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Abstract

The work described in this thesis concerns the preparation and characterisation of 

complexes of the heavier transition metals, particularly osmium, with oxygen and sulphur 

donor ligands.

The new thiosulphato complex (nBu4N )2[Os02(S2C>3)2] was prepared and its 

reactions with a variety of ligands investigated; a number of new thiosulphato complexes 

were thereby prepared. The X-ray crystal structures of (nBu4N>2[Os02(S203)2] and 

(nBu4N )[0 s(H20)(S203)2(PMe2Ph)3] are presented. The complexes were studied by 

vibrational spectroscopy and, in some cases, 170  NMR, X-ray photoelectron 

spectroscopy, cyclic voltammetry and ESR. Preparations of thiosulphato complexes of 

ruthenium, rhodium and iridium are described. Some known complexes of thiosulphate 

with palladium and platinum were investigated using vibrational spectroscopy.

New a-hydroxycarboxylato osmium complexes were prepared. These were of the 

types OsC>2(py)2(a-hydroxycarboxylate) and K2[Os02(a-hydroxycarboxylate)2]. An 

investigation of the structures of salicylato complexes of several metals was undertaken 

using NMR and vibrational spectroscopy. Analogues were prepared with alkyl 

substituted salicylates. The X-ray crystal structure of (pyH)2[Mo02(salicylate>2] is 

described. Some new osmium complexes of thiosalicylic acid, anthranilic acid and o- 

aminophenol were prepared and characterised.

Studies of the reactions of aldose and alditol sugars with frans-tOsC^OH^]2' in 

aqueous media were carried out. Job's plots were used to propose formulae for the 

solution species. Osmium complexes of alditol sugars were isolated and studied by IR, X- 

ray photoelectronic spectroscopy and 13C NMR.

The reactions of ReO(PPh3)203 with several catechols and quinones lead to new 

com p lexes o f the types R eO (catech o la te)(P P h 3>2C1 and (nBu4N)- 

[R eO (O P P h 3)(ca tech o la te)2] respectively. The X-ray crystal structures of 

(nBu4N)[Re0 (L)(02C6Cl4)2] (L = OPPh3 and MeOH) are presented.
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The aim of this research has been to prepare and characterise new and established 

complexes which may be active against rheumatoid arthritis. In Chapter 1 we present a 

survey of known antiarthritic complexes providing the basis for the work undertaken. 

Our practical studies have fallen into two broadly based areas, namely complexes of 

sulphur and oxygen donor ligands. In Chapter 2 we discuss the coordination chemisty of 

thiosulphate, and in the remainder of the thesis complexes o f oxygen donor ligands in the 

form of hydroxycarboxylates, diols, sugars and catechols are investigated.

Aims of this work
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CHAPTER. ONE

Transition Metal Complexes in  tfie 

Treatment of Rheumatoid Arthritis

A literature survey
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Glossary of terms

Antigen a substance that stimulates the production of antibodies

Cytosome die cell excluding the nucleus

Lymphocyte a type of white blood cell, part of immune response

Lysosome a part of the cell membrane which contains hydrolytic enzymes

Macrophage a large cell which phagocytoses and kills many bacteria

Neutrophil a white phagocytic blood cell

Phagocytosis ingestion of foreign particles

cartilage
skeletal tissue consisting of 
specialised cells enclosed in 
a matrix of collagenous 
fibres \

bone

synovium  ^  
inner layer of the articular 
capsule consisting of 
connective tissue, elastic 
fibres and fat

synovial fluid  
secreted by the synovium 
as a lubricant and a nutrient
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CHAPTER ONE

Transition Metal Complexes in the Treatment of Rheumatoid Arthritis

1.1 Rheumatoid arthritis

Rheumatoid arthritis (RA) is a common disease characterised by inflammation and 

swelling of the joints. While inflammation is an important response to tissue injury and 

is necessary for repair of the tissues, in RA the inflammation persists in the absence of 

tissue repair and lack o f normal function. This is chronic inflammation and it is 

harmful as some of the species involved in the inflammatory processes may cause 

permanent structural damage to the cartilage and bone. Large phagocytic cells called 

macrophages and neutrophils are found in abnormally high amounts in the synovial 

fluid of arthritic joints1. These secrete some very reactive oxygen species, particularly 

the superoxide ion, O2’, which can cause great damage to joint tissue2 and attack the 

synovial fluid, destroying its capacity to lubricate the joint surfaces. They also release 

enzymes which can degrade the collagen of cartilage. These destructive substances are 

thought to play a key role in the inflammatory cascade of RA.

RA is believed to be an autoimmune disease, in which some unknown trigger has 

caused the body to attack its own tissues. Arthritic joints contain anomalously large 

amounts of lymphocytes and plasma cells which are involved in the making of anti

bodies1. One antibody is found to dominate; this is called rheumatoid factor, an 

autoantibody directed against immunoglobulin G. These antibodies are probably 

involved in the pathogenesis of RA.

RA is a complex disease involving multiple interrelated cellular and molecular 

processes. Thus any drug which interrupts the self perpetrating inflammatory process 

may be beneficial. We next give a brief review of the coordination compounds which 

have been found to be effective in the treatment of RA.
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1.2 Osmium complexes

"Osmic acid", an aqueous solution of osmium tetroxide was first proposed as 

a form of treatment for inflammatory arthritis in 1951 and its use has since become 

widespread. It is administered by injection directly into the affected joint where the 

osmium tetroxide penetrates the tissue to become rapidly reduced to lower oxides. This 

treatment has effects on both the synovium and cartilage.

The osmium is seen to coagulate the entire inner surface of the synovium3, forming 

a superficial necrotic layer beneath which another synovial surface regenerates3,4. This 

new surface is seen to be rough and extremely red5 and there is some fibrosis and 

scarring6. Studies by light and electron microscopy have given a more detailed picture4. 

Apart from the extensive deposits in the surface layer, osmium is also found deep 

within the synovial membrane4. There it is present in three types of site, i.e. part 

phagocytosed in macrophages, part within the cytosomes of synovial cells and part 

fixed in the fat cells of adipose tissue, often situated around lymphatics and capillaries 

(much of the injected osmic acid is thought to be absorbed via veins and lymphatics 

which pierce the adipose tissue).

In rheumatoid arthritis the site of the postulated autoimmune process and antigen- 

antibody reaction is the synovium. It thus seems likely that the long duration of osmium 

retention in various sites within the synovium is at the root of the beneficial effect. 

There are several suggestions of how the osmium deposits work.

It has been proposed7 that macrophages are necessary for the appearance of anti

body synthesising cells, so osmium, by its deposition in the macrophages, may 

interfere with the transfer of antigenic information4. At the lysosomal membranes the 

osmium deposits may stabilise lysosomal enzymes and inhibit their leakage from the 

cells4, as gold is known to do.

Electron microscopy has been used to follow the effect of osmium tetroxide 

treatment on the cartilage8. At first some cartilage abnormalities and cell death were
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o
observed but the surface of the cartilage still appeared intact . Prolonged observation 

was necessary for the full affect of the treatment to be seen as the cartilage destruction 

that occurred was found to be slowly progressive; seven months after treatment the 

cartilage matrix began to disintegrate8,9 and dead cells were extruded into the joint.

It is this damage sustained by the cartilage together with the toxicity of osmium 

which makes this treatment of arthritis with osmium tetroxide somewhat controversial. 

It seems rather a drastic treatment and one might suggest that it should only be used in 

severe cases where other milder therapies have failed to ease the condition. 

Sheppeard10 has shown however that in the severest cases the response to treatment 

seems to be the least satisfactory.

More recently, a new, much milder class of osmium compounds, known as 

osmarins, have been investigated as potential anti-arthritic agents11. Osmarins may be 

described as osmium carbohydrate polymers. They may involve a variety of 

carbohydrates although it is glucose that has been most intensively studied. Little is 

known about the structure of the polymer, it is proposed to involve glucose and/or 

gluconate solubilised osmium where the osmium ions are linked together by oxo or 

carbohydrate ligands11,12. The polymer is anionic, and because the osmium is said to 

be in a low oxidation state, averaging at +4, is much less damaging to the joint. Animal 

experiments have shown osmarins to give favourable anti-arthritic results. The 

osmarins, when injected into the joint cavity bind to the tissue surfaces to form deposits 

which are retained for long periods in similar sites to OSO4 but without the cell 

damage12. Following osmarin treatment the synovium appears intact, although there is 

some cell death. A new membrane regenerates which is of healthy appearance and does 

not exhibit fibrosis.

The osmarin binds to the cartilage which although stained, appears normal, apart 

from a few dead chondrocytes; there appears to be no progressive damage.

Investigations have been carried out to find out how osmarins work. As with OSO4
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it seems that the osmium-containing deposits may contribute to the long term efficacy of 

the procedure. Osmarins bound to cartilage have been shown to protect cartilage from 

collagen-degrading substances such as lysosomal enzymes13.

It has also been shown that in vitro osmarins can intercept superoxide ions and prevent 

them from damaging the joint tissue13. The carbohydrate ligands may play a central role 

in this anti-inflammatory action, protecting the osmium backbone of the polymer from 

oxidative disruption.

1.3 Copper complexes

Copper complexes which have been used to treat arthritis include sodium 3- 

(allylcuprothkouredo)l-benzoate (Cupralene)14, cupric bis [(8-hydroxyquinolone) 

di(diethylammoniumsulphonate)] (Dicuprene/Cuprimyl)15, copper morrhuate which is 

a mixture of copper complexes formed with fatty acids from cod liver oil16, copper 

thiosulphate17, formulated as Na2[Cu2(S2C>3)2].H 20 and finally a mixture of 

copperQI) chloride and sodium salicylate called Permalon18.

Elevated levels of copper are known to have an anti-inflammatory nature; RA 

patients have higher mean serum/plasma concentrations of copper than is normal, the 

amount related to the disease severity or activity19. Copper complexes are known to 

promote tissue repair processes. Copper may also stabilise lysosomal enzymes; it 

reduces the permeability of the synovial lysosomes by oxidising the membrane thiols to 

disulphides and thereby decreases the release of free lysosomal enzymes20. It also may 

modulate the T-lymphocyte response .

The most widely studied copper complex has been copper salicylate. In 1876 it had 

been found that salicylic acid could be used as an effective treatment against 

rheumatoid arthritis22. The related compounds sodium salicylate and acetyl salicylic 

acid (Aspirin) were found to have equivalent activities. The use of copper salicylate as a 

treatment for RA was proposed by Hangarter18 who was using salicylates
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intravenously for the treatment of arthritis when he learned that copper miners in 

Finland were free from rheumatism despite the widespread incidence of the disease. 

With copper(II) salicylate as with most copper complexes of antiarthritic ligands the 

chelate complex was found to have greater activity than the parent compound23; 

intravenous Permalon therapy gives results comparable with those of treatment with 

massive oral salicylate doses but without toxic side effects.

It has been proposed that copper(II) salicylates may mimic the copper dependent 

metalloenzyme superoxide dismutase (SOD) in catalysing the oxidoreduction of O2 ; 

SOD is itself an active anti-inflammatory agent when used intra-articularly.

Computer simulation however25 suggests that if copper salicylate is administered 

into the blood that the bonds will dissociate in the plasma and the metal and ligand act 

independently, the copper producing a general proportional rise in concentration of all 

copper complexes at equilibrium, the salicylate acting separately. It seems likely that it 

is the combination of an antiarthritic metal and an antiarthritic ligand which makes the 

treatment such an effective one.

The general function of salicylate seems to be the moderation of many functions of 

inflammatory cells by the disruption of interactions within membranes26,27. It alters the 

activity of macrophages and inhibits anion transport across a variety of membranes. 

The viscosity of neutrophil membranes are decreased and homotypic and heterotypic 

cell adhesion in neutrophils are inhibited which prevents the neutrophils from making 

their way out of the circulatory system and causing inflammation.

1.4 Gold complexes

Although in tests copper thiosulphate has shown both anti-arthritic and acute anti- 

inflammatory activity it is the analogous aurothio complex containing monovalent 

gold that has found greater use as an anti-arthritic drug. The salt Na3[Au(S203>2] 

(Sanochrysin) was one of the earliest chrysotherapeutic agents ’ . It was originally
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used to treat leprosy and tuberculosis30. The application of gold salts in arthritis 

treatment was prompted by the idea that arthritis might be a manifestation of 

tuberculosis or some related disease. The compounds which have since been found to 

be most affective are all gold(I) thiolates. Examples of those used are gold thioglucose 

(Solganol)31, L-cysteinatogold [AUSCH2CHNH2CO2H]32, gold sodium thiomalate 

(M y o ch ry sin )33,34 and 2 ,3 ,4 ,6 -tetra-O -acety l-l-p -D -g lu cop yran osato-S - 

(triethylphosphine)gold (Auranofin)35,36. Injection was the accepted method of 

administration until the recent introduction of Auranofin which may be taken orally 

because it is lipid soluble and can be absorbed by the intestine.

Despite their long history of use, the mode of action of these gold-containing drugs 

is still unclear. Some workers believe that the thiolate part of the drug is the active 

entity; analogies have been drawn between the molecular structure of Myochrysin and 

that of penicillamine which has itself been used to treat arthritis ’ . Sodium thiomalate 

itself has a slight efficacy against rheumatoid arthritis but must be given in considerably 

larger doses than Myochrysin39. A wide range of gold compounds has been shown to 

be active, including some without thiolate ligands so gold is surely a therapeutic factor. 

Once administered the gold drugs metabolise so their form in the body is not known. It 

is thought that the gold reacts with naturally occurring thiols such as sulphur-containing 

proteins.

The joints accumulate more gold than the surrounding bone and affected joints take 

up more gold than the normal ones40. These deposits persist for many years. Gold 

reaches the synovium where it accumulates in the lysosomes of synovial cells and in 

macrophages. Alteration of lysosomal enzyme activity is a favoured mechanism for the 

anti-arthritic action of gold drugs41,42. Gold drugs are able to decrease phagocytosis by 

macrophages and hence reduce superoxide release . Gold interferes with lymphocyte 

membrane transport activity and also normalises circulating levels of immunoglobulins 

and rheumatoid factor . Some of these effects are mediated through alteration of the
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cellular membranes which ultimately affects important intracellular functions.

It is possible that the modes of action of the osmium and gold drugs against arthritis 

are similar since osmium is found in similar sites as gold within the synovial region, i.e. 

part phagocytozed in macrophages and part in the cytosomes of synovial cells.

1.5 Compounds of radioactive isotopes

Intraarticular injections of radionuclides have been used to treat RA for more than 

twenty years. Some of the isotopes which have been studied include 198Au44, 90Y as 

yttrium silicate5,45 and 186Re as Re2S746. Radiation therapy has been found to be 

efficient method of treatment of RA although it must be mentioned that all radioactive 

isotopes used therapeutically are potentially carcinogenic. The mode of action of this 

form of treatment is the ablation or erosion of the diseased synovium which afterwards 

may regenerate.

It seems that there is no single specific mechanism by which these antirheumatoid 

agents work. Each class of compound seems to have a variety of possible sites and 

modes of action, some of which recur, for example inhibition of superoxide activity 

and others which are specific to the particular compound. Although the metals seem to 

be the main active components of these complexes the choice of ligand must also be an 

important factor to be considered when designing a new potentially anti-arthritic drug.
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C H A P T E R  2

Complexes oj Thiosulphate

Since thiosulphate, thiosulphato complexes and a number of osmium complexes are 
known to have anti-arthritic properties, we considered the combination of thiosulphate 
and osmium to be a potentially interesting one. In this chapter we report the preparation 
and characterisation of some new complexes of osmium containing the thiosulphate 
ligand. Some thiosulphato complexes with other transition metals are also briefly 
discussed.
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CHAPTER 2

Complexes of Thiosulphate

2.1 Introduction

The thiosulphate group has been extensively studied and a considerable number of 

thiosulphato complexes have been reported.

The ambidentate nature of the thiosulphate ligand allows several possible modes of 

coordination; those modes which X-ray crystallography has proven to exist are 

depicted in Figure 2.1.

Figure 2.1 Bonding modes of the thiosulphate ion
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It is interesting that there are no verified examples of thiosulphate coordinating solely 

via its oxygen atoms, although some 0 ,0  and 0 ,S  interactions have been found to be 

present in crystalline BaS2C>3.H20 and PbS2C>3 . Thiosulphate is most commonly 

found to bind as a monodentate S-donor. Compounds which involve such bonding are 

[Co(NH3)5(S203)]C1.H20 49, Zn(thiourea)3(S20 3)50, [Pd(en)2] [Pd(S20 3)2(en)]51, 

N a 3[A u (S 203)2] -2H20 52 and [PPh3N H 2][Pt(S2N 2H )(S203)(PPh3)]53. The 

isostructural complexes Na4[Cu(NH3)4][Cu(S2C>3)2]2-H2054 and Na4[Ni(NH3>4] 

[Ag(S203>2]2-NH355 involve S-bridging thiosulphate, as do the recently reported 

[N(PPh3)2]2[Fe2(S203)2(N 0 )4]56, [(n5-M e5C5)Ru(CO)2]2(n-S20  3)57 and [(n5- 

Me5C5)2M o2(S)(S2)(S203)]58. Chelating thiosulphate is rather rare; the only two
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known examples for which there are X-ray data are Ni(thiourea)4(S203).H2059 and 

Zn(ethylenethiourea)2(S203)60.

There have been two studies of the vibrational spectra of crystallographically 

characterised thiosulphato complexes, both of which have attempted to establish reliable 

criteria for distinguishing the type of thiosulphate coordination for complexes of 

unknown structure61,62. The free thiosulphate ion is pyramidal with C3V symmetry. 

Three Ai and three E modes are expected: the symmetric and asymmetric SO 3 stretches 

(vs(S03> (A i) and vas(SC>3) (E )), the symmetric and asymmetric bends (5s(S03) (A i) 

and 5as(S03) (E )), the S-S stretch (v(SS)) and a deformation mode (p(SC>3) (E)) . It 

has been found61 that the bending and deformation modes are of little use when 

distinguishing between bonding modes, and that the symmetric and asymmetric SO 3 

stretch modes are the most useful indicators of the type of thiosulphate coordination.

Sulphur coordinated monodentate S2O32' has been found to exhibit a lowering of 

v(SS) with a shift to higher frequencies o f both v(SC>3) modes compared with the 

fundamental frequencies of free thiosulphate. Sulphur bridging has a similar effect but 

the shifts are more pronounced61,62. This is an effect of electron transfer from the 

bonded sulphur to the metal which will cause slight bond order alterations within the 

ligand: oxygen coordination would be expected to cause frequency shifts in the 

opposite direction. Sulphur and oxygen coordination is found to lead to a splitting of 

the vas(SC>3) band into two components, one above and one below the frequency for 

free thiosulphate; other modes may also split61,62.

Complications may arise where more than one S2O3 group is present since 

interaction of vibrations may result. The effect of hydrogen bonding and the crystal 

lattice may also increase the number of vibrational modes observed and cause band 

shifts. These effects however do not seriously mask the frequency shifts caused by 

electronic changes for different types of coordination.
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2.2 Thiosulphato complexes of osmium

No thiosulphato complexes of osmium are reported in the literature. In this section 

we report the preparation and properties of salts of the new complex [0 s02(S203>2]2'. 

We also discuss its reactions with a variety of ligands.

2.2.1 Preparation of fOsCbfSoChWI2"

The new complex (nBu4N )2[0 sC>2(S203)2] (1) was prepared by the reaction of 

chilled aqueous osmium tetroxide with an excess of sodium thiosulphate; the addition 

of nBu4NCl precipitated out the product as a bright green solid. An analogous complex 

was obtained using PPh4+ as the cation. In this preparation the thiosulphate acts not 

only as a ligand but also as a reducing agent; the moderate reducing character of 

thiosulphate is well known, providing as it does the basis for analytical determination 

of iodine63. The oxidation state of the osmium is brought down from VUI to VI as may 

be represented by the following equation:

2S20 32- + 0 s (v m )  ----- ► S40 62- + Os(VI)

Two other routes also yielded the same product, viz reaction of the Os(VI) precursors 

fran5-K2[0 s02(0 H)4] and frans-K2[Os02(OMe)4] in water and methanol respectively 

with thiosulphate and cation. It might have been expected that further reduction of the 

osmium would occur but we were not able to achieve further reduction with 

thiosulphate ligands.

Potassium and caesium salts were also prepared although they could not be isolated 

in a pure state. These complexes analysed poorly for M ^ O sC ^ ^ C ^ ] , consistently 

being found to be high in metal and low in sulphur analyses, but they were clearly not 

of the type M ^ tO sC ^ ^ C ^ ]; if  the cation nBu4N+ is added to an aqueous solution of 

K2[Os02(S2C>3)2] then (nBu4N)2[0 s02(S203)2] is obtained. Tractable products could 

not be obtained with the cations NH4+, Me4N+ and Et4N+ despite several attempts to 

prepare them.
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Crystals of (1) suitable for X-ray study were obtained by slow recrystallisation 

from dichloromethane and toluene. The investigation was carried out by Dr. D. J. 

Williams.

The X-ray crystal structure is shown in Figure 2.2.2 and bond lengths and angles 

are given in Table 2.2.2. This is found to be a very unusual complex where the co

ordination about osmium is distorted tetrahedral; most oxo-osmium(VI) 'osmyl' 

complexes are octahedral with a trans arrangement of the oxo ligands64. The O-Os-O 

angle is significantly enlarged at 127.2* and that of S-Os-S appreciably contracted at 

89.2° (almost the octahedral value); the remaining S-Os-O angles are all equal at 

108.5°. In the only other authenticated tetrahedral osmyl complexes 0 s02(mesityl)265 

and OsC>2(xylyl)266 further distortion from tetrahedral geometry is found, particularly 

the O-Os-O angles which are larger in these organometallic complexes at 136.1 and 

139.1° respectively. In our complex the 0 s = 0  distances are each 1.692A ; this is 

slightly shorter than those found in conventional trans osmyl complexes for which 

values average 1.75A67, but is very similar to those found in OsC>2(mesityl)265 (mean 

1.695A) and in 0 s02(xylyl>2 (mean 1.692A)62. Similar values are also found for the 

other known complexes which contain cis OsC>2 groups viz the octahedral 

K[O s02(OAc)3].HOAc68 and the trigonal bipyramidal complexes o f Sharpless69 

[Os02(2,2,5,5-tetramethyl-3,4-hexanediolato)(dihydroxy-quinone-chlorobenzoate)] 

and [Os02(2,5-dimethyl-3,4-hexanediolato)(dihydro-quinidine)] for which mean 

values of 0 s = 0  are 1.711,1.705 and 1.73A respectively69.

The Os-S distances are 2.218A; these are shorter bonds than are found for other 

sulphur coordinating ligands bound to osmium . The thiosulphate groups function as 

monodentate sulphur donors, the closest approach of the SO3 oxygen atoms to the 

osmium being 3 .01 A, too large for any bonding to occur. The non-bonded

2.2.2 Structure of ^Bu^NbTQsCMS^OO?!
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S(1)..S(1)' separation is 3.12A.

The intraligand value of S-S at 2.152A is remarkably long; in Na2S2C>3.5H20 

which contains ionic thiosulphate the value is 1.97A71 while the average for other S- 

bonded complexes is just 2.06A. The only other thiosulphato complexes where the S-S 

bond lengths are of similar magnitude are some in which the S 2O3 group takes a 

bridging role, i.e. [N(PPh3)2]2[Fe2(S203)2(N O )4]56, [(x\5-Mt5C5)Ru(CO)2U\i- 

S2O3)57 and [(ri5-Me5C5)2Mo2(S)(S2)(S203)]58 in which the corresponding distances 

are 2.171(3), 2.135(3) and 2.168(2) A respectively. This lengthening of the S-S bond 

in our complex suggests a drainage of electron density from the S-S bond which may 

be induced by the high oxidation state of the osmium. Why the geometry of the 

complex obtained is not octahedral either by the coordination of four thiosulphate 

groups or by thiosulphate acting as a chelating ligand is difficult to explain. Since the 

splitting of the d-orbitals and hence the crystal field stabilisation energy is least with 

weak field ligands the tetrahedral product is more likely to be preferred with such 

ligands than with those higher in the spectrochemical series. It seems unlikely that it is 

purely a charge effect which is causing us to obtain a tetrahedral product since the 

complex [Os02(S 03 )4] 'ex is ts  . The steric effects that may be important in 

determining the shapes of complex ions concern ligand-ligand repulsive forces; these 

repulsions may occur through coulombic and Van der Waals type forces. The complex 

[Pt(S2C>3)4]6' is known73 with a square planar arrangement of thiosulphate ligands 

similar to that which would be expected for [0 s02(S203)4]6' and this leads us to 

suggest tentatively that repulsive forces come into play between the oxygens of the 

thiosulphate groups and the oxo groups rather than between the thiosulphate ligands 

themselves, and that these make the formation of an octahedral complex unfavourable.
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Figure 2.2.2 X-ray crystal structure of (nBu4N)2[Os02(S2C>3)2]

Table 2.2.2 Bond lengths (A) and angles (°) in (nB u 4N )2[0 s 0 2 (S203)2l 
(estimated standard deviations (e.s.d.s) in parentheses).

Os-S(l) 2.218(1) Os-0(4) 1.692(3)

Os-S(l') 2.218(1) Os-0(4') 1.692(3)
S(l)-S(2) 2.152(1) S (2 )-0 (l) 1.430(3)
S(2)-0(2) 1.436(4) S(2)-0(3) 1.436(3)

S(l)-0s-0(4) 108.5(1) S d )-O s-S (l') 89.2(1)

0(4)-0s-S(l') 108.4(1) S(l)-O s-0(4') 108.4(1)
0(4)-0s-0(4') 127.2(2) s ( r ) -o s -o (4 f) 108.5(1)

Os-S(l)-S(2) 101.1(1) S(l)-S(2)-0(1) 103.1(1)
S(l)-S(2)-0(2) 104.7(1) 0(l)-S (2)-0(2) 113.8(2)

S(l)-S(2)-0(3) 104.3(2) 0(l)-S (2)-0(3) 116.1(2)
0(l)-S(2)-0(3) 113.1(2)
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Infrared and Raman spectra were recorded for (nBii4N)2[Os02(S203)2] in the solid 

state and are shown in Figure 2.2.3. The spectral region in which Os02 stretches occur 

is clear of vibrational bands due to S2O3 ' so any osmyl stretches should be easily 

distinguished. Two bands were found at 931 and 915 cm ' 1 in both the IR and the 

Raman spectra; the former band is of medium intensity in the IR spectrum and very 

strong in the Raman spectrum and the latter band is strong in the IR and much weaker 

in the Raman. Such vibrations are clearly not due to the common trans-osmyl structure
*7A

but they are typical of a cis-MO2 unit .

2.2.3 Vibrational spectroscopy

1600 cnr1

L

- i
250

(]

* OSO2 stretches 

x S2O3 stretches

Figure 2.2.3 IR and Raman peaks of (nBu4N )2[0 s02(S203)2]
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Comparable values were found for cis-OsC>2 vibrations in the IR spectra of the few 

verified compounds containing such groups and are summarised in Table 2.2.3.1.

Table 2.2.3 .1 IR data for complexes containing cis-OsC>2 units

Complex Geometry <0s02
O

v s(0 s 0 2)
(cm'1)

v“ (OsO
(cm'1

K [0s0 2(0 A c)3].2H 0A c68 octahedral 125.2 895 857

(Bu4N )2[0s02(S203)2] tetrahedral 127.2 931 915

0 s02(mesityl)265 tetrahedral 136.1 960 915

0 s 0 2(xylyl)266 tetrahedral 139.1 950 918

Solution spectra have the same profiles as those of the solid compound, indeed any

shifts of bands are minimal. The bands assigned to cz\y-0 s02 are retained and this 

suggests that the geometry of the complex in the solid state is maintained in solution. 

Polarisation studies of the Raman spectra of the complex in dichloromethane solution 

show that the band at 931 cm' 1 is polarised and this is in agreement with its assignment 

to vs(OsC>2) an A i mode, while the depolarised 915cm'1 band is likely to arise from 

vas(0 s0 2).

The thiosulphate ion (C3V symmetry) has six vibrational modes 3Ai + 3E (Aj p, E 

dp) all o f which are both R and IR active and have been assigned for the free ion75. 

These free ion values along with bands due to vibrations of the thiosulphate group in 

the various salts of the osmium complex (1) are summarised in Table 2.2.3.2.

For the nBu4N salt the strongest thiosulphato band in the Raman spectrum is that at 

409 cm'1; this is polarised in the spectra of the solution and clearly arises from the (S- 

S) stretch. This is much lower than its free ion value of 448cm '1 75. The strong 

polarised band at 1017 cm ' 1 we assign to vs(SC>3) (996 cm ' 1 in S2O32')75 and the
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strong JR bands at 1223 and 1232 cm ' 1 to the asymmetric SO3 stretch (1126cm'1 in 

S2O32')75; this splitting (not observed in the Raman spectrum) is of very small 

magnitude and is likely to be due to a site splitting effect. These exceptionally high 

values of v(SC>3) combined with the very low v(S-S) value are in agreement with the 

crystallographic evidence of sulphur bonding with a weakened S-S bond .The 

vibrational spectra of (PPh4)2[OsC>2(S2C>3)2] display very similar features, viz cis type 

osmyl vibrations and similar thiosulphato bands and this compound probably has a 

structure similar to that of the tetrabutylammonium salt.

K2[0 s02(S203)2] however appears to be somewhat different. In its IR spectrum, 

in the 0 s= 0  stretch region there is a single strong band at 862 cm'1, while in the Raman 

there is also just one band, this being at 892 cm"1; this is typical trans osmyl behaviour 

and with the presence of a trans osmyl one usually presumes octahedral coordination. 

The thiosulphato bands (except for v(S-S) an A i mode) are not split so it seems 

unlikely that the S2O32' groups are chelating in this structure. Also worthy of note is 

that vas(SC>3) at 1194 cm ' 1 is rather lower than in the organic soluble salts . A possible 

explanation for these spectral observations is that the potassium is interacting with the 

thiosulphato oxygens and drawing the SO3 end of the thiosulphate group round closer 

to the osmium and in doing so forcing the oxo groups further apart; thus the structure 

approaches octahedrality, but not sufficiently that the E vibrations become split. The 

caesium salt resembles the potassium salt in its vibrational characteristics, but with the 

0 s 0 2 stretch being at a rather lower frequency (839 cm'1).

