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REACTIONS OF RUTHENIUM AND PLATINUM THIOLATES
AND THE DEVELOPMENT OF NOVEL
HOMOGENEOUS CATALYSTS OF CLAUS CHEMISTRY

Ph.D. Mohammad El-khateeb Chemisuy

Abstract

The complexes CpRu(PPh3)L)SR (Cp= n3-cyclopentadienyl; R= CMe3, CHMe3,
4-CgHsMe) reacted with NOBF4 to give either [CpRu(PPh3)(NO)SR])BF; (I.= PPh3) or
complexes containing disulfide ligands (L= CO). The bisphosphine complexes,
CpRu(PPh3)2SR, reacted with HBF4 to give the corresponding thiol complex salts
[CpRu(PPh3)2(HSR)]BF4 and with [MeSSMez]BF4 to give [CpRu(PPh3)2(SMe2)]BF4
regardless of the starting thiolates. The complexes CpRu(PPh3)»>SR reacted with the sulfur
ransfer agent MeSphth (phth= phthalirmido) to give CpRu(PPh3)2(phth) and the dimers (u-
SMe)(u-SR)[CpRu(phth)]2 for R= CMe3 or CHHMe», while for R= 4-CgHsMe the same
reaction gave CpRu(PPh3)(phth)(MeSS-4-C¢H4Me) and (u-SMe)(pu-S-4-
CsHaMe)[CpRu(S-4-CgHsMe)]2. The complex CpRu(PPh3),SCH2CH=CH3, prepared
from the reaction of CpRu(PPh3)2Clt and LiSCH2CH=CHp, reacted with CO and CS3 to
give CpRu(PPh3)(CO)SCHyCH=CH; and CpRu(PPh3)S2CSCHCH=CH, respectively.
Refluxing a toluene solution of CpRu(PPh3)2SCH2CB=CH2 gave (u3-S)a(u-
SCH>CH=CH>)[CpRu]3 in which the C-S bond has been cleaved.

The complexes (PPh3)2Pt(SR)2 (R=H, CMe3, CHMe2, 4-CsHiMe) were treated
with SO as models for the Clauns process. These reactions produced adducts of formuia
(PPh3)2Pt(S(SO2)R)2, which have a labile thiolate-bound SO molecule, for R= CMegs, 4-
CgHsMe and CHMe). The reaction of cis-(PPh3)2Pt(St)s with SO gave (PPh3))Pt(S30)
and H»0, a reaction which mimics Claus chemistry. The complexes cis-(PPh3)2Pt(SH)2,

I



(PPh3)2Pt(S30) and (PPh3)2Pt(SR)2 catalyze the Claus reaction (2H25 + SO —= 3/8Sg

+ 2H20;.

The complexes (PPh3)2Pt{SR)> reacted with CS» 10 form the mixed thiolato-
thioxanthato complexes (PPh3)Pt(SR)(S2CSR) wherein CS» had inserted into one of the
Pt-S bonds. The complex cis-(PPh3)2Pt(SH)2 reacted with CS» to give the known
complex, (PPh3)2Pt(S2CS). which contains a trithiocarbonate group.

The structures of [CpRu(PPh3)(NO)SCMe3]BFy, (4-SMe)(pn-S-4-
CeHaMe)[CpRu(S-4-CeHsaMe)]2, (13-S)2(1-SCH2CH=CH2)[CpRu]3. (PPh3)2Pt(S30)
and (PPh3)Pt(S-4-CeHsMe)(S2CS-4-CgHsMe) were determined by x-ray crystallography.

r



REACTIVITE DE COMPLEXES THIOLATE DU RUTHENIUM ET DU
PLATINE. DEVELOPPEMENT DE NOUVEAUX CATALYSEURS
HOMOGENES DE LA CHIMIE CLAUS

