F and
O atoms with occupancies of 0.5 or less were treated isotropically.
Phenyl rings were refined with idealised Dy, symmetry. H atoms were
included in fixed, calculated positions except for those in the solvent
CDj; groups which were treated as part of rigid groups. !9 Disorder
affects both the PF¢~ anions and the solvent; it was modelled by
allowing split occupancies for the equatorial F atoms and the O atoms.
At isotropic convergence, corrections for absorption were applied
empirically using DIFABS. 1! At final convergence, R = 0.0251. R,, =
0.0321, § = 1.053 for 439 parameters and the final AF synthesis
showed no Ap beyond +0.72 ¢ A—2. A secondary extinction
parameter refined to 1.4 x 10-8.

Crystal Data for C48H54C|3P2RU2562+ZPFﬁ—’chgNOZ. M =
1570.18, monoclinic. space group P2,/n. a = 14.5986(24). b =
13.1911(23), c = 15.6282(17) A, B = 103.425(9)°, V = 2927.3 A3 [from
26 values of 31 reflections measured at o (26 = 24-26°, & = 0.71073
A)).Z=2,D.=1.781gem=3, T =150 + 0.1 K. orange tablet, 0.085
% 0.23 X 0.23 mm. u = 0.994 mm~!, F(000) = 1584. Data collection
under the conditions described above yielded 4461 absorption-cor-
rected reflections, 3631 unique (R;, 0.030), giving 3222 with F =
40(F) for use in all calculations. No significant crystal decay or
movement was observed. A Patterson synthesis located the Ru and
iterative cycles of least-squares refinement and difference Fourier
synthesis located all remaining non-H atoms. Four of the F atoms in
the PF¢~ anion were found to be disordered over two orientations, the
major component having occupancies of 0.84-0.95. The F atoms of
the minor component were refined with a common Uiso 0f 0.08 A2 and
occupancies ranging from 0.05 to 0.16: all other non-H atoms were
refined (by least-squares on F)!0 with anisotropic thermal parameters.
Phenyl rings were constrained to refine with idealised D), symmetry.
H atoms were included at fixed, calculated positions, excepting those
of the solvate methyl group which was refined as a rigid group: a
common U, of 0.0408(22) A2 was refined for all H atoms. At final
convergence R, Ry, = 0.0293. 0.0434 respectively, S = 1.312 for 354
refined parameters and the final AF synthesis showed no Ap above
0.47 or below —0.69 ¢ A3,

Atomic scattering factors were inlaid,! or taken from ref. 12.
Molecular geometry calculations utilised CALC!* and the Figures
were produced by XP.!* Atomic coordinates, bond lengths and
angles, and thermal parameters have been deposited with the
Cambridge Crystaliographic Data Centre. See Notice to Authors,
Issue No. 1.
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(PPh;3)([9]aneS3)] units are bridged via the coordinated Cl-
ligands to two TI* ions to form a highly unusual
RuCl,T1,Cl;Ru ladder structure. The cluster incorporates two
u2-Cl- and two u3-Cl- bridges with the two halves of the
cation related by an inversion centre; ZCI(1)TICI(2) 69.36(3),
ZCHTICI(1') 72.61(3), £CK2)TICI(1’) 107.38(3)°. There
are no apparent M-M interactions: TI---Ru = 4.0596(4) A.
The [9]aneS; ligand is coordinated facially to Ru!! with the
Ru-S bond trans to PPhs [2.3501(13) A] being longer than
those trans to Cl- [2.2804(13), 2.2821(13) A]; additionally,
there is a potential long-range interaction between Tl and S(4)
at 3.6481(13) A. Although there are a number of documented
heterometallic Tl-containing species in the literature,5-8 most
of them incorporate direct M-TI bonding rather than the
bridged M-halide-T1 units observed in our structure. Mingos
and coworkers have reported the structure of
[Pt3(CO)3(PCy;)3TI[Rh(CgH,,)Cl,] (Cy = cyclohexyl) incor-
porating direct Pt-Tl bonding and an additional Rh---Cl---Tl
interaction.” Schmidbauer and coworkers have reported
[(C¢H3Mes)sT1][GaBr,)s, an adduct of [GaBr,]- with
[TH(CeH3Me3)]* and [TI(CsH3sMe;),)*. This species incorpor-
ates an array of Ga---Br---Tl bridges.® The use of TIPFg to
remove coordinated Cl- from metal complexes is well
documented. The formation of [TIC1,Ru(PPh;)([9]aneS;)),-
(PFe); suggests that the first step in the reaction involves
interaction of TI* with the Cl- within the coordination sphere
of the parent complex.

