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ABSTRACT 

The reactive complexes CpRu(PPh3hSR (Cp = ll.5-cyclopentadienyl; R = H, 

4-C6H4Me, l-C3H7, CHMe2) were prepared by briefly heating CpRu(PPh3)2CI with 

LiSR in refluxing TIIF. Treatment of the thiolates with CO gave CpRu(PPh3)(CO)SR. 

The reaction of CS2 with CpRu(PPh3hSR gave the thioxanthate complexes 

CpRu(PPh3)(S2CSR) (R = 4-C~Me, l-C3H7, CHMe~, wherein the CS2 inserted into 

the Ru-S bond. A study of the kinetics of this reaction and the crystal structure of 

CpRu(PPh3)(S2CS(1-C3H7)) is aIso reported. Refluxing a toluene solution of 

CpRu(PPh3hSR (R = l-C3H7, CHM~) gave, via sequential loss of PPh3 the dimeric 

complexes [CpRu(pPh3)SRh which converted into the complexes [CpRuSRh. The 

crystal structure of [CpRuS(1-C3H7)h is reponed. The reaction of S02 with 

CpRu(PPh3hSR (R = 4-C~4Me, l-C3H7, CHM~) gave the complexes 

CpRu(SOÛ(PPh3)S(SOz}R. A reaction mechanism is proposed anw the x-ray structure 

of CpRu(S02)(PPh3)S(SOz}(4-C6H4Me) was determined. The stable complex 

CpRu(PPh3)(CO)S(SO~(CHMez} was observe<! by lH and IR spectroscopy. The 

complex CpRu(SO~(PPh3)S(4-C~Me) was prepared by melting 

CpRu(SO~(PPh3)S(SOz}(4-C~4Me). The complexes CpRa(pPh3)(CO)SER CE = S, 

SS and S(O); R = 4-C~Me. l-C3H7• CHMe~ were prepared by the reaction of the 

thiol CpRu(pPh3)(CQ)SH with the appropriate phthaIimide sulfur transfer reagents 

REphth (phth = phthalimide). The x-ray structures of CpRu(pPh3)(CO)SS(CHM~, 

CpRu(PPh3)(CO)SSS(1-yH7), CpRu(PPh3)(CO)SS(0)(CHM~) and 

CpRu(PPh3)(CO)SS(Oh(4-C~4Me) are discussed. 

1 



1 
La Chimie des Complexes Cyclopentadiényl Ruthénium Contenant des Ligands 

Thiolato et des Chaînes Sulfurées 

Ph.D. Pierre-Yves Plouffe ChemlStry 

RÉSUMÉ 

Les complexes réactifs CpRu(PPhÛ2SR (Cp = ,,5-cyclopentadiényl; R = H. 

4-C6H4Me, l-C3H7, CHMe) ont été préparés en chauffant brièvement le 

CpRu(PPh3hCI en présence de LiSR dans du THF à reflux. Le traitement des 

complexes thioliques avec du CO donne les complexes CpRu(PPh3)(CQ)SR. La 

réaction du CSz avec les complexes CpRu(PPh3hSR forme les complexes 

thioxanthates CpRu(pPh3)(S2CSR) (R = 4-C6H4Me. 1-C3H7• CHMe2)' où le ('S2 Ci'est 

inséré dans le lien Ru-S. Des études cinétiques effectuées sur cette réaction sont 

rapportées. La structure aux rayons-X de CpRu(PPh3)(S2CS(l-C3H7» a été 

détermin~. Le reflux d'une solution de toluène et de CpRu(PPh3)SR (R = l-C3H7• 

CHM~) provoque la perte séquenclelle des ligands PPh3 pour fonner des dimères 

[CpRu(pPh3)SRh et les trimères [CpRuSRh. La structure du complexe 

[CpRuS(l-C3H7)h a été déterminée par cristallographie aux rayons-X. La réaction du 

S02 avec CpRu(PPh3hSR (R = 4-C6H4Me, l-C3H7, CHMe2) donne les complexes 

CpRU(S02)(PPh3)S(S02)R. Un méchcati.sme réactionnel est proposé et la structure du 

complexe CpRU(S02)(PPh3)S(SOv(4-CJl4Me) a été obtenue. Le complexe stable 

CpRu(PPh3)\CO)S(SO~(CHM~) a été observé par spectroscopie RMN_1 H et par IR. 

Le complexe CpRu(S02)(PPh3)S(4-C~4Me) a été obtenu par la d~omposition 

thermique du complexe CpRu(S0i> (PPh3)S(S02)(4-C6H4Me) en fusion. Les 

complexes CpRu(PPh3)(CO)ER (E = SS, SSS et SeO); R = 4-CJl4Me, l-C3H7, 

CHM~ ont été obtenus par la réaction du thiol CpRu(PPh3)(CO)SH en utilisant les 

réactifs de transfert de soufre phthalimido appropriés. Les structures aux rayons-X des 

Il 



1 complexes CpRu(PPh3)(CQ)SS(CHMez), 

obtenues. 
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GENERAL INTRODUCTION 

Sulfur was known by the ancients because lt exists ln nature ln us elemental 

fonn. l It was used for phannaceuucal purposes, in gun powder and by alchemlsts for 

the "transmutation" of elements.· Sulfur has been known for over six thousand years 

and referred to as brimstone in Genesis 19:24.1 In addition, lt eXlsts throughout the 

solar system in various forms. For example, deposits of elemental sulfur have been 

found near the crater Aristarchus on the moon. l Jupiter's moon 10 has an atmosphere 

of sulfur dioxide, and has volcanos that continuously spew sulfur.J 

A person' s tirst exposure to sulfur in organic compounds is through one' s 

delicate sense of smell. Examples of malodorous sulfur compounds include: various 

low molecular weight thiols, RSH; rotten eggs, H2S; garlic, allyl propyl disultide; and 

skunk, dibutyl disulfide.4 This is not to say that aU organic compounds containing 

sulfur are maIodorous. Many higher molecular weight disulftdes and thiols are 

odorless, as are highly polar disulfides and thiols. such as cystine and cystein. 

AIso of imponance are the pharmaceutical applications of sulfur containing 

organic compounds. For example, Allicin, a thiosulfinate found in onion, garlic and 

chives, is a broad spectrum antibacterial agent and a potent inhibitor of platelet 

aggregation.5 The same compound aIso reduces liver cholesterol and serum lipids. The 

compound E,Z-ajoene has recenùy been isolated from fresh garlie and was found to 

produœ complete inhibition of collagen-induced platelet aggregation for 24 hours in 

rabbits.6,' Other applications of sulfur containing drugs include antirhcumatics and 

anaesthetics.5 

The cosmetics industty aIso benefits from our knowledge of sulfur chemistry. 

The coupling reactiOll between neighboring cyS1ein fragments in human haïr (cystein 

accounts for 18% of haïr protein4) fonns a new amino acid, cystine. and gives the haïr a 

"permanent wave".' 



2 

o 0 
Il Il 

-NHCHC- -NHCHC-
1 1 

Allicin CH2SH}:: [2 
CH2SH [H] 2 
1 1 

-NHCHC- -NHCHC-
Il Il 
9 0 

CystelO cystine 

E,Z-ajoene (in haïr protein chain) 

The chemistry of metallic thiols and thiolates is essential to biological systems. 

Many microorganisms can reduce inorganic sulfur (e.g. sulfate) and incorporate it in 

aminoacids such as cysteine and methionine.9 These aminoacids often bind to metals 

through the sulfur to form biologically active molecules. Iron-suifur proteins are 

responsible for many biological redox sites.Io Examples include ferredoxins and 

rubredoxin which contain iron-sulfur sites which are involved in the reduction of 

sulfate to cysteine and methionine.9 Furthennore, the protein responsible for reducing 
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Where Cys = cystein 

atmospheric nitrogen to ammonia in microorganisms, nitrogenase, consists of two 
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proteins, both of which are essential for activity.l0 The smaller pfOtem has an active 

site similar to 4Fe-ferredoxin whtle the large protein has a much larger actIve SHe 

composed of a c1uster of MÛ2F~S24' A smaller fragment called the FeMo cofactor 

has been lsolated from the large prote in and was found to contam two uon-sulfur 

cubanes bridged by MÛ2S3 fragment, Figure 1.10 The imponance and umque chemistry 

Cys Cys 

\ / 
Fe___ ___ Fe 

/ 
\.S S / \ 
s ... \ /S, / ". S 

S: .. /_ ~ Mo.,' S", Mo-----:-.. ,,'" S 
\ --. Cy~ '- S/ \cYs.~e '\ 1 Fe __ . / \ ___ Fe 

/ S S \ 
Cys Cys 

Figure 1 Fe-Mo-S cluster in the FeMo cofactor of nitrogenase, 

of these systems have prompted ~uch research in this field. 

The presence of sulfur in combustible fuels is the largest source of atmospheric 

S02 emission. Due to recent concems about air quality, the removal of sulfur in fuels 

has become very important. Hydrodesulfurization of fossil fuels is now a major area of 

research (equation 1).10 As a consequence of the large volume of fossil tuel treated, 61 

(1) 

million barrels of petroleum per day worldwide in the fmt quaner of 199011 , 

hydrodesulfurization may presently he the most imponant industrial chemical process, 

Because of the hydrodesulfurization of fossU fuels and the removal of H2S from natural 

gas, Canada has become the world's largest producer of elemental sulfur.ll Presently, 

the catalytic industrial process employed to achieve hydrodesulfurization is a 
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heterogeneous process which uses sulfided Co or Mo oxides, supported on o.-AI20 3, as 

a catalyst.13,14 This process is efficient although the side reactions, hydrogenolysis of 

C-C and C-N bonds (equation 2 and 3, respectively) and the hydrogenation of 

unsaturated compounds (equation 4), lead te a significant waste of hydrogen and the 

generation of undesired byproducts. The H2S produced in hydrodesulfurization can he 

RNH2 + H2 ~ RH + NH3 (3) 

00 +5H2 co (4) 

reduced to elementaI sulfur via the Claus process which uses activated Alumina as a 

catalyst.1S This process is carried out in two stages: a) a fraction of the H2S is bumed 

in air to fonn S02 and b) the S02 and the remainder of the H2S are reacted over the 

catalyst to fonn elemental sulfur and H20. The exact mechanism of 

hydrodesulfurization has not been determined, however, Angelici et al. and others have 

recently investigated soluble complexes as models in an attempt to resolve this 

problem.13 The mechanism of the Claus process is aIso not known and thus, the study 

of catenated sulfur on metal complexes and the reaction of S02 with metal complexes 

cou Id give some insight into this process. 

The study of model metal sulfur compounds could eventually be useful in the 

development of less costly, more selective, and potentially more efficient catalysts for 

hydrodesulfurization of crude oils. Of particular interest are complexes of ruthenium 

which are already known to be excellent hydrodesulfurization catalysts16, although not 

competitive against heterogeneous catalysts. Thus, a detailed understanding of 

ruthenium thiolates and polysulfides might be valuable in the development and 
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improvement of hydrodesulfurization catalysts or in the synthesis of catalysts with 

activities similar to nitrogenases or ferredoxins. 

While organic sulfur complexes of the type RSxR where x = 1,2 are well 

knOWli, the metal analogs MSxR are very rare. Similarly, oxidized organic disulfides 

such as RSS(Q)xR, where x = 1,2 are also known, whereas the metal analogs are 

virtually unknown. Thus, there is a fundamental interest in exploring the synthesis, 

structure and reactivities of these metal analogs. 
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SCOPE OF THESIS 

This work introduces a series of systems involving Cp-ruthenium suifur species 

of the type M-SX. where X = R, SR, SSR, S(O)R or S(OhR, and M = CpRu(PPh3h, 

CpRu(PPh3)(CO) or CpRu(PPh3)(S02)' In the frrst part of the thesis, the Iability of 

PPh3 in the complexes CpRu(PPh3hSR was exploited to generate: dinuclear and 

ttinuclear oligomers; ,,2-thioxanthates; S02 adducts; and carbonyls. The mechanism of 

insertion of CS2 into metal thiolate bonds was studied. Furthennore, the interaction of 

metal thiolates with S02 was also examined. The second part of this thesis relates to 

the preparation and characterization of the catenated sulfur systems listed aoove. A 

series of novel catenated sulfur ligands was prepared and the x-ray crystal structure of 

sorne of them are reported. 
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CHAPTERI 

Preparation of CpRu(PPh3)(L)SR (L = PPhJ, CO and R = 4·C6H 4Me, 

I-eJH" CHMel) and The Aggregation of CpRu(PPhJhSR (R = l-C3H" 

CHMez) 

INTRODUCTION 

The chemistry of metal thiolates has great biological importance and therefore, 

bas been studied intensively.17 Rubredoxin and nitrogenase are examples of important 

biologically active molecules containing iron-sulfur bonds.1° Consequently, many ioon 

sulfides and thiolates have been investigated as models for these proteins. On the other 

band, the chemistry of ruthenium-sulfur complexes has been barely exarnined mainly 

because they are of no direct biological relevance.18 However, ruthenium has become 

increasingly important in the study of hydrodesulfurization. 16 Particularly neglected is 

the chemistry of cyc1opentadienyIruthenium. Sorne complexes have been reponed: 

CpR~S(C6H5)19, where L = PMe3' P(OMe)3, P(OMehPh, P(OPrh or ~ = 

Ph2PCH2CH2PPh2; (CsMes)Ru(COhS(C6Hs)18; and CpRu(COhSR where R = C6Fs, 

Me, CH2C~S' t-butyl and C6Hlo. The cationic thiol [CpRu(PPh3hSH(1-C3H7)J+ll 

and the thiols CpRu(PPh3hSHll,12 and CpRu(PPh3)(CO)SH11,l1 have also been 

reported. 

The most widely used method of preparation of metal thiolates is through the 

metathesis of a metal halide with a rnetal thiolate as in equation 1.1. Many metal 

thiolates are prepared in this way because, in most cases, the chloride analog is 

available and is usually easily substituted. The driving force for this reaction is the 

precipitation of the alkali halide. In cases where the chloride is not easily substituted, 
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M-CI + M'-SR --.... M-SR + M'·CI where M' = alkali metal (1.1) 
M = transition metal 

1) +MeLi ------t .... ~ CpW(COh(PPh3)(SR) + Hphth 
2) +RSphth 

(1.2) 

where phth = phthalimido 

~ + RS-SR -----.. M(SRh + 2L (1.3) 

Ni(codh + Ph·S·Ph + 2PEt3 ----1... PhNi(SPh)(PEt3h + cod (1.4) 

CpW(NO)(Rh + t S8 --.. ~ CpW(NO)(SRh (1.5) 

the starting chloride May be reacted with AgN03 to fonn the cation, followed by the 

addition of the thiolate. In this case, the driving force is the precipitation of Agel. 

The reaction of a metal anion with a sulfur transfer agent has also been used 

successfully in cases where the metathesis route was ineffective.23 This novel route 

has proven to be very effective in the preparation of CpW(COh(PPh3)SR (equation 

1.2). The metal anion was prepared in situ by reaction of the hydride with methyl 

lithium. 

Sorne bisthiolates and thiolates can be obtained through the oxidative addition 

of disulfides and sulfides to a low valent metal as in the case of CP2Ti(COh24 and 

Ni(codh25 respectively, (equations 1.3 and 1.4). Oxidative addition of disulfides ante 

dimeric species can aIso lead to thiolates, as is the case for addition of RSSR onto 

[CpRu(COhh to form CpRU(CO)2SR.10b 

Recently the insertion of elemental sulfur in a metal alkyl bond was achieved. 

This unique reaction gave CpW(NO)(SRh (equation 1.5).26 

Few thiolato clusters of ruthenium can be found in literature. Dinuclear 
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complexes of ruthenium(ll) such as [CpRu(CQ)SRh and [CpRUS(C6F5)h(~-CO) have 

been reported.20 Recently, the dinuclear complexes of rJthenium(Ill), 

~ ~ 
Ru Ru 

/ \"'IIIS=:","S'S~*'J "-
Ph3P \s ....... -S PPh3 

........... S---

[MeCpRu(pPh3 )S3h 

clusters 4re rarer still. Ooly two trimeric hydrido complexes, RU3H(CO)1O(SR)17, 

where R = CH2COOH, C7H4NS, and RU3(~-SPh)(~-H)(CO>s(~-dppm)28 have been 

structurally detennined to date. 

In this work, the complexes CpRu(PPh3)(L)SR, where L = PPh3• CO and R = H. 

4-C6H 4Me, l-C3H7• CHM~ have been prepared. The stability of these complexes was 

related to the lability of the ligand L. Thus, the complexes [CpRu(SR)(PPh)3h and 

[CpRu(SR)h have also been prepared from CpRu(pPh3hSR for R = l-C3H7 and 

CHM~. by sequential 10ss of PPh3. The crystal structure of the trimeric complex 

[CpRu(S-I-C3H7)h was determined.29 
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RESULTS 

The preparations of CpRu(pPh3hSR, where R = H, 4-C6H4Me, l-C3H 7 and 

CHM~, la-d, required careful control of the reaction conditions. A stoichiometric 

«dd? 
THF 1 ______ .~ Ru + 

PhP/\'SR 
3 PPh3 

la-d 

LiCI (1.12) 

a,R=H 
b, R = 4-C6H4Me 
c,R = l-C3H7 
d,R=CHM~ 

ratio of CpRu(pPh3hCI with LiSR a1ways gave mixtures of the chloro complex and 

la-d regardIess of the reaction time. Prolonged heating gave a mixture of 

Cp-containing complexes due to thermal decomposition of the expected product, as 

shown by the NMR spectrum of the crude product. The optimum condition for this 

preparation involved an excess (2 fold) of lithium thiolate and a brief reflux time (15 

minutes), see equation 1.12. In this way, the thiolates la-d were aIl obtained in good 

yield (68-71 %). 

The brown complexes la and Id are moderately stable in air. Storage under 

nitrogen for prolonged periods (weeks) results in a darkcning of the solids and in the 

case of la, slow evolution of H2S. The red complexes lb and le are both indefinitely 

stable in air, as solids. U pon melting, la decomposes with evolution of H2S. AlI 

solutions of complexes la-d are dark red and moderately sensitive to air where they 

fonn black solutions within minutes. The complexes la-d are soluble in THF, 

chlorofonn, CC14 and benzene and insoluble in EtOH and hexanes. They react with 

chlorofonn, methylene chloride, carbon tetrachloride and I-propylchloride to fonn 

CpRu{PPh3hCI and the corresponding sulfide as shown by the NMR spectra, see 
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1 1 

Ru + R'el ----.~ Ru + RSR' (1.13) 

PhP/\"SR 
3 \pPh

3 

Ph p/ \"CI 
3 PPh3 

la·d 

equation 1.13. Similar electl'ophilic attacks have been observed in sorne platinum 

thiolates and indicate a high nucleophilicity for the coordinated sulfur atom.30 The 

NMR spectra of la-d show peaks due to one Cp ring, two PPh3 ligands and the 

expected R group, in the appropriate ratios. 

Refluxing solutions of le and Id in toluene led to the formation of dimers, 2e 

and 2d, and trimers, 3e and 3d, via the loss of ttiphenylphosphine, as shown in Scheme 

1.1. On the other hand, refluxing lb in toluene gave no reaction regardless of the 

@? 
1 

Ru 

Ph p/\'SR 
3 PPh3 

le, Id 

<@1 PPh3 

1 S 1 
Ru..--I ........... Ru 
l'S~~ 

Ph3P !R~ 

2c,2d 

R 
Cp 1 C 

" /S, /p 
Ru-Ru 1" /' ......... S-Ru'-S, 

R ~ R 

Scbeme 1.1 Oligomerization of CpRu(PPh3hSR, le, Id, to fonn the trimers 3e, 3d. 

reaction time. The red dinuclear complex 2e was prepared by heating a toluene 

solution of le for 5 minutes, and isolated by column chromatography as an impure 

product as shown by its NMR spectrum. Complex 2d was observed by NMR 

spectroscopy but was not isolated. The NMR spectra of 2e and 2d, each showed 2 Cp 

signaIs in ratio of 1: 1, and a single environment was observed for the l-C3H7 group of 

2e in the appropriate intensity. The isopropyl group of complex 2d was not dearly 
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observed due to overlap of signals with hexanes, present as the major contaminant. 

The clark red trimeric complexes 3e and 3d were prepared in 50% yield from a 4 

hour reflux of le and Id in toluene, followed by column chromatography. Longer 

reflux time did not improve the yield because an equilibrium was reached, equation 

1.14. This equilibrium was determined by heating le or Id in a sealed NMR tube to 

6 CpRu(PPh3}zSR~ 3 [CpRu(pPh3)SRh + 3 PPh3 ;;;:'::: 2 [CpRuSRh + 6 PPh3 (1.14) 

~W ~U ~~ 

105°C and measuring the relative integration of the Cp-containing species present in 

the solution (see Figure 1.1). Other unassigned species were observed in this reaction 

-c 
0 

..-l 
~ 
f1I 
H 
0-
1\1 
~ 
c 

..-l 

>-
:3 
c 
0 

..-l 
0-
1\1 
H 

a. u 
II-l 
0 

'*' 

110 

100 ....... ..-----'~ ...... -------------__'II Total 

90 

80 

70 
Trimer@f) 

60 

50 

40 

30 UnknoWTl 
~~----------------------~ 20 

10 
~----------------__________ D~ùn~er~ 

~~~-----------------------e k 
0 , 

0 4 8 12 16 20 24 

Time (Hrs.) 

Figure 1.1 Thennal decomposition of CpRu(PPh3hS(1-C3H7), le, 
as a function of rime. Relative concentrations of the various species 
present in a sealed NMR tube. 

28 
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and were labeled coUectively as unknown. Complex.es Je and 3d are soluble in THF, 

benzene, Et20, and hexanes. Bath these complexes are stable in solution for ho urs 

upon exposure ta air. The NMR spectrum of Je showed two Cp slgnals at 4.55 and 

4.59 ppm in the ratio of 2:1 respectively. The two n-propyl groups were observed in 

the ratio of 2: 1. The Methylene protons on the 0. carbon of the less intense R group 

resonate al 3.05 ppm, which is unusually downfield. The other protons of the propyl 

group are in the normal range for aliphatic protons. No signals were observed in the 

PPh3 region. The NMR spectrum of the 3d is similar to Je, in that il aIso has two Cp 

signals in the ratio of 2: 1 at 4.50 and 4.58 ppm respectively. The isopropyl group 

shows two diastereotopic methyl groups and one non-diastereotopic methyl group at 

1.06, 1.54 and 1.55 ppm in the ratio of 1:1: 1 respectively. The methyne proton 

associated with the non-diastereotopic methyl groups has an unusual downfield 

displacement at 4.97 ppm, while the methyne proton associated with the diastereotopic 

methyl groups appeared at 0.80 ppm. The ratio of the methyne protons is 1 :2. The 

NMR spectrum of Je did not change when recorded at 200C or lOOOC. Elemental 

analyses of Je and 3d are in agreement with their respective formulations. Based on 

elemental and NMR similarities between Je and 3d, both are assumed to have a :iimilar 

structure. 

The crystal struCtul'e of Je was determined and is pl'esented in Figure \.2.31 The 

crystal data, atom coordinates, bond angles and bond lengths are given in Appendix l, 

Tables Al.I-A1.4 respectively. Two independent Molecules were found in the unit 

eells. The structure eonsists of a triangular arrangement of ruthenium with three Cp 

below the plane deflOed by the three Metal centen, and three bridging thiolato groups 

above the plane. TwC) of the three R groups occupy equatorial positions ~lative ta the 

mctal-sulfur "basket", while the third R group is axial. The averaged Ru-S bond le11gth 
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is 2.296 A, which is slightly shoner than similar ruthenium-sulfur bonds found in other 

Table 1.1 Comparison of Ru-Ru and Ru-S bond lengths 
of complex Je with reponed structures. 

Ru-Ru (A) Ru-S (A) 

le 2.716-2.712 2.302-2.289 

1 2.839 2.388 

0 2.867 2.387, 2.395 

bridging thiolato complexes such as RU3H(CO)1O(SCH2COOH)17 (1) and 

RU3(~-SPh){JJ.-H)(CO)8(~-dppm) (0)28. The averaged Ru-Ru bond length is 2.715 A 

CCOOH 
1 2.388A 

~ ~5{ /CO 
OC-Ru 2.839A Ru-CO 

0( ,\H;"CO 

OC-Ru-CO 
/\ 

OC CO 

1 o 

which is slightly shan compared to similar complexes, 1 and U, in Table 1.l. To our 

knowledge, only one example of a trimeric ruthenium complex containing a bridging 

thiolato ligand unsupportcd by a hydride has been reported, ~Ru3(SMeh(COh.1O 

However, the crystal structure was not determined. In structure 3c:, the calculated 

distances between proton Haal, and 55 and S6, are 2.776 and 2.619 A, respectively. 

This distance is less than the sum of the Van der Waal distances (3.05 A) and is within 

hydrogen bonding distance as defined by Raston and Whitc.32 
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Figure 1.2 ORTEP of [CpRuS(1-C3H7)h, 3c. 
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Figure 1.4 Wire model generated from x-ray determination of [CpRuS(1-C3H7)h. Je. 

showing the lH NMR assigments and the proton sulfur interactions. 

A COSY NMR experiment perfonned on Je in CnC13 and C~6 was used to 

assign the NMR specttum and is displayed in Figure 1.3. ln C~6. the a protons on the 

axial R group. Haal and Haal in Figure 1.4. appeared as a multiplet at 3.50 ppm. The 

Pa proton appeared at 1.50 ppm. while the "la appeared al l.20 ppm. The equalorial R 

group has two observed signais. HYe an HPe• which appeared al 0.87 and 1.50 ppm 

respectively. The third signal. Hae• appeared as diastereotopic prolons at 1.33 and pan 

of the multiplet at 1.50 ppm. The assignments between 1 and 2 ppm were confImled 

by the COSY experiment in cnC13• where the coupling between the diastereotopic 

equatorial a protons is clearly seen at Ft = 1.62 ppm and F2 = 1.21 ppm. 

The reaction of CpRu(dppe)Cl with LiS(1-C3H7) gave a mixture of the starting 

chloro complex and CpRu(dppe)S(1-C~7). Se. regard1ess of the initial ratio of the 

chloro complex to lithium thiolate. However. the reaction of le with dppe in toluene 

gave the light orange complex Sc: in a modcrate yield A solution of this complex was 



18 

stable in air for short periods (up to 30 minutes). The NMR spectrum of Sc under 

nitrogen showed no sign of ligand loss or decomposition even after 20 hours in benzene 

solution. 

The reactions of la-d with CO (one atmosphere) at room temperature in THF or 

toluene ovemight gave CpRu(PPh3)(CO)SR, 4a-d, in excellent yields, equation 1.15.33 

\&7 \&7 
Rl + CO 

Ph3P/ \"SR 
PPh3 

1 
Ru + PPh3 

Ph p/" \"SR 
3 CO 

(1.15) 

4a-d 

These yellow complexes are very stable in air as solids and in solutions. Complexes 

4a-d are soluble in THF, benzene, chloroform and CS2 without reaction, partially 

soluble in hexanes and insoluble in EtOH. The NMR spectra of 4a-d each showed one 

Cp, one PPh3 and the expected R group in the appropriate ratios. A small coupling 

between the phosphorous and the Cp protons, in the order of 0.4-0.6 Hz, was observed 

in both 4b and 4d. 

The nonnal v(CO) range for tenninal carbonyls is 1850-2125 cm-I•IO The 

Table 1.2 Table of IR data for CpRu(PPh3)(CQ)SR, 4a-d. 

4a 4b 4c 4d 

v(CO) 1950 1947 1942 1941 
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observed carbonyl stretching frequencies are listed 10 Table 1.2 and are within nonnal 

range. The effect of the electron-donating ability of the R group is clearly obsened by 

the CO stretching frequencies of 4a·d. As the R group becomes more e1ectron 

donating, the metal becomes more electron rich and v(CQ) decreases due to d1t-p1t* back 

donation. Consequenùy, it may be concluded that R = H in 48 is less electron donating 

than R = p-tolyl, 4b. 
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DISCUSSION 

The preparations of la-d were found to be very capricious. The problems 

involved are: a} the reaction did not proceed to completion at an equimolar ratio of 

starting materials, b) on standing, mixtures of la-d and LiCl reacted to fonn 

CpRu(PPh3hCl, c) short reflux time gave mixture of starting materials and la-d, and d) 

prolonged reflux gave decomposition of la-do This tndicated that an equilibrium state 

was reached as in equation 1.16. The solution to the se problems involves a short reflux 

Q7 
1 

Ru + LiCl (1.16) 

Ph3P/ "'SR 
PPh3 

la-d 

(15 minutes) of the chlororuthenium complex with 2 equivalents of lithium thiolate in 

THF, followed by rapid workup. 

The metal center seemed to have a greater affinity to the chloro than the thiolato 

ligand. This was confumed by the reâctivity of the thiolates la-d with any chlorinated 

aliphatic compounds as displayed in equation 1.13. This reactivity also indicates that 

the sulfur atom is nucleophilic.34 Similar nucleophilic attacks have been observed in 

sorne platinurn thiolates and suggest a high nucleophilicity of the coordinated sulfur 

atom.30 

The compound CpRu(PPh3hSH, la, requires storage under nitrogen as a solid 

and is quite reactive in solution. This compound has a tendency to lose H2S when 
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stored for a long period as a soUd. It also loses H2S when it is rnelted. The complu la 

has been previously reported and is known to lose H2S and PPh3 thennally with the 

fonnation of a cubane-type tetramer [CpRuS14.lS 

When solutions of Ib-d were heated for a prolonged period of time, 10ss of 

ttiphenylphosphine was observed and dimeric and trimeric complexes were fonned. 

This type of reactivity is not surprising when one considers the bulkiness of two 

ttiphenylphosphine groups on a single Metal center as shown by molecular models, as 

weil as the sum of the cone angles of two PPh3• 29QO (Cone angle used was Tolman' s 

cone angle. PPh3 = 145°. The cone angle of PPh3 derived by Immirzi and Museo from 

x-ray data for Ru is 123-125°)36 

LRSœ 
M-S-R 

O~ 
~ 

e-

Figure 1.5 The p7t-drc interaction between the Metal and the thiolato ligand. 

Fenske-Hall molecular orbital calculations canied out on CpFe(CQ)SH by 

Ashby dcmonstrated that a thiolate group can stabilize a 16 electron (e-) species 

through pK-<Ùt bonding.37,31 The bonding ability of a thiolate group is moderated by 

the electron-donating ability of the R group. The filled sulfur p orbital has the proper 

symmetty to overlap with an empty Metal d orbital. In this way. 16e- intennediates can 

he stabilized. Stable 16e- thiolato complexes such as CpMo(NO)(SPhh have been 

isolated and their stability justified by this d1t-P't backbonding as shown in Figure 1.5.39 
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The complex. Ru(SC lOHn )4(CH3CN) is an ex.ample of a stable 14e- polythiolate 

stabilized in part by pn-dJt bonding and aIso by the bulkiness of the R group.40 

-}(s 
s 1 
'Ru-S 
S~I 

N 
III 
C 
1 

Me 

Ashby also demonstrated that the HOMO of CpFe(COhSH is an antibonding 

orbital involving the sulfur p and the Metal d orbitals.J7 Consequently, the electrons in 

the sulfur lone pair, whose density is govemed by the electron-donating ability of the R 

group, destabilize the Molecule and therefore, make the sulfur nucleophilic. 

The stability of the complexes la-d was found ta he govcmed by the tendency 

to lose triphenylphosphine and the reactivity of the acidic proton in the case of la. The 

tendency to lose PPh3 increases with the electton-donating ability of the R group. The 

R group donates elecuon density to the Metal through the sulfur. The high electron 

densily on the metal facilitates the loss of PPh3 which acts as a strong Lewis base and a 

weak x-acid 41 Consequently, lb is indefinitely stable as a solid and modcrately stable 

in solution, le is indefinitely stable as a solid but less stable in solution and Id needs to 

he stored undcr nitrogen as a solid and is quite reactive in solution. Alter the loss of 

PPh]. the complex becomes a reactive 16e- species, CpRu(PPh3)SR, which is then 

stabilized by the elecuon-backdonating ability of the thiolate ligand 
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• 
Increasing stability 

The complex lb was found to he remarkably resistant to thennal 

decomposition. Heating a sealcd NMR sample of lb in C~6 to l100C for 5 ho urs 

gave no sign of decomposition. The lack of reactivity of lb is due to the 

electron-withdrawing ability of the R group which makes this SR group a less efficient 

stabilizer of the 16e- intermediate. On the other hand. the complexes IC·d showed a 

remarkable tendency to lose PPh3 when heated. The steric hindrance of PPh3• L'le high 

electron density on the metal and the p1t-d1t backbonding ability of the thiolate 

facilitated by electron-donating R groups, all favor the formation of the 16e

intermediate CpRu(PPh3)SR and consequently, the sequentialloss of PPh3 followed by 

the t\;:mation of the dimer and fmally the trimer. The same factors cause la-d to react 

with CO to form CpRu(pPh3)(CO)SR, 4a-d, and also le to react with 

diphenylphosphinoethane (dppe) te form CpRu(dppe)S(n-propyl), Sc. 

The dimeric complex le was prepared by a very brief reflux of le in toluene. 

According to the product distribution given in Figure 1.1. the dîmer reached a 

maximum concentration within 5 minutes of reflux. NMR spectrum of lc revealed that 

the IWO Cp rings had different environments and the two R groups had only one 

environment. Thcre are 6 structural possibilities for a dinuclear comple1. of the type 

Cp"RU2(SRh having a bent RU2S2 ring. These isomers are shown in Figure 1.6. In 

addition to these, there are three more isomers having both Cp rings cis "down " , as 

shown in Figure 1.7, however, these isomers involve excessive Cp ring interactions and 

therefore, are not considered further. From aIl possible isomers of dînuclear 
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NMR observations 
NumberofCp NumberofR 

cis, aa 1 1 Ru Ru 

1 1 
Ph3P PPh3 

R 

cis, ae 
~~~~ 

Ru \R Ru 1 2 

1 1 
Ph3P PPh3 

cis, ee ~Rud~R~ 1 1 

1 1 
Ph3P PPh3 

4<R 
IR 

.,.::::: S ~ / PPh3 

ttans, aa Ru::::'--- Ru 2 1 

1 ~ Ph3P 

~ .,.::::: fs /PPh
3 

ttans, ae Ru:::'---~ Ru 2 2 

PhJ ~ 
~ S /

PPh
3 

ttans, ce RUÇ~RU 2 1 

1 R~ 
Ph3P 

l Figure 1.6 The expected NMR spectra of all possible isomers of [CpRu(pPh3)SRh. 
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Figure 1.7 Structure of the complex [CpRu(pPh3)(SR)h with both Cp rings cis and 
"down", showing the Cp ring interactions. fhe R groups can occupy axial Q! 
equatorial positions on each sulfur atom. 
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dithiolates, two isomers are consistent with the observed NMR spectrum, trans aa and 

trans ee. These could not he distinguised spectroscopically. Based on models, the 

trans ee is assumed to he more favored due to reduced steric hindrance around the R 

group. 

Thennal rearrangement of lc,d gave the dark red trimeric compounds 3e,d. 

Complex Je has an unusual structure as described earlier (Figures 1.2 and 1.4). 

The NMR spectrum of 3e did not change with temperature even up to lOOOC, 

thus suggesting the lack of exchange between the Cp and the R groups. COSY 

experiments on 3e in C6D6 and cnCl3 are illustrated in Figure 1.3 and show a single 

environment for the two protons on the a carbon of the axial R group, Haa at 3.50 ppm, 

see Figure 1.4. Atoms Haa have an unusual chemical shift which indicates a strong 

deshielding effect. Similarly, complex ~d shows an unusual down field shift for the 

methyne proton. We conclude that me proton Hl (Haal ), which is hydrogen bonded 10 

sulfur atoms SS and S6, is in dynamic equilibrium with H2 (Haa2) which is not bonded 

to the sulfur, thus resulting in an averaged signal. This seems to be consistent with a 

free-rotating axial R group on the NMR time scale. The distances between Haal and 

SS and S6 are 2.776 and 2.619 A respectively, less than the sum of their Van der Waal 
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radii, which is 3.05 A. This indicates an interaction between Ho,al and these sulfur 

atoms. According to Raston and White, if the distance is less than the Van der Waal 

distance, then hydrogen bonding is highly likely.32 The two protons on each of the a 

carbons of the equatorial R groups show diastereotopicity as two multiplets; one under 

the large multiplet assigned to H~a at 1.50 ppm and the other is the multiplet at 1.33 

ppm, as indicated by the strong correlation between H~e and Hae2' in the COSY 

spectrum in CDCl3 (Figure 1.3). 

The COSY experiments and the lH NMR spcctra reveal that the structure of the 

trimer is rigid in terms of exchange between the axial and equatorial R groups, while 

the axial R group is free to rotate at least to the degree that each Ho,a proton altemately 

intcracts with the two sulfurs. This orientation may simply minimize lone pair 

repulsion between the sulfur atoms, since three lone pairs would likely not be able to fit 

inside the S3 triangle. Having one lone pair outside the triangle reduces the steric 

hindrance and forces at least one of the HUe atoms toward the sulfur atoms. 

Alternatively, the structure may he induced by hydrogen bonding alone. One or both of 

these factors must he important in keeping this structure in the observed orientation, 

since studies on molecular models suggest minimal repulsion between R groups would 

best he achieved when the R groups are aU equatorial. 

The lability of PPh3 has been exploited previously for the complex 

CpRu(PPb3hCl, where one phosphine ligand can he replaced by a CO ligand42a,b or 

bath phosphine groups can be substituted by dppe42a. However, this ligand exchange is 

difficult and requires rigarous conditions. The analogous ligand substitution reactions 

were performed using la-d in an attcmpt ta reduce their reactivity with respect ta 

ligand loss and ena""e subsequent selective reactions at the SH bond, in the case of 

dcrivatives of la. The reaction of dppe with le: gave 6c: in good yield. This compound 
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was far more stable than le, and did not dissociate one end of the bidendate dppe 

ligand. However, the potential of this ligand to lose one end of the dppe ligand and 

thus afford a site of reactivity could not he ignored. Therefore, the replacement of one 

bulky, relatively basic PPh3 in la-d with the smaller, more acidic ligand, CO, would be 

a more stable alternative for reducing the reactivity of la-d. Reactions of la.~ with 

CO gave CpRu(pPh3)(CQ)SR, 4a-d, in very good yields. The complexes 4a·d do not 

have the potential to lose a ligand as easily as 1 a-d, and are far more stable. The 

reaction conditions for these preparations are much milder than the CO substitution of 

CpRu(PPh3hCI which requires high pressure of CO or 1/8 Ss to abstract PPh3 as 

PPh3S.42b The ease of ligand substitution of the thiolato complexes further illustrates 

the activating role of the thiolato group as discussed in the previous section. The 

presence of an electron-donating ligand, PPh3, and the strong tt-acceptor CO ligand 

create a uniquely stable complex due to the reduction of the electron density at the 

metal.IO The NMR spectrum of 4c showed diastereotopic protons on the carbon (l to 

the sulfur atom. This is consistent with the presence of a chiral mctal center. The 

complex 4d displayed diastereotopic methyl groups in the NMR spectrum, which is 

aIso consistent with the chiral Metal center. 'The cyclopentadienyl NMR signal showed 

a very small coupling with the phosphorous in the order of 0.4-0.6 Hz. This coupling 

wu not observed with any other derivatives of CpRu. Coupling between Cp and 

phosphorous is Dot usually observed for ruthenium since the second and third row 

transition metals are notoriously poorer transmitters of nuclear spin-spin coupling 

effects than the first row transition metals.43 
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CHAPTER2 

The Reaction of CpRu(PPhJhSR (R = 4-C,H4Me, l-CJH" CHM~) with 

CS:z 

INTRODUCTION 

The thioxanthates of severa! transition metals sueh as Cu, Cr, Mo, W, Mn, Re, 

Fe. and Ni are known.44 However, thioxanthatcs of ruthenium have not been reported 

MS"o-S-R 
'S; 

and therefore, are of interest 

There are two classical methods of preparing thioxanthates: 1) the reaetion of 

the Metal cations with the thioxanthate anions (equation 2.1) and 2) the reaction of the 

mctal thiolates with CS2 (equations 2.2 and 2.3).44 The latter reaetion is an insertion of 

M+ + x(S2C-SR)- ~ M(S2C-SR)x (2.1) 

LnM-SR + CS2 
M"S~ ~ Ln-l 'S~C-SR +L (2.2) 

LM-SR + CS2 • LM-S-C-SR (2.3) 
Il 
S 

Et3N 
M(S2C-OR) CS

2 
~ M(S2C-SR) (2.4) 

C~ into the metal sulfur bond ta fonn a bidentatc44 (equation 2.2) or a unidentate45c,445 

(equation 2.3) producL Generally, when a ligand can be easlly lost, then the 112 mode is 
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favored, otherwise the ,,1 mode of bonding is favored. In addition, there is also a 

special method in which a xanthate is convened to a thioxanthate using catalytic 

amounts of Et3N and excess CS2, equation 2.444 

Equations 2.2 and 2.3 are directly applicable to this work as it involves a metaI 

thiolate. While thioxanthates prepared via insertion of CS2 have been known for quite 

some time,47 no mechanistic studies can he found in the literature for mis reaction. The 

CS2 insertion into M-SR bond is formally a homolog of C02 insertion into M-OR bond. 

The latter being of interest in the fixation of C02. The mechanism of CO2 insertion 

proceeds via electrophilic attack of free CO2 on the alkoxyl group, followed by 

displacement of a Metal ligand and insertion into the metal-alkoxy bond (see 

discussion).55 It was of interest to see if CS2 behaved in the same manner. 

Complexes involving thioxanthatcs and other ligands on a transition metal 

center are not common." TIlcse include CpM(COh(S2CSR) where M = Mo.W45c; 

M(CO)4(S2SR) where M = Mn. Re49; Re(CO)S(S2CSR)49; CpFe(CO)x(S2CSR) where x 

= 1.250; and [M(S2CSR)(SR)h where M = FeSt. Cou. 

CpFe(CO)(S2CSR), is the ooly group 8 thioxanthate reponed.53 

Among these. 