Ph.D. Mohammad El-Kkateeb Chimie

RESUME

Les complexes CpRu(PPh3)(L)SR (Cp=n5-cyclopentadienyle; R= CMe3, CHMe»,
4-CgHsMe) réagissent avec NOBF4 pour donner [CpRu(PPh3)(INO)SR]BF;4 dans le cas oit
L= PPh3 et des complexes contenant des ligands disuifure dans le cas od L= CO. Les
complexes bisphosphine CpRu(PPh3)2SR réagissent avec HBF4 pour donner les
complexes thiols correspondants [CpRu(PPh3)2(HSR)]BF4 et avec [MeSSMez]BF,4 pour
donner [CpRu(PPh3)2(SMe2)]1BF4, complexe ne contenant plus les ligands thiolate SR.
Les complexes CpRu(PPh3)2SR réagissent avec 1'agent soufré MeSphth (phth=
phthalimido) pour donner CpRu(PPh3)2(phth) et les dimires (u-SMe)(u-
SR){CpRu(phth)]2 pour R= CMe3, CHMe; tandis que pour R= 4-CgHs4Me, 1a méme
réaction conduit A la formation de CpRu(PPh3)@h&)MeSS4Wc) et (U-SMe)(u-S-
4-CgHsMe)[CpRu(S4-CgHsMe))2. Le complexe CpRu(PPh3)2SCH2CH=CH>, préparé a
partir de 1a réaction de CpRu(PPh3)2Cl avec LiSCH2CH=CHp, réagit avec CO et CS3 pour
donner CpRu(PPh3)(CO)SCH2CH=CH2 et CpRu(PPh3)S2CSCH2CH=CH2
respectivement. Une solution de CpRu(PPh3)2SCH2CH=CH3 portée a reflux donne (u3-
S)2(u-SCH2CH=CH»)[CpRu]3 dans lequel une liaison C-S est rompue.

Les complexes (PPh3)2Pt(SR)2 (R= H, CMe3, CHMe3, 4-CgHsMe) sont traités
avec SO dans le but de modéliser le procédé Claus. Ces réactions produisent des
composés du type (PPh3)2Pt(S(SO2)R)2 qui possédent une liaison thiolate-SO; labile, pour
R= CMe3, 4-CgHsMe et CHMe). La réaction de cis-(PPh3)2Pt(SH)2 avec SO3 donne
(PPh3)2Pt(S30) et H2O; une réaction qui imite la chimie Claus. Les complexes cis-

v



(PPh3)2Pt1(SH)z2. (PPh3)2Pt(S30) et (PPh3)2Pt{SR)> catalysent la réaction Claus (2H2S +
S07 —»= 3/8Sg + 2H,0).

Les complexes (PPh3)2Pt(SR)2 réagissent avec CS2 pour former des complexes
mixtes thiolate-thioxanthate (PPh3)}Pt(SR)(S2CSR) dans lesquels CS2 s’est inséré dans une
des liaisons Pt-S . Le complexe cis-(PPh3)2P1(SH)2 réagit avec CS2 pour donner le
composé connu, (PPh3)2Pt(82CS), qui contient un groupe trithiocarbonate .

Les structures de [CpRu(PPh3)(NO)SCMe3]BF4, (H-SMe)(p-S-4-
CgHaMe)[CpRu(S-4-CgHaMe)]2, (113-S)2(t-SCH,CH=CH2)[CpRu}3, (PPh3)2P1(S30) et
(PPh3)Pt(S-4-CgH4Me)(S2CS-4-CgHsMe) ont €té determinées par crystallographie aux

rayons X.



TJo Sawsan, Laith

and Osama



ACKNOWLEDGMENTS

I would like 1o express my deepest gratitude to my research director, Prof. Alan
Shaver, for his guidance, valuable suggestons, constant encouragement and precious

advice during the course of this thesis.

I wish to thank Prof. John Harrod for his helpful discussions and suggestions, Dr.
Anne-Marie Lebuis for determining the crystal structures, Dr. Jesse Ng for his meaningful
discussions as well as proof-reading this thesis and Mr, George Kopp for his collaboration

in making the glassware necessary in synthesis.

My appreciation is carried to the inhabitants of Room 435, past and present, for
creating a pleasant working atmosphere. In particular, Dr. Marie-Laurence Abasq for
translating the abstract into French. A special thanks to my friend Imad Abu-Yousef for

helpful discussions.

The financial support granted by the Natural Sciences and Engineering Council of
Canada and the "Alexander McFee" fellowship awarded by McGill University are
acknowledged.