Whether an ammonium salt would behave similarly to the potassium salt, by virtue 

of the similar size of the cation, or to the salts of organic cations would be of interest 

but unfortunately such a salt could not be isolated.
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Table 2.2.3.2 Vibrational data for thiosulphato osmium complexes (frequencies in cm'1)

Complex vas(S 0 3) vs(S 0 3) 8s(S 0 3) 5as(S 0 3) V(SS) p (S 03) vas(Os0 2) vs(Os0 2)

(v4;E) (vi;A i) (v2;Ai) (v5;E) (v3;A) (v6;E)

Na2S20 3(s) IR61 1160sh, 1130s 1002s 680sh 555m,535m 338w

Na2S203.5H2 0 R76 1172,1115 1018 673,635 550,545 434 348,323

Na2S203(aq) R75'77 1126(4)dp 999(6)p 671(3)p 538(2)dp 448(10)p 339(4)dp

("Bu4N)2[0 s02(S203)d 1232s,1223s 1011s 594s 532m,519w 412vw — 915s 933m
IR* 1236s 1016s 601s 533m,525w — — 913m 933w
R 1225(1) 1017(3) 610(1) 527,522(2) 409(4) 350(3) 915(2) 932(10)
R* 1227(1) 1013(5)p 611(1) 526(4) 417(6) 359(3) 912(1) 931(10)p

(PPh4)2[Os02(S20 3h] 1239s,1226s 1012s 600s t 408vw — 908s 93 Ow

R 1235(1) 1010(4) 605(2) t 414(4) 359(3) 907(2) 930(10)

K 2[0s02(S203>2] 1194s 1018s
1020(3)

647s 536m
528(2)

443,415w
405(4) 350(3) 892(10)

862m

CS2[0s02(S203>2] 1192s
1200(1)

1018s
1026(3)

638s 539m
520(2)

442,41 lw 
410(4) 358(3) 887(10)

839s



Complex vas(SO)
(v4;E)

vs(SO)
(vi;At)

5s(SO)
(v2;Ai)

8as(SO)
(v5;E)

v(SS)
(V3;A)

P(SOs)
(v«;E)

vas(0 s0 2) vs(Os02)

(nBu4N)2[0 s02(S203 )2(phen)] 1216s,1192s 1009vs 616s 535m,526m 426w _ 839s 883w
IR* 1216s,1202sh 1010s 621s 525w — — 842vs —

(nBu4N)2[0 s02(S203)2(TMED)] 1222m,1210s 1012s 628s,61 Is 528m 406w — 844s 877w
IR* 1204m 1019s 616s 527m — — 852m 884w
R 1210(2) 1009(4) — 520(1) 410(4) 367(3) — 876(10)

(nBu4N)2[0 s02 (S2O3 >2(dipen)] 1206s,1183s 1008s 621s,631m 537m,533m 420w _ 844s 885w
IR* 1206s 1008s 621s 535m — — 846s —

(PPh4)2[0s02(S203)2(py)2] 1216s,1209s,1184m 1010s 619s,609s t 407w _ 838m _
IR* 1218s,1190s 1014s 606s,601s t — — 850m —

R 1210(1) 1007(3) 598(1) t 417(4) 353(10) — 876(3)

(PPh4>2 [0 s02(S20 3)2(4Wpy)2] 1227m,1212s,1184m 1012s 617s,612s t 409w __ 836s 876w
IR* 1227s 1014s 607s,601s t — — . . . —

(PPh4>2 [0s02(S20 3)2(teen)] 1220s,1201s,1186s 1015s 613s,629s t 418w _ 846s 882w
IR* 1208m, 1184s 1017s 618s t — — 850m —

K4[0 s02(S203)2(N02)2] 1234s,1224s,1169s 1020s 637s 542m,533m 428w,415w 332vw 864s 905w

K4[0s02(S203)2(NC0)2] 1187s 1016s 646s 546m,537m 454vw,415w — 841m —

K4[0s02(S203)2(SCN)2] 1187s 1021s 638s 537m 43 lw — 858m —

0 s0 2(py>3(S203) 1226m, 1185s 1011s 614s 537m,527m 429w _ 843s 886w

Data are for solid state IR unless otherw ise stated; * indicates solution data in  DCM; t  indicates obscured. Relative Raman intensities in  parentheses.



The only stable isotope of oxygen to have nuclear spin is O with a spin quantum 

number of 5/2, and this has a natural abundance of only 0.037%78. We were however 

successful in recording the O NMR spectrum of (nBu4N )2[O s02(S203>2] in 

C H2CI2 by using a highly concentrated solution and long acquisition times. The 

spectrum shows two peaks at 6 825.9 and 241.0 p.p.m. which are in an approximate 

1:3 ratio. These may be assigned to the osmyl oxo ligands and thiosulphato oxygen 

atoms respectively. That the oxygen atoms of S 2O3 are seen as a single peak 

confirms that they are each in equivalent environments and that the groups must still be 

bonded by the terminal sulphur atom only unless there is some fluxional bonding. In 

OSO4, 170  resonates at 784.9 p.p.m. while in aqueous S2O32' it lies at 6 222.879.

Figure 2.2.4 170  NMR spectrum of (nBu4N)2[OsC>2(S203)2]

2.2.4 O17 NMR
17

K
1
\

9 0 0  500 100

Chemical shifts in p.p.m. relative to H2,70
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We have examined the mass spectrum of our complex using negative fast atom 

bombardment (FAB") conditions. The spectrum revealed a series of groups of peaks; 

each osmium containing fragment gave a characteristic set of signals for which isotopic 

substitution gave a very similar pattern. Possible assignments for the major peaks are 

given below.

Table 2.2.5 FAB" data for (“B iu N h tO sO ^ S jO s h ]

2.2.5 Mass spectroscopy

Mass Assignment

690 [nBu4N .0 s02(S203)2]’

449 [ 0 s0 2(S20 3)2H]-

368 [0 s0 2(S)(S203)]-

288 [0 s 0 2S2]'

272 [O s o s 2r

256 [OsS2]'

The spectrum suggests that fragmentation of SO 3 from the thiosulphate ligands occurs, 

followed by loss of the oxo groups. A lability of the SO3 unit in strongly bound 

thiosulphate has precedent; in the complex [(r|5-Me5C5)2Mo2(S)(S2)S203]58, one of 

only two complexes to have an S-S distance longer than in our complex (2.168A), the 

SO3 group can be lost simply by the use of a weakly basic solvent (THF)58. A similar 

complex [(r|5-Me5C5)Ru(CO)2]2(u-S203)57, where the S-S bond is only slightly 

shorter (2.135A), is much more stable even in the presence of the base NEt3.

2.2.6 Electronic properties

X-Ray photoelectron spectroscopy shows that the Os 4fy/2 binding energies for 

(nBu4N>2[0 s02(S203)2] and K2[Os02(S203)2] are 54.1 and 54.6 eV respectively
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from which by comparison with standard complexes (see Appendix 1) it is clear that 

they are both likely to contain osmium (VI). These complexes are also both found to be 

diamagnetic. For the tetrahedral nBu4N + salt, simple molecular orbital arguments 

predict a splitting pattern of eg < t2g with a triplet ground state for the d ion. The 

observed diamagnetism may be a result of the deviations of the complex from ideal 

tetrahedral geometry; the lowering of symmetry would remove the degeneracy of the 

dz2 and dx2-y2 orbitals and if this splitting is sufficiently large could lead to the 

observed diamagnetic ground state. If the potassium salt has a pseudo octahedral 

structure as we are proposing, then diamagnetism is to be expected on the basis of the 

splitting of the dK-orbitals into dxz,dyz and dxy sets with the ordering scheme dxy < 

dxz and dyz (the z axis taken to lie along the axis of the OSO2 grouping); antibonding 

character is imparted to dxz,dyz from drc(0s)-p(0) mixing and oxo-Os(VI) electron 

donation.

2.2.7 Electrochemistry

The electrochemical properties of the complex (nBu4N )2[0 s02(S2C>3)2] were 

investigated using cyclic voltammetry, the cyclic voltammogram obtained for this 

complex in dichloromethane is shown in Figure 2.2.7. This shows a reversible one- 

electron reduction at -1.19v (vs. Fc/Fc+ = O.OOv) which presumably arises from 

reduction of the complex to an osmium(V) dioxo species. The peak separation is 85mV 

which is a little larger than that expected for a Nemstian one-electron process (59mV), 

but the peak separation for ferrocene in the same solution was also large suggesting 

uncompensated resistance in the solution. The voltammogram also shows an 

irreversible oxidation at +0.92v. This may be due to oxidation to either an osmium(VII)- 

oxo complex which is unstable, or to Os(VHI).
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Figure 2.2.7 Cyclic voltammogram of (nBu4N)2[0 s0 2 (S203)2]
(with ferrocene as internal standard)

________i_____________ —i---------------------1----------------------1----------------
- 2  "1 O  + 1

E/V vs Fc/Fc+

Reversible redox chemistry is not a usual property of Os0 2 2+ species.80,81 The
CO

tetrahedral 0 s0 2 (mesityl)2 shows similar electrochemical behaviour to our complex, 

although its oxidation potential at +1.16v is somewhat higher as would be expected for 

the removal of electrons from a neutral as compared with a negatively charged species. 

For tr a n s  osmyl species the only examples of complexes which display reversible
00 o A

couples are some with macrocyclic tertiary amine co-ligands '• . Macrocyclic tertiary 

amines are however peculiarly effective at stabilising transition metal centres in unusual 

oxidation states. There are also data on the c i s  and t r a n s  isomers of the complex
9 , oc

0 s0 2 (bipy)2 which both display reversible waves but only in aqueous solvent as
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the reductions involve concurrent proton gains; in polar non-protic solvent the 

electrochemistry is ill defined .

We thus investigated the electrochemical behaviour of (nBu4N>2[0 s02(S203>2] in 

aqueous solution as we thought that more species may become available by 

protonation. The cyclic voltammogram in aqueous solution with 0.1M KC1 as 

supporting electrolyte showed both a reduction and an oxidation peak at similar 

positions as were found for the solution in dichloromethane but both were irreversible.

The usual poor oxidation properties and irreversible electrochemical reductions of 

trans dioxo osmium complexes may be explained on the basis of the special electronic 

stabilisation associated with the d2 trans dioxo structure for osmium (VI). The dxz and 

dyz orbitals into which an added electron would go are of rather high energy due to 

their mixing with the oxo ligands in d7c(0s)-p(0) bonds, i.e. they have antibonding 

character. In a tetrahedral structure the difference between energies of the dz2 and dx2- 

y2 orbitals should be relatively small and thus the electronic destabilisation effect will be 

less than in the octahedral case when an electron is added during a reduction.

2.2.8 Reactions of fOsCMSoChb l2'

It might be expected that (1) should be a good precursor for other osmium 

thiosulphato complexes because, although the thiosulphate groups are strongly bound 

(demonstrated by the short Os-S bonds) and so are probably not easy to dislodge, the 

complex is only four coordinate and osmium generally shows a preference for 

octahedral geometry. We have studied the reactivity of (1) towards a number of 

organic and inorganic ligands and the reactions performed are described below. Indeed 

we did find this complex to be extraordinarily reactive and a number of new complexes 

were obtained.

The discussion is split into sections according to the ligand type. The reactions are 

also summarised in Figure 2.2.8.
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[O s02(OH)4]
[0 s0 2(S20 3)2(L)]:

co
CD

2-
[Os0 2(S20 3)2(L )J4

no reaction
bipy [0s02(S203)2]2-

[O s02(py)3(S20 3)]

N 0 2 [0 s0 2(S A )2(N 02)2]4-

i
✓  s20 32-

[O sA CN O ,),]4-

Figure 2.2.8 Reactions of [0 s0 2(S203)2]2'



2.2.8.1 N donors

2.2.8.1.1 Reactions

At room temperature (1) reacts with a number of nitrogen donor ligands. With 

tetramethylethylenediamine (TMED) and diisopropylethylenediamine (dipen) it 

undergoes addition reactions to give burgundy coloured complexes which analyse as 

(nBu4N)2[0 s02(S203)2(L)]. Phenanthroline (phen) reacts similarly, although a large 

excess (ca 100-fold) must be added to the solution of the reactant solution before its 

green colour becomes the orange colour of the product (nBu4N)2[0 s02(S2C>3)2(phen)]. 

For these complexes we propose octahedral structures containing trans 0 = 0 s = 0  

groups on the basis of their vibrational spectra. It is interesting to remark that although 

(1) reacted with phenanthroline it would not react with 2,2'-bipyridyl (bipy) at all; even 

when the ligand was present in great excess and prolonged reflux was carried out, no 

colour change was observed and the starting material precipitated unchanged from the 

solution.

A further four amines [tetraethylethylenediamine (teen), pyridine (py), 4- 

tbutylpyridine (4-*bupy) and ammonia] gave oily intractable products when reacted with 

(1). However by using the tetraphenylphosphonium salt of (1) complexes of the type 

(PPh4)2[0 sC>2(S203)2(L)] could be isolated as orange/red solids. Pyridine will also 

react with (1) further if forcing conditions are employed. Excess pyridine in refluxing 

dichloromethane reacted with ( 1 ) by addition and by displacement of one of the 

thiosulphate groups to give the neutral species 0 s02(S203)(py)3.

The anionic ligand NO2" is ambidentate, being able to bond via its nitrogen atom 

(nitro), via one oxygen (nitrito) or as a chelate or bridging ligand; we find that it reacts 

with ( 1 ) similarly to the amines mentioned above to give the complex 

K4[0 s02(S203)2(N02)2]- Vibrational spectra for this complex suggests the nitro 

bonding mode for the ligand (section 2.2.8.1.2). In order to compare the vibrational 

spectra we attempted to prepare this compound by the reaction of thiosulphate with the
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known dimeric nitro complex K4[0 s206(N02)4]86 in a 4:1 ratio, expecting loss of the 

oxygen bridge atoms and addition of S2O32'; the product obtained however was 

[ 0 s 0 2( S 20 3)2 ]2'. We reacted the above mentioned nitro com plex  

K4[OsC>2(S2C)3)2(N02)2] with dilute hydrochloric acid hoping that this, by the action 

of the proton on nitrite (NO2* + H+ -■*- OH' + NO+)87 might yield a nitrosyl

complex. A bubbling of the reaction solution was observed but no tractable product 

obtained.

The ambidentate ligand cyanate, OCN' reacts with (1 )  to give  

K4[0 s0 2(S203)2(NC0 )2] ; this also appears to contain an N rather than an O-bonded 

ligand. Both N and O are hard donors, but vacant n* orbitals lie on N88 and nitrogen is 

also less electronegative than oxygen and thus it might be expected that nitrogens o- 

donor orbital should give better overlap with the metal acceptor orbital.

We attempted similar reactions between some of the above amines with the sulphite 

complex [0 s02(SC>3)4] but this did not react with any of the amines tried, despite 

there being an apparent driving force for the reaction to proceed (i.e. a resultant 

decrease in charge of a very highly negatively charged species). This lack of reactivity 

may arise because the osmium is coordinatively saturated with sulphur-bonded ligands 

for which osmium has a strong affinity and which are probably not very labile.

2.2.8.1.2 Vibrational spectra

Vibrational data for the complexes described above are given in Table 2.23.2. The 

Raman and infra-red spectra indicate the presence of a trans-OsC>2 group in all of the 

complexes; the vibrations of the ds-OsC^ unit in (1 ) are replaced in each case by a 

strong IR band near 845 cm ' 1 (not observed in the Raman spectmm) which may be 

assigned to vas(0 s02) and a strong Raman band near 880 cm'1, which is not ER active 

and may be assigned to vs(OsC>2). This latter band is polarised in solution as expected 

(for an A ig mode, assuming D4h local symmetry for the trans osmyl group).
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Vibrational bands due to coordinated thiosulphate for these complexes have been 

assigned where possible. For those salts with organic cations, the values of vas(S03) 

and vs(S03> are found at 1230-1180 and ca. 1010 cm' 1 respectively while v(S-S) 

occurs in the region 405-420 cm'1. The positions of these bands suggest that in each of 

these complexes the S2O32' ligand binds through its terminal sulphur atom as in (1). In 

those complexes with alkali metal cations the values of vas(S03> are slightly lower and 

of v(S-S) slightly higher than those found for the complexes with organic cations. They 

are however still well within the usual range found for monodentate S-bonded S 2O3 

61,62 and we again propose this mode of bonding for the thiosulphate groups.

We have used the vibrational data to allow us to propose geometries for the 

complexes. For those compounds with chelating amine co-ligands the thiosulphate 

groups are necessarily mutually cis but where monodentate ligands are used, the 

question of whether the thiosulphate groups are cis or trans to each other arises. 

Vibrational modes of thiosulphate ligands have previously been used to give 

information about the bonding and geometries of their complexes but many anomalies 

occur, so here we study the vibrational modes of the co-ligands in our complexes 

which are (with the exception of pyridine) simpler in our attempts to determine the 

geometries of the complexes.

For the complex Na4[0 s02(S203)2(N02>2] bands assignable to vibrations of the 

NO2 group in the IR spectrum are:

v“ (N0 2) 1391, vs(N 0 2) 1338,1328 cm’ 1 and 8(N 02) 831, 826 cm' 1 

while their Raman counterparts are:

vas(N 0 2) 1409, vs(N0 2) 1337, 1328 cm' 1 andS(N02) 832, 826 cm'1.

It may be seen that vas(N(>2) has shifted significantly to higher frequency upon 

coordination (from 1270 cm' 1)89 while vs(NC>2) is almost unchanged from its free ion 

value of 1325 cm ' 1 89. Such observations are consistent with nitro coordination90,91. 

The splitting of the vs(NC>2) and 5(NC>2) modes is suggestive of the two nitro groups
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being cis to each other92; similar splitting is found for K4[O sPe(N 02)4]91. Our 

proposal of the coordinated nitro groups being mutually cis giving a complex of 

approximately C2v symmetry fits in well with the observation of several coincidences 

of IR bands with Raman bands.

For the complex K4[0 s02(S203)2(NC0 )2] bands assignable to vibrations of the 

cyanate group in the IR spectrum are v(CN) 2239, v(CO) 1332 and 6(NCO) 593 cm '1, 

the latter two vibrations having Raman counterparts at 1344 and 600 cm' 1 respectively 

while v(CN) is not seen in the Raman. Both v(CN) and v(CO) have shifted to higher 

wavenumbers relative to their free ion values93 and, by the criteria of Burmeister94, this 

suggests N-bonding of the cyanate ligand. The simplicity of the vibrational spectra 

combined with the absence of coincident bands in the IR and Raman spectra suggests a 

trans arrangement of the two cyanate groups.

The IR spectrum of (PPh4)2[0 sC>2(S203)2(py)2] is very complex. Most structural 

information can be gained by observation of the C-H stretch region (3100-3000 cm'1); 

by comparison of this with the corresponding regions in the spectra of the two square 

planar isomers of Pt(py)2Cl295 a close resemblance may be seen to the cis isomer, 

suggesting cis coordination for our osmium complex. The other pyridine complex 

0 s0 2(S203)(py)3 displays an IR spectral profile which is very similar to that of the 

complex mer-[Ir(py)3Cl3]95 which suggests a mer arrangement of pyridine ligands in 

our osmium complex as expected.

2.2.8.1.3 Other properties

All of the complexes described above were found to be diamagnetic. XPS has been 

carried out on some of the complexes and binding energies recorded. For the complexes 

(nBu4N)2[0 s02(S203)2(L)] (L = TMED, dipen) and (PPh4)2[0 s02(S203)2(L')J (L = 

py, 4lbu-py) the osmium 4fj/2 binding energies are 54.1, 53.8, 54.1 and 54.4 eV 

respectively. These values are comparable with those found for their tetrahedral
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precursors (Section 2.2.6) and show that they too are likely to contain osmium in the 

hexavalent oxidation state.

We find the amine ligands in the organic soluble complexes to be highly labile; in 

solution they readily dissociate from the complexes. It seems that the tetrahedral 

[0 s02(S203)2]2’ has a special stability associated with it; evidence for the regeneration 

of this species by dissociation of the amine ligands may be found in the UV, vibrational 

and 1H NMR spectra of solutions of the complexes. For example the complex 

(PPh4)2[0 s02(S203)2(4tbu-py)2] in the solid state in the Os-oxo region has an IR band 

at 836 cm"1 and a single Raman active band at 879 cm"1, behaviour which is typical of 

trans osmyl species. When the complex is dissolved in acetone or dichloromethane the 

spectra change; the IR of the solution gains a pair of bands at 883 and 914 cm'1, that at 

883 being slightly the stronger while the Raman has a new peak at 910 cm"1 (these 

being in addition to the trans osmyl bands which have diminished in intensity). It thus 

seems that a certain degree of dissociation of one or both pyridine molecules from the 

complex is occurring. The dissociation appears to be greater in acetone than in 

dichloromethane.

Quantification of the dissociation has been carried out for some of the complexes 

using both UV and NMR m easurem ents. UV measurements for 

[0 sC>2(S203)2(dipen)]2" using its 41 lnm peak show that for the dissociation

[OsC>2(S2C)3)2(dipen)]2" ^ -----^ [0 s02(S203)2]2‘ + dipen

K is 1.9 mol dm"3 at 25°C which corresponds to 73% dissociation for a 1M solution in 

acetone. Similar measurements for the teen complex reveal a dissociation of 65%. 

Molecular models show that the alkylated ethylenediamines have a high degree of steric 

interaction between the alkyl groups on N and the thiosulphate oxygens.
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In a recent paper it has been reported that the thiosulphate ion has a lesser tendency 

than does sulphite to form complexes with platinum(II)96. This is consistent with our 

findings for osmium (VI); when (1) is reacted with Na2S03 in aqueous acetone, 

sulphite displaces the thiosulphate ligands completely to give the known complex trans- 

[0 s02(S03>4]6'. This sulphite complex could be isolated as its sodium salt only; neither 

tetrabutylammonium nor tetraphenylphosphonium would precipitate it from solution, 

presumably due to the difficulty in packing six large organic cations around the 

complex anion in a crystal lattice. Diethyldithiocarbamate [Et2NCS2]’ also displaces the 

thiosulphato ligands to form the complex frans-0 s02(Et2NCS2)2- This complex has 

been proposed as being the principal species formed by the reaction of trans- 

K2[ 0 s0 2(0H )4] with sodium diethyldithiocarbamate, but it was neither isolated nor 

spectroscopically characterised97.

We briefly describe here the vibrational characteristics of fnms-0 s02(Et2NCS2)2- 

The IR spectrum has a sharp peak at 839 cm"1 while the Raman spectrum has a strong 

band at 888 cm"1; these can be assigned to the asymmetric and symmetric stretches 

respectively of a trans osmyl unit. The spectra also display bands typical of coordinated 

dithiocarbamate ligands98. The high value of v(C=N) at 1523 cm"1 together with the 

appearance of v(C-S) at 989 cm"1 as a single peak is consistent with our proposal of 

bidentate coordination for the dithiocarbamate ligands in an octahedral complex98.

We find that thiocyanate simply adds to (1) giving the new complex 

K4[0 s02(S203)2(SCN)2]. Like cyanate, the thiocyanate ion is ambidentate, being able 

to coordinate to a metal through the sulphur atom forming thiocyanato species or the N 

atom to produce is^thiocyanato complexes, or both. The values of v(CN) (2124 cm"1), 

v(CS) (690 cm"1) and 8(NCS) (411 cm"1) in this complex compared with their free ion 

values of 2053, 748 and 486, 471 cm"1 respectively suggest S-bonding o f the 

thiocyanate. Osmium (VI) is a borderline case in the hard /  soft classification system,

2.2.8.2 S donors

45



being a heavy metal yet holding a high oxidation state. With thiocyanate as with cyanate 

the osmium has bound to the soft end of the ligand. This selectivity may be promoted 

by the solvent system used; aqueous acetone is a highly dipolar coordinating solvent 

and such solvents are known to favour the formation of S-bonded thiocyanates. The 

thiosulphate bands for this complex are given in Table 2.23.2. Unfortunately the 

complex was too darkly coloured for Raman spectroscopy to be successful. The lack of 

splitting of the vibrational bands is suggestive of mutually trans thiocyanate ligands.

The sulphides Ph-S-Ph and Ph--S-Me do not react with (1) at all at room 

temperature, while if prolonged heating is applied then only oily intractable products are 

obtained. It seems likely that these ligands are too sterically hindered to add on and co

exist in an octahedral complex with thiosulphate and also that, being weaker ligands 

than thiosulphate, due to their geometry and also because they bear no charge, they 

cannot readily displace the thiosulphate from the osmium.

Gold complexes which are administered to patients in the treatment of arthritis are 

known to cause toxic side effects in a significant number of cases". Various sulphur 

donor ligands have been used as antidotes, these acting by forming stable complexes 

with the gold and thus enhancing its excretion from the body100. In animal tests those 

ligands found to be most effective at lowering levels of gold in the tissues and 

preventing deaths from gold intoxication caused by administration of Na3[Au(S2C>3)2] 

were 2,3-dimercaptosuccinic acid (DMPS) and sodium 2,3-dimercaptopropane-l- 

sulfonate; penicillamine was a rather poorer antidote. The reactivity of DMPS and of 

penicillamine with our osmium complex (I )  were thus investigated. Both ligands 

clearly react with (1) as immediate colour changes from green to brown were observed. 

The products obtained were brown solids but rather ill defined, possibly mixtures. The 

IR spectra showed that the thiosulphate ligands were retained. Both products were 

highly soluble in acetone but less so in water.
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2.2.8.3 O donors

We find that 3,5-di-rm-butylcatechol (dtbcatH2> and its oxidised counterpart 3,5-di- 

rm-butyl-benzoquinone will both react with (1) at ambient temperature to give the deep 

blue complex Os(dtbcat)3 in which it has been shown that the osmium retains its (VI) 

oxidation state and the ligand is bound in its catecholato form (the strong IR band seen 

at 1155 cm' 1 is typical of catecholato coordination)101. With the quinone reagent it is 

possible that the thiosulphate groups are involved in the reduction of quinone to 

catechol. The aliphatic glycols ethyleneglycol and cyclohexanediol however would not 

react with (1) at all even under reflux conditions. Reflux of (1) in a concentrated 

solution of 2,4-pentanedione (acacH) in acetone led to formation of the known102 

complex Os(acac)3. Dissolution of (1) in aqueous hydroxide solution gave the violet 

osmate ion103 frarts-[0 s02(0 H)4]2' .

Reaction of (1) with added sulphate could not be effected so an alternative 

approach was tried; this was to add hydrogen peroxide to (1) in an attempt to oxidise 

the coordinated thiosulphate groups to sulphate. The transformation of the thiosulphate 

ligands to sulphate was indeed achieved but the resultant sulphate was not bound to the 

osmium and crystallised out of solution as (nBu4N)2SC>4.

Intractable brown oily products were obtained from the reaction of (1) with oxalic, 

glycolic and ethylhydroxybutyric acids.

2.2.8.4 P donors

2.2.8.4.1 PMeoPh

We find that (1) reacts with an excess of dimethylphenylphosphine in an open 

vessel to give a deep blue solution from which can be isolated an emerald green 

compound. By a single crystal X-Ray crystallographic study (carried out by Dr D. J. 

Williams) we have shown this to be (nBu4N)2[0 s(H20)(S203)2(PMe2Ph)3] (2). The 

anion is shown in Figure 2.2.8.4.I.
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Figure 2.2.8.4.1 X-ray crystal structure of (nBu4N)[0 s(H20 )(S203)2(PMe2Ph)3]
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Table 2.2.8.4.I. Selected bond lengths (A) and angles (°) in 

(nBu4N)[0s(H20)(S203)2(PMe2Ph)3] 
(estimated standard deviations (e.s.d.s) in parentheses)

Os-S(l) 2.319(3)
Os-O(l) 2.188(6)
Os-P(2) 2.314(2)
S(l)-S(2) 2.118(3)
S(2)-0(3) 1.420(8)
S(3)-S(4) 2.111(4)
S(4)-0(6) 1.389(9)
P(D-C(1) 1.816(10)
P(l)-C(3) 1.808(9)
P(2)-C(10) 1.786(9)
P(3)-C(17) 1.841(10)
P(3)-C(19) 1.801(10)

S(l)-Os-S(3) 175.2(1)
S(3)-O s-0(l) 91.9(2)
S(3)-Os-P(l) 92.5(1)
S(l)-Os-P(2) 89.2(1)
0(l)-Os-P(2) 175.9(2)
S(l)-Os-P(3) 87.8(1)
0(l)-Os-P(3) 86.3(2)
P(2)-Os-P(3) 97.5(1)
S(l)-S(2)-0(2) 106.3(4)
0(2)-S(2)-0(3) 113.3(6)
0(2)-S(2)-0(4) 1 11 .2(6)
Os-S(3)-S(4) 111.9(1)
S(3)-S(4)-0(6) 105.1(4)

S(3)-S(4)-0(7) 107.1(4)

0(6)-S(4)-0(7) 116.0(6)

Os-S(3) 2.328(3)
Os-P(l) 2.441(2)
Os-P(3) 2.449(2)
S(2)-0(2) 1.435(9)
S(2)-0(4) 1.438(10)
S(4)-0(5) 1.442(9)
S(4)-0(7) 1.411(8)
P(l)-C(2) 1.805(10)

P(2)-C(9) 1.814(7)
P(2)-C (ll) 1.826(9)
P(3)-C(18) 1.789(10)

S ( l)-0 s -0 (l)  92.5(2)
S(l)-O s-P(l) 89.9(1)
0(l)-O s-P(l) 83.6(2)
S(3)-Os-P(2) 86.5(1)
P(l)-Os-P(2) 92.7(1)
S(3)-Os-P(3) 90.6(1)

P(l)-Os-P(3) 169.6(1)
Os-S(l)-S(2) 116.3(1)
S(l)-S(2)-0(3) 108.8(4)
S(l)-S(2)-0(4) 105.0(4)
0(3)-S(2)-0(4) 111.7(6)
S(3)-S(4)-0(5) 106.7(4)
0(5)-S(4)-0(6) 112.4(6)
0(5)-S(4)-0(7) 109.0(5)
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The osmium is in a distorted octahedral environment, the three phosphine ligands 

occupying mer sites, while the two thiosulphate groups are mutually trans and the 

remaining coordination site is occupied by a coordinated water molecule. The 

deviations from octahedral geometry are all less than 5° with the exception of 0 ( l) -0 s -  

P (l)  (83.6(2)°), P(2)-Os-P(3) (97.5(1)°) and P(l)-O s-P(3) (169.6(1)°). These 

distortions may be attributed to steric crowding of the osmium centre by bulky 

phosphine groups. The S2O3 groups are oriented so as to form hydrogen bonds with 

the aquo ligand; two O-H-O hydrogen bonds exist, one between 0(1) and 0(3) (2.60A) 

and the other between 0 (1 ) and 0(5) (2.63A). This bonding pulls the thiosulphate 

groups in towards the aquo ligand a little (S(l)-Os-S(3) 175.2°) but does not produce 

any significant perturbation in the S -0  bond lengths. The Os-O (H2O) distance of 

2.188(6) A is slightly longer than that found in (PPh4)[0 s(NS)Cl4(H20)] 

(2.165(4)A )104 which also contains coordinated water. In K2[0 sNCl4(H20)].H20105 

the Os-O(aquo) bond is much longer at 2.50(3) A, however this may be attributed to 

the very strong trans influence of the multiple Os-N bond to which the aquo ligand is 

trans. The Os-S distances of 2.319(3) and 2.329(2)A to S (l) and S(3) respectively are 

somewhat longer than their values in the parent complex (nBu4N)2[0 s02(S2C>3)2] ( 1 ) 

but still shorter than bonds formed between osmium and other sulphur containing 

ligands. The two trans Os-P distances in (2) (Os-P(l),443(2) and Os-P(3), 2.448A) 

are slightly longer than those found in the comparable complex mer- 

[Os(PMe2Ph)3Cl3]106 and are noticeably longer than that involving the phosphine trans 

to the aquo ligand (Os-P(2) 2.313(2)A).