The complexes CpRu(PPh3}zSR were found to react with CS2 to fonn the 

thioxanthate complexes CpRu(PPh3)(S2CSR). where R = 4-C6H4Me, I-C3H7• CHM~. 

The structure of CpRu(PPh3)(S2CS-I-C3H7) was studied by x-ray crystallography. 

Since these reactions involve the Ru-S bond and the 108s of one PPh3, and both of these 

are of intel'est in this system. the mechanism was invcstigated by means of kinetic 

stucües. 

.... 
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RESULTS 

Complexes Ib-d reacted cleanly with CS2 in toluene or THF at room 

temperature to give quantitative yields of dark red thioxanthates 6b-d, equation 2.5. 

«±» 
1 

Ru + CS2 

Ph p/\'SR 
3 PPh3 

Ib-d 

«±» 
1 

---.~ Ru 
/~S 

Ph3P \S~SR 

6b-d 

(2.5) 

b, R = 4-C6H4Me 
c, R = l-C3H7 
d,R= CHMe2 

These complexes were insoluble in ethanol and hexanes and soluble in CS2, THF, 

toluene, and CHCI3• They were very stable as solids and also in solution. An NMR 

sample of 6d was exposed to air for 5 hours with no change in the NMR spectrum. The 

NMR spectra of 6b-d showed peaks due to one Cp, one PPh3 ligand and the expected R 

groups in the appropriate ratios. The IR spectra showed two thioxanthate bands in the 

ranges 972-993 cm- l and 941-962 cm- l . A third band was observed in the range 

803-807 cm-1 and was assigned to the R-S vibration. 

The crystal structure of 6c W&S detemùned and is displayed in Figure 2.1. S4 The 

crystal data, the tables of atom coordinates, thermal parameters, bond lengths and 

selected bond angles are listed in Appendix n, Tables A2.1-A2.4 respectively. The 

structure is a piano stool with an 1l2-thioxanthate moiety, which is consistent with those 

structures reported for similar complexes.44,45 

The insertion of CS2 into the thiolate bonds was found to be irreversible. 

Treatment of 6b-d with CO in C6D6 gave no reaction. A solution of 6b in C6D6 can be 

refluxed for 2 hours with no sign of decomposition. 

The kinetics of the CS2 insertion reaction was studied by NMR spectroscopy in 
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CJ)6' It was noted that an increase in CS2 concentration increased the rate of insertion, 

whereas an increase in PPh3 concentration decreased the rate (data points of Figure 

2.2). Purging an NMR sample of lb with CO after approximately 50 % reaction with 

CS2, quickly quenched the reaction with conversion of the remaining lb to 

CpRu(PPh3)(CO)S-4-C~4CH3' 4b. The complex CpRu(dppe)S(1-C3H7) ,Sc, does not 

react with CS2 even after an extended period of time. The insertion of CS2 into the 

thiolate bond of CpRu(PPh3)(CO)S(l-C3H7) ,4e, in C6D6 did not occur unless the 

sample was treated with UV light. The rate of CS2 insertion into the thiolato bonds 

increased in the order Id > le > lb. 

The thiolla showed unusual reactivity toward CS2 as displayed in Scheme 2.1. 

It was found ta react slowly over 48 hours with evolution of H2S ta give the red product 

CP2Ru2(PPh3h(CS3), 6e (ie. R = CpRu(PPh3h). The structure was determined by 

spectroscopie evidence. The IH NMR spectrum in C6D6 showed two multiplets above 

~ 0 Q7 
1 1 1 

Ru + CS2 ~ J~ Ph3P PPh, ~ J~ Ph3P CS 
/\,SH 

Ph3P PPh
3 

Ph3P ~ \/ Ph3P ~ \/ 
S-Ru S-Ru 

~ ~ la 6e 6f 

Scheme 2.1 Proposed reaction sequence for the reaction of la with CS2. 

7.3 ppm in the relative ratio of 2: l, indicating the presence of three PPh3 groups in two 

different environments. The Cp tegion had two sharp signais in a relative ratio of 1: 1 at 

4.66 and 4.54 ppm, which reflects 2 Cp rings in two different environments. The 

relative ratio of the Cp region to the PPh3 region was 2:9, indicating 2 Cp and three 
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PPh3 ligands. No other signais were observed. The proton-decoupled 31 P spectrum ln 

C~6 had 2 sharp signals in the rano 2: 1 at 41.28 and 52.36 ppm, confinning the 

interpretation of the PPh3 region in the IH NMR spectrum. The IR spectrum was found 

to have bands at 964 and 907 cm- l . These bands are also present in the thioxanthates 

6b-d which indicate the similarity between the two complexes. Persistent 

contaminants could not he removed by recrystallization or column chromatography and 

a pure sample could not he obtained for elemental analysis. However. FAB mass 

spectrum of 6e gave the molecular ion and a fragmentation pattern consistent with the 

proposed formula Cp2Ru2(PPh3h(CS3). 

Further reaction of 6e with CS2 for 5 days in C6D6 resulted in an NMR 

spectrum containing two Cp signals at 4.73 ppm and 4.34 ppm of equal intensity_ Only 

one PPh3 environment was observed in the 1 H NMR spectrum as two bands at 7.0 ppm 

and 7.6 ppm in relative ratio 2:3; corresponding 10 the meta/para and the onho protons 

respectively. The 3l p spectrum of 6e indicated a contaminant containing two PPh3• as 

two signaIs at 46.23 and 40.74 ppm in the ratio 1:1. which were tentatively asslgned to 

CP2RU2(PPh3)(CS)(CS3), 6f (ie. R = CpRu(PPh3)(CS». Assuming this composition, 6f 

accounted for 9% of the signaIs in the 3lp spcctrum of 6e. A nujol muU of the dried 

residue showed a band al 1263 cm,l, consistent with the presence of a es ligand. The 

reaction time, and irreproducibility made funher studies difficult 

On the other band, C02 was found ta he unreactive toward lb·d at room 

tempcrature and at 1 atmosphcre of C02. An NMR scale reaction of le with seo?: 

-200C for 24 hours gave 2 new peales in the Cp region which remained unassigned. The 

complex lb did not react with seo. 
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DISCUSSION 

Since CS2 is a homologue of CO2, then the insenion of CS2 into the metal 

thiolato bond is analogous to the insenion of CO2 into the metal alkoxy bond. The 

latter reaction is of great interest as a potential CO2 fixation reaction which, in the 

future, cou Id become useful due ta the industrial and atmospheric importance of CO2. 

The mechanism of insenion of CO2 in W(CO)~OR' has recently been reported.55 It 

proceeds via electrophilic attack of free C02 on the alkoxyl group, followed by 

displacement of Metal ligand and insertion ioto the metal-alkoxy bond, analogous to 

path B in Scheme 2.2. It was of interest to determine if CS2 reacts in the same way. 

The reaction of CS2 with a Metal thiolato bond has been observed eartier.45 

Sorne examples of the products of these insertions iocludc mononuclear systems with 

an 11 1 thioxanthate ligand such a~ CpNi(Bu3P)(SC(S)SR45a, ,,2 thioxanthates such as 

CpNi(S2CSR)45b, CpM(COh(S2CSR)45c (where M = Mo, W), and clusters such as 

Cu8(SR)4(S 6.CSR)4 45.. No study has been reported on the mechanism of insenion of 

CS2 in thiolato bonds. The two most likely modes of insenion in this case are: a) 

displacement of PPh3 and precoordination of CS2 ta the Metal, followed by insertion 

ioto the M-SR bon~ path A in Scheme 2.2. and b) the attack of Cree CS2 on the thiolate 

group followed by the displacement of PPh3, path B. The reaction of lb with CS2 was 

studied under various conditions in an attempt to de termine which mechanism applied 

in tbis case. The reason for selection of lb for the kinetie study was that under 

identical conditions, its rate of reaetion was the slowest followed in arder by le and Id. 

The observations include: 1) rate aceeleration with increasing CS2 

concentration; 2) rate reduction by addition of PPh3 or CO; 3) conversion of lb to 

CpRu(PPh3)(CO)S(4-C~4Me) in the presence of CS2 and CO; 4) fallure of the 
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PathA 

@7 «P1 «id? «cl<? 
RI -PPh3 RI +CS2 1 

U > U ___ -.~ Ru 

/,\'SR < +PPh3 / "SR / \ }...SR 
Ph3P{ Ph3P Ph P ~~. 

PPh3 3 s=e=S 

la-b 

1 

R~ ~ / 'Q 
Ph P \ SR 

3 S-\ 

l PathB 

Sc:heme 2.2 Possible mechanism for the fonnation of 6b-d. 

carbonyl complexes 4b·d to react with CS2 unless irradiated with UV light and 5) 

fallure of the dppe complex Sc to react with CS2. The first observation is consistent 

with both mechanisms proposed. On the other hand, the second observation seems to 

imply the reaction path A. If excess PPh3 or CO is added to the reaction medium, then 

the concentration of the coordinatively unsaturated intennediate would be drastically 

reduced and therefore, the reaction would he inhibited. Under the same conditions, the 

reaction path B should not be affected by excess ligand since the displacement of PPh3 

is intramolecular. In comparison, the insertion of CO2 into the metal alkoxy bond of 
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W(CO)sOR- is insensitive to the concentration of CO.S5b Furthennore, if path B was 

effective, then the reactions of 4b-!! with CS2 would likely fonn the sulfur-bonded CS2 

intermediates (1l1-thioxanthate), even if subsequent reactions were inhibited by the lack 

of an available leaving group. Il was observed that 4b-d did react with CS2 under UV 

light. It is likely that UV light forced the reaction to proceed via path A by 

photolytically producing the coordinatively unsaturated intennediate. The complexes 

CpRu(PPh3hH and CpRu(dppe)H, for example, give CpRu(PPh3h(1l1-SC(S)H) and 

CpRu(dppe)(l1l.SC(S)H) respectively.56 As observed by NMR spectroscopy, the 

conversion of lb to 6b showed no sign of an intermediate containing a monodendate 

thioxanthato ligand, as one would expect if the reaction mechanism was similar to that 

of CpRu(PPh3hH. If insertion of CS2 occured before ligand 105s, as in path B, then an 

"l-complex should be forme<! as an intermediate. The monodendate complex 

CpRu(PPh3)(CQ)(S-C(S)-SR) could not he trapped by CO treatment during the 

reaction, nor could it be induced by bubbling CO through solutions of 6b-d or by 

heating solutions of 6b-d with excess PPh3. 

The results suggest precoordination of CS2 followed by insertion, path A. In 

this mechanism, the intermediate is the coordinatively unsaturated CpRu(PPh3)SR. 

This spccies is stabilized by p7t-dJt donation of the thiolate group to the metal. As 

discussed in section 1. the stability of this unsaturated species is greatest when the R 

group is electron donating. Thus. the trend of reactivity is also in the order of 

electron-donating ability of the R group as expected for path A. Since the unsaturated 

intermediate is effectively stabilized hy electron-donating R groups, then it would exist 

at a higher concentration and therefore, he more prone to attacks by CS2• 

Consequently. the observed rate of reaction would he proportionally greater. 

A kinetic analysis of path A shown in Scheme 2.3 led te the derivation of a rate 
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Scheme 2.3 Mechanism of insertion of CS2 into Ru-SR bonds of lb-do 

law based on inhibited enzyme kineticsS7 shown in equation 2.6. Integration of this 

equation gives an expression of time as a function of concentration shown in equation 

2.7. Since X in equation 2.7 appears as a logarithmic tenn and a linear tenu, the 

concentration tenn within X cannot he isolated and therefore, the standard fonn of the 

integrated kinetic equation could not be derived. Equation 2.7 can be simplified to 

equation 2.8 by introducing constants Cl' C2 and C3 as defined in equation 2.8. When 

C3 = [CpRu(PPh3hSR]o. which is the initial concentration of lb (i.e. [PPh3]o = 0), and 

using the observed rate in the absence of added PPh3• then the value of CI and c; can 

he calculated by computer iterations8 to fit curve A with the data in Figure 2.2 (CI = 

1.2 x 104, C2 = -1.00). If Cl is multiplied by four to simulate a four fold decrease in 

(CSù, and the previous values of ~ and C3 are used, then the curve B is obtained. 

l 
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d [CpRu(PPhûS2CSR] 
-~-..,.-"'-_- = 

dt 

Vs 
(2.6) 

+ 1 

[CpRu(PPh3)SR] [PPh3] 

KI = [CpRu(pPh3hSR] 

K - k_2 + k3 
S - k

2 
(Michaelis constant) 

t = C1{C;[CpRU(PPh3hSR]o X -~ ln (1- X)} (2.8) 

where: Ks 
C1=

VsKJ 

Finally multiplying C3 by three ta simulate addition of two equivalents of PPh3 gave 

curve C. These calculated curves agree very weil with the data collected by NMR 
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Figure 2.2 Calculated curves and experimental rate data for the reaction of lb with CS2: 

A) [ lb ]0 : [ CS2 ] = 1 : 385 with no PPh3 
B) as in a) [ lb ]0 : [ CS2 ] = 1 : 96 
C) as in a) with [ PPh3 ]0 = 2[ lb ]0 

K 
studies. U sing the values of Cl' ~ and C3, one can estimate K: = 2x 1 0-4 and k3 = 0.12 

sec' l ; however, these values are subject to large uncertainties because small errors in 

measurements of initial concentrations of the reagents result in large errors in 

measurements of the se values. 

Based on the observations and the success in the prediction of the kinetic 

model, one May be confident that the mechanism involved in the insertion of CS2 into 

the ruthenium thiolato bonds of lb-d is path A (Scheme 2.3). This is in contra st with 

the observed mechanism of insertion of CO2 into the Metal alkoxy bond which 

proceeds via an electrophilic attack analogous to path B.55 The most likely reason for 
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the difference is that the thiolato ligand is a better p1t-d7t donor than the alkoxy ligand 

and therefore, the 16e- intermediate in path A is more effectively stabilized. For the 

alkoxides, the only available mechanism is path B. Two factors also contribute to the 

different mechanisms of these reactions: 1) CO2 is a better electrophile than CS2 and 2) 

CS2 is expected to be a better ligand than CO2• 

The reaction of la with CS2 did not give simple analogs of 6b-d. While the 

colour change and the changes in the NMR spectrum suggested incorporation of CS2, 

evolution of H2S suggested funher reaction. The presence of the S2CSR moiety was 

confmned by IR spectroscopy; the bands at 964 and 907 cm-1 were, by comparison 

with 6b-d, Ib-d and literature values44, assigned to the delocalized C-S bond stretching 

modes. The mass spectra detected a parent ion and a fragmentation pattern consistent 

with the fonnulation CP2Ru2(PPh3h(CS3). NMR spectroscopy clearly indicated the 

presence of two different CpRu moieties, one with two PPh3, the other with one PPh3. 

By analogy to Scheme 2.3, it is reasonable 10 propose initial CS2 insertion into the 

Ru-SH bond to give CpRu(PPh3)(CS3)SH, 6a, followed by the rapid reaction of 68 with 

la to give 6e as in Scheme 2.4. The CS3 -2 moiety bas been observed as a bidendate 

ligand on one metal60 and also as a tridendate bridge between two metal centers59 as 

proposed for 6e. Careful monitoring of the NMR spectrum of la in C6DtlCS2 gave no 

evidence of Ga. Perhaps the concentration of 6a never reached detectable limits due to 

its high reactivity toward la. Funher reaction of 6e with CS2 was observed after 5 

days. The new complex, 6f, was found to have 2 Cp signaIs, and two PPh3 in different 

environments. A new IR band at 1263 cm-1 indieated the presence of a tenninal 

thiocarbonyl group. A likely structure of 6f is given in Scheme 2.4. It is conceivable 

that 6e reacted with CS2 to fonn a thiocarbonyl complex and PPh3S.61 The complex 

CpRu(PPh3hCI has previously been observed to reaet with CS2 at 1300C (toluene) to 
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6f 

Scheme 2.4 Proposed reaction scheme for the reaction of la with CS2• 

fonn CpRu(PPh3)(CS)C1.61 Reactions of CS2 with transition metal complexes in the 

presence of PPh3 have been studied and are known to proceed via 7t-bonded CS2 

followed by sulfur abstraction by PPh3•63 The presence of PPh3S could not he 

confmned due to overlap with the bonded PPh3 in the lH NMR spectrum. It is possible 

that one of the contaminants observed in the NMR spectra of 6e was due to 6f. The 
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contaminants appeared late in the course of the reaction which is consistent with this 

interpretation. The slow rate of the reaction from 6e to 6f has made funher 

investigation difficult. 
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CHAPTERJ 

The Reaction of CpRu(PPh3hSR (R = 4-C,H4Me, l-C3H" CHMel) with 

SOl 

INTRODUCTION 

Environmental concems about S02 in the atmosphere have prompted interest in 

its reaction with metal ~omplexes with respect to potential fixing reactions for the 

removal of S02 from stack emission and to also supply insight into the mechanism of 

the Claus process. 

Sulfur dioxide can bond directly to the metal via ligand dis placement 

reactions.6S,66,67,68 Metal-bonded S02 occurs in a variety of geometries.6S,68 lt has 

S .00 O~!J0 
z/\~ M-S~ '.:::.S1 M-O, ,ij0 

~ M/'M S:7 
0 

pyramidal coplanar bridging O-bonded 
Z = ~etal, ligand, or 

malO-group atom 

0 /0 O~ 0 

M/I M 1 ~S-O t/o, 
'S 

'S / , /8,......,.M 

~O "O-x 
M M M--,\ / 'M 

llZ-bonded 112-S0zeX J.1.2-bonded ~3-bonded 
X = S02, metal 

been shown that coplanar metal-bonded S02 can donate electron density through its 

HOMO while accepting electrons by back donation from the metal d orbital into its 

LUMO, the S02 3b1 orbital which has the appropriate symmetry for interaction with 
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the metal d orbital. 67 The electron-accepting ability of S02 is superior to that of CO.69 

O 0 

0
,,·0 "",. 

S""'"'' - e 
O~O o 

8al (HOMO) 3b1 (LUMO) 

Figure 3.1 The frontier orbitals of S02' 

Sulfur dioxide can aIso form adducts to Metal ligands. Pyramidal S02 is the 

preferred type of bonding for all ligand-bonded S02 and sorne electron rich 

rnetal-bonded S02.66 In this geometry, S02 uses its LUMO to accept electron density 

from a donor atom such as 1, N or S.70 In the case of inorganic thiolates, only 

S 

M-~\~ 
° Ligand-bonded 

M-L = Pt(CH3)(PPh3hI 

CU(PMe3h(SPh)(S02)70a, Pt(PPh3)2(SPhheS02h70a and CpW(COh(PPh3)S(S02)R23 

have been reported, and only Cu(PPh2Me3h(SPh)(S02) has been characterized by 

x-ray chrystallography. Interestingly, organic sulfides and disulfides have not been 

reported to interact with S02' Consequently, further studies of ligand interaction with 

S02 seem to be a natural progression of the study of Metal thiolates. 

ln this work, the complexes CpRu(PPh3)xSR.(S02)3_x, where x = 1,2, were 

prepared from CpRu(PPh3hSR and observed by NMR spectroscopy. Using kinetic 

experiments, the mechanism of the reaction has been determined. The structure of 
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Sulfur dioxide was found to insen in metai alkyl bonds2S,64, as weil as in metaI 

hydride bonds6S. 

o 
M-CR3 + S02 ~ M-M-CR3 (3.1) 

~ 
Where M = Fe, Re, Ru, Mn, Mo, W, Cr 

CpM(COhH + S02 ~ CpM(CO)3( -S-O-H) (3.2) 

WhereM=Mo,W ~ 

a 
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RESULTS 

The complexes CpRu(PPh3hS(SOz)R, 7b-d, and CpRu(SOz)(PPh3)S(S02)R, 

8b-d, where R = 4-C6H4Me, 1-C3H7 and CHMe2' were observed through a series of 

experiments monitored by l H NMR spectroscopy. Monitoring the reaction by IR 

spectroscopy in solution was attempted but failed due to the strong free S02 stretching 

band which masked the bonded S02 bands. Due to their instabilities, only the complex 

CpRu(S02)(PPh3)S(S02)(4-C6H4Me), 8b, was isolated. The following is a description 

of the relevant NMR-scaIe experiments and their results. 

NMR samples of Ib-d were prepared (7-10 mg of lb, le or Id in 0.7 mL of 

C6D6). A rapid stream of S02 was bubbled through the sample for 15 minutes, at 

which rime the solution became darker red. The NMR spectra showed peaks due to 

two Cp signais corresponding to intermediates 7b and 7c and final products 8b and Sc, 

see equation 3.3. When Id was reacted with S02' only one Cp signal was observed in 

+ PPh3 (3.3) 

b, R = 4-C6H4Me 
Ct R = l-C3H7 
d,R=CHM~ 

the NMR spectrum and was assigned to the final product 8d. The NMR data are listed 

in Table 3.1. Following the treatment of Ib-d with S02' the phenyl region of the NMR 

spectra always displayed a complicated pattern of three bands in the ranges 6.82-7.24 

ppm, 7.04-7.40 ppm and 7.40-7.65 ppm. The band at 7.27-7.40 ppm corresponds to the 

ortho protons of free PPhJ and the band at 7.40-7.65 ppm corresponds to the ortho 

protons of bonded PPh3• The third band at 6.82-7.24 ppm was assigned to a mixture of 
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Table 3.1 IH NMR spectta aftcr 15 DÛnutes of rapid S02 flow through solutions of Ui-':. The relative intensities are listed in 
parentheses. 

4-C6~Me l-C3H1 CHMez 

7b lb 7c Sc 7d 8d 

Cp 4.48 (s, 5 5.01 (s, 15) 4.60 (s, 25) 4.95 (s, 5) NOl 5.06(s,5) observed 

aI NOl 2.85 (sept, 1) - - - - observed 

1.50 (m, 10) 1.52 (m, 1) 
CH2 - - 2.20 (m, 10) 2.33 (m, 1) - -

2.46 (m 2) 

CH3 2.13 (s, 3 2.09 (s, 9) 0.70 (l, 15, JH-H= 7.2 Hz ~.80 (l, 3, JH-H= 7.4 Hz Not 1.26 (d, 3, J H-H= 6.6 Hz) 
observed 1.32 (d, 3, JH-H= 6.8 Hz) 

Bonded 6.82 - 7.22 (m, 80) 6.90 -7.04 (m, 108) Not 7.05 - 7.24 (m, 18) 
PPh3 7.40 - 7.65 (m, 30) 7.25 - 7.65 (m, 22) observed 7.43 - 7.65 (m, 6) 

Free 7.27 -7.40 (m, 18) 7.04 - 7.20 (m, 66) NOl 7.26 - 7.40 (m. 6) 
PPh3 observed 

4-CJicMe ob~~ed ~.94 (d,l, lH-H= 8.4 Hz~ - , - - -
------' 

J
-..J 
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resonances corresponding to the meta and para protons of free and bonded PPh3. With 

the integrals of the bands at 7.27 -7.40 ppm an~ 7040-7.65 ppm, one can ob tain the ratio 

of free PPh3 to bonded PPh3. These ratios were 3:5 and 1: 1 for lb and Id respectively. 

It was impossible to measure this ratio for le due to overlap of the bands. The 

corresponding ratios of Cp signaIs were 1:3, 1:5 and 0:1 for 1.1!:8b, 7e:8c and 7d:8d 

respectively. By comparing the integrals of the Cp peaks and the PPh3 peaks, one can 

assign two PPh3 for 7b-d and 1 PPh3 for 8b-d. 

Further bubbling of S02 produced more 8b and Sc at the expense of 7b and 7e. 

A complete conversion of lb to 8b was achieved by continued bubbling for 4 hours, 

while bubbling for 15 minutes through the solution of 7c gave enrichment of Sc for a 

final ratio of 7e:8c of 1:6. Eventually, in aU cases, one equivalent of free PPh3 was 

observed at the end of the reaction. A signal was observed for 8b at 6.94 ppm (]H-H= 

8.6 Hz) which was assigned to one of the doublets arising from the AB quartet of the 

4-C6H4Me group. The spectra of the complexes 8b-d are listed in Table 3.1. It must be 

pointed out that the chemical shifts of this series are dependent on the S02 

concentration. In all the experiments, PPh3S was observed in trace amounts as a 

distinctive band at 7.56-7.66 ppm. 

Excess PPh3 was added to NMR samples of lb and Id, 30 and 13 equivalents 

respectively, before addition of S02 for 15 minutes. The results are illustrated in Table 

3.2. In both cases, 8b or 8d was not observed. In the case of lb, a mixture of lb and 

7!! was observed in the ratio of 1.5:1. In the case of Id, only peaks due to 7d were 

observed. The phenyl region of Id showed a ratio of bonded to free PPh3 of 2: 13 

before addition of S02' and did not change after the reaction, indicating no loss of 

PPh3• The reaction was followed for 1 hoUT with no further change. 

When a solution of lb (10 mg) in C6D6 (0.7 mL) was treated with S02 gas for 

10 minutes, an orange precipitate formed. The NMR spectrum of the slurry showed a 
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Table 3.2 lH NMR data for the reacnons of lb,d wnh SO,;! 10 the presence of free PPhJ 

The relative intensities are shown ln parentheses. 

4-C6H4Me CHMe~ 

lb 7b Id 7d 

Cp 4.27 (s, 7.5) 4.64 (s, 5) Not observed 4.77(s,5) 

CH - - Not observed 2.83(sept, 1) 

CH3 2.15 (s, 4.5) 2.08 (s, 3) Not observed 
1.48 (d, 3, JH.H= 8.4 Hz) 
1.51 (d, 3, JH.H= 6.0 Hz) 

Bonded 6.82-7.13(m, 315) 
lNot observed 

6.90 - 7.1O(m, 135) 
PPh3 7.51-7.71(m, 30) 7.50 -7.82 (m, 12) 

Free 
7.30-7.53(m, 180) ~ot observed 7.32 - 7.46 (m, 78) PPh3 

l·C~Me 7.84 (d,l, JH_H= 8.6 Hz)\Not observed - -

mixture of 7b and 8b in ratio of 1: 1 and no lb. Rapidly evaporating the slurry to 

dryness under vacuum and dissolving the residue in C6D6 showed no 7b and al: 1 ratio 

of Sb and lb. The true chemical shifts of 8b may he evaluated in the absence of S02' 

Two singlets due fa the methyl group and the Cp ring were observed at 2.09 ppm (s, 

3H) and 4.63 ppm (s, 5H). Two bands al 6.84-7.08 ppm and 7.46-7.74 ppm were 

assigned to the meta/para protons and otho protons of the PPh3. A doublet at 7.87 ppm 

(JH-H= 7.6 Hz, 2H) was assigned to the aromatic protons of the 4-C6H4Me group. The 

other protons of this AB quartet are assumed ta he part of the PPh3 bands. When S02 

wu bubbled again through the solution, lb disappeared and 7b reappeared with 8b 

unchanpd, in the ratio 1: 1. The resulting slurry of deep red solution and orange 

precipitate was tiltcred. The NMR spectrum of the mttate was enriched in Sb at the 

expense of 7b, indicating that the orange precipitate was mostly the latter. The NMR 

spectrum of the orange ptecipitates showed a mixture of 8b and lb. Upon resting, the 

orange precipitatc darkened as lb reformed. These experiments indicate the facile 
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reversibility of the reaction from lb to 7b and the slow reversibility lb or 7b with 8b, 

equation 3.4. 

(3.4) 

lb 

The reaction of lb with S02 was monitored as a funcnon of time at high and at 

low concentrations of S02' The resulting Spectrcl are shown in Figures 3.2 and 3 3. At 

high concentrations of S02 (continuous rapid flow of SOÛ, the reaction was observed 

to proceed from lb to a mixture of 7b and 8b (1: 1) in 10 minutes, ~pectrum ii. After 1 

hour, the reaction mixture consisted of a ratio of 7b:8b of 1 :9, spectrum iv. On the 

other hand, at low concentration of S02 (0.5 mL S02 gas in 0.7 mL of solution), the 

reaction mixture consisted of lb and Sb (1 :6) after only 2 minutes, spectrum ii. After 

10 minutes, the spectrum had not changed funher. Addition of another 0.5 mL S02 at 

12 minutes from the beginning of the reaction gave enrichment of 8b at the expense of 

lb without the presence of 7b, spectrum iii. Purgi;g the resulting product with N2 for 

20 minutes gave a ratio of Ib:8b of 3:2 with no sign of 7b, indicating reversibility of 

reaction 7b to 8b as in equation 3.5, spectrum iv. 

~ 
Ru S02 (3.5) 

Ph p/ \"'tR 
3 PPn3 

7b 

The compl~x 8b was isolated by reacting a concentrated solution of lb in nIF 
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Figure 3.2 Reaction of S02 with lb at high concentration of S02; 
(i) before beginning of reaction; 
(ii) 10 minutes after beginning of reaction; 
(iii) 30 minutes after beginning of reaction; 
(iv) 1.0 hour after beginning of reaction; 
(v) 3.5 ho urs after beginning of reaction. 
,.. = contaminant 
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Figure 3.3 Reaction of S02 with lb at low concentration of S02; 
(i) before beginning of reaction; 
(ii) 2 minutes after addition of 0.5 cc S02; 
(iii) 12 minutes after addition of initial 0.5 cc S02 and 2 minutes after addition of 
a further 0.5 cc S02; 
(iv) sample from spectra iv after 20 minutes of purging wiÙl N2• 

'" = contaminant 
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with S02 at room temperature and pouring the solution lOto Et~O which had been 

previously saturated wlth S02' The complex Sb IS not very soluble. however. PPh3 \S 

very soluble in ether. In this way, air stable purple crystallographic grade crystals of Sb 

could be obtained by decanting the mother liquor containing PPh3. The yield of this 

process was rather low, 34%, and was not optirnized. Elemental analysis of Sb 

indicated the empirical formula CpRu(S02h(PPh3)S(4-C6H4Me). The IR spectrum 

showed two \>(SO) stretches at 1258 and 1283 cm- l . The crystal structure was 

determined and is displayed in Figure 3.4.71 The crystal data. atom coordinates. 

anisotropie thermal factors and selected bond lengths and angles are listed in Appendix 

m, Tables A3.l-A3.4. The structure is a piano stool with two S02 moieties, one 

bonded pyramidally to the thiolate ligand and the other coplanarly bonded to the metal. 

The thiolate sulfur lies 2.719(18) A out of the plane of the S02 bonded ta il. This 

geometry is normal for ligand-bonded S02 fragments.70a,b The Ru metallies 0.053(19) 

À out of the plane of the metal-bonded S02 and is considered coplanar. Tlus geometry 

of bonding is common in metal-bonded S02.24,66,7Oa The Ru-S2 bond length is 

2.121(3) A and is close to the range observed for similar complexes (2.0-2.1 Â).66 The 

Ru-SI bond length is 2.382(3) A and is normal for a Ru-S bond in an 18e- system.71,73 

The Ru-P bond length is 2.3517(25) A and is slighùy longer than for analogous 

compounds.74 The SI-S3 bond length is 2.844(5) A, much longer than that in the 

copper complex, Cu(PPh2Meh(SPh)(S02), whose S-S "~nd length is 2.530 A.'Oa 

The Cp resonance of pure Sb in the NMR spectrum showed no broadening 

when cooled to -65°C. Addition of one and two equivalents of optically pure 

europium-shift reagent, ttis[3-trifluoromethylhydroxymethylene-( +)

camphormato)europium(ill) (Eu-Opt), showed no splitting of the Cp resonance in 

deuterated toluene. 

Upon melting, Sb showed an apparent phase change above 125°C and melting 
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occured at 138°C. The pungent odor of S02was detected upon melting. When 8b was 

heated to near melting, 130-138°C for 20 minutes, 9b was produced quantitatively. 

The NMR spectrum of 9b showed 1 Cp, one PPh3 and one 4-C6H4Me group. The IR 

spectrum of 9b showed only one \)(SO) stretch at 1261 cm- l . These observations imply 

the 10ss of an S02 fragment as shown in equation 3.6. 

$ 
Ru S02 

Php/ \"'-tR 
3 S02 

135°C $ 
----... Ru + 

-S02 / \"'-
Ph P S-R 

3 S02 

(3.6) 

Sb 9b 

An NMR sample of CpRu(dppe)S(l-C3H7), Sd, was prepared in C6D6• A 

strong stream of S02 was bubbled through the sample for 30 minutes. An immediate 

colour change from yellow to beige was observed. The Cp region had one signal at 

4.81 ppm (s, 5H). The phenyl region now had three major bands at 6.85-7.05 ppm (m, 

8H), 7.10-7.32 ppm (m, 8H) and 7.38-7.60 ppm (m, 4H) which correspond to the onho, 

metha and para protons respectively. The aliphatic region showed four multiplets and 

one triplet at 2.43 (m, 2H), 1.78 (m, 2H), 1.57 ppm (m, 2H), 1.05 ppm (m, 2H), and 

0.60 ppm (t, 3H, JH-H= 7.1 Hz). Further exposure to S02 for up to 20 hours gave no 

funher reaction. Apparently, the reaction stopped at the ligand-S adduct and did not 

proceed further. 

The reaction of CpRu(pPh3)(CO)S(l-C3H7), 4d, with S02 gave a new 

thiolato-adduct 4d.S02 as indicated by the NMR spectrum. After evaporation to 

dryness under vacuum and redissolving, the complex 4d.S02 remained intact as 

indicated by the resulting NMR spectrum which did not correspond to 4d. The NMR 

spectrum showed a single Cp resonance at 4.86 ppm. The isopropyl R group showed a 

methyne septet at 2.87 ppm, and the methyl groups were a doublet of doublets at 1.46 
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Figure 3.4 ORTEP of CpRu(pPh3)(SOz)S(S~)( 4-C6H4Me), 8b. 
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and 1.44 ppm (JH-H= 6.74 Hz). The PPh3 showed two bands at 7.02 and 7.61 ppm. The 

Cp resonance showed no broadening when the NMR was recorded at -70°C. The IR 

spectrum (in C6D6) showed a v(CO) stretch at 1945 cm-1 and the V(S02) stretch band was 

assigned to the broad band at 1254 cm-l . 
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DISCUSSION 

The insertion of S02 into metal alkyls67,75,76,77 and hydrides26,78 has previously 

been reported, as depicted by equations 3.1 and 3.2 (here reproduced). However, the 

° 
M-CR3 + S02 ~ M-Y-CR3 (3.1) 

Il 

° Where M = Fe, Re, Ru, Mn, Mo, W, Cr 

CpM(COhH + S02 ~ CpM(COh( -S-O-H) (3.2) 

Where M = Mo,W ~ 

reaction of thiolates with S02 has only been documented twice, for Cu(PPh2MehSR 

and for CpW(COhSR, equations 3.7 and 3.8 respectively.23,70 In the case of the 

reactions of Cu (PPh2Me hSR with S02' the products are pyramidal S02 fragments 

reversibly bonded to the thiolato sulfur.70a Equation 3.8 is believed to be under fast 

~o 
S~O 

CpW(COh(PPh3)(S-R) + S02 ::;:"'=== ..... ~ CpW(COh(PPh3)d-R) 

(3.7) 

(3.8) 

exchange condition in the NMR rime scale, so that the NMR observed is an averaged 

spectrum of the two species.13 However, the products of the reactions between Ib-d 

and S02 were found to be unique, differing sharply with previously known reactions. 

The reactions were monitored by NMR spectroscopy, whereby intennediates, 
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7b-d, were flrst observed and the fmal products, 8b-d, were eventually formed. The lH 

NMR study at high concentration of S02 showed that intennediates 7b-c contain two 

PPh3 groups as weIl as a chiral center, as shown by diastereotopic methyl protons for 

7c. The IR spectra could not be obtained because 7b-d could not be isolated as pure 

products, as they only survived in the presence of free S02' The observation of the 

v(SO~ bands during the course of the reaction was prevented by the strong free S02 

band which lies in the samc region. The complexes 8b-c were found to increase in 

concentration at the expense of 7b-c as the reaction proceeded. AIso, the production of 

free PPh3, as detected in the NMR spectrum, was found to parallel the production of 

8b-c. It was therefore conc1udcd rhat 8b-c were produced from 7b-d through the loss 

of PPh3• In the case of Bd, there was no evidence of 7d in the NMR spectra. Paths A 

and D are proposed (Scheme 3.1) to account for these observations. The S02 moiety 

on the thiolates of 7b-d is assumed to be pyramidally bonded based on the similarity 

with the Cu complex. The observed reversibility of reaction A for lb suppons the 

assignment of 7b-d because such MS(S02)R adducts readily and reversibly lose S02' 

although in the case of 7b-d and in contrast with CpW(COh(PPh3)SR, the rate of 

exchange is slow in the NMR rime scaJe as shown by the chiral sulfur.13,6ci In step D, 

loss of PPh3 was concomitant with formation of 8b-c; presumably the intermediate in 

this step is the 16e- species CpRu(PPh3)S(SOVR which quicldy binds S02 to form 

8b-d. Addition of excess PPh3 before addition of S02' should inhibit the formation of 

the 16c- intcnncdiate between 7b-d and 8b-d in path B, and consequently, the reaction 

cannot proceed and, as observed, 8b-~ do not forme Exploitation of this led te the 

trapping of 7d which was observed in the NMR spectrum. If ligand loss is not possible, 

as in the cases CpRu(dppe)S(1-C3H7) and CpRu(PPh3)(CO)S(1-~H7)' then only 

adducts form, and further reaction does not proceed, in agreement with the proposed 
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~ ~ 
1 -S02 1 0 0 

Ru ---- Ru ~~ 
/ \"SR @ +S02 

;;> 

Ph3! \"'~-R Ph3P PPh
3 PPh3 

Ib-d 7b-d 

1) -PPh3 1) -S02 ©j\ 
2) +S02 2) +PPh3 

Il _~h3j [Il -S02 
2) +S02 2) +PPh3 

~ @? 
1 -S02 1 0 0 Ru ~ 

Ru V 
Ph3/ \"SR 

@ +S02 
;;> 

Ph3! \"'~- R 
S S ,r~ ~~O o 0 

9b-d 8b-d 

Scheme 3.1 Proposed mechanism of the reactions between Ib-d and S02' 

scheme. Furthennore, the carbonyl complex 4d reacted with S02 to form a stable S02 

adduct, 4d.S02. 

Observations in the early stage of the reaction of lb with low concentration of 

S02 suggested that complex of 8b was produced rapidly at frrst, followed by slower 

production as the S02 concentration increased. To resolve this apparent paradox, the 

reaction was monitored under conditions of low concentration and at high 

concentration of S02 and the results are shown in Figures 3.2 and 3.3. Because the 

spectra remained unchanged from 2 to 10 minutes (see Figure 3.3), and further addition 
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of S02 was required to change the spectra, we May conclude that the conversions of lb 

to Sb is very rapid at low concentration of S02' The product distribution is dependent 

on S02 concentration and not on time (that is, the reaction reaches equilibrium within 2 

minutes). The concentration of 7b was never high because at low concentrations of 

S02' equilibrium A lies far toward lb. The reaction appeared to proceed directly ta Sb 

possibly via an unobserved intermediate 9b, as indicated by paths C and D in Scheme 

3.1. 

Contributions of both pathways (A-B and C·D) May be invoked to resolve the 

results from the high concentration S02 experiment. As the concentration of S02 

increases, the S02 Molecule will bind to aU available sites as quickly as possible. We 

know from the results of the CS2 reactions that Ib·d exisl in equilibrium with the 16e

species CpRu(PPh3)SR. When the solutions of Ib·d are flI'Sl exposed to low 

concentrations of S02' they will bind to this unsatufated species to form 9b·d through 

path C. As soon as 9b·d are formed, they react funher with S02 to form Sb·d. At the 

same time, S02 will bind to lb·d to form 7b·d, via path A_ The low concentration 

experiment indicates that paths C and D are favored at low concentrations of S02' The 

concenaations of 8b-d will therefore rise quickly through paths C and D as lb·d are 

depleted through both paths. Eventually, Ib·d will ~ consumed and some 7b-d and 

much 8b-d will \le observed. If the concentration of S02 rises very quickly, as in the 

case of the high concentration experiments, then the reverse reaetion of path A 

bccomes negligible. When 7b-d are formed, the S02 moiety acts as a Lewis acid and 

attacks the eleetrons in the filled p orbital of the thiolato sulfur for bonding. Through 

rehybridization of the thiolato sulfur, the ability 10 donate electron dcnsily to the Metal 

through p1t-d1t donation (Figure 1.5) should be reduced because the filled sulfur P 

orbital is no longer available. The 16e- intcnnediatc, CpRu(PPh3)S(SO~R, which is 
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implied in path B should be less well stabilized and consequently, step B should he 

inherently slower than step C. 

ln the case of Id, the CHMe2 group is more elecU"on donating than the other R 

groups and tends to better stabilize the 16e- species CpRu(PPh3)S(CHMe~ which 

consequently should exist at higher concentrations. When S02 is added, 8d cou Id he 

formed so quickly through paths C and D that 7d is not observed. Altemately, if 7d 

was formed, then the electron-donating R group might stabilize the intenned.iate 

formed from 7d, i.e. CpRu(pPh3)S(SOv(CHM~), such that reaction B proceeds 

rapidly and 7d is not observed. 

The reverse reactions of A and 0 were observed. When a mixture of 7b and 8b 

was stripped to dryness, a mixture of lb and 8b was observed. This indicated that 7b 

10st S02 via path A much faster than 8b did via paths D and C or path B. 

Consequently, it may be concluded that thiolate-bonded S02 in 7b is more labile than 

the thiolate-bonded S02 in Sb. In the absence of PPh3 and S02' Sb was found to he 

stable in solution. 

By separating ~ PPh3 from Sb-d, one would eliminate the reverse reactions of 

paths C and B. When a saturated ether solution of 7b and 8b was filtered and left 

under S02' 7b slowly converted to Sb. Diethyl ether is a poor solvent for 7b and 8b 

but is an excellent solvent for PPh3. The presence of free PPh3 in solution was desired 

so as to slow the reaction path B. As the concentration of Sb slowly increased, it 

crysta1liœd to givc crystallographic-grade crystals which wr:re quickly isolated by 

dccanting the solve nt along with &ce PPh3 produced in the reaction. 