I would like to express my sincere appreciation to my wife for her patience and
moral support. Finally, my warmest thanks to my family for their kindness and

encouragement.

vi



Page
A B S T R A G T ettt itttieraarstieeassssassesasetienesansrenerasseran e aaneurarasennan 11
RESUME oottt icrieeeeereeesesiansaesssesssessasesssssesaeassenssesesnessaeans v
ACKNOWLEDGMENTS  coiiiiitieettrterenssrsssnsssersnserssssarersssssesnnnsas VI
TABLE OF CONTENTS cottciirrcttictirtceimnsseseesnersnssesssnnsenssseesnnnns vl
LIST OF TABLES i toiteiirteetaeisensestnsnss s sanssssnssssnsssensssens IX
LIST OF FIGURES ot otetictecirisereeinsssssssnnsiassassesssesssomssosssnsansnse XI
LIST OF ABBREVIATIONS  ooriitcrriirinursstrsersssesstasmsessssansassnsasas X1
CHAPTER 1: INTRODUCTION
General INtroduction .ottt nee seaceeeetsaaen 1
The Synthesis of Transition Metal Thiolate Complexes ............ S
The Reactiviiy of Tansition Metal Thiolate Complexes ............ 9
Hydrodesulfurization and the Claus Process ....covivnnninne 19
Scope of TRESIS  .ccviiiiii et 21
CHAPTER 2: REACTIONS OF CpRu(PPh3){(L)SR WITH NOBF;4
INtroduction .. tne e e snesaesaasesnsabenenanans 22
RESUIES ieiiiiiiictitctarttismenetesisonsssntaessastsnsesbranasssssne 20
DISCUSSION .everereericcreosssssassscesnsansassesssesssnssssnsnssassnssnse 35
CHAPTER 3: REACTIONS OF CpRu(PPh3):SR WITH
ELECTROPHILES
INtTOAUCTION eeeeiieceeeiemeceesersesaenrennssenassssensansarananas 38
RESUILS e ccrriciirteteesareceasrsssectsasenssnsesuasennanes 47
DISCUSSION  .eeeeeeiinreeriecrneenssssessesssssnsssssesnsonssenssssnsannssss 54
CHAPTER 4: CHEMISTRY OF CpRu(PPh3);SCH2CH=CH,
INIFOAUCHON  cveeiiiiiereerienresesassssessassssscasesssssassssassannsans 58
RESUILS oot ecectrrreeceremetenrasssesnsssanemssensasssmensunnnns 62
DiSCUSSION .oiicveeiiiceresseresssestnseenssesessesssresssasssansssanssnses 68

TABLE OF CONTENTS

vir



CHAPTER 5: REACTIONS OF (PPh3)2Pt(SR)a WITH SOa:

IRITOUCHION et se e ee e et e eaaaanas 74
RS UIIS oottt e e s en e earaaan s aaeeerrarannraannans 33
DiISCUSSION  ceniiiiitiiieeeeireemee et aeeeenasssnaaaansasaneeansannans 91

CHAPTER 6: REACTIONS OF (PPh3)2Pt(SR)> WITH CS>

INTOAUCLION  ciieiiriiicireetttieen e enittnsnvns e staeeesensanenes S8
RESUIES ittt ettt ee em s e e aa e e e e e ennans 103
DiISCUSSION cieiiiiiiiiiiarnraiitioiesrtsestaenamaansaestoaanenrnsannnans 107

CHAPTER 7: EXPERIMENTAL SECTION

General Methods .o veereer s irasess e ssassssnsannses 110
Preparation of Complexes ..o e 1t
Catalytic Reaction of H2S with SO ..o 125
ORIGINAL CONTRIBUTIONS TO KNOWLEDGE ....cococccetieinceeceenees 128
REF E R EN CES ittt iirteiecsastesssesesanseasannmestasesassasanasesesensncesnnanns 129

APPENDIX 1 Structural Analysis of [CpRu(PPh3)(NO)SCMe3)BFs4. ......... 152
APPENDIX 2 Structural Analysis of (u-SMe)(u-S-4-CgHsMe)[CpRuS-4-

CHAMEI 2. ettt errers s esns st e e nearaees 157
APPENDIX 3 Structural Analysis of (i3-S)2(u-SCHoCH=CH,){CpRu]3. ... 163
APPENDIX 4 Stuctural Analysis of (PPh3)2PtS30+CH2Cl,. ... 169
APPENDIX 5 Structural Analysis of (PPh3)Pt(S-4-CgHsMe)(S2CS-4-