The S(l)-S(2) and S(3)-S(4) distances of 2.117(3) and 2.110(3)A respectively are 

comparable with those found in other S-bonded monodentate complexes and are rather 

shorter than their values in the parent compound. This shortening of the S-S bond in 

going from ( 1 ) to ( 2) may be an effect of the lower oxidation state of the osmium in 

the phosphine complex (2), causing less electron drainage from the S-S bond.
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The infrared spectrum contains large broad bands at 3430 and 1630 cm ' 1 

attributable to modes of the coordinated aquo ligand. X-Ray photoelectronic 

measurements show an Os 4f 7/2 binding energy of 51.4 eV which is in agreement with 

the assignment of a +3 oxidation state to the osmium. Magnetic measurements show the 

complex to be paramagnetic; its solid state magnetic moment is 1.66 B.M., only 

slightly less than the spin only value for one unpaired electron (1.73 B.M).

The cyclic voltammogram of (2) in dichloromethane is shown in Figure 2.2.8.4.2 

and displays a pair of cathodic and anodic peaks. The reduction couple occurs at - 

1.04v and the oxidation couple at +0.12v; these presumably correspond to an Osm/Osn 

reduction and an O s^ O s^  oxidation respectively. For both couples at scan speeds 

from 20-200 mV/sec the peak separation is close to that anticipated for a Nemstian one- 

electron process (59mV). Reversibility of both the reduction and oxidation processes 

may be taken as indicative of the stabilities of the Os11 and Os™ oxidation states in these 

complexes. No attempts were made to isolate the electrochemically generated species.
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Figure 2.2.8.4.2 Cyclic voltammogram of (nBu4N)[0 s(H20)(S203)2(PMe2Ph)3]
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Owing to its paramagnetism we were able to record the ESR spectrum of (2). The 

solution spectrum in DCM recorded at ca. 90K is shown in Figure 2.2.8.43. This 

spectrum is anisotropic (gx = 2.284, gy = 2.158, gz = 1.970) as expected for an 

unpaired electron on osmium in a distorted octahedral environment.

Figure 2.2.8.4.3 ESR spectrum of (nBu4N)[0 s(H2 0 )(S2 0 3)2(PMe2Ph)3]

2.2.8.4.2 Other phosphines

When the phosphines PMePh2 and PPh3 were reacted with (I) complexes 

analogous to (nBu4N)[Os(OH2)(S203)2(PMe2Ph)3] were not obtained ; this may be an 

effect of their greater bulk. We found that when PMePh2 was reacted with (1) a brown 

compound gradually precipitated. This analysed quite closely for 

0 s(S203)(PMe2Ph)3(H20)2 but its very low solubility in all solvents made further 

characterisation difficult. X-ray photoelectronic measurements for this diamagnetic 

compound showed an Os Ainp. binding energy of 51.5 eV.

The chelating diphosphines diphenylphosphinomethane (dppm) and 

diphenylphosphinoethane (dppe) gave turquoise complexes analysing as 

(nBu4N)[Os(S2 0 3 )2(dppm)2] and (nBu4N)[0 s(S2 0 3 )2(dppe)2] respectively. XPS 

measurements gave Os 4 f7/2 binding energies of 51.0 and 51.5 eV for these two
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complexes.

Cyclic voltammograms were recorded in dichloromethane with nBu4N .PF6 as 

supporting electrolyte but they displayed only irreversible features which are 

summarised below.

C om plex Reduction/v

(nBu4N)[0 s(S203)2(dppm)2] -1.70

(nBu4N)[0 s(S203)2(dppe)2] -1.60

2.2.8.5 Other reactions 

We find, somewhat surprisingly, that (1) does not react with hydrochloric acid. It 

does however react with the more reducing hydriodic acid and forms the deep red 

complex [Osl6]2' which was isolated as its potassium salt.
A

An exchange reaction was seen to occur between [ 0 s 0 2(S20 3)2] and AuCLf in a 

medium of aqueous potassium hydroxide. Chloroaurate in aqueous KOH gave a clear 

solution which gave an UV absorption at 235nm. When the osmium complex was 

added, the solution went violet almost immediately suggesting the formation of trans- 

[ 0 s 0 2(0H)4]2' (osmate), and hence the liberation of the thiosulphato ligands which 

were then available to reduce the gold to Au1 and form the known complex 

[Au(S20 3)2]3". The reaction may be represented by the following equation:

2 [0 s0 2(S20 3)2]2' + AuC14" + 80H *----- ► [O s02(OH)4]2' + [Au(S20 3)2]3' + S40 62'

Isolation of these products was not possible but evidence for their formation may be 

found in the UV spectrum of the resultant solution which showed a broad peak at 300 

nm with a shoulder at 350nm which is typical of osmate107.

We also found (1) to act as a weak oxidant for alcohols, both stoichiometrically and 

catalytically, converting them to their corresponding ketones. Over a three hour period

O xidation/v

+0.21

+0.25
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at room temperature ( 1) in dichloromethane, under a nitrogen atmosphere oxidises 

stoichiometrically 4-methoxybenzylalcohol to the aldehyde with a 26% yield. This 

reaction will also proceed catalytically with the use of N-morpholine-N-oxide as co

oxidant, giving an 81% yield with a turnover (moles of product /  moles of complex) of 

30 under similar reaction conditions. As an oxidant (1) is far less effective than the 

recently reported cis-dioxo complex (PPh4)[Ru02(OAc)Cl2l 108, as would be expected 

since osmium is a third row element.

2.3 Reactions of thiosulphate with ruthenium complexes

Several attempts were made to prepare a ruthenium complex of thiosulphate. A 

method similar to that used for the preparation of the osmium complex was employed 

although some modification was required since while OsC>4 is a solid, RuC>4 exists as a 

vapour at ambient temperature. RuC>4 vapour generated by the action of sodium 

periodate on ruthenium dioxide was bubbled into a concentrated aqueous solution of 

Na2S2C>3 and PPI14CI with N2 carrier gas. The large quantity of black powdery 

precipitate first isolated was found to be a mixture of oxidation products, however 

when this was filtered out and the green filtrate chilled, a small quantity of dark green 

microcrystalline material was obtained. The IR spectrum showed clearly the absence of 

any Ru=0 vibrational modes; that a ruthenium oxo complex was not obtained is not 

surprising given the relatively strong oxidising ability of ruthenium coupled with the 

reducing nature of the thiosulphate ligand. In the IR spectrum strong broad bands at 

3480 and 1630 cm' 1 were seen due to water and elemental analyses gave a formula 

corresponding to approximately (PPh4)[Ru(S2C>3)2(H20)4]. The values of vas(S03> 

(1246, 1236 cm"1) and vs(SC>3) (1011 cm '1) are high which suggests that the 

thiosulphate ligand acts as a sulphur donor in this complex.

Reactions between K3IRUCI6] and RUCI3 with thiosulphate did not yield tractable 

products.
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2.4 Thiosulphate complexes of platinum and palladium

The coordination chemistry of palladium and platinum with thiosulphate was the 

subject of an extensive investigation by Riabchikov in the 1930's109,110,111. In his 

work he isolated a number o f homoleptic complexes M6[P t/P d (S 203)4] , 

M2[Pt/Pd(S2C>3)2] (M = Na, K) and K4[Pt(S203>3], and these were characterised by 

elemental analysis. A study of their reaction chemistry was also carried out and various 

substitution products with ligands ammonia, pyridine, ethylenediamine and thiourea 

isolated. Stereochemistries were predicted upon the basis of trans effect arguments. 

One of the complexes reported by Riabchikov was ,,PdS203(en)',11°. Repetitions of his 

preparative work by Levitus112 did not yield this complex but lefd instead to a product 

of empirical formula Pd2(S2C>3)(en)3. X-Ray data for this complex51 reveal that it has 

the structure represented by [Pd(en)2][Pd(en)(S203)2], the thiosulphate ions 

functioning as monodentate S-donor ligands. This complex and its deuterated analogue 

has been the study of a full vibrational analysis113. Further of the complexes of 

Riabchikov have been examined by IR spectroscopy114,112, but often with conflicting 

conclusions drawn about the structures that the complexes adopt.

We have here repeated some of the preparations and using a combination of IR and 

Raman spectroscopy together with group theory arguments predict structures for the 

complexes. Vibrational data are summarised in Table 2.4.

2.4.1 M6Et(S203)4]

Attempts to prepare the potassium salt using the method of Riabchikov were not 

successful, impure products always being obtained; the barium salt however was 

successfully prepared, following the literature method109. We also prepared the salt 

[Co(NH3)6]2[Pt(S203)4] by the method of Williams et al115.

[Co(NH3)6l2lPt(S203)4] shows a very clear IR spectrum in which the vibrations of 

the thiosulphato groups may easily be identified. Each of the vibrations is seen as a
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single, unsplit band, suggesting that the thiosulphate ions do not experience a lowering 

of their effective symmetry upon coordination. This is consistent with thiosulphate 

acting as a monodentate sulphur donor in these complexes. The values of vas(SC>3) and 

vs(S03) at 1151 and 1003 cm'1 respectively are somewhat lower than the values found 

for the Os(VI) complexes described previously but are still typical values for 

monodentate S-bonded thiosulphate. The Raman spectrum similarly shows only single 

bands and these are not co-incident with the IR bands. The Pt-S stretch may be 

identified at 243 cm'1.

The IR spectmm of Ba3[Pt(S2C>3)4] is similar to that of the [Co(NH3)6] salt but the 

bands are somewhat broader; this may be attributed to interaction between the cations 

and some of the coordinated thiosulphate groups. The presence of a weak, rather broad 

band at 1097 cm'1 is not to be expected, either by comparison with the spectrum of the 

[Co(NH3)6]3+ salt or from the proposed structure of the complex. However, in the IR 

spectrum of BaS2C>3.H20, vibrational bands are seen at 1075 and 1105 cm"161 and we 

tentatively suggest that the presence of a band at 1097 cm'1 is another result of an 

interaction between the coordinated thiosulphate groups and the barium ions.

2.4.2 K2[Pt(£2Q3)2] an d  K ?[ P d ( ^ 3 ) 2]

K2[Pt(S203)2] was prepared in two forms, the first, yellow in colour being the 

initially formed precipitate from the reaction of K^IPtCU] and Na2$203 in a 1:2 ratio 

and is K2[Pt(S203)2].2H20. The second forms from the above complex after it has 

precipitated and is allowed to stand in the reaction solution; the colour of the 

precipitated solid gradually changes to orange as the reaction proceeds.

These two isomers were first prepared by Riabchikov109 and later subjects of an IR 

study by Levitus114; both authors proposed that the two forms were cis and tram 

isomers of chelating thiosulphate, as shown in Figure 2.4.2.1.
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Figure 2.4.2.1 C is  and trans isomers of [Pt(S203>2]2

CIS trans

(C 2v) (C 2h)

We have performed group theory calculations for these two isomers to find out the 

number and nature of stretching modes that should be observed in the vibrational 

spectra in each case.

For the cis isomer with an idealised C2v symmetry we expect:

all of which should be active in both the Raman and the infrared spectra, with the Ai 

modes polarised in the Raman.

For the trans isomer with its C2h point group we would expect:

the g modes active only in the Raman, the u modes active only in the infrared; Ag 

modes will be polarised in the Raman.

The observed IR spectra are shown in Figure 2.4.2.2 and the data are summarised 

in Table 2.4. The important features to note in the spectra of the yellow isomer are that 

there is just one coincidence between IR and Raman bands, there are only single sharp

r(Pt-S) = Ai + B2 

r(S-S) = Aj + B2 

T(S-0) = 3Ai + 3B2

r(Pt-S) = AK + B.g T JJU

r(S-S) = Ag + Bu

r(S-O )= 2Ag + Bg + Au + 2BU
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Figure 2.4.2.2 IR spectra of K2[Pt(S2 0 3 )2].2H2 0
a. yellow isomer

Pt-S and S-S stretches seen in the Raman spectrum and there are three Raman active 

S-0 stretches. On the basis of these observations we suggest that this yellow complex 

is likely to be the tra n s isomer. That the v ^ iS O ^ ) mode is seen as a single, rather broad 

band in the IR spectrum instead of being split may be an effect of hydrogen bonding 

between thiosulphate and the water of crystallisation.

Various factors cause us to doubt that the orange complex is the c is  isomer. The 

first observation is that the spectra display single bands for all the vibrational modes 

while group theory calculations for the C2V complex ion predict some splitting. Also the 

S-0 stretching frequencies are much higher and the S-S stretching frequency is 

substantially lower than those of the yellow isomer which suggests that the sulphur 

atom is more strongly bonded to the metal and the oxygen less so, if at all in the orange 

isomer. Thus we propose that the thiosulphate ion bridges between platinum ions 

through its terminal sulphur atom giving a polymeric structure as depicted in Figure 

2.4.2.3.
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Figure 2.4.2.3 Polymeric structure of [Pt(S203)2]2"

In this proposition we are in agreement with Williams115 who suggests that this 

polymer forms from the yellow complex by a template reaction; he has demonstrated 

that the reaction involves a solid state process by following a similar reaction using 

Na2[PtCl4] in which no precipitates were formed.

These proposed structures are consistent with the observation that the yellow  

isomer is considerably soluble in water while the orange isomer is not soluble in any 

solvent.

When K2[PdCl4] is reacted with Na2S2C>3, only a single isomer of K2[Pd(S203)2] 

is obtained. Its insolubility allied with the great similarity between its IR spectrum and 

that of the orange K2[Pt(S203)2] suggests that this too has a polymeric S-bridged 

structure.

2.4.3 Other complexes

We prepared the known complex [Pd(en)2][Pd(S203)2(en)] by the literature 

method112. Our vibrational data agree well with those of Gabelica113. This complex 

contains monodentate S-bonded thiosulphate ligands51.

We could not isolate the complex reported as K 2[Pt(S203)Cl2]109. The precipitate 

isolated appeared from its IR spectrum to be a mixture of K2[Pt(S203)2] and K̂ DPtCL*]
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Table 2.4 Vibrational data for thiosulphato complexes of platinum and palladium
(frequencies in cm-1)

vas(S 0 3) vs(S 0 3) 8s(S 0 3) 8as(S 0 3) v(SS) p(SOj) v(M-S)

[Co(NH3)6]2[Pt(S20 3)4] 1151s 1003vs 640s 532m 425w
1164(2) 1017(7) 655(5) 435(6) 393(4) 243(3)

Ba3[Pt(S20 3)4] 1189s,1097w 1011vs 646s 527m

K2[Pt(S20 3)2].2H20 1173s 1008s 643s,619m 534m 424w
(yellow) 1212,1173(1) 1031(9) 664(4) 538(2) 422(8) 379(10) 247(3)

K2[Pt(S20 3)2].2H20 1214s 1021s 616s 532m 394w
(orange) 1041(10) 604(2) 510(1) 402(3)

K2[Pd(S20 3)2].2H20 1204s 1024vs 617s 534m 437w 364w

1201(1) 1035(10) 651(1) 541(1) 393(8) 555(6) 236(3)

[Pd(en)2][Pd(S20 3)2(en)] 1184s,1155s 1004s 644s,632s 538m,528m 427m
11903155(1) 1006(10) 645,628(3) 535,526(2) 425(4),422(7) 340(4)J23(2) 250(3),238(5)

Raman data in italics. Relative Raman intensities in parentheses



The reaction of Na2[IrCl6] with sodium thiosulphate yielded a diamagnetic 

orange/brown complex. It is likely that initially Ir(IV) is reduced to Ir(III) by
tCfctftX 11

thiosulphate ions which are correspondingly oxidised to A thionateand sulphate .

2[IrCl6]2- + 2S20 32- + 2H20  -----^  2PrCl5(H20)]2- + S40 62' + 2Cr

2[IiC16]2- + S2032- + H20 ----_  2 [IrCl5(H20 )]2- + SO42' + S + 2C1'

The trivalent iridium complex thus formed presumably reacts with the excess 

thiosulphate to form a thiosulphato complex. The reaction of Na3[RhCl6].12H2 0  with 

Na2S2C>3.5H2 0  led to formation of a deep brown complex in which the rhodium 

retains an oxidation state of +3.

The best formulations that could be proposed for these complexes upon the basis of 

the somewhat variable elemental analyses are Na[M(S203)2(H2 0 )2].4H2 0  (M = Rhm, 

Ir111). IR data are shown in Table 2.5; unfortunately Raman data could not be collected 

for either complex.

Table 2.5 IR data for thiosulphato complexes of rhodium and iridium
(frequencies in cm"1)

Complex vas(S03) vs(S03) 8s(S03) 8as(S03)

Na[Rh(S203)2(H20 )2].2H2 0  1122,1069sh 1011,973 641 526

Na[Ir(S203)2(H20 )2].2H20  1148sh,1074 1011,973 646 529

Both complexes gave very similar spectra, suggesting that they are isostructural. 

Without Raman data it is difficult to predict the full coordination geometry but the large 

splitting of the SO 3 stretching modes is consistent with chelating coordination and the 

presence of low frequency components amongst the SO 3 stretches is suggestive of the 

involvement of an oxygen atom in bonding to the metal.

2.5 Thiosulphato complexes of rhodium and iridium
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The tetrahedral osmium(VT)-dioxo structure is very rare, there being only two other 

examples. Both of these organometallic complexes have rhenium(V) analogues viz 

Re02(mesityl)265 and Re02(xylyl)266 and there is a general similarity between Os(VI) 

and Re(V) dioxo complexes. We thus attempted to prepare a rhenium (v) dioxo 

analogue of our osmium (VI) thiosulphate complex. Preparative methods tried involved 

the perrhenate ion [Re04]' which we attempted to reduce in the presence of 

thiosulphate; thiosulphate itself does not reduce perrhenate. We also unsuccessfully 

attempted reductions with hydrazine, hydrosulphite (S2O42') and borohydride. Other 

reductive methods commonly used for rhenium(VII) could not be used here as they 

involve acid conditions and the thiosulphate ion will not exist at low pH, decomposing 

to elemental sulphur. We attempted to oxidise rhenium (IV) in the form of [ReCle]2" by 

refluxing it in air with the ligand, a method successfully used for the preparation of 

[Re02(py)4]Cl. A colour change to red/brown suggested that some transformation had 

occurred but only an amorphous solid could be isolated from the reaction mixture, the 

IR spectrum of which contained no bands assignable to either cis or trans ReC>2. We 

also attempted ligand exchange reactions from established Re(V) complexes. In the 

recent literature, the complexes ReOCl3(PPh3)2 and ReC>2(PPh3)2l  have been used as 

starting materials for the preparation of trans 0=Rev= 0  "rhenyl” complexes of bipy and 

of electron rich pyridine ligands respectively. Attempts were made to adapt these 

syntheses to allow the preparation of thiosulphato complexes; ReOCl3(PPh3)2 was 

found to be totally unreactive towards thiosulphate while Re02(PPh3)2l  gave a brown 

solid of which the IR spectrum suggests there to be a mixture of products and for 

which recrystallisation was unsuccessful.

2.6 Reactions of thiosulphate with rhenium complexes
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2.7 Experimental

2.7.1 Complexes of osmium-

(nB U4N )2[O sO 2(820 3)2] (1) To a chilled stirred solution of OSO4 (lg , 3.9mmol) 

in water (75cm ) was added Na2S203.5H20 (3.9g, 15mmol). The solution became 

immediately dark red and then nBu4N.HS04 (2.8g, 8.2mmol) was added. The solution 

was refrigerated and the complex precipitated as a green powder. This was 

recrystallised from dichloromethane and toluene, (Found: C, 41.0; H, 7.8; N, 3.0; S, 

13.7. C32H72N 2O8OSS4 requires C, 41.3; H, 7.8; N, 3.0; S, 13.8%).

( P P h 4) 2[ O s 0 2( S 20 3 )2] (Found: C, 51.4; H, 3.5; P, 5.7; S, 11.3. 

C48H40O8OSP2S4 requires C, 51.3; H, 3.6; P, 5.5; S, 11.4%)

and CS2[O s02(8203)2] (Found: Cs, 39.2; S, 15.2. CS2O8OSS4 requires Cs, 37.3; 

S, 18.0%.) were prepared similarly but with the addition of PPI14CI and CsCl 

respectively to precipitate the products

K2[0 s0 2 (S203)2]. To an ice cold solution of OSO4 (O.lg, 0.39mmol) in water 

(10cm3) was added K 2S2O3.5/3H2O (0.26g, 1.17mmol) with stirring. The solution 

was kept chilled until the product precipitated as a yellow powder.

(Found: K, 17.4; S, 20.1. K20 80 sS4 requires K, 14.9; S, 24.4%.)

2.7.1.2 Complexes with N-donor ligands

(nB u 4N ) 2[0 s 0 2 (S203)2(phen)] .  To a solution of (1) (O.lg, O. l lmmol) in 

acetone (5cm ) was added phenanthroline until the solution turned from green to 

orange; a large excess (ca. lg) was required to do this. The honey-yellow complex 

precipitated from the chilled solution. It was washed with diethyl ether and stored in a
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freezer as it was somewhat unstable at room temperature .

(Found: C, 47.3; H, 7.2; N, 5.1; S 11.4. C44H80N4O8OSS4 requires C, 47.5; H, 7.3; 

N, 5.0; S, 11.5%).

(nBu4N)2[0 s0 2 (S20 3 )2(TMED)]. To (1) (0.10g, O.llmmol) dissolved in 

acetone (5cm3) was added tetramethylethylenediamine (1 drop). The red solution was 

chilled and the product isolated as deep red crystals.

(Found: C, 44.0; H, 8.5; N, 5.5; S, 11.9. C38H88N4O8OSS4 requires C, 43.6; H, 8.5; 

N, 5.4; S, 12.2%).

(nBu4N)2[0 s0 2 (S2 0 3 )2(dipen)] was prepared similarly .

(Found: C, 44.7; H 8.6; N, 5.0; S 11.8. C40H92N 4O8OSS4 requires C, 44.7; H, 8.6; 

N, 5.2; S, 11.9%).

( P P h 4) 2 [ 0 s 0 2( S 20  3)2 (teen)]. To a dichloromethane solution of 

(PPh4)2[0 s02(S203)2] (0.10g, O.lOmmol) was added tetraethylethylenediamine 

(0.5cm3). Addition o f a small volume of diethyl ether and subsequent chilling of the 

solution yielded the red crystalline complex.

(Found: C, 53.0; H, 4.6; N, 2.1; P, 4.6; S, 10.4. C40H64N 2O8OSP2S4 requires C, 

53.7; H, 5.0; N, 2.2; P, 4.8; S, 9.9%).

The complexes (PPh4)2[0 s0 2 (S2 0 3 )2(py)2L

(Found: C, 54.2; H, 3.9; N, 2.5; P, 4.6; S, 9.7. C58H50N 2O8OSP2S4 requires C, 

54.3; H, 3.9; N, 2.2; P, 4.8; S, 10.0%)

(PPh4)2[0s02(S203)2(4-,Bu.py)2]

(Found: C, 57.0; H, 4.8; N, 2.2; P, 4.5; S, 8.7. C66H66N 2O8OSP2S4 requires C, 

56.8; H, 4.8; N, 2.0; P, 4.4; S, 9.2%)
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and (P P h 4)2[0 s 0 2 (S203)2(N H 3)2]

(Found: C, 49.8; H, 3.9; N, 2.4; S, 9.7. C48H46N 2O8OSP2S4 requires C, 49.7; H, 

4.0; N, 2.4; S, 11.0%.) were prepared similarly and dried under vacuum.

[ 0 s 0 2(py)3(S20 3)]. To a solution of (1) (0.3g, 0.34mmol) in dichloromethane 

(20cm3) was added pyridine (3cm3) . The solution was refluxed for 4 hours during 

which time the solution changed from red to brown. Subsequent reduction of volume 

and chilling gave a brown complex which was filtered o f f , washed several times with 

diethyl ether and dried under vacuum .

(Found: C, 31.7; H, 3.0; N, 7.0; S, 10.7. C15H15N 3O5OSS2 requires C, 31.5; H, 2.7; 

N, 7.4; S, 11.2%).

K 4[0 s 0 2 (S203)2(N 0 2 )2l- (1) (0.30g, 0.34mmol) was dissolved in acetone 

(20cm3) and the solution stirred while K N 02 (0.17g, 2mmol) in water (2cm3) was 

added. The solution immediately became orange and after some time a red oil was 

deposited. The yellow solution was decanted from the oil which was triturated with 

ethanol giving an orange compound which was washed with diethyl ether.

(Found: K, 22.0; N, 4.1; S, 18.0. K4N 2O 12OSS4 requires K, 22.5; N, 4.0; S, 

18.5%).

K4[OsO2(S203)2(NC0)2]

(Found: C, 3.7; K, 22.5; N, 4.3; S, 18.4. C2K4N2O 10OSS4 requires C, 3.5; K, 22.8; 

N, 4.1; S, 18.7%)

and K 4[0 s0 2 (S20 3 )2(S C N )2]

(Found: C, 3.4; K, 21.5; N, 4.1; S, 26.4. C2K4N 20 80 sS6 requires C, 3.3; K, 21.8; 

N, 3.9; S, 26.8%) were prepared similarly from (1) and potassium cyanate and 

potassium thiocyanate respectively.
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2.7.1.3 Complexes with S - . O- and P- donor ligands

Reaction of (1) with Na2S0 3 . To a solution of (1) (0.2g, 0.22mmol) in acetone
a

( 10cm ) was added Na2SC>3 (0.22g, 0.88mmol) in the minimum quantity of water. 

Upon mixing of the two solutions a colour change to orange was observed and a red oil 

deposited. This was triturated with ethanol to give red/brown powdery 

Na6[0 s0 2(S0 3)4].

0 s 0 2(Et2NCS2)2. To a solution of (1) (0.14g, 0.15mmol) in acetone (10cm3) was 

added sodium diethyldithiocarbamate (0.1 Og, 0.45mmol) in water (3cm3) and the 

resultant solution stirred. The complex was isolated upon cooling and recrystallised 

from dichloromethane-hexane.

(Found: C, 23.8; H, 4.0; N, 5.3. C ioH2oN 20 2OsS4 requires C, 23.2; H, 3.9; N, 

5.4%)

O s(acac)3. To a solution of (1) (0.665g, 0.7mmol) in acetone (60cm3) was added 

acetylacetone (12cm3). The solution was refluxed and went gradually from green to 

deep red-brown. The acetone was removed under vacuum and to the oily residue were 

added equal volumes of water and dichloromethane. The brown dichloromethane layer 

was separated from the reddish aqueous layer, and the product precipitated by the 

addition of n-hexane. It was recrystallised from ethanol.

(Found: C, 36.4; H, 4.0. C i5H2i060s requires C, 36.9; H, 4.3%.)

Os(dtbcat)3. A solution of (1) (0.2g, 0.215mmol) and 3,5-di-rm-butylbenzoquinone 

(0.14g, 0.65mmol) were stirred together in chloroform (20 cm3) . After about 1 hour 

the solution was deep blue. The solution was reduced in volume and run down a 

column of silica gel and eluted with chloroform until the column was pale blue. The
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eluents were reduced in vacuo and the product recrystallised from dichloromethane and 

methanol.

(Found: C, 59.0; H, 7.0. C42H60O6OS requires C, 59.3; H, 7.1%.)

(nB u4N )[0 s(H 20 )(S203>2(PM e2Ph)3]. To (1) (0.15g, 0.175mmol) in acetone 

(10cm ) in an open vessel was added dimethylphenylphosphine (0.15g, 1.05mmol). 

The solution went red then blue then green. The solvent was allowed to slowly 

evaporate to half its original volume, when diethyl ether was added and the emerald 

green complex precipitated. It was recrystallised from dichloromethane and toluene. 

(Found: C, 44.2; H, 6.7; N, 1.3; P, 8.3; S, 11.4. Calc, for C40H71NO7OSP3S4: C, 

44.1; H, 6.6; N, 1.3; P, 8.5; S, 11.8%).

0 s(H 20 )2(S203)(PM ePh2)3 was prepared similarly except that the addition of 

diethyl ether was not necessary for the product to precipitate.

(Found: C, 50.0; H, 5.0; N, 0.2; S, 7.4; P, 9.3. C 39H43O5OSP3S2 requires C, 49.9; 

H, 4.6; N, 0.0; S, 6.8%; P/H I %)

(nBU4N ) [ 0 s (S 2 0 3 )2(d p p m )2]. A solution of (1) (0.15g, 0.16mmol) and 

diphenylphosphinomethane (0.12g, 0.32mmol) in acetone (10cm3) was stirred for 

approximately 30 minutes. The resultant burgundy coloured solution was reduced in 

volume and diethyl ether added. The precipitate was triturated with diethyl ether, 

filtered off and washed thoroughly with water to yield the product as a turquoise solid. 

(Found: C, 55.4; H, 5.4; N, 0.9; S, 8.9. C68H84NO6OSP4S4 requires C, 56.2; H, 

5.8; N, 1.0; S, 8.8%.)

(“Bu4N )[O s(S203)2(dppe)2] was prepared similarly.

(Found: C, 56.3; H, 5.5; N, 0.9; S, 8.6. C66H80NO6OSP4S4 requires C, 55.6; H, 

5.7; N, 1.0; S, 9.0%.)
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2.8.1.4 Miscellaneous reactions

Reaction of (1) with HI. K2[Os02(S203)2] (0.24g, 0.46mmol) was dissolved in 

water and hydriodic acid (5cm3) added, giving a solution which gradually became deep 

red. An excess of KI in water was added to the solution, from which K^tOsI^] was 

isolated.

Stoichiom etric oxidation of p-m ethoxy-benzyl alcohol

This was carried out in degassed solution, under a nitrogen atmosphere. The complex 

(1) (0.45g, 0.5 mmol) and 4 -methoxy benzyl alcohol (0.07g, 0.51mmol) were 

dissolved in dichloromethane (15cm3) and left to stir for 3 hours at room temperature, 

after which time the solution was evaporated to dryness and the residue extracted with 

diethyl ether. The ether extracts were evaporated dry, dissolved in minimum ethanol 

and the quantity o f aldehyde product determined by formation o f its 2,4- 

dinitrophenylhydrazone derivative.

Catalytic oxidation of /?-m ethoxy-benzyl alcohol

A similar procedure to that used in the stoichiometric oxidations was employed, except 

that a three fold excess of NMO (with respect to the alcohol substrate) was added, and 

that a catalytic amount o f (I) was used. After the 3 hour reaction the solution was 

washed with a saturated solution of copper(II) sulphate in order to remove NMO and its 

reduced products.