X-ray studics of Sb indicated two S02 moieties, a pyrarnidalligand-bonded S02 

and a coplanar metal-bonded S02' as shown in Figure 3.4. The dual mode of bonding 

makes this complex quite unique. The ligand-bonded S02 is typical of other 
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ligand-bonded S02 groups, wnere the S02 fragment acts as a Lewis acid.70a In 

complex Sb, the angle (a) between the S 1--S3 vector and the S02 plane is 17°. The 

, . , 
, a' . ....-; 
\, 0 ,.' , ..... 

• ' ,'!.\".. ° 
S ~ ~ -
1 

M-S 

"R 
only other structurally determined analog is Cu(PPh2Meh(S(S02)Ph), where <X is 35°,70 

In amine-bonded S02 complexes, a. was measured as 15_22°.79 The Lewis acid 

chameter of S02 may be defined as the contribution of the empty 3b1 orbital of the S02 

fragment in bonding, see Figure 3.1 (here reproduced), Therefore, the extent of the 

O 0 

0
,,·0 

"u" SI"""" - e 
(~o 

• J e 
gal (HOMO) 

Figure 3.1 The frontier orbitaIs of S02' 

Lewis acid character of S02 is inversely proportion al to a, At the extreme, when a. is 0, 

then the S02 moiety utilizes exclusively its 3b1 orbital in bondi..lg and may then be 

considered a pure Lewis acid. Conscquently, compared to other examples such as the 

Cu comple>., the ligand-bonded S02 in Sb has a strong Lewis acid character. The S02 

3b1 orbital has a hlgh p character, whereas the 8al orbital is sp2 hybridized, 

Ligand-S02 bonds involving a large 3b1 contribution (small a) would have greater p 
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character, and therefore might be expected to be longer than if the bond invol' f~d less 

3b} contribution (large o.). Since the hgand-bo'lÙcd S02 in Sb has a strong Lewis add 

character, then a long sulfur-sulfur bond may not be supnslI1g ('2.844(5) A for ~~ versus 

2.530 A for the Cu complex7o). 

The observed loss of the thiolato-bonded S02 in Sb is expected Slllce this bond 

is much longer than the orgamc covalent SoS bond length (2.03-2.08 A 4,82) and S 1-S3 

is also much longer than that in the Cu analog. Surprisingly, Sb retains the 

thiolate-bonded S02 even in the absence of S02 ln solution, whereas 7b, 

CpW(CO)z(PPh3)S(S02)R, and the Cu complex lose S02 in solution under the same 

conditions. Therefore, in this case, the sulfur-sulfur bond length does not seem to be 

proportion al to its bond strength. 

The coplanar S02 bonded to the ruthenium atom is typical of an S02 molecule 

acting as a LewIs base.66 The large Lewis base char.lcter IS shown by the near planarity 

of the S02 moiety with respect to the Ru-S2 bond (i.e. a. = 8~.6°). The Ru-S2 bond 

length is 2.121(3) Â. This is unusually short compared to that of [Ru(NH 3)4(SOûC11+ 

(2.223 Aso) but within the normal range of other lITeversibly-bonded eoplanar M-S02 

bond lengths (2.0-2.1 AfI». Aiso of interest is the S2-Ru-SI-S3 dihedral angle of 

171.82°. This angle makes the metal-bonded S02 mOlety's plane nearly parallel to the 

S I-S3 vector. Funhermore, the two S02 planes are mutually orthogonal (.) 1.1 (Il )0) 

This may refleet a long range covalent interaeuon. Calculauon"i by Ashby of 

CpFe(COhSR found that the HOMO involves pnm~mly the thlOlato-sulfur 3p lone 

paIr, and the metal <Îxl orbita1.38 This orbital abo delocalized lOto the carbonyl 1t 

antibonding orbital. ln Sb, the metal-honded SOl mOlety has an empty 1t orbItal, the 

3b1 orbital, in the proper orientauon for interactIon ln the same manncr as a carbonyl, 

see Figure 3.5.67,69 These electronic factors may accou"t for the orientauon of the 
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Figure 3.5 The xy plane showing the interaction between the metaI <ixz' the thiolate

bonded S02 LUMO, the metaI-bonJed S02 HOMO, and the 3p orbital on the thiolate. 

metal-S02 moiety relative to the metaI thiolate bond and the thiolate S02' Such a 

delocalization may aIso account for the unusuaI stabi1i~y of the thiolate-bonded S02 in 

Sb. The complex 4d.S02 can be regarded as an electronic homologue of Sb, where CO 

replaces the metal-bonded S02 in Sb. Accordingly, 4d.S02 is aIso unusually stable 

with res peet ta S02 loss, even under vacuum. 

Another way of looking at Sb is to mix the LUMO of the thiolate-bonded S02' 

the HOMO of the metal-bonded S02' the filled thiolato-sulfur 3p orbital and the empty 

ruetal d orbit(ll to generate the simplified MO diagram shown in 'igure 3.6. The four 

orbitals should fonn four molecular orbitaIs; two bonding and two antibonding. The 

four available electrons occupy the 2 lower bonding orbitaIs which makes an overall 

stable system. 

The structure of Sb also shows the presen\:e of two chiral centers, one at the 

ruetaI center and the other at SI. Consequently, there should be a pair of diastereomers 

observable in the NMR spectrum. The NMR spectra of Sb-d showed only one Cp 

resonance eaeh and diastereomeric methyls in the case of Sd. It might be postulated 
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Figure 3.6 General MO diagram of 4 electrons in 40rbitals. 
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that the chiral center at SI does not show chirality in the NMR time scale due to rapid 

inversion. -t is known that when sulfur uses p1t-d1t bonding m its bonding mode with 

metals, its pyramidal inversion rate is greaüy increased.81 However, variable 

temperature NMR specttoscopy shows no broadening of the Cp resonance of Sb al 

-65°C. Alternately, if sttong asymmetric mducnon occured during the preparations of 

Sb-d, then only one of the diastereomers might he produced. The driving force for this 

asymmetric induction could he a combination of steric and electromc factors. 

However, in the case of CpRu(PPh3hS(SOz)(CHMe:z), 7d, the NMR showed 

diastereotopic methyls thus indicating a slow thiolate sulfur inversion nue. Since there 

is no compelling reason to assign a lower barrier to SI inversion for Sb than 7d, the 

tentative conclusion is that the single set of peaks for the NMR specttUm of Sb IS due to 

the presence of one diastereomer. Il is notable that 4b.S02 should aIso show 

diastereomers. however, oolyone set of peaks was observed in the NMR spectrum of 

the complex too. The Cp resonance of 4d-S02 also did not broaden at -65°C. 

In the IR spectrum of Sb, each S02 moiety should display two bands", 

however, only one band was observed for each S02 (1283, 1258 cm- I ). The other 

, 
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bands are presumed to be under the band at 1100 cm-1 which corresponds to PPh3. The 

intensity and the width of that band increased on going from lb to 8b. When the 

complex Sb was heated above 125°C, S02 was evolved and the complex 9b was 

formed; only one band was observed (1261 cm-1). Since all thiolate-bonded S02 

groups can be reversibly removed and, in most cases, coplanar metal-bonded S02 

ligands cannol66, it was concluded that the remaining band at 1258 cm-1 corresponded 

to the metal-bonded S02 ligand. 
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CHAPTER4 

The Preparation and Structures of Polysulfano Complexes Containing the 

CpRu(PPh3)(CO) Moiety 

INTRODUCTION 

Catenating elements bond to themselves to fonn chains and rings such as those 

found in organic chemistry. In particular, sulfur has a high tendency ta catenate, 

second only to carbon.83 In the early 1900's, elemental sulfur itself was found to 

consist of rings of eight sulfur atoms crystallizing onhorhombically (Sa).4,84 Other 

cyclic structures of Sx (x = 6, 7,8,9,10, 12 and 18) have been obtained in crystalline 

fonn and chal'acterized. 4 Upon melong, a-sulfur is converted into a vis cous polymeric 

sulfur via sulfur ring cleavage and formation of polymers containing > 100 000 helical 

units of S8 (M.W. > 1()6).4,85 Consequently, sulfur does not have a melting point In the 

strict sense of the term. 

Inorganic catenated sulfur compounds are well known and include various 

number of sulfur atoms. These include sulfanes, halosulfanes, sulfur amines, 

polythionate dianions, and cyanogen polysulfides (Table 4.1).86 Polysulfide anions of 

the type SI-2 (x = 1-6) have been studied and found indus trial application ln 

high-density sodium or lithium batteries.IO The higher p01ysulfide ions (eg. S6-2) are 

stable in acid solutions, whereas the lower sulfide ions (eg. S2-2) are more stable in 

basic solutions. Intennediate polysulfide ions are stable at intennediate pH. 

Organic catenated sulfur systems, RSxR where x ::.. 2, are called polysulfanes. It 

is arguable that disulfides snould be included in this group however, most authors seem 
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Table 4.1 List of known inorganic acyclic polysulfides. 

x y Names 

H 1-8 Sulfanes 

X-Sy-X 

F 1,2 
} Halosulfanes 

Cl, Br 1-8 

R2N 1-4, Sulfur amines (R = Alkyl) 

S03" 1-4 lolythionate dianions 

eN 1-8 Cyanogen polyfides 

to keep disulfides separate. There are sever al reviews published on the preparation of 

disulfides and polysulfides.4,87 The preparation of disulfides can be achieved l,y the 

oxidation of thiol (equation 4.1), by the reduction of sulfonyl chlorides or sulfenyl 

chlorides (equatIons 4.2) or via the reaction of alkyl halides with disulfide ions 

(equation 4.3). The interchange of thiols with disulfides and interchange between 

disulfides can be used, in sorne circurnstance, for the preparation of unsymmetrical 

disulfides as in equations 4.4 and 4.5. However, the most useful method is based on the 

thioalkylation of a thiol by various sulfur transfer agents.4 Severalleaving groups, Z, 

rnay be used, and among the most common are phthalimido, imidazolo, benzimidazolo, 

1,2,4-trizolo, 1,2,3-benzotriazolo, rnaleimido and succinimido.88,89,90 The advantages 

of using phthalimide-based transfer agents are their unlimited shelf-life. the variety of 

possible R2 groups and their facile reactivity.89 Various sulfur linkages such as 

rnonosufides, R2S-, disulfides, R2SS-, and sulfinyls, R2S(Q)- have been prepared. 



2RSH (0) 
~ RSSR 

RS(O)xCI [H] ~ RSSR x =0,2 

2RX + S-2 - ~ RSSR + 2X· 

RSSR + R'SH ~ RSSR' + RSH 

RSSR + R'SSR' ~ 2 RSSR' 

'\ '\ X = 1 
NSxR + R'SH ~ RSXSR' + N-H 

/ / X=2 

'\ 
NSR + R'SSH 

'\ 
~ RSSSR' + N-H 

/ / 

RSSX + R'SY ~ RSSSR' + XY 
X,Y =H, Cl 
X?t:Y 

RSSH ~ RSSSSR 

2RSSH + SCl2 

2RSSH + S2Cl2 

o 

~Ne N-====\ 
~Ne 

~ RSSSSSR + 2 Hel 

~ RSSSSSSR + 2 HCI 

N~ 
1 Ne 
l.;::::-I 

N 
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(4.1) 

(4.2) 

(4.3) 

(4.4) 

(4.5) 

(4.6) 

(4.7) 

(4.8) 

(4.9) 

(4.10) 

(4.11) 

( 4.12) 

o 
phthalimido 

(phth) 
inidazolo benzimidazolo 1,2,4-triazolo l,2,3-benzimidazolo 

o 

~Ne 
o 

maleimido 

o 

~Ne 
o 

succinimido 
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1 

o 

~N-S-R 
o 

sulfinylphthalimide 

o 

~N-S-S-R 
o 

sulfinylthiophÛlalimide 

0 0 

~N-~-R 
o 

sulfeny lphthalimide 
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Unsymmetriçal organic disulfides and trisulfides can he prepared in high yields 

via the use of mono and disulfur transfer agents as in equations 4.6 and 4.7.92 

Alternately, addition of hydridodisulfides to a monosulfur transfer agent aIso gives a 

trisulfide, sec equation 4.8.89 However, hydridodisulfides typically are difficult to 

handle as they tend to he dccomposed by surface reactions with glass and therefore, 

quartz must he used for their manipulation." The preparation of higher sulfides is 

restricted to symmetrical polysulfides summarized in equations 4.10-4.12. 

One way ta prepare thiosulfinates is by the oxidation of organic disulfides.4 

However, Ûlis route has shown to he difficult to control hecause the oxidation of 

disulfides has proven to he far more complicated than the simple stepwise coordination 

of oxygen. The process is complicated by the homolytic rearrangement of the expected 

product to give remangement of the R group and the oxygen, (i.e. fonnation of 

RS(O)SR', RS(OhSR, R'S(OhSR', RS(OhSR', RSS(OhR', RSSR, and R'SSR') 

resulting in double oxidation of the starting disulfide to give thiosulfonates and 

symmetrical disulfides.4 The result of any particular oxiaation is dependent on the 

disulfide, Ûle oxidant and possibly catalysts and solvents.4 A more selective oxidizing 

agent is m-chloroperbenzoic acid. Oxidation by peracids has been suggested to he 

equivalent to electrophilic attack by OH+ which would tend to occur at the most 

electronegative sulfur. 

Altematematively, a more specifie route to unsymmetrical organic 
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thiosulfinates is the reaction of a thiol with a sulfinyl phthalimide.88 The oxidation of 

o 

~N-SR 
o 

o 
o O·O·H ~ 0 

O ~ Il 
+ ~ ----. 1 N-SR 

1 ~ 

~ Cl 0 

+ 0J.
00H 

V C1 

(4.13) 

o 0 
" Il Il " N-SR + R'SH---+-~ RSSR' + N-H 
/ / 

(4.14) 

the sulfur ttansfer agent, phthalimide sulfide. with m-chloroperbenzoic acid gives the 

corresponding sulfinyl phthalimide. equation -+.13, which can then react with thiols to 

give the thiosulfinates in good yield. equ.ttioll 4.14. The stability of organic 

thiosulfinates is dependent on the R group.4 They tend to decompose thermally and 

photolytically to give total scrambling of the R groups and oxygen as in the case of the 

oxidation of disulfides. Generally, long alkyl groups are more stable than shon alkyl 

groups, which are more stable than aryl groupS.4,93 Cyclic thiosulfinyls tend to be more 

stable than non-cyclic systems.82 

Organometallic catenated sulfides, MSxR where x > l, are far more scarce than 

their organic counterparts. To date only a handful of these COll' plexes have been 

reported. 

The complexes CpW(COhER, where E = S (IV), SS (V) and S(O) (VI), were 

prepared by the reaction of the metal thiol with phthalimido sulfur transfer agent, 

Scheme 4.1.94 Similarly, Cp2 Ti(SHh reacted with the monosulfur transfer reagent, 

phth-SR, to give CP2Ti(SSRh which rearranges, when R = aryl, to give 

CpTi(SR)(SSSR), vn (see Scheme 4.2). Complex VU is the only previously reported 
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«0 
1 

(4.15) W 

C'''' ."'1. 7~ o li", 
SSR 

OC CO 

IV 

«}dl «0 
1 phth-S-S-R 1 
W ~ W (4.16) 

~"\ 7~ otj "SH 
'!rt'''' "1. 

OC """, SSSR 

OC CO OC CO 

ID V 

«0 
1 

W (4.17) 

OC\\\"'j '\ .... """, ? 
1 \ S-S-R 

OC CO 

VI 
Scheme 4.1 Preparation of catenated sulfur derivatives of CpW(COhSH, m. 

crystal structure of a metallic trisulfide.95 

Another route to the preparation of organometallic disulfides is by oxidative 

addiùon of RSSX to CP2Ti(COh to form CP2Ti(SSR)(X), where X = Cl or phth.96 

Similarly, the complex cis-(pPh3hPt(SSR)(phth) was prepared by the oxidative 
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phth-SR 

R = aryl. alkyl 

~ ",,,,,SSR 

» ~\"SSR 
l R = aryl 

~ "",S-R 
Ti 

~ "S-S-S-R 

VII 

Scheme 4.2 Preparation of Cp2 Ti(SR)(SSSR), VII. 

/
SSR 

Cp T· X = phth, Cl 
2 l"X 

--.~ cis-(PPh3hPt(SSR)(phth) 

addition of phth-SSR to (PPh3hPt(~H4). 24 

In general, all meta1lic disulfides and trisulfides lose elemental sulfur in 

solution and are readily desulfurized by PPh3 to yield the corresponding thiolate. Sorne 

disulfides have been structurally detemùned and these are; CpW(COhSSR (IV)97; 

cis-(PPh3hPt(SSR)(phth)97; and Cu(tet-b)SSCH2C02 (VIII)98. There are sorne 
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non-linear organometallic disulfides which include CpW(NO)(1l2-S2R)(R)26; 

[F~S2(S-CMe3)(CO)6]-121; [M02(N-4-C6H4Meh(S2P(0~H5)2hS2(OCMe)(SSR)]128. 

~ 
1 

W 

~'j\:"'" 
ON"', \"" S-R 

R S/ 

Of those, only the latter was not reported crystallographically. 

Organometallic thiosulfmates, MSS(O)R, are virtually unknown and therefore, 

of great interest. Only one of these systems, CpW(CO)3SS(Q)R, has been prepared by 

Hartgerink (VI) as an air stable solid and was characterized, although not by x-ray 

crystallography.99 Rauchfuss et al. prepared a thiosulfinate ether (IX) and Welker et 

al. prepared a disulfur monoxide (X)lOO both ofwhich have a S20 rr.oiety. 

Organic thiosulfonates, RS(OhSR', are well known and very stable.4,93 A few 

crystal structures of organic thiosulfonates have been detennined, namely 
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~Me" 
1 

Mn 

1
···· , .... , 0(( \,,/=0 

OC S 

n = 1,5 

X 

thiosulfonates, MSS(OhR, are unknown. Sorne tellurium thiosulfonate complexes 

such as xm and XIV have been structurally determined.103,104 A close analog is the 

XII 

o 0 
~)I /Te" JI~ 
~S-S S-S~ 

g 8 
xm 

o NJ _ Il s-< o-fl- s, / ON 

o /Te, "-0 
[

N S-S 
)-S Il ~ /, 

N 0 
XIV 

sulfonate MS(OhR. Most of the se are prepared by insertion of S02 into a metaI alkyl 

bond, as discussed in chapter 3.25,64 Recently, Abraharnson el al. prepared 
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CpW(CO)3S(OhR via the oxidation of the thiolate. los 

In this chapter, several polysulfano complexes based on the CpRu(PPh3)(CO) 

moiety will be discussed. These were prepared by the reaction of CpRu(PPh3)(CO)SH 

with phthER, where E = S, SS and S(O). A representative x-ray crystal structure of 

each of the se rare classes or organometallic complexes has been obtained. In addition, 

a novel intermolecular oxygen transfer between two molecules of 

CpRu(PPh3)(CO)SS(O)R was observed and the product, CpRu(PPh3)(CO)SS(OhR, 

was structurally determined. The latter is a unique ex ample of an organometallic 

thiosltlfone. 
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The treattnent of CpRu(PPh3)(CO)SH. 4a, with phth-SR where R = p-tolyl, 

n-propyl, i-propyl, in toluene or THF gave the complexes CpRu(PPh3)(CQ)SSR, 

IOb·d, see equation 4.18. These complexes are yellow air-stable solids soluble in THF, 

~ 
1 

Ru + phth-SR 

Ph p/ '\" SH 
3 CO 

48 

\®1 
1 

----.~ Ru + 

Ph p/ \"SSR 
3 CO 

IOb·d 

phth-H (4.18) 

b, R = 4-C6H4Me 
c, R = I-C3H1 
d,R= CHMe2 

benzene and CCl4, but insoluble in ethanol and hexanes. Solutions of IOb·d 

decomoosed within 10 minutes in air to form green paramagnetic solutions containing 

triphenylphosphinesulfide. Under nitrogen, .!Ob·d were far more s~abl'!. The NMR 

sample solutions prepared under nitrogen were stable for up to 10 hours. The NMR 

spectra of IOb·d con tain peaks due to one Cp ring, one PPh3 group and the appropriate 

R group, observed in the proper multiplicity and intensity, Table 4.2. The IR spectra 

in toluene showed one sharp v(CO) stretching frequency at 1954, 1941 and 1942 cm-! 

for lOb, IOc and IOd respectively, Table 4.3. 

The x-ray structure of lOd is depicted in Figure 4.1.124 AlI crystallographic 

data, atom coordinates, bond angles and bond lengths are located in Appendix IV, 

Tables A4.1-A4.4. The structure is a piano st~l with one PPh3, one CO, and one RSS 
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Table 4.2 IH NMR for CpRu(PPh3)(CO)SxR, where X = 1,2,3 and CpRu(PPh3)(CO)SS(O)yR 
where y = 1,2. a,b 

. 
Number Cp CfuCH2CH3 CH2CfuCH3 CHMe2 CH3 4-CtJ::!AMe 

lOb 4.64 2.12 7.86c 

IOe 4.73 2.74d 
1.93d 1.04c 

2.92d 

lOd 4.73 3.2om 1.56g 

1.41 f 

lib 4.71 2.01 6.8Sh 

7.821 

Ile 4.~20 2.892d 1. 820d o 884e 

lld 4.82 3.3Sm 1.41 k 

1.38k 

12b 
5.00 2.04 6.87° 
4.80 1.95 7.81 n 

7.96° 

12e 4.82 
3.2Sd 2.03d l.44f 

4.79 O.7SP 

12d 4.96 3.00r 1.24f 

13b 4.73 1.89 6.8P 
8.2OS 

a) In C 6D6 solution; reported in ppm relative ta internaI TMS b) Phenyl resonances 

ofPPh3 appeared as two multiplets in the range 6.98-7.18 ppm and 7.45-7.60 ppm in 

the ratio 3:2 c) d,JH.H= 8.3 Hz d) multiplet e) t, JH-H= 7.3 Hz f) t, JH.H= 6.8 Hz g) d, 

JH.H= 6.6 Hz h) d, JH.H= 7.9 Hz i) d, JH.H= 8.5 Hz j) t, JH.H= 7.7 Hz k) d, JH.H= 6.1 Hz 

1) d, lH.H= 2.4 Hz m) septet n) d, lH.H= 4.2 Hz 0) d,lH.H= 4.0 Hz p) t, J H.H= 7.5 Hz 

q) d, JH.H= 6.0 Hz r) 1, JH.H= 6.8 Hz, s) d, lH.H= 8.2 Hz. 

4 
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Table 4.3 v(CQ) stretching frequency (cm-1) for CpRu(PPh3)(CO)SxR, 
h'here x = 1,2,3 and CpRu(PPh3)(CO)SS(O)yR, where y = 1,2, 
recorded in toI uene. 

c~up 4-C6H4Me 1-C3H7 CHMe2 

CpRu(PPh3)(CO)SR 1947 1942 1941 
'-

CpRu(PPh3)(CO)SSR 1954 1941 1942 

CpRu(PPh3)(CO)SSSR 1957 1956 1956 

CpRu(PPh3)(CO)SS(O)R 1960 1978 1958 1959 

CpRu(PPh3)(CO)SS(OhR 1971* 
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ligand. The cyc10pentadienyl ring shows rotation ai disorder which was resolved. Each 

carbon atorn of the Cp ring has a partial occupancy of 0.5 and between each resides 

another partial atorn. For sirnplicity, only one ring of partial atoms is shown in Figure 

4.1. It was found that the crystal was racemic. The dihedral angle about the 

sulfur-sulfur bond was found to be 77.95° which is significantly less than the nonnal 

dihedral bond angle of 90° observed for organic disulfides.4,82 However, dihedral 

angles of organometallic polysulfides range frorn 63-99° and thus, the observed angle 

falls within this range.91,97,98,106 The sulful'-sulfur bond length of 2.038(4) Â is in the 

nonnal range of orgtinic analogs (2.03-2.08 Â)4,82 and aIso organometallic analogs 

(2.01-2.05 Â)91,97,98,106. There is sorne disorder at S2 which was resolved as two 

partial atorns, S2A and S2B. These two sulfur sites should impose a reorientation of 

the R group, however, although several residual peaks were observed in the difference 

map. the disorder in this area could not be resolved satisfactorily alld thus, C26 and 

C27 were both left as single atoms with large thermal factors. When lOd was 

irradiated with UV light in an NMR tube (C6D6) for 2 hours, the major product was 4d. 
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Figure 4.1 ORTEP of CpRu(PPh3)(CO)SS(CHMeV. IOd. 



81 

Substantiai amounts of isopropy! disuifide and PPh3 were aiso detected. 

The complex lOd did not insert suifur when it was mixed with elemental sulfur 

In an NMR tube in C6D6. The complex lOb did not react with excess PPh3 for 30 

minutes in an NMR tube in C6D6. 
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DISCUSSION 

The reactions of the phthalimide monosulfur transfer agents wuh the tl1101 48 

gave the nov el unsymmetrical disulfides lOb-d, equation 4.18 (here reproduœd). The 

ê? 
1 

Ru + phth-SR 

Ph p/ \", SH 
3 CO 

43 

@>1 
1 

--.. Ru + 

Ph3P/ \"'SSR 
CO 

IOb-d 

phth-H (4.18) 

b, R = 4-C6H4Mc 
c, R = l-C)H7 
d, R = CHMe2 

sulfur transfer agent selected was (alkyl or aryl)thiophthalimide due to its success In 

oth~r organometallic systems.24,89,91,96,99 

The disulfides lOb-d are very stable in the solid state and in solution under 

nitrogen. In air, solutions of IOb·d decompose to fonn green solutions and 

triphenylphosphinesulfide which indIcates that in air. OXldatIon of IOb-d decreases the 

sulfur chain length. The complexes IOb-d do not reaet wnh PPh3 undcr nltrogen. 

Analogous organic disulfides are not attacked by tnphenylphosphll1c unle~s they are 

"acùvated" by an acyl or a 2-alkenyl termmal group.4,108 Such a reacHon mvolves the 

breaking of a carbon-sulfur bond which is known to be relatively strong. Treatment of 

lOd Wlth uy light gives the product distribution conslstent with the free radical 

reacùon. The presence of substantial amounts of Me2CHSSCHMe2 supports the free 

radical disproportionation via RS·. 

The crystal structure of lOd was determined. The bond length S I-S2 was 

found to be 2.042(4) A compared to 2.053(4) À for CpW(COhSS(p-tolyl).94 Standard 

SaS bond lengths in organic systems are generally thought to be in the range of 2.03 À 
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to 2.08 A.4,82 

A more striking point of interest is the unusually small dihedral angle 

RuSlS2C25 of 77.95°. From molecular models, there seems to be no significant sterie 

reason for thlS small angle. This is ln contrast with organic disulfides whose dihedral 

angles are doser to 900.4 The eomplex CpW(COhSS(p-tolyl) was also found to have 

an even smaller dihedral angle of 63.1 0
•
94 

The main reason for the dihedral angle in organic disulfides is minimization of 

repulsion between adjacent sulfurs. Il was suggested by Pauling that the bivalent sulfur 

Figure 4.2 Repulsion between adjacent sulfur lone pairs. 

bonds are nearly pure p in chameter.4,82 In contrast to carbon, sulfur does oot hybridize 

significantly. This is supported by observed dihedral angles about organic sulfur-sulfur 

-
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bonds. Fig:.lre 4.2 Illustrates that the dlhedral angle i' result of minumù lone paIr 

repulsion, the lobes represenung non-bond1l1g 3p-orbitals. For clarity, the sphencal non 

bonding 3s orbitalls not illustrated. 

As observed 10 orgamc 109 and other organometalhc106 system", the dihedral 

angle is inversely proportlonal to the bond length (Table 4,4). This trend was attributed 

Table 4.4 Bond lengths and dihedral angles of known metal disuifides. 

Complex S-S TorslOn angle 
bond length (À) 

CpW(COhSS(4-C6H4Me) 2.053(4) 63.1 

CpRu(PPh3)(CO)SS(CHM~) 2.038(4) 77.95 

cis-(PPh3)2Pt( SSCHMe2)(phth) 2.037(4) 89.5 

Cu(tet-b)SSCH2C02 2.017(7) 98.6 

to Ione pair repulsion between adjacent sulfur a.oms. However, If thlS was the only 

factor, then the graph would be expected to reach a nummum bond length at 90° anu 

reverse direction; this was not observed. Consequently, other unknown factors must be 

involved. 
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(R = 4 C6H4Me, l-C3"7' CHMez) 

RESULTS 
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The complexes CpRu(PPh3)(CO)SSSR, Ile·d, were prepared by reactIon of la 

wlth phth-SS-R as shown by equation 4.19. The resulting yellow compounds were 

~ 
1 

Ru + phth-SSR 

Ph p/ \""'SH 
3 CO 

4a 

\ê7 
1 

----.~ Ru + 

Ph
3
P/ \\'SSSR 

CO 

llb·d 

phth-H (4.19) 

b, R = 4-C~4Me 
c, R = l-C3H7 
d, R=CHMe2 

stable in air, soluble in THF, benzene, and CCl4 and insoluble In ethanol and hexanes. 

In solution, they were remarkably stable even when exposed ta air for hours. The l H 

NMR and the IR spectral results are listed in Tables 4.2,4.3 and 4.5. 

Solutions of analyucal samples of llb-d showed extra Cp peaks In their lH 

NMR spectra In addition to the main peaks due to lIb·d. A solution of llb gave three 

peaks in the Cp region in the NMR spectrum at 4.73, 4.71(Ilb) and 4.68 ppm in the 

ratio 1.3:10:1 respectively, see Figure 4.3. The two minar peaks do not correspond to 

the thialate 4b, the disulfide lOb, nor any ather known cornplex. A solution of Ile 

gave four peaks at 4.820, 4.767, 4.728 and 4.725 ppm in the rano 5.4:3.1:1:1 

respectively, see Figure 4.4. The peak at 4.82 ppm is due to lIe while that at 4.728 

ppm c.orresponds to lOc. This identification was wnfmned by TLC analysis on 

Alumina in CCI4• wherem twa spots with an Rf = 0.37 and 0.63, corresponding ta tOc 
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and He respectively, were detected. The other Cp peaks did not correspond to the 

thiolate 4e and remain unassigned. A solution of lld gave three Cp peaks at 4.82, 

4.77, and 4.72 ppm in the ratio 10.9: 1.4: 1 repectively, see Figure 4.5. The peak at 4.82 

ppm is due to lld while that at 4.72 ppm is due to the disulfide IOd; the latter 

assignment being confmned by TLC analysis wherein two spots at Rf = 0.39 and 0.61 

were detected (Alumina in CCI.J which were assigned to J~d and lld respectively. 

The remaining peaks do fiot correspond to the thiolate 4d and remain unassigned. Each 

Cp peak in the NMR spectra of llb-d showed peaks due to the appropriate companion 

R groups with the expected intensity. Variable temperature NMR of He showed no 

change in intensity or line width of the various Cp signais in the range -60°C to +60°C. 

NOE experiments showed no exchange between the Cp signais. The pattern of Cp 

peak'" observed for He was invariant with solvent (C6D6, (CD3hCQ, toluene-dg, 

CD2Clz) and did not change after further purification by column chromatography and 

recrystallizaùon. A powdered sample of He was dissolved at -78°C and a spectrum 

was taken within 10 minutes showing four signaIs at the same intensity as the spectra at 

room temperature, within experimental error. The presence of added elemental sulfur 

or triphenylphosphine did not change the peak ratio of the Cp region of Ile even after 2 

hours. When He was treated with excess tris(diethylamine)phosphine in C6D6 in an 

NMR tube, peaks due to IOc and 4e slowly formed. The reaction was monitored over 

ùme and it was observed that the two unknown contaminants disappeared before He 

was consumed. 'flle half life of the reaction was estimated to be 6 hours. The IR 

spectta of llb-d in toluene each showed one sharp 'Uco band with no apparent 

shoulders or broadening. However, the IR spectra recorded in CC14 showed shoulders 

that indicate the presence of other similar complexes, see Table 4.5. The NMR peaks 

due to the minor species did not increase in intensity when NMR samples of llb·d 



Table 4.5 v(CQ) stretching frequency (cm-1) for CpRu(PPhJ>(CO)S3R, 
CpRu(PPh3)(CQ)5S(Q)R recorded in CC14. 

c~p 4-CJi4Me 1-C3H7 CHM~ 

l241sh 
CpRu(PPh3)(CQ)5S5R 1950sh 1946sh 1950sh 

1962s 1950sh 1961s 
1961s 

1982sh 1965s 

CpRu(PPh3)(CO)55(O)B 1964s 
1958m 1957sh 

1976sh 1942m 1950sh 
1943sh 

were allowed to stand for several days. 
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The crystal structure of Ue was determined and is shown in Figure 4.6.1108 

Appendix V, Tables A5.1-A5.4 contain the crystallographic data, atom coordinates, 

bond lengths and bond angles respectively. The structure of Ue is a piano stool with 

PPh3, CO and R555 as ligands. Disorder at 53 and C25 were observed as indicated by 

large thermal parameters at these atoms and residual electron density in the difference 

map in this area indicated further disorder. However, this disorder could nOl be 

modeled accurately. The presence of sorne IOc within the crystal of Ue was tested as a 

model of the disorder but this did not improve the R factor. The disorder was observed 

in three independent crystallographic determinations on different crystals from the 

same batch.110 The bond lengths SI-82 and 82-S3 are 2.042(4) A and 2.005(5) A 

respectively, with corresponding dihedral angles of 71.5(2)° and 65.2(4)° respectively. 

The fonner bond length is considered normal while the latter is abnormally shon.4,82 

Both dihedral angles are abnonnally small compared to organic trisulfides.4,82 

When Ue was irradiated with UV light in an NMR tube for 15 minutes, no 

reaction was observed. After further photolysis for 20 hours, all the Cp peaks 
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Figure 4.6 ORTEP of CpRu(PPhû(CO)SSS(1-C3H7)' Ile. 



originally present were still present at a different rauo, 1: 1: 1.5 for the peaks at 

4.82(llc), 4.73 and 4.73(1Oc) ppm respectively. In addition, severa! new Cp resonances 

were observed including four major signais at 4.74,4.70,4.64 and 4.03 ppm in the ratio 

1.0:3.6:1.2:0.9 respectively. No sign of the thiolate 4c was observed 10 the NMR 

spectrum. The new Cp peaks accounted for 45 % of the integral of the total Cp pattern 

while the old Cp peaks accounted for 28 %, the remaining 27 % was due to a complex 

pattern of mL."lor products. Due to the complexity of the NMR pattern, the mixture was 

not separated for further analysis. 
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DISCUSSION 

The reactions of 4a with the disulfur transfer agents gave the trisulfides llb-d, 

equation 4.19 (here reproduced). The organometallic trisulfides previously known (Le. 

@>1 
1 

Ru + phth-SSR 

Ph p/ \"-SH 
3 CO 

48 

@>1 
1 

----.~ Ru + 

Ph3P/ \" SSSR 
CO 

llb-d 

phth-H (4.19) 

based on CP2Ti and CpW(COh moieties) are unstable toward spontaneous loss of 

sulfur.24,95,97 However, the complexes Ilb-d seem to be remarkably stable in that 

respect. 

During characterization of the compounds llb-d, the NMR spectra of the pure 

products each showed several extra sets of peaks. One of the se sets corresponded to 

those of the appropriate disulfides lOb-do The presence of the other cyclopentadienyl 

peaks may be due to the presence of rotomers, branched isomers analogous to the 

thiosulfinyls l2b-d, or sorne other as yet unid..::ntified sulfur compounds. The former 

two possibilities will he discussed in detail while the latter possibility, being too 

speculative, will not he discussed further. 

The disulfides IOb-d do not originate from monosulfur transfer agents present 

in the disulfur transfer agents; the NMR spectra of the latter showed their purities to be 

at least 95%. The trisulfides Ilb-d do not lose sulfur spontaneously nor do they react 

with triphenylphosphine. Consequently, the disulfides had to originate in the 

preparation step, possibly via the branched by-products, XVII, postulated below. 



These would normally be expected to easily lose sulfur; being metastable as postulated 

by both Morris24 and Harpp111. 

Unsymmetrical trisultides can exist in a total of four rotomers. Two are the CIS 

Cd and t) and two are trans (d and t). If R or R' is chiral, then diastereomers should be 

R 

1 
S, ,.S 

s 1 

R' 

trans (cl and t) 

R R' 

1 1 
S, ,.S 

S 

cis (d, and t) 

present and detectable by their different NMR or IR spectra. Fairly high barriers to 

rotation about the sulfw'-sulfur bond, in excess of 16 Kcallmole, would be required to 

make the se rotomers observable on the NMR time scale at room temperature. This 

estimate is based on the observation of sharp signals al +6QOC Le. slow exchange. One 

can assume that at +6OoC, the rate of exchange is slower than if coalescence was 

• observed, which implies that âO is greater than the value required for coalescence. If 

• 
we assume coalescence at the highest observed tempe rature, then a minimum.10 can 

he calculated using equation 4.20.112 Thus, to explain the source of the extra Cp 

AG· = aTd9.972 + 10g(fclAV)] (4.20) 

Where a = 1.914 X 10-2 (AG in kJ mol- l ) 

= 4.575 X 10-3 (AG in kcal mol-1) 

Based on assumption: Tc = 333°K 
tJ.v = 20 Hz 

signals in the NMR spcctra of llb-d. one could propose that restricted rotation gives 
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rise to rotomers observable in NMR spectra, see Scheme 4.3. This explanation i!; 

1 
Ru 

Rotate about 8 

7
"", '\. A S 8 ...... 

Ph3P "" " ~ ~ 
S S-R 

OC 
Crystal structure 

Romle aboul 11 

Q? 
Rotate about B 

Rotate about ~ 1 

Seheme 4.3 Possit ~~ rotomers of CpRu(PPh3)(CQ)SSSR, llb·d. 

supported by an abnormally short bond length of 52-53 in Ile (2.005(5) Â). This short 

bond distance may indicate a substantial 1t bond contribution in the order of about 

0.4.109 The barrier to rotation about a sulphur-sulphur bond can be quite large in 

sterically-hindered organic disulfides, being 15.5 Kcal/mole for 

bis(2,6-di-t-butylphenyl)disulfide.113 In the case of cyclic organic disulfides, values of 

28.8 Kcal/mole have been reported.4 It is believed that the contribution to the barrier 
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due to lone pair repulsion is 7 " Kcallmole and higher ban~ers are due mainly to stene 

hindrance.82,113,1l4 The presence of the CpRu(PPh3)(CO) moiety could cause 

substantia! hindrance which may result in a hlgh barrier to rotation thus giving the 

observed NMR spectrum. However, since the R group on the other end of the sulfur 

chain is smaU, then sterie hindrance is unhkely. The IR data shows only one CO 

stretching frequency which could be due to overlap or more likely, to the other minor 

eompounds detected in the NMR spectra which are in such low concentration that they 

are not observable in the IR spectra. 

Severa! attempts were made to detenrune if the multiple peaks were actually 

due to a single compound. Variable temperature NMR from -60°C to +60°C showed 

no change in relative peak intensity and no sign of coalescence was observed. 

Polarization transfer experiments (NOE) in one dimension showed only experimentally 

insignificant magnetization transfer between the various Cp signais. 

An altemate possible explanation cornes from the dissolution of a powdered 

sample of the trisulfide Ue. An NMR sample was prepared at -78°C and observed at 

that temperature. The shortest time that the sample cou Id be prepared was 10 minutes. 

At that time 4 Cp signals were observed which did not change with time. This seems to 

indicate that the sample reached equilibrium distribution during the preparation time. 

The low temperature dissolution of lld showed the pattern observed at room 

temperature. This observation implies that if an equilibrium distribution is reaehed, 

then it is reached in less than 10 minutes at -78°C. This observation indlcates a fairly 

rapid rate of exchange at that temperature. On the other hand, the signaIs remain sharp 

at +60°C which indicates a slow rate of exchange, slow in the HMR chemical shift time 

scale at +60oC (in this case the chemical shift time seale is less then 20Hz). There 

seems to be a profound contradiction in the observations here, which points to an error 

a 
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in the proposed model. 

lt is known that F2S2 exists as a branched isomer (XV in Figure 4.7).115 To 

S 
. " ·S 

0' '0 

XVI 

our knowledge, the only other branched sulfur system characterized by x-ray is XVI.1l6 

It is believed that an electrc n-withdrawing atom, such as fluorine or the bridging 

oxygen, enables the adjoining sulphur to utilize its 3-d orbital. There are several 

reactions that indicate that the branched isomer of organic polysulfides may be 

involved during a reaction.4 Similarly, it is conceivable that the ruthenium center 

forces Lne adjacent sulphur to use 11S 3-d orbital in forming a branched sulphur chain, 

XVII, anaIogous to the thiosulfinyls 12b,d. Calculations in organic systems indicate 

that the heat of fonnation of the branched isomer may lie at only 10 Kcal above the 

linear isomer.1l7 The branched sulphur chain would introduce a second chiral center 

and thus two other Cp signaIs would be observed. As a resuIt, the four Cp signaIs in 

the NMR spectrum of Ue could be assigned as follows: the major Cp would be due to 

all the rotomers of the linear trisulphide, 2 Cp would be due to the branched isomer and 

the fourth Cp signal would be due to the disulfide. A proposed mechanism99 for the 

fonnation of llb-d is shown in Scheme 4.4. A possible mechanism for the production 

of XVII differs only slightly from this, Scheme 4.5. 

The trisulfides llb-d were found to be remarkably stable to air oxidation in 

organic solvents. They were also found to be resistant to 10ss of sulfur as they do not 

react with PPh3 within 2 hours and react slowly with (Et:2NhP. This is in sharp 



r 

~ o~ 
1 H-N 1: 

Ru 

Ph3P\\\/ "'S-S-S-R 0 

OC 
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98 

Seheme 4.4 Proposed mechanism for the production of CpRu(PPh3)(CO)SSSR99, II b·d 

contrast with CpW(COhSSR and CP2Ti(SPh)(SSSPh).95,96,IJ7,99,I06 Under UV 

irra~ation, lld decomposed ta two major and several unknown compounds. One of 

the major new Cp signals is IOd which IS the result of the expected desulfurization. 

The loss of a second sulfur to fonn 4d was not observed. The other Cp signais 

remained unassigned. The intended product was the cyclic trisulflde XVIII. If this 

was formed, then the expected NMR spectrum wou Id reflect diastereomers arising from 

the two chiral centers; one at the sulfur attached to both the metai and the R group and 

the other at the metal center. The complex XVnI could not be idenufied due to the 

complexity of the spectrum. 