Dissolution of [TICI,Ru(PPh;)([9]aneS;)],(PFg), in acetone
or MeNO; leads to precipitation of TIC! and the formation of
the orange chloro-bridged dimer [RuCI(PPh;)([9]aneS;)],-
(PF¢),. The single crystal structure of the complext shows
(Fig. 2) two CI- ligands [Ru-Cl = 2.4654(10), 2.4945(10) A],
bridging [Ru(PPh;)([9]aneS;)]2+ units, Ru-S(trans to Q) =
2.2880(10), 2.2817(10), Ru-S(trans to P) = 2.3456(10) A,
Ru---Ru = 3.7768(6), Cl---Cl = 3.2151 A. The two halves of
the dimer are related by a crystallographic inversion centre.
Dissolution of [TICL,Ru(PPh;)([9]aneSs)}»(PFs), in more
strongly coordinating solvents or in the presence of donor
ligands (L) leads to the formation of the mononuclear species
[RuCI(PPh;)(L)([9]aneSs)]+.

The results described herein suggest that the first stepin the
thalliation of metal-halide bonds involves the interaction of
T1+ with the M~Cl bond to form an M~C)-TI bridge, and that
the synthesis of mixed main group-transition metal clusters
might be readily achieved using this methodology. Current
work is aimed at developing these electrophilic Ru!! com-
plexes of [9]aneS; towards C—H bond activation and organic
transformations.

Fig. 2 The single crystal X-ray structure of [RuCI(PPh;)([9]aneS;)]),2+
with numbering scheme adopted. H atoms are omitted for clarity.
Ru-5(1) 2.2880(10), Ru-5(4) 2.3456(10), Ru-S(7) 2.2817(10), Ru-Cl
2.4654(10), Ru-CI’ 2.4945(10). Ru-P 2.3741(10) A. The primed atom
is related to its unprimed equivalent by inversion through (%4.0,%2).
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bstract. C¢H,,0¢S;, M, =276.31, monoclinic,
2:/n,  a=59978(5), b=129947(16), c=
3.8201 (12) A, B = 101.294 (8)°, V' =1056.3 A3, Z =
, D, = 1.737 Mg m ™3, A(Mo Ka) =0.71073 A, u =
.68 mm ™', F(000) = 576, T =298 K, R = 0.0246 for
672 unique observed reflections. _ Although
)s[91aneS; lacks the crystallographically imposed C;
ymmetry of the parent [9]aneS;, it also adopts a
ymmetrical [333] conformation in the crystal.