2.8.2 Ruthenium

(PPh4)[Ru(S203)2(H20)4]. Ruthenium tetroxide was generated by the action of a 

vigorously stirred aqueous solution of sodium periodate (2.7g in 25cm3) on hydrated 

ruthenium dioxide (Ru02*nH20 , 0.75g). It was passed into an ice cold aqueous
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solution o f Na2S2C>3.5H20 (3.4g, 13mmol in 40cm3) and PPh4Cl (20g, 26mmol) 

which gradually became red. A black precipitate gradually formed, which was filtered 

off and found to be a mixture of oxidation products of thiosulphate. The filtrate was 

chilled for several days after which time a small quantity of green microcrystalline 

product was isolated.

(Found: C, 39.6; H, 3.2; S, 16.4. C24H28O 10PR.US4 requires C, 39.1; H, 3.8; S, 

17.4%.)

2.8.3 Platinum and palladium

The following platinum and palladium complexes were prepared by the literature 

methods.

[C o (N H 3)«]2[P t(S j0 3)4] .2H 20 115

(Found: H, 3.7; N, 16.4; S, 25.3. Co2H4oNi20 i4PtS8 requires H, 4.0; N, 16.8; S, 

25.6%.)

B a3[P t(S 20 3)4]l n

(Found: Ba, 39.4; S, 23.7. Ba3PtSsOi2 requires Ba, 39.0; S, 24.3%.) 

K 2[P t(S 20 3)2].2 H 20  (yellow )109

(Found: H, 0.7. S, 23.9. H4K20sPtS4 requires H, 0.75; S, 24.0%.) 

K 2[P t(S 20 3)2].2H 20  (orange)109

(Found: H, 0.7; S, 23.8. H4K20 8PtS4 requires H, 0.75; S, 24.0%.) 

K 2[P d (S 2O 3)2].2 H 2O n0

(Found: H, 1.0. S, 28.3. H4K20sPdS4 requires H, 0.9; S, 28.8%.) 

[P d (en )2][P d (S 20 3)2(en )]112

(Found: C, 11.9; H, 4.0; N, 13.8. C6H24N 60 6Pd2S4 requires C, 11.7; H, 3.9; N, 

13.6%.)
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2.8.4 Rhodium and iridium

N a [R h (S 20 3 )2(H 20 ) 2] .2 H 2 0 . A solution of Na3[R h C l6].12H 20  (0.2g,

0.33mmol) and Na2S203.5H20  (lg , 3.9mmol) in water (10cm3) was heated for three 

hours on a water bath and then chilled. The product was then isolated as a brown 

powdery precipitate.

(Found: H, 1.5; S, 28.7. HgNaOioRhS4 requires H, 1.9; Na, 5.4; S, 30.3%.)

N a[Ir(S 20 3 )2(H 20 )2].2H20 . A solution of Na2IrCl6 (0.26g, 0.55mmol) and

Na2S2C>3.5H20  (1.4g, 5mmol) in water (10cm3) was heated on a water bath for three

hours. The colour changed through green to orange. A reduction of the solvent under
as

vacuum and subsequent chilling of the solution lead to the isolation of the product an 

orange precipitate.

(Found: H, 1.3; S, 26.5. H8IrNaOi0S4 requires H, 1.6; Na, 4.5; S, 25.0%.)
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CHAPTER 3

Complexes oj Hydroxycarboxytates

In this chapter we report some new complexes o f osmium with a- 
hydroxycarboxylic acids. Such ligands should be good models for the aldonic acid 
forms of sugars, and polymeric complexes of osmium with sugars are known to be 
anti-arthritic. The coordination chemistry of the anti-arthritic salicylic acid is also 
investigated.
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CHAPTER 3
Complexes of H ydroxycarboxylates

3.1 a-hvdroxvcarboxvlates

The hydroxycarboxylic acids used in this study are shown in Figure 3.1 with 

the trivial names by which they are usually known. Many hydroxycarboxylic acids 

are found naturally in biological systems where they often play important roles as 

chelators.

Oxalic acid is of all organic compounds, after carbon dioxide, the one with the 

highest proportion of oxygen to carbon and is therefore the frequent end product of 

drastic oxidation. It occurs extensively in rocks117, soil118, microorganisms119, 

fungi120, plants and animals, often as calcium oxalate; tris oxalato chromate(IH) 

species are found in the leaf tissues of some plant species121. Oxalic acid (H2OX) 

differs from the other hydroxycarboxylates since it can also be viewed as a 

dicarboxylic acid. Many transition metal complexes involving oxalic acid have been 

isolated. Known complexes with the second and third series transition elements 

include K 3[Ir(ox)3]122, K2[M(ox)2] (M=Pd,Pt)123,124, K 3[Ru(ox)3].3H20 125, 

Cs2[Ru0 2(ox)2]126 and K2[O s02(ox)2]127 in all of which the oxalate is proposed 

to chelate via the adjacent deprotonated carboxylate OH groups.

Glycolic acid chelates via the carboxylate and hydroxyl groups in most of its 

complexes, for example Cu(glycolateH)2128, K2[M oO(02)2(glycolate)].2H20 129 

and Os0 2(py)2(glycolate)130, although a few complexes with lanthanides contain 

glycolate ligands acting as bridges to give polymeric network structures131.

Lactic acid is naturally present in foodstuffs and soils132. It commonly acts as a 

bidentate chelator128,133, but there is one structure known, that of [Zn(N-isopropyl-

2-methylpropane-l,2-diamine)2(lactate)].lactic acid. H20  in which the lactate ligand 

is monodentate via one of the carboxyl oxygen atoms134.
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Figure 3.1 (X-hydroxycarboxylic acids
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Iron citrate complexes have been identified in a number of plants135, while 

negatively charged nickel citrate complexes are involved in both nickel uptake and 

transport in plant species136. Citric acid is also commonly found in many 

foodstuffs. This tricarboxylate has many potential modes of bonding. There are 

verified examples of citrate bonding as a bidentate ligand through the hydroxyl 

group and the cen tra l ca rb o x y l group as in p - 

[triethylaminetetramine(C6H507)Co(III)].5H20137 and K2[MoO(C>2)2(C6H607)]. 

I / 2H 2O 2.3H 2 0 138, and as a tridentate donor in the dimeric complex 

K2[V0 (02)(C6H607)]2 2H2O139 in which the central and one terminal carboxylate 

group each bond to one metal while the hydroxyl group acts as a bridge between 

the two metal centres. It can also function as a tetradentate ligand as in 

K2[Ni(C6H507)(H20)2]2.4H20140, or pentadentate as in the isomorphous series 

of complexes [M(H20 )6][M(C6H507)(H20)]2.2H20 141’142’143 (M = Mg, Mn, Fe) 

and in {[NMe4]5[Ni(n)4(C6H407)3(OH)(H20)].18H20 )2143.

Tartrates are commonly found in soils and sediments132. Tartaric acid 

(H4tartrate) often bonds as a bidentate ligand via carboxyl and adjacent hydroxyl 

centres as in the complexes [M(NN)2(H2tartrate)]+ (M = Com or Cr111 , NN=2,2'- 

dipyridyl or 1,10-phenanthroline)144,145 or as a tetradentate ligand, chelating each 

of two metal centres through one carboxyl and one hydroxyl group and thereby 

acting as a bridge ligand as in the binuclear com plexes  

(N H 4)4[(VO )2(tartrate)2].2H 20 146, (NH4)2[Sb(tartrate)2].4H 20 147 and 

K4[Mo202(02)4(tartrate)].4H20 148. A less common mode of bonding is tridentate 

chelation; the sole complex of this type for which there are X-ray data is 

Na5[Fe(III)(tartrate)2].14H20149 in which the tartrate ligands coordinate to the 

metal centre by one carboxylate and two deprotonated hydroxyl groups.

Few osmium complexes o f such ligands are known. Our initial aim was to 

isolate new Os(VI) hydroxycarboxylate complexes by the use o f hydrophobic 

coligands such as pyridine. Hinckley has produced some compounds of the type
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0s02(py)2(L) (L = glycolate, mandelate, salicylate and oxo/sobutyrate)150; the X- 

ray crystal structures of OsC^CpyhCL') (L' = glycolate130, salicylate151) have been 

reported. These compounds were reprepared in this work by a simpler method and 

the series of complexed hydroxycarboxylates was extended. Salts of [0s02(L)2]2‘ 

(L = oxalate and malonate127) are already known and attempts were made to find a 

method for making a wide range of such dihydroxycarboxylato-osmyl compounds 

since these should be good models for the anti-arthritic carbohydrate complexes of 

Hinckley. Indeed, the suggested formulation for the glucose based osmarin is 

KuOsOv(glucose)x(gluconate)y11. New complexes of this type are here described 

with other hydroxycarboxylates.

The compounds have been characterised by JR and Raman spectroscopy and in 

selected cases by 13C NMR, XPS, cyclic voltammetry and mass spectrometry.

3.1.1 Preparations

3.1.1.1 OsCKpvWL) and OsO>(pic)?(L)

By using hydrophobic co-ligands such as pyridine (py) or 3-picoline (pic) it 

was possible to precipitate complexes of this type. Hinckley's procedure150 for 

obtaining OsC>2(py)2(L) (L = glycolate, oxowobutyrate, mandelate, salicylate) was 

semi-heterogeneous and worked with few acids: a suspension of trans- 

K2[OsC>2(OCH3)4] was reacted with pyridine to give a suspension, to which was 

added the hydroxycarboxylic acid. Our method involves direct reaction of OSO4 and 

acid in ethanolic solution with the addition of excess pyridine. A similar procedure 

is successful for 3-picoline, but would not give tractable products with 2,2'- 

bipyridyl or 1,10-phenanthroline. The reaction probably goes via the intermediate 

0 s20 6(py)4 formed in situ, with ethanol acting as a reducing agent, reducing 

Os(Vm) to Os(VI). That this may be the case is supported by the discovery that the 

reaction of 0 s206(py)4 with two equivalents of hydroxycarboxylic acid in methanol 

will produce OsC>2(py)2(acidato).
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The oxalato complexes were obtained almost immediately upon mixing of the 

reactants while the other compounds took longer, up to one week or more. Addition 

of diethyl ether speeded up precipitation of product but reduced the purity and 

sometimes gave oils. Complexes were obtained with a wide variety of acids; the 

new complexes 0 s02(py)2(L) (L = oxalate, lactate, atrolactate, citrate, quinate), 

OsC>2(p ic)2(L) (L = oxalate, oxoisobutyrate; pic = 3-methylpyridine) and 

[0 s02(py)2]2(tartrate) were isolated. Although it was possible to prepare 

Hinckley's complexes using this method, no products with malic, tartronic or 

gluconic acids could be isolated.

The complexes containing citrate and tartrate ligands are o f particular interest 

because citrate and tartrate can function as terminal or bridge ligands. The analysis 

of the citrato complex is close to that for a monomer, 0 s02(py)2(citrate), and the 

13C NMR spectrum (section 3.1.2.1) is consistent with this. Unfortunately the 

tartrato complex is not sufficiently soluble for 13C NMR studies, but its IR 

spectrum (section 3.1.2.2) suggests that the tartrate has a bridging role; elemental 

analyses and the FAB+ mass spectrum are in agreement with its formulation as 

[0 s0 2(py)2]2(tartrate).

Other acids which we have tried unsuccessfully are malic, tartronic and gluconic 

acids. With both malic and tartronic acid the solutions became black within days; 

why this happens is not known. If a different synthetic approach is attempted, 

specifically using [Os02(OH)4]2", hydroxycarboxylic acid and pyridine in 

aqueous solution then golden brown solutions are obtained suggesting that reaction 

occurs but no crystallisation of product could be achieved. Other hydrophobic 

ligands used have been 3,4-lutidine, tetramethylenediamine, bipy and phen. Little 

success has been met with these; both bipy and phen led to the formation of black 

solutions, while the other three ligands gave brown solutions from which no solid 

product could be isolated.
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Species of this type are not easy to isolate. Methods used in the literature 

involve reaction o f various osmium precursors including t rans-  

K2[Os0 2(OH)4]127, 0 s0 4 with alkali152*153 or K4[0 s20 6(N 0 2)4]152*153 with the 

hydroxycarboxylic acid; the species so produced were [O s02(ox)2]2' *27,152,153  ̂

and [Os0 2(malonate)2]2' 127.

We found that fraw5-K2[0 s0 2(0 H)4] was not a good starting material; its 

aqueous solutions are unstable and when the hydroxycarboxylic acid was added 

rapid reduction occurred and the solution became black, even when the acid was 

neutralised with KOH. By the addition of cations such as nBu4N + and Ph4P+ 

attempts were made to extract the complexes into an organic phase from which it 

was hoped they would more easily be isolated, but this approach was unsuccessful. 

Reaction of O s04 with the carboxylic acid and KOH in water, which requires reflux 

conditions, was also not satisfactory as it was difficult to perform on a small scale 

and gave a product of poor quality. A better preparative method was found to be the 

addition of the hydroxycarboxylic acid to a solution of frarts-K2[Os02(OMe)4] in 

methanol; in this way the new salts K2[ 0 s 0 2(L)2] (L=glycolate, quinate) were 

prepared. These salts are not very stable and tend to decompose even in the solid 

state after a few days, while in solution they decompose rapidly to deposit 0 s0 2. 

The elemental analyses of the compound obtained with tartaric acid does not fit the 

general formula K 2[0 s 0 2(L)2]; neither do complexes prepared by this method with 

citric, malic and tartaric acids. These ligands would have free hydroxyl and 

carboxylate groups in an [0 s 0 2(L)2]2' structure and hence a propensity to 

oligomerisation. Such a problem is lessened in the O s02(py)2(L) type of complexes 

since pyridine occupies two of the coordination sites on the metal and so decreases 

the possibilities of oligomerisation. The complex with tartrate analyses closely for 

K4[(0 s0 2)2(tartrate)3H4], a binuclear bridged species, while the complexes with 

citric, malic and tartronic acids had variable compositions and were probably 

mixtures of products, some possibly bridged or polymeric.

3.1.1.2 KorOsOoLol.
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3.1.1.3 K a I O soO a ]

We reprepared the complex formulated by Wintrebert154 as K2[OsC>3(ox)]. This 

has been reformulated as K2[Os02(OH)2(ox)] on the basis of IR data155, but we 

now reformulate it as a dimer, K4[Os206(ox>2].2H20. This is consistent with the 

reformulation of "K2[0 s03(N02)2]" 154 as K^OsC^OeCNC^], proven by X-ray 

crystallography86.

3.1.2 Spectroscopic data and structures

None of the new complexes gave crystals suitable for X-ray examination. 

However, on the basis of vibrational and, in some cases, 13C NMR and X-ray 

photoelectronic spectroscopic evidence it is probable that they all contain the linear 

trails 0=0 sVI=0  "osmyl" unit, and that the hydroxycarboxylic acids coordinate by 

the deprotonated hydroxy and carboxylate groups forming a five-membered ring. 

Thus the coordination around the osmium in both types of complex is likely to be as 

shown in Figure 3.1.2

R ’

Figure 3.1.2 Proposed structure for hydroxycarboxylato complexes 

L' = L" = py or L'-L = hydroxycarboxylate

78



3.1.2.1 13C NMR

We were able to measure the 13C NMR spectra only of Os02(py)2(glycolate) 

and 0 s02(py)2(lactate) in C2HCl3 and of Os02(py)2(citrate) in 2H20; the other 

complexes (apart from Os02(py)2(ox) for which 13C data would not be useful) 

were either too unstable in solution or were insufficiendy soluble.

The spectrum of OsC>2(py)2(glycolate) shows two resonances assignable to the 

glycolato ligand, at 8188.5 and at 76.1 (all 6 in p.p.m. vs. Si(CH3)4). The former 

we assign as arising from the carboxylate carbon atom and the latter to the hydroxy

bearing carbon atom. The large downfield shift of the latter resonance relative to its 

position in free glycolic acid (62.0p.p.m.)156 is consistent with the alcoholic OH 

group coordinating with the loss of a proton. Comparable shifts and assignments 

have been made for solutions of K2[MoO(02)2(glycolate)].2H20, in which X-ray 

data showed the hydroxy group to be deprotonated129, and in other molybdenum, 

tungsten156 and uranyl157 glycolato complexes; bonding with the retention of the 

hydroxyl proton would have given a much smaller shift. For OsC>2(py)2(lactate) 

shifts at 6 189.5, 81.2 and 20.1 p.p.m. are assigned to the carboxylate, 

deprotonated hydroxy-bearing and methyl carbon centres respectively (observed at 

180.4, 67.4 and 19.6 p.p.m. in the free ligand)158; very comparable shifts have 

been reported for lactato complexes of Mo(VI)156,158, W(VI)156 and of the uranyl 

entity157. The citrato complex OsO2(py)2(citrate) is more interesting, since citric 

acid, being a tricarboxylate has the potential to coordinate in a variety of ways. The 

13C NMR spectrum of citric acid shows four resonances159; that at 47.4 arises 

from the two equivalent methylene carbons, the tertiary carbon yields the resonance 

at 76.7, the two equivalent carboxylate carbons resonate at 180.8 while the lowest 

field resonance at 183.3 arises from the carbon of the unique central carboxyl 

group. In the complex OsC>2(py)2(citrate), the corresponding values are 8 46.4, 

88.8, 176.9, and 192.7 p.p.m. The resonances that have significantly shifted are 

those arising from the tertiary carbon and the unique central carboxyl group. This is 

consistent with (citrate)2', deprotonated at the hydroxy and central carboxylate
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groups, binding with the osmium to form a five membered ring as is shown in 

Figure 3.1.2.1. Such bonding is found in K2[MoO(02)2(citrate)].l/2H202 for 

which an X-ray crystal structure has been obtained138. Chelation involving the 

hydroxyl and either of the terminal carboxyls may be discounted because this would 

give three inequivalent carboxyl groups. Such bonding is not adopted probably 

because this would form a six membered ring involving ligand and metal and five 

membered rings are generally favoured. Similar assignments have been made for 

gallium160 and aluminium161 citrato complexes.

HOOCCH2 

HOOCCH2 ----

O

Figure 3.1.2.1 Proposed structure for OsC>2(py)2(citrate)

rtPy

3.1.2.2 Raman and infrared data

The vibrational data are summarised in Table 3.1.2.2. All the complexes show 

very strong, sharp infrared bands near 840cm'1 and rather weaker, broader bands 

near 570 cm ' 1 . The former we assign to vas(OsC>2), the asymmetric stretch of the 

osmyl unit as in other complexes of this type127,162, and the 570 cm' 1 band, or 

bands in that region, are likely to arise from Os-O stretches for the coordinated 

ligands (in (nBu4N)2[OsC>2(ox)2] these modes were identified near 570 cm' 1 127). 

For those complexes whose colours do not preclude the measurement of Raman 

spectra strong, sharp bands are observed near 890 cm'1, assigned to the symmetric 

stretch vs(OsC>2) o f the osmyl unit; as expected for these centrosymmetric or quasi- 

centrosymmetric moieties vs(Os02) is not observed in the infrared and vas(Os02> 

not observed in the Raman. In the cases of OsC>2(py)2(citrate) and
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Table 3.1.2.2 Vibrational data for a-hydroxycarboxylato complexes

Compound Vibrational data (cm-1)

v(C=0) v(C-Oc) v(C-Oh) vs(Os0 2) vas(OsO;

O s02(py)2(ox) 1732vs,
1702s

1327vs,
1220m

907s 864vs

O s02(pic)2(ox) 1735vs,
1703s

1342vs 904s 856vs

Os0 2(py)2(glycolate) 1704vs,
1664s

1335s 1046m 887s 848vs

0 s0 2(py)2(lactate) 1682vs 1359m 1103w 887s 843vs

O s02(py)2(atrolactate) 1694vs 1363m 1124m 887s 840vs

[Os0 2(py )2]2(taitrate) 1697vs 1320m 1114m,
1070m

889s 847vs

O s02(py)2(citrate) 1595s 1366s 1187m,
1078m

895s 853vs

O s02(py)2(quinate) 1686s,
1639m

1300m 1116m 886s 838vs

O s02(py)2(oxoisobutyrate) 1691vs 1304s 1129w 887s 837vs

O s02(pic)2(oxoisobutyrate) 1687vs 1300s 1113w 886s 843vs

K2[O s02(ox)2] 1718vs,
1702vs

1347s,
1202m

889s 863s

K4[Os20 6(ox)2].2H20 1705s,
1674vs

1386s,
1260m

895s 837s

K2[Os02(glycolate)2] 1647vs 1343s 1051s 835s

K4[(0 s0 2)2(tartrate)3H4] .4H20 1710sh, 
1645vs

1344s 1123m,
1050m

844vs

K2[O s02(quinate)2)] .6H20 1641vs 1337s 1117w 829vs

Raman data in italics
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OsC>2(py)2(glycolate), where solubilities are sufficient to allow recording of the 

Raman spectra of solutions, the 890 cm ' 1 bands are found to be polarised as 

expected for vs(0 s02) vibrations.

The bands likely to be due to C -0 stretches are complex and our assignments 

are necessarily tentative, following those of others on analogous complexes. In 

Table 3.1.2.2 we give assignments of v(C=0), v(C-Oc) and v(C-Oh) where O is 

the exo carbonyl oxygen atom, Oc is the deprotonated carboxylate hydroxyl group 

and Oh is the deprotonated hydroxyl adjacent to the carboxyl group (see Figure

3.1.2) . Generally it is observed that there was a shift of both v(C=0) and v(C-Oc) 

towards lower wavenumber upon complexation, as expected163,164. For 

Os02(py)2(ox), Os02(pic)2(ox) and the known /ratts-K2[Os02(ox)2] we follow the 

assignments of Preetz and Schultz127, assigning infrared bands near 1718 and 1702

cm' 1 to vas(C=0) and vs(C=0) respectively and at 1340 and 1205 cm' 1 to vas(C -0)

and vs(C-0) respectively.

The bands due to vibrations of the oxalate ligands in K6[Os206(ox)4] (Figure

3.1.2.2) are similar in profile to those of K2[Os02(ox)2] although somewhat 

shifted. An infrared band at 651cm'1 and the weak Raman band at 519 cm' 1 are 

likely to arise from the OS2O2 bridge165.

4-

O
O o

Figure 3.1.2.2 Proposed structure for [Os206(ox)2]4'
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In the complexes Os02(py)2(glycolate) and K2[OsC>2(glycolate)2] bands near 

1650 cm' 1 are assigned to v(C=0) and near 1388 cm ' 1 to v(C-Oc) as in other 

glycolato complexes157,166. In the lactato complex 0 s02(py)2(lactate) bands are 

similarly assigned by comparison with the literature for lactato complexes157.

The citrato and tartrato complexes are of interest here because these ligands can 

function as terminal or bridge ligands. The analysis of 0 s02(py>2(citrate) fits well 

for this formula with bidentate citrate, and the infrared spectrum is similar to that 

observed for K2[ M o O ( 0 2 )2( c i t r a t e ) ] . l / 2 H2 0 2 -3 H 20  138 and for 

Na2[{V 0 (citrate)}20] .12H20167. As well as the band at 1595 cm' 1 due to the 

complexed carboxylate group, another at 1727 cm ' 1 is seen which may be assigned 

to the asymmetric stretch of free carboxylic groups; in free citric acid the stretches 

of the two carboxyl groups are seen at 1754 and 1713 cm'1. The infrared spectrum 

of [OsO 2(py)2]2(tartrate), in which it is likely that the tartrate ligand bridges two 

osmium atoms as in the case in K4[Mo202(02)4(tartrate)].4H20148, shows bands 

similar to those in the latter but different from those in a uranyl complex157 in 

which tartrate behaves as a terminal ligand only. As would be expected for a 

bridging tartrate, the osmium complex shows no band assignable to a free 

carboxylate group; a single strong band was seen at 1697 cm '1, assigned to v(C=0) 

which has shifted to lower frequency relative to tartaric acid in which it occurs at 

1740cm'1. In K4[(Os02)2(tart)3H4] however there is a very strong band at 1645 

cm"1 with a shoulder at 1710 cm' 1 which suggests the presence of both bridging 

and terminal tartrate groups.
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3.1.2.3 X-Rav photoelectron spectroscopy

Using X-Ray photoelectron spectroscopy electron binding energies were 

measured for four o f the complexes in order to confirm the oxidation state of the 

osmium. Osmium binding energies for OsC>2(py)2(ox), OsC>2(py)2(citrate), 

0 s02(py)2(quinate) and K2[Os02(glycolate>2] were found to be 54.7, 54.6, 54.6 

and 54.9 eV respectively. By comparison with the binding energies of the standard 

compounds in Appendix 1, it is clear that they are likely to contain osmium in the 

hexavalent oxidation state. For these compounds, minor peaks near 53 or 52 eV 

were also seen suggesting that some decomposition had occurred under the 

conditions of the experiment.

3.1.2.4 Mass spectroscopy

The mass spectra of most of our neutral complexes were determined using 

positive fast atom bombardment (FAB+) conditions. For each of the complexes 

OsC>2(py)2(L) (L = oxalate, lactate, atrolactate) which were run in a matrix of meta- 

nitrobenzylalcohol (MNB A) the molecular ions [OsC>2(py)2(LH)]+ were observed, 

as well as peaks corresponding to step-wise ligand loss giving [0 s02(py)(LH)]+, 

[OsC>2(py)2]+, [OsC>2(py)]+ and pyH+; the ion [0 s02(LH)]+ is not seen. Similar 

results were obtained for the complexes OsC^Cpic^CL') (L' = ox, oxowobutyrate). 

For 0 s02(py)2(citrate) however, which was run in glycerol, [OsC>2(citrateH)]+ was 

seen but not [OsC>2(p y )2] + or [OsC>2(p y )] + . The parent ion for 

[0s02(py>2]2(tartrate) is seen at m/z = 909, which confirms its dimeric tartrate 

bridged structure. The spectra of all complexes studied contained peaks suggesting 

fragmentation of the co-ordinated hydroxycarboxylic acid and each osmium 

containing fragment gave a characteristic set of signals for which isotopic 

simulation gave a very similar pattern.
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a-hydroxycarboxylato com plexes
Compound Mass

MH+ MH+-py

Table 3.1.2.4 FAB+ mass spectral data for

Os0 2(py)2(ox) 471 392
Os02(py)2(lactate) 471 392
Os02(py)2(atrolactate) 547 468
OsC>2(py)2(citrate) 573 494

[0 s0 2(py)2]2(tartrate)a 909 830
OsC>2(pic)2(ox) 499 406
Os02(pic)2(oxoisobutyrate) 513 420

a other fragments 751 (MH+ - 2py), 672 (MH+ - 3py).

3.1.2.5 Cyclic voltammetry.

Cyclic voltammograms were recorded for several of the organic soluble 

complexes. These all gave similar voltammograms and in all cases the waves were 

irreversible. The trans OsC>2+ unit in these complexes is obviously not stable. The 

anodic wave may represent oxidation of the Os(VI) complexes to Os(VH[) as OsC>4 

while the cathodic waves correspond to reduction to Os(IV) and Os(III) 

respectively. This electrochemical behaviour is typical of that found for trans osmyl 

complexes150.

Table 3.1.2.5 Cyclic voltammetric data for a -h y d ro x y 
carboxylato com plexes

Compound Eox (v) Ered (v)

0 s02(py>2(lactate) +1.80 -0.98, -1.58
OsC>2(py)2(quinate) +1.74 -1.08
0 s02(py)2(citrate) +1.72 -0.75, -1.40
Os0 2(py)2(ox) + 1.86 t o oo

Voltammograms recorded in DCM with Bi^NPFg as supporting electrolyte. 
Potentials vs. Fc/Fc+ as internal standard.
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3.2 Salicylates

Salicylic acid (2-hydroxybenzoic acid) is found naturally in the bark o f birch 

(Betula lenta)168 and occurs in the essential oils o f numerous plants. The basic unit of 

lichen acids which can dissolve minerals from rocks is a derivative of the salicylic acid 

group, as is one of the most predominant binding sites for metal ions in the humic acids 

of soil169.

Salicylic acid is an interesting ligand owing to the number of different modes by 

which it may bond. A number of X-ray structural investigations have been undertaken 

which well display the versatility o f the salicylate ligand. In the complex 

OsC>2(py)2(sal) (sal represents the dianion C7H4O32'), the salicylate acts as a bidentate 

ligand, using deprotonated hydroxyl and carboxyl oxygens to form a six membered 

ring involving the osmium ion151. This mode of bonding, so common for other 

aliphatic hydroxy acids does not appear to be so prevalent for salicylate. In 

[Cu(salH)2(H20)2].2H20170 and Zn(salH)2(H20)2171 the salicylate ions coordinate to 

the metals through only a single oxygen of the deprotonated carboxyl groups. The 

remaining two sites in these four coordinated complexes which have square planar and 

tetrahedral coordination respectively are occupied by aquo ligands. The structure of 

Cu(salH)2(H20)2 resembles that of the tetrahydrate, except that the molecular units are 

bonded together to form a chain structure by the hydroxyl group of one salicylate which 

binds in the apical position of a neighbouring copper ion giving square based pyramidal 

coordination about each copper centre172.

A number of 'lantern' type complexes contain salH ligands which bridge across 

two metal centres by both oxygens of the carboxylate groups. Such complexes are 

Cu2(salH )4(H20)2- diglyme173, Mo2(sa lH )4.2d ig ly m e 174 and Rh2(sa lH )4. 

EtOH.H20175. In these complexes the OH group does not interact with the metals, 

instead it forms hydrogen bonds with the adjacent carboxyl oxygen atom. Another
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related complex is Mo2(salH)4.o-C4H4Cl2 in which the M o2(salH)4 units are linked 

into infinite chains by some of the salicylate OH groups which act as axial ligands to
17A

neighbouring molybdenum atoms .

The complexes Sm(salH>3.H20 and Am(salH)3.H20 contain metals with a 

coordination sphere of nine oxygen atoms, one of these being the aquo ligand and the 

others coming from six surrounding salicylate ligands with a variety of bonding 

modes176. Some of the latter coordinate singly by the deprotonated carboxylate group, 

some chelate using the carboxylate and hydroxyl centres while others bridge by their 

carboxylate groups as in the lantern type complexes.

There are early reports of a number of complexes of molybdenum and tungsten 

with salicylate177,178, but some of the formulations suggested for the compounds are 

founded purely on the basis of elemental analyses and not likely to be correct; they have 

been reinvestigated within this work. Sodium, potassium and ammonium salts of the 

complex [Os(>2(sal)2]2' were reported by Barbieri in 1916179 and there are also reports 

of M2[Pd(sal)2], where M = Na, K and H 18°. Numerous complexes of salicylate with
1 <2 I

uranium are known .