The crystal structure of Ue (Figure 4.6) is consistent wnh the presence of the 

disulfide tOc in the single crystal of the trisulfide Ile used for the x-ray analysis. 
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Seheme 4.5 Proposed mechanism for the production of CpRu(PPh3)(CO)SS(S)R, XVII. 
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When the crystal structures of lOd and Ue lù'"'e compared, all the atom positions are 

found to correspond to within 0.2 A. Since the space groups are different, packing 

constraints are unlikely to be similar and the structures are therefore near their 
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energeùc minima relaùve to intramolecular repulsion. The positions of SI and S2 are 

the same for both compounds. Carbon atom C25 of the dlsulfide lies 111 the same 

position as S3 of the trisulfide and carbon atom C26A of the dlsulfur compound lies m 

the same position as C25 of the trisulfide. If one imagines changmg the R group ln lOd 

to that in lle (Le. l-C3H7), then it would he reasonable to assume that C27 of the 

disulfide would lie in the same position as C26 of the uisulfide. In other words, little 

disrupùon to the lattice of lie would occur if sorne of the molecules of Ile were 

replaced by those of lOc such that C25 ,C26 and C27 of the latter occupled the position 

of S3, C25 and C26 of the former, respectively. In thlS case, the electron dcnsiues at 

the positions of S3 and r:'27 in the lattice of lie should be lower than expected. The 

temperature factors of S3 and C27 are somewhat large, consIstent wnh thl" propo<;a 1 

Therefore, it is reasonable to concJ'lde that the presence of IOc in solutions of Ile lS 

due to the co-crystallizaùon. This also suggests that the other contammants ln Il b-d 

may be present in the crystal and that all these minor species were produced during the 

synthesis of llb-d. 

The most interesùng structural features of the trisulfide are the S-S bond 

lengths. The bond length for S 1-S2 is normal (2.042(4) Â) whlle that for S2-S3 is 
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unusually short (2.005(5) Â) compared to the orgamc S-S bond length. However, the 

short S2-S3 bond length IS not unique as other unusual bond lengths have been reported 

as shown in Figure 4.7 118,119 In the only other organometallic trisulfide whose 

.. .. 
S=S .. .. 
1. 892À 2.58Â 

1 
S S-S S-S S-S S-s 

\ '\ 2.14À 2.161 2.S!A 2.62À 
RI =C(CH3h 

R2 = C6Hs 

Figure 4.7 Selected bond lengths from organic and inorganic sulfur compounds. 

thiothiophene derivatives 

structure has been determined, Cp2Ti(S(P-Tolyl))(SSS(p-tolyl))106, the SI-S2 distance 

was 2.053(3) A and the S2-S3 distance was 2.011(3) A. The same trend was observed 

in the bond lengths of both complexes as one travels away from the metal along the 

catenated sulfur chain. The alternating bond lengths have been observed in other 

polysulfides.82,l18 Steudel et al. suggested that neighboring sulfur bonds within a long 

chain internct with each other.IIl,U8 Consequently, steric and electronic factors which 

induce an abnormally long bond length create a defonnation of one bond, which would 

cause the opposite deformation in the next bond and 50 on along the chain. 

The dihedral angles in Ue are 71.5(2)° for Ru-Sl-S2-S3 and 65.2(4)° for 
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Sl-S2-S3-C25. Both these dihedral angles ~l'e smaU compared to organic trisulfur 

analogs.4,82,107.119 The minimum energy structure of organic tnsulfides does not have a 

sulfur-sulfur dihedral angle of 90°. This is a result of the lone pair lIlteractlOll between 

the first sulfur and the third sulfur atom as shown in Figure 4.8.82 If the dlhed.r,ll angle 
------------ -----

Figure 4.8 Interaction of Ione pairs between frrst and third sulfurs in trisulfides. 

changes slightly from 90° then this lone pair interaction will be substantially reduced. 

Consequently, the preferred dihl-dral angle in polysulfides is usually 5° to 15° greater or 

less than 90°.107,119 

Following the same logic, the smal: dihedral angle may reflect the large size of 

the sulfur lcbes, thus indicating that the sulfur atoms are very nucleophIlic. The loss of 

sulfur induced by trivalent phosphines proceeds via nuc1eophilic attack by the 

phosphine at the sulfur atom.108 This tendency would be substanually rcduœd If the 

sulnrr atom was itself nuc1eophilic. If the nucleophilicity is truly reflected by the 

dihedral angle, then this would account for the greater stabihty of the msulfides Il b·d 

compared to the disulfides 10b.d, as we would expect by companng their respective 

dihedral angles. Consequently, one may speculdte that the smaller the dihedral angle, 

the more stable the compound would be relative to loss of sulfur. This trend has been 
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empirically observed previously.14,91,96.99 Note also that in the ruthenium system. the 

dihedral angle is directly proportion al to the bond length. However, when one 

Table 4.6 Bond lengths and dihedral angles of ruthenium systems . 
.. 
Complex S-S bond length (A) Dihedral angle 

lOcI 2.038(4) 77.95 

Ile 2.042(4) 71.5 
2.005(5) 65.2 

considers the fmt S-S bond of the trisulfides as analogous to the di sulfide s. the 

opposite trend is observe d, as discussed in conjuction to Table 4.4. If the bond lengths 

of metallic disulfides and trisulfides are plottcd against the dihedral angles, one notices 

that the fml sulfur-sulfur bond of metallic ttisulfides follows the previous trend while 

the second sulfur-sulfur bond does not, Graph 4.1. It appears that in the case of 

trisulfides, the fmt S-S bond closest to the metal tends to be longer and thereby lies on 

the right side of the Jill.ph. while the second S-S bond from the metal tends to be short 

and thereby lies on the left side of the graphe 
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of Metal disulfanes and trisulfanes. 
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III Preparation of CpRu(PPh3)(CO)SS(Q)R 

(R = 4-C6H4Me, l-C3H" CHMez) 

RESULTS 
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Treatrnent of 48 with phthS(O)R in toluene gave CpRu(PPh3)(CO)SS(O)R, 

12b.d, as air-stable yellow solids soluble in benzene, CH2Cl2 and THF, and insoluble 

in ethanol and hexanes, equation 4.21. Complexes 12b-d seemed to be moderately 

~ 
1 

Ru + 

Ph p/ \\.SH 
3 CO 

4a 

o 
Il 

phth-SR 

~ 
1 

--.~ Ru 0 + 

Ph p/ \"S~R 
3 CO 

12b·d 

phth-H (4.21) 

b, R = 4-C6H4Me 
c, R = l-C3H7 
d,R=CHM~ 

stablt: in organic solvents, surviving in solutions in air for up to 30 minutes before 

noticeable decomposition was observed by colour change. 

A solution of 12b gave four signais in the Cp region in the NMR spectrum at 

5.00(12b(A», 4.80(12b(B», 4.73(13b) and 4.62(lOb) ppm in the ratio 10.7:5.2:1.0:1.4 

respectively, see Figure 4.9. The two major Cp signais were assigned to the 

diastereomers arising from the presence of two chiral centers: one at the metal, the 

other about the sulfur bonded to the oxygen. One of the remaining signais in the NMR 

spectrum was assigned to the disulfide lOb while the other signal did not correspond to 

the thiolate 4b, nor to any other known complexes and was assigned to 13b (see 

below). The diastereomers of complex 12b were separated yielding four crops of 

various ratios of 12b(A):12b(B):J3b:lOb, see Experimental. Each crop of crystals had 
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a different melting point but the IR specuum, in toluene and nujol, of each showed 

comparable bands due to v(CQ) and Y(SQ) at 1960-1961 cm-1 and 1029-1044 cm-1 

respectively, see Experimental section Table E.1. The crop whose NMR spectrum 

showed nearly pure 12b(A), crop 3, and the crop whose NMR spectrum showed the 

most homogeneous mixture, crop 1, gave the same elementai analysis, suggesting 

similar composition. The NMR spectrum of 12b was recorded at 100°C with no 

apparent change. A solution of 12e gave four signaIs in the Cp region in the NMR 

spectrum at 5.00, 4.93, 4.82 and 4.78 ppm in the ratio 1: 1 :60:7 respectiveIy, see Figure 

4.10. The peak at 4.82 ppm was assigned to one of the diastereomers of 12e, the other 

diastereomer was not assigned. The remaining minor Cp signaIs did not correspond to 

the thiolate 4e, the disulfide IOc nor any lcnown complexes, and remained unassigned. 

Complex 12e displayed two strong IR bands due to Y(CQ) bands in toluene at 1978 and 

1959 cm-1, Table 4.3. In addition to these bands, a third band was observed as a 

shoulder when the spectrum was recorded in CCI4, see Table 4.5. 1he Y(SO) was 

observed in toluene as two moderate bands at 1108 and 1082 cm- l . In nujol, the v(SO) 

was observed as one weak band at 1054 cm- l . A solution of 12d gave three signals in 

the Cp region in the NMR spectrum at 4.96, 4.91 and 4.82 ppm in the ratio 7.2:4.1:1 

respectively, see Figure 4.11. The two major signaIs were assigned to the. 

diastereomeric pair. The remaining Cp signal did not correspond to the thiolate 4d, the 

disulfide 10d nor any known complexes, and remains unassigned. Each Cp peak in the 

NMR spectra of 12b-d showed peaks due to the appropriate companion R groups with 

the expected intensities. Complex 12d displayed one strong band for v(CQ) in toluene at 

1958 cm- l . In toluene, the v(SO) was not observable, however, in nujol, a moderate 

band was noted at 1031 cm-1 • 

When a sealed NMR sample of crop 4 of 12b was heated to 100°(' for 8 hours 
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and cooled to room tempe rature, the NMR spectrum showed an enrichment of the 

minor species 13b and lOb at the expense of 12b(A) and 12b(B), see Table 4.7. This 

indicates that at elevated tempe rature s, there is a conversion from one set of 

diastereomers, 12b. into lOb and 13b, along with the fonnatiùn of sorne 4b. The 

Table 4.7 Table indicating results of thennal treatment of 12b 
using crop 4. 

Cp resonance (ppm) 
(Intensity in percent) 

12b(A) 5.00(92) 

Before 12b(B) 4.80(3.2) 
13b 4.7~~2.6) 
lOb 4.62(2.0) 
12b(A) 5.00(2) 

After heating 12b(B) 4.80(3) 

100°C, for 10 hours 
13b 4.73(48) 
ïOb 4.62(31) 
4b 4.64(16) 

corresponding p-tolyl re~onances were l!lso observed at the appropriate intensities. The 

IR spectra in toluene showed that the bands at 1031 and 1045 cm-1 were significantly 

reduced while the band at 810 cm-1 grew. Complex 13b was characterized and will be 

discussed below. 

The compounds 12b-d were unreactive toward triphenylphosphine. However, 

an NMR sample in C 6D6 of 12d decomposed readily when exposed to a UV light for 

2.5 hours, to fonn isopropyl disulfide (10 % of all methyls present) along with 

substantial amounts of 4d (29 % of all Cp signals), PPh3S (34 % of aIl phenyl 

resonances) and two unknown compounds whose Cp signals lie at 4.82 and 4.51 ppm 

(67 % and 5 % of all Cp signals respectively). 

The crystal structure of 12d was detennined and is shown in Figure 4.12.110 
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Figure 4.12 ORTEP of CpRu(pPh3)(CO)SS(O)(CHM~), 12d. 

Atoms labeled "A" are 60% occupancy 
Atoms labeled "B" are 40% occupancy 
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Appendix VI, Tables A6.1-A6.4, con tains the crystallographic data, atom coordinates, 

bond lengths and bond angles, respectively. The structure of 12d is a piano stool with 

one PPh3, one CO and one RS(O)S ligand. The oxygen on the sulfinyl sulfur, 01, was 

located in two different positions, 01A and 01B, while the remainder of the molecule 

remained essentially in the same position, with the exception of the R group. This 

disorder is not consistent with a simple rotation about the S 1-S2 bond but rather an 

inversion at S2, see Figure 4.13. The ratio of diastereomers observed in the crystal 

Ru Ru 

DIB 01B 
SI o 

C26A 

60 % occupancy 40 % occupancy 

Figure 4.13 ORTEP of the thiosulfinate ligand showing the disorder. 

structure through a ratio of partial occupancy of the OIA to OIB, is exactly the same as 

the ratio of the two Cp signals observed in the NMR spectrum. The disorder in the area 
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of the R group results from a rotation about S2-C25 bond. The sulfur-sulfur bond 

length was found to be 2.076(3) Â which is considered normal when compared to the 

organic thiosulfinate sulfur-sulfur bond length of 2.lO8 A.u1 
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DISCUSSION 

Organometallic thiosulfmyl, MSS(O)R, has been postulated earlier100 but to our 

knowledge, only one has been prepared94,97. Hartgerink's CpW(CQ)3SS(O)R (6) were 

rather unstable but were still characterized although not by x-ray crystallography. In 

general, organic analogs are also not very stable, and tend to dlspropOrtionate lO 

o 
Il 

thiolsulfonates, R-S-S-R .4,93 The reaction between 4a and a sulfmyl transfer agent 
Il -
o 

appeared to be a suitable route to the preparation of the thiosulfinyls l2b-d, equation 

4.20 (here reproduced). The sulfinyl rransfer agent selected was N-(alkyl and 

@1 @1 
1 1 

Ru + 

o 
Il 

phth-SR --.. Ru Q + phth-H (4.20) 

Ph p/ \"SH 
3 CO 

4a 

Ph p/ \"S~R 
3 CO 

l2b-d 

b, R = 4-C6H4Me 
c, R = l-C3H7 
d, R =CHMe2 

arylsulfmyl)phthalimide prepared by Harpp's method88, since this was successfully 

used by Hangerink99• The yields of these preparations are somewhat low, due in large 

part to unidentified side reactions. Sorne of the by-products were 

triphenylphosphenesulfide and lOb-do The presence of IOb-d indicates either oxygen 

transfer or disproportionation occurs during the preparations. Both these 

decomposition modes have been observed in the oxidation of orgamc disulfides.4 

The NMR spectra of 12b-d show 2 major products and two minor 

contaminants. The presence of two major products is consistent Wlth dlastereomeric 

pairs arising from the presence of two chiral centers, one at the metal and one at the 
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sulfinyl center. At elevated temperatures, the major pair of Cp signals in 12b gave way 

to the minor contarninants along with a small amount of 4b. One of the mimor 

contaminants has been identified by NMR as lOb. 

The S-S bonds in organic thlOsulfinate esters are qui te weak and prone to 

homolitic cleavagell1 and intennolecullar oxygen transfer". Thennal 

disproportionation and recombination are not the likely mechanisms of interchange 

between the observed species. If this was the case, then recombination of the free 

radicals would lead to the formation of organic disulfides and disulfur bridged metal, 

however, these were not observed. Since the elemental analyses for the cleanest and the 

most contaminated crops of 12b (crop 1 and crop 3) were identical, then a mixture of 

isomers is the likely source of the contaminants. 

The crystal structure of 12d indicated the presence of two diastereomeric 

compounds within the same crystal in the ratio of 2:3 (see ORTEP in Figures 4.12 and 

4.13). The corresponding NMR spectrum alsa shows the presence of two 

diastereomeric species in the ratio of 2:3. Consequently, the NMR. signals can he 

assigned 10 the specifie structure. The most intense NMR spectra can be assigned to 

the shaded ORTEP in Figure 4.13. while the weaker NMR spectra can be assigned to 

the ORTEP shown as ghost atoms. 

The product distribution upon treatment with UV light is consistent with a free 

radical pathway. The presence of M~œSSCHMe2 in the product supports the free 

radical pathway with concurrent intennolecular or intramolecular oxygen migration. A 

Cp-containing compound was observed in this reaction in reasonable yield (67%). The 

R group shows diastereotropic methyls. This compound could not be idcntified as any 

compound already characterized and remaines unassigned. 
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Prolonged thennal treatment of 12b gave CpRu(PPhÛ(CO)SS(Oh(4-C6H4Me), 

13b, along with lOb, see equation 4.21. In addition to 13b and lOb, the presence of 4b 

@>1 @! ~ 
1 

2 Ru 0 

Ph p/ \"SYR 
3 CO 

l00°C 1 8 hours ~ R1u 0 

Ph p/ \,"-SYR 
3 CO ~ 

1 
+ Ru (4.21) 

Ph p/ \"-SSR 
3 CO 

12b 13b lOb 

was also observed in the ratio of 1: 0.65 : 0.35 respectively. The air-stable yellow 
, 

brown needles of 13b were soluble in benzene and THF, and insoluble in hexanes. The 

NMR spectrum of 13b showed one Cp resonance at 4.73 ppm and the expected R group 

in the appropriate intensity. The IR spectrum showed one v (CO) at 1971 cm 1. 

The crystal structure of 13b was deterrnined and is shawn in Figure 4.14.126 Ail 

crystallographic data, atom coordinat~s, bond angles and lengths are listed in Appendix 

VII, Tabes A7.1-A7.4. The structure is a piano stool with one PPh3, one CO and one 

SS(O)2R ligand. The latter is a thiosulfonylligand which, to our knowledge, has never 

been reported on a metal. The crystal was found to be optically resolved. The gener?l 

R factors of the two possible enanticmers are 0.044 and 0.046. Since these R factors 

are statistically differentl23, the absolute configuration corresponding to the lower R 

factor was selectèd :md is shown in Figure 4.14. The SI-S2 bond length is 2.023(8) À 
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Figure 4.J4 ORTEP of CpRu(pPh3)(CO)SS(O}z(4-C6H4Me), 13b. 
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which is slightly shorter than for organic thiosulfonates (2.0919(6) A (XI)IOI, 2.048(2) 

A (Xm102
). The Ru-S 1 distance is 2.383(2) Â, ;vhich is identical to the Ru-S 1 bond 

distances in 10d and 12d . 



119 

DISCUSSION 

Organometallic thiosulionyls have not been reported in literature. The thermal 

rearrangement of 12b formed the thiosulfonyl CpRu(PPh3) (CO)S S (Oh(4-C6H4Me), 

13b, as shown in equation 4.21 (here reproduced). The observed ratio of 13b:l0b was 

~ ~ 
1 1 

2 Ru 0 

Ph p/ \"S~R 
3 CO 

+ Ru (4.21) 

Ph p/ \'''SSR 
3 CO 

12b lOb 

1:0.65. The stoichiometry of the reaction 4.21 shows that the ratio should have been 

1:1, however, one third of lOb apparently disproportionated to 4b through the 108s of 

elemental sulfur. Since the reaction proceeds cleanly, intermolecular oxygen transfer is 

the likely mechanism in this reaction. A similar reaction mechanism has been 

proposed in the decomposition of metal sulfonates to thiolates.10S 

The crystal structure of 13b confirmed the presence of the thiosulfonyl group as 

shown in Figure 4.14. This is the fll'st reponed metal thiosulfonyl. The crystal is 

optically pure and the absolute configuration bas been detennined. The observed 

S I-S2 bond length in 13b is midrange when compared to other known thiosulfonates. 
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Table 4.8 List of known organic thiosulfonate S-S bond lengths. 

-
Complex S-S bond Length (Â) 

-
-S-S(Oh-Me8S 1.954(1) 

[(C3H6N2)ShTe[SS(Oh(C6Hs)h. XIV104 2.016(5) 

CpRu(PPh3)(CO)SS(Oh(4-C6H4Me . 13b 2.023(8) 

C14H12S202' xn102 2.048(2) 

Te[SS(Oh(C6Hs)b XIn10J 2.080(2) 

(4-BrC6H4)S S(O)2( 4-BrC6HJ, XIIOI 2.091(6) 
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V FINAL ADDRESS 

At this point, it is appropriate to draw sorne conclusions regarding the relation 

between the various catenated sulfur chains. One can observe that the v(CO) stretching 
o 0 
Il Il 

frequencies increased as follows: SRS: SSR < SSSR< SSR < SSR, see Table 4.3. It 

8 
follows then that the SR group is more electron donating than the SS(OhR group and 

consequendy, the electronegativity of these groups may be arranged as follows: 

SR SSR 

o 
Il 

SSSR SSR 

Increasing electronegativity 

o 
1\ 

SSR 

8 
• 

The inherent instability of the SxR groups as x increases, may reflect the less 

effective p1t-d1t donation &am the a sulfur to the metal for SSSR, as opposed to SR. 

As one procccds from the disulfidc (lOcI) 10 the thiosulfinyl (12d) to the 

thiosulfonyl (13b), one observes that the ruthenium sulfur bond length remains constant 

(2.395(3) A, 2.379(2) A and 2.383 (2) respectively). In contrast, the SI-S2 bond length 

increases from lOcI ta 12d (2.038(4) A and 2.076(3) A respectively) however. when the 

second oxygen is added on S2, the SI-S2 bond length decreases to 2.023(3) A. This 

last decœased bond length may he misleading due ta the dift'erent R groups. 
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EXPERIMENTALS 

AlI experiments were perfonned under nitrogen in appropriately-sized Schlenk 

tubes or appropriately sized three-necked round bottom flasks. Tetrahydrofuran, 

hexanes and toluene were distilled over sodium/benzophenone prior to use. Absolute 

ethanol was degassed by repeated cycles of evacuation and purging with nitrogen (3x) 

prior to use. Bis(1,2-diphenylphospheno)ethane (Strem), methyllithium, 2-propylthiol, 

I-propylthiol, triphenylphosphine (Aldrich) and 4-methylbenzenethiol (FainÏeld) were 

used as received. The complex CpRu(PPh3hCI was prepared as reportedl25 using 

RuCI3,3H20 (Aldrich or kindly supplied by POM Chemicals Ltd.). The compounds 

1-propylthioph thaimide, 

I-propylsulfonylphthalimide, 

2-propyl thioph thalimide, p-tolylthiophthalimide, 

2-propylsulfonylphthalimide and 

p-tolylsulfonylphthalimide were prepared using methods by Bach and Harpp.88,89,125 

Solvents and other liquid reagents were transferred by means of appropriately sized 

syringes. Syringes and containers expused to thiols were decontaminated by rinsing 

with commercial bleach prior to cleaning. 

Caution: Preparations involving the use of H2S must be performed with 

extreme care. This gas is very toxic and has a very unpleasant odor even at extremely 

low concentrations. The reactions were conducted in a weil ventilated fume hood and 

H2S was handled by means of a gas manifold shown in Figure E.l. The H2S emanating 

from an H2S cylinder (Matheson) via Tygon tubing was dried by means of a calcium 

chloride column and passed trough a Nlljol bubbler before entering the reaction vessel~ 

a 3-neck round bottomed flask fitted with a stopcock, agas inlet bubbler, a stopper and 

a magne tic stir bar. After passing through the reagents, unreacted H2S was passed 

through three washing towers containing successively, 5 M NaOH, saturated aqueous 
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NaOH Pb(OAch NaOH 

Figure E.l Apparatus used for the manipulation of H2S. 
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lead acetate and 5 M N aOH. A nitrogen line (Tygon) was connected to the H2S 

manifold prior to the calcium chloride drying column by means of a T-connector 

attached to a stopcock. Thic;; pennined the system to be purged before and, most 

importantly, after the reaction, which significantly reduced exposure to residual H2S 

during the work up. 

Nuclear magne tic resonance (NMR) spectra were recorded on a Varian XL-200 

or XL-300 spectrometer. AlI NMR samples were prepared under N2 atmosphere using 

benzene-d6, degassed by freeze-thaw degassing under vacuum. ChemicaI shifts are 

reported in ppm relative to tetramethylsilane, used as an internai standard, and the 

multiplicities are reported as m, d, t and ABq (multiplet, doublet, triplet and AB quartet 

respectively). The 31p NMR spectra were performed on Varian XL-300 using 85 % 

phosphoric acid as the extemaI reference. COSY and NOE experiments were 

performed at 300 MHz in 5mm tubes. Infrared spectra were recorded on an AnaIect 

AQS-20 fourier-transform infrared (Fr-IR) spectrometer calibrated using a HeINe laser 

(632.8 nm). The detector used was a triglicine sulfate (TGS) detector with a standard 
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resolution of 4 cm-l . AH bands are reponed in cm-1 with an accumcy of ±l cm-1 and 

the intensities are reponed as sh, w, m, s and vs (shoulder, weak, moderate, strong and 

very strong respectively). AU mass spectra were obtained by fast atom bombardment 

(FAB) on a ZAB-HS mass spectrometer at the McGill University Biomedical Mass 

Spectrometry unit. The specifie conditk'ls employed are reponed as a footnote, 

Elemental analyses were performed by Spang Microanalytical Laboratories, Eagle 

Harbor, Michigan. Melting points were obtained on a Thomas Hoover capillary 

melting point apparatus in a sealed capillary tube under a nitrogen atmosphere and are 

uncorrected. 
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Cyclopentadienylbis(triphenylphosphine)mercaptoruthenium(D), 

CpRu(PPh3hSH, la 

Caution: 

This experiment requires HlS: use extreme care. FoUow ail 

precautions and use the apparatus described earUer. At the end of 

the experiment, there will be a substantial amount of HlS condensed 

in the liquid nitrogen trap of the vacuum Une used. It is desirable to 

neutralize it by removing the trap white still frozen in Iiquid nitrogen, 

in a fume hood, and pou ring commercial bleach into it. The reaction 

will he strongly exothermic and will rapidly melt most of the solvent. 

Complete neutralization requires 5-10 minutes. 

Sodium metal (0,10 g, 4.43 mmole) was dissolved in absolu te ethanol (20 mL) 

and H2S was bubbled through the solution at a steady rate for 30 minutes. The solution 

was then purged with N2 for 20 minutes, and THF (50 mL) followed by 

Cp~U(PPh3hCI (1.00 g, l.31 mmole) were added. The resulting slurry was brought 

rapidly t:> reflux (heating mande) and maintained for 15 minutes. The best yield was 

obtained by ~ carefully purging the refluxing solution by closing the system, and 

~ briefly opening the system to vacuum, followed by opening ta nitrogen. This 

cycle was repeated 2-3 times for each purging before resuming normal reflux. The 

purging was repeated 3-4 times during reflux. This procedure removes unwanted H2S 

from the reaction flask. After reflux, the solution was cooled ta room temperature in a 

water bath. The brown solution was stripped to dryness (vacuum pump) and extracted 

with toluene (4 x 15 mL). Each extract was filtered under nitrogen through Celite (1 
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inch). The combined filtrates were stripped to dryness and the resulting dark oil 

recrystallized from THF/ethanol, washed with ethanol followed by hexanes and 

pumped on overnight to give the analytical sample as orange-brown microcrystals 

(0.600 g, 0.83 mmole). Yield = 63% mp. = 171-174°C 

IH NMR (C6D6): -3.11(t, IH, JH•P = 6.15 Hz, Sm, 4.28(s, 5H, Cp), 6.94(m, 9H, PPh3), 

7.57(m, 6H, PPh3). 

Anal. calcd. for C41H36P2RuS: 68.04%C, 5.01 %H, 4.43%S 

found: 67.96 %C, 5.01 %H, 4.39 %S 

Cyclopentadienylbis(triphenylphosphine)-4-methylbenzenethiolatoruthenium(II), 

CpRu(PPh:Jl2S-4-C6H4Me, lb 

A Schlenk tube was charged with TIIF (200 mL) and cooled to -78°C in an 

ethanoVdry ice bath. Methyllithium (3.73 ml, lA M in ether, 5.22 mmole) was added 

followed by 4-methylbenzenethiol (0.574 g, 5.22 mmole). The cooling bath was 

removed and the solution was allowed to warm to room temperature over 15 minutes 

and while stirring, a white precipitate formed. The complex CpRu(PPh3hCl (2.00 g 

2.87 mmole) was added as a solid and the resulting slurry was rapid1y brought to reflux 

within 7 minutes by means of a water bath on a hot plate. A gentle reflux was 

maintained for 15 minutes after which the volume of the deep red solution was 

immediately reduced 10 50 mL under vacuum, and ethanol (50 mL) was added. Funher 

evaporation under vacuum to 50 mL gave red-orange microcrystals which were 

collected by decanting the mother liquors. The bright red solid was washed 

successively with ethanol, hexanes and pumped on ovemight to give the analytical 

sample (1.58 g, 1.94 mmole). Yield = 74% mp. = 207-2100C 

a 
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IR (Nujol): u(CS ofS-R)= 748(m) 

lH NMR (C6D6): 2.21(s, 3H, C!:h), 4.14(s, 5H, Cp), 6.98(m, llH, PPh3 and 

4-C6fuCH3), 7.64(m, 8H, PPh3 and 4-C6fuCH3) 

Anal. Calcd. for C48H42P2RuS: 70.83%C, 5.20%H, 3.94%S 

found: 70.76 %C, 5.21 %H, 3.90 %S 

Cyclopentadienylbis(tripbenylpbosphine)-l-propylthiolatoruthenium(ll), 

CpRu(PPh3hS-I-Cili7' le 

A Schlenk tube was charged with THF (110 mL) and cooled to -78°C in an 

ethanoVdry ice bath. Methyllithium (2.05 mL, 1.4 M in ether, 2.87 mmole) was added 

followed by I-propylthiol (0.26 mL, 2.87 mmole), the cooling bath was removed and 

while stirring, the solution was allowed to wann to OOC. The Schlenk tube was then 

immersed in a water bath at 40°C for 15 minutes. The complex CpRu(PPh3hCI (1.00 g 

1.44 mmole) was added and the resulting slurry rapidly brought to reflux within 7 

minutes by means of a water bath on a hot plate. A genùe reflux was maintained for 15 

minutes after which the volume of the red solution was rapidly concentrated under 

vacuum to 50 mL and ethanol (100 mL) was added. Further concentration to 50 mL 

followed by standing, gave the product as red crystals which were collected by 

decanting the mother liquors. The crystals (0.87g, 1.14 mmole) were washed 

successively with ethanol and hexanes and pumped on overnight. Yield = 79% mp. = 

167-169°C 

lR (Nujol): u(CS ofS-R)= 761(m) 

lH NMR (C6D6): 1.19(t, 3R, JH-H = 6.9 Hz, CH2CH2Clli), 1.98(m, 2H, CH2CfuCH3), 

2.41(t, 2H, CfuCH2CH3• JH-H = 7.2 Hz), 4.36(s, 5H, Cp), 6.95(m, 9R, PPh3), 7.62(m, 
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Anal. Calcd. for C26H42P2RuS: 69.00%C, 5.53%H, 4.19%S 

found: 68.84%C, 5.45%H, 4.16%S 

Cyclopentadienylbis(tri phenylphosphine )-2-propylthiolatoruthenium(II), 

CpRu(PPh3hS-2-CHMe2' ld 
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A Schlenk tube was charged with TIIF (100 mL) and cooled to -78°C in an 

ethanoVdry ice bath. Methyllithium (1.14 ml, 1.4 M in ether, 1.60 mmole) was added 

followed by 1-propylthiol (0.149 mL, 1.60 mmole). The cooling bath was removed and 

the stirred solution was allowed to warm to O°C. The Schlenk tube was then immersed 

in a water bath at 40°C for 15 minutes. The complex CpRu(PPh3hC1 (1.00 g 1.44 

mmole) was added and the resulting slurry rapidly brought to reflux withm 7 minutes 

by heating the water bath with a hot plate. A gentle reflux was maintained for 15 

minutes after which the dark red reaction solution was rapidly concentrated under 

vacuum to 20 ml and ethanol (50 mL) was added. Further concentration to 10 mL 

followed by standing, gave the product as a belge powder which was collected by 

decanting the mother liquors. The solid was washed successlvely with ethanol and 

hexanes and pumped on ovemight to give the analytical sample as orange-beige 

microcrystals (0.744 g, 0.972 mmole). Yield = 68% mp. = 161-163°C 

IR (Nujol): \l(CS of S-R)= 821(w) 

IH NMR (C6D6): 1.58(d, 6H, JH-H= 6.6 Hz, CHMe2)' 2.52(sept, lH, JH_H= 6.6 Hz, 

CHMe2)' 4.73(s, 5H, Cp), 6.98(m, 9H, PPh3), 7.64(m, 6H, PPh3) 

Anal. f"'llcd. for C:z6H42P2RuS: 69.00%C, 5.53%H, 4.19%S 

Found: 68.83%C, 5.55%H, 4.23%S 



129 

Kinetic studi~s of the reaction of CS2 with lb 

In each experiment, an NMR tube was charged with lb (0.0070 g) and the 

appropriate amount of PPh3 was added. The tube was purged with nitrogen and C6D6 

(0.40 mL) was added followed by TMS (1 J.l.L). At rime zero, the appropriate amount 

of CS2 was added to the solution through a septum using agas tight syringe. The 

reaction was followed by automatically acquiring spectra al appropriate intervals by 

means of an alTay of preacquisition delays. The rate was determined by comparing the 

relative integrals of the Cp peaks due to lb and 6b. The total solvent volume was 

assumed to be the sum of the volumes of C6D6 and CS2• Variations in solvent volumes 

were accounted for in subsequent calculations so that various amounts of CS2 could be 

compared diITctly. 

l, l' -Bis( eyclopentadienyl}-l,l' -bis(triphenylphosphene)-bis 

(J.l.-I-proPl'lthiolato )diruthenium(ll), 

rCpRu(PPh3Hl.S.l.Cili71ill 

A Schlenk tube was charged with le (0.17 g, 0.22 mmole) and toluene (2 mL). 

The tube was immersed in refluxing toluene for 5 minutes and immediately stripped to 

dryness under vacuum. The residue was suspended in hexanes and deposited on top of 

a chromatography column (Alumina, 2.5 cm x 25 cm). Elution with hexanes gave a 

band containing PPh3. Eluting with THF in hexanes (1:1) gave an orange band. This 

band was collected and reduced under vacuum to about 3 mL and cooled at -20°C 

overnight. Three types of crystals forme d, yellow translucent (PPh3), orange 

(CpRu(PPh3hC1, which is a minor contaminant in k) and dark red, 2e. Identification 
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of the crystals was confmncd by NMR. The dark red w rystals were separnted and 

collected manually as weIl formed crystals (30 mg, 0.065 mmole). Yield = 30% mp.:= 

91-92°C 

IH NMR (C6D6): 0.89,(t, 6H, JH_H= 5.7 Hz, CH2CH2C!:h), 1.70(m, 4H, CH2CfuCH3), 

2.54, 2.78(diastereotropic multiplet, 2H, CH2CH2CH3), 4.16(s, 5H, Cp), 4.41(s, 5H, 

Cp), 7.01 (m, 18H, PPh3), 7.49(m, 12H, PPh3) 

1,1' ,1" -Tris( eyclopentadienyl)-tris(J,J.-l-propylthiolato )triruthenium(I1), 

[CpRu-J,J.-S-I-C:J:!'~ 

A solution of le (0.694 g, 0.960 mmole) in toluene (40 mL) was prepared in a 

three-necked flask fitted with a water condenser. The solution was brought ta reflux by 

means of a heating mantel. A gentle reflux was maintained for four hours. The cool 

soluùvl1 was reduced in volume under vacuum to 3 mL and placed on a column of 

activated Alumina (2.5 cm x 23 cm). Elution with hexane gdve a fraction containing 

PPh3. Elution with THF in hexanes (3:7) gave an orange band which was collected and 

dried under vacuum. Recrystallizaùon from hot THF in hexanes (3:7) gave 

crystallographic-grade dark purple crystals which were washed with cold hexanes (2 

mL, _78°C \ and dried in vacuum ovemight (0.110 g, 0.153 mmole). Yield = 51 % mp. 

= 125-127°C 

IH NMR (C6D6): 0.87(t, 6H, ,JH-H= 7.2 Hz, CH2CH2C!h(e)), 1.20(t, 3H, JH-H= 7.3 Hz, 

CH2CH2Cfu(a», 1.33(diastereotropic multiplet, 3.8H, CH2CH2CH3(e)), 1.50(m, 4.2H, 

CH2CH2CH3(e)(diastereomer), CH2CH2CH3(e»), 1.97 (m, 2H, CH2CH2CH3(a», 

3.50(m, 1.5H, CI:hCH2CH3(a», 4.55(s, 10H, Cp), 4.59(s, SH, Cp) 

Anal. Calcd. for C24H36Ru3S3: 39.82%C, 5.01 %H, 13.29%S 



1 

r 

Found: 40.07%C, 5.08%H, 13.15%S 

1,1',1"-Tris( cyclopentadienyl)-tris(u-2-propylthiolato )triruthenium(II), 

[CpRu-u-S-CHMeili.3d 
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A solution of Id (1.879 g, 2.45 mmole) in toluene (50 ml) was prepared in a 

three-necked flask titted with a water condenser and was refluxed for 4.5 hours. The 

cool solution was stripped to dryness and dissolved in the minimum amount THF. This 

solution was chromatographed on Alumina (25 x 200 mm) using hexanes as the eluent 

(300 mL). A brown band eluted first and was collected. The eluent was changed to 

THF in hexanes (1:4) which elute:1 a second band. The f11'st band was stripped to 

dryness, washed with hexanes (5 x 2 mL) and pentane (1 x 2 mL) and recrystallized 

from THF/hexanes (1:1) to give anal}l\~ally-pure dark red crystals of 3d (0.0195 g, 

0.027 mmole). The second band was stripped,to dryness to give a nearly pure 3d (>90 

% pure by NMR, \:.2720g, 0.376 mmole). Combined yield = 49.2% mp. = 260-261°C 

IH NMR (CJ)6): 0.78(sept, 2H, CHM~, 1.09, 1.51(diastereiotropic doublet, 12H, 

JH-H= 6.5 Hz, CHM~),1.55(d, 6H, J=6.7 Hz, CHMe~, 4.50(s, WH, Cp), 4.58(s, 5h, 

Cp),4.9ï(sept, 1H, CHMe2) 

Anal. Calcd. for CuH36Ru3S3: 39.82%C, 5.01 %H, 13.29%S 

Found: 39.89%C, 5.12%H, 13.27%S 



Cyclopentadienylcarbonyltriphenylphosphinemercaptoruthenium(ll), 

CpRu(PPh3)(CO)SH,4a 
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A suspension of la (0.34 g, 0.47 mmole) in THF (20 mL) was prepared. The 

flask was evacuated and refùled with CO. The suspension was stirred for 3 hours. at 

which time la had dissolved and the solution was clear yellow-brown in colour. The 

solution was reduced in volume under vacuum to about 3 mL and placed on a column 

of Alumina (20 mm x 40 cm). Elution with hexanes removed PPh3. Elution with THF 

in hexanes (2:3) gave a yellow band which was collected and reduced to dryness under 

vacuum. The resulting brown powder was pumped on for 1 hour to give analytically 

pure 4a (0,154 g, 0.31 mmole) Yield = 67 % mp. = decomposition between 190 and 

194°C with fonnation of dark red liquid and H 2S gas. 

IR (toluene): v(CO)= 1950(s) 

lH NMR (C6D6): -3.10(d, 1H, JH-H= 7.4 Hz, S!!), 4.56(d" 5H, JH-r 0.6 Hz, Cp), 

7.00(m, 9H, PPh3), 7.66(m, 6H, PPh3) 

Anal. Calcd. for ~4H210PRuS: 58.89%C, 4.32%H, 6.55%S 

Found: 58.79%C, 4.22%H, 6.62%S 

Cyclopentadienylcarbonyltriphenylphosphine.4.methylbenzenethiolato

ruthenium(ll), 

CpRu(PPh3)(CO)S.4.C6"4Me,4b 

A dark red suspension of lb (0,51 g, 0.63 mmole) in THF (2 ml) was prepared. 

Carbon monoxide was bubbled through the solution. After 10 minutes, the colour 

became less intense and lb dissolved. The solution was stirred under CO ovemight. 
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The resulting orange solution was reduced in volume to 1 mL under vacuum and 
• 

ethanol (1 mL) was added. The solution was funher reduced in volume until a yellow 

precipitate formed and allowed to stand for 30 minutes. The solution was slowly 

reduced in volume to 0.5 mL. The mother liquors were removed using a pipette and 

the solids were washed with ethanol (4 x 2 mL) and hexanes (6 x 2 ml). After drying 

in vacuo, a crude yellow powder was obtained (0.35 g, 0.57 mmole). Analytically pure 

sample was obtained by recrystallization from THF!hexanes as bright yellow 

microcrystals containing TIIF in the ratio 4b:THF = 2:1; peaks due to THF were 

detected in the NMR spectrum in the appropriate intensity. Yield = 91% mp. = 

166-168°C 

IF. toluene): v(CO)= 1947(s) 

IH NMR (C6D6): 2.15(s, 3H, 4-C6H4Cfu), 4.63(s, 5H, Cp), 6.99,(m, IIH, PPh3 and 

4-CJ1CH3), 7.64(m, 6H, PPh3), 7.87(d, 2H,JH_H= 8.2 Hz, 4·C6&CH3) 

Anal. Calcd. for C33H310l.SPRuS: 64.37%C, 5.07%H, 5.21 %S 

Found: 64.46%C, 5.14%H, 5.29%S 

Cyclopentadienylcarbonyltriphenylphosphine-l.propylthiolatorutheniumaD. 

CpRu(PPh3}(CO)S-1-C3",. 4c 

A suspension of le (0.49 g, 0.64 mmole) in THF (70 mL) was stirred under CO, 

overnight, as for la. The solution was reduced in volume to 1.5 mL and 

chromatographed on Alumina (20 mm x 40 cm). Elution with hexanes removed PPh3. 

Elution with THF in hexanes (2:3) gave a yellow band which was collected and 

reduced in volume under vacuum until an orange oil fonned. This oil was left 

overnight at room temperature whereupon clusters of analytically pure orange crystals 
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fonned. The mother liquor was decanted and the crystals (0.139 g, 0.26 mmole) were 

washed with hexanes and pumped on ovemight. Yield = 41 % mp. = 133-134°C 

IR (toluene): v(CO)= 1942(s) 

IH NMR (C6D 6): 1.14(t, 3H,JH_H= 7.3 Hz, CH2CH2C!h), 1.87(m, 2H, CH2CfuCH3), 

2.61(m, 2H, CH2CH2CH3), 4.67(d, 5H, JH•P= 0.4 Hz, Cp), 7.02(m, 9H, PPh3), 7.71(m. 