CEHAME). et ette s s e e ee e s s nrmnaes 177

v



Table 2.1
Table 2.2
Table 3.1
Table 3.2
Table 4.1
Table 5.1

Table 5.2

Table 5.3
Table 6.1

Table 7.1
Table Al.1
Table A1.2

Table A13
Table A1 4

Table A2.1
Table A2.2

Table A2.3

Table A2.4

Table A3.1
Table A3.2

LIST OF TABLES

vNoj in em! for [CpRu(PPh3)(NO)SR]BFs. l1a-c. in

CHaCla solUltiOn. .o ecrnrvraceee e e e ananceransn s
Cp-chemical shifts (ppm) of CpRu(PPh3)2SR and
[CpRu(PPh3)}(NO)SR]* in acetone-dg. ....cceveeeccrseennenianns
v(sH) in cm! for [CpRu(PPh3)2(HSR)]BF;

(KBr disks), 4a-¢, and RSH (neat). ...occiiiiiiiiiiicnnninnnnn
SH-chemical shifts (ppm) of [CpRu(PPh3)2(HSR)]* and

of the free thiol in CDCI3.  .cciiiecriinersaaennreeissnnses
IH NMR data of compounds 10-15. ......ccveiencenrecncrenas
Spectral data of (PPh3)2Pt(S(SO2)R)2, 16a-C. ...ccoverevnerccnnn
Selected structural parameters for some platinum

complexes containing a 4-membered ring. .......cccerveireraennes
Yields of the catalytic reactiont of SO2 with H2S. .oceeveennen.
NMR data in ppm of (PPh3)Pt(SR)(S2CSR)and
(PPh3)oPt(SR)2.  ccrrrctree centteseennnsase s snarannnss
Data of the catalytic reaction of SO with H2S. .ccrecicennen.
Crystal data for [CpRu(PPh3)(NO)SCMe3]BFs.  ..uoeceeeennen.
Atom coordinates, x, y, z and Big, for
[CPRU(PPh3)(NO)SCMe3IBF4.  ceiceecereennecnsesessanesnens
Anisotropic thermal factors for [CpRu(PPh3)(NO)SCMe3)BFs,
Selected bond lengths (A) and bond angles (Deg) for
[CPRu(PPh3)(NO)SCMe3)BF4.  .cciciiiecreccsriesarianens
Crystal data for (u-SMe)(u-S4-CsHsMe)[CpRuS-4-CgHsMe)o. .
Atom coordinates, X, y, z and Big, for (U-SMe)(-S-4-
CeHsMe)[CpRuS-4-CeHaMe]2.  .ocicriinsceensssnnsies
Anisotropic thermal factors for (u-SMe)(u-S-4-
CsHaMe)[CpRuS-4-CeHaMel2.  criiricnnrnnraccacsescnsseenns
Selected bond lengths (A) and bond angies (Deg) for
(1-SMe)(u-S-4-CgHsMe)[CpRuS-4-CeHaMe)r.  ..cecccveencanen.
Crystal data for (u3-S)2(u-SCH2CH=CH2)[CpRu]3. ..cceevecnnee
Atom coordinates, x, ¥, z and Big, for (u3-S)2(u-
SCH2CH=CH2)[CPRUJ3.  rreeerererimernennnersanssansannes

IX



Table A3.3  Anisowopic thermal factors for (U3-S)a(u-

SCHaCH=CH2)[CpRUJ3. it 166
Table A3.4  Selected bond lengths (A) and bond angles (Deg) for

(U3-S)2(H-SCHACH=CH2)[CpPRUl3. .rrriirriiirrreeriiinnecnen 167
Table A4.1  Crystal data for (PPh3)aPtS30<CHAClz oo 170
Table A4.2  Atom coordinates. x, y. z and Bisq for (PPh3)2P1S30-CH2Cls. ... 171
Table A4.3  Anisotropic thermal factors for (PPh3)2PtS30-CHaCla. .......... 172
Table A4.4  Selected bond lengths (A) and bond angles (Deg) for

(PPh3)2PtS30°CHAaCl2. ot ccertecr e ernn e 173
Table A4.5  Least square planes for (PPh3)2P1S30-CHACla.  ..cccvveenineen. 174

Table A5.1  Crystal data for (PPh3)Pt(S-4-CgH4Me)(S2CS-4-CgHsMe). ... 178
Table A5.2  Atom coordinates, X, Y. z and Bis for (PPh3)Pt(S-4-