3.2.1 Preparations

The complex K2[0 s02(sal)2] has never been fully characterised. It was originally 

made by the reaction of frarts-K^tOsC^OH^] with potassium salicylate in aqueous 

solution, with subsequent addition of salicylic acid to precipitate the product179. A  

better method was found to be the reaction of salicylic acid with frans-K^OsC^COMe^] 

in methanol; this system was more stable than the original aqueous one and also gave 

more facile isolation of the product. Another new, much simpler method of 

preparation of the sodium salt was discovered; this was the reaction of osmium 

tetroxide with sodium salicylate in a solution of carbon tetrachloride containing some 

ethanol. The product was precipitated as a lustrous red powder in good yield. An

87



organic soluble salt (PPh4)2[0 s02(sal>2] was also prepared.

It was found that (PPh4)2[OsC>2(sal)2] was reactive towards the chelating diamines 

tetramethylethylenediamine (TMED), and diisopropylethylenediamine (dipen), and the 

new products [0 s02(sal)(TMED)] and [0 s02(sal)(dipen)] were thereby prepared. 

Pyridine however would not displace salicylate although OsC>2(py)2(sal) is known. 

This may be a manifestation of the chelate effect.

As mentioned above a number of complexes of salicylate with molybdenum and 

tungsten have been reported ’ . The preparations of these compounds were

repeated and analytical and vibrational data used as an aid to confirm, or propose new 

formulae for the complexes. The reaction of salicylic acid with KOH and WO3 or 

M0O3 in hot aqueous solution gave complexes suggested to be ”K[W02(OH)(sal)]"178 

and "KH[Mo02(sal)2] + KH[Mo03(sal)] + H2O" 177 respectively. The vibrational 

spectral profiles of the two compounds so closely resemble one another that it seems 

likely that they are analogues and they are reformulated as K2[W205(sal)2] and 

K2[Mo205(sal)2] respectively. These complexes probably have similar structures to the 

anion [Mo205(cat)2]2'which is known to contain cis-MoC>2 groups and a bridging oxo 

ligand . A curious feature is that they are essentially insoluble in all solvents tried, 

except hot water, DMF and DMSO. In these solvents they decompose, the solid 

compounds, initially brown and red respectively both forming colourless solutions. 

The complex "[Mo02(sal)2H2]4.9py" made by refluxing salicylic acid with M0O3 

in methanolic pyridine is reformulated as a pyridinium salt (PyH)2[Mo02(sal>2], and 

this is confirmed by an X-ray crystallographic study (see section 3.2.2). We confirm 

the formulation of (Me4N)2[MoC>2(sal)2].H20177 and suggest that the structure of this 

salt is similar to that of the pyridinium salt. The complex [Mo02(sal)2]2" is interesting 

because it could be isolated only as pyridinium and Me4N + salts. Analogous 

preparations using the cations Et4N*, Bu4N+ and PPti4+ were not successful.

The complexes M2[Pd(sal)2] (M = Na and K) were prepared using the literature
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method180, which was the reaction of a hot aqueous solution of salicylic acid, and 

sodium or potassium carbonate with Na2[PdCl4] or K2[PdCl4] respectively. It was 

found that PdCl2 could successfully be used in the place of [PdCU]2', giving the same 

product with equal yield and purity, and simplifying the preparation by cutting out a 

reaction step. A protonated form, Pd(salH>2 was also prepared, by the addition of 

sulphuric acid to an aqueous solution of Na2[Pd(sal)2]. Several attempts to prepare 

salts of a platinum analogue of the above palladium complex were not successful, the 

reaction solutions quickly darkening and black decomposition products forming. 

Finally Rh2(salH)4.Et0 H.H20 was prepared by the literature method175.

3.2.2 X-rav crystal structure of (pvH^rMoCbfsal)?!

Yellow crystals of (pyH)2[Mo02(sal)2] suitable for X-ray study were prepared as 

described in section 3.2.1; recrystallisation was not necessary. The X-ray 

crystallographic study was carried out by A. J. P. White and Dr D. J. Williams.

The structure of the anion is shown in Figure 3.2.2 with the atom labelling. 

Selected bond lengths and angles are listed in Table 3.2.2.

The molybdenum ion lies at the centre of a distorted octahedron formed by the two 

oxo groups and the deprotonated carboxyl and hydroxyl oxygen atoms o f the two 

salicylate ligands which thus act as chelating ligands. The oxo groups are cis\ the angle 

between them, 0(2)-M o-0(3) (105.1(3)"), is similar to that found in the tropolonato 

complex MoC>2(trop)2 (103.4(2)°)183. The Mo=0  distances of 1.690(5)A (Mo-0 (2)) 

and 1.692(5 )A (M o-0(3)) are typical values for Mo(VI) bonded to terminal oxo 

ligands . The carboxyl groups are bonded in the sites trans to the oxo groups, the 

hydroxyl oxygen atoms of the two ligands are therefore trans to each other. The two 

Mo-Oc distances (M o-0(7) 2.247(4)A, M o-0(14) 2.157(4)A) are significantly longer 

than the two Mo-Oh distances (M o-O (l) 1.971(4)A, M o-0(8) 1 .943(4)A). In 

tetrahedral Be(sal)(H20)2185 and in fr<ms-0 s02(py)2(sal)151 the M-Oc and M-Oh
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0( 2)

Figure 3.2.2 X-ray crystal structure of (pyH)2[Mo02(sal)2]



Table 3.2.2 Selected bond lengths (A) and angles (°) in 

(pyH)2[Mo02(sal)2]
(estimated standard deviations (e.s.d.s) in parentheses)

Mo-0(2) 1.690(5) Mo-0(3) 1.692(5)
Mo-O(l) 1.971(4) Mo-0(7) 2.247(4)
Mo-0(8) 1.943(4) Mo-0(14) 2.157(4)
0(1)-C(1) 1.348(7) C(l)-C(2) 1.386(9)
C(l)-C(6) 1.408(9) C(2)-C(3) 1.402(9)
C(2)-C(7) 1.468(9) C(3)-C(4) 1.378(10)
C(4)-C(5) 1.398(11) C(5)-C(6) 1.367(10)
C(7)-0(6) 1.313(8) C(7)-0(7) 1.234(8)
0(8)-C(8) 1.360(8) C(8)-C(9) 1.405(9)
C(8)-C(13) 1.367(10) C(9)-C(10) 1.415(10)
C(9)-C(14) 1.471(9) C(10)-C(ll) 1.365(13)
C(ll)-C(12) 1.369(14) C(12)-C(13) 1.366(12)
C(14)-0(14) 1.279(8) C(14)-0(15) 1.237(8)

0(2)-Mo-0(3) 105.1(3) 0(2)-M o-0(l) 94.6(2)
0(3)-M o-0(l) 97.9(2) 0(2)-Mo-0(7) 167.5(2)
0(3)-M o-0(7) 86.6(2) 0(l)-M o-0(7) 79.5(2)
0(2)-M o-0(8) 101.0(2) 0(3)-Mo-0(8) 94.9(2)
0(l)-M o-0(8) 156.5(2) 0(7)-Mo-0(8) 81.6(2)
0(2)-Mo-0(14) 89.9(2) 0(3)-Mo-0(14) 164.9(2)
0(l)-M o-0(14) 81.6(2) 0(7)-Mo-0(14) 78.4(2)
0(8)-Mo-0(14) 80.9(2) M o-0(l)-C (l) 134.2(4)
0(1)-C(1)-C(2) 124.1(5) 0(1)-C(1)-C(6) 116.6(5)
C(2)-C(l)-C(6) 119.4(6) C(l)-C(2)-C(3) 119.6(6)
C(l)-C(2)-C(7) 121.5(6) C(3)-C(2)-C(7) 118.8(6)
C(2)-C(7)-0(6) 116.1(6) C(2)-C(7)-0(7) 123.8(6)
0(6)-C(7)-0(7) 120.1(6) Mo-0(7)-C(7) 128.1(4)
Mo-0(8)-C(8) 136.1(4) 0(8)-C(8)-C(9) 122.7(6)
0(8)-C(8)-C(13) 117.6(6) C(9)-C(8)-C(13) 119.6(6)
C(8)-C(9)-C(10) 117.8(6) C(8)-C(9)-C(14) 123.1(6)
C(10)-C(9)-C(14) 118.9(6) C(9)-C(14)-0(14) 119.1(6)
C(9)-C(14)-0(15) 121.5(6) 0(14)-C(14)-0(15) 119.4(6)
Mo-0(14)-C(14) 131.7(4)
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distances differ by only 0.051(14) and 0.040(4) A respectively. The lengthening of the 

Mo-Oc bonds in our complex may be attributed to the trans influence of the oxo ligands; 

lengthening of the bonds trans to oxo ligands has been observed in other Mo(VI) 

com plexes182,183’186.

The salicylate ligands chelate to the molybdenum to form six membered rings. The 

bite angles (0(l)-M o-0(7) (79.5(2)°) and 0(8)-M o-0(14) (80.9(2)°) are much smaller 

than that in OsC>2(py)2(sal) (94.8(3)A)151 but larger than those in other M0O2L2 

complexes in which L forms five membered chelate rings183,186.

The C-C bond lengths in the salicylate rings (mean 1.39A) are as expected for
• 187aromatic systems

3.2.3 NMR studies

An NMR study was of salicylic acid and some of its complexes was undertaken. 

Salicylic acid with its atomic numbering scheme is shown in Figure 3.2.3.

H* o

H3

Figure 3.2.3 Atom labelling scheme for salicylic acid

13C NMR data for salicylic acid are given in Table 3.2.3.1. There are seven resonances 

corresponding to the seven different carbons of the molecule for which we have made 

assignments following those of Yamamoto et al188,189’!90. Two resonances are seen at 

much lower field than the rest at 173.6 and 162.7 p.p.m. and are assigned to the
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carboxyl carbon C7, and the ring carbon bearing the hydroxyl group, C2, respectively. 

The remaining aromatic carbon atoms occur in two groups: two at low field 136.6 and

131.5 p.p.m. and three at higher field at 120.2, 118.0 and 113.8 p.p.m. The lower 

field resonances are due to C4 and C6 respectively while the high field resonances are 

attributable to C5, C3 and C i respectively. Ci may readily be identified because of its 

low intensity. This shielding and deshielding effect on the odd and even numbered 

carbons respectively mirrors the effects of the substituents on the re-electron charge 

densities on the carbon nuclei. The following resonance hybrids, representing the 

classic mesomeric effect, show how C4 and C6 are deshielded by the carboxylate group 

to which they are para and ortho respectively.

Proton NMR data for salicylic acid are given in Table 3.2.3.2. The NMR spectrum 

shows three signals. H5 and H3 resonate at high fields, and their signals overlap to give 

a complex multiplet. The other two protons, H6 and H4, resonate at lower fields. This 

may again be related to the resonance effect involving the carboxylate which deshields 

the carbons to which these two protons are bonded since the proton chemical shift of 

aromatic molecules has been shown to depend mainly on the re-electron charge density 

at the carbon atoms191. Inductive or a-bond polarisation effects perturb significantly 

only the shifts of ortho protons , H$ resonates at the lowest field because of its 

proximity to the carboxylate group.

The proton NMR spectrum of sodium salicylate shows that all the protons are more 

shielded than in the free acid while the C NMR spectrum shows that deprotonation of
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Table 3.2.3.1 13C NMR data for salicylato complexes
Compound Chemical Shift (p.p.m.)

Ci C2 C3 c 4 c 5 c 6 c 7 Me

salicylic acid 113.8 162.7 118.0 136.6 120.2 131.5 173.6
Na.salicylate 119.1 162.7 121.5 136.5 122.0 133.4 178.1
salicylate2- 114.5 168.5 123.3 133.3 130.9 132.1 181.2
4me-salicylic acid 111.1 162.7 118.1 148.3 121.5 131.4 173.6 21.8
5me salicylic acid 113.3 160.2 117.9 137.6 129.7 131.1 173.6 20.4

K2[0 s0 2 (sal>2] (major) 122.0 174.0 122.9 136.7 123.3 135.8 176.9
(minor) 122.1 173.9 122.6 137.1 123.5 133.2 177.9

K2[Os0 2 (4me-sal)2] (major) 119.7 173.9 122.4 148.6 124.5 135.9 177.3 23.5
(minor) 119.3 173.8 123.3 149.0 124.8 133.9 178.2 23.3

K2[0 s0 2 (5me-sal)2] (major) 118.7 172.1 123.1 137.5 132.7 135.2 176.9 22.0
(minor) 119.4 172.0 122.8 137.1 133.0 134.5 177.9 21.7

(Me4N)2[Mo0 2 (sal)2] 120.6 162.5 119.1 136.8 122.1 133.3 177.6
(Me4N)2 [Mo0 2 (4me-s al)2] 118.2 162.4 119.2 148.0 123.0 133.1 177.9 23.3
(Me4N)2[Mo0 2 (5me-sal)2] 119.0 160.2 120.3 137.5 131.8 133.2 177.4 22.2

Rh2(salH)4.Et0 H.H2 0  (major) 115.9 162.2 118.1 135.6 119.9 131.0 171.7
(minor) 113.3 163.1 117.9 136.7 119.5 131.3 —

K2[Pd(sal)2] (major) 119.5 165.8 116.5 133.3 120.1 132.6 173.0
(minor) 119.3 166.4 116.2 133.9 120.4 132.5 172.8

Pd(salH)2 120.7 165.6 120.8 139.4 122.7 133.9 175.3

In ̂ H20  solution; chemical shifts in 5 vs. SiMe4



Table 3.2.3.2 »H NMR data 

Compound

for salicylate complexes 

Chemical Shift (ppm)
H6 h 4 h 5 h 3

Salicylic acid 7.80 7.51 6.9
Sodium salicylate 7.63 7.24 6.7

(Me4N)2[Mo02(sal)2] major 7.60 7.23 6.73
(Me4N)2[M o02(sal)2] minor 7.67 7.29 6.8 6.71

K2[Pd(sal)2] major 7.55 7.06 6.54 6.61
K2[Pd(sal)2] minor 7.60 7.25 6.75
Pd(salH)2 7.73 7.48 6.76 6.80

K2[0 s 0 2(sal)2] major 8.00 7.40 6.85 6.98
K2[O s02(sal)2]minor 7.68 7.31 6.78 6.91

Rh2(salH)4.Et0H.H20  major 7.75 7.28 6.75
Rh2(salH)4.Et0H.H20  minor 7.91 7.55 6.95

Chemical shifts in 5 vs. SiMe4
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the carboxylate has primarily affected the carboxyl carbon and its adjacent carbon, Cl 

which are both shifted to lower fields.

Inspection of the 13C NMR data for the complexes which are listed in Table 3.2.3.1 

leads one to suggest that 13C NMR spectroscopy is a much poorer tool for the 

determination of modes of bonding in salicylate complexes than it is for complexes of 

aliphatic hydroxy acids156 or catecholates193. The chemical shifts occurring upon 

complexation are quite small and thus less reliable indicators of coordination sites. 

Monodentate bonding of the carboxylate group seems to shift C7 downfield, but not 

very much. Ci is shifted downfield slightly more, by some 4 - 9  p.p.m. Bridging by 

both oxygens of the carboxylate as in Rh2(salH)4.Et0 H.H20, shifts C7 very slightly 

upfield and Ci downfield. In complexes where the hydroxyl group is coordinated the 

values of C2 vary quite considerably, from 162.5 p.p.m. in (Me4N)2[MoC>2(sal)2] to

174.0 p.p.m. in K2[OsC>2(sal)2]. In Rh2(salH)4.Et0 H.H20 where the hydroxyl is non- 

bonded, C2 resonates at 162.2 p.p.m. Spectra of the complexes are discussed 

individually below.

3.2.3.1 Molybdenum

The proton NMR spectrum of the compound (Me4N>2[M o02(sal)2] (Figure 

3.2.3.1.1) shows the presence of two isomeric products in approximately a 1:9 ratio. 

In the major isomer the resonances of the two protons H3 and H5 are very similar and a 

second order multiplet is observed, while in the minor isomer, the resonances of these 

protons occur at fields sufficiently different that their signals do not overlap. The 

presence of the two isomers in Figure 3.2.3.1 is proposed. The third possible isomer, 

in which one salicylate coordinates with Oc trans to an oxo group and the other with Oh 

trans to the second oxo ligand, may be immediately ruled out because the eight protons 

in such a structure are all inequivalent and would thus give rise to eight signals of equal 

intensity.
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Figure 3.2.3.1 Isomers of [Mo02(sal)2]2

ctsOfc-frtf asOc-[Mo02(sal)2]2’ cisO c -rraniOll-[Mo02(sal)2]2

Figure 3.2.3.1.1 NMR spectrum of (Me4N)2[Os02(sal)2]
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Considering the environments o f H 6 in the two structures, we propose that cisOc- 

rra/wOh-[Mo02(sal)2] is the major isomer. This is to be expected since, in other 

complexes o f chelating salicylate, carboxylate has been found to be a weaker donor 

than the hydroxyl group and thus should preferentially bind to the site trans to the oxo 

group with its strong trans influence.

In the C NMR spectrum only a single set of seven peaks are visible and the 

chemical shift values are given in Table 3.2.3.1. In comparison with salicylic acid, the 

only resonances which have significantly shifted are those of the carboxyl group and its 

adjoining carbon Ci, which are both deshielded in the complex; the shift of the phenolic 

carbon atom (C2) is almost unaltered.

The pyridinium salt was not soluble enough for an NMR spectrum to be recorded.

3.2.3.2 Palladium

The proton NMR spectrum of K2[Pd(sal>2] (Figure 3.2.3.2.2) shows the presence 

of two isomers in an approximate 6:1 ratio. All the protons are more deshielded in the 

minor isomer. In the minor isomer, H5 and H3 are similar and are seen as a complex 

multiplet while in the major isomer they differ sufficiendy that discrete signals are seen 

for each, and both are at higher field than in the minor isomer.

Cis and trans isomers may be proposed as depicted below.

H4 H3

cis trans

Figure 3.2.3.2 Isomers of [Pd(sal)2]2"
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Figure 3.2.3.2.2 XH NMR spectrum of K2[Pd(sal)2]

The magnetic anisotropy of the carbonyl group is likely to be an important factor 

affecting its neighbouring atoms. Protons in the same plane as a carbonyl group are 

deshielded by it. In the c i s  isomer protons H5 and H3 are both remote from the 

carbonyl groups and so should be little affected by them while in the tra n s isomer, H3 

is directed the same way as the carbonyl on the opposite ligand and may be deshielded 

by it to some extent. It may thus be seen that there is a greater difference between the 

environments of H3 and H 5 in the tr a n s  isomer, therefore it is proposed that the tra n s  

isomer is the major one. The C NMR spectrum of this complex confirms the 

existence of two isomers, showing fourteen peaks. In the c is  isomer, C2 resonates at 

lower field than in the tra n s  isomer by 0.6 ppm . This may be because in the c is  isomer 

C2 is opposite to the electron withdrawing carboxylate group. In these palladium 

complexes, C2 is deshielded compared with salicylic acid while C7 is not.

The 13C and 1H NMR spectra of the protonated complex Pd(salH)2 were recorded. 

Only seven peaks were seen in the C NMR spectrum. Strangely, the protonation has 

affected the carboxylate carbon, which is deshielded, more than the phenoxyl carbon. 

In the *H NMR spectrum all the peaks are deshielded with respect to the potassium salt 

and an additional signal is seen at 10.9 p.p.m. due to the added proton.
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3.2.33 Osmium

The 13C NMR spectrum of K2[0 s0 2 (sal)2] shows fourteen peaks which indicates 

the presence of two isomeric products. The structures proposed involve a t r a n s  

0=Os=0 core with salicylate ligands coordinated c is  and tra n s , similar to the isomers of 

the palladium complex. The 1H NMR spectrum reveals that the isomers are present in a 

1:4 ratio. The criterion used to distinguish between the isomers of the palladium 

complex will not hold here since H3 and H5 differ by the same amount in both isomers. 

The NMR spectrum shows that the protons of the major isomer are all more 

deshielded than those of the minor isomer, the opposite to the situation found for Pd. 

So very tentatively, it is suggested that the c i s  isomer is the one which predominates 

here. The protons are more deshielded than those of the palladium and molybdenum 

complexes, which is possibly a result of the magnetic anisotropy of the osmyl group.

PPM
-----1 1 1 1 1 1 1 ] 1 1 1 1 1 1 1 r— 1 1—

8.0 7.5 7.0 6.5

Figure 3.2.3.3 NMR spectrum of K2[0 s0 2 (sal)2]

3.23.4 Rhodium

The proton NMR spectrum of Rh2(salH)4.Et0 H.H2 0  showed a peak due to the 

hydroxyl proton at 103 p.p.m.. The aromatic region of the spectrum was rather 

complex and showed that there were indeed two types or orientations of salicylate in the 

molecule which gave rise to similar signals. The 13C NMR spectrum also showed the 

presence of two differently oriented salicylates.
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3.2.4 IR and Raman studies

Salicylic acid has been the subject of several IR and Raman studies194,195,196 and 

also a SERS investigation197. We give frequencies and intensities for vibrations of the 

carboxylate and hydroxyl groups of salicylic acid and sodium salicylate in Table 3.2.4. 

The nomenclature used is analogous to that used for the a-hydroxycarboxylates with 

the addition of (3(0-H)h and P(0-H)c representing bends of the phenolic and carboxylic 

OH groups respectively. The values given in the table are our own and agree well with 

other published values. The assignments are based upon those of Volovsek et al194 and 

also the work of Dunn and McDonald in which lsO labelling of the carboxylate group 

was used196. It must be stated that other works in the literature do not always concur 

with these assignments; there has been particular ambiguity regarding the assignments 

of bands to the C-O stretch and the bend of the phenolic OH195,198,199, and we have 

chosen to use the assignments of Volovsek since they were made with the aid of normal 

coordinate analysis.

The bands likely to be due to C-O and O-H stretches in the complexes are assigned 

following the work of others on analogous complexes. All of the complexes have two 

bands in the 1570-1640 cm*1 region. The carboxyl stretch can generally be 

distinguished since it appears somewhat broader than the other band in this region 

which probably arises from an aromatic stretch; this aromatic band is virtually 

invariable in position in the different complexes at around 1615 cm"1. The vibration 

arising from v(C -0)c may readily be identified as a moderately strong band between 

1325 and 1380 cm ' 1 in each case. Generally it is observed that v(C=0) occurs at lower 

frequencies in the complexes than in salicylic acid while v(C -0)c occurs at higher 

frequencies. In those complexes in which salicylate chelates by hydroxyl and 

monodentate carboxylate, the difference between the two carboxylate stretches v(C=0) 

and v(C-0)c is larger than in the rhodium complex where the carboxylate bridges. This
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is typical behaviour for carboxyiate groups200. Where the hydroxyl is involved in 

bonding to the metal, deprotonated or not, v(C-0)h is decreased. The complexes in 

which the hydroxyl remains protonated are distinguished by the presence of v(0-H)h as 

a strong, rather broad band near 1370 cm'1.

The vibrations of the salicylate ligands in the various osmium and molybdenum 

complexes typify salicylate which is doubly deprotonated and chelating via its 

carboxyiate and hydroxyl groups. The oxo-molybdenum species (Me4N )2[Mo02(sal)2] 

shows bands attributable to vibrations of cis M0O2 groups, the symmetric stretch 

vs(Mo02) is seen at 908 cm' 1 and its asymmetric counterpart vas(MoC>2) at 876 cm'1. 

The symmetric stretch is strong in the Raman spectmm, polarised in solution and 

moderate in the IR, while the asymmetric stretch is strong in the IR spectrum and 

somewhat weaker in the Raman. We have not given vibrational data for the pyridinium 

salt (pyH)2[MoC>2(sal)2] as it was not possible to assign bands unambiguously due to 

the presence of bands due to vibrations of the pyridinium ion. It was possible however 

to identify the symmetric and asymmetric vibrations of the cis M0O2 group at 920 and 

893 cm' 1 respectively.

In the complex K2[Mo2C>5(sal)2] the vibrations of the salicylate ligands are very 

similar to those of (Me4N)2[Mo02(sal)2]. The presence of cis dioxo groups within this 

structure is indicated by the presence of strong bands at 935 and 896 cm"1, while the 

strong broad band at 745 cm ' 1 not seen in the monomeric species [Mo02(sal)2]2' is 

tentatively assigned to the stretch of an oxo bridge between the two molybdenum 

atoms. The IR spectrum for K2[W 2C>5(sa l)2] is almost identical to that of 

K2[Mo205(sal)2].

Each of the three oxo-osmium species K2[Os02(sal)2], 0 s02(sal)(TMED) and 

Os02(sal)(dipen) show bands attributable to stretches of trans OsC>2 groups. The 

asymmetric stretch is seen as a very strong, sharp IR band near 835 cm ' 1 while the 

symmetric stretch is seen in the Raman near 880 cm'1, polarised in solution.
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It is probable that Pd(salH)2 has a similar structure to the potassium salt K2[Pd(sal)2] 

except that the coordinated hydroxyl retains its proton. It is suggested that the band at 

1341cm"1 which is not seen in the spectrum of the potassium salt may be attributed to 

the (0-H)h stretch; v(C-0)h is little affected by the protonation.

The salicylate ligand is known to remain protonated at the hydroxyl group in 

Rh2(salH)4.Et0 H.H20175 and a very strong broad IR band at 1385 cm"1 may be due 

to v(0-H)h and this probably obscures v(C -0)c. That this band is not simply due to 

v(C-0)c may be seen from the breadth of the band and its dominance of the spectrum. 

The stretch for the hydroxyl group, v(C-0)h, which doesn't take part in the bonding to 

the metal occurs nearly at its free ligand value.

3.2.5 Complexes with substituted salicylic acids

Some analogues of K2[Os02(sal)2] and (Me4N)2[MoC>2(sal)2] were prepared using 

alkyl substituted salicylates. The new complexes K2[0 s02(4-me-sal)2], K2[Os02(5-me- 

sal)2], (Me4N)2[MoC>2(4-me-sal)2] and (Me4N)2[Mo02(5me-sal)2] were prepared (4- 

me-sal = 4-methylsalicylate, 5-me-sal = 5-methylsalicylate). The ligand 3-methyl 

salicylate gave a very unstable complex with osmium, while with molybdenum no solid 

product could be isolated. Amino and sulphosalicylic acids gave only decomposition 

products with both metals.

NMR and vibrational data for the new complexes are given in Tables 3.2.3.1 and 

3.2.4. The vibrational data are not significandy different from those of the complexes 

with unsubstituted salicylate, while the NMR data shows that the replacement of a 

proton by a methyl group causes the substituted ring carbon to shift to lower field by 

approximately 10 p.p.m.
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Table 3.2.4 Vibrational data for salicylato complexes 
(frequencies in cm'1)

Complex v(C=0) p(0-H)c p(0-H)h v(C-0)c vCC-O  ̂vs(M02) vas(M02)

salicylic acid 1660vs 1445s 1385m 1328m 1250s — —

1637s 1438w 1388m 1324s 1248s - -

Na.salicylate 1583s - - 1377s 1317m 1248m - -

K2[0s02(sal)2] 1639vs — _ 1341s 1220m 885s 835s
Os02(sal)(TMED) 1625s - - 1325s 1229m 880s 843s
Os02(sal)(dipen) 1620s - - - 1330s 1232m 882s 838s
(Me4N)2[Mo02(sal)2] 1598vs - - 1359vs 1233m 908s 876s

1597s ~ - 1362w 1243s 908s 876m

K2[W205(sal)2] 1600s — — 1361s 1244m 943s 901s
1603s - - - - 1247vs 947s 904m

K2[Mo205(sal)2] 1596vs - - 1362s 1244m 935s 896s

K2[Pd(sal)2] 1590vs — — 1378s 1234m — _

1575s - - 1368m 1240m - -

Pd(salH)2 1596s - 1351m 1380s 1231s - -

Rh2(salH)4.Et0H.H20 1590s — 1385vs 1247s — —

1586w - - 1379vs 1395vs 1244s - -

4Me-salicylic acid 1651s 1443s 1330m 1365m 1246s _

5Me-salicylic acid 1649 1440s 1330m 1365m 1240s - -

K2[0s02(4-me-sal)2] 1637vs — ■ — 1331m 1232w — 831
K2[Os02(5-me-sal)2] 1634vs - - 1339s 1258m - 833
(Me4N)2 [Mo02(4-me-sal)2] 1596s - - - 1340s 1255m 904s 873s
(Me4N)2[Mo02(5-me-sal)2] 1591s - - - 1330s 1234m 905s 875s

Raman data in italics
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3.2.6 X-Rav Photoelectronic spectroscopy

X-ray photoelectronic measurements for the osmium complexes K2[OsC>2(sal)2], 

K2[0 s02(4-me-sal)2] and K2[0 s02(5-me-sal)2] revealed that Os Af^p binding energies 

in these complexes were 55.1, 55.0 and 55.1 eV respectively which confirmed that all 

three complexes contain osmium in the +6 oxidation state.

3.2.7 Cyclic voltammetry

Cyclic voltammetric measurements were taken for the complex (PPh4)2[0 s02(sal)2] 

in dichloroethane. The voltammogram showed an oxidation and a reduction at +0.50v 

and -2.42v respectively, both of which were irreversible. Irreversibility is common for 

trans osmyl complexes. The complex Os02(py)2(sal) was also found to give 

irreversible features only, viz an oxidation at +1.58 and reductions at -0.88 and - 

1.54v150. The more positive potentials required for the processes of the complex with 

pyridine co-ligands may reflect its neutral charge, which should make it more difficult 

to oxidise and easier to reduce. The free acid Pd(salH)2 in acetonitrile showed an 

oxidation at +0.8v and a reduction at -1.78v, both irreversible, and 

(Me4N)2[MoC>2(sal)2] underwent no electrochemical changes.

3.2.8 Complexes with salicylic acid analogues

Finally, we discuss some new complexes of osmium with some ligands which are 

similar to salicylic acid. The three ligands used were thiosalicylic acid, anthranilic acid 

and o-aminophenol. The structures of these three ligands are shown below.

O O

thiosalicylic acid anthranilic acid 0-aminophenol
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3.2.8.1 Thiosalicvlic acid

Several complexes of thiosalicylic acid with transition metals have been reported. In 

some o f these, for example HNi(C7H 50 2 S )3,201 H iP d C C v H ^ S h 201 and 

M(C7H402S)202 (M = Zn, Cd and Pb) it is proposed to chelate via the sulphydryl 

group and the carboxyl group while in others such as H2Cu(C7H5C>2S)4201, 

HRh(C7H5C>2S)4201 and Hg(C7H502S)2202 it is probably monodentate S bonded.

When thiosalicylic acid was reacted with /rans-K^tOsC^COMe^] in methanol the 

brown water soluble salt K2[0 s(0 H)2(C7H402S)2] was obtained. This gave no band 

likely to be an osmyl stretch in the IR but there was a strong broad band at 3470 cm’1 

due to the hydroxide ligands. It is likely that hydroxo rather than aquo groups are 

present since the latter have an HOH bending mode near 1600 cm'1 203 which our 

compound lacks. The IR spectrum also contained bands due to thiosalicylate; worthy of 

note are a strong band at 1588 cm'1 due to v(C=0) which is lower than its value in 

thiosalicylic acid by 90cm'1, and a strong band at 1343cm'1 due to v(C-O). The band 

due to the S-H stretch which appears at 2570 cm'1 in the IR spectrum of the free ligand 

is absent for the complex.