6H, PPh3) 

Anal. Calcd. for ~7H270PRuS: 61.00%C, 5.12%H, 6.03%S 

Found: 61.13%C, 5._0%H, 6.04%S 

Cyclopentadienylcarbonyltriphenylphosphine-2-propyllhiolatoruthenium(II), 

CpRu(PPh3)(CO)S.2.CHMe2' 4d 

A solution of Id (0,72 g, 0.94 mmole) in THF (70 ml) was stirred under CO 

ovemight. The solution was evaporated under vacuum to 3 mL and chomatographed 

on Alumina. Elution with hexanes removed PPh3 . Elution with THF in hexanes (2:3) 

gave a yellow band which was collected and reduced in volume under vacuum to 15 

mL, at which point, analytically-pure crystals slowly formed. The mother liquors were 

decanted and the orange-brown crystals (0.24 g, 0.45 mmoIe) were washed with 

hexanes (2 x 2 mL) and dried under vacuo. Yield = 48 % mp. = 157-158°C 

IR (toluene): v(CO)= 1941(s) 

IH NMR (C~6): 1.54, 1.58(diastereotropic doublet, 6H, JH•H= 6.6 Hz, CHM~), 

2.77(septet, IH, CHMe2)' 4.67(d, 5H, JH•P= 0.4 Hz, Cp), 7.02(m, 9H, PPh3), 7.72(m. 

6H, PPh3) 

Anal. Calcd. for ~7H270PRuS: 61.00%C. 5.12%H. 6.03%S 

Found: 61.18%C, 5.22%H, 6.04%S 
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C yelopentadienyl( di phenyl phosphenoethane )-t.propylthiolatoruthenium(II) 

CpRu(dppe)S.t.C:Jh Se 
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A solution of le (0.60 g, 0.78 mmole) in toluene (10 ml) was prepared. To that 

solution, diphenylphosphenoethane (dppe, 0.312 g, 0.783 mmole) was added and stirred 

overnight. The orange solution was reduced in volume under vacuum to 2 ml and 

placed on a column of Alumina (20 mm x 40 cm). U sing toluene as the eluent, the 

major product was eluted as a light orange band which WdS collected and evaporated to 

dryness (0.3430 g, 0.536 mmole). Recrystallization from THFlEtOH and washing with 

hexanes gave the product as orange microcrystals (0.280 g, 0.438 mmole). Yield = 36 

% mp = 147-150°C 

lH NMR (C6D6): 0.82(t, 3H, JH-H= 9.2 Hz, CH2CH2Clli), 1.47(m, 4H, CH2), 1.86(m, 

2H, eth), 2.71(m, 2H, CHû, 4.71(s, SH, Cp), 7.00(m, 8H, PPh2CH2CH2PPh2), 7.18(m, 

8H, PPh2CH2CH2PPh~, 7.87(m,4H, PPh2CH2CH2PPh~ 

Cyclopentadienyltriphenylphosphine-4.methylbenzenethioxaoth 

atoruthenium(II), 

CpRu(PPhJlS2CS-4-C6H4Me. 6b 

A solution of lb (0.1576 g, 0.194 mmole) in THF (3 mL) was treated with CS1 

(5 mL), stirred for 1 hour and then stripped to dryness. The residue was redissolved in 

THF (3 mL). Ethanol was added (5 mL) and the solution was reduced in volume under 

vacuum, until turbid and allowed to stand at -16°C ovemight. The mother liquors were 

decanted and the solids were washed with hexanes and pumped on overnight to give 

deep red crystals. (0.0846 g, 0.135 mmole). Yield = 83% mp. = 173-176°C 
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IR (KBr) u(CS orCS3)= 993(s), 941(vs); U(CS of S-R)= 805(s) 

lH NMR (C6D6): 1.95(s, 3H, 4-C6H4CH3), 4.28(s, 5H, Cp), 6.82, 7.21(ABq, 4H, lH-H= 

8.0 Hz, 4-C4LCH3)' 7.06(m, 9H. PPh3), 7.62(m, 6H, PPh3) 

Anal. Calcd. for C27H27PRuS3: 59.31 %C. 4.33%H, 15.31 %S 

found: 59.42%C, 4.43%H, 15.24%S 

Cyclopentadienyltriphenylphosphine-l-propylthioxanthatoruthenium(lI), 

A solution of le (0.500 g, 0.65 mmole) in toluene (100 mL) was treated with 

CS2 (40 mL) and stirred for 30 minutes. The solution was stripped to dryness under 

vacuum and the residue dissolved in toluene (5 mL). This solution was placed on a 

column of acr"ated Alumina (25 mm x 23 cm). Elution with hexanes gave a band 

containing PPh3. Elution with THF in hexanes (1:4) gave an omnge band which was 

collected, concentrated under vacuum to 30 mL and stored at -16°C overnight. The 

mother liquors were decanted and the red crystals were washed with cold hexanes 

(-78°C) and pumped on overnight to give 6e (0.2158 g, 0.373 mmole). The mother 

liquors were stripped to dryness and the residue recrystallized to give more 6e (0.0467 

g, 0.080 mmole). Combined yield = 69% mp. = 120-122°C 

IR (Nujol): U(CSofCS3)=972(s), 962(vs); u(CSofS-R)= 807(m) 

lH NMR (C6D6): 0.67(t, 3H, JH_"= 7.4 Hz, CH2CH2C!:b), 1.38(m, 2H, CH2CH2CH3), 

2.76(t. 2H, JH-H= 7.3 Hz, CH2CH2CH3), 4.31(5, 5H, Cp), 7.05(m, 9H, PPh3), 7.63(rn, 

6H, PPh3) 

Anal. Calcd. for ~7H27PRuS3: 55.94%C, 4.69%H, 16.59%S 

found: 56.03%C, 4.69%H, 16.67%S 
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Cyclopentadien yltri phen yi phosphine-2-propylthioxanthatoruthenium{ll}, 

CpRu(PPhJlS2CS-CHMe2' 6d 
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A solution of Id (0.3953 g, 0.516 mmole) in THF (18 mL) was treated with CS2 

(10 ml) and stirred for 45 minutes. The resulting red solution was reduced in volume 

to 10 ml under vacuum and ethanol (15 ml) was added. Further concentration and 

cooling to -78°C gave dark red crystals of 6d, which were washed with cold ethanol 

(-78°C) followed by hexanes and pumped on ovemight. (0.2187 g, 0.377 mmole). 

Yield = 73% mp. = 162-164°C 

IR (KBr): 'l>(CS ofCS3)= 975(vs), 958(s); 'l>(CS of S-R)= 803(s) 

lH NMR (C6D6): l.089(d, 6H, JH-H= 6.8 Hz, CHM~), 3.70(sept, lH, CHM~), 4.33(s, 

5H, Cp), 7.07(m, 9H. PPhÛ. 7.66(m. 6H, PPh3) 

Anal. Calcd. for C27H27PRuS3: 55.94%C, 4.69%H, 16.59%S 

Found: 56.08%C, 4.73%H, 16.26%S 

l, l' -Bis( cyclopentadienyl)-l,l,l' -tris(triphenylphosphine }-u-trithiocarbonatodi,,

ruthenuim(ll) 

CpRu(PPhJ12(CS3)RuCp(PPh3), 6e 

Carbon disulfide (2 mL) was added to a suspension of la (0.25 g, 0.345 mmoIe) 

in toluene (3 mL). The complex dissolved and a rapid colour change from brown to red 

was observed. The solution was stirred for 48 hours and stripped to dryness under 

vacuum. The residue was redissoived in the minimum amount of THF and 

chromatographed on Alumina (20 mm x 40 cm). Eluting with hexanes removed PPh3. 

Eluting with THF in hexanes (3:7) gave a red band that was collected. reduced in 
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volume until turbid and cooled at -20°C to give red microcrystals (0.0865 g, 0.0705 

rnrnole). The mother liquor was decanted, further reduced in volume and coolcd at 

-20°C to give an oil. The mixture was warmed to room tempe rature and allowed to 

stand, whereupon red crystals (0.0689 g, 0.0561 mmole ) slowly forrned. Repeated 

attempts to funher purify 6a did not succeed in ridding it of persistent contaminants. 

Combined yield = 37% mp. = 150-154°C 

IR (Nujol): u(CS orCS3)= 964(vs), 907(m) 

l H NMR (C6D6): 4.66(s, 5H, Cp), 4.54(s, 5H, Cp), 6.86-7.04(m, 18H, PPh3), 

7.06-7. 14(m, 9H, PPh3), 7.36-7.48(m, 12H, PPh3), 7.75-7.86(m, 6H, PPh3) 

3ip NMR (C6D6) (In ppm relative to external stCù1dard of H3P04): 52.36(s, IP), 41.28(s, 

2P) 

Mass Spectrum: 1227(M·++H)(1.5), 966(M·+-PPh3)(2.l), 704(M·+-2PPh3)(2.0), 

691 (M·+-CpRu(PPhÛCSÛ(20.5), 441 (M·+-3PPh3)(10. 1), 

429(+-CpRu(PPh3)CS3-PPh3)(I00) 

Cyciopentadienyltriphenylphosphine(Ru-1) 1-sulfurdioxide)-4-methylbenzene"

thiolato(S-sulfurdioxide)ruthenium(ll), 

CpRu(SOÛ<PPh3)S(S02)-4-C6"4Me, Sb 

A Sch1enk tube was charged with lb (0.3710 g, 0.456 mmole) and THF (4 mL). 

Su1fur dioxide was bubbled through the solution for 1 hour during which, an orange 

precipitate in a red supernatant forrned. The slurry was poured into 40 mL diethyl ether 

which had been previously saturated with S02' The slurry was filtered and the filtrate 

was 1eft to stand under S02' whereupon deep red crystals slowly fonned. The mother 

liquors were decanted and cooled to -78°C while the crystals were washed with cold 
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hexanes (2 x 2 mL, -78°C) and briefly dried in vacuum. Upon standing, a second crop 

of Sb fonned from the mother liquors as crystallographic grade crystals. Yield = 34% 

mp. Loss of crystallinity occurred at 125°C followed by melting at 138°C. Bubbles 

evolved from the melted residue and the pungent smell of S02 was detected when the 

capillary was subsequently opened. 

IR (Nujol): v(SO)= 1258(m), 1283(m) 

lH NMR (C6D6): 2.09(s, 3H, 4-C6H4Cfu), 4.61(s, ~H, Cp), 6.88, 7.87(ABq, 4H, JH-H= 

8.0 Hz, 4-C6&CH3), 6.95(m, 9H, PPh3), 7.65(m, 6H, PPh3) 

Anal. Calcd. for C3oH2704PRuS3: 53.01 %C, 4.00%H, 14.15%S 

Found: 53.49%C, 3.70%H, 12.92%S 

Cyclopentadienyltriphenylphosphine-Ru.1]1-sulfurdioxide-4-methylbenzene

thiolatoruthenium(lI), 

CpRu(S02)(PPhJ)S.4.C6"4Me, 9b 

A solid sample of Sb (10-20 mg) was heated under nitrogen at 1300C (±SOC) by 

means of a glycerin bath for 20 minutes. Tho sample remained soUd but lost its 

crystallinity. The pungent odor of S02 was detected. 

IR (Nujol): v(SO)= 1261(m) 

lH NMR (C6D6): 1.89(s, 3H, 4-C6H4Cfu), 4.66(s, 5H, Cp), 6.59, 7.26(ABq, 4H, JH-H= 

8.3 Hz, 4-C6&CH3), 6.98(m, 9H, PPh3), 7.63(ru, 6H, PPh3) 
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Cyclopentadienvlcarbonyltriphenylphosphine-4.methylbenzenedisulfino· 

ruthenium(ll), 

CpRu(PPh3)( CO )SS.4.C6H4Me, lOb 
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To a solution of CpRu(PPh3)(CO)SH (0.062 g, 0.13 mmole) in THF (25 mL) was 

added p-methylbenzenethiophthalimide(0.034 g, 0.13 mmole). The solution was stirred 

for 1 hour, then reduced in volume under vacuum to 2 mL and placed on a column of 

Alumina (20 mm X 30 cm). Elution with hexanes (1.5 column length) followed by 

THF in hexanes (1 :4) gave a yellow band which was collected and concentrated under 

vacuum until a precipitate formed. Yellow clumps of microcrystals were isolated 

(0.033g, 0.054 mmole). Yield = 42 % MP. = 162-163°C 

IR (toluene): "(CO) = 1954(s) 

IR (Nujol): "(CO) = 1936(s) 

IH NMR (C6D6): 2.12(s, 3H, C6H4C!:b), 4.64(s, 5H, Cp), 7.18(m, I1H, PPh3 and 

4-C6fuCH3), 7.60(m, 6H, PPh3), 7.86(d, 2H, JH-H= 8.26 Hz, C4LCH3) 

Anal. Calcd. for C31H270PRuS2: 6O.87%C, 4A5%H, 10048 %8 

Found: 60.74 %C, 4.28 %H, 10.52 %S 

Cyclopentadieny1carbonyltriphenylphosphine.l·propyldisulfanoruthenium(Il), 

CpRu(PPh3)(CO)SS.l.C:ili7' lOc 

To a solution of CpRu(PPh3)(CQ)SH (0.194 g, 0040 mmol) in THF (3 mL), 

I-propylthiophthalamide (0.088 g, 0040 mmole) was added. The resulting solution was 

stirred ovemight, concentrated under vacuum to 3 mL and chromatographed on a 

column of Alumina (20 mm X 30 cm). Elution with hexanes (1.5 column length) 
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followed by THF in hexanes (1 :4) gave a yellow band was recovered and reduced to 20 

mL to give a yellow crystalline product. A second crop was recovered by 

concentrating the mother liquor to give a combined yield of O.101g (0.18 mmole). 

Yield = 45% MP. = 155-156°C 

IR (toluene): u(CO) = 1941(s) 

IR (Nujol): u(CO) = 1932(s), 1940(s) 

IH NMR (C6D6): 1.04(t, 3H, JH -H= 7.34 Hz, CH2CH2C!:b), 1.93(m, 2H, CH2CH2CH3), 

2.74, 2.92(diastereotropic multiplet, 2H, CH2CH2CH3), 4.73(s, 5H, Cp), 7.01(m, 9H, 

PPh3),7.59(m, 6H, PPh3) 

13C NMR (C6D6): 48.73(CH2CH~H3), 13.79(CH:zÇH2CH3), 22.39<ÇH2CH2CH3), 

41.83(Cp), 89.20(para P~H6h), 128.25(d, Jc.p= 10.2 Hz, meta P~H6h), 133.87(d, 

Jc.p= 11.0 Hz, ortho P~H6h), 135.84(d, Jc.p= 48.3 Hz, quatemary P~6h) 

Anal. Calcd. for ~7H270PRuS2: 57.53%C, 4.83%H, 11.38%S 

Found: 57.69%C, 4.73%H, Il.41 %S 

Cyclopentadienylcarbonyltriphenylphosphine-2-propyldisulfanoruthenium(n), 

CpRu(PPh3){CO)SS.CHMe2' IOd 

To a solution of CpRu(PPh3)(CQ)SH (0.159 g 0.325 mmol) in THF (3 mL) was added 

isopropylthiophthalamide (0.072 g, 0.325 mmol). The solution was stirred overnight, 

reduced in volume under vacuum to 1.5 ml, and placed on a column of Alumina (20 

mm X 30 cm). Elution with hexanes (1.5 column length) followed by THF in hexanes 

(1:4) gave a yellow band which was collected and concentrated under vacuum until 

turbid and left ovemight. Crystallographic grade crystals were isolated. Concentration 

of the mother liquors under vacuum gave two more crops of crystallographic grade 
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crystals. The combined weight of product was 0.120 g (0.213 mmol). Yield == 66% 

MP. = 145-147°C 

IR (toluene): u(CO) = 1942(s) 

IR (Nujol): u(CO) = 1935(m), 1942(s), 1956(m) 

IR (CC14): u(CO) = 1944(s) 

lH NMR (C6D6): 1.41, 1.56(diastereotropic doublet, 6H, JH-H= 6.7Hz, CHMe2), 

3.20(septet, 1H, CHM~), 4.73(s, 5H, Cp), 7,01 (m, 9H, PPh3), 7.60(m, 6H, PPh3) 

Anal. Calcd. for C27H270PRuS2: 57.53%C, 4.83%H, 11.38%S 

Found: 57.36%C, 4.79%H, 11.32%S 

Cyclopentadienylcarbonyltriphenylphosphine-4-methylbenzenetrisulfano

ruthenium(ll), 

CpRu(PPh3)(CO)SSS-4-C6H4Me, llb 

A sample of CpRu(PPh3)(CO)SH (0.370 g, 0.756 mmole) was combined with 

p-methylbenzenedisulfanophthalimide (0.228 g, 0.756 mmole) in an appropriately slzed 

Schlenk and then dissolved in toluene (5 mL) The solution was stirred for 1 hour and 

stripped to dryness. The residue was dissolved in THF (3 mL) and placed on an 

Alumina column (20 mm X 30 cm). The column was eluted with hexanes (150 mL) 

followed by THF in hexanes (1 :4). A yellow band was collected, concentrated to 40 

mL and cooled overnight at -16°C. Yellow microcrystals (0.209 g, 0.325 mmole) were 

collected, washed with hexanes (2 X 2 mL) and dried under vacuum. The analytical 

sample was obtained by recrystallization from CH2Cl2fhexanes. Yield = 43% mp. = 

141-144°C 

IR (tolut''1e): u(CO)= 1957(s) 
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IR (CC14): '\)(CO) = 1950(sh), 1962(s) 

IH NMR (C6D6): 2.01(s. 3H, 4-C6H4Cfu), 4.71(s, 5H, Cp), 6.88, 7.82(ABq, 4H, JH-H= 

8.2 Hz, 4-C6fuCH3)' 7.0(m, 9H, PPhÛ. 7.5(m, 6H, ?Ph3) 

Additional sign,lls due ta contaminant A: 2.1O(s, 3H, 4-C6H4Cfu), 4.68(s, 'H, Cp), 

7.0(m. 9H, PPh3), 7.5(m, 6H, PPh3) 

Additionai signaIs due ta contaminant B: 1.96(s, 3H, 4-C6H4Cfu), 4.73(s, SH, Cp), 

7.0(m, 9H, PPh3), 7.5(m, 6H, PPh3) 

Ratio of 11 b:A:B = 10:2: 1 

Anal. Calcd. for C31H270PRuS3: 57.84%C, 4.23%H, 14.94%S 

Found: 58.45%C, 4.15%H, 14.65%S 

C yclopentadienylcarbonyltriphenylphosphine-t-propyltrisulfanoruthenium(ll), 

CpRu(PPh3)(CO)SSS-t-C:ill7' He 

A sample of CpRu(PPh3)(CQ)SH (0.560 g, 1.14 mmole) was combined with 

I-propyltrithiophthalamide (0.290 g, 1.14 Inmole) in an appropriately sized Schlenk 

tube, dissolved in toluene (5 ml) and stirred for 1 hour. The solution was stripped to 

dryness, the residue dissolved in TI-IF (3 mL) and placed on an Alumina column (20 

mm X 30 cm). The column was eluted with hexanes (150 mL) followed by THF in 

hexanes (1 :4). A yellow band was collected, reduced in volume under vacuum to 40 

mL and left in the dark at room temperature overnight. Crystallographic grade yellow 

crystals were obtained (0.295 g, 0.496 mmole). Yield = 44% mp. = 144-147°C 

IR (toluene): u(CO) = 1949(sh), 1956(s) 

IR (CCI4): 1941(sh),1946(sh), 1950(sh), 1961(s) 

1 H NMR (C6D6, 300 MHz): 0.884(t, 3H, JH_H= 7.3 Hz, CH2CH2Cfu), 1.820(m. 2H, 
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CH2CH2CH3), 2.892(t, 2H, JH-H= 7.2 Hz, CH2CH2CH3), 4.820(s, 5H, Cp), 7.05(01, 9H, 

PPh3), 7.54(01, 6H, PPh3) 

Additional signaIs due to contaminant A: 0.813(t, 3H, JH-H= 7.7 Hz, CH2CH2CH1), 

1.709(m. 2H, CH2CH2CH3), 2.785(t, 2H, JH-H= 7.1 Hz, CH2CH2CH3), 4.767(s. 5H. 

Cp), 7.05(m, 9H, PPh3), 7.54(m, 6H, PPh3) 

Additional signaIs due to contaminant B: l.042(t, 3H, JH-H= 7.3 Hz, CH2CH2C!:b), 

1.92(m, 2H, CH2CH2CH3), 4.727(d, 5H, JH_P= 0.6 Hz, Cp), 7.05(01, 9H. PPh3). 7.54(01, 

6H, PPh3) 

Ratio of llc:A:B = 2.5: 1.4: 1 

Anal. Calcd. for C27H270PRuS3: 54.44%C, 4.57%H, 16.14%S 

Found: 54.11 %C, 4.570/0H, 1 S.21 %S 

Cyclopentadienyl .=arbonyltri phenyl phosphine-2-propyltrisuifanoruthenium(II ), 

CpRu(PPh3)(CO)~';S-CHMe2' Ild 

A sample of CpRU(PPn3)(CO)SH (0.314 g, 0.640 mmole) was combined with 

2-propyltrithiophthalamide (0.162 g, 0.640 mmole) in an appropriately sized Schlenk 

tube, dissolved in toluene (5 mL) and the solution stirred for 1 hour_ The solution was 

stripped to dryness under vacuum, the residue was dissolved in THF (4 ml) and placed 

on an Alumina column (20 mm X 30 cm). The column was eluted with hexanes (150 

mL) followed by THF in hexanes (1:4). A yellow band was collected, concentrated 

under vacuum unnl a small amount of precipitate fonned and then left overnight in the 

dark. Yellow crystals (0.205 g, 0.344 mmol~) were isolated, washed wnh THF in 

hexanes (10: 19, 4 X 2mL) and 'med in a nitrogen stream. Yield = 54 % mp. = 

154-156°C 
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IR (toluene): v(CO) = 1956(s) 

IR (CCI4) u(CQ) = 1950(sh),1961(s) 

IH NMR (C5D6): 1.41, 1.38(diastereotropic doublet, 6H, JH-H= 6.1 Hz, CHMe2) , 

3.35(septet, 1H, CHMe2), 4.82(s, 5H, Cp), 7.00(m, 9H, PPhÛ, 7.54(m, 6H, PPh3) 

Additional signaIs due to contaminant A: 1.26, 1.30(diastereotropic doublet, 6H, JH-H= 

2.4 Hz, CHM~2)' 3.20(m, IH, CHMe2)' 4.77(s, 5H, Cp), 7.00(m, 9H, PPh3), 7.54(m, 

6H, PPh3) 

Additional signaIs due to contaminant 8: 1.57(d, 6H, JH-H= 6.6 Hz, CHM~), 3.20(m, 

1H, CHMe2), 4.72(s, 5H, Cp), 7.00(m, 9H, PPh3), 7.54(m, 6H, PPh3) 

Ratio of lld:A:B = 11:1.4:1 

Anal. Calcd. for C27H270PRuf.3: 54.44%C, 4.57%H, 16.14%S 

Pound: 54.33%C, 4.58%H, 16.25%S 

Cyclopentadienylcarbonyltriphenylphosphine-4-methylbenzene-2-oxodisulfano

ruthenÎum(ll), 

CpRu(PPh3)(CO)SS(O).4-C6H4Me, 12b 

To a solution of CpRu(PPh3)(CÙ)SH (0.291 g, 0.59 mmole) in THF (4 mL) was added 

p-methylhenzenesulfmylphthaimide (0.169 g, 0.59 mmole). The solution was stirred 

for 2 hours then concentrated to 2 ml under vacuum and chromatographed on Alumina 

(15 mm X 10 cm). Elution with hexanes (300 mL) followed by TIIF in hexanes (1:1) 

gave a yellow band which was collected and concentrated to 2 mL under vacuum. 

Hexanes (10 mL) were added to produce brown clumps (0.025 g, 0.040 Il"mole). 

Further concentration under vacuum gave more brow!l microcrystals (0.050 g, 0.080 

mmole). Another crop of yellow microcrystals (0.063 g, 0.10 mmole) was obtained by 
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filtering the mother liquor and concentrating funher. A final crop of fluffy 

yellow-green powder (0.068 g, 0.11 mmole) was obtained by futher concentration of 

the mother liquors. 

Table E.1 Melting points, yields and IR bands observed for each crop of I2b. 

Toluene Nujol 

Crop M.P.(°C) Yield (%) v(CQ) v(SO) v(CQ) v(SQ) 

1961(s) 1029(m) 
1991(w) 

1 172-175 6.8 1967(s) lO34(m) 1937(sh) 1044(m) 1959(8) 
1950(sh) 

13 1031(w) 1991(m) 
2 170-172 1961 (s) 

104S(m) 1966(s) lO34(m) 
1952(s) 

3 150-151 17 196O(s) lO~~(sh) 1957(m) 1032(m) 1045(m) 1932(s) 

1029(m) 
1966(m) 

4 139-145 19 1960(s) 1959(m) 10~3(m) 

1 
1C45(m) 1933(s) 

lH NMR (C6D6): Diastereomers 12b(A) and 12b(B) were observed: 12b(A» 2.04(s, 

3H, C6H4Cfu), 5.00(s, 5H, Cp), 6.98(m, 9H, PPh3), 7.51(m, 6H, PPh3), 7.81(d, 2H, 

JH-H= 4.2Hz); 12b~B» 1.95(s, 3H, C6H4Cfu), 4.80(s, 5H, Cp), 6.87, 6.98(m, 9H, PPh3), 

7.51(m, 6H, PPh3), 7.96(ABq, 4H, JH.H= 4.0 Hz, 4-C6H4CH3) 

Other signais observed 13b and lOb were observed: 13b: 1.89(s, 3H, C6H4Cfu), 

4.73(s, 5H, Cp), 6.98(m, 9H, PPh3), 7.51(m, 6H, PPh3); lOb: 2.1O(s, 3H, C6H4C!:b), 

4.62(s, 5H, Cp), 6.98(m, 9H, PPh3), 7.51(m, 6H, PPh3) 
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Table E.2 Relative intensity of the Cp signals in the lH NMR of 12b. 

Crop Ratio of 
12b(A) : 12b(B) : 13b : lOb - - --

immediately from 
11:5:1:1.4 the column 

1 15:60:6:1 

2 8:17:2:1 

3 98:4:3:1 

4 12:4:1 :1 

Anal. Calcd. for C31H2702PRuS2: 59.32%C, 4.34%H, 10.21%S 

Found: Crop 1; 59.18%C, 4.50%H, 1O.31%S 

Crop 3; 59.40%C, 4.49%H, 10.14%5 

Cyclopentadienylcarbonyltriphenylphosphine-I-propyl-2-oxodisulfano

ruthenium(II), 

CpRu(PPh3)(CO)SS(O)-1-C3"7,12c 
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To a solution of CpRu(PPh3)(CO)SH (0.214 g, 0.44 mmole) in THF (4 mL), 

I-propylsulfinylphthaimide (0.253 g, 1.07 mmole) was added. The sample was stirred 

for 1 hour, stripped to dryness under vacuum, then dissolved in TIIF (2 mL) and 

chromatographed on Alumina (15 mm X 20 cm). Elution with hexanes (300 mL) 

followed by THF in hexanes (65:35) gave a yellow band which was collected and 

stripped to dryness under vacuum. A greenish-yellow, fouI smelling crude product was 

recovered (0.1240 g, 0.21 mmole). Analytical sample was obtained by recrystal1ization 

from toluene/hexanes. Yield = 48% mp. = 204-205°C 
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IR (Nujol): u(CO)= 1964(s), 1955(s), 1950(sh), 1942(sh), 1937(sh) 

u(50)= 1054(w) 

IR (toluene): u(CQ)= 1978(m), 1959(m) 

u(50)= 1108(m), 1082(m) 

IR (CCl4): u(CO)= 1982(sh), 1958(m), 1942(m) 

u(SO)= 1107(w), 1081(w), 1030(w) 

IR (CS2): u(CO)= 1980(m), 1959(m) 
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lH NMR (C6D6): 0.75(t, 3H, JH-H= 7.48 Hz, CH2CH2Cfu), 2.03(m, 2H, CH2CfuCH3), 

3.25(m, 2H, CH2CH2CH3), 4.82(s, 5H, Cp), 6.99(m, 9H, PPh3), 7.45(m, 6H, PPh3) 

Additional signaIs due to contaminant A: 5.01(s, Cp) 

Additional signals due to contaminant B: 4.93(s, Cp) 

Additional signals due to contaminant C: 4.79(s, Cp) 

Ratio of 12c:A:B:C is 1: 1 :95:5 

13C NMR (C6D 6): 12.91(s, CH2CHzÇH3), 18.65(s CHzÇH2CH3)' 64.21(s, Cp), 87.55(s, 

para P~H5h), 128.48(d, Jc.p= 1O.7Hz, meta P~H5h), 133.66(d, Je.p= 11.1 Hz, 

ortho P~H5h), 135.22(d, Jc_p= 48.6 Hz, quatemary P~H5h) 

Anal. C"lcd. for C27Hn02PRuS2: 55.94%C, 4.69%H, 11.06%S 

Found: 55.15%C, 4.87%H, 11.02%S 

Cyclopentadienylcarbonyltriphenylphosphine .... 2-propyl-2-oxodisulfano

ruthenium(D), 

CpRu(PPh3)(CO)SS(O)-CHMe2,12d 

Ta a solution of Cpku(PPh3)(CO)SH (0.299 g, 0.61 mmole) in THF (2 mL) was added 

2-propylsulfinylphthaimide (0.155 g, 0.65 mmole). The solution was stirred for 1 hour 
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and stripped to dryness under vacuum. The residue was dissolved in THF (2 mL) and 

chromatographed on Alumina (15 mm X 20 cm). Elution with hexanes (300 mL) 

followed by THF in hexanes (l: 1) gave two yellow bands which were collected and 

concentrated under vacuum until a solid fonned in the first band and a orange-yellow 

oil fonned in the second band. The oil from the second band was left to stand, 

whereupon a yellow solid formed. The second band was recrystallized from 

THF/hexanes to form yellow crystallographic grade crystals (0.114 g, 0.20 mmole). 

The first band was found to con tain an unidentified mixture of products. Yield = 33% 

mp. = 171°C-phase change from yellow to orange; 177°C-onset of melting was noted 

by loss of crystallinity; 1 88°C-decomposition to a liquid and gas evolved. 

IR (Nujol): u(CO)= 1966(m), 1954(m), 1939(8) 

u(SO)= 1031 (m) 

IR (toluene): u(CO)= 1958(8) 

IR (CC14): u(CO)= 1965(s), 1957(sh), 1950(sh), 1943(sh) 

1 H NMR (C6D6): 1.24(d, 3H, JH-H= 6.8 Hz, CHMe:z) , 1.44(d, 3H, JH-H= 6.0 Hz, 

CHM~), 3.00(q, 0.6H, JH-H= 6.8 Hz, CHMe2), 4.96(s, 2.9H, Cp), 7.00(m, 9H, PPh3), 

7.53(m, 6H, PPh3) 

Additional signais due to contaminant A: 1.32(d, 3H, JH-H= 6.8 Hz, CHM~), 1.40(d, 

3H, JH-H= 6.0 Hz. CHM~), 2.97(septet, IH, JH_H= 6.8 Hz, CHMe2), 4.91(s, 5H, Cp), 

7.00(m, 9H, PPh3), 7.S3(m, 6H, PPh3 ) 

Additional signais due to contaminant B: 1.45(d, 6H. JH-H= 7.0 Hz, CHM~), 3.35(m, 

IH, CHM~), 4.82(s, SH, Cp), 7.00(m, 9H, PPh3), 7.53(m, 6H, PPh3) 

Ratio of 12d:A:B is 7:4:1 

Anal. CaIcd. for ~7H2702PRuS2: 55.94%C. 4.69%H. 11.06%S 

Found: 56.01 %C, 4.87%H, 10.93%S 
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Cyclopentadienylcarbonyltriphenylphosphine-4-methylbenzene-2-dioxodisulfano

ruthenium(II), 

hP.Ru(PPh3)(CO)SS(Oh-4-C6"4Me, 13b 

A solution of 12b (crop 4) (0.0425g, O.0677mmole) in toluene (40 mL) was prepared in 

a three-neck flask fitted with a water condenser. The solution was brought to reflux by 

means of a heating mantel. A genùe reflux was maintained for 9 hours and 45 minutes. 

The solution was cooled, evaporated to dryness, redissolved in THF (3 mL), and placed 

on a column of activated Alumina Cl cm x 20 cm). Elution with hexanes followed by 

THF in hexanes (1 :5) gave a yellow-brown band which was collected and evaporated to 

dryness under vacuum leaving a dark oil (0.0173g). The oil was recrystallized from 

THF/hexanes which produced a dark oil which was left undisturbed for 24 days. A 

single crystallographic grade yellow-brown crystal forrned along with few other lower 

grade crystals (0.0014 g). Yield = 6.4 % mp.188-191 oC. 

IH NMR (C6D6): 1.89(s, 3H, 4-C6H4C!:b), 4.73(s, 5H, Cp), 6.81, 8.20(ABq, 4H, JH-H= 

8.2 Hz, 4-CJ1CH3), 6.95(m, 9H, PPh3), 7.39(m, 6H, PPh3) 

IR (C6D6): v(CO)= 1971 cm-1 
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CONTRmUTION TO ORIGINAL KNOWLEDGE 

1. The complexes CpRu(PPh3)(L)SR, where R = 4-C6H4Me, 1-C3H7, and 

CHMe2; L = PPh3 and CO, are among the few monomeric thiolate complexes of 

ruthenium. 

2. The aggregation of CpRu(PPh3hSR, in the cases where R is an alkyl, to give 

first dimeric and then trimeric complexes, is unusual in that each ruthenium 

sequentially loses two PPh3 ligands. 

3. The structure of [CpRuS(1-C3HÛh is unprecedented and suggests the 

possibility of an previously unknown type of interaction between the protons on the (l 

carbon of the axial R-group and the adjacent sulfur atoms. 

4. The kinetics of CS2 insertion into the metal thiolato bond of CpRu(pPh3hSR 

was studjed. The mechanism was shown to be different than that of the insertion of 

CO2 into a metal alkoxyl bond, in that precoordination of CS2 is indicated. 

5. The complexes CpRu(S02)(PPh3)S(S02)R (R = 4-C6H4Me, l-C3H7, and 

CHMe2) were prepared by the unusual stepwise reaction of S02 with CpRu(PPh3hSR. 

The complex CpRu(S02)(PPh3)S(S02)(4-C6H4Me) was isolated and suuctura11y 

detennined. It is the only known complex which combines both thiolate-bonded and 

metal-bonded S02 moieties. The stable complex CpRu(PPh3)(CO)S(SO~(CHM~) 

was also observed spectroscopically. These two complexes are the only known 

ligand-bonded S02 complexes which are stable with respect to 802 10ss. A possible 

molecular orbital is proposed to account for their stability. 

6. The complexes CpRu(PPh3)(CO)SSR, CpRu(PPh3)(CO)SSSR and 

CpRu(PPh3)(CO)SS(O)R (R = 4-C~4Me, 1-C3H7, and CHMe~ are examples of rare 

classes of compounds a containing catenated po1ysulfano ligand. The x-ray structure of 
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CpRu(PPh3)(CO)SSS(1-C3H7) is only the second linear trisulfane detennined. The 

structure of CpRu(PPh3)(CO)SS(O)(CHMe2) is the fust reported for a mctal 

thiosufinate. 

7. The complex CpRu(PPh3)(CO)SS(O)(4-C6H4Me) undergoes a previously 

unknown intennolecular oxygen transfer to give CpRu(PPh3)(CO)SS(O)z(4-C6H4Me), 

the fust metal thiosulfonate to be reported and structurally characterized. 
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Appendix 1 
Structural Analysis of [CpRuS(l-C3H7)h. 3e. 
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Table AI.I Crystal data for [CpRuS(1-C3H7)h. 

Space Group: Triclinic, p ï 
Cell DimensIons. 
a = 10.554(1) 
a. = 76.977(10) 
Volume = 2629.4(9) A3 

b = 14.033(2) 
[3 = 87.299(8) 

EmpiricaJ f\)rmula : ~4H36Ru3S3 

c = 18.243(2) 
'Y = 89.009(11) 

163 

Cell dimensions were obtained from 25 reflections with 28 angle in the range 15.42 -
39.5°. 

Crystal dimensIons: 0 .34 x 0.27 x 0.06 mm 

fW = 723.95 Z = 4 F(OOO) = 1440 

Dcalc = 1.829 Mg m-3 , ~ = 1.897 mm-1, À. = 0.71069 A, 2B(max)= 54° 

The intensity data were collected on an Enraf-Nonius CAD4F 
using the w/2B scan mode. 
The h,k,l ranges are: 0 13, -17 17, -23 23 
No. of reflectlons measured 11430 
No. of reflecuons wlth Inet > 3.00' (Inet) 9276 
Semlempirical absorption correction, based on azimuth scans of 9 reflections were 
applied to the data 

Data set was solved by dlITect method using SHELXS-86 andrefmed using SHELX-76. 
The last least squares cycle was calculated with 60 atoms, 545 parameters and 9276 out 
of 11430 reflectlons. 
Weights based on counting-statistics were used. 

For significant reflections, R = 0.0304, 11. w = 0.0268 

where R = l:IFo-FcI/LIFol, 
Rw = "'-4'[}:/\W(Fo-Fc)2~(wFo2)] and 
GoF = "[~(w(Fo-Fc) )/(No. of reflns - No. of params.)] 

The maximum shiftla ratio was 0.068 

ln the last D-map, the deepest hole was -0.69 e-/À3, and the highest peak 0.80 e-/Â3. 
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Table A1.2 Atomic coordinates, x,y,z and Blso for [CpRuS(l-C
3
H

7
)h. 

E.S.Ds. refer to the last digit printed. 

x y Z. UIX) 

Rul 0.11997(3) 0.33684(2) 0.29335(2) O.0322( 1) 
Ru2 0.27144(3) 0.46145(3) 0.19233(2) 0.0372(1 ) 
Ru3 0.15007(3) 0.52374(2) 0.30754(2) 0.0322( 1) 
SI 0.12172(1) 0.36062(8) 0.16475(6) O.040H(3) 
Cll -0.0204(4) 0.4155(4) 0.1198(3) 0.0056(1) 
C12 -0.1192(6) 0.3366(6) 0.1251(5) 0.0144(3) 
C13 -0.2349(8) 0.3589(7) 0.1173(6) 00230(5) 
S2 0.l3350(1) 0.59240(8) 0.18152(6) 0.0401(3) 
C2! 0.2230(4) 0.7058(3) 0.1526(2) O.0048( 1) 
C22 0.2278(5) 0.7389(4) 0.0669(3) 0.0067(1) 
C23 0.3050(6) 0.8282(4) 0.0389(3) o 1 (X)(2) 
S3 -0.03832(9) 0.45060(7) 0.29392(6) () 0341(2) 
C31 -0.1338(4) 0.4202(3) 0.3823(2) O.038{l) 
C32 -0.2512(4) 0.3648(3) 0.3700(3) D.OS5( 1) 
C33 -0.3447(5) 0.3508(4) 0.4372(3) 0.073(2) 
C14 0.2503(4) 0.2565(3) 0.3763(3) 0.053(1) 
C15 0.2489(5) 0.2072(3) 0.3163(3) () 061 (1) 
C16 0.1246(5) 0.1723(3) 0.3149(3) 0.063(2) 
C17 0.0517(5) 0.1984(3) 0.3723(3) 0.058(1) 
C18 0.1274(5) 0.2509(3) 0.4104(3) 0052(1) 
C24 0.4588(4) 0.4059(5) 0.2315(3) 0070(2) 
C25 0.4688(4) 0.5044(5) 0.2090(4) 0.071(2) 
C26 0.4478(4) 0.5321(4) 0.1324(4) 0.075(2) 
C27 0.4254(5) 0.4489(6) 0.1064(4) 0.086(2) 
C28 0.4309(5) 0.3680(4) 0.1693(4) 0077(2) 
C34 0.2892(5) 0.6170(4) 0.3417(3) 0.058(1 ) 
C35 0.3052(5) 0.521ï\4) 0.3844(3) 0.060(1 ) 
C36 0.1954(5) 0.4947(4) 0.4291(3) O.ù61 (t) 
C37 0.1109(5) 0.5743(4) 0.4151(3) 0.062(1) 
C38 0.1672(5) 0.6499(4) 0.3617(3) 0.059(1) 

Ru4 0.38489(3) 0.00935(2) 0.70247(2) O.034S( 1) 
Ru5 0.23537(3) 0.07453(3) 0.80648(2) 0.0377(1) 
Ru6 0.35556(3) 0.20413(2) 0.69274(2) 00330(1) 
S4 0.38687(10) -0.04577(8) 0.83082(6) 0.0415(3) 
C41 0.5297(4) -0.0198(3) 0.8749(3) 0.049(1) 
C42 0.6339(5) -0.0940(4) 0.8650(4) 0.078(2) 
C43 0.7572(5) -0.0723(4) 0.8887(4) o 110(2) 
S5 0.37282(10) 0.19483(8) 0.81905(6 0.0405(3) 
C51 0.2832(4) 0.2933(3) 0.8492(2) 0.050(1) 
C52 0.2772(5) 0.2758(4) 0.9341(3) 0.073(2) 
CS3 0.2021(6) 0.3484(5) 0.9616(3) 0.118(3) 
S6 054421(9) 0.11844(7) 0.70332(6) 0.0348(2) 
C61 0.6372(4) 0.1421(3) 0.6142(2) 0.041 (l) 
C62 0.7555(4) 0.0771(4) 0.6217(3) 0.063(1) 
C63 0.8465(5) 0.1032(4) 0.5537(3) 0.079(2) 
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C44 0.2523(5) -0.0165(4) 0.6209(4) 0.073(2) 
C4S 0.3728(6) -0.0028(4) 0.5853(3) 0.066(2) 
C46 0.4512(5) -0.0787(4) 0.6193(3) 0.069(2) 
C47 0.3833(6) -0.1389(4) 0.6757(4) 0.079(2) 
C48 0.2595(5) -0.1042(4) 0.6798(4) 0.073(2) 
C54 0.0484(5) 0.0432(7) 0.7688(4) 0.086(2) 
CSS 0.0360(5) 0.1284(5) 0.7909(5) 0.090(2) 
C56 0.0590(5) 0.1113(6) 0.8682(5) 0.092(2) 
C57 0.0843(5) 0.0138(7) 0.8929(4) 0.098(2) 
C58 0.0783(5) -0.0285(5) 0.8300(6) 0.087(2) 
CM 0.3243(5) 0.3635(3) 0.6448(3) 0.060(1) 
C65 0.2074(5) 0.3156(4) 0.6584(3) 0.062(1) 
C66 0.2055(5) 0.2482(4) 0.6128(3) 0.063(1) 
C67 0.3225(6) 0.2549(4) 0.5722(3) 0.069(2) 
C68 0.3931(5) 0.3272(4) 0.5918(3) 0.067(1) 
Hl 0.5113(4) -0.0245(3) 0.9271(3) 0.095(4) 
H2 0.5580(4) 0.0444(3) 0.8521(3) 0.095(4) 

U eq = ! l:, l:p 'J at aj (ai aJ) 



1 166 

Table A1.3 Amsotropie thermal factors for rCpRuS(1-C3H7)b. 
V(i,j) values x 100. E.S.Ds. refer to the last dIgit pnnted. 