CeHaMe)(S2CS-4-CoHaMe). i vesssranneens 179
Table A5.3  Anisotropic thermal factors for (PPh3)Pt(S-4-CsHsMe)-

(S2CS-4-CgHaMe). v cerssencesananes eeneeneaas 180
Table A5.4  Selected bond lengths (A) and bond angles (Deg) for

(PPh3)Pt(S-4-CgHaMe)(S2CS-4-CgHaMe).  .oooovervverennreneenns 181



Figure 1.1
Figure 1.2
Figure 1.3

Figure 2.1
Figure 2.2

Figure 2.3
Figure 2.4

Figure 2.5
Figure 3.1

Figure 3.2

Figure 4.1
Figure 4.2

Figure 4.3
Figure 4.4
Figure 5.1
Figure 5.2

Figure 5.3
Figure 5.4

Figure 5.5
Figure 5.6
Figure 6.1
Figure 6.2

LIST OF FIGURES

Bonding modes of thiolato ligand (RS).
Structure of FeMo-cofactor.
The schematic representation of the active sites of
Rubredoxin and Ferredoxins.
Coordinaton modes of nitrogen monoxide.

Synergistic interactions between a transition metal
and a linear nitrosyl group.

ORTEP drawing of [CpRu(PPh3)(NO)SCMe3]BF4, la. .........

1H NMR spectrum of [(CpRu(PPh3)(CO))2S2(4-
CgHaMe)2]{BF4l2, 2, in CD2Cl2.

The pr-dr interaction between the metal and the thiolato ligand. .

1H NMR spectrum of CpRu(PPh3)(phth)(MeSS-4-CgHaMe), 8,
in CgDg.
ORTEP drawing of (it-SMe)(u-S-4-CgHqMe)[CpRu(S-4-
CgH4Me)]», 9.
Coordination modes of thiophene.
Metallathiobenzene formed by insertion of M into the C-S
bond of thiophene.

ORTEP drawing of (13-S)2(1-SCH2CH=CH2)[CpRu]3, 13. ....
The S-bonded allyl group showing the types of the protons. ......

Actual reactants and products of the Claus process.

Possible adsorption modes of SO on alumina with the
corresponding v(s=0) (cm!) values.
Possible adsorption modes of H2S on alumina.
IH NMR spectrum of a) Acetone-dg satvrated with SO2.

b) Products of the reaction mixture of cis-(PPh3)2Pt(SH)2
and SO2 in acetone-dg.

--------------

.............................

...........................................

.........................................

.........................

............................................

------------------------------------

..................................................................

----------------------------------------------------------

------------------------------------

------------------------------------------------------

----------------

..........

ORTEP drawing of (PPh3)2Pt(S30), 17.

Three rotamers of the most stable isomer of "H2830". ...........

Coordination modes of thioxanthato ligand.

ORTEP drawing of (PPh3)Pu(S-4-CeHsMe)(S28C-
4-CgHaMe), 19b.

XI

-------------------------

------------------------------------------------------

30

65
67
75

88
93
98



28

mEy X

LIST OF ABBREVIATIONS

nS-cyclopentadienyl
75-pentamethyicyclopentadienyl
organic alkyl group

organic ary! group

methyl

ethyl

n-propyl

i-propyl

r-butyl

n-butyl

phenyl

benzyl

p-tolyl

phthalimido

cyclohexyl

halogen

ethylenediamine

tosylate

hydrodesulfurization

transition metal

tetrahydrofuran

Angstrom (1 Angstrom = 10-10 m)
nuclear magnetic resonance
infrared

Qak Ridge Thermal Elipsoid Plot
analysis

calculated

fast atom bombardment
nitrobenzyi alcohol
tetramethylsilane

Xi



Abbreviations used in NMR

singlet

doublet

doublet of doublets
miplet

roultiplet

coupling constnt
Hertz

part per million

Abbreviations used in IR

weak
moderate
strong
shoulder

frequency, em’!

b.¢//4



CHAPTER 1

INTRODUCTION

GENERAL INTRODUCTION

The thiolato anion (RS") is a fundamental ligand. The anionic nature of this ligand
enhances its affinity for metal ions. Because of this, and the rich chemistry of sulfur

donors, a large variety of ansition metal compiexes with thiolato ligands are known.1-14