It appears that thiosalicylic acid is more reducing than salicylic acid and has 

brought the oxidation state of the osmium down from VI to IV. The complex is 

paramagnetic and has a value of of 2.86 B.M. which is close to the spin only value

for two unpaired electrons, and this suggests that the electron energy levels dxz and dyz 

are degenerate or almost so and hold one electron each.

3.2.8.2 Anthranilic acid

There are complexes involving anthranilic acid and a number of divalent metal ions, 

these are of the type M(CeH4C02NH2)2 where M = Zn, Cd, Hg, Pd and Cu204,205. 

The last complex has been of interest as a potential anti-inflammatory drug206.
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When anthranilic acid was reacted with fra/is-K^tOsC^COMe)^ in methanol the brown 

complex K2[Os(OH)2(anthranilate)2] was obtained. This showed no band likely to be 

vas(0 s02) and there was a broad band near 3500 cm ' 1 due to the stretch of coordinated 

hydroxyl groups. The very strong band at 1600 cm' 1 in the IR spectrum we assign to 

v(C=0), decreased in frequency from 1662 cm ' 1 in the free ligand. There was also a 

broad band at 3240 cm ' 1 which probably arises from an N-H stretch. X-ray 

photoelectron spectroscopy gives an osmium 4f7/2 binding energy of 53.8eV which is 

an appropriate value for osmium(IV). It seems that again the ligand has reduced the 

osmium, but unlike the preceding thiosalicylate complex, this anthranilate complex is 

diamagnetic. This suggests that this complex is distorted sufficiently to split the dxz 

and dyz levels and thus lead to the electrons pairing up in the lower orbital.

3.2.7.3 O-Aminophenol

There have been no reports of complexes of o-aminophenol with osmium but 

complexes with some other transition metals have been isolated. These are 

Fe(C6H4ONH2)32<)7, Mn(C6H4ONH2)2 M = Cu, Mn207, Pd and Ni208. The latter two 

complexes upon reaction with potassium amide in liquid ammonia under anaerobic 

conditions form the salts K2[M(C6H40NH>2] in which a proton is lost from each NH2 

group208. The transformation of coordinated NH2 to NH is clear in the IR spectra since 

the series of bands between 3325 and 3195 cm' 1 are reduced to a weak singlet due to 

the v(N-H) mode208. There is also a series of complexes known with platinum of the 

type Pt(C6H40NH2)L where L = ox, malonate, acetate and formate, and these contain 

monoanionic 0-aminophenol209. The complex Re0 (Me)(C6H40NH)2 has recently 

been reported210.

The reactions of oaminophenol with trans-K2[0s02(PH)^\ in aqueous solution, 

/rtf/?,y-K2[0 s02(0 M e)4] in methanol or OSO4 in dichloromethane all lead to the
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precipitation of the new complex Os(o-aminophenolate)3. This complex is insoluble in 

most common solvents and has only modest solubility in DMSO and DMF. This is 

rather surprising given the high solubility of the similar complex Os(cat>3 in many 

solvents101. The complex is diamagnetic and X-ray photoelectronic spectroscopy gives 

an osmium 4f7/2 binding energy of 55.1 eV , a value typical of osmium (VI). The IR 

spectrum does not contain a strong band near 1600 cm"1; NH2 groups would produce a 

strong bending mode in this region208. At 3170 cm"1 there is a moderately strong band 

which we assign to v(N-H). It seems likely that the aminophenol is doubly 

deprotonated. The mass spectrum, recorded using FAB+ conditions clearly shows the 

parent ion at m/z = 513 which corresponds to 0 s(C6H40NH)3+, and also peaks at 406 

and 107 which correspond to the fragments Os(C6H40NH)2+ and C6H4ONH*

The cyclic voltammogram of Os(o-aminophenol)3 was recorded and the data with 

possible assignments are summarised in Table 3.2.13 below.

Table 3.2.7.3 Cyclic voltammetric data for Os(0-am in op h en ola te)3

El/2 (V) AE (mV) Assignment

-1.74 80 Os(V)-(TV)

-1.12 70 Os(VI)-(V)

-0.08 75 Os(VI)-(Vn)

+0.34 — O s(vn)-(vm )

Recorded in DMSO with 0.1M "Bi^NPFg as supporting electrolyte. Potentials vs Fc/Fc+ = O.OOv
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3.3 Experimental

3.3.1 Complexes of g-hvdroxvcarboxvlates

Os(>2(py)2L (L=hydroxycarboxylate)

OSO4 (0.05g, 0.19mmol) was dissolved in ethanol (2cm3). The hydroxycarboxylic 

acid (0.19mmol) was added followed by pyridine (1cm3) (or 3-picoline in the case 

of two of the complexes). The reaction mixture was then placed in the freezer and 

left until the product precipitated. This was filtered off, washed with diethyl ether 

and vacuum dried. The complexes are various shades of brown in colour and 

slowly decompose in solution.

The following complexes were prepared by this method:

O s 0 2(p y h (o x )

(Found: C, 30.9; H, 2.0; N, 6.0. C 12H 10N 2O6OS requires C, 30.8; H, 2.2; N,

6 .0 % .)

Os02(pic)2(OX)

(Found: C, 33.8; H, 2.7; N, 5.7. C 14H 14N 2O6OS requires C, 33.9; H, 2.8; N, 

5.6%.)

O s0 2(p y)2(g lyco late)

(Found: C, 32.1; H, 2.8; N, 6.0. C 12H 12N 2O5OS requires C, 31.7; H, 2.7; N,

6 .2% .)

Os02(pyh(lactate)

(Found: C, 33.6; H, 3.0; N, 5.8. C 13H 14N 2O5OS requires C, 33.3; H, 3.0; N,

6 .0%.)

Os02(py)2(ati*olactate)

(Found: C, 41.6; H, 3.1; N, 5.2. C 19H 18N 2O5OS requires C, 41.2; H, 3.3; N, 

5.1%.)
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[0 s0 2 (py)2h(tartrate)

(Found: C, 32.0; H, 2.7; N, 6.0. C24H22N 4O10OS2 requires C, 31.8; H, 2.4; N,

6 .2% )

Os(>2(py)2(citrate)

(Found: C, 34.4; H, 3.1; N, 5.1. C i6H i6N 20 90 s requires C, 33.7; H, 2.8; N, 

4.9%.)

O s0 2(py)2(quinate)

(Found: C, 35.4; H, 3.3; N, 5.5. C i7H2oN20 8Os requires C, 35.8; H, 3.5; N, 

4.9%.)

OsO2(py)2(oxo**s0butyrate)

(Found: C, 35.0; H, 3.2; N, 5.8. C 14H 16N 2O5OS requires C, 34.8; H, 3.4; N, 

5.8%.)

Os02(pic)2(oxoisobutyrate)

(Found: C, 38.2; H, 3.9; N, 5.5. C 16H20N 2O5OS requires C, 37.6; H, 3.9; N, 

5.5%.)

K2[0s02(L)2] (L=hydroxycarboxyIate)

7y<z/JS-K2[OsC>2(O M e)4] (0.05g, 0.12mmol), prepared by the method of 

Criegee211, was dissolved in methanol (5cm3). The hydroxycarboxylic acid 

(0.24mmol) (or in the case of tartaric acid, 0.18mmol) dissolved in the minimum 

quantity of methanol was added with stirring whereby a colour change to green 

occurred. The volume of solution was reduced until the product began to 

precipitate. The product was centrifuged off, washed with methanol, then diethyl 

ether and stored under vacuum. All the complexes were dark green and 

decomposed readily, particularly in aqueous solution, depositing OsC>2.
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The following complexes were prepared by this method:

K 2[O s 0 2(ox)2]

(Found: C, 10.0; H, nil; K, 16.0. C4K 2O 10OS requires C, 10.0; H, nil; K, 

16.4%.)

K 2[ O s 0 2(g lycoIate)2]

(Found: C, 10.8; H, 0.8; K, 16.6. C4H4K20 80 s requires C, 10.7; H. 0.9; K, 

17.5%.)

K 4[(0 s 0 2)2(tartrate)3H 4] .4H20

(Found: C, 11.9; H, 1.3; K, 13.7. C i2H i8K40260s2 requires C, 12.9; H, 1.6; K, 

14.0%.)

K 2[ 0 s 0 2(q u in ate)2].6H 20

(Found: C, 20.1; H, 3.7; K, 8.7. C14H32K2O20OS requires C, 21.3; H, 4.0; K, 

9.9%.)

K4[Os20$(ox)4] was prepared according to the literature for "K2[Os030x]"154, 

with the addition of a few drops of ethanol to accelerate the reaction.

(Found: C, 5.5; H, 0.7; K, 17.8. C4H4K4O 16OS2 requires C, 5.7; H, 0.5; K, 

18.5%.)
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3.3.2 Complexes of salicylates

3.3.2.1 Molybdenum and tungsten

(M e4N)2[M o02(sal)2].H20 was prepared by the literature method177.

(Found : C, 46.2; H, 6.2; N, 5.0. C22H34M0O9N 2 requires C, 46.65; H, 6.05; N, 

4.95%.)

(p y H )2[M o 0 2 (sa I)2]H 20 was prepared by the literature method for " 

4[M o02(sal)2]H2.9py + 4H20  " 177

(Found : C, 49.5; H, 3.5; N, 4.5. C24H22N 2M 0O9 requires C, 49.8; H, 3.8; N, 

4.8%.)

K2[M o20 5 (sal)2] was prepared by the literature method for " KH[MoC>2(sal)2] + 

KH[M o03(sal)] +H20  " 177.

(Found : C, 29.0; H, 1.6; K, 11.5.C i4H8K2M o2O ii requires C, 27.0; H, 1.3; K,

12 .6%.)

K2[W20s(sal)2] was prepared by the literature method for " K[W02(OH)(sal)] " 

178

(Found : C, 22.1; H, 1.25; K, 9.6%. C i4H8K2O iiW 2 requires C, 21.1, H, 1.0; K, 

9.8%.)

3.3.2.2 Osmium

K2[0 s02(sal)2l was prepared by three methods.

(a) the literature method of Barbieri179.

(b) To a stirred solution of fran,s-K2[0 s02(0 Me)4] (0.2g, 0.47mmol) in methanol 

(15cm3) was added salicylic acid (0.13g, 0.94mmol) in methanol (5cm3). The deep red 

solution that resulted was left to stir until the product precipitated as a shiny brown/red 

precipitate. This was filtered off and washed with methanol and diethyl ether.
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was added sodium salicylate (0.28g, 1.77mmol) in ethanol. The resulting suspension 

was stirred for 4 hours during which time its colour changed through yellow to deep 

red. The product was filtered off and washed with ethanol and diethyl ether.

( Found C, 29.0; H, 1.5; K, 13.3. C i4H8K208 requires C, 29.4; H, 1.4; K, 13.7%.)

(P P h 4)2[O s0 2(sa l)2]

To a stirred solution of frtfrt,s-K2[0 s02(0 Me)4] (0.15g, 0.34mmol) in methanol 

(10cm3) was added salicylic acid (0.094g, 0.68mmol) dissolved in methanol and water 

(8+2cm ). This gave a red solution which was filtered into an aqueous solution (10cm 

of PPluCl (0 .3 lg , 0.8mmol). The methanol was evaporated off and the salt 

precipitated from the solution as a green powder. This was reciystallised twice from 

dichloromethane and diethyl ether.

( Found C, 62.9; H, 4.0; . C62H480 8P20s requires C, 63.4; H, 4.1%.) 

O s 0 2(sal)(TM ED)

To a solution of (PPh4)2[0 s02(sal)2] (0.2g, 0.18mmol) in dichloromethane was added 

tetramethylethylenediamine (0.5cm3) and this solution was then refrigerated until the 

product precipitated as a brown powder.

( Found C, 32.8; H, 4.0; N, 5.8. C13H20N2O5OS requires C, 32.9; H, 4.2; N, 5.9%.) 

Os0 2(sal)(dipen) was prepared by a similar method.

( found C, 35.6; H, 4.6; N, 5.6. Ci5H24N 2050s requires C, 35.8; H, 4.8; N, 5.6%.)

3.3.2.3 Palladium

K2[Pd(sal)2] was prepared by two methods.

(a) the method of Barbieri180

(b) A solution of potassium carbonate (lg,mmol) and salicylic acid (lg , mmol) in
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water was heated until all effervescence had ceased. Then palladium chloride (0.33g, 

mmol) was added with stirring. This gradually dissolved to give a yellow solution, 

which upon cooling yielded the product as a bright yellow powder. This was filtered 

off and washed with ethanol.

( Found C, 37.0; H, 1.9; K, 16.8. C i4H8K20 6Pd requires C, 36.8; H, 1.75; K, 

17.1%)

Na2[Pd(sal)2l was prepared in a similar fashion.

(Found C, 39.9; H, 2.0; Na, 10.4. Ci4H8Na206Pd requires C, 39.6; H, 1.9; Na,

10.8%.)

P d (sa lH )2

This was prepared by a modification of the literature method. To a solution of 

Na2[Pd(sal)2] (0.2g, mmol) in water 5cm3 was added dropwise dilute sulphuric acid 

until no more off white precipitate formed. This was filtered off and washed with 

water.

(Found C, 44.0; H, 2.7. Ci4HioC>6Pd requires C, 44.2; H, 2.6%.)

3.3.2.4 Miscellaneous

[Rh2(H sal)4.Et0H .H 20 ].E t0 H .H 20  was prepared by the literature method175. 

(Found C, 43.6; H, 4.0. C32H360i6Rh2 requires C, 43.5; H, 4.1%.)

K2[O s(O H )2(th iosalicyIate)2]

To a stirred solution of rr<j«.s-K2[ 0 s 0 2(0M e)4] (0.15g, 0.34mmol) in methanol 

(10cm ) was added thiosQlieylic acid (O.lg, 0.68mmol). A red-brown solution resulted. 

Diethyl ether was added dropwise until a slight cloudiness was seen and the solution 

was refrigerated until the product precipitated as a fine brown powder.
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(Found: C, 26.8; H, 1.7; K, 12.0. C i4H ioK2080sS2 requires C, 26.3; H, 1.6; K,

12 .2%.)

K2[Os(OH)2(anthraniIate)2] was prepared analogously.

(Found: C, 29.0; H, 2.1; N, 4.6; K, 13.3. C i4H i2K2N 20 6Os requires C, 29.4; H, 

2.1; N, 4.9; K, 13.7%.)

O s(0-am inoph en olate)3 

This was prepared by three methods:

(a) A solution of 0 s 0 4 (O.lg, 0.39mmol) in dichloromethane was chilled ih an ice-salt 

bath. This solution was gently stirred as o-aminophenol (0.086g, 0.78mmol) was 

added. The solution gradually became purpley-brown and the product precipitated as a 

dark powder.

(b) To a solution of rr<3«,y-K2[Os0 2(OH)4] (0.4g, l.lm m ol) in water (20cm3) was 

added o-aminophenol (0.24g, 2.2mmol) in ethanol (20cm3). This gave a deep blue 

solution from which, upon chilling the product precipitated.

(c) As (b) but using frtf/2j-K2[Os0 2(OMe)4] in methanol in place o f aqueous trans- 

K2[0 s0 2(0H )4].

(Found: C, 41.7; H, 2.7; N, 8.0. C i8H i5N 30 30 s requires C, 42.25; H, 2.9; N,

8.2%.)
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CHAPTER 4

Complexes oj Osmium w ith  Sugars

unci Ciols

The preparations and properties of some new complexes of osmium with sugars are 
reported. Diolato complexes o f osmium were also studied, since diols are simple 

models for sugars.
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CHAPTER 4

Complexes of Osmium with Sugars and Diols

4.1 Introduction

As mentioned in Chapter 1, ill-defined osmium complexes of a number of sugars 

(’osmarins') have been shown to be effective as antiarthritic drugs We decided

to study osmium complexes of simple sugars in order to try to clarify the nature of the 

osmarins; some diolato complexes were also made since diols are simple models for 

sugars.

Sugars (saccharides) are an important class of natural products. We have studied 

the coordination chemistry of monosaccharides, the simplest type o f carbohydrate. 

Monosaccharides are divided into sub classes according to the nature of the functional 

groups. The most commonly found types of sugars are the aldoses which are 

polyhydroxy aldehydes. Reduction of the aldehyde group of an aldose gives rise to a 

polyhydric alcohol known as an alditol, while mild oxidation conditions produce an 

aldonic acid (polyhydroxycarboxylic acid). There are also ketoses which are 

poly hydroxy ketones.

4.1.1 Aldoses

Aldoses may be subdivided into tetroses, pentoses, hexoses etc. according to the 

number of carbons, with pentoses and hexoses being the most common. The full series 

of aldopentoses and aldohexoses are depicted overleaf by Fischer projections. It may be 

seen that the pentoses and hexoses are two series of stereoisomeric compounds; each 

repeat unit of the sugars, R-CHOH-R' contains an asymmetric carbon. There are two 

enantiomers of each aldose but only one will be found in nature. In the carbohydrate 

field it is customary to use the D-L notation for distinguishing between enantiomers. In
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Figure 4.1.1.1 The D-series of aldohexoses and aldopentoses
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the projection formulae of D-sugars the OH group on the penultimate carbon lies to the 

right of the backbone while for all members of the L series it lies to the left.

The acyclic structures in Figure 4.1.1.1 represent only one form that the aldoses 

adopt. Aldoses readily undergo int molecular reaction whereby hydroxyl groups of the 

chain or stem react with the aldehyde group to give 5 or 6 membered (furanose and 

pyranose) hemiacetal structures.

H

CHjOH

CHjOH

CHjOH

Figure 4.1.1.2 The cyclisation of glucose

Cyclisation renders the carbon of the aldehyde function asymmetric and therefore 

each ring has two stereoisomeric forms, termed alpha and beta anomers. In solution 

complex equilibria are set up between alpha and beta anomers of the furanose and 

pyranose ring forms and the open chain modification. For typical pentose and hexose 

sugars the equilibria usually lie well over on the side of the ring compounds.

The pyranose forms of sugars exist in a chair conformation; the conformation that 

predominates is that with the fewest repulsive interactions. The conformations of 

furanose rings are buckled and exist in either envelope (E; one carbon out of plane, as 

shown in Figure 4.1.1.2) or twist (T; two vicinal carbons out of plane) conformations.
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The series of pentitols and hexitols are shown in Figure 4.1.2. The alditols, unlike

4.1.2 Alditols

the aldoses are not able to cyclise and so exist only in the straight chain form.
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Figure 4.1.2 The D-series of hexitols and pentitols

4.1.3 Ketoses

The known ketoses contain the keto group in the 2-position. They, similarly to the 

aldoses, can cyclise to give hemiacetals with five to seven membered rings, each of 

which has alpha and beta anomers. Fructose and sorbose are the only ones to occur 

commonly in nature.
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The aldonic acids are not common natural products but are the initial oxidation 

products produced from aldoses by most oxidants. Gluconic acid is the most significant 

aldonic acid. The aldonic acids seldom exist as straight chains; they readily react 

internally to form either delta or gamma lactones, with the gamma lactones being the 

more stable.

4.1.4 Aldonic acids

4.1.5 Osmium sugar chemistry

Examples of osmium carbohydrate compounds are few and due to their complex 

nature are poorly characterised, their structures vague and undefined. It is one of the 

aims of this work to establish the existence and stereochemistry of such species.

One of the first studies of osmium carbohydrate chemistry was of the complexation 

of osmium by gluconate ions in solution212. Osmium in the VI, IV and IQ oxidation 

states was found to form strong complexes with gluconate. Job's plots gave a formula 

of two gluconate ions per osmium in the Os(VI) system while optical rotation 

measurements suggested the formation of a number of complexes and possibly 

polymeric species as the solutions equilibrated. None of these complexes was isolated 

nor their structures determined.

Beer prepared complexes between bipy and TMED osmates and a variety of 

carbohydrates - monosaccharides, cyclodextrin and amylose213. He found that 

monosaccharides with two sets of glycols, for example glucose and galactose, gave 

mixtures of products containing one or two osmate ester units per sugar molecule while 

those with one set of glycols gave one osmate ester per sugar.

Then there are the osmarins, the osmium carbohydrate polymers prepared by 

Hinckley et al by reaction of K[Os02(C>2CCH3)3] and sugars in glacial acetic 

acid11,12,13. They are polydisperse macromolecules and have a wide range of
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compositions depending upon the reaction conditions. Solution viscosity measurements 

indicate the molecules to have generally spherical shapes. It seems likely that they are 

coiled chains having an osmium-containing backbone and monosaccharide ligands 

attached. Infrared spectra of the glucose polymers lend only to the rather vague 

suggestion that the materials are glucose and/or gluconate solubilised 0 S0211-

4.1.6 Coordination chemistry of sugars with other metals

Most coordination chemistry of sugars has been carried out with molybdenum and 

tungsten; there has been interest in this area because sugars are possible complexing 

sites for molybdenum in certain enzymes214.

A number of investigations using optical activity and potentiometric and 

conductimetric methods have described complex formation between molybdate ions and 

mannitol in solution. The molybdate-mannitol ratio of 2:1 is well established. Llopis 

made a detailed study of the complexation of tungsten(VI) by mannitol and sorbitol 

which both behave similarly . Studies were made over a wide pH range and products 

of three different stoichiometries were proposed. At pH 12 to 9, 9 to 7 and 3 to 1 the 

main solution species were proposed to be [W0 (0 H)(C6H i206)2]’, 

[W203(OH)4(C6H ioC>6)]2' and [W203(0 H)(C6H n 06)2]" respectively; the second 

species adopts two isomeric forms215. 13C NMR was found to be a very effective tool 

to predict which oxygen atoms were involved in bonding and in each of the complexes 

a different denticity and mode of bonding was proposed. The latter two complexes 

were isolated as their sodium salts215. Only one alditol complex has been fully 

characterised by X-ray crystallography; this is the mannitolatodimolybdate complex, 

Na[M o20 5{03(OH)C6H8(OH)2)] .2H20 216 shown in Figure 4 .I.6 .I. The anion 

consists of an M02O5 core about which the mannitolate ligand acts as a tetradentate 

ligand, two of the oxygen atoms (Oi and O3) bridge between the molybdenum atoms 

and another two (O2 and O4) are monodentate. The bridging Oi is not deprotonated.
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Figure 4.1.6.1 Structure of the [Mo205{03(OH)C<5Hg(OH)2}]' anion

There have been several solution studies of the complexation of molybdenum and 

tungsten (V) and (VI) by sugars. Methods used have been electrophoresis217’218,

O .R .D .219,220 and and 13C NMR spectroscopy221. A wide range of

monosaccharides form complexes with these species and there is a consensus that the 

sugars complex in the cyclic pyranose form217'221. It has generally been agreed that 

those sugars which complex most strongly have three hydroxyl groups placed so that 

they can occupy three adjacent sites in an octahedral complex, generally by 1,2,3-c/s 

hydroxyl groups adopting an axial, equatorial, axial sequence. Examples of such 

sugars are mannose, lyxose and ribose. Complexes formed by such sugars have been 

found to migrate well during electrophoresis and also to give ORD spectra with well 

defined Cotton effects, the signs of which are proposed to depend on the conformation 

of the pyranose ring. Others sugars, viz xylose, arabinose, galactose and glucose give 

complexes which have veiy weak electrophoretic mobility and poorly defmed ORD 

spectra. It was suggested that these sugars can act only as bidentate ligands by the use 

of 1,3-cis axial hydroxyl groups. The full structures of these complexes have not been 

determined but Job’s method of continuous variation shows there to be a sugar to 

tungsten ratio of 1:1. The pH range studied was 4.5 to 6.5

A recent paper however disagrees with the previous work222. A potentiometric
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study shows that lyxose and mannose complex with a 2:1 molybdenum or tungsten to 

sugar ratio, while 95Mo NMR at pH 5 shows the presence of two non-equivalent
t *2

molybdenum atoms in the complexes. This information along with C NMR-data, 

reassigned by a C- H correlation experiment, led the authors to suggest that the 

complexes have a dinuclear metallic core chelated in an asymmetric fashion by four of 

the hydroxyl groups of the sugars; the signals for C i to C4 are each shifted downfield 

by 12.8ppm or more. Lyxose gave one complex species while mannose formed several 

complexes, the principal one very similar to that o f D-lyxose. The fact that lyxose and 

mannose form complexes of higher stabilities than those of other aldoses is thought to 

be related to their belonging to the same configurational series as regards Ci to C4. 

There is an X-ray crystal structural study of a complex prepared from the reaction 

between ammonium molybdate and xylose; rather surprisingly the product is found to 

be a complex of lyxose, Mo205(C5H iq05) and is shown in Figure 4.I.6.2.

Figure 4.1.6.2 Structure of Mo2C>5(C5H io05)

Mo(VI) can catalyse epimerisation o f pentose sugars at C2 and in this case has 

converted xylose to lyxose. The lyxose ligand as a furanose ring bonds to the M02O5 

core using O2 and O5 as bridges and Oi and O 3 as monodentate binders. No evidence 

that this species prevails in solution has been found221,222.
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Some complexes of cobalt(III) with aldoses have been isolated. These are 

[Co(NH3)4(D-ribose)]2(S04)3.4H20 , [Co(NH3)4(L-sorbose)]2(S0 4)3, [Co(NH3)4(D- 

arabinose)](NH4)(S04)2.3H20 and [Co2(NH3>4(OH)2(H20)2(D-arabinose)]2(S04)3 

.4 H 20 ,  and they have been characterised by IR spectroscopy and ORD

* 224.225 measurements ’ .

4.1.7 Diols

As sugars have complex structures, being polyhydroxylic and existing in various 

isomeric forms, we were interested in diols as simple models for such sugars. A 

number of diolato complexes of osmium are known. Some are discussed in section 

4.2. Square based pyramidal 'diesters' such as 0 s0 (02C 2H 4)2226 and 

0 s0 (02C2Me4)2227 are known, and there are also dimeric monoesters [OsC>2(C>2R)]2 

which are prepared from alkenes R (eg. tetramethylethylene and cyclopentene) rather 

than from diols (though they can also be made from rrans-tOsC^OH^]2' and 

diols)211,228. Osmyl complexes involving diols and N donors are known, eg. 

Os0 2(0 2 C2H4)(py)2229, 0 s0 2(02C2M e4)(NC9H7)2 and 0 s02(0 2C2M e4)- 

(NC9H7)230.

Since diols are obviously simpler than sugars we report our work on osmium 

diolato complexes first.
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We made a brief study of some complexes of osmium with diols using IR and

4.2 Diols

NMR spectroscopy.

4.2.1 Linear diols

The complex reported as 0 s02(py)2(0 CH2CH20H)2 has previously been prepared 

by the reaction of ethylene glycol with OsC>4 in a solution of pyridine, ethanol and 

carbon tetrachloride231. This would be a very unusual complex with the ethylene glycol 

groups apparently acting as monodentate ligands via one deprotonated hydroxyl, as 

shown in Figure 4.2.1(a) rather than as chelators (b). We repeated this preparation and 

obtained a deep brown product, the analyses of which fitted well with the formula 

above. In agreement with the literature the IR spectrum gave a strong band at 839 cm' 1 

due to the asymmetric stretch of the linear osmyl unit, and also a broad band near 3330 

cm ' 1 due to stretches of uncoordinated glycol OH groups. The IR data for the 

deuterated analogue have previously been reported231.

o
p y . || . o c h 2c h 2o h

p yx  || x  o c h 2c h 2o h  
o

> ' ° SV  *
p y ^  || \ o - c h 2 

0

(a) (b)

Figure 4.2.1 Structures of (a) 0 s02(py)2(0 CH2CH20H>2 and

(b) 0 s0 2(py)2(0 CH2CH20)

126



We recorded the proton NMR spectrum of 0s02(py)2(0CH2CH20H)2 in C2HCl3. 

In the proposed structure, the two pairs of methylene protons in each ligand are 

inequivalent and should therefore resonate at different fields and also undergo 

coupling, the signals each being split into triplets. A hydroxyl resonance is also 

expected. The recorded spectrum however contained a broad hydroxyl resonance and 

two sharp singlets. By comparison with the spectrum of the free ligand it is clear that 

the peak at 3.67 p.p.m. and the hydroxyl resonance are caused by free ethylene glycol. 

We assign the remaining singlet at 4.47 p.p.m. as arising from the four equivalent 

protons in chelating ethylene glycol. We also recorded the FAB+ mass spectrum of the 

complex. The peaks observed are listed in Table 4.2.1.2 with possible assignments. 

The parent ion peak is seen at m/z = 443 and this corresponds to 

0sC>2(py)2(0CH2CH20)H+. There is no peak near 504. Upon the basis o f these 

spectral findings we suggest that one ethylene glycol is simply a molecule of 

cry sta llisa tio n  and that the form ula is better w ritten  as

0s02(py)2(0CH2CH20).H0CH2CH20H. It should however be borne in mind that it 

is still possible that the structure containing two monodentate ethylene glycol ligands is 

correct for the compound in the solid state but that dissociation of one ligand occurs 

either when in solution or under the conditions used in mass spectrometry.

Similar preparations were carried out using propane-1,3-diol and propane-1,2-diol 

and new complexes which analysed as 0 s02(py)2(C302H6).C302Hg were obtained. 

Proton NMR data were collected for these two new complexes (Table 4.2.1.1) and 

again indicate that the complexed solution species contains one chelated diol ligand and 

that there is free diol present.
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T able 4.2.1.1 V ibrational and *H NMR data for diols and their
complexes with osmium

Compound Vibrational data (cm'1) !H NMR data (ppm)
v“(Os02) v(OH)

Os02(py )2 (OCH2CH2 O). C2H4 (OH)2 
HOCH2CH2OH

846 3330 4.47(s) 3.67(s) 3.75(s) 
3.70(s) 3.80(s)

0 s0 2(py)2(0 (CH2)30).C3H6(0H)2
HCXCH^OH

844 3350 4.75(t) 3.8l(t) 2.63(qn) 
2.45(s) 1.80(qn)
3.85(t) 2.41(s) 1.81(qn)

0 s0 2(py)2(0CH2CH(0)CH3)-C3H6(0H)2
HOCH2CH(OH)CH3

842 3360 4.97(m) 4.68(m) 4.41(dd) 
3.83(m) 3.60(s) 3.36(s) 
1.62(d) 1.11(d)
436(dd) 3.80(m) 3.50(s) 
1.07(d)

Values in bold represent resonances arising from complexed species

Table 4.2.1.2 Mass spectral data for
0 s 0 2(py)2(0C H 2C H 20 ).H 0 C H 2 C H 2 0 H

Mass Assignment

443 0 s 0 2(py)2(0CH2CH20)H
426 O s02(py)2(OCH2CH2)+
382 O s02(py>2+
364 0 s 0 2(py)(0CH2CH20)H +

347 O s02(py)(OCH2CH2)+

4.2.2 Cyclic diols

Cis and trans 1,2-cyclohexanediols were used as models for the furanose forms of 

aldose sugars. With these ligands we prepared the known com plexes211 

O s02 (py)2(^ « -y -0 2C 6Hio), K2[OsC>2(fra/t.s-0 2C6H io)2] and K2[Os(>2(c/,s- 

C^CgHio^]* The IR spectra of each of the complexes showed the absence of any OH 

stretching modes, and the presence of the trans osmyl group which gave a strong sharp 

band for the asymmetric stretch near 840 cm'1. The Raman spectra showed vs(0s02)
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near 880 cm-1.