xperimental. Compound prepared by oxidation of
JaneS; using H,0./H,O/glacial acetic acid
Kiippers, Wieghardt, Nuber, Weiss, Bill & Traut-
rein, 1987) at 333 K, crystals obtained by diffusion
f MeOH into DMSO solution. Colourless columnar
rystal, 0.18 x 0.21 x 0.42 mm; Stoe-Stadi-4 four-
ircle  diffractometer,  graphite-monochromated
Ao Ka X-radiation; cell parameters from 26 values
f 18 reflections measured at * w (30 <28 < 32°).
‘or data collection, w26 scans employing the
arnt-profile method (Clegg, 1981), 26, = 50°,
—6—6, k 0—15, ! 0—16; no significant crystal
1ovement or decay; 1937 unique reflections, giving
672 with F > 60 (F) for structure solution [by auto-
atic  direct methods (Sheldrick, 1986)] and
efinement [using full-matrix least squares on F
Sheldrick, 1976)]. Anisotropic thermal parameters
or all non-H atoms, H atoms refined freely with a
ommon U, of 0.0368 (16) A2. At final convergence
 =0.0246, wR = 0.0370, S =1.322 for 173 param-
ters; (A/0)max in final cycle 0.07, maximum and
iinimum residues in final AF synthesis 0.35,
-0.28 ¢ A2 respectively. The weighting scheme w ™!
= o*(F) + 0.000225F* gave satisfactory agreement
nalyses. Scattering factors were inlaid (Sheldrick,
976). Atomic coordinates and equivalent isotropic
hermal parameters are given in Table 1, while bond
ngths. angles and torsion angles appear in Table
.1 Fig. 1 was generated using an interactive version

* Author to whom correspondence should be addressed.

+ Lists of structure factors, anisotropic thermal parameters and
I-atom coordinates have been deposited with the British Library
document Supply Centre as Supplementary Publication No. SUP
4149 (13 pp.). Copies may be obtained through The Technical
ditor, International Union of Crystallography, 5 Abbey Square,
“hester CH1 2HU, England.

0108-2701/91/122717-02303.00

Table 1. Atomic coordinates and equivalent isotropic
thermal parameters (A?) with e.s.d.’s in parentheses

Ueq =(1/3)%, zj Ui/ai‘ﬂ/‘ﬂ,.al.
x y z U.

S(1) 0.22286 (7 0.81848 (3) 0.71777 (3) 0,0;;6 (&)
o(14) 0.14158 (22) 092314 (10) 0.71563 (10) 0.0343 (7)
os 0.44842 (22) 0.79873 (11) 0.70156 (10} 0.0355 (8)
C(2) 0.2063 (3) 0.76402 (15) 0.83449 (12) 0.0266 (9)
C(3) -0.0323 (3) 0.76380 (14) 0.85749 (13) 0.0263 (9)
5(4) —0.0983! (8) 0.64568 (3) 0.91200 (3) 0.0268 (3)
O(44) —0.32594 (23) 0.65627 (11) 0.92914 (10) 0.0417 (9)
4B 0.08376 (25) 0.62255 (12) 0.99258 (9) 0.0425 (8)
C(s) -0.1009 (4) 0.54884 (14) 0.82013 (13) 0.0288 (10)
C(6) -0.2696 (3) 0.57101 (15) 0.72422 (13) 0.0276 (10}
SN —0.16383 (8) 0.55492 (3) 0.61309 (3) 0.0255 (3)
O(74) —0.33424 (25) 0.59498 (12) 0.53507 (10) 0.0422 (8)
o718 -0.09129 (25) 0.45034 (10) 0.60703 (9) 0.0370 (8)
C(8) 0.0818 (3) 0.63461 (14) 0.62433 (14) 0.0285 (10)
C9) 0.0265 (3) 0.74957 (14) 0.62732 (12) 0.0277 (10)

Table 2. Bond lengths (A), angles (°) and torsion
angles (°) with e.s.d.’s in parentheses

S(1)y—0(14) 1.4431 (14) S(4—C(5) 1.7855 (20)
S(1)y~—O(18) 1.4370 (14) C(Sy—C(6) 1.529 (3)

S(1—C(2) 1.7820 (19) C6—S(T) 1.7852 (19)
S(1—C(9) 1.7817 (19) S(N—0(14) 1.4306 (15)
C2)—C(3) 1.525 (3) S(N—O(1B) 1.4344 (14)
C(3)—S(4) 1.7881 (19) ST—C(8) 1.7826 (19)
S(4—O(44) 1.4373 (15) C(8)—C(®) 1.533 (3)
S(4)—O(48) 1.4306 (15)