The thiolato anion may be classified as a pseudo halide, which is comparable as a
ligand with halo ligands (F, CI", Br', I'), and RS" can often be used to replace halide. In
fact, Jergensenl3 placed RS in the spectrochemical series between F~ and CI':

Brr<Cl'<«RS<F <OH <HyO <NH3z<en<NO; <CN

The RS ligand can be compared to the $2- ligand except that the R group can be modified
so that the environment around the metal center can be manipulated. Depending on the

nature of the R group, steric or electronic control can be achieved. 10

The thiolato ligand can act as a terminal or as a bridging ligand. It can bridge
between two or three metal atoms through the donation of one or two lone pairs of

electrons of the sulfur atom (Figure 1.1).



| )
M—-.:8:R ...S. ...S.
M/ \M M/J \M

Figure 1.1: Bonding modes of thiolato ligand (RS").

The chemistry of thiolato complexes is essential in biological systems.16-37 A
variety of metalloproteins are known to contain sulfur as part of the coordination sphere of
the metal ion. Nitrogenase, iron sulfur protein, metailothionines and copper blue proteins

are common enzymes containing sulfur ligands.

Nitrogenase,16-26 3 Fe-Mo-S enzyme, is found in blue-green algae and in free-
living bacteria. This enzyme is known to catalyze the reduction of dinitrogen to ammonia,
5 process known as nitrogen fixation. The general idea of this process is that the
molybdenurm atom (or atoms) bind the dinitrogen and that the iron atoms participate in one
or more redox reactions that supply the electrons needed to reduce it. Nitrogenase consists
of two distinct oxygen-sensitive proteins, the Mo-Fe protein and the Fe protein. The first
has a molecular weight of 200,000-230,000 and appears to contain one or two Mo atoms
and nearly equivalent amounts of Fe and $2- (15-30 atoms) and about 20 cysteine residues.
The Fe protein (Molecular weight ca. 6C,000) contains approximately four iron atoms and
four sulfide type sulfur atoms, probably in the form of an Fe4S4 ferrodoxin-type cluster. A
smaller fragment called the FeMo-cofactor has been isolated from the large protein and its
structure is shown in Figure 1.2.2728 It consists of Fe4S4 and FesMoS3 cubane fragments
which are bridged by two $2- groups and one "Y" group, possibly NH or O donor. One
of the Fe atoms in the Fe4S4 fragment is bound to a sulfur atom of cysteine residue and the

Mo atom is bound to a nitrogen atom of a histidine resigue and to two oxygen atoms of



. homocirrate ligand. Recently. the crystallographic structure of the nitrogenase protein

isolated from Azotobacter Vineladii was determined.28

P pe S /~\ CH,COy

s o-c- cnzcmcoz‘

//

s e T s

Cys—-S- Fe—-S Fe' Y-Fe

Figure 1.2: Struciure of FeMo-cofactor,

Iron sulfur proteins, such as nitrogenase, Rubredoxin and Ferredoxins, play an
important role in biological redox reactions such as photosynthesis and nitrogen fixation. 18-
20,30-35 The schematic representation of the active sites of Rubredoxin and Ferredoxins are
shown in Figure 1.3. Rubredoxin is a one electron transfer agent which consists of one
iron atom and 50-60 amino acids having molecular weights of approximately 7000. A
crystallographic study of Rubredoxin (reduced form) showed that the iron atom was
coordinated tetrahedrally by four thiolate sulfur atoms from cysteine residues. The two-
and four-iron atoms containing proteins are called Ferredoxins. These are small proteins
(Molecular weight 6000-12000) which contain iron atoms, sulfide bridging ligands and
terminal S-bound cysteinyl residues.

Metallothioneins are enzymes found in equine, human renal cortex and liver and in
lower vertebrates.1636-39 These enzymes contain about 60 amino acids (of which 20 are
cysteine bound to the metal atoms through the sulfur atom) and seven metal atoms (a
mixnure of Cd and Zn). The purpose of these enzymes is not firmly established.
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Figure 1.3: The schematic representation of the active sites of
Rubredoxin and Ferredoxins.

Copper blue proteins are found in plants where they seem to act as electron transfer
agents.1635-37 The crystallographic structure for one of the plastocyanins (examples of
copper blue proteins) was determined.#0 It contains one copper atom which is bonded to
the nitrogen atoms of two histedine residues, the sulfur atom of a cysteine thiolate residue

and the sulfur atom of 2 methonine group in a very distorted tetrahedral arrangement.