The C NMR spectrum of fraAis-cyclohexanediol contains just three resonances. 

The carbons bearing the OH groups, C i>2 resonate at 75.0 p.p.m. while the other 

carbons C3t6 and € 4,5 resonate at much higher fields viz 32.8 and 23.9 p.p.m. 

respectively. The three signals of cis cyclohexanediol are all at slightly higher fields 

than their corresponding resonances in the trans isomer. The 13C NMR spectrum of the 

complex K2[Os02(/ra/2̂ 0 2C6Hio)2] shows three resonances. The coordination of 

frtfrts-cyclohexanediol to osmium causes C i,2 to undergo a shift of almost 20 p.p.m. 

downfield. The other carbon atoms undergo only very small shifts downfield. Similar 

shifts were obtained for the complex O s02(py)2(^ « 5 -0 2C6Hio)- The complexation of 

c/s-cyclohexanediol in the complex K2[Os02(ci5-0 2C6Hio)2] causes shifts of a similar 

magnitude for the respective carbons. These large shifts for the hydroxyl bearing 

carbons when bonded confirm the usefulness of 13C NMR as a tool for following 

coordination.

Table 4.2.2 Vibrational and 13C NMR data for complexes of 

cyclohexanediol
Compound Vibrational data (cm-1) 13C NMR data (p.p.m.)

V**(0s02)v\0s02) C i , 2 C 3,6 C 4,5

trans-C6Hio(OH)2 75.0 32.8 23.9
cw-C6Hio(OH)2 70.7 29.2 21.1

O s02(py)2(^^-C 6H io02) 835 880 94.7 32.9 25.4

K2[0 s02(fra/J,s-C6H io02)2] 839 870 92.9 35.4 27.7

K2[Os02(ci.s-C6Hio02)2] 838 872 89.7 31.0 24.0

Raman data in italics
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We studied the formation of complexes between two protected sugars and osmium. 

The sugars used were 1,2-5,6-di-O-isopropylidene-D-mannitol (ps1!^ )  and 3,4-0- 

isopropylidene-D-mannitol (ps2H4). The former is a simple glycol, while the latter is a 

more complicated ligand, containing a pair of glycols, both potential sites for chelation.

Figure 4.3 Structures of protected sugars

XO— CH2 c h 2o h

o — Ah h o - c h

4.3 Protected sugars

1,2-5,6-di-O-isopropylidene-D-mannitol 3,4-O-isopropylidene-D-manmtol
(ps1^ )  (ps2H4)

By the reaction of 0 s206(py)4 with the di-protected sugar ps1H2 we obtained the 

complex 0 s02(py)2p s1. Despite several attempts a similar complex could not be 

isolated with ps2; Os20e(py)4 precipitated unchanged from the reaction solution.

The complex fr<3/i,s-K2[Os02(OMe)4] was also used as a starting material; the 

reaction of this precursor in methanol with two equivalents of protected sugar and 

KOH yielded the solid products K 2[0 s02(ps1)(0 H>2] and K2[OsC>2(ps2H2)(OH)2]; in 

the absence of potassium hydroxide no precipitate was formed for either sugar.

The IR spectra of each of these oxo osmium complexes show vas(0 s02) stretches 

near 820cm"1 and the two potassium salts also give broad bands due to v(OH) near
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3450 cm'1.

13C NMR data for the ligands and their complexes in 2H20 are given in Table 4.3; 

resonances due to the protecting groups are not listed. The free ligands show three 

resonances for pairs of equivalent carbons C it6, C2,5 and 03,4.

Table 4.3 13C NMR data forcomplexes of protected sugars 

Compound 13C Chemical Shifts (p.p.m.)

Cl c 2 c 3

ps1H2 68.9 76.8 72.1

KzIOsOjCps^OHh] 70.0 78.1 87.3

ps2H4 65.3 75.0 81.4

K2[O s02(ps2)(OH)2] 65.6 74.5 81.8
83.3 87.6

In K2[Os02(ps1)(OH)2] the C 3 resonance is shifted downfield some 15.6 p.p.m. from 

its value in ps1H2 which confirms that the ligand has chelated via its two unprotected 

hydroxyl groups. The spectrum for K2[0 s02(ps2)(0 H>2] suggests that the sugar has 

used only one of its two pairs of glycols in bonding, the other pair remaining 

uncoordinated; the carbons bearing the hydroxyl groups which are bonded have shifted 

downfield quite considerably while the carbon atoms bearing the uncoordinated 

hydroxyl groups resonate at almost the free ligand values.

These complexes, although stable in the solid state are not very stable in solution 

and would not withstand the acid hydrolysis conditions required for deprotection.
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4.4.1 Solution studies

UV spectroscopy has been used for the study of osmium-sugar complexes formed 

in solution. Job's method of continuous variation has been used to define the 

stoichiometry of the solution species. For this a series of solutions are prepared such 

that the sum of total metal and total ligand molar concentrations are constant; for a given 

wavelength absorbance values, corrected for absorption by uncomplexed species are 

plotted against mole fraction of metal. It can be shown that when the concentration of 

metal/ligand species is maximum, the corrected absorbance value is also at a maximum; 

where the graph reaches a maximum thus defines the stoichiometry of the complex (see 

Appendix 2).

Firstly for any system the electronic spectrum of a solution 1:1 in ligand to metal 

was run over the range 200-800nm. The wavelengths at which peaks and shoulders 

were observed were the ones at which absorbance readings were taken for the series of 

solutions. The metal species first studied was fraAis-K2[Os02(OH)4] (osmate) in 

aqueous solution. The sugars studied were D-arabinose, D-xylose, D-glucose, D- 

mannitol, D-sorbitol, D-arabitol, adonitol and D-gluconic acid. The solutions were of 

pH 8, the pH being adjusted by appropriate addition of sodium hydroxide. The purple 

osmate solution became yellow upon mixing with the sugar solutions. After 

equilibrating for one hour the UV spectra of the different sugar-osmate solutions were 

almost identical, in each case having a peak at about 300nm and a shoulder at 350nm. 

Absorbance measurements were taken at these wavelengths.

For all of the sugars studied the Job's plots at both wavelengths indicated the 

formation of a species in which one osmate molecule was combined with two sugar 

molecules. It seems probable that the two sugar ligands will have displaced the four 

hydroxo groups of the osmate and act as bidentate ligands. Gluconic acid is likely to be 

bonded to the osmyl centre via its carboxylate group and the adjacent hydroxyl in a

4.4 Sugars
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b

X is the mole fraction of the ligand

Figure 4.4.1 Job's plots for the systems
(a) rrj/is-K2[Os02(OK)4]-adonitol (aqueous)
(b) r?̂ /25-K2[0s02(0Me)4] -arabinose (MeOH)
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similar fashion to the a-hydroxycarboxylic acids discussed previously, while the other 

sugars, both aldoses and alditols must be bound by diol groups, the alditols necessarily 

as straight chains while the aldoses could possibly be in any o f their ring or straight 

chain forms.

It is possible that at lower pH the denticity and mode of co-ordination of the sugar 

may differ; this is particularly likely for non cyclic sugars such as mannitol (Llopis 

proposed tetra and tri coordination of mannitol with W(VI) at pH's of 9-7 and 3-1 

respectively215). We attempted to carry out some more measurements at lower pH but 

encountered difficulties due to the instability of osmate under such conditions.

We studied briefly the species fran$-[0s02(0Me)4]2" with sugars in methanolic 

solution. The sugars used were arabinose and glucose; both of the yellow coloured 

Os/sugar solutions gave peaks at 255 and 305nm. Job's plots for both sugars 

suggested that the simplest ratio of species present was one in which one osmium was 

complexed with one sugar molecule. The possible structures which are consistent with 

such a formulation are a complex in which one sugar molecule is bound to one osmium 

atom with the two remaining sites around the osmyl centre occupied by methoxo 

groups. It is also possible that some polymerisation had occurred and that the sugar 

molecules were acting as bridging ligands complexes of 2:2, 3:3 etc. stoichiometries.

4.4.2 Preparations

In our first attempts to isolate an osmium sugar complex we used K2[Os02(OH>4]

in aqueous solution as a precursor. Although reaction clearly occurred with all types of

sugar, we were unable to isolate any solid products from the solutions. Subsequent

preparations used K 2[OsC>2(OMe)4] in methanol as the starting material to which the

sugars dissolved in the minimum amount of water were added. Precipitation was found

to occur readily from the predominantly methanolic medium. By such a method, using
of

the aldose sugars glucose, arabinose, ribose and xylose a seriesjjcompounds were
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isolated as green solids, their elemental analyses approximating to the formulation 

K2[Os02(aldose)2]. The IR spectra of each of these compounds show a strong band in 

the 820-30cm"1 region which may be assigned to an asymmetric trans-Os02 stretch. 

However, repeat preparations showed the analyses to be irreproducible. The 

compounds were also unstable, readily forming black decomposition products, 

particularly when in solution. This may be the result of an internal redox reaction, the 

complexed aldose sugar reducing the osmium centre.

A complex was prepared with the ketose sugar fructose. This analysed as 

K2[OsC>2(fructose)2], and was also very unstable.

When the alditols mannitol, sorbitol, arabitol and adonitol were reacted with trans- 

K2[0s02(0Me)4], tan or yellow solids were obtained. The reactants were mixed in the 

proportion of two sugar molecules per one osmium atom but the analyses for the 

precipitates approximate to somewhere between the formulations K 3n[Os02(alditol)]2n 

and K[OsC>2(alditol)], slightly closer to the former; a change of ratios of the reactants in 

further preparations to 1:1 was found to not affect the stoichiometry of the products. 

Repeat preparations give analyses for carbon which are reproducible to about 1%. It 

seems likely that the degree of protonation of the sugars in the complexes is somewhat 

variable; this will obviously affect the amount of potassium incorporated into the 

precipitate and thus affect the analyses. We suggest that the formulations given may 

correspond to polymeric structures in which linear OsC>2 units are linked together by 

alditol ligands and that, for every two alditol ligands, between six and seven of the 

hydroxyl groups are deprotonated. These complexes are substantially more stable in the 

solid state and in aqueous solution than are the aldose and ketose complexes although 

they are still rather unstable and very hygroscopic, readily absorbing moisture to form 

oils. Attempts to recrystallise the salts were unsuccessful.

The IR spectra of the four alditol complexes are almost identical to each other, and
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contain strong bands due to uncoordinated OH vibrations near 3400 and 1650 cm '1, 

broadened because of hydrogen bonding. The IR spectra also suggest that the 

complexes contain osmyl units since they each contain a strong band near 825 cm '1, 

and the ligands themselves did not contain any strong bands in this region. Attempts to 

find 0 s 0 2 symmetric stretches in the Raman were not successful due to the complexes 

blackening upon being pressed into KBr or KC1 discs and their aqueous solutions 

decomposing when the laser radiation was passed through them.

X-ray photoelectronic spectroscopy was performed upon these alditol complexes. 

The 4f7/2 electron binding energies for the osmium in these complexes are in the range

54.1-54.3 eV (Table 4.4.2.1) which are appropriate values for oxidation state (VI).

Table 4.4.2.1 IR and XPS. data for osmium-alditol complexes

Alditol v (0 s 0 2) cm'1 E(Os4f7/2)/eV

mannitol complex 821 54.1

sorbitol complex 822 54.3

arabitol complex 826 54.1

adonitol complex 824 54.2

We also obtained the 13C NMR data for the four complexes since such data should 

give some indication of which of the hydroxyl groups are involved in coordination to 

the osmium in these compounds. Firstly the 13C NMR spectra of the free alditol 

sugars were recorded and the data are recorded in Table 4.4.2.2. It may be seen that the 

terminal carbon atoms give resonances between 62 and 66 p.p.m. while the signals of 

the secondary carbon atoms occur between 69 and 74 p.p.m. For the asymmetric
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alditols arabitol and sorbitol, one signal for each carbon atom was observed while 

adonitol and mannitol have symmetrical configurations and this leads to some pairs of 

carbons being equivalent.

The recording of the NMR spectra for the complexes was difficult since 

decomposition occurred within the time necessary to acquire a strong spectrum. This 

decomposition resulted in the deposition of OsC>2 and the liberation of the ligand; 

signals due to free ligand, once they arose, were readily identified since they were 

much sharper than those due to the complexed sugars. For the two complexes 

involving pentitols we obtained spectra which contained fairly well defined peaks; 

Figure 4.4.2.1 displays the 13C NMR spectrum of the adonitol complex in D2O. 

Intriguingly, the spectra of the complexes of the hexitols mannitol and sorbitol 

contained much broader peaks; Figure 4.4.2.2 shows the 13C NMR spectrum of the 

sorbitol complex. Table 4.4.2.2 lists the C NMR data for all four complexes.

Table 4.4.2.2 13C NMR data for osmium -alditol complexes 

Compound 13C Chemical Shifts (p.p.m.)

adonitol 62.16, 71.86, 71.95
adonitol complex(major) 65.2, 73.8, 76.8, 80.5, 89.0

(minor) 64.15, 73.3, 75.3, 82.7, 89.9
arabitol 65.58, 65.70, 73.00, 73.29, 73.75
arabitol complex 66.3, 74.9, 81.6, 92.4, 98.0
sorbitol 62.21, 62.61, 69.44, 70.75, 70.84, 72.73
sorbitol complex 62.4, 63.8, 71.6, 72.8, 78.2, 85.5,
mannitol 64.81, 70.94, 72.47
mannitol complex 67.2, 74.4, 81.8, 90.6

Considering first the sorbitol complex, the broad peaks near 63 and 72 p.p.m.may 

arise from uncoordinated CH2OH and CHOH groups respectively, the two peaks near
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Figure 4.4.2.1 13C NMR spectra of adonitol (top) and its complex with osmium

JL.

1 i 1 1 1 1 r ?  *— i— *— i— i— i— i— *— j— i— i— i— i— r-
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Figure 4.4.2.2 13C NMR spectra of sorbitol (top) and its complex with osmium
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86 p.p.m. are probably due to coordinated HCO while that near 78 p.p.m. may be due 

to coordinated H2CO-. It may be noted that Llopis, for his W(VI) complexes of 

mannitol and sorbitol, assigns peaks at as low as 75.6 p.p.m. as due to complexed 

HCO215 but since complexes of osmium with diols and protected sugars give shifts of 

13-20 p.p.m. for the carbons of bonded hydroxyl groups (sections 4.2.2 and 4.2.3) it 

seems unlikely that a shift of only 6 p.p.m. would occur upon complexation of sorbitol 

to osmium. Our mannitol complex gives 13 C resonance signals with similar chemical 

shifts to those of the sorbitol complex and we assign them analogously. Although these 

spectra suggest that some secondary and terminal alcohol groups are bonded to osmium 

and that some remain uncoordinated, it is difficult to conclude anything further about 

the structures of the species from these data. As regards the width of the 13C 

resonances, similar line broadening has been observed for complexes formed between 

sugars and sodium tetraborate and this has been attributed to the the presence of more 

than one conformer of the complex or the rapid interconversion of a number of 

differently bonded isomers232. Fluxionality o f the solution species is clearly a 

possibility for ligands such as ours which have six potential ligating sites, and 

protonation and deprotonation reactions could also be occurring. The complexes of 

osmium with adonitol and arabitol however give much narrower signals; this may be 

because they have fewer possible isomers for interconversion with. The 13C NMR 

spectrum of the adonitol complex contains five strong peaks; we suggest that the peaks 

at 65.2 and 73.8 p.p.m. are due to uncoordinated H2CHOH and HCOH respectively 

while those at 76.8, 80.5 and 89.0 p.p.m are due to the carbon atoms bearing 

coordinated hydroxyl groups. There are five peaks arising from another less abundant 

isomer which differ little in shifts from those of the major isomer.

From this data it is difficult to propose structures for the complexes; clearly more 

work needs to be done to characterise the sugar containing species.
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We made several attempts to prepare organic soluble analogues of these complexes 

with organic cations. Routes used have been to add organic cations to solutions of the 

potassium salts and also by preparing (nPr4N)2[OsC>2(OMe)4] in situ as a green 

methanolic solution (it is not isolable), and to react this with sugars. Neither of these 

methods however gave tractable products.

4.4.3 Osmarins

Osmarins (a name coined by Hinckley etal u ) are osmium glucose polymers which 

we have prepared by Hinckley's method. The blue salt K[OsC>2(02CCH3)3], which is 

made by the dissolution of fr<2ns-K2[OsC>2(OMe)4] in glacial acetic acid, is reacted with 

glucose over two days. A black highly water soluble product is obtained which is 

purified by filtration through Sephadex. In agreement with Hinckley we find in the IR 

broad bands in the regions 3500-3000, 1700-1500 and 1200-950 cm"1. There is no 

band in the region 800-880 cm"1 which indicates that the compound does not contain 

trans-Os02 units. The compound is diamagnetic. Hinckley states that the Os oxidation 

state is +4. We have obtained X.P.S. data for the glucose based osmarin and find 

osmium 4f7/2 binding energies of 55.5, 53.0 and 51.5eV which suggest that the 

osmium is present in the oxidation states VI, IV and IQ in approximately a 1:1:1 ratio.

4.4.4 Conclusion

It is clear that, although osmium does form complexes with sugars in the (VI) oxidation 

state and probably in lower oxidation states, the chemistry is difficult to carry out and 

hard to rationalise. The polymeric nature of the 'osmarins' make these particularly 

difficult complexes to study: no crystals could be obtained; our XPS data do suggest 

that a mixture of oxidation states is involved. It is possible that EXAFS studies of these 

materials would be useful.
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4.5 Experimental

4.5.1 Diols

O s 0 2p y 2(O C H 2C H 2 0 ) .H O C H 2C H 2O H  To a solution of 0 s 0 4 (O.lg,

0.39mmol) in CCI4 (2cm3) was added ethanol (1cm 3), pyridine (1cm3) and ethylene 

glycol (1cm3). This amber coloured solution was refrigerated and after 2 days the 

product had formed as a deep brown precipitate. This was filtered off and washed with 

copious amounts o f ethanol and diethyl ether.

(Found: C, 33.9; H, 4.0; N, 5.5. C14H20N2O6OS requires C, 33.5; H, 4.0; N, 5.6%.)

O s 0 2py2(OCH2CH(0)CH3).C3H802

(Found: C, 35.9; H, 4.4; N, 5.3. C16H24N 2O6OS requires C, 36.2; H, 4.6; N, 5.3%.) 

and

0 s0 2py2(0 (CH2)3 0 ).C3H802

(Found: C, 35.8; H, 4.2; N, 5.4. C16H24N 2O6OS requires C, 36.2; H, 4.6; N, 5.3%.) 

were prepared similarly.

The following complexes were prepared by the literature methods. 

O s0 2py2(^ w s-cy c lo h ex a n ed io l)211

(Found; C, 38.9; H, 3.95; N, 5.6. C i6HigN2040s requires C, 39.0; H, 3.7; N, 

5 .1% .)

K2[Os02(fra/is-cyclohexanediol)2]211

(Found: C, 26.9; H, 3.4; K, 15.0. C i2H i6K 2060 s requires C, 27.5; H, 3.1; K, 

14.9%.)

K2[Os02(cis-cycIohexanediol)2]211

(Found: C, 27.0; H, 3.4; K, 15.0. C i2H 16K20 60 s  requires C, 27.5; H, 3.1; K, 

14.9%.)
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4.3.2 Protected sugars

O s02py2(l>2-5,6-d i-0-isopropyIidene-D -m annitol) A solution of Os2C>6py4 

(0.12g, 0.2 mmol) in the minimum quantity of methanol was combined with a 

methanolic solution of 1,2-5,6-di-O-isopropylidene-D-mannitol (0.78g, 0.4 mmol) and 

the solution refrigerated. After about one week the product was isolated as large 

crystals which were filtered off and washed with diethyl ether.

(Found: C, 39.9; H, 4.5; N, 4.2. C22H30N2O8OS requires C, 41.2; H, 4.7; N, 4.4%.)

K2[O s02 (O H )2( l , 2-5 ,6-d i-0 -isopropylidene-D -m annitoI)] To a solution of 

K2[OsC>2(OMe)4] (O.lg, 0.24mmol) in methanol (10cm3) was added 1,2-5,6-di-O- 

isopropylidene-D-mannitol (0.12g, 0.48mmol). The solution immediately became 

green. Then KOH (0.17g, 3.0mmol) in methanol (5cm3) was added and the solution 

became brown. After standing at room temperature for about 24 hours the product was 

isolated as a tan coloured powder.

(Found: C, 22.8; H, 3.5; K, 13.0. C12H22K2O 10OS requires C, 24.2; H, 3.7; K, 

13.15%.)

K 2[O s0 2 (O H )2(3 ,4- 0 - iso p ro p y lid en e -D -m a n n ito l)]  was prepared in a 

similar fashion.

(Found: C, 18.6; H, 3.3; K, 13.5. C9H 18K 2O 10OS requires C, 19.5; H, 3.3; K 

14.1%.)

4.3.3 Sugars

Reaction of fraw s-K 2[0s02(0M e)4] with mannitol A solution o f trans- 

K2[OsC>2(OMe)4] (O.lg, 0.24mmol) in methanol (10cm3) was stirred while a solution 

of mannitol (0.08g, 0.48mmol) in water (1.5cm3) was added. The solution changed 

from blue to yellow and the product precipitated as a tan coloured precipitate. This was
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gravity filtered and washed with acetone and then diethyl ether. The product once 

isolated was kept in a well sealed vessel in the freezer as it was hygroscopic and rather 

unstable.

(Found: C, 15.1; H, 2.7; K, 11.0.

C12H21K3O16OS2 requires C, 15.6; H, 2.3; K, 12.8:

C 12H22K2O 16OS2 requires C, 16.4; H, 2.5; K, 8.9%.)

Reaction of frfl7is-K2[Os02(OM e)4] and sorbitol

(Found: C, 16.0; H, 2.8; K, 10.9.

C12H21K3O16OS2 requires C, 15.6; H, 2.3; K, 12.8:

C12H22K2O16OS2 requires C, 16.4; H, 2.5; K, 8.9%.)

Reaction of fraw s-K 2[0s02(0M e)4] and arabitol

(Found: C, 14.5; H, 2.6; K, 11.7.

CioH17K3Oi40s2 requires C, 14.0; H, 2.0; K, 13.6:

C 10H18K2O14OS2 requires C, 14.6; H, 2.2; K, 9.5%.) and

Reaction of /r«/is-K 2[O s02(O M e)4] and adonitol 

(Found: C, 14.2; H, 2.5; K, 12.3.

C 10H17K3O14OS2 requires C, 14.0; H, 2.0; K, 13.6%

C10H18K2O14OS2 requires C, 14.6; H, 2.2; K, 9.5%.) were carried out similarly.
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CHAPTER. 5

R henium  Complexes oj Catechol

Catechols are good ligands which, like salicylate, are aromatic. We thought it would be 
of interest to prepare some new complexes of rhenium with catechol since radioactive 
isotopes of rhenium are used in arthritis therapy.
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CHAPTER 5

Rhenium Complexes of Catechol

5.1 Introduction

Catecholate ions are widely occurring chelating ligands, and are of considerable 

interest owing to their presence in many biological systems. Many iron sequestering 

reagents have catechol containing units as a common function, for example enterobactin 

contains three catechol groups which can coordinate strongly to ferric ions233. The 

catecholamines which play an important physiological role as hormones and 

neurotransmitters are catechols with an amine chain at the 4 position . Catechol type 

ligands are also found in plant tissue235.

Catechols are also notable for their "non-innocent" behaviour236. They are able to 

release one or two electrons to form semiquinones and benzoquinones respectively, as 

shown in Figure 5.1. The term dioxolene is increasingly being used to describe the 

three redox related ligand forms.

catecholate semiquinone benzoquinone

cat SQ BQ

Figure 5.1 Non-innocent behaviour of catecholate

The presence of a non-innocent ligand in a complex may lead to uncertainty in defining 

the formal oxidation state of the metal and ligand. Whether the catecholate or 

semiquinone form of the ligand exists in a complex will depend on the basicity of the
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metal and the oxidising ability of the quinone, and also on the similarity of dioxolene 

and metal orbitals. The hardness and strong rc-donor nature of the catecholate ligands 

makes them well able to stabilise metals in relatively high oxidation states, for example 

Os(VI) and Re(VI) in the complexes Os(cat)3101 and Re(tccat)3237. The semiquinone 

ligand forms are more commonly found in complexes of the first row transition metals 

eg. Fem(C>2C6H2(tBu)2)3238 and Cr^C^CgCL^239 while o-benzoquinones are only 

weak donors and are rarely found as ligands. Pieipont and Buchanan have published an 

extensive review of the syntheses, structures and spectroscopic properties of complexes 

of dioxolenes in their various oxidation states236.

Several rhenium catecholato complexes are known. Recently salts of (ReO(cat>2]', 

cz\s’-[Re02(cat)2]" and c/s-fReC^Cdtbcat^]' have been isolated240. The former complex 

was synthesised by reaction of ReOCl3(PPh3>2 with excess catechol in the presence of 

triethylamine under anaerobic conditions and is interesting since it must contain five 

coordinate Re(V); when left to stand in air it is oxidised to the Re(VH) dioxo anion cis- 

[Re02(cat>2]'. The X-ray crystal structure of (Et4N)[ReC>2(cat)2] has been reported240. 

Hermann has reported the synthesis of a novel square based pyramidal complex [(r|5- 

C5Me5)Re(tccat)2] made by the displacement o f oxo ligands from (T|5-C5Me5)Re02
A 1

with tetrachlorobenzoquinone . He has also prepared MeRe02(cat) from MeReC>3 

and catechol210. This could not be obtained pure but when reacted with PPI14X (X=C1, 

Br and I) or with pyridine form ed the octahedral com plexes  

(PPh4)[MeReC>2(cat)X]210,242 and MeReC>2(cat)(py)210 respectively. An X-ray 

crystallographic determination of the latter complex showed the pyridine ligand to be 

trans to the methyl group and the oxo groups to be cis110. There are also the tris 

complexes (PPh4)2[Re(cat>3], prepared by reaction of [ReCU]2" with catechol in the 

presence of base193, and Re(dtbcat>3 and Re(tccat>3, which were synthesised by the 

oxidative addition of the corresponding quinones to [Re2(CO)io]. The latter two 

complexes have been fully characterised by X-ray crystallography237,243.
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5.2 Preparation

In our work we used the rhenium precursors ReOCl3(PPh3)2 and Re02(PPh3)2l. 

Both contain Re(V) but the former is octahedraUy coordinated while the latter has a 

trigonal bipyramidal structure with cis dioxo groups . We reacted a number of 

catechols and quinones with these complexes and found quite different reaction 

chemistry for the two ligand forms.

5.2.1 Reactions with catechols

When catechol was reacted with ReO(PPh3)2Cl3 in ethanol a lustrous red/brown 

product was gradually deposited. This diamagnetic complex was found to have the 

stoichiometry R eO (cat)(PPh3)2Cl. Reactions with tetrachlorocatechol and 

tetrabromocatechol (H2tbcat) proceeded sim ilarly, and the com plexes 

ReO(tccat)(PPh3)2Cl and ReO(tbcat)(PPh3)2Cl were isolated. Dilworth et al found240 

that the reaction of ReO(PPh3)2Cl3 with catechol in refluxing ethanol and base 

(diethylamine) in air gave c is-[R e02(cat)2]', while a similar procedure with 

triethylamine replacing diethylamine but under anaerobic conditions gave [ReO(cat)2]’. 

In our procedure no base was used, and it appears that the two chloro ligands have 

simply been displaced by a catecholato unit and that no redox reaction is involved. The 

same catechols when reacted with ReC>2(PPh3)2l  gave the complexes ReO(L)(PPh3)2l 

L = cat, tccat, tbcat by the displacement of one oxo group.

5.2.2 Reactions with quinones

When either of the two rhenium precursors ReO(PPh3)2Cl3 or Re02(PPh3>2l  are 

reacted with the ligands tetrachloro-l,2-benzoquinone or tetrabromo-l,2-benzoquinone 

instead of the corresponding catechols quite different products are obtained. The 

reactions lead to the formation of emerald green solutions from which, with the addition
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of the cation nBu4N +, diamagnetic complexes of the type (nBu4N)[ReO(OPPh3)(L)2] 

have been isolated. In this case it appears that the quinone oxidises the 

triphenylphosphine to the oxide and that one triphenylphenylphosphine oxide group 

then coordinates to the metal as represented by the equation below:

ReO(PPh3)2Cl3 + 2L + 2H20  — ► [ReO(L)2(OPPh3)]‘ + OPPh3 + 3HC1 + H+

We find the triphenylphosphine oxide group to have considerable lability; thus by 

refluxing (nB u 4N )[R e O (O P P h 3)(tcca t)2] in methanol a small quantity of 

(nBu4N)[ReO(MeOH)(tccat)2] precipitated from the warm solution as dark green needle 

shaped crystals, while in dichloromethane solution at room temperature, the addition of 

a little pyridine lead to the formation of (nBu4N)[ReO(py)(tccat)2]. Despite many 

attempts we could not isolate a product in which the site trans to the oxo group was 

vacant, such as the complex (Me4N)[ReO(cat)2] isolated by Dilworth240.

5.2.3 Reactions with other ligands

We carried out similar reactions with the ligands maltol and tropolone. Maltol (3- 

hydroxy-2-methyl-pyran-4-one) and tropolone are both conjugated compounds which 

can act as monoanionic 0 ,0  chelators. The complexes [ReO(PPh3)(L)2]I, LH = maltol 

and tropolone were prepared by the reaction of R e02(PPh3)2I with the corresponding 

ligands.
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5.3 Characterisation

5.3.1 X-rav crystallography

X-ray crystallography is the definitive method for distinguishing between the 

bonding modes of o-quinone ligands. By comparison with the accumulated data from 

studies carried out with other complexes it is possible to give a reasonably definite 

assessment of the ligand oxidation state. X-ray crystallographic determinations were 

carried out on the complexes (nB u 4N )[R e (O P P h 3) ( tc c a t)2] (1 )  and 

(nBu4N)[ReO(MeOH)(tccat)2] (2).