O(1 A—S(1)—(1B) 119.32(8) O(4A)—S(4)—C(5) 107.96 (9)
O(1 A —S(1)—C(2) 108.32 (8) O4B)—S(4—C(5) 107.73 (9)
O(1Ay~S1—C(9) 106.56 (8) S(4y—C(Sy—C(6) 113.31 (13)
O(18)—S(1)—C(2) 106.93 (8) C(5—C(6)—S(T) 11592 (13)
O(1 8y—S$(1)—C(9) 108.30 (8) C(6)—S(N—O(74) 106.49 (9)
C—S(1)—C(S; 106.81 (8) C(6)—S(N—O(1B) 108.92 (8)
S(H—C»—C(3) 114.22 (13) C(6—S(T)—C(8) 106.50 (9)
Cr—C(3)—S(4) 112.56 (13) O A—S(Ty—O(78) 118.74 (9)
C(3)~S(4)~O(44) 106.45 (8) O(14)—S(T—C(8) 108.10 (9)
COI—S(4)—-O(48) 108.06 (9) O(718)—S(1—C(8) 107.49 (8)
C3—S(4)—C( 106.10 (9) S(N—C(8)—C(9) 112.89 (13)
O(4A)—S(4)—O(4B) 19.79 (9) S(1)—C(9)—C(8) 113.08 (13)
O(1A—S1—C2r—C(3) 58.70 (15)  O(4A)—S(4)—C(5y—C(6) 56.20 (15)
O(IB—S(1—C(2~-C(3) ~171.51 (13)  O(4B—S(4)—C(S—C(6) —-173.12(13)
CNH—S(H—C2)—C(3) —55.74 (15)  S(&—C(5y—C(6»—8(T) - 13328 (12)
O(LAY—S(1)—C(9—C8) -176.74 (13)  CE—CE~HN—O(T4) ~17091 (14)
O(1 81—S(1)—C(9—C(8) 313318  C(H—CE—HN—O(18) 59.92 (16)
C(2—-S(1)—C(9)—C(8) ~6L.I2(15)  C(5~C(6)—S(T—C(8) ~55.72 (16)
S(1—CQ)—C(3)~S(4) 13752(1)  C(6)—S(T—C(8)—C(9) ~65.72 (15)
C2r—C)y—S(4y—0(44) —179.80 (13)  O(7A)~S(T—C(8Y—C(9) 4837 (1%)
C(2—C(3—$(4)—048) 50.33(15)  O(7B—S(N—C(8Y—C(9)  177.67 (13)
C—C3)»—S()—C(5 ~64.98 (15)  S(N—CEB—COI—X1) 137.22(11)
C(3r—S(4)—C(5)—C(6) -57.59 (15)

of ORTEPII (GX; Mallinson & Muir, 1985) and
shows (a) a projection onto the least-squares molecu-
lar plane with the atom-numbering scheme used and
(b) an orthogonal view illustrating the conformation

© 1991 International Union of Crystallography
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(b)

Fig. 1. (@) A general view of the O4[9]aneS; molecule showing the
atom-numbering scheme: thermal ellipsoids are drawn at the
30% probability level, except those of H which have artificial
radii of 0.1 A for clarity. (b)) An orthogonal view showing the
conformation of the nine-membered ring.

06[9]aneS3

of the ring. Molecular geometry calculations were
performed using CALC (Gould & Taylor, 198S).

Related literature. Structuré determinations have
been reported for [9]aneS; (Glass, Wilson & Setzer,
1980) and for other oxidation products such as
the sulfoxide in [Fe([9]aneS;){[9]aneS,(SO)}]**
(Kippers, Wieghardt, Nuber, Weiss, Bill & Traut-
wein, 1987) and the bicyclic sulfonium cation 4,7-
dithia-1-thioniabicyclo[4.3.0]nonane (Blake, Holder,
Hyde, Schroder & Taylor, 1991).

We thank the SERC for support.
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