Complexes containing sterically hindered thiolato ligands were studied as
organometallic analogs of the above mentioned enzymes.43-52 The molybdenum
complexes, [Mo(CO)2(SCsH2(CHMe2)3)3]", [Mo(SCsH2(CHMe2)3)4(CH3CN)] and cis-
Mo(SCMe3)2(NCCMe3)4 have been prepared and structurally characterized as models for
nitrogenase.49.50 However, no interaction with dinitrogen was observed. As models for
copper blue proteins and metallothionines, the complexes [Cu(2-SCgHs(SiMe3)]12 and
(EtsN)2[Cd(2-SCgHa(SiMe3))s] were prepared and structurally characterized.52

Metal thiolato species are also implicated in induastmal processes such as the
hydrodesulfurization (HDS) of fossil fuels.53-65 This process is necessary to prevent
catalyst poisoning by organic sulfur compounds, to reduce the amount of SO2 pollutant
formed by combustion of petrolum fuels, and to remove bad smell from oil. Crude oil



undergoes hydrodesulfurization viz weatment with hydrogen gas over metal sulfide
catalysts to give saturated hydrocarbons and hydrogen sulfide (Equadon 1.1). The toxic
Ha2S is converted to elemental sulfur via the Claus process (Equation 1.2).88 This reaction
is a heterogeneous catalyzed process which is typically done over an alumina-based
catalyst. Inigally, some HaS is oxidized to SCG» and these two gases are then reacted

together to form elemental sulfur and water.

RSH + H, —2»> RH + H,S (L)

SO, + 2HS —E» 24,0 + 3xS, (1.2)

THE SYNTHESIS OF TRANSITION METAL THIOLATE COMPLEXES

A variety of methods used to prepare transition metal thiolate complexes67-104 are
listed below.

1. Metathesis of a transition metal halide with a metal thiolate: many transition metal
thiolates are prepared using this method due to the availability of the halide which is usually
casily substituted.67-79 The formation of an insoluble halide salt is often the driving force
for this reaction. Lithium, sodium and potassium salts of thiols are commonly used. The
tetrakisthiolate Mo(SCMe3)4 was prepared from MoCly and LiSCMe3 (Equation 1.3).68

MoCl, + 4LISCMe; — Mo(SCMey), + 4LICI  (L3)



The trimethylsilyl (Me3Si)1-7% and wialkyltin (R3Sn)80-82 groups can also effectively

transfer the thiolato anion to a metal center (Equations 1.474 and 1.582).

MoCl, + 4Me;SiSR — MO(SR), + 4 Me,SiC! (14)

R=2,4,5-CcH,(CHMe,)3

2 (PPhy)Mn(CO),Br + 2 Me,SnSR —— [(PPh3)Mn(CO)sSR), +
2MeSnBr + 2CO0 (1.5

R= Me, 4-C;H,Me

The reaction of thiols with a metal halide in the presence of a base gave thiolato complexes
such as cis-(PPh3)2Pt(SR)2, as shown in Equation 1.6.83

Et;N
cis-(PPhg),PtCl, + 2 RSH —ts—-- cis-(PPh3),Pt(SR), + 2 EtgN.HCI (1.6)

R= CH,Ph, CHMe,, CMe,

2. Oxidative addition of disulfides or thiols to low-valent transition metal complexes:
certain metal carbonyl complexes oxidatively add disulfides?8:84.85 or thiols®4-89 to form
metal thiolate complexes. The vanadium dimer [CpV(SMe)2)2 was prepared in this manner
(Equations 1.7 and 1.8).%4



2CpV(CO); + 2 MeSSMe [Cpv(SMe)l, + 8CO (1.7

[CpV(SMe),], + 8CO + 2H, (18

2CpV(CO)s + 4 MeSH

3. Reactions of organometallic anions with sulfur transfer agents: the sulfur tansfer
agents,90.91 RSphth (phth= phthalimido) are a stable, readily available source of (RS*)
which have been proven to be very effective in the preparation of thiolato complexes.92-94
An example is the preparation of CpW(COQO)2(PPh3)SR from the corresponding hydride
(Equation 1.9).95