VII V22 U33 V23 U13 U12 

Rul 13.35(2) 3.30(2) 3.09(2) -0.88(2) -0.17(1 ) -0.21 (l) 
Ru2 3.28(2) 4.30(2) 3.65(2) -1.17(2) 0.51(2) -0.46(2) 
Ru3 33.33(2) 3.40(2) 3.06(2) -0.98(2) -0.02( 1) -0.47( 1) 
SI 4.42(6) 4.76(7) 3.42(6) -1.66(5) -O.OUS'! -0.43(5) 
CIl 5.2(3) 7.9(4) 4.4(3) -2.6(3) -1.5(2) 0.2(3) 
C12 14.4(3) 
Cl3 23.0(5) 
S2 4.11(6) 4.08(6) 3.65(6) -0.48(5) 0.01(5) -0.43(5) 
C21 5.9(3) 3.9(3) 4.0(3) 0.2(2) 0.7(2) -0.5(2) 
C22 8.5(4) 6.4(4) 4.5(3) 0.1(3) 0.61(3) -0.19(3) 
C23 12.9(6) 9.7(5) 5.8(4) 1.5(4) 0.73(4) -0.36(4) 
S3 3.15(5) 3.94(6) 3.14(6) -0.82(5) 0.04(4) -0.2(4) 
C31 3.4(2) 4.5(3) 3.5(2) -1.1(2) 0.4(2) -0.2(2) 
C32 4.9(3) 5.6(3) 5.9(3) -1.5(3) 1.2(2) -1.7(2) 
C33 5.9(3) 8.4(4) 6.8( 4) -0.5(3) 1.8(3 ) -1.9(3 ) 
C14 5.3(3) 4.5(3) 5.8(3) -0.1 (2) -2.4(3) -0.1(2) 
C15 6.4(3) 4.2(3) 7.2(4) -0.4(3) 0.5(3) 1.9(3) 
C16 8.9(4) 3.0(3) 7.4(4) -1.6(3) -1.7(3) -0.3(3) 
C17 5.8(3) 4.4(3 ) 6.4(4) 0.7(3) -0.3(3) -0.9(2) 
C18 6.7(3) 4.4(3) 4.1(3) -0.2(2) -0.3(2) 0.3(2) 
C24 3.0(3) 0.1 (5) 7.4(4) -1.2(4) 0.0(3) -0.1(3) 
C25 4.4(3) 8.3(4) 9.5(5) -4.5(4) 1.5(3) -2.2(3) 
C26 3.7(3) 6.8(4) 10.4(5) 0.9(4) 2.3(3) -0.9(3) 
C27 4.7(3) 5.6(7) 6.7(4) -5.6(5) 2.7(3) -1.7(4) 
C28 4.5(3) 67(4) 12.3(6) -3.8(4) 2.8(4) -0.2(3) 
C34 5.9(3) 5.8(3) 5.9(3) -2.0(3) 0.4(3) -2.6(3) 
C35 5.3(3) 6.6(4) 7.3(4) -3.4(3) -2.8(3) 1.2(3) 
C36 8.9(4) 5.9(3) 3.8(3) -1.4(3) -0.4(3) -2.1(3) 
C37 5.6(3) 9.2(4) 5.0(3) -4.1(3) 0.3(3) -0.3(3) 
C38 8.0(3) 4.5(3) 6.1 (4) -2.7(3) -1.9(3) 0.1(3) 

Ru4 3.39(2) 3.37(2) 3.70(2) -0.97(2) -0.26(2) -0.34( 1) 
RuS 3.09(2) 4.24(2) 3.86(2) -0.()8(2) 0.28(2) -0.45(2) 
Ru6 3.38(2) 3.32(2) 3.11 (2) -0.50(2) -0.26( 1) 0.06(1 ) 
S4 3.96(6) 3.92(6) 4.16(7) -0.02(5) -0.17(5) -0.51(5) 
C41 4.6(3) 5.4(3) 4.4(3) 0.1 (2) -0.9(2) -0.6(2) 
C42 6.1(4) 6.4(4) 10.9(5) -1.3(3) -3.2(3) 1.2(3) 
C43 6.4(4) 9.8(5) 15.3(7) 0.2(5) -0.2(4) 1.5(4) 
S5 4.23(6) 4.43(7) 3.54(6 -1.15(5) -0.09(5) -0.32(5) 
C51 6.3(3) 5.0(3) 4.3(3) -2.2(2) 0.6(2) -0.5(2) 
C52 9.3(4) 8.0(4) 4.8(3 -2.1(3) 1.3(3) 0.5(3) 
C53 15.1(7) 14.4(7) 6.6(5) -4.4(5) 1.4(4) 3.0(5) 
S6 3.16(5) 3.72(6) 3.42(6 -0.49(5) -0.05(4) -0.35(4) 

J C61 3.9(2) 4.2(3) 4.1(3) -0.7(2) 0.8(2) -0.5(2) 
C62 3.5(3) 6.2(3) 7.1(4) -1.2(3) 1.8(3) 0.6(2) 
C63 5.7(3) 10.0(5) 8.8(5) -4.1(4) 2.5(3) -0.4(3) 
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C44 6.4(4) 7 .8( ~) 9.7(5) -5.7(4) -4.4(4) 2.0(3) 
C45 9.5(5) 6.4(4) 4.5(3) -2.4(3) -0.1(3) -1.8(3) 
C46 6.3(4) 7.6(4) 8.2(5) -4.9(4) 0.3(3) -0.3(3) 
C47 11.1(5) 4.3(3) 9.4(5) -3.6(3) -2.9(4) 0.1(3) 
C48 6.6(4) 7.7(4) 9.2(5) -5.2(4) 1.1(3) -3.3(3) 
C54 3.2(3) 14.5(7) 8.9(5) -4.1(5) -0.6(3) -0.7(4) 
C55 3.3(3) 8.5(5) 2.6(7) 2.8(5) 2.2(4) 1.1(3) 
C56 3.8(3) 12.4(7) 13.4(7) -7.7(6) 3.0(4) -1.3(4) 
C57 4.4(3) 14.7(7) 7.3(5) 3.4(5) 2.4(3) -0.3(4) 
C58 3.7(3) 6.5(4) 15.4(7) -1.8(5) 2.8(4) -1.6(3) 
C64 8.3(4) 3.4(3) 6.2(4) -0.2(2) -1.9(3) 0.0(3) 
C65 6.0(3) 6.4(4) 5.4(3) 0.3(3) -0.1(3) 2.9(3) 
C66 6.3(3) 5.1(3) 7.0(4) 0.6(3) -3.5(3) -0.4(3) 
C67 10.1 (5) 6.8(4) 3.4(3) -0.4(3) -1.1(3) 3.6(3) 
C68 5.6(3) 6.4(4) 6.3(4) 2.8(3) -0.4(3) 0.2(3) 
Hl 9.5(4) 
H2 9.5(4) 

Anisotropie Temperature Factors are of the fonu: 

Temp = _21t2(h2a*2U ll + k2b*2U22 + 12e*2U33 + 2hka*b*U12 + 2hla*c*U13 + 2klb*c*U23) 
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Table Al.4 Selected bond length and angles for [CpRuS(I-C3H7)h. 

Ru(l )-Ru(2) 2.7159(6) S( l)-C(lI) 1.818(5) 
Ru(l )-Ru(3) 27183(6) C(1l)-C(l2) 1.518(9) 
Ru(I)-S( 1) 2.2932(12) C(l2)-C(13) 1.262(11 ) 
Ru(l)-S(3) 2.2920( 11) S(2)-C(21 ) 1.825(.t) 
Ru(l)-C04) 2.197(5) C(21 )-C(22) 1.526(6) 
Ru(l)-C(15) 2227(5) C(22)-C(23 ) 1.484(8) 
Ru( 1 )-C( 16) 2.253(4) S(3)-C(31 ) 1.830(4 ) 
Ru(1)-C(17) 2.249(4) C(31 )-C(32) 1.526(6) 
Ru(1 )-C(18) 2.207(5) C(32)-C(33) 1516(7) 
Ru(2)-Ru(3 ) 2.7125(6) C(14)-C(15) 1.421(8) 
Ru(2)-S( 1) 2.2859(12) C(14)-C(l8) 1.407(7) 
Ru(2)-S(2) 2.3036(12) C(15)-C(16) 1.412(7) 
Ru(2)-C(24 ) 2.204(5) C(16)-C(l7) 1.382(8) 
Ru(2)-C(25) 2.232(5) C(l7)-C(l8) 1.403(8) 
Ru(2)-C(26) 2.242(5) C(24)-C(25) 1.355(9) 
Ru(2)~C(27) 2.237(6) C(24)-C(28) 1.402(10) 
Ru(2)-C(28) 2.199(6) C(25)-C(26) 1.391(10) 
Ru(3)-S(2) 2.2974(11) C(26)-C(27) 1.383(11 ) 
Ru(3)-S(3) 2.3023(11) C(27) C(28) 1.423(9) 
Ru(3)-C(34) 2.136(6) C(34)-C(35) 1.400(7) 
Ru(3)-C(35) 2.201(6) C(34)-C(38) 1.420(8) 
Ru(3)-C(36) 2.236(5) C(35)-C(36) 1. 392(7) 
Ru(3)-C(37) 2.251 (6) C(36)-C(37) 1.402(8) 
Ru(3)-C(38) 2.227(6) C(37)-C(38) 1.389(7) 

Ru(4)-Ru(5) 2.716(1) C(41)-C(42) 1.534(7) 
Ru(4)-Ru(6) 2.712(1 ) C(41)-H(l) 1.0800 
Ru(4)-S(4) 2.295(1) C(41)-H(2) 1.0800 
Ru(4)-S(6) 2.296( 1) C(42)-C(43) 1.449(8) 
Ru(4)-C(44) 2.182(7) S(5)-C(51 ) 1.832(5) 
Ru(4)-C(45) 2.192(6) C(5l )-C(52) 1.511(7) 
Ru(4)-C(46) 2.244(7) C(52)-C(5 3) 1.443(9) 
Ru(4)-C(47) 2.242(6) S(6)-C(61) 1.826(4) 
Ru(4)-C(48) 2.210(6) C(61)-C(62) 1.528(6) 
Ru(5)-Ru(6) 2.712(1) C(62)-C(63) 1.513(7) 
Ru(5)-S(4) 2.289(1) C(44)-C(45) 1.397(8) 
Ru(5)-S(5) 2.302(1 ) C(44)-C(48) 1.443(8) 
Ru(5)-C(54 ) 2.203(6) C(45)-C(46) 1.387(8) 
Ru(5)-C(55) 2.233(5) C(46)-C(47) 1 359(8) 
Ru(5)-C(56) 2.243(7) C(47)-C(48) 1.391(9) 
Ru(5)-C(57) 2.227(6) C(54)-C(55) 1.348(13) 
Ru(5)-C(58) 2.181(6) C(54)-C(58) 1.369(11) 
Ru(6)-S(5) 2.294(1) C(55)-C(56) 1.408(13) 
Ru(6)-S(6) 2.301 (1) C(56)-C(57) 1.366(12) 
Ru(6)-C(64) 2.235(4) C(57)-CCS8) 1.410(13) 
Ru(6)-C(65) 2.202(5) C(64)-C(65) 1.400(7) 
Ru(6)-C(66) 2.190(5) C(64)-C(68) 1.366(8) 
Ru(6)-C(67) 2.196(5) C(65)-C(66) 1.394(8) 
Ru(6)-C(68) 2.248(5) C(66)-C(67) 1.403(8) 
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S(4)-C(41) 1.821(5) C(67)-C(68) 1.388(9) 

Ru(2)-Ru(l )-Ru(3) 59.888(16) Ru(2)-Ru(3)-C(36 î 129.60(14) 
Ru(2)-Ru(1 )-So) 53.50(3) Ru(2)-Ru(3)-C(37) 162.27(14) 
Ru(2)-Ru(1 )-S(3) 93.85(3) Ru(2)-Ru(3)-C(38) 136.03(13) 
Ru(2)-Ru(l )-C(14) 104.48(11) S(2)-Ru(3)-S(3) 83.54(4) 
Ru(2)-Ru( 1 )-C( 15) 99.06(12) S(2)-Ru(3)-C(34) 102.83(13) 
Ru(2)-Ru( 1 )-C( 16) 126.12(13) S(2)-Ru(3)-C(35) 131.94(13) 
Ru(2)-Ru( 1 )-C( 17) 159.84(13) S(2)-Ru(3)-C(36) 164.22(14) 
Ru(2)-Ru( 1 )-C( 18) 137.98(14) S(2)-Ru(3)-C(37) 135.33(13) 
Ru(3 )-Ru( 1 )-S( 1) 100.40(3) S(2)-Ru(3)-C(38) 105.07(13) 
Ru(3)-Ru(l )-S(3) 53.90(3) S(3)-Ru(3)-C(34) 161.84(15) 
Ru(3)-RuC)-c( 14) 101.63(13) S(3)-Ru(3 )-C(35) 143.54(13) 
Ru(3)-Ru( 1 )-C( 15) 131.54(14) S(3)-Ru(3)-C(36) 110.25(14) 
Ru(3 )-Ru(1 )-C(16) 162.60(14) S(3)-Ru(3 )-C(37) 102.07(14) 
Ru(3)-Ru( 1 )-C( 17) 133.97(14) S(3)-Ru(3)-C(38) 124.56(14) 
Ru(3)-Ru(1 )-C(18) 103.14(13) C(34)-Ru(3)-C(35) 37.21(19) 
S(1 )-Ru(1 )-S(3) 92.07(4) C(34)-Ru(3)-C(36) 61.71(19) 
S(1 )-Ru(1 )-C(l4) 131.44(14) C(34)-Ru(3)-C(37) 61.40(20) 
S( 1 )-Ru( 1 )-C( 15) 98.03(15) C(34)-Ru(3)-C(38) 37.52(20) 
S( 1 )-Ru(1 )-C(16) 94.96(14) C(35)-Ru(3)-C(36) 36.57(19) 
S(1 )-Ru(1)-C(l7) 123.27(15) C(35)-Ru(3)-C(37) 60.89(20) 
S( l )-Ru(1 )-C(l8) 155.86(13) C(35)-Ru(3)-C(38) 61.72(20) 
S(3 )-Ru(1 )-C(14) 135.45(14) C(36)-Ru(3)-C(37) 36.43(19) 
S(3)-Ru(1 )-C(15) 166.74(13) C(36)-Ru(3)-C(38 ) 61.12(19) 
S(3 )-Ru(1 )-C(16) 134.05(14) C(37)-R u (3 )-C(38) 36.14(18) 
S(3 )-Ru(1 )-C(17) 106.30(13) Ru(1 )-S( 1 )-Ru(2) 72.76(4) 
S(3 )-Ru(1 )-C(18) 106.06(14) Ru(1)-S(1)-C(ll) 116.20(18) 
C(14)-Ru(l )-C(l5) 37.47(20) Ru(2)-S(1 )-C(11) 118.44(19) 
C(l4)-Ru(1 )-C(l6) 61.64(19) S(1)-C(11)-C(12) 109.1(4) 
C( 14 )-Ru( 1 )-C( 17) 61.46(17) C(11 )-C(l2)-C(13) 120.6(8) 
C(14)-Ru(1)-C(18) 37.27(18) Ru(2)-S(2)-Ru(3) 72.25(3) 
C(15)-Ru(l )-C(16) 36.72(19) Ru(2)-S(2)-C(21 ) 109.19(14) 
C( 15)-Ru( 1 )-C( 17) 60.87(18) Ru(3)-S(2)-C(21) 111.77(13) 
C( 15)-Ru( 1 )-C( 18) 61.93(19) S(2)-C(21 )-C(22) 109.6(3) 
C( 16)-Ru(1 )-C(17) 35.75(19) C(2I )-C(22)-C(23) 112.7(5) 
C( 16)-Ru( l )-C( 18) 60.99(19) Ru(1)-S(3)-Ru(3) 72.55(3) 
C(17)-Ru(1)-C(18) 36.68(20) Ru(I)-S(3)-C(31 ) 110.30(13) 
Ru( 1 )-Ru(2)-Ru(3) 60.100(15) Ru(3)-S(3)-C(31) 112.10(15) 
Ru(1 )-Ru(2)-S(1) 53.75(3) S(3)-C(31)-C(32) 108.7(3) 
Ru( 1 )-Ru(2)-SCZ) 94.83(3) C(31 )-C(32)-C(33) 111.6(4) 
Ru( 1 )-Ru(2)-C(24) 99.68(14) Ru(l)-C(14)-C(15) 72.4(3) 
RuC 1 )-Ru(2)-C(25) 126.61(17) Ru(I)-C(14)-C(18) 71.8(3) 
Ru( 1 )-Ru(2)-C(26) 159.99(14) C(15)-C(14)-C(18) 107.5(4) 
Ru( 1 )-Ru(2)-C(27) 136.67(21) Ru( 1 )-C( 15)-C( 14) 70.1(3) 
Ru( l )-Ru(2)-C(28) 103.43(14) Ru(t )-C( 15)-C( 16) 72.6(3) 
Ru(3 )-Ru(2)-S( 1) 100.77(3) C(14)-C( 15)-C(16) 107.2(4) 
Ru(3)-Ru(2)-S(2) 53.77(3) Ru( 1 )-C( 16)-C( 15) 70.64(24) 

l' Ru(3)-Ru(2)-C(24 ) 106.93(16) Ru(1 )-C( 16)-C( 17) 72.0(3) AI 

J,. Ru(3)-Ru(2)-C(25) 99.04(19) C(15)-C( 16)-C( 17) 108.5(5) 
Ru(3)-Ru(2)-C(26) 122.92(18) Ru(1 )-C(17)-C(16) 72.3(3) 
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Ru(3)-Ru(2)-C(27) 158.32(21) Ru( l )-C( 17)-C{ 18) 70.05(25) 
Ru(3 )-Ru(2)-C(28) 141.12(19) C( 16)-C( 17)-C( 18) 108.8(5) 
S( 1 )-Ru(2)-S(2) 93.39(4) Ru(1 )-C(18)-C( 14) 71.0(3) 
S(l)-Ru(2)-C(24) 121.71(19) Ru( 1 )-C( 18)-C( 17) 73.3(3) 
S(1)-Ru(2)-C(25) 154.44(19) C( 14 )-C( 18)-C( 17) 107.9(5) 
SC 1 )-Ru(2)-C(26) 134.52(19) Ru(2 )-C(24 )-C(25) 73.3(3) 
S(1)-Ru(2)-C(27) 100.90(21) Ru(2)-C(24)-C(28) 71.2(3) 
S(1)-Ru(2)-C(28) 93.69(16) C(25 )-C(24 )-C(28) 108J3(5) 
S(2)-Ru(2)-C(24) 143.99(19) Ru(2)-C(25)-C(24) 71.1(3) 
S(2)-Ru(2)-C(25) 111.39(18) Ru(2)-C(25)-C(26) 72.3(3) 
S(2)-Ru(2)-C(26) 102.04( 14) C(24 )-C(25 )-C(26) 108.9(6) 
S(2)-Ru(2 )-C(27) 123.89(19) Ru(2)-C(26)-C(25) 71.5(3) 
S(2)-Ru(2)-C(28) 161.15(15) Ru(2)-C(26)-C(27) 71.8(3) 
C(24)-Ru(2)-C(25) 35.56(24) C(25)-C(26)-C(27) i08.5(5) 
C(24 )-Ru(2)-C(26) 60.30(19) Ru(2 )-C(27)-C(26) 72.2(4) 
C(24)-Ru(2)-C(27) 61.43(21) Ru(2 )-C(27)-C(28) 69.8(4) 
C(24)-Ru(2)-C(28) 37.1(3) C(26)-C(27)-C(28) 107.0(6) 
C(25)-Ru(2)-C(26) 36.23(25) Ru(2)-C(28)-C(24) 71.6(3) 
C(25)-Ru(2)-C(27) 60.5(3) Ru(2)-C(28)-C(27) 72.1(3) 
C(25)-Ru(2)-C(28) 60.80(25) C(24 )-C(28 )-C(27) 106.8(6) 
C(26)-Ru(2)-C(27) 36.0(3) Ru(3 )-C(34 )-C(35) 72.0(3) 
C(26)-Ru(2)-C(28) 61.08(20) Ru(3 )-C(34 )-C(38) 72.8(3) 
C(27)-Ru(2)-C(28) 37.42(24) C(35 )-C(34 )-C(38) 10704(4) 
Ru(1)-Ru(3)-Ru(2) 60.012(6) Ru(3)-C(35)-C(34) 70.8(3) 
Ru( 1 )-Ru(3)-S(2) 94.91(3) R u(3 )-C(35 )-C(36) 73.1(3) 
Ru(1 )-Ru(3)-S(3) 53.55(3) C(34 )-C(35)-C(36) 108.7(5) 
Ru( 1)-R u(3 )-C(34) 140.82(14) Ru(3 )-C(36)-C(35) 70.4(3) 
Ru(1)-Ru(3)-C(35) 107.01(15) Ru(3 )-C(36)-C(37) 72.4(3 ) 
Ru(1)-Ru(3)-C(36) 99.50(15) C(35)-C(36 )-C(37) 107.7(4) 
Ru(1 )-R u(3 )-C(37) 124.30(13) Ru(3 )-C(37)-C(36) 71.2(3) 
Ru( 1)-R u(3 )-C(38) 159.73( 13) Ru(3 )-C(37)-C(38) 71.0(3) 
Ru(2)-Ru(3)-S(2) 53.98(3) C(36)-C(37)-C(38) 1O~U~(5) 
Ru(2)-Ru(3)-S(3) 93.ïO(3J Ru(3 )-C(38)-C(34) 69.7(3) 
Ru(2)-Ru(3)-C(34) 103.82(15) Ru(3 )-C(38)-C(37) 72.9(4) 
Ru(2)-Ru(3)-C(35) 101.50(15) C(34 )-C(38)-C(37) 107.5(5) 

S(4)-Ru(4)-S(6) 91.57(4) Ru(4 )-S( 4)-C( 41) 116.0(2) 
S( 4)-Ru( 4)-C(44) 131.3(2) Ru(5)-S( 4 )-C( 41) 117.7(2) 
S(4)-Ru(4)-C(45) 156.3(1) S~4)-C( 41)-C( 42) 109.6(4) 
S(4)-Ru(4)-C(46) 124.3(1) S(4)-C(41)-H(l) 1094(4) 
S(4)-Ru(4)-C(47) 96.1(2) S(4)-C(41)-H(2) 109.4(4) 
S(4)-Ru(4)-C(48) 97.5(2) C(42)-C(41 )-H( 1) 109.4(5) 
S(6)-Ru(4)-C(44) 136.1(2) C(42)-C(41 )-H(2) 109 04(4) 
S(6)-Ru( 4)-C(45) 106.4(2) H(1)-C(41)-H(2) 109.5(6) 
S(6)-Ru(4)-C(46) 105.8(1) C( 41 )-C( 42)-C( 43) 114.3(5) 
S(6)-Ru(4)-C(47) 132.8(2) Ru(5)-S(5)-Ru(6) 72.3(4) 
S(6)-Ru( 4)-C(48) 166.5(2) Ru(5)-S(5)-C(51 ) 109.4(1 ) 
C(44)-Ru(4)-C(45) 37.2(2) Ru(6)-S(5)-C(51 ) 111.3(1) 
C(44)-Ru(4)-C(46) 61.4(2) S(S)-C(51 )-C(S2) 110.2(3) 
C(44)-Ru(4)-C(47) 61.6(2) C(51 )-C(52)-C(53) 112.9(4) 
C(44)-Ru(4)-C(48) 38.4(2) Ru(4)-S(6)-Ru(6) 72.3(3) 
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C(45)-Ru(4)-C(46) 36.4(2) Ru(4)-S(6)-C(61 ) 110.7(1) 
C(45)-Ru(4)-C(47) 60.4(2) Ru(6)-S(6)-C(61 ) 111.5(1) 
C(45)-Ru(4)-C(48) 62.3(2) S(6)-C(61)-C(62) 109.8(3) 
C(46)-Ru(4)-C(47) 35.3(2) C(61)-C(62)-C(63) 112.6(4) 
C(46)-Ru(4 )-C( 48) 60.8(2) Ru( 4 )-C( 44 )-C( 45) 71.8(4) 
C(47)-Ru(4 )-C( 48) 36.4(2) Ru(4)-C(44)-C(48) 71.9(4) 
S(4)-Ru(5)-S(5) 93.2(4) C(45)-C(44)-C(48) 106.6(5) 
S(4 )-Ru(5)-C(54) 120.4(3) Ru(4)-C(45)-C(44) 71.0(4) 
S( 4)-Ru(5)-C(55) 15'1.3(2) Ru(4)-C(45)-C(46) 73.8(3) 
S(4)-Ru(5)-C(56) 134.7(2) C( 44 )-C( 45)-C( 46) 108.6(5) 
S( 4 )-Ru(5)-C(57) 101.2(2) Ru(4)-C(46)-C(45) 69.8(3) 
S(4)-Ru(5)-C(58) 93.7(2) Ru(4)-C(46)-C(47) 72.3(4) 
S(5)-Ru(5)-C(54) 145.6(2) C( 45)-C( 46)-C( 47) 108.6(5) 
S(5)-Ru(5)-C(55) 112.9(2) Ru(4)-C(47)-C(46) 72.4(4) 
S(5)-Ru(5)-C(56) 102.3(2) Ru(4)-C(47)-C(48) 70.5(4) 
S(5)-Ru(5)-C(57) 123.3(2) C(46)-C(47)-C(48) 110.0(5) 
S(5)-Ru(5)-C(58) 160.5(3) Ru(4)-C(48)-C(44) 69.8(3) 
C(54)-Ru(5)-C(55) 35.4(3) Ru(4)-C(48)-C(47) 73.1(4) 
C(54)-Ru(5)-C(56) 60.5(3) C(44)-C(48)-C(47) 106.1(5) 
C(54 )-Ru(5)-C(57) 61.3(3) Ru(5)-C(S4)-C(55) 73.5(4) 
C(54)-Ru(5)-C(58) 36.4(3) Ru(5)-C(54 )-C(58) 70.9(4) 
C(55)-Ru(5)-C(56) 36.7(3) C(55)-C(54)-C(5 8) 108.2(8) 
C(55)-Ru(5)-C(57) 60.3(3) Ru(5)-C(55)-C(54 ) 71.1(3) 
C(55)-Ru(5)-C(58) 59.8(2) Ru(5)-C(55)-C(56) 72.1~3) 
C(56)-Ru(5)-C(57) 35.6(3) C(S4)-C(5S)-C(56) 108.7(6) 
C(S6~-Ru(5)-C(58) 60.5(3) Ru(5)-C(56)-C(S5) 71.3(4) 
C(57)-Ru(5)-C(58) 37.3(4) Ru(S)-C(56)-C(57) 71.6(4) 
S(5)-Ru(6)-S(6) 84.1(4) C(S5)-C(56)-C(57) 107.7(8) 
S(5)-Ru(6)-C(64) 103.7(2) Ru(5)-C(57)-C(S6) 72.8(4) 
S(5)-Ru(6)-C(65) 104.5(2) Ru(5)-C(S7)-C(S8) 69.6(4) 
S(5)-Ru(6)-C(66) 134.9(2) C(56)-C(57)-C(58) 106.7(7) 
S(5)-Ru( 6)-C(67) 164.0(2) Ru(5)-C(S8)-C(54 ) 72.7(4) 
S(5)-Ru(6)-C(68) 131.5(2) Ru(5)-C(S8)-C(57) 73.1(4) 
S(6)-Ru(6)-C(64) 128.2(1) C(S4)-C(S8)-C(S7) 108.6(7) 
S(6)-Ru(6)-C(65) 163.7(1) Ru(6)-C(64)-C(65) 70.3(3) 
S(6)-Ru(6)-C(66) 139.9(2) Ru(6)-C(64)-C(68) 72.8(3) 
S(6)-Ru(6)-C(67) 107.6(2) C(65)-C(64)-C(68) 108.6(5) 
S(6)-Ru(6)-C(68) 103.3(1) Ru(6)-C(65)-C( 64) 72.9(3) 
C(64)-Ru(6)-C(65) 36.8(2) Ru(6)-C(65)-C( 66) 71.0(3) 
C(64)-Ru(6)-C(66) 61.3(2) C(64)-C(65)-C(66) J07.7(5) 
C(64)-Ru(6)-C(67) 60.5(2) Ru( 6)-C( 66)-C( 65) 72.0(3) 
C(64)-Ru(6)-C(68) 35.5(2) Ru(6)-C( 66)-C( 67) 71.6(3) 
C(65)-Ru(6)-C(66) 37.0(2) C( 65)-C( 66)-C( 67) 107.1(5) 
C(65)-Ru(6)-C(67) 61.5(2) Ru(6)-C(67)-C(66) 71.1(3) 
C(65)-Ru(6)-C(68) 60.6(2) Ru(6)-C(67)-C( 68) 7':\.8(3) 
C(66)-Ru{6)-C(67) 37.3(2) C(66)-C(67)-C(68) 108.2(5) 
C(66)-Ru(6)-C(68) 61.2(2) Ru(6)-C( 68)-C( 64) 71.8(3) 
C(67)-Ru(6)-C(68) 36.4(2) Ru( 6)-C( 68)-C( 67) 69.8(3) 
Ru(4)-S(4)-Ru(5) 72.7(3) C(64 )-C(68)-C(67) 108.4(5) 
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Structural Analysis of CpRu(PPh3)(S2CS(1-C3H7)), 6d. 



1 

Space Group: Triclinic, pT 
CelI Dimensions: 
a = 10.88(1) 
a = 105.05(12) 
Volume::. 1314.9 A3 

Empirical formula : ~7H27PRuS3 

b = 10.06(1) 
~ = 95.00(11) 

Cell dimensions were obtained from 24. 

Crystal dimensions: 0.52 x 0.30 x 0.30 mm 

FW = 579.65 Z = 2 F(OOO) = 592 

c = 12.82(2) 
y= 101.17(9) 

Dcalc = 1.446 Mg m-3, I.L = 8.86 mm-1, Â. = 0.70930 Â, (Mo Ka) 28(max)= 45° 

The intensity data were collected on a Picker FACS-1 defractometer, using 
the n scan mode. 
The h,k,l rangrs are: 0 11,0 11,0 13 
No. of reflections measured 3433 
No. of unique reflection 3433 
No. ofreflections with Inet > 3.0 cr (lnet) 2715 
No correction was made for absorption 
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Data set was solved by Patterson method 
The last least squares cycle was calculated with 33 aioms, 307 parameters and 2715 out 
of 3433 reflections. 
Weights based on counting-statistics were used. 

For significant reflections, R = 0.065, Rw = 0.104, 
GoF = 1.75 

where R = l:IFo-Fclfl:lFol. 
Rw = ~[I:(w(Fo-Fc)2~(wFo2)] and 
GoF = --l[I:(w(Fo-Fc) )f(No. of reflns - No. of pararns.)] 

The la st D-map. showed random noise. 
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Table A2.2 Atom coordinates, x,y,z and Biso for CpRu(PPh3)(S2CS(1-C3H7»' 
E.S.Ds. refer to the last digit printed. 

x y z Biso 

Ru 0.37437(6) 0.07406(7) 0.21193(6) 4.07(3) 
p 0.22463(20) 0.03157(22) 0.31961(18) 3.77(10) 
SI 0.28571 (22) -0.14735(24) 0.08165(20) 4.78(12) 
S2 0.48064(22) -0.0950(3) 0.25083(24) 5.66(14) 
S3 0.4051(4) -0.3907(4) 0.10910(4) 9.5(3) 
Cl 0.4726(11) 0.2937(10) 0.2897(9) 6.5(6) 
C2 0.5435(10) 0.2279(11) 0.2058(11) 7.0(6) 
C3 0.4699(11) 0.186'/(11) 0.1062(10) 6.9(6) 
C4 0.3543(11) 0.2236(11) 0.1200(10) 6.7(6) 
C5 0.3557(10) 0.2877(10) 0.2280(9) 6.0(5) 
C6 0.3882(9) -0.2171 (10) 0.1438(9) 5.5(9) 
C7 0.3078(14) -0.4704(14) -0.0258(14) 10.7(16) 
C8 0.1808(19) -0.5256(18) ~0.()()29(22) 17.7(23) 
C9 0.118(3) -0.597(4) -0.099(3) 17.1(15) 
C9' 0.101(2) -0.655(3) -0.0117(24) 7.1(15) 
CIl 0.0596(7) 0.0091(8) 0.2611(7) 4.0(4) 
C12 0.0349(9) 0.0603(11) 0.1721(8) 5.4(5) 
C13 -0.0892( Il) 0.0515(14) 0.1286(9) 7.3(7) 
C14 -0.1859(9) -0.0056(12) 0.1745(9) 6.5(6) 
C15 -0.1651(9) -0.0568 (11) 0.2615(9) 6.2(6) 
C16 -0.0412(8) -0.0495(10) 0.3046(8) 5.4(5) 
C21 0.2434(8) 0.1775(9) 0.4465(7) 4.3(4) 
C22 0.3643(10) 0.2261(10) 0.5086(9) 5.9(5) 
C23 0.3848(12) 0.3352(11) 0.6042(10) 7.4(6) 
C24 0.2862(13) 0.3942(11) 0.6397(9) 7.6(7) 
C25 0.1701(12) 0.3487(10) 0.5778(10) 7.2(6) 
C~6 0.1475(9) 0.2373(9) 0.4814(8) 5.2(5) 
C31 0.2139(8) -0.1254(9) 0.3682(7) 4.4(4) 
C32 0.2607(12) -0.1175(12) 0.4756(10) 7.3(7) 
C33 0.2603(15) -0.2385(15) 0.5053(11) 9.0(9) 
C34 0.2119(13) -0.3686(13) 0.4331(12) 8.2(8) 
C35 0.1639(12) -0.3801(11) 0.3280(10) 6.9(6) 
C36 0.1640(9) -0.2563(10) 0.2950(8) 5.5(5) 

Biso is the Mean of the Principal Axes of the Thennal Ellipsoid 
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Table A2.3 Anisotropie thennal factors for CpRu(PPh3)(S2CS(1-C3H7»' 
U(ij) values xl00. E.S.Ds. refer to the last digit printed. 

Ull U22 U33 U12 U13 U23 

Ru 3.99(4) 5.21(4) 7.05(5) 1.06(3) 2.13(3) 2.64(4) 
P 4.06(11) 5.15(12) 5.76(13) 1.29( 10) 1.84( 10) 2.10( 10) 
SI 5.56(14) 6.00(14) 7.12(15) 1.60( Il) 2.21(11) 2.11 (12) 
S2 4.29(13) 8.40(17) 10.59(21) 2.60(12) 2.13(13) 4.58( 15) 
S3 15.40(4) 8.19(21) 16.30(4) 7.41(24) 7.40(3) 4.94(22) 
Cl 11.0(9) 5.6(6) 7.7(7) -0.4(6) 3.6(6) 1.9(5) 
C2 5.8(6) 7.0(7) 14.1(10) 0.0(5) 3.2(6) 4.3(7) 
C3 8.9(8) 7.7(7) 1l.0(9) 0.7(6) 5.5(7) 4.9(7) 
C4 9.0(8) 7.3(7) 10.6(9) 0.9(6) 2.0(6) 5.8(6) 
C5 9.2(8) 5.4(5) 10.4(8) 3.2(5) 4.7(6) 3.7(5) 
C6 6.7(6) 6.8(6~ 9.9(7) 3.1(5) 5.1(6) 4.3(5) 
C7 11.2(11) 8.9(9) 19.0(16) 2.8(8) 8.3(11) -1.3( 10) 
C8 15.8(15) 11.0(12) 36.2(29) 2.8(12) 11.2(lR) -2.7(16) 
C9 10.9(20) 26.4(38) 16.1(26) 1.4(23) 0.1(18) -11.6(25) 
C9 6.9(18) 6.4(17) 11.3(23) 0.0(14) 2.6(16) -0.6(15) 
CIl 4.2(5) 5.7(5) 5.9(5) 1.6(4) 2.1(4) 1.9(4) 
C12 5.1(5) 9.0(7) 7.7(7) 2.6(5) 2.1(5) 3.5(5) 
C13 7.4(8) 13.1(10) 8.4(8) 3.4(7) -0.2(6) 4.8(7) 
C14 4.5(6) 10.3(8) 9.6(8) 2.2(6) 1.6(5) 1.9(6) 
C15 ;.3(5) 9.1(7) 10.4(8) 1.5(5) 2.3(5) 2.7(6) 
C16 4.4(5) 7.8(7) 8.4(7) 1.0(5) 2.2(5) 2.6(5) 
C21 6.2(6) 5.1(5) 5.6(5) 1.1(4) 2.0(4) 2.0(4) 
C22 6.7(7) 6.8(6) 8.7(7) 0.5(5) 1.8(5) 2.1 (5) 
C23 10.6(9) 6.6(7) 8.2(8) -2.3(6) -1.6(7) 1.7(6) 
C24 13.8(11) 6.2(6) 8.0(8) 0.5(7) 4.3(7) 1.0(6) 
C25 12.0(10) 6.0(6) 9.8(9) 1.5(6) 5.7(7) 2.3(6) 
C26 7.3(6) 5.7(5) 7.2(6) 1.5(5) 3.0(5) 1.8(5) 
C31 5.1(5) 6.3(5) 6.3(6) 1.8(4) 2.4(4) 2.8(4) 
C32 9.9(9) 8.1(8) 10.0(9) 0.9(7) 0.7(7) 3.9(7) 
C33 15.8(14) 11.4(10) 9.5(9) 4.7(10) 0.9(9) 6.5(8) 
C34 11.3(10) 9.5(8) 14.5(12) 4.0(8) 4.9(9) 8.1 (8) 
C35 11.7(9) 5.9(6) 11.3(9) 3.2(6) 6.4(8) 4.5(6) 
C36 6.6(6) 6.9(6) 7.8(7) 1.5(5) 2.7(5) 2.5(5) 

Anisotropie Temperature Factors are of the form: 

Temp = _21t2(h2a*2Ul1 + k2b*2U22 + 12c*2U33 + 2hka*b*U 12 + 2hla*c*U13 + 2klb*e*U23) 
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Table A2.4 Selected bond lenghts and angles for CpRu(PPh3)(S2CS(1-C3H7»' 

Ru-P 2.2740(29) C(8)-C(9) 1.3086(26) 
Ru-S(l) 2.374(4) C(8)-C(9') 1.3838(18) 
Ru-S(2) 2.3617(24) C(9)-C(9') 1.3999(21) 
Ru-C(l) 2.184(4) C(11)-C(12) 1.3941(21) 
Ru-C(2) 2.1847(25) C(11)-C(16) 1.3740(16) 
Ru-C(3) 2.188(3) C(12)-C(13) 1.3926(15) 
Ru-C(4) 2.1682(27) C(13)-C(14) 1.3538(16) 
Ru-C(5) 2.1558(26) C(14)-C(15) 1.3635(21) 
P-C(1l) 1.8328(21) C(15)-C(16) 1.3919(15) 
P-C(21) 1.851(3) C(21)-C(22) 1.4037(20) 
P-C(31) 1.8294(22) C(21)-C(26) 1.3546(14) 
S(1)-C(6) 1.6760(18) C(22)-C(23) 1.3830(26) 
S(2)-C(6) 1.676(3) C(23)-C(24) 1.3794(14) 
S(3)-C(6) 1.7370(22) C(24~ C(25) 1.3597(20) 
S(3)-C(7) 1.840(4) C(25)-C(26) 1.4015(26) 
C(1)-C(2) 1.4708(21) C(31)-C(32) 1.4015(13) 
C(1)-C(5) 1.4204(18) C(31 )-C(36) 1.3789(25) 
C(2)-C(3) 1.3649(25) C(32)-C(33) 1.3656(16) 
C(3)-C(4) 1.3917(12) C(33)-C(34) 1.3655(24) 
C(4)-C(5) 1.3634(26) C(34)-C(35) 1.3684(25) 
C(7)-C(8) 1.4697(15) C(35)-C(36) 1.4156(17) 

P-Ru-S(1) 90.76(12) Ru-C(3)-C(2) 71.68(12) 
P-Ru-S(2) 93.35(9) Ru-C(3)-C(4) 70.60(8) 
P-Ru-C(I) 103.88(11) C(2)-C(3 )-C(4) 108.37(11) 
P-Ru-C(2) 142.16(8) Ru-C(4)-C(3) "72.14(9) 
P-Ru-C(3) 1';4.17(4) Ru-C(4)-C(5) 71.13(12) 
P-Ru-C(4) 117.38(8) C(3)-C(4)-C(5) 108.76(11) 
P-Ru-C(5) 93.92(10) Ru-C(5)-C(1) 71.99(11) 
S(l)-Ru-S(2) 71.47(11) Ru-C(5)-C(4) 72.11(12) 
S(1)-Ru-C(1) 163.36(4) C(1)-C(5)-C(4) 110.72(12) 
S(1)-Ru-C(2) 127.01(10) S(1)-C(6)-S(2) 111.21(11) 
S(1)-Ru-C(3) 99.52(13) S( 1 )-C( 6)-S(3) 127.92(10) 
S(l)-Ru-C(4) 102.88(12) S(2)-C( 6)-S(3) 120.87(10) 
S( 1 }-Ru-C(5) 134.41(8) S(3)-C(7)-C(8) 105.07(12) 
S(2)-Ru-C( 1) 114.74(10) C(7)-C(8)-C(9) 103.78(13) 
S(2)-Ru-C(2) 96.55(9) C(7)-C(8)-C(9') 138.92(6) 
S(2)-Ru-C(3) 112.35(8) C(9)-C(8)-C(9') 62.58(12) 
S(2)-Ru-C(4) 149.08(5) C(8)-C(9)-C(9') 61.34(11) 
S(2)-Ru-C(5) 152.92(5) C(8)-C(9')-C(9) 55.08(11) 
C(1)-Ru-C(2) 39.34(7) P-C(1l)-C( 12) 118.67(9) 
C(1)-Ru-C(3) 63.90(11) P-C(11)-C(16) 122.82(9) 
C(1)-Ru-C(4) 63.50(11) C(12)-C(11)-C(16) 118.41(9) 
C( 1 )-Ru-C(5) 38.20(6) C(11)-C(12)-C(13) 120.44(9) 
C(2)-Ru-C(3) 36.38(7) C(12)-C(13)-C(14) 119.36(9) 
C(2)-Ru-C( 4) 61.80(9) C(13)-C(14 )-C( 15) 121.66(9) 
C(2)-Ru-C(5) 62.76(8) C(14)-C(15)-C(16) 119.19(9) 

., C(3)-Ru-C(4) 37.26(6) C(11)-C(16)-C(15) 120.92(9) 
, C(3)-Ru-C(5) 62.07(9) P-C(21 )-C(22) 116.94(11) .. C(4)-Ru-C(5) 36.76(8) P-C(21 )-C(26) 123.58(10) 

Ru-P-C( Il) 116.73(10) C(22)-C(21 )-C(26) 119.47(10) 
Ru-P-C(21) 112.71(12) C(21)-C(22)-Cl23) 119.89(11) 
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Ru-P-C(31) 118.00(8) C(22)-C(23)-C(24 ) 120.16(10) 
C(11)-P-C(21) 102.75(12) C(23)-C(24 )-C(25) 119.59(10) 
C(11)-P-C(31) 100.96(9) C(24)-C(25)-C(26) 120.80(11) 
C(21)-P-C(31) 103.65(13) C(2I )-C(26)-C(25) 120.00(10) 
Ru-S(1)-C(6) 88.45(12) P-C(31 )-C(32) 122.24( Il) 
Ru-S(2)-C(6) 88.86(11) P-C(31 )-C(36) 118.67(11) 
C(6)-S(3 )-C(7) 103.65(12) C(32)-C(31 )-C(36) 119.01(12) 
Ru-CC 1 )-C(2) 70.34(11) C(31)-C(32)-C(33) 119.97(11) 
Ru-C(1)-C(5) 69.81(11) C(32)-C(33)-C(34 ) 121.38(11) 
C(2)-C(1 )-C(5) 102.84(12) C(33)-C(34)-C(35) 120.18(12) 
Ru-C(2)-C( 1 ) 70.32(11) C(34 )-C(35)-C(36) 119.52(11) 
Ru-C(2)-C(3 ) 71.94(12) C(31 )-C(36)-C(35) 119.91(11) 
C(1)-C(2)-C(3) 109.29(11) 
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Appendix III 

Structural Analysis of CpRu(SOV(PPh3)S(S02)( 4-C6f4Me), 8b. 
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Table A3.1 Crystal data for CpRu(PPh3)(S02)S(S02)(4-CI'H.1Me). 