5.3.1.1 X-rav Crystal Structure of (nBu^N)rRe(OPPhO(tccat)?l (1)

(nBu4N)[ReO(OPPh3)(tccat)2] was prepared by the method described above and

crystals suitable for X-ray study were obtained by recrystallisation from 

dichloromethane and ethanol in the cold. The X-ray crystal structure determination was 

carried out by Andrew White and Dr. D. J. Williams.

The structure of the anion is shown in Figure 5.3.1.1 together with the atom 

labelling. Bond lengths and angles are given in Table 5.3.1.1. Coordination about the 

rhenium is distorted octahedral with an axial oxo ligand, two bidentate 

tetrachlorocatechol ligands coordinated trans to each other and the other axial position 

is occupied by a weakly coordinated OPPI13 ligand.

The 0 =Re-0 PPh3 angle is almost linear at 178.5°. The two tetrachlorocatechol 

ligands are bent away from the apical oxo atom and towards the OPPI13 group; the 

Re atom lies 0.34A above the plane of the four catechol atoms. This distortion is 

accompanied by a mean 0=R e-0(tccat) angle of 100°. Such distortions from 

orthogonality between 0=M-(bound ligand) are common; for example such a feature 

was noted in the complex [OsO(C>2C2H2)2]226. The angle subtended at Re by the four 

O atoms of the catechol are in the range 80.7(3) to 96.7(3)°, the contractions from 90° 

reflecting the bite of the ligand.

The Re=Q distance of 1.576(8) A is remarkably short (Re=0 distances in mono-
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oxo complexes are usually within the range 1.63-1.71 A)245 and this suggests a high 

degree of rc-overlap within the bond. This may be as a result of the electrophilic nature 

of the tetrachlorocatechol ligands. Conversely the Re-0 PPh3 distance is particularly 

long at 2.232(6)A, reflecting the strong trans influence of the oxo ligand. In two other 

rhenium com plexes w hich contain the OPPI13 unit , viz  

[Re(NO)(OPPh3)(NPPh3)Cl3]246 and ReOI2(PPh3)(OPPh3)(ORe0 3) .l/2 C6H6247 

where the OPPh3 is trans to nitrosyl and triphenylphosphine groups respectively, the 

Re-0 (phosphine oxide) distances are considerably shorter at 2.092(6) and 2.075(9) A 

respectively. The Re-0 -PPh3 angle is very open at 172.5°, a very unusual situation in 

complexes containing OPPI13 as a ligand; in [Re(NO)(OPPh3)(NPPh3)Cl3]246 and 

ReOl2(PPh3)(OPPh3)(OReC>3) .l/2 CeH6247 this bond is appreciably bent at 148.7(4)° 

and 151.5(6)° respectively, w hile the com plex K[M n(tbcat)2(OPPh3)]. 

H20.(C H 3)2C 0, which otherwise has comparable bond distances and angles to (1 ), 

has an Mn-O-P angle of 163.1° . It is not clear why the Re-O-P angle is so large in

our complex. The mean Re-O(tccat) distance of 2.02A is comparable to that found in (q- 

CsMe5)Re(tccat)2241.

The tetrachlorocatechol ligands in ( 1 ) have an average C-C distance of 1.388 A 

while the average C -0  bond length is 1.345A; these values are very close to those 

found in the complex Re(tccat)3237. Previous studies have shown that the C-C and C -0  

bond lengths within quinone complexes are diagnostic of formal ligand charge236. The 

C -0 bond length is most characteristic of the oxidation state of the ligand; the C -0 bond 

distance within our complex is a typical one for a catecholato ligand; in semiquinone or 

quinone ligands the C-O distances are somewhat shorter reflecting the greater degree of 

double bond character found for the C-O bond while the C-C bonds are slightly longer. 

Both catechol ligands are essentially coplanar with the rhenium atom; the maximum 

deviation for that containing 0(5) and 0(4) being 0.14A and for that containing 0(2) 

and 0(3) 0.09A. The dihedral angle between the two rhenium catechol planes is 164°.
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Figure 5.3.X.1 X-ray crystal structure of (nBu4N)[ReO(OPPh3)(tccat)2]
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Table 5.3.1.1 Selected bond lengths (A) and angles (°) in 

(nB u4N )[R eO (O P P h 3)(tccat)23 
(estimated standard deviations (e.s.d.s) in parentheses)

Re-O(l) 1.576(8)

Re-0(3) 2.015(8)

Re-0(5) 2.015(7)

0(2)-C (l) 1.359(13)

0(4)-C(12) 1.338(13)

C(l)-C(2) 1.399(15)

0(6)-P 1.491(7)

P-C(19) 1.816(13)

0(l)-R e-0(2) 100.6(4)

0(2)-Re-0(3) 80.9(3)

0(2)-Re-0(4) 159.9(4)

0(l)-R e-0(5) 100.0(4)

0(3)-Re-0(5) 161.1(3)

0(l)-R e-0(6) 178.5(3)

0(3)-Re-0(6) 81.0(3)

0(5)-Re-0(6) 80.1(3)

Re-0(3)-C(2) 112.9(7)

Re-0(5)-C(7) 113.2(6)

0(6)-P-C(13) 113.7(5)

0(6)-P-C(25) 114.6(5)

Re-0(2) 1.996(5)

Re-0(4) 2.040(6)

Re-0(6) 2.232(6)

0(3)-C(2) 1.340(11)

0(5)-C(7) 1.345(10)

C(7)-C(12) 1.400(16)

P-C(13) 1.800(11)

P-C(25) 1.792(12)

0(l)-R e-0(3) 99.0(4)

0(l)-R e-0(4) 99.4(3)

0(3)-Re-0(4) 96.7(3)

0(2)-Re-0(5) 95.1(2)

0(4)-Re-0(5) 80.7(3)

0(2)-Re-0(6) 80.9(3)

0(4)-Re-0(6) 79.1(3)

Re-0(2)-C(l) 113.0(5)

Re-0(4)-C(12) 1 11 .6(6)

Re-0(6)-P 172.5(5)

0(6)-P-C(19) 109.6(5)
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5.3.1.2 X-rav Crystal Structure of ^BuAN r̂ReCXtccatWMeOHYl (2)

Crystals of (2) were prepared from (1) by recrystallisation from methanol. The 

structure of the anion is shown in Figure 5.3.1.2.1 with the atom labelling. Selected 

bond lengths and angles are given in Table 5.3.1.2. The X-ray crystal structure was 

carried out by Andrew White and Dr. D. J. Williams.

Rhenium in (2) has a distorted octahedral environment similar to that in (1) with the 

OPPhs ligand being replaced by a MeOH molecule. The Re atom lies 0.36A above the 

plane of the four catechol O atoms in the direction of the apical oxygen atom. The 

angles subtended at Re by these atoms are 81.4(4), 82.3(4), 93.5(4) and 95.2(4)°, the 

two acute angles are those associated with the catecholato ligands. The 0(oxo)-Re- 

O(MeOH) angle is linear (179.2(4)°).

The Re-O(oxo) distance is 1.653(11)A which is short, although not as much so as 

that observed in (1). The bond trans to the oxo ligand, Re-O(MeOH) (2.289(11)A) is 

even longer than that observed to the OPPI13 ligand in (1). The mean Re-O(catechol) 

distance is 2.00A. The mean C-C and C-O distances in (2) are very similar to those in 

(1) which again confirms the catecholato nature of the ligand. As with (1) the 

catecholate ligands are essentially coplanar with the Re atom, there being a dihedral 

angle of 163° between their mean planes.

An interesting feature found in the crystals of (2) but not of (1) is that of dimer 

formation. Within the crystal each [ReO(MeOH)(tccat)2]' unit is linked to a partner via 

two O-H—O hydrogen bonds (2.73A). This creates hydrogen bonded 'back to back' 

dimer pairs as shown in Figure 5.3.1.2.2.
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Figure 5.3.1.2.1 X-ray crystal structure of (nBu4N)[ReO(MeOH)(tccat)2]
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Figure 5.3.1.2.2 Dimeric interaction between [ReO(MeOH)(tccat)2] anions
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Table 5.3.1.2 Selected bond lengths (A) and angles (°) in 

(nB u4N )[R eO (M eO H )(tccat)2]

(estimated standard deviations (e.s.d.s) in parentheses)

Re-O(l) 1.653(11) Re-0(2) 1.990(9)

Re-0(3) 2.015(10) Re-0(4) 2.005(9)

Re-0(5) 1.989(11) Re-0(6) 2.289(11)

0(2)-C (l) 1.357(18) 0(3)-C(2) 1.366(17)

0(4)-C(12) 1.360(19) 0(5)-C(7) 1.373(18)

0(6)-C(29) 1.340(25) C(l)-C(2) 1.412(23)

C(7)-C(12) 1.387(22)

0(l)-R e-0(2) 101.0(5) 0(l)-R e-0(3) 100.9(5)

0(2)-Re-0(3) 81.4(4) 0(l)-R e-0(4) 100.2(5)

0(2)-Re-0(4) 158.8(4) 0(3)-Re-0(4) 95.2(4)

0(l)-R e-0(5) 99.9(5) 0(2)-Re-0(5) 93.5(4)

0(3)-Re-0(5) 159.1(5) 0(4)-Re-0(5) 82.3(4)

0(l)-R e-0(6) 179.2(4) 0(2)-Re-0(6) 79.6(4)

0(3)-Re-0(6) 79.5(4) 0(4)-Re-0(6) 79.2(4)

0(5)-Re-0(6) 79.6(4) Re-0(2)-C(l) 112.8(9)

Re-0(3)-C(2) 112.6(9) Re-0(4)-C(12) 112 .2(8)

Re-0(5)-C(7) 111.5(9) Re-0(6)-C(29) 126.8(1.3)
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Full assignments of the Raman and IR spectra of normal and deuterated catechol in 

the solid and aqueous solution phases have very recently been reported249. In the solid 

state the hydroxyl group stretching vibrations are seen as two weak bands at 3453 and 

3323 cm'1. Stretches of the C-O bonds, v(C-O) are seen at 1281 and 1256 cm"1, the 

latter being the stronger. Very strong peaks which may be assigned as being primarily 

ring stretching modes are seen at 1515 and 1471 cm'1. The halogenated catechols 

tetrachlorocatechol and tetrabromocatechol seem to have simpler IR spectra, probably 

reflecting the absence of C-H modes. We have made some possible assignments of the 

vibrational modes in these ligands by analogy with assignments for catechol and these 

are given in Table 5.3.2. The hydroxyl and C -0 stretches in these ligands are seen at 

similar frequencies to those of catechol itself while the ring modes are somewhat shifted 

to lower frequencies.

For complexes of coordinated catechol, a very strong band is commonly observed 

near 1480 cm'1; this may be attributed to the ring stretch of the C-C bond between the 

two donor oxygen atoms with some mixing with a vibration of the C-O groups. 

Another major peak occurs near 1250 cm'1, its intensity increased significantly relative 

to that found for the same peak in the spectrum of the ligand. This is assigned to the 

stretching vibration o f the C-O bond with some contribution from the aromatic ring 

stretching vibrations . Coordinated tetrachlorocatechol and tetrabromocatechol show 

similar bands near 1430 and 1250 cm '1 251. An investigation of the IR spectra of 

semiquinone complexes has shown that they have very strong peaks near 1455 and 

1430 cm'1 arising from the stretch v(C-O) and no strong bands above 1600 cm'1 238. 

They give no strong peak near to 1250 cm '1. Benzoquinone ligands may be 

characterised by the presence of a strong peak in the IR between 1660 and 1700 cm '1 

arising from the stretch of the carbonyl group. This band undergoes a small shift to 

lower frequencies when a benzoquinone ligand becomes coordinated238,252

5.3.2 Vibrational spectroscopy
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In our complexes ReO(cat)(PPh3)2X, prepared from catechol, there is no evidence 

for bands attributable to v(O-H) confirming that the catechol ligands are completely 

deprotonated. The spectra show the strong IR bands near 1460 and 1250 cm ' 1 which 

are typical of coordinated catechol. The halo substituted catechol complexes 

ReO(tccat)(PPh3)2Cl and ReO(tbcat)(PPh 3)20 show C-O stretching frequencies which 

are similar to those of the unsubstituted catechol complexes at 1257 and 1254 cm"1, 

while the C-C stretches are considerably lower at 1433 and 1419 cm ' 1 respectively. For 

the complex Re(tccat>3 strong IR bands were reported in similar positions237.

The complexes (nB u4N )[R eO (tccat)2L'] (L' = OPPI13, MeOH, py) and 

(nBu4N)[ReO(tbcat)2(OPPh3)] were prepared from the corresponding quinones. The 

IR spectra of these complexes lacked any bands between 1700 - 1600 cm' 1 which 

indicates the absence of any carbonyl functions, and this suggests that reduction of the 

quinones has occurred. Strong bands near 1250 and 1410 cm ' 1 were seen for each 

complex, which, like the X-ray data, suggests that the ligands are bound in the 

catecholato rather than the semiquinonoid form.

The complexes all contain a terminal Re=0 group and this gives a characteristic 

stretch in the IR spectrum in the region 935-990 cm '1; this mode is also seen as a very 

strong band in the Raman. The Raman spectrum of (nBu4N)[ReO(tccat)2(OPPh3)] is 

shown in Figure 5.3.2; the R e=0 stretch at 965 cm' 1 clearly dominates the spectrum. 

The frequency of this stretch tends to be higher for those complexes in which the site 

trans to the oxo group is occupied by the weakly bound OPPh3. When this is replaced 

by pyridine in the complex (nBu4N)[ReO(tccat)2(py)] the R e=0 stretch shifts to lower 

frequency indicating a weakening of this bond, probably attributable to the presence of 

empty 71-acceptor orbitals on pyridine. The phosphine oxide complexes may be 

identified by the presence in the IR of a medium strength band at ca. 1170 cm' 1 which 

is not seen for the PPI13 complexes; such a band is seen at 1170 cm ' 1 in the IR 

spectrum of K[Mn(tbcat)2(0 PPh3)].H20.(Me)2C0 248.
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Figure 5.3.2 Raman spectrum of (nBu4N)[ReO(OPPh3)(tccat)2]

For the complex [ReO(PPh3)(maltol)2]I, we assign the band at 1618 cm'1 to v(C=0), 

a fall of 32 cm'1 from the corresponding band in the free ligand due to coordination. 

This may be explained by a lowering of the carbonyl bond strength when the group 

donates to a metal atom; bands due to mixed v(C=0) and v(C=C) modes at 1560 and 

1540 cm'1 have also shifted considerably. Similar effects were noted in a number of 

maltol complexes253. For the tropolone complex [ReO(PPh3)(trop)2]I, we follow the
o rj «

assignments of Redington and propose that a strong band at 1434 cm arises from 

the ring stretch v(C-C) while that at 1368 cm"1 is likely due to the stretch v(C-O).
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Table 5.3.2 Vibrational data for catecholato complexes 
of rhenium

Complex Vibrational data (cm-1)

v(CC) v(CO) v(ReO)

catechol249 1620s 1256vs
tetrachlorocatechol 1456s 1294s
tetrabromocatechol 1446s 1297s
ReO(cat)(PPh3)2Cl 1463s 1253s 936vs

1460w 1248w 939vs

ReO(cat)(PPh3)2I 1461s 1254s 935s

ReO(tccat)(PPh3)2Cl 1433vs 1257s 945vs

ReO(tbcat)(PPh3)2Cl 1419vs 1254s,
1240m

937s

(nBu4N)[ReO(OPPh3)(tccat)2] 1406vs 1246m 966s
1419s 1255m 965vs

(nBu4N)[ReO(MeOH)(tccat)2] 1402vs 1248s,
1238m

967vs

(nBu4N)[ReO(py)(tccat)2] 1408vs 1249s 950s

(nBu4N)[ReO(OPPh3)(tbcat)2] 1396vs 1267s 983s

ReO(OPPh3)(malt)2I 1560s,
1540s

1615s 986vs

ReO(OPPh3)(trop)2I 

Raman data in italics

1434vs 1318m 987vs
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5.3.3 NMR studies

5.3.3.1 13C NMR

The proton decoupled 13C NMR spectrum of catechol has previously been 

reported . This shows three peaks, the assignments of which are shown in Table 

5.3.3. The pair of equivalent nuclei, C i,2 give a signal at 146.6 p.p.m. which has an 

intensity considerably lower than those signals arising from the other carbon pairs at

123.6 and 118.9 p.p.m.; following the literature these peaks are assigned to the C4t5 

and the 0^6 pairs respectively. The resonances of € 4,5 and C3,6 receive enhancement 

in intensity owing to the nuclear Overhauser effect. In Table 5.3.3 we also give 

literature 13C NMR data for 1,2-benzoquinone256. There are three resonances all of 

which are shifted significantly downfield from those of catechol, occurring at 180.4,

139.7 and 130.8 p.p.m. which reflects the decrease in electron density at the carbon 

atoms in the oxidised ligand form. We have recorded the C NMR spectra for the 

tetrachloro and tetrabromo analogues of catechol and benzoquinone. The replacement 

of protons by chlorines affects the chemical shifts of the carbons only very slightly 

while replacement by bromine causes a greater effect; the resonances for C3,6 and 04,5 

are each shifted upfield by about 5 p.p.m. This is due to the heavy atom effect; when 

bromine atoms are attached to the carbon atoms the diamagnetic shielding effect caused 

by the introduction of these heavy atoms is more dominant than their mesomeric effect 

which will act to deshield the carbons.

Proton decoupled 13C NMR spectra for the complexes ReO(L)(PPh3)2Cl (L = cat, 

tccat, tbcat) show for the catechol ligands two single peaks due to C3,6 and € 4,5 

which are shifted only very slightly upfield from their values for the free ligand. The 

Ci,2 resonances however are shifted considerably downfield upon coordination of the 

catechol to rhenium; this has been observed in other catecholato complexes193 and is
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attributable to removal of electron density from the oxygen atoms adjacent to the metal.

The complexes (nBii4N)[ReO(OPPh3)(L)2] L = tccat, tbcat have resonances for the 

catecholato carbon atoms in their C NMR spectra which are very close to the values 

in the previously described ReO(L)(PPh3>2Cl complexes. The C3,6 and € 4,5 

resonances are little shifted from those of the free catechols but are quite different from 

those for the quinones. The Cit2 resonances are however shifted downfield some 25.7 

and 19.9 p.p.m. respectively from those of the free catechols, as was the case for 

ReO(L)(PPh3)2Cl. It thus may be seen that, for these species, the spectra suggest that 

the ligand is coordinated in the catecholato rather than the quinonoid form, as the X-ray 

structure of (nBu4N)[ReO(OPPh3)(tccat)2] also suggests. There are few data in the 

literature on the C NMR of complexes containing coordinated catecholate (or 

quinone), and it seems that 13C NMR may be a useful way of distinguishing the 

bonding modes of the ligands in such complexes.

5.3.3.2 31P NMR

The 31P NMR spectrum for ReO(tccat)(PPh3)2Cl shows just a single peak, this 

being at -15.3 p.p.m. The corresponding catechol and tetrabromocatechol complexes 

show similar strong peaks at -17.2 and -15.4 p.p.m. respectively but also three other 

minor peaks suggesting the presence of isomeric products in small quantities.

The 31P NMR spectra of (nBu4N)[ReO(L>2(OPPh3)] (L = tccat and tbcat) in 

C2H2C12 each contain one signal near 35 p.p.m. suggesting that the OPPI13 group 

remains associated with the rhenium in solution at room temperature; free OPPI13 in the 

same solvent has a resonance at 28.0 p.p.m.
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Table 5.3.3 NMR data for catecholato complexes of rhenium
(p.p.m.)

Compound 13C NMR (catechol) 31P

C1.2 C3,6 c4,5

catechol255 146.6 118.9 123.6 —

o-benzoquinone256 180.4 130.8 139.7 -

tetrachlorocatechol 143.6 120.2 123.1 -

tetrachlorobenzoquinone 169.2 132.3 143.9 -

tetrabromocatechol 144.8 113.8 118.2 -

tetrabromobenzoquinone 168.6 128.2 142.2 -

ReO(cat)(PPh3)2Cl 161.3 115.6 120.4 -17.2

ReO(tccat)(PPh3)2Cl 163.8 118.0 121.4 -15.3

ReO(tbcat)(PPh3)2Cl 156.1 112.1 115.9 -15.4

(nBu4N)[ReO(OPPh3)(tccat)2] 169.3 117.5 121.8 +34.6

(nBu4N)[ReO(OPPh3)(tbcat)2] 164.4 113.0 116.6 +35.0

13C NMR shifts relative to SiMe4; 31P NMR shifts relative to H3P 0 4
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5.4 Experimental

The complexes [ReOCl3(PPh3)2]257 and [Re02(PPh3)2l ]244 were both prepared by 

literature methods.

ReO(cat)(PPh3)2Cl

To ReOCl3(PPh3>2 (0.15g, 0.18mmol) in ethanol (30cm3) was added catechol (0.04g,

0. 36mmol). This suspension was gently warmed and stirred and the reagents gradually 

dissolved to give a deep red solution. Upon cooling the compound deposited as a 

red/brown powdery solid. It was recrystallised from a mixture of dichloromethane and 

ethanol to give a crystalline product.

(Found: C, 57.9; Cl, 4.4; H, 3.8; P, 6.8. C42ClH3403P2Re requires C, 57.95; Cl, 

4.1; H, 3.9; P, 7.1%.)

Analogous procedures yielded the complexes ReO(tccat)(PPh3)2CI

(Found: C, 50.2; Cl, 17.8; H, 3.0; P, 6.1. C42Cl5H3o03P2Re requires C, 50.0; Cl,

17.6; H, 3.0; P, 6.1%.)

and ReO(tbcat)(PPh3)2Cl

(Found: C, 42.4; H, 2.4; P, 5.0. Br4C42ClH3o03P2Re requires C, 42.5; H, 2.55; P, 

5.2%.) Total halogen expressed as chlorine was 14.35%. Chlorine and bromine were 

titrated simultaneously in a volumetric analysis, and the figure was calculated using a 

factor for chlorine.

ReO(cat)(PPh3)2I

This was prepared in a similar fashion to ReO(cat)(PPh3)2Cl but with Re0 2(PPh3)2l  in 

place of ReOCl3(PPh3)2 and with methanol as the solvent.

(Found: C, 51.7; H, 3.4; I, 13.1: P, 6.55. C42H34l03P2Re requires C, 52.4; H, 3.6;

1, 13.2; P, 6.45%.)
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(nBu4N)[ReO(OPPh3)(tccat)2]

To ReOCl3(PPh3)2 (0.15g, 0.18mmol) in ethanol (25cm3) was added tetrachloro-o- 

benzoquinone (0.089g, 0.36mmol). This suspension was stirred with gentle heating 

for three hours after which time a clear green solution was obtained. This was allowed 

to cool and Bu4N.PF6 (0.14g, 0.36mmol) dissolved in ethanol was added. After 

reduction of the volume to ca. 10cm the product crystallised out and was recrystallised 

from a dichloromethane-ethanol mixture.

(Found: C, 45.4; Cl, 23.2; H, 4.2; N, 1.2; P, 2.4. CA6ChU5iNO^RQ requires C, 

45.5; Cl, 23.35; H, 4.2; N, 1.15; P, 2.55%.)

The complex (nBu4N)[ReO(OPPh3)(tbcat)2] was prepared in a similar fashion. 

(Found: Br, 40.4; C, 34.7; H, 3.1; N, 0.9; P, 2.0. Br8C46H5iN 06PRe requires Br, 

40.7; C, 35.2; H, 3.25; N, 0.9; P, 2.0%.)

The same complexes could also be prepared by following a similar method with 

Re02(PPh3)2l  in place of ReOCl3(PPli3)2 and using methanol as solvent. The reaction 

proceeded without the application of heat.

(nBu4N)[ReO(MeOH)(tccat)2]

A solution of (Bu4N)[ReO(OPPh3)(tccat)2] in methanol was boiled on a hotplate until a 

solid began to be deposited. This dark green crystalline compound was isolated from 

the still warm solution and was found to be (Bu4N)[ReO(MeOH)(tccat)2]. The further 

quantity of precipitate which formed from the fully cooled solution was mainly 

(Bu4N)[ReO(OPPh3)(tccat)2].

(Found: C, 35.7; Cl, 29.2* H, 4.3; N, 1.4. C29ClgH4oN06Re requires C, 36.0; Cl, 

29.3; H, 4.2; N, 1.45%.)
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(nBu4N)[ReO(py)(tccat)2]

(nBu4N)[ReO(OPPh3)(tccat)2] (0.5g, 0.4mmol)was dissolved in dichloromethane (20 

cm3) and pyridine (O.lg) was added. The solution was seen to become a somewhat 

brighter shade of green. It was kept at -20°C for two days and the complex precipitated 

as bright green crystals.

(Found: C, 39.2; Cl, 27.7; H, 4.2; N, 2.9. C ssC lglU i^O sR e requires C, 39.0; Cl, 

27.9; H, 4.1; N, 2.8%.)

[R eO (P P h3)(m alt)2]I

A suspension of ReC>2(PPh3)2l  (0.2g, 0.23mmol) in methanol (25cm3) was stirred 

while maltol (0.063g, 0.5mmol) was added. After several hours at ambient temperature 

a green/brown solution was obtained. This was filtered away from a small amount of 

insoluble material and the volume reduced until the product precipitated as green 

crystals.

(Found: C, 42.6; H, 3.1; I, 14.7; P, 3.4. C3oH23l07PRe requires C, 42.8; H, 3.0; I, 

15.0; P, 3.7%.)

[ReO(PPh3)(trop)2]I was prepared similarly.

(Found: C, 46.2; H, 2.9; I, 14.8; P, 3.75. C 32H25l 0 5PRe requires C, 46.1; H, 3.0; I, 

15.2; P, 3.7%.)
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APPENDIX 1

X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is a technique which measures the energy 

to remove electrons from various atomic orbitals. This energy may be referred to as the 

ionisation potential or binding energy. By determining the ionisation potentials of 

electrons in various orbitals of a molecule, a picture o f the orbital energies can be 

obtained.

X-rays are shot onto the sample in a vacuum in order to cause ionisation. 

Photoelectrons are ejected and their kinetic energies determined by passing them 

between the poles of an electromagnetic analyser.

The kinetic energy of the ejected electron is related to the frequency of the incident 

radiation, v, by the energy conservation equation

hv = 1/2 nicV2 + Ii

where 1/2 meV is the kinetic energy of the electron and Ii is its ionisation potential.

For a single incident X-ray frequency, electrons will be ejected with various kinetic 

energies which will depend on the orbitals they occupy. Therefore by measuring the 

kinetic energies of the ejected photoelectrons, and knowing v the ionisation potentials 

can be calculated.

In XPS electrons are ejected from the tightly bound atomic cores. The inner shell 

ionisation potentials are characteristic of the individual atom and thus the XPS spectrum 

gives lines characteristic of the elements present. However, the changes in valence 

electron distribution that occur upon bond formation do cause small changes to the 

environment of the core electrons and small but significant shifts can be detected in the 

spectra.
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It has been found that the osmium 4f binding energy is sensitive enough to be used 

to predict oxidation state. The osmium 4 f binding energy spectrum shows Aispt 7/2 

doublets; the splitting of the peaks is found to be near 2.7 eV258. The 4fs/2 component 

is less well defined than the 4f7/2 component; this latter component is generally the one 

studied. Per unit change in oxidation states of osmium there is approximately a leV  

difference between Af^p energies, although it seems that the correlation between 

binding energy and oxidation state is less reliable for the lower oxidation states ID and

11259.
In this work, three compounds were taken as standards and we list them below 

with their Os Af-jp binding energies.

Table A1 XPS data for standard osmium complexes

Com pound Oxidation state 
of osmium

4f7/2 binding energy (eV)

K2[Os0 2(OH)4] VI 54.5

K2[OsC16] IV 53.0

OsCl2(acac)(PPh3>2 m 51.9

Representative XPS spectra are shown in the Figures A1 and A2
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APPENDIX 2

Method of continuous variations (Job's method)

Job's method of continuous variation is a method for determining the formula of a 

compound or ion-pair formed by two components in solution. Consider the formation of a 

complex ML„ represented by

M + nL P »  ML„

The determination of n involves the measurement of a suitable property (eg. absorbance) of 

a series of mixtures of M and L of identical molar concentration, C. Hence

[M]t + [L]T = C.

The concentrations of M and L and their interrelationship are given by:

[M] = C(l-x)-[MLn] (1)

[L] = C x -n [M U  (2)

[ML„] = P[M][L]n (3)

where x is the mole fraction of the ligand. The condition for a maximum in the curve of 

[MLn] against x is that:

d([MLn])/dx = 0

By taking differentials of the equations 1-3 with respect to x, and eliminating variables 

between equations it may be shown that

o  — Xmax/(1-Xmax)

thus n can be calculated from the value of x for which [MLn] is maximum.

If £m> £l and EMLn are the molar extinction coefficients respectively at a given wavelength, 

then for a cell of path length, 1, the measured absorbance of the mixture, A is given by:

A = 1 (£m[M] + eL[L] + EMLn [MLn])
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and the difference between A and the absorbance which the mixture would have had in the

absence of reaction (A') is:

A -  A' = 1 (£ m [ M ]  +  £l [ L ]  +  E M L n t M L n ]  "  Em C ( I - x )  - Gl C x )  

which on substitution for [M] and [L] from equations 1 and 2 becomes:

A - A' = 1 [MLn] ( E M L n  “ e M  " n ^ ) 

or

d(A-A')/dx = 1 ( EMLn - em - n£L) d[MLn]/dx 

ie. [MLJ is a maximum when A - A' passes through a maximum or minimum.
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APPENDIX 3

Instrum entation

Infrared spectra were measured on a Perkin Elmer 1720 Infrared Fourier Transform 

spectrometer. Raman spectra were measured using Innova 70 CRL Ar+ and 90 CRL 

Kr+ lasers with a Spex Ramalog 5 instrument and Spex Datamate data acquisition unit. 

XPS measurements were recorded of powdered samples mounted on sample stubs 

using chlorine free double-sided adhesive tape and analysed using Mg K a radiation at 

15kV and 10mA using 6mm slits on a Kratos XSAM 800 instrument by Dr. J. A. 

Busby of Johnson Matthey. NMR spectra were measured in C HCI3, C H2CI2 or 

2H20  on a Bruker WM 250 Fourier transform spectrometer by Sue Johnson, Dick 

Shepperd and Paul Hammerton. Mass spectra were recorded by Mr G. Tucker and Mr 

J. Bilton on a VG-Micromass 7070E-HS spectrometer. Cyclic voltammograms were 

recorded using an OE-PP2 instrument with platinum working, tungsten auxiliary and 

silver pseudo reference electrodes. ESR spectra were recorded by Dr. Andy Dengel on 

a Varian E12 X-band spectrometer (9.5GHz), at low temperature with flowing cooled 

N2gas.

C, H and N microanalyses were provided by the Microanalytical Department of 

Imperial College, while the microanalyses of all other elements were provided by the 

Microanalytical Department of the University of Strathclyde.
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