> >

| MeLi

—_— w Li + MeH
oc7 \"H oc” | Pph,
oC PPh, co
lns;:mh
W u
oc”/ \"SR phth (1.9)
oc  PPhg

R= CHMe,, CH,Ph, 4-C¢H,Me, Ph, phth

4. Insertion of elemental sulfur into a metal alkyl bond: the complexes CpW(NO)R3
inserted sulfur in a szquential manner to give CpW(NO)(SR)R and CpW(NO)(SR)2
(Scheme 1.1).96-98
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5. Alkylation of a metal sulfide: alky! halides reacted with the sulfido bridged iron dianion
dimer Nap[(CO)3Fe(i-S)]2 to give the thiolates shown in Equation 1.10.99.100

R R
S5, 2- S_.S,
[(00)3 = "‘Fo(c0)3] + 2RI —'-(OC)SFeéFo(CO)s + 21 (1.10)

R=Me, Et

6. Depgradation of a metal thioxanthate: neutral metal thiolate complexes may be
synthesized from the corresponding thioxanthates by CS2 elimination.102-104 The
complexes [Fe{t-SR)(S2CSR)2]> were prepared using this method (Equation 1.11).104



& J5 i T
s_| _s s
2S/Fe<s>—sn —& . S/Fleis:Fefs + 2CS;  (LID
|
s \ g s—{
RS RS R SR

R= Et. C3H7. n-Bu. CH:Ph

THE REACTIVITY OF TRANSITION METAL THIOLATE COMPLEXES

Transition metal thiolate complexes are highly reactive compounds. A swmmary of

their reactions is given below.

1. Formation of sulfur bridges: a feature of many thiolato complexes is their tendency to
form oligomers.1,10:12,105-107 Thiolates can bridge between twol%8-112 or three113-117
metal atoms to give dinuclear, linear or three-dimensional cluster compounds or high
polymers. The bridges can consist of two,l11.112,118,119 three i.120-122 o
four78,84,123,124 thiglato sulfur atoms. When the tungsten thiolates, CpW(CO)(PPh3)SR.
were mildly heated in solution, the thiolato bridge dimers were obrzined as shown in
Equation 1.12.125

d

\ N ?OCO
oC / SR 50°C oC” | \S
oC PPhy CoO é

— ¥ ) + 2PPh,
Me, Ph

0



2. Redox reactions: the availability of nonbonding electron pairs on the sulfur atom of
thiolato ligands can lead to oxidation. Oxidation of thiolato complexes can lead to sulfur-
sulfur bond formation,!26-131 or :t can lead to oxidation at sulfur which, in turn, can give

MS(O)xR complexes (x= 1, 2),132:150 depending on the complex.

The nitrosonium salt oxidadon of CpM(CQ)2SPh gave disulfide dimers as shown

in Equation 1.13,128,131

= é\ Phco -‘
2 _M_ + 2NOPFg —=[oa-Ng-SNL-CC(PFry, + 2N0 a13)
COpn 7

M=Fe,R2

In some cases the free disulfide igands were isolated. Equation 1.14 illustrates one such

reaction in which the Mo center is reduced to its (+2) oxidation state.127

Mo(SCMes), + 4 CNCMe; — cis-Mo{SCMes)(CNCMe;), +
Me;CSSCMe; (L14)

Oxidation of coordinared thiolato ligands can involve oxidaton at sulfur to form
sulfenato [RS(O)]” and sulfinato [RS(0)2]" ligands.132-150 Oxidants such as organic
peroxy acids, hydrogen peroxide and dimethyldioxirane have been shown to be useful
reagents for such transformations. Stoichiometric oxidation of

[(en)2Co(SCH2CHaNH2)]2* (en= ethylenediamine) with H>O» gave the sulfenato analog.

10



Subsequent oxidadon with H2O» converted the sulfenato complex to the corresponding

sulfinato complex (Equation 1.15).133

/\ N 2+ /\ N 2+
| 4

N\ — /N
ST e e
LN J N o
1
|neo,
/N 2+
N |
Co + H,0 (L15)
NT s

k,

The direct formation of the suifinato complexes CpRu(CO)(PPh3)S(O)2R by the
oxidation of CpRu(CO)(PPh3)SR with dimethyldioxirane is represented in Equation
1.16.134 When the oxidant is used in stoichiometric quantities, one obtains 1:1 mixture of

the sulfinato complexes and