Space Group: Monoclinic, P 21/c 
Cell Dimensions: 
a = 9.9540(20) b = 18.423(5) 
13 = 95.130(20) 
Volume = 2942.6(12) Â3 

c = 16.111(4) 

Empirical formula: C3oH2704PRuS3 

Cell dimensions were obtained from 15 reflections with 219 angle in the nnge 45.00 -
65.00°. 

Crystal dimenSIOns: 0.07 x 0.28 x 0.36 mm 

FW = 676.73 Z = 4 F(OOO) = 1383.87 

Dcalc = 1.528 Mg m-3, ~ = 7.18 mm·1, Â. = 1.54056 A, 219 (max)= 120.0 

The intensity data were colle\:ted on a Nicolet Auto diffractometer, 
using the B/2e scan mode. 
The h,k,l ranges are: - 1 1 Il, 0 20, 0 18 
No. of reflections mea~ured 
No. of unique reflections 
No. of reflections with Inet > 3.0 cr (Inet) 
A psi correcuon was made for absorption. 

Data set was solved by Patterson method 

4387 
4387 
3615 
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The last least squares cycle was calculated with 63 atoms, 348 parameters and 3615 out 
of 4387 reflecuons. 
Weights based on counting-statistics were used. 

For significant reflections, R = 0.062, Rw = 0.05ï 
GoF = 7.01 
For all refl{',:tions, R = 0.071, Rw = 0.058 
where R = :EIFo-Fc~IFol 

Rw = ..J[l:(w(Fo-Fc)2p:(wFo2)] 
GoF = ''l'[l:(w(Fo-Fc) )/(No. of reflns - No. of panuns.)] 

The maximum shift/cr ratio was 0.481. 

In the last D-map, the deepest hole was -1.110 e-/A3, and the highest peak 1.870 e'/A 3 

and is lacated near the metaI. 

Secondary ext. coeff. = 0.89(6) 
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Table A3.2 Atom coordinates x,y,z and B
ISO 

for CpRu(PPh3)(S02)S(S02)(4-C6H4Me). 
E.S.Ds. refer to the last digit printed. 

x y z BISO 

Ru 0.06569(7) 0.35464(4) 0.63700(5) 2.57(3) 
SI 0.11166(25) 0.22874(14) 0.62128( 17) 3.32(12) 
S2 0.0982(3) 0.38191(15) 0.51244(17) 3.34(12) 
S3 0.0482(5) 0.15372(23) 0.76701(24) 7.15(23 ) 
P 0.29254(24) 0.37175(14) 0.68744(16) 2.72(11) 
01 0.2128(7) 0.3705(5) 0.4692(4) 6.7(5) 
02 -0.0077(8) 0.4202(4) 0.4603(5) 5.5(4) 
03 0.1218(15) 0.0903(7) 0.7496(8) 14.4(11) 
04 -0.0832(12) 0.1437(10) 0.7543(9) 19.7(13) 
Cl 0.5067(10) 0.4628(6) 0.6529(7) 4.4(6) 
C2 0.5616(12) 0.5262(7) 0.6286(9) 5.8(7) 
C3 0.4816(12) 0.5843(6) 0.6044(7) 4.7(6) 
C4 0.3461 (12) 0.5770(6) 0.6023(7) 5.0(6) 
C5 0.2885(10) 0.5134(6) 0.6247(7) 3.9(5) 
C6 0.3673(9) 0.4551(5) 0.6502(6) 2.9(4) 
C7 0.3470(10) 0.4489(6) 0.8371(7) 3.9(5) 
C8 0.3490(12) 0.4568(8) 0.9235(8) 5.8(8) 
C9 0.3157(14) 0.4011(10) 0.9730(8) 6.2(9) 
CIO 0.2771(12) 0.3365(8) 0.9367(8) 5.7(8) 
CIl 0.2717(10) 0.3270(6) 0.8508(7) 4.1(6) 
C12 0.3049(9) 0.3839(6) 0.7998(6) 3.2(5) 
C13 0.4461(10) 0.2914(7) 0.5855(7) 4.5(6) 
C14 0.5378(13) 0.2412(8) 0.5655(8) 6.2(7) 
C15 0.6041(12) 0.1958(7) 0.6290(10) 5.4(7) 
C16 0.5736(13) 0.2067(7) 0.7088(9) 6.7(8) 
C17 0.4835(13) 0.2600(7) 0.7304(7) 5.4(6) 
C18 0.4147(9) 0.3008(5) 0.6670(7) 3.2(5) 
C19 ·0.0052(10) 0.4257(7) 0.7326(7) 4.5(6) 
C20 -0.0277(10) 0.3548(7) 0.7543(7) 3.9(6) 
C21 -0.1217(11) 0.3255(7) 0.6952(7) 4.5(6) 
C22 -0.1546(10) 0.3824(8) 0.6315(8) 5.5(7) 
C23 -0.0803(11) 0.4425(6) 0.6572(8) 4.5(6) 
C24 -0.0207(11) 0.1137(6) 0.5488(8) 4.2(6) 
C25 -0.1098(13) 0.0773(6) 0.4928(8) 5.0(7) 
C26 -0.1979(12) 0.1161(7) 0.4343(8) 4.5(6) 
C27 ·0.1913(10) 0.1908(7) 0.4375(7) 4.2(6) 
C28 -0.1041(11) 0.2282(6) 0.4941(7) 3.8(5) 
C29 ·0.0147(10) 0.1872(6) 0.5509(6) 3.2(5) 
C30 -0.2966(12) 0.0767(7) 0.3663(7) 5.3(3) 

Biso is the Mean of the Principal Axes of the Thennal Ellipsoid. 
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Table A3.3 Anisotropie thennal factors for CpRu(PPh3)(S02)S(S02)( 4-C6H4Me). 
V(iJ) values xl00. E.S.Ds. refer to the last dIgit printed. 

VII U22 V33 U12 V13 U23 

Ru 2.56(4) 3.42(4) 3.70(5) 0.09(4) -0.08(3) 0.15(5) 
SI 3.49(15) 3.59(16) 5.34(18) 0.22(12) -0.59( 12) -0.16(13) 
S2 3.49(15) 4.86(18) 4.22(17) -0.58(13) -0.20e 12) 0.89( 14) 
S3 13.0(4) 6.2(3) 7.6(3) 0.1 ( 3) -1.07(25) -2.03(22) 
P 2.79(13) 4.14(18) 3.35(15) 0.10(12) -0.13(11) 0.34(13) 
01 6.0(5) 15.8(10) 3.8(5) 1.2 ( 6) 1.2( 4) 2.8(6) 
02 6.8(5) 7.1(6) 6.5(6) 2.3 ( 5) -1.0(4) 2.9(5) 
03 26.7(18) 9.7(10) 17.7(14) -6.2 (11) -1.5(11) -3.9(9) 
04 8.8(9) 39.8(25) 26.7(17) -1.7(13) 2.7(10) -24.5( 18) 
Cl 3.6(6) 4.6(8) 8.4(10) 0.4 ( 6) -0.2(6) 1.4(7) 
C2 3.9(7) 7.4(10) 10.6(12) -2.2 ( 7) 0.4(7) 1.3(9) 
C3 6.4(8) 4.2(8) 7.3(9) -1.4 (7) 0.7(7) 1.1(7) 
C4 6.0(8) 4.9(8) 7.7(0) -0.4 ( 7) -1.3(7) 2.2(7) 
C5 4.3(7) 3.8(7) 6.3(8) 0.2 ( 5) -1.3(6) 1.2(6) 
C6 3.0(6) 3.9(6) 4.l(6) -0.6 ( 5) 0.7(5) 0.5(5) 
C7 4.5(7) 5.2(8) 4.8(7) 0.3 ( 6) 0.0(6) -0.6(6) 
C8 6.5(9) 10.1(12) 5.4(9) 1.3(8) 0.0(7) -2.1 (9) 
C9 7.1(10) 12.0(14) 4.4 (9) 1.4(10) -0.1 (7) -0.9(9) 
ClO 5.6(8) 11.2(13) 5.2 ( 9) 2.1(8) 1.6(7) 2.6(9) 
Cll 4.5(7) 6.3(8) 4.9 (7) 0.0(6) 0.2(6) 1.7(6) 
C12 2.5(5) 6.5(8) 2.9 ( 6) 0.7(5) -0.6(4) 0.1 (6) 
C13 4.2(7) 7.9(9) 5.0( 8) 2.3(6) 0.0(6) -1.1 (7) 
C14 5.0(8) 11.7(13) 6.7(10) 1.8(8) -0.3(7) -4.0(9) 
C15 4.3(8) 4.9(8) 11.4(13) 0.2(6) 1.2(8) -2'()(9) 
C16 6.6(9) 7.4(10) 11.4(13) 3.5(8) 1.4(9) 4.1(10) 
C17 6.3(8) 7.8(10) 6.7( 9) 2.9(7) 1.8(7) 3.4(7) 
C18 2.2(5) 2.9(6) 7.1( 8) 0.0(4) -0.5(5) -0.2(6) 
C19 3.1 (6) 8.2(10) 5.7( 9) 1.5(7) -0.5(6) -2.7(8) 
C20 3.6(6) 4.4(7) 7.0( 8) 0.1(6) 0.4(5) 0.8(7) 
C21 5.0(7) 6.3(9) 6.2( 9) -0.4(6) 2.7(6) 0.5(7) 
C22 1.7(6) 9.1(11) 9.9(11) 1.7(6) -0.2(6) -1.6(9) 
C23 3.8(7) 3.9(7) 9.5(11 ) 1.4(6) 1.1(6) -0.7(7) 
C24 4.9(8) 4.1(7) 6.7( 9) -0.1(6) -1.4(6) -0.6(7) 
C25 6.3(9) 4.2(8) 8.5(11) -1.1(7) 0.7(7) -0.2(7) 
C26 5.2(8) 6.4(9) S.8t 9) -1.8(7) 2.0(6) -1.3(7) 
C27 3.5(7) 7.4(10) 5.0( 8) -0.6(6) -0.4(5) 0.2(7) 
C28 4.3(7) 4.6(7) 5.7( 8) -0.8(6) 0.6(6) -0.6(6) 
C29 3.0(6) 5.4(8) 3.8( 7) -0.7(5) 0.4(5) -0.6(6) 
C30 6.8(4) 

Anisotropie Temperature Factors are of the fonn: 

Temp = _21t2(h2a*2Ull + k2b*2U22 + 12e*2U33 + 2hka*b*U 12 + 2h1a*e*V13 + 2klb*e*U23) 
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Table A3.4 Selected bond lengths and angles for CpRu(PPh3)(S02)S(S02)(4-C6H4Me). 

Ru-S(l) 2.382(3) C(7)-C(12) 1.389(16) 
Ru-S(2) 2.121(3) C(8)-C(9) 1.358(23) 
Ru-P 2.3517(25) C(9)-C(10) 1.366(23) 
Ru-C(19) 2.186(11) C(1 0)-C(11) 1.391(17) 
Ru-C(20) 2.180(11) C(11 )-C(12) 1.389(15) 
Ru-C(21 ) 2.227(10) C(13 )-C(14) 1.360( 17) 
Ru-C(22) 2.245(10) C(13)-C(18) 1.387(16) 
Ru-C(23) 2.219(10) C(14)-C(15) 1.434(21) 
S(1)-S(3) 2.844(5) C(15 )-C(16) 1.362(22) 
S( 1 )-C(29) 1.788(10) C( 16)-C( 17) 1.394(18) 
S(2)-0(1) 1.405(8) C(17)-C(18) 1.396(15) 
S(2)-0(2) 1.469(7) C( 19)-C(20) 1.375(19) 
S(3)-0(3) 1.420(14) C(19)-C(23) 1.404(17) 
S(3)-0(4) 1.319(13) C(20)-C(21 ) 1.384(17) 
P-C(6) 1.830(10) C(21 )-C(22) 1.483(19) 
P-C(12) 1.817(10) C(22)-C(23) 1.374(18) 
P-C(18) 1.835(10) C(24 )-C(25) 1.380(17) 
C(1)-C(2) 1.362(17) C(24)-C(29) 1.355(16) 
C(1)-C(6) 1.392(14) C(25)-C(26) 1.422(19) 
C(2)-C(3) 1.369(18) C(26)-C(27) 1.379(18) 
C(3)-C(4) 1.353(17) C(26)-C(30) 1.581(17) 
C(4)-C(5) 1.367(16) C(27)-C(28) 1.384(16) 
C(5)-C(6) 1.372(14) C(28)-C(29) 1.434(16) 
C(7)-C(8) 1.397(17) 

S(l)-Ru-S(2) 94.76(11) C(3)-C(4)-C(5) 121.3(10) 
S(1)-Ru-P 88.83(9) C( 4 )-C(5)-C( 6) 120.5(10) 
S( 1)-Ru-C(19) 137.3(4) P-C(6)-C(I) 120.5(8) 
S( 1)-Ru-C(20) 101.2(3) P-C(6)-C(5) 121.1(7) 
S(1)-Ru-C(21) 89.2(3) C(1)-C(6)-C(5) 118.2(9) 
Sn)-Ru-C(22) 114.4(4) C(8)-C(7)-C(12) 119.8(11) 
S( 1)-Ru-C(23) 149.4(3) C(7)-C(8)-C(9) 121.7(13) 
S(2)-Ru-P 94.14(10) C(8)-C(9)-C( 10) 118.6(12) 
S(2)-Ru-C(19) 127.7(4) C(9)-C(10)-C(11) 121.4(12) 
S(2)-Ru-C(20) 158.9(3) C(10)-C(11)-C(12) 120.2(11) 
S(2)-Ru-C(21) 131.3(3) P-C(12)-C(7) 121.9(8) 
S(2)-Ru-C(22) 98.1(4) P-C(12)-C(II) 119.9(8) 
S(2)-Ru-C(23) 97.1(3) C(7)-C(12)-C(II) 118.2(9) 
P-Ru-C(19) 92.1(3) C(14)-C(13)-C(18) 121.4(11) 
P-Ru-C(20) 99.8(3) C(13)-C(14)-C(15) 120.2(11) 
P-Ru-C(21) 134.5(3) C(14)-C(15)-C(16) 117.4(11) 
P-Ru-C(22) 152.5(3) C(15)-C(16)-C(17) 122.7(11) 
P-Ru-C(23) 118.2(3) C(16)-C(17, -C(18) 118.8(11) 
C( 19)-Ru-C(20) 36.7(5) P-C(18)-C(13) 117.8(8) 
C(l9)-Ru-C(21 ) 60.8(5) P-C( 18)-C( 17) 122.8(9) 
C( 19)-Ru-C(22) 61.0(4) C(13)-C(18)-C(17) 119.2(10) 
C(19)-Ru-C(23) 37.2(5) Ru-C( 19)-C(20) 71.4(7) 

r C(20)-Ru-C(21 ) 36.6(4) Ru-CC 19)-C(23) 72.7(6) 
C(20)-Ru-C(22) 62.8(4) C(20)-C( 19)-C(23) 110.1(10) 
C(20)-Ru-C(23 ) 62.4(4) Ru-C(20)-C( 19) 71.9(6) 
C(21)-Ru-C(22) 38.7(5) Ru-C(20)-C(21 ) 73.6(6) 
C(21 )-Ru-C(23) 62.0(4) C( 19)-C(20)-C(21) 108.1(10) 
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C(22)-Ru-C(23) 35.8(5) Ru-Cf:! 1 )-C(20) 69.9(6) 
Ru-SO )-S(3) 109.05(13) Ru-C,21 )-C(22) 71.3(6) 
Ru-S( 1 )-C(29) 110.7(4) C(20)-C(21 )-C(22) 107.1 (10) 
S(3 )-SO )-C(29) 96.9(4) Ru-C(22)-C(21) 70.0(6) 
Ru-S(2)-O( 1) 129.3(3) Ru-C(22)-C(23) 71.0(6) 
Ru-S(2)-O(2) 119.5(3) C(21 )-C(22)-C(23) 106.4 { 10) 
O( 1 )-S(2)-0(2) 111.2(5) Ru-C(23 )-C( 19) 70.2(6) 
S(1 )-S(3)-0(3) 94.6(6) Ru-C(23)-C(22) 73.1(6) 
S(1 )-S(3)-0(4) 103.3(9) C( 19)-C(23 )-C(22) 108 2( Il) 
0(3)-S(3)-0(4) 1l2.1(9) C(25)-C(24 )-C(29) 121.8(11) 
Ru-P-C(6) 113.9(3) C(24 )-C(25 )-C(26) 120.7(11) 
Ru-P-C(12) 109.8(3) C(25)-C(26)-C(27) 116.9( 10) 
Ru-P-C(l8) 118.3(3) C(25)-C(26)-C(3()) 122.501) 
C(6)-P-C(12) 103.3(5) C(27)-C(26 )-C(30) 120.6(11 ) 
C(6)-P-C(18) 104.1(4) C(26)-C(27)-C(28) 123.1(11) 
C(12)-P-C(18) 106.2(5) C(27)-C(28)-C(29) 118.4( 10) 
C(2)-C(l )-C(6) 120.1(10) S(1 )-C(29)-C(24) 118.1(8) 
C( 1 )-C(2 )-C(3) 121.0(11) S( 1 )-C(29)-C(28) 122.7(8) 
C(2)-C(3)-C(4) 1l8.9(1O) C(24 )-C(29)-C(28) 119.1(9) 
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Appendix IV 

Structural Analysis of CpRu(PPh3)(CO)SS(CHMez), lOd. 

J 



Table A4.1 Crystal data for CpRu(PPh3)(CO)SS(CHMe2)' 

Space Group: Monoclinic. P 2r1n 
Cell Dimensions: 
a = 9.2740(20) b = 11.345(3) 
~ = 97.370(20) 
Volume = 2640.2(11) A3 

Empirical formula: C27H27PORuS2 

c = 25.303(6) 

185 

Cell dimensions were obtained from 15 reflections with 2B angle in the range 25.00 -
40.00 degtees. 

Crystal dimensions: 0 .45 x 0.55 x 0.70 mm 

FW = 556.61 Z = 4 F(OOO) = 1151.88 

DcaIc = 1.400 Mg.m-3, Il = 0.81 mm-l, À. = 0.70930 A, 28,max)= 50.6 

The intensity data were collected on a Nicolet Auto defractometer, 
using the n scan mode. 
The h,k,l ranges are: -11 11,0 13,0 30 
No. of reflections measured 
No. of unique ret1ections 
No. of reflections wuh Iœt > 3.00' (Inet) 
A psi-scan correction was made for absorption 

Data ~et was solved by Patterson method 

5336 
4839 
2890 

The last least squares cycle was calculated with 63 atoms, 314 parameters and 2890 out 
of 4839 ret1ections. 
Weights based on countmg-statistics were used. 
The weight modIfier K in KFo2 is 0.000 1 

For significant reflections, R = 0.055, Rw = 0.058, 
GoF =2.54 

For aIl reflections, R = 0.095, Rw = 0.062 
where R = l:IFo-FcI/LIFol, 

Rw = ï/[l:(w(Fo-Fc)2~(wFo2)] 
GoF = "[l:(w(Fo-Fc) )/(No. of reflns - No. of params.)] 

The maximum shiftlcr ratio was 6.721. 

ln the last D-map, the deepest hale was -0.750 e-/A3, and the highest peak 0.850 e-/A3. 

Secondary ext. coeff. = 0.06(3) 
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Table A4.2 Atom coordinates, x,y,z and Biso for CpRu(PPh3)(CO)SS(CHMe~. 
E.S.Ds. refer to the last digit printed. 

x y z Biso 

Ru 0.69081(9) 0.59551(7) 0.63562(3) 3.96(3) 
SI 0.9443(3) 0.6049(3) 0.62645(10) 5.25(13) 
S2A 1.0588(4) 0.4974(3) 0.68115(14) 7.28(19) 
P 0.65251(24) 0.75434(20) 0.57945(9) 3.15(10 ) 
0 0.7096(9) 0.7580(7) 0.7184(3) 7.8(5) 
CIA 0.530(4) 0.4751(23) 0.5882(11) 4.8(5) 
C2A 0.676(4) 0.412(3) 0.5980(14) 8.2(7) 
C3A 0.707(3) 0.4034(25) 0.6587(12) 6.5(6) 
C4A 0.597(4) 0.452(3) 0.6834(13) 7.0(7) 
C5A 0.476(3) 0.4985(21) 0.6401(15) 4.8(5) 
C6 0.7070(11) 0.6954(8) 0.6925(4) 4.6(5) 
C7 0.6240(11) 0.9899(9) 0.6134(4) 5.0(5) 
C8 0.6782(14) 1.0926(9) 0.6396(5) 6.5(6) 
C9 0.8260(13) 1.1020(10) 0.6592(4) ~.9(6) 
CIO 0.9118(12) 1.0107(10) 0.6526(4) , .. 1(6) 
CU 0.8604(10) 0.9081(9) 0.6287(4) 5.3(5) 
C12 0.7135(8) 0.8963(8) 0.6080(3) 3.1(4) 
C13 0.7818(10) 0.6472(9) 0.4982(4) 4.5(5) 
C14 0.8416(12) 0.6446(11) 0.4495(5) 6.1(6) 
C15 0.8490(12) 0.7459(4) 0.4208(4) 6.6(7) 
C16 0.8020(12) 0.8508(\2) 0.4391(4) 6.2(6) 
C17 0.7429(10) 0.8538(9) 0.4873(4) 4.7(5) 
C18 0.732C;(8) 0.7527(8) 0.5167(3) 3.4(4) 
C19 0.3970nO) 0.7962(9) 0.5062(4) 4.7(5) 
C20 0.2444(11) 0.8123(11) 0.4941(5) 5.9(6) 
C21 0.1570(11) 0.8133(11) 0.5352(5) 6.5(7) 
C22 0.2190(11) 0.7977(12) 0.5867(4) 6.8(7) 
C23 0.3690(10) 0.7801(9) 0.5998(4) 5.2(5) 
C24 0.4590(9) 0.7794(8) 0.5588(3) 3.8(4) 
C25 1.0684(14) 0.5749(14) 0.7447(4) 8.7(9) 
C26 1.1515(16) 0.4931(18) 0.7864(5) 13.2(12) 
C27 1.1479(24) 0.6959(18) 0.7443(7) 15.3(15) 
S2B 1.077(4) 0.667(4) 0.7026(17) 8.7(10) 
CIB 0.482(3) 0.4985(22) 0.6102(15) 5.2(6) 
C2B 0.523(4) 0.4752(24) 0.6654(14) 6.2(6) 
C3B 0.641(4) 0.423(3) 0.6664(11) 5.2(6) 
C4B 0.692(3) 0.412(3) 0.6211(15) 5.6(8) 
C5B 0.595(4) 0.4492(23) 0.5832(10) 5.0(6) 

Biso is the Mean of the Principal Axes of the Thermal Ellipsoid 

\ 
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Table A4.3 Anisotropie thennal factors for CpRu(PPh3)(CQ)SS(CHMe2)' 
U(ij) values xl00. E.S.Ds. refer to the last digit printed. 

Vl! V22 V33 VI2 U13 U23 

Ru 5.51(5) 4.51(4) 4.84(4) -0.54(5) -0.07(3) 0.31(5) 
S 15.66(16) 8.05(18) 6.14(16) 1.54(15) 0.33(12) 0.70( 16) 
S2A 8.3(3) 11.2(3) 7.8(3) 3.89(22) -0.40(19) 1.32(22) 
P 3.53(13) 4.54(13) 3.84(13) -0.07(11) 0.28(10) -0.24(11) 
0 14.9(8) 9.3(6) 5.4(5) -0.1(5) 1.2(5) -1.4(4) 
CIA 6.1(6) 
C2A 10.4(8) 
C3A 8.3(8) 
C4A 8.9(9) 
C5A 6.1(6) 
C6 6.8(7) 5.1(6) 5.9(7) 0.8(5) 1.3(6) 0.9(5) 
C7 5.8(7) 5.4(6) 7.9(8) 0.1(5) 1.5(6) -0.2(6) 
C8 10.9(10) 4.6(5) 10.0(9) l.7(8) 4.5(7) -0.9(8) 
C9 9.0(8) 7.2(7) 6.3(7) -2.2(8) 1.1(6) -2.1(7) 
CIO 6.9(8) 5.9(7) 9.5(9) -1.1(6) -2.0(6) -1.2(6) 
CIl 5.1(6) 5.2(5) 9.3(8) 0.6(6) -0.9(5) -0.1(7) 
C12 4.2(5) 4.6(5) 3.2(4) 0.6(5) 0.9(4) 0.3(4) 
C13 4.8(6) 7.0(7) 5.0(6) 0.3(5) -0.3(5) -1.3(5) 
C14 5.9(7) 11.2(10) 6.0(8) 1.4(7) 0.3(6) -3.2(7) 
C15 6.5(7) 13.4(12) 5.3(7) 0.2(8) 1.1(6) -0.2(8) 
C16 6.9(8) 11.5(10) 5.3(7) 0.0(7) 1.3(6) 1.1 (7) 
C17 4.8(6) 7.8(7) 5.4(7) 0.3(5) 0.4(5) 0.1(6) 
C18 2.8(4) 6.4(6) 3.7(5) -0.3(4) -0.~(4) -0.6(5) 
C19 4.6(6) 8.0(7) 5.2(6) -0.2(5) 0.6(5) -0.8(5) 
C20 4.7(6) 10.7(9) 6.4(8) -0.2(6) -1.0(6) -0.6(7) 
C21 3.9(7) 12.8(10) 7.8(9) 0.3(7) -0.5(6) -0.6(8) 
C22 3.8(6) 15.1(12) 7.4(8) 0.1(7) 2.1(6) 0.5(8) 
C23 4.6(6) 10.3(9) 5.2(7) -0.6(6) 1.0(5) 0.7(6) 
C24 4.2(5) 5.9(6) 4.3(5) 0.0(4) 0.0(4) 0.6(5) 
C25 9.9(10) 17.4(15) 5.3(8) 3.1(10) -0.7(7) 0.3(9) 
C26 12.2(13) 28.2(21) 9.2(11) 4.1(13) -1.6(9) 8.1 (13) 
C27 26.8(25) 18.2(19) 11.8(14) -6.8(18) -2.4(15) -3.6(14) 
S2B 11.0(12) 
CIB 6.5(7) 
C2B 7.8(8) 
C3B 6.5(7) 
C4B 7.1(10) 
C5B 6.3(8) 

Anisotropie Temperature Factors are of the form: 

Temp:: _21t2(h2a*2Ul1 + k2b*2V22 + 12c*2U33 + 2hka*b*U 12 + 2hla*c*UI3 + 2k1b*c*U23) 

,. 
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Table A4.4 Selected bond lengths and angles for CpRu(PPh3)(CQ)SS(CHMe:z). 

Ru-S(1) 2.395(3) C(9)-C(10) 1.330(18) 
Ru-P 2.2942(24) C(1O)-C(11) 1.369(15) 
Ru-C(1A) 2.249(23) C(11)-C(12) 1.402(12) 
Ru-C(6) 1.824(11) ~(13)-C(14) 1.414(15) 
S(I)-S(2A) 2.038(4) C(l3)-C(l8) 1.384(13) 
S(1)-S(2B) 2.26(4) C(14)-C(l5) 1.365(20) 
S(2A)-C(25) 1.825(13) C(15)-C(16) 1.369(20) 
S(2A)-S(2B) 2.00(4) C( 16)-C( 17) 1.400(14) 
P-C(12) 1.825(9) C( 17)-C( 18) 1.378(14) 
P-C(l8) 1.836(8) C(19)-C(20) 1.420(14) 
P-C(24) 1.826(8) C(l9)-C(24) 1.395(13) 
Q-C(6) 1.150(13) C(20)-C(21 ) 1.400(17) 
C(lA)-C(2A) 1.52(5) C(21)-C(22) 1.365(17) 
C(lA)-C(5A) 1.49(5) C(22)-C(23) 1.403(14) 
C(2A)-C(3A) 1.53(5) C(23)-C(24) 1.412(13) 
C(3A)-C( 4A) 1.38(5) C(25)-C(26) 1.537(19) 
C(4A)-C(5A) 1.56(5) C(25)-C(27) 1.56(3) 
C(7)-C(8) 1.403(16) C(25)-S(2B) 1.50(4) 
C(7)-C(l2) 1.366(3) C(27)-S(2B) 1.21(5) 
C(8)-C(9) 1.401(18) 

S(I)-Ru-P 88.91(9) P-C(12)-C(11) 118.0(7) 
S(l)-Ru-C(1A) 124.4(10) C(7)-C(12)-C(11) 117.5(8) 
S(1)-Ru-C(6) 93.8(3) C(14)-C(13)-C(18) 119.8(10) 
P-Ru-C(1A) 96.2(6) C(13)-C(l4)-C(15) 119.9(10) 
P-Ru-C(6) 89.5(3) C(14)-C(15)-C(16) 120.7(10) 
C(1 A)-Ru-CC 6) 141.3(10) C( 15)-C( 16)-C( 17) 119.6(11) 
Ru-S(l)-S(2A) 109.88(15) C(16)-C(17)-C(I8) 120.8(10) 
Ru-S(l)-S(2B) 111.5(10) P-C(18)-C(13) 119.4(7) 
S(2A)-S( 1 )-S(2B) 55.1(11) P-C(18)-C(17) 121.5(7) 
S( 1 )-S(2A)-C(25) 105.8(5) C(13)-C(18)-C(17) 119.2(8) 
S(1)-S(2A)-S(2B) 68.1(12) C(20)-C( 19)-C(24) 120.0(9) 
C(25)-S(2A)-S(2B) 46.0(13) C( 19)-C(20)-C(21) 119.8(10) 
Ru-P-C(12) 115.6(3) C(20)-C(21 )-C(22) 119.7(9) 
Ru-P-C(18) 118.7(3) C(21 )-C(22)-C(23) 121.9(9) 
Ru-P-C(24) 111.6(3) C(22)-C(23 )-C(24) 119.2(9) 
C(12)-P-C(I8) 102.2(4) P-C(24)-C(19) 124.3(7) 
C(12)-P-C(24) 102.7(4) P-C(24)-C(23 ) 116.3(7) 
C(18)-P-C(24) 104.2(4) C( 19)-C(24 )-C(23) 119.4(8) 
Ru-C(1A)-C(2A) 71.9(14) S (2A)-C(25)-C(26) 106.1(11) 
Ru-C(1A)-C(5A) 72.5(14) S(2A)-C(25)-C(27) 112.9(10) 
C(2A)-C(IA)-C(5A) 109.7(23) S(2A)-C(25)-S(2B) 73.2(17) 
C(1 A)-C(2A)-C(3A) 104.2(23) C(26)-C(25)-C(27) 109.9(13) 
C(2A)-C(3A)-C( 4A) 111(3) C(26)-C(25)-S(2B) 147.0(19) 
C(3A)-C( 4A)-C(5A) 109(3) C(27)-C(25)-S (2B) 46.7(19) 
C(1 A)-C(5A)-C( 4A) 105.1(23) C(25)-C(27)-S(2B) 64.2(22) 

-f" Ru-C(6)-Q 176.5(9) S(1)-S(2B)-S(2A) 56.7(12) 
~, 



" 

C(8)-C(7)-C( 12) 
C(7)-C(8)-C(9) 
C(8)-C(9)-C( 10) 
C(9)-C(10)-C(11) 
C(10)-C(11)-C(12) 
P-C(12)-C(7) 

120.5(10) 
120.4(9) 
118.1(10) 
122.5(10) 
120.9(9) 
124.30) 

S(1)-S(2B)-C(25) 
S( 1 )-S(2B )-C(27) 
S(2A)-S(2B )-C(25) 
S(2A)-S(2B)-C(27) 
C(25)-S(2B)-C(27) 
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108.3(24) 
177(3) 
60.9(16) 
120(3) 
69.1(24) 
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Structural Analysis ofCpRu(PPh3)(CQ)SSS(1-C3H7), ne. 

C21 .. ~ .. 

C9 
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Table AS.1 Crystal data for CpRu(PPh3)(CQ)SSS(1-C3H7). 

Sp'lce Group: Triclinic, P 1 
CeU Dimensions: 
a = 10.6430(20) 
a = 98.110(20) 
Volume 1338.9(6) A3 

b = 14.040(3) 
~ = 97.260(20) 

Empirical fonnula: ~7H270PRuS3 

c = 9.205(3) 
Y = 96.460(20) 

Cell dimensions were obtained from 25 reflections with 28 angle in the range 40.63 -
44.07°. 

Crystal dimensions: 0.10 x 0.10 x 0.35 mm 

FW = 590.69 Z = 2 F(OOO) = 607.94 

Dcalc= 1.465 Mg.m"1, ~ = 0.87 mm-l, Â. = 0.70930 A, 28(max)= 49.9 

The intensity data were collected on a Rigaku AFC6R diffractometer, 
using the B/2e scan mode. T = 23°C 
The h,k,l ranges are : -11 11, 0 16, -10 10 
No. of reflections measured 
No. of unique reflections 
No. of reflections with Inet > 3.0 cr(lnet) 
A psi correction was made for absorption 

Data set was solved by Patterson method 

3767 
3540 
2777 

191 

The last least squares cycle wa~ calculated with 55 atoms, 321 parameters and 2777 out 
of 3540 reflections. 
Weights based on counting-statistics were used. 
The weight modifier K in KF02 is 0.00 1 

The residuals are as follows :-
For significant reflections, R = 0.048, 

GoF = 1.56 
Rw = 0.072, 

For all reflections, R = 0.066, Rw = 0.076 
where R = l:IFo-Fc~(Fo) 

Rw = \f[l:(w(Fo-Fc)2~(wFo2)] 
GoF = ...J[l;(w(Fo-Fc) )/(No. of reflns - No. of params.)] 

The maximum shift/cr ratio was 0.167. 

In the last D-map, the deepest hole was -0.620 e-/A3, and the highest peak 0.810 e"/À3. 

Secondary ext. coeff. = 0.17 (8) 
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l 
Table AS.2 Atom coordinates, x,y,z and Biso for CpRu(PPh3)(CQ)SSS(1-C3H7). 
E.S.Ds. refer to the last digit printed. 

x y z Biso 

Ru 0.17027(6) 0.33280(5) 0.27935(7) 3.05(3) 
51 0.19219(23) 0.33716(19) 0.02724(25) 4.69(11) 
52 0.0202(3) 0.34954(24) -0.0901(3) 6.88(16) 
S3 -0.0964(4) 0.2242(3) -0.1130(4) 8.80(21) 
p 0.35725( 19) 0.26506(15) 0.30856(21) 2.92(9) 
0 0.0147(7) 0.1376(6) 0.2268(9) 6.9(4) 
Cl 0.2403(10) 0.4636(7) 0.4556(11) 5.0(5) 
C2 0.1800(11) 0.4966(7) 0.3336(12) 5.3(5) 
C3 0.0510(10) 0.4536(8) 0.3076(12) 5.4(5) 
C4 0.0312(10) 0.3954(8) 0.4155(12) 5.6(5) 
C5 0.1487(12) 0.4006(7) 0.5098(10) 5.6(5) 
C6 0.0763(8) 0.2097(7) 0.2392(10) 4.2(4) 
C7 0.4237(9) 0.0756(7) 0.2990(10) 4.7(5) 
C8 0.4273(12) -0.0180(8) 0.2313(14) 6.5(6) 
C9 0.3638(13) -0.0493(8) 0.0909(15) 6.7(6) 
CIO 0.2938(12) 0.0117(8) 0.0174(12) 6.1(6) 
CU 0.2891(9) 0.1057(7) 0.0855(10) 4.6(5) 
C12 0.3554(8) 0.1388(6) 0.2264(9) 3.6(4) 
C13 0.4953(8) 0.4193(6) 0.2113(9) 3.6(4) 
C14 0.5985(9) 0.4646(7) 0.1578(10) 4.7(4) 
C15 0.7036(8) 0.4189(8) 0.1371(10) 4.6(5) 
C16 0.7052(8) 0.3269(7) 0.1707(10) 4.5(5) 
C17 0.6031(8) 0.2809(6) 0.2241(9) 3.8(4) 
C18 0.4966(7) 0.3250(6) 0.2436(7) 3.0(4) 
C19 0.5286(8) 0.3064(6) 0.5781(9) 4.1(4) 
C20 0.5574(10) 0.3047(7) 0.7289(10) 5.2(5) 
C21 0.4693(11) 0.2606(7) 0.8061(10) 5.0(5) 
C22 0.3536(10) 0.2163(8) 0.7315(10) 5.3(5) 
C23 0.3227(9) 0.2181(7) 0.5824(9) 4.6(5) 
C24 0.4103(7) 0.2632(6) 0.5046(8) 3.2(3) 
C25 -0.0203(10) 0.1293(7) -0.2377(12) 5.5(5) 
C26 -0.0486(20) 0.1524(19) -0.3986(20) 14.5(15) 
C27 -0.1988( 18) 0.1231(24) -0.4860(22) 17.7(22) 

Biso is the Mean of the Pricipal Axes of the Thennal Ellipsoid 
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Table AS.3 Anisotropie thennal parameters for CpRu(PPh3)(CO)SSS(1-C
3
H

7
). 

U(iJ) values xl00. E.S.Ds. refer to the last digit printed. 

Ull U22 U33 UI2 VI3 U23 

Ru 3.84(4) 4.13(4) 3.66(4) 0.80(3) 0.46(3) 0.64(3) 
SI 5.99(15) 7.39(16) 4.73(13) 0.60(12) 0.81(11) 2.07(12) 
S2 9.53(22) 9.50(22) 7.08(18) 2.51(18) -1.68(16) 2.79(16) 
S3 8.56(24) 14.1(3) 9.83(25) -0.30(22) 0.90(19) 0.47(23) 
P 4.05(12) 3.89(12) 3.29(11) 0.66(9) 0.69(9) 0.77(9) 
0 8.3(5) 7.2(5) 9.8(6) -1.6(5) 1.3(4) 0.6(4) 
Cl 6.1(6) 5.6(6) 6.3(6) 1.0(5) 0.2(5) -1.9(5) 
C2 8.6(8) 3.9(5) ~ 5(7) 1.0(5) 1.3(6) 0.7(5) 
C3 6.0(7) 6.8(7) /.9(7) 3.1(6) 0.1(5) 0.9(6) 
C4 6.3(7) 7.0(7) 8.5(8) 2.5(6) 3.7(6) -0.9(6) 
C5 11.1(9) 6.3(7) 4.4(5) 4.0(7) 1.5(6) -0.3(5) 
C6 4.4(5) 4.9(6) 6.4(6) -0.1(5) 1.0(4) 0.6(5) 
C7 6.8(6) 5.4(6) 6.0(6) 1.8(5) 1.3(5) 0.5(5) 
C8 11.0(0) 4.9(6) 9.5(9) 2.7(6) 2.6(7) 1.5(6) 
C9 11.1(10) 4.6(6) 9.9(9) 0.2(7) 3.9(8) -0.5(6) 
CIO 10.4(9) 5.8(7) 6.1(7) 0.0(6) 1.5(6) -0.9(5) 
CIl 7.4(7) 5.2(6) 5.0(6) 0.8(5) 1.7(5) 0.6(5) 
C12 4.6(5) 4.1(5) 5.8(5) 0.9(4) 2.2(4) 1.2(4) 
C13 4.7(5) 5.0(5) 3.9(4) 0.3(4) 0.1(4) 0.7(4) 
C14 6.3(6) 6.2(6) 5.0(5) -1.2(5) -0.1(5) 2.3(5) 
C15 4.4(6) 7.6(7) 5.1(5) -0.2(5) 0.4(4) 1.2(5) 
C16 3.6(5) 8.1(7) 5.6(5) 1.0(5) 1.0(4) 0.5(5) 
C17 5.2(5) 4.8(5) 4.7(5) 1.2(4) 1.4(4) 0.9(4) 
C18 4.6(5) 4.3(5) 2.7(4) 0.5(4) 0.4(3) 0.6(3) 
C19 5.5(6) 5.4(5) 4.6(5) 0.7(4) 0.7(4) 1.0(4) 
C20 8.5(7) 6.3(6) 4.2(5) 0.1(6) -1.3(5) 0.6(5) 
C21 9.7(8) 6.3(6) 3.7(5) 2.8(6) 0.5(5) 1.3(4) 
C22 7.3(7) 8.6(7) 5.5(6) 2.3(6) 2.3(5) 3.3(5) 
C23 5.1(6) 8.6(7) 4.1(5) 1.2(5) 0.4(4) 2.2(5) 
C24 4.3(5) 4.5(5) 3.7(4) 1.5(4) 0.8(4) 1.0(4) 
C25 5.6(6) 5.2(6) 8.9(8) -1.3(5) 0.6(5) -1.7(5) 
C26 17.2(19) 25.3(26) 10.6(14) -3.4(18) 2.7(13) -0.2(14) 
C27 10.8(15) 45.1(43) 13.7(17) 5.6(20) 2.8(12) 9.5(22) 

Anisotropie Temperature Factors are of the fonn; 

Temp = _2lt2(h2a*2Un + k2b*2U22 + 12c*2U33 + 2hka*b*U12 + 2hla*c*V13 + 2klb*e*U
23

) 



194 

'1 
Table AS.4 Selected bond lengths and angles for CpRu(PPh3)(CQ)SSS(1-C3H7). 

Ru-S(1) 2.3701(24) C(7)-C(12) 1.397(13) 
Ru-P 2.3021(21) C(8)-C(9) 1.369(19) 
Ru-C(3) 2.236(9) C(9)-C(10) 1.388(19) 
Ru-C(4) 2.232(8) C(1O)-C(11) 1.388(14) 
Ru-C(S) 2.250(9) C(11)-C(12) 1.386(13) 
Ru-C(6) 1.861(10) C:13)-C(14) 1.386(12) 
S(I)-S(2) 2.042(4) C(13)-C(18) 1.397(11) 
S(2)-S(3) 2.005(5) C(14)-C(15) 1.371(14) 
S(3)-C(25) 1.949(11) C(15)-C(16) 1.371(15) 
P-C(12) 1.824(8) C( 16)-C( 17) 1.381(12) 
P-C(18) 1.831 (8) C(17)-C(18) 1.371(11) 
P-C(24) 1.827(8) C(19)-C(20) 1.388(12) 
O-C(6) 1.125(12) C(19)-C(24) 1.382(12) 
C(1)-C(2) 1.386(15) C(20)-C(21 ) 1.389(15) 
C(1)-C(5) 1.426(16) C(21)-C(22) 1.367(16) 
C(2)-C(3) 1.413(15) C(22)-C(23) 1.374(12) 
C(3)-C(4) 1.393(16) C(23)-C(24) 1.395(12) 
C(4)-C(5) 1.418(16) C(25)-C(26) 1.560(23) 
C(7)-C(8) 1.379(14) C(26)-C(27) 1.67(3) 

S(l)-Ru-P 89.42(8) C(3)-C( 4)-C(5) 108.1(9) 
S(1 )-Ru-C(3) 97.1(3) Ru-C(5)-C(l) 71.9(5) 
S(1)-Ru-C(4) 130.1(3) Ru-C(5)-C(4) 70.9(5) 
S( 1 )-Ru-C(5) 153.6(3) C(I)-C(5)-C(4) 106.9(9) 
S(1)-Ru-C(6) 93.6(3) Ru-C(6)-O 173.5(8) 
P-Ru-C(3) 154.3(3) C(8)-C(7)-C(12) 120.9(9) 
P-Ru-C(4) 139.9(3) C(7)-C(8)-C(9) 119.6(10) 
P-Ru-C(5) 104.6(3) C(8)-C(9)-C(10) 120.5(10) 
P-Ru-C(6) 90.3(3) C(9)-C(10)-C(II) 120.0(10) 
C(3)-Ru-C(4) 36.3(4) C(IO)-C(11)-C(l2) 119.9(9) 
C(3)-Ru-C(5) 60.9(4) P-C(12)-C(7) 121.7(7) 
C(3)-Ru-C(6) 113.9(4) P-C(l2)-C(II) 119.1(7) 
C( 4 )-Ru-C(5) 36.9(4) C(7)-C(12)-C(11) 119.1(8) 
C(4)-Ru-C(6) 93.5(4) C(14)-C(13)-C(l8) 120.0(8) 
C(5)-Ru-C(6) 108.3(4) C(13)-C(14)-C(15) 121.1(9) 
Ru-S( 1 )-S(2) 110.04(14) C(14)-C(15)-C(l6) 118.7(8) 
S( 1)-S(2)-S(3) 109.61(20) C(15)-C(16)-C(l7) 120.9(8) 
S(2)-S(3)-C(25) 105.9(4) C(16)-C(17)-C(18) 12l.2(8) 
Ru-P-C(12) 118.4(3) P-C(lS)-C(13) 119.3(6) 
Ru-P-C(18) 117.5(3) P-C( IS)-C( 17) 122.5(6) 
Ru-P-C(24) 110.48(25) C(13)-C(18)-C(l7) 118.1(7) 
C( 12)-P-C( 18) 102.0(3) C(20)-C( 19)-C(24) 119.0(8) 
C(12)-P-C(24) 102.3(4) C( 19)-C(20)-C(21) 12l.0(9) 
C(18)-P-C(24) 104.3(3) C(20)-C(21 )-C(22) 119.4(8) 
C(2)-C( 1 )-C(5) 108.5(9) C(21 )-C(22)-C(23) 120.4(9) 
C(l )-C(2)-C(3) 108.0(9) C(22)-C(23)-C(24 ) 120.4(9) 
Ru-C(3)-C(2) 73.1(5) P-C(24 )-C( 19) 123.5(6) 

" Ru-C(3)-C(4) 71.7(5) P-C(24 )-C(23) 116.7(6) 
"- C(2 )-C(3 )-C( 4) 108.5(9) C( 19)-C(24 )-C(23) 119.7(7) 

Ru-C(4)-C(3) 72.0(5) S(3)-C(25)-C(26) 105.8(11) 
Ru-C(4)-C(5) 72.3(5) C(25)-C(26)-C(27) 117.5(14) 
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Appendix VI 

Structural Analysis of CpRu(PPh3)(CO)SS(O)(CHMe2)' 12d. 
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Table A6.1 Crystal data for CpRu(PPh3)(CO)SS(O)(CHM~). 

Space Group~ Triclinic, P l 

CelI Dimensions: 
a = 10.4900(20) 
0: = 97.85(3) 
Volume = 1260.1(7) A3 

b = 14.663(4) 
~ = 105.210(20) 

Empirical formula: C27H2702PS2Ru 

c = 8.606(4) 
'Y = 82.940(20) 

CelI dimensions were obtained from 25 reflections with 2B angle in 
the range 75.74 - 79.67°. 

Crystal dimensions: 0.30 x 0.10 x 0.06 mm 

FW = 572.61 Z = 2 F(QOO) = 591.94 

Dcalc= 1.509 Mg.m-3, Il = 7.47 mm-1, À. = 1.54056 A, 2B(max)= 120.0 

The intensity data were collected on a Rigaku AFC5R diffractometer, 
using the B/28 scan mode. T = -120.00C 
The h,k,1 ranges are : -11 Il, 0 16, -9 9 
No. of reflections measured 
No. of unique reflections 
No. of reflections with Inet > 3.0a(lnet) 
A psi correction was made for absorption 

3988 
3750 
3092 
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Data set was solved by Patterson method 
The last least squares cycle was calculated with 56 atoms, 310 parameters and 3092 out 
of 3750 ret1ections. Weights based on counting-statistics were used. 
The weight modifier K in KFo2 is 0.0004 

The residuals are as follows :-
For significant reflections, R=0.053, 

GoF = 1.97 
Rw=O.073 

For all reflections, R = 0.066, Rw = 0.076. 
where R = IIFo-Fcl/IlFol 

Rw = V[I(w(FO-Fc)2YI(wFo2)] 
GoF = V[l:(w(Fo-Fc) )/~o. of reflns - No. of params.)] 

The maximum shift/O' ratio was 0.038. 

In the last D-map, the deepest hole was -1.160 e-/A3, and the highest peak 1.550 e-/A3, 
near the disordered R-group. 
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Table A6.2 Atom coordinates, x,y,z and Biso for CpRu(PPh3)(CQ)SS(Q)(CHMe2)' 
E.S.Ds. refer to the last digit printed. 

x y z Biso 

Ru 0.45496(6) 0.31550(4) 0.28668(7) 2.325(25) 
SI 0.42643(19) 0.16528(14) 0.33999(24) 2.83(8) 
S2 0.24764(23) 0.18582(19) 0.4063(3) 4.30( 12) 
P 0.67822(18) 0.27412(13) 0.31419(22) 2.05(7) 
01A 0.1380(10) 0.1787(7) 0.2635(12) 4.13( 19) 
OlB 0.2338(21) 0.2613(14) 0.513(3) 5.1(4) 
02 0.5012(7) 0.3824(5) 0.6404(8) 4.4(3) 
Cl 0.4134(9) 0.3412(7) 0.0240(10) 3.8(4) 
C2 0.3077(10) 0.2988(7) 0.0434(12) 4.5(5) 
C3 0.2468(9) 0.3597(8) 0.1554(14) 4.9(5) 
C4 0.3182(10) 0.4361(7) 0.2011(12) 4.1(4) 
C5 0.4224(9) 0.4270(6) 0.1252(11 ) 3.6(4) 
C6 0.4871(8) 0.3564(6) 0.5076(12) 3.2(4) 
C7 0.9149(8) 0.2795(5) 0.5632(9) 2.7(3) 
C8 0.9949(8) 0.2589(6) 0.7156(10) 3.1(4) 
C9 0.9490(9) 0.2118(6) 0.8133(10) 3.2(4) 
CIO 0.8210(9) 0.1874(6) 0.7662(10) 3.3(4) 
Cll 0.7386(8) 0.2081(5) 0.6164(9) 2.7(4) 
C12 0.7850(7) 0.2546(5) 0.5156(8) 2.0(3) 
C13 0.6246(8) 0.1231(5) 0.0779(9) 2.4(3) 
C14 0.6569(9) 0.0395(6) -0.0121(10) 3.1(4) 
C15 0.7856(9) 0.0020(6) 0.0124(10) 3.2(4) 
C16 0.8852(9) 0.0485(7) 0.1253(12) 4.1(4) 
C17 0.8527(8) 0.1308(6) 0.2138( 1 0) 3.1(4) 
C18 0.7214(8) 0.1672(5) 0.1916(9) 2.4(3) 
C19 0.8147(8) 0.3491(6) 0.1267(10) 3.2(4) 
C20 0.8749(10) 0.4203(7) 0.0891(12) 4.0(4) 
C21 0.8801(9) 0.5024(6) 0.1798(12) 3.8(4) 
C22 0.8206(10) 0.5198(6) 0.3113(12) 4.2(5) 
C23 0.7608(9) 0.4492(6) 0.3473(11) 3.3(4) 
C24 0.7576(7) 0.3633(5) 0.2572(9) 2.4(3) 
C25A 0.2829(13) 0.0675(11) 0.5005(17) 2.94(24) 
C25B 0.2490(24) 0.1142(18) 0.539(3) 2.8(4) 
C26A 0.1507(16) 0.0401(11) 0.5129(19) 4.5(3) 
C26B 0.263(3) 0.0181(19) 0.461(3) 3.1(4) 
C27 0.3752(17) 0.1019(12) 0.6807(21) 9.1(4) 

BISO is the Mean of the Principal Axes of the Thennal Ellipsoid 
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Table A6.3 Anisotropie temerature factors for CpRu(PPh3)(CQ)SS(O)(CHMe:z). 
U(ij) values xl 00. E.S.Ds. refer ta the last digit printed. 

VII V22 V33 V12 U13 U23 

Ru 2.14(3) 3.44(4) 3.01(4) 0.123(24) 0.148(24) 0.814(25) 
SI 2.90( 10) 4.00(11) 3.84(11) -0.62(8) 0.60(9) 0.63(9) 
S2 3.51(12) 7.94(18) 5.43(14) -1.26(12) 1.41(11) 1.33(13) 
p 2.19(10) 3.00(10) 2.45(9) -0.16(8) 0.25(8) 0.54(8) 
OIA 5.23(24) 
OIB 6.5(5) 
02 5.4(4) 6.5(4) 4.1(4) 0.1(3) 1.0(3) -1.5(3) 
Cl 4.4(5) 6.6(6) 2.7(4) 1.0(5) -0.7(4) 2.0(4) 
C2 4.3(6) 6.3(6) 4.8(6) -0.9(5) -3.2(5) 2.4(5) 
C3 2.3(5) 8.4(8) 7.8(7) 0.9(5) -0.3(5) 4.5(7) 
C4 4.5(6) 5.3(6) 5.2(6) 1.8(5) 0.6(5) 2.2(5) 
C5 4.9(6) 4.7(5) 3.9(5) 0.0(4) -0.3(4) 2.3(4) 
C6 2.7(4) 3.8(5) 5.3(6) 0.9(4) 0.7(4) 1.3(4) 
C7 3.0(4) 3.8(4) 3.2(4) -0.4(3) 0.6(3) 0.4(3) 
C8 2.9(4) 5.2(5) 3.1(4) -0.2(4) -0.4(4) 0.3(4) 
C9 4.1(5) 4.6(5) 2.9(4) 0.4(4) -0.3(4) 1.1(4) 
CIO 4.5(5) 5.1(5) 3.1(4) -0.4(4) 0.9(4) 1.8(4) 
Cll 3.3(4) 3.8(4) 3.0(4) -0.3(4 0.6(3) 0.4(4) 
C12 2.4(4) 2.1 (4) 2.6(4) 0.2(3) 0.3(3) -0.2(3) 
C13 3.3(4) 3.1(4) 2.5(4) -0.2(3) 0.3(3) -0.1(3) 
Cl4 4.6(5) 4.1(5) 3.1(4) -1.0(4) 0.9(4) 0.2(4) 
C15 5.0(5) 3.4(4) 3.8(5) -0.1(4) l.5(4) 0.2(4) 
C16 4.1(5) 5.6(6) 5.5(6) l.2(5) l.2(5) 0.4(5) 
C17 3.2(5) 4.0(5) 3.8(5) 0.2(4) 0.4(4) -0.6(4) 
C18 3.2(4) 3.2(4) 2.ï(4) -0.2(3) 0.8(3) 0.3(3) 
C19 3.9(5) 4.7(5) 4.1(5) -0.3(4) 1.1(4) 1.8(4) 
C20 5.7(6) 4.9(6) 5.4(6) 0.0(5) 2.3(5) 1.7(5) 
C21 3.7(5) 401(5) 6.7(6) -0.6(4) 0.8(5) 2.2(5) 
C22 6.1(6) 3.9(5) 5.5(6) -0.8(5) 0.6(5) 1.1(4) 
C23 4.5(5) 3.9(5) 4.6(5) -l.2(4) 1.6(4) 0.3(4) 
C24 2.8(4) 3.3(4) 2.8(4) J.2(3) 0.1(3) 1.2(3) 
C25A 3.7(3) 
C25B 3.5(5) 
C26A 5.7(4) 
C26B 3.9(6) 
C27 1l.5(5) 

Anisotropie Temperature Factors are of the form; 

Temp = _21t2(h2a*2U ll + k2b*2U22 + 12c*2U33 + 2hka*b*U12 + 2h1a*c*U13 + 2klb*c*U23) 
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Table A6.4 Selected bond lengths and angles for CpRu(PPh3)(CO)SS(O)(CHMe2)' 

Ru-S(l) 2.3794(22) C(9)-C(10) 1.374(13) 
Ru-P 2.3040(20) C(10)-C(11) 1.399(11) 
Ru-C(3) 2.241(9) C(11)-C(12) 1.385(11) 
Ru-C(4) 2.215(9) C(13)-C(14) 1.411(11) 
Ru-C(5) 2.226(8) C(13)-C(18) 1.369(11) 
Ru-C(6) 1.868(10) C(14)-C(lS) 1.367(13) 
S(1)-S(2) 2.076(3) C( 15)-C( 16) 1.400(14) 
S(2)-O(lA) 1.448(10) C(16)-C(17) 1.392(12) 
S(2)-00B) 1.358(2l) C(17)-C(18) 1.389(11) 
S(2)-C(25A) 1.968(15) C(19)-C(20) 1.399(12) 
S(2)-C(25B) 1.653(23) C( 19)-C(24) 1.386(11) 
P-C(12) 1.838(7) C(20)-C(21 ) 1.340(14) 
P-C(18) 1.844(8) C(21 )-C(22) 1.409(15) 
P-C(24) 1.817(8) C(22)-C(23) 1.383(13) 
Q(2)-C(6) 1.132(12) C(23)-C(24) 1.385(12) 
C(I)-C(2) 1.392(15) C(2SA)-C(25B) 0.81(3) 
C(I)-C(5) 1.428(14) C(25A)-C(26A) 1.524(21 ) 
C(2)-C(3) 1.443(18) C(25A)-C(26B) 0.79(3) 
C(3)-C(4) 1.379(16) C(25A)-C(27) 1.648(23) 
C(4)-C(5) 1.398(14) C(25B)-C(26A) 1.54(3) 
C(7)-C(8) 1.409(11) C(2SB )-C(26B) 1.49(4) 
C(7)-C(12) 1.396(11) C(25B)-C(27) 1.56(3) 
C(8)-C(9) 1.366(12) C(26A )-C(26B) 1.35(3) 

S(1)-Ru-P 90.23(7) C(10)-C(l1)-C(12) 120.2(7) 
S(1)-Ru-C(3) 100.1(3) P-C(12)-C(7) 121.1(6) 
S(I)-Ru-C(4) 134.6(3) P-C( 12)-C(1l) 119.1(6) 
S(1)-Ru-C(5) 152.37(25) C(7)-C( 12)-C( 1 i) 119.6(7) 
S(1)-Ru-C(6) 90.3(3) C(14)-C(l3)-C(18) 120.6(7) 
P-Ru-C(3) 155.8(3) C(13)-C(l4)-C(l5) 120.3(8) 
P-Ru-C(4) 134.4(3) C(14)-C(l5)-C(1t» 11~.3(8) 
P-Ru-C(5) 100.3(3) C(15)-C(16)-C(17) 120.2(8) 
P-Ru-C(6) 90.35(25) C(16)-C(17)-C(18) 120.3(8) 
C(3)-Ru-C(4) 36.0(4) P-C(18)-C(13) 120.5(6) 
C(3)-Ru-C(5) 61.4(4) P-C( 18)-C( 17) 120.2(6) 
C(3)-Ru-C(6) 111.3(4) C(13)-C(l8)-C(17) 119.4(7) 
C(4)-Ru-C(5) 36.7(4) C(20)-C(J 9)-C(24) 120.1(8) 
C(4)-Ru-C(6) 96.6(4) C( 19)-C(20)-C(21) 120.6(9) 
C(5)-Ru-C(6) 114.9(4) C(20)-C(21 )-C(22) 120.7(8) 
R~l-S( 1 )-S(2) 102.63(11) C(21 )-C(22)-C(23) 118.3(8) 
S(1)-S(2)-O(iA) 110.1(4) C(22 )-C(23 )-C(24) 121.6(8) 
S{ 1 )-S(2)-0(1B) 115.7(9) P-C(24 )-C( 19) 122.7(6) 
S( 1 )-S(2)-C(25A) 91.5(4) P-C(24 )-C(23) 118.7(6) 
S( 1 )-S(2)-C(25B) lCC>.6(9) C(19)-C(24)-C(23) 118.6(7) 
O(1A)-S(2)-0(1B) 114.2(10) S(2)-C(25A)-C(25B) 55.6(18) 
O( 1 A)-S (2)-C(25A) 108.7(6) S(2)-C(25A)-C(26A) 107.5(10) 
O( lA)-S(2)-C(25B) 114.1(9) S (2 )-C(25A )-C(26B) 129.8(21) 

"' O( IB)-S(2)-C(25A) 114.5(10) S(2)-C(25A)-C(27) 99.0(0) 
O( 1 B )-S (2)-C(25B) 92.3(13) C(25B)-C(25A)-C(26A) 76.0(20) 
C(25A) -S(2)-C(25B) 23.7(10) C(25B)-C(25A)-C(26B) 137(3) 
Ru-P-l:(l2) 119.08(24) C(25B )-C(25A)-C(27) 69.2(20) 
Ru-P-C(l8) 116.0(3) C(26A)-C(25A)-C(26B) 62.5(21) 
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Ru-P-C(24) 111.31(25) C(26A)-C(25A)-C(27) 111.0(12) 
C(l2)-P-C(18) 101.4(3) C(26B )-C(25. ~)-C(27) 131.1(23) 
C(12)-P-C(24) 102.2(3) S(2)-C(25B)-C(25A) 100.7(22) 
C(8)-P-C(24) 105.1(4) S(2)-C(25B )-C(26A) 124.5(16) 
C(2)-C( 1 )-C(5) 108.3(9) S(2)-C(25B)-C(26B) 108.2(17) 
C( 1 )-C(2 )-C( 3) 107.8(9) S (2)-C(25B )-C(27) 118.5(16) 
Ru-C(3)-C(2) 71.8(5) C(25A)-C(25B)-C(26A) 73.5(20) 
Ru-C(3 )-C( 4) 71.0(5) C(25A)-C(25B )~C(26B) 20.8(17) 
C(2)-C(3 )-C( 4) 106.8(9) C(25A)-C(25B)-C(27) 81.9(22) 
Ru-C(4)-C(3) 73.0(5) C(26A)-C(25B)-C(26B) 53.1(14) 
Ru-C(4)-C(5) 72.0(5) C(26A)-C(25B)-C(27) 115.1(17) 
C(3)-C(4)-C(5) 110.4(9) C(26B )-C(25B )-C(27) 95.1(18) 
Ru-C(5)-C( 1) 72.9(5) C(25A)-C(26A)-C(25B) 30.4(12) 
Ru-C(5)-C( 4) 71.3(5) C(25A)-C(26A)-C(26B) 31.0(14) 
C(1 )-C(5)-C( 4) 106.7(9) C(25B )-C(26A)-C(26B) 61.3(17) 
Ru-C(6)-Q(2) 177.1(7) C(25A)-C(26B)-C(25B) 21.3(17) 
C(8)-C(7)-C(12) 118.9(7) C(25A)-C(26B)-C(26A) 86.5(24; 
C(7)-C(8)-C(9) 121.1(8) C(25B )-C(26B )-C(26A) 65.6(16) 
C(8)-C(9)-C( 1 0) 119.9(7) C(25A)-C(27)-C(25B) 28.9(12) 
C(9)-C(10)-C(11) 120.3(7) 
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Table A7.1 Crystal data for CpRu(PPh3)(CO)SS(Oh(4-C6H4Me). 

Space Group: Monoclinie, P 21 
Cell Dimensions: 
a = 10.941(2) b = 9.569(2) c = 14.573(2) 
~ = 107.58(1) 
Volume = 1454.5(4) A3 

Empirical formula: C31H27P03RuS2 

CeH dimensions were obtained from 25 refleetions with 28 angle in the range 28.00 -
33.33 degrees. 

Crystal dimensions: 0.10 x 0.15 x 0.32 mm 

FW = 643.72 Z = 2 F(OOQ) = 656 

Dcalc = 1.470 Mg.m·3, \.l = 7.49 cm-l, Â. =0.70930 Ât 28(max)= 55.0 

The intensity data were collected on a Rigak:u AFC6S defractometer, 
using the 0>-20 scan mode. 
The htk,l ranges are: 0 14, -12 12, -18 18 
No. of reflections measured 7016 
No. of unique reflections 6679 
No. of reflections with Inet > 3.0 cr (Inet) 4258 
A Lorentz-polarization correction was made for absorption wich resulted in a 
transmission factor ranging from 0.93 to 1.00. 

Data set was solved by direct method. 
The last least squares cycle was calculated with 63 atoms, 342 parameters and 4258 out 
of 6679 reflections. 
Weights based on counting-statistics were used. 

For significant reflections, R = 0.044, R w = 0.038, 
GoF = 1.55 

where R = I:IFo-Fc~IFol 
Rw = ~[l:(w(Fo-FC)2f(wFo2)] 
GoF = ~[I.(w(Fo-Fc) )/(No. of reflns - No. of params.)] 

The maximum shift/cr TlltiO was 0.03. 

In the last D-map, the deepest hole was -0.75 e'/A3, and the highest peak 0.66 e-/A3. 
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Ru-P-C(24) 111.31(25) C(26A)-C(25A)-C(27) 111.0(12) 
C(12)-P-C(18) 101.4(3) C(26B )-C(25 A)-C(27) 131.1(23) 
C(12)-P-C(24) 102.2(3) S(2)-C(25B )-C(25A) 100.7(22) 
C(18)-P-C(24) 105.1(4) S(2)-C(25B )-C(26A) 124.5(16) 
C(2)-C(l)-C(5) 108.3(9) S(2)-C(25B)-C(26B) 108.2(17) 
C(1 )-C(2)-C(3) 107.8(9) S(2)-C(25B )-C(27) 118.5(16) 
Ru-C(3)-C(2) 71.8(5) C(25A)-C(25B)-C(26A) 73.5(20) 
Ru-C(3)-C(4) 71.0(5) C(25A)-C(25B)-C(26B) 20.8(17) 
C(2)-C(3)-C(4) 106.8(9) C(25A)-C(25B)-C(27) ~1.9(22) 
Ru-C(4)-C(3) 73.0(5) C(26A)-C(25B)-C(26B) 53.1(14) 
Ru-C(4)-C(5) 72.0(5) C(26A)-C(25B)-C(27) 115.1(17) 
C(3)-C(4)-C(5) 110.4(9) C(26B )-C(25B )-C(27) 95.1(18) 
Ru-C(5)-C(1) 72.9(5) C(25A)-C(26A)-C(25B) 30.4(12) 
Ru-C(5)-C( 4) 71.3(5) C(25A)-C(26A)-C(26B) 31.0(14) 
C(1 )-C(5)-C( 4) 106.7(9) C(25B)-C(26A)-C(26B) 61.3(17) 
Ru-C(6)-O(2) 177.1(7) C(25A)-C(26B)-C(25B) 21.3(17) 
C(8 )-C(7)-C( 12) 118.9(7) C(25A)-C(26B)-C(26A) 86.5(24) 
C(7)-C(8)-C(9) 121.1(8) C(25B)-C(26B)-C(26A) 65.6(16) 
C(8 )-C(9)-C( 10) 119.9(7) C(25A)-C(27)-C(25B) 28.9(12) 
C(9)-C( 1 O)-C( 11) 120.3(7) 
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Table A7.1 Crystal data for CpRu(PPh3)(CO)SS(Oh(4-C6H4Me). 

Space Group: MonocIinic, P 21 
CelI Dimensions: 
a = 10.941(2) b = 9.569(2) c = 14.573(2) 
p= 107.58(1) 
Volume = 1454.5(4) A3 

Empirical formula: C31H27P03RuS2 

CeU dimensions were obtained from 25 reflections with 28 angle in the range 28.00 -
33.33 degrees. 

Crystal dimensions: 0.10 x 0.15 x 0.32 mm 

FW = 643.72 Z = 2 F(OOO) = 656 

Dca1c = 1.470 Mg.m·3, Il = 7.49 cm-l, Â. = 0.70930 A, 28(max)= 55.0 

The intensity data were collected on a Rigaku AFC6S de frac tome ter, 
using the 0>-2Q scan mode. 
The h,k,lranges are: 0 14, -12 12, -18 18 
No. of reflections measured 7016 
No. of unique reflections 6679 
No. of reflections with Inet > 3.0 cr (Inet) 4258 
A Lorentz-polarization correction was made for absorption wich resulted in a 
transmission factor ranging from 0.93 to 1.00. 

202 

Data set was solved by direct method. 
The la st least squares cycle was calculated with 63 atoms, 342 parameters and 4258 out 
of 6679 reflections. 
Weights based on counting-statistics were used. 

For significant reflections, R = 0.044, Rw = 0.038, 
GoF = 1.55 

where R = tlFo-Fc\ll:IFol 
Rw = -VLE(w(Fo-Fc)2YI(wFo2)] 
GoF = v[l:(w(Fo-Fc) )/(No. of reflns - No. of params.)] 

The maximum shiftlcr ratio was 0.03. 

In the last D-map, the deepest hole was -0.75 e-/A3, and the highest peak 0.66 e-/A3. 
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Table A7.2 Atom coordinates, x,y,z and Biso for CpRu(PPh3)(CO)SS(Oh(4-C
6
H

4
Me). 

E.S.Ds. refer to the last digit printed. 

x y Z BISO 

Ru 0.70189(5) 0.1839 0.65886(4) 2.77(2) 
SI 0.6744(2) -0.0624(2) 0.6668(1) 3.18(8) 
S2 0.8368(2) -0.1621(2) 0.6652(2) 3.64(8) 
P 0.6281(2) 0.2050(2) 0.7913(1) 2.92(8 
01 0.8069(5) -0.3093(8) 0.6615(4) 5.3(2) 
02 0.9477(5) -0.1158(6) 0.7400(4) 4.6(3) 
03 0.9719(5) 0.201(1) 0.7905(4) 5.9(3) 
Cl 0.690(1) 0.3831(8) 0.5809(6) 5.3(4) 
C2 0.750(1) 0.286(1) 0.5381(7) 5.1(5) 
C3 0.6642(7) 0.187(1) 0.4984(5) 4.3(3) 
C4 0.5482(8) 0.2112(8) 0.5173(6) 4.3(4) 
-25 0.562(1) 0.336(1) 0.5684(6) 4.8(4) 
C6 0.8688(6) 0.187(1) 0.7432(5) 3.7(3) 
C7 0.807(1) 0.254(1) 0.9712(7) 5.7(5) 
C8 0.906(1) 0.208(2) 1.0525(8) 7.9(8) 
C9 0.940(1) 0.073(2) 1.0679(8) 8.6(8) 
CIO 0.874(1) -0.020(1) 1.0029(8) 9.2(8) 
CIl 0.780(1) 0.020(1) 0.9227\7) 6.2(5) 
C12 0.7449(7) 0.1551(8) 0.9043(5) 3.3(3) 
C13 0.4069(7) 0.048(1) 0.7096(6) 4.2(4) 
C14 0.2971(8) -0.022(1) 0.7089(7) 5.0(4) 
C15 0.265(1) -0.041(1) 0.792(1) 6.7(6) 
C16 0.347(1) 0.010(1) 0.8750(8) 7.0(6) 
C17 0.4569(9) 0.081(1) 0.8763(6) 5.4(5) 
C18 0.4886(7) 0.1041(7) 0.7916(6) 3.6(3) 
C19 0.664(1) 0.491(1) 0.8046(8) 6.3(5) 
C20 0.636(1) 0.628(1) 0.8195(9) 8.6(7) 
C21 0.526(1) 0.661(1) 0.8423(8) 8.2(7) 
C22 0.447(1) 0.557(1) 0.8493(8) 7.3(6) 
C23 0.4740(9) 0.418(1) 0.8347(7) 5.2(4) 
C24 0.5824(8) 0.3848(8) 0.8112(6) 3.8(4) 
C25 0.7985(8) -0.1899(8) 0.4718(7) 4.0(4) 
C26 0.8157(8) -0.150(1) 0.3872(7) 4.7(4) 
C27 0.8962(8) -0.044(1) 0.3812(6) 4.5(4) 
C28 0.9623(8) 0.024(1) 0.4641(7) 4.5(4) 
C29 0.9477(7) -0.0113(8) 0.5508(6) 3.8(4) 
C30 0.8643(7) -0.1191(7) 0.5550(6) 3.2(3) 
C31 0.908(1) 0.002(1) 0.2842(7) 6.5(6) 

Biso is the Mean of the Principal Axes of the Thermal Ellipsoid 

., 
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Table A7.3 Anisotropie thennal factors for CpRu(PPh3)(CO)SS(Oh(4-C~4Me). 
U(i,j) values x100. E.S.Ds. refer to the last digit printed. 

Ull U22 U33 U12 U13 U23 

Ru 3.81(3) 2.73(2) 3.59(3) -0.26(4) 0.53(2) 0.27(4) 
SI 4.1(1) 3.0(1) 5.0(1) -0.31(8) 1.4(1) -0.06(9) 
S2 4.6(1) 3.4(1) 5.8(1) 0.51(9) 1.4(1) 0.9(1) 
p 3.9(1) 2.9(1) 4.0(1) -0.25(9) 0.76(8) -0.13(9) 
01 9.0(4) 2.6(3) 9.7(4) 0.2(4) 4.7(3) 0.7(5) 
02 5.2(4) 6.1(4) 4.9(4) 0.8(3) -0.2(3) 1.5(3) 
03 4.4(3) 8.5(5) 7.7(4) -1.9(4) -0.7(3) -0.1(5) 
Cl 9.9(8) 3.6(5) 4.9(6) -1.7(5) -0.6(5) 1.4(4) 
C2 7.0(7) 6.8(6) 5.6(6) -0.4(5) 2.1(5) 1.2(5) 
C3 6.9(5) 4.8(4) 4.3(4) -0.1(7) 1.4(4) 1.0(7) 
C4 6.8(5) 3.2(6) 5.0(5) -0.3(4) 0.1(4) 0.5(4) 
CS 8.0(7) 5.0(5) 3.8(5) 1.9(5) -0.4(5) 1.0(4) 
C6 4.4(4) 3.6(3) 5.8(4) -0.5(6) 1.4(3) 0.1(6) 
C7 7.0(7) 8.1(7) 6.0(7) -0.4(5) 1.2(6) -1.5(5) 
C8 6.2(7) 17(2) 5.5(7) -2.(1) 0.1(5) -1.(1) 
C9 7.7(9) 20(2) 4.8(7) 5.(1) 1.9(6) 3.(1) 
CIO 15(1) 14(1) 5.1(8) 8.(1) 2.1(8) 3.0(8) 
Cll 10.4(8) 6.4(7) 5.1(6) 3.5(6) 0.0(6) 0.3(5) 
C12 4.4(4) 4.1(6) 4.1(4) 0.5(3) 1.2(3) 0.2(3) 
C13 3.5(5) 5.1 (5) 7.0(6) 0.4(4) 1.1(4) -0.3(5) 
C14 3.4(5) 6.4(6) 8.3(7) -0.0(4) 0.7(5) -0.9(5) 
C15 5.7(7) 8.0(8) 13(1) -2.1(6) 4.0(7) -0.2(7) 
C16 9.4(9) 11(1) 7.5(8) -2.5(7) 4.4(7) 0.5(7) 
C17 6.6(7) 8.6(7) 5.8(6) -2.6(6) 2.8(5) -0.5(5) 
C18 4.0(5) 4.2(5) 5.4(5) -0.4(3) 1.2(4) -0.2(4) 
C19 12(1) 3.9(6) 9.8(9) -1.3(6) 6.5(8) -0.4(6) 
C20 21(2) 3.2(5) 10(1) -0.1(8) 8.(1) -0.2(6) 
C21 17(1) 3.9(8) 8.7(8) 3.6(8) 2.1(8) -0.1(6) 
C22 7.7(8) 9.0(8) 9.4(8) 3.4(7) 0.3(6) -4.1(8) 
C23 6.9(7) 5.1(6) 7.4(7) 0.4(5) 1.4(5) -2.1(5) 
C24 6.3(6) 4.0(5) 4.2(5) 0.9(4) 1.8(4) -0.4(4) 
C25 4.5(5) 4.2(5) 6.3(6) -1.1(4) 1.2(5) -0.4(4) 
C26 4.7(5) 6.8(6) 5.8(6) -0.7(5) 0.9(5) -0.7(5) 
C27 4.8(5) 6.4(6) 6.1(6) -0.3(5) 2.0(5) 0.4(5) 
C28 4.4(5) 5.9(6) 7.1(6) -1.3(4) 2.2(5) -0.2(5) 
C29 4.0(5) 4.8(5) 5.8(6) -1.1(4) 1.6(4) -0.7(4) 

Anisotropie Temperature Factors are of the form: 

temp = -21t'2(h2a*2Ull + k2b*2U22 + 12c*2U33 + 2hka*b*U12 + 2hla*e*U13 + 2klb*c*U23) 
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Table A7.4 Selected bond lengths and angles for CpRu(PPh3)(CO)SS(Oh(4-C
6
H

4
Me). 

Ru-SI 2.383(2) C8-C9 1.34(2) 
Ru-P 2.315(2) C9-ClO 1.34(2) 
Ru-Cl 2.202(8) ClO-Cll 1.36(1) 
Ru-C2 2.214(9) Cll-C12 1.35(1) 
Ru-C3 2.249(7) C13-C14 1.37(1 ) 
Ru-C4 2.249(8) C13-C18 1.37(1) 
Ru-C5 2.233(8) C14-C15 1.36(1) 
Ru-C6 1.868(7) C15-C16 1.36(1 ) 
Sl-S2 2.023(3) C16-C17 1.37(1) 
S2-0l 1.444(8) C17-C18 1.40(1 ) 
S2-02 1.435(6) C19-C20 1.38( 1) 
S2-C30 1.770(8) C19-C24 1.37(1) 
P-C12 1.817(7) C20-C21 1.38(2) 
P-C18 1.808(7) C21-C22 1.34(2) 
P-C24 1.839(8) C22-C23 1.39(1) 
03-C6 1.138(7) C23-C24 1.37(1) 
C1-C2 1.39(1) C25-C26 1.36(1) 
C1-C5 1.42(1) C25-C30 1.39(1) 
C2-C3 1.34(1) C26-C27 1.36(1) 
C3-C4 1.40(1) C27-C28 1.37(1) 
C4-C5 1.39(1) C27-C3l 1.52(1) 
C7-C8 1.42(1) C28-C29 1.36(1) 
C7-C12 1.38(1) C29- C30 1.391(9) 

SI-Ru-P 87.98(7) Ru-C2-Cl 71.2(5) 
Sl-Ru-C1 153.2(2) Ru-C2-C3 73.9(5) 
SI-Ru-C2 122.7(3) CI-C2-C3 107.4(9) 
Sl-Ru-C3 94.3(3) Ru-C3-C2 71.1(5) 
SI-Ru-C4 95.1(2) Ru-C3-C4 71.9(4) 
SI-Ru-C5 127.0(3) C2-C3-C4 111(1) 
SI-Ru-C6 95.6(4) Ru-C4-C5 71.2(5) 
P-Ru-Cl 111.8(3) Ru-C4-C3 71.9(4) 
P-Ru-C2 148.3(3) C3-C4-C5 106.8(9) 
P-Ru-C3 149.9(2) Ru-C5-Cl 70.l(5) 
P-Ru-C4 113.7(2) Ru-C5-C4 72.5(5) 
P-Ru-C5 95.0(2) CI-C5-C4 106.6(8) 
P-Ru-C6 88.1(2) Ru-C6-03 173(1) 
CI-Ru-C2 36.7(3) C8-C7-CI2 118(1) 
CI-Ru-C3 59.4(4) C7-C8-C9 123(1) 
CI-Ru-C4 60.9(3) C8-C9-CI0 118(1) 
CI-Ru-C5 37.4(3) C9-C IO-C 1 1 121(1) 
CI-Ru-C6 102.7(4) C10-C11-CI2 122(1) 
C2-Ru-C3 35.0(3) P-C12-C7 121.4(7) 
C2-Ru-C4 60.7(3) P-CI2-C11 120.7(7) 
C2-Ru-C5 61.7(3) C7-C12-Cl1 117.8(9) 
C2-Ru-C6 95.4(3) CI4-CI3-CI8 122.6(9) 
C3-Ru-C4 36.2(3) C 13-C 14-C 15 121.0(9) , C3-Ru-C5 60.0(4) C14-C15-CI6 117.7(9) 
C3-Ru-C6 121.3(3) C15-C16-CI7 122(1) ri-

C4-Ru-C5 36.3(3) C16-C17-CI8 121.1(9) 
C4-Ru-C6 155.9(3) P-C18-C13 122.5(7) 
C5-Ru-C6 137.3(4) P-C18-C17 121.6(7) 
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Ru-SI-S2 110.0(1) C13-C18-C17 115.9(8) 
SI-S2-01 105.7(2) C20-CI9-C24 121(1) 
SI-S2-02 113.0(3) C 19-C20-C21 120(1) 
SI-S2-C30 107.0(3) C20-C21-C22 119(1) 
01-S2-02 117.4(3) C21-C22-C23 121(1) 
01-S2-C30 106.9(3) C22-C23-C24 120(1) 
02-S2-C30 106.3(4) P-C24-C19 117.8(7) 
Ru-P-C12 13.9(2) P-C24-C23 123.8(7) 
Ru-P-CI8 17.6(3) C 19-C24-C23 118.3(8) 
Ru-P-C24 13.1(3) C26-C25-C30 118.7(8) 
C12-P-Cl!~ 102.8(4) C25-C26-C27 122.4(9) 
CI2-P-C24 104.7(4) C26-C27 -C28 118.5(9) 
CI8-P-C24 103.2(4) C26-C27 -C31 120.8(9) 
Ru-CI-C2 72.1(5) C28-C27 -C31 120.7(8) 
Ru-CI-C5 72.5(5) C27-C28-C29 121.4(8) 
C2-CI-C5 108.3(8) C28-C29-C30 119.1(8) 

S2-C30-C25 119.7(6) 
S2-C30-C29 120.4(6) 
C25-C30-C29 119.9(7) 

..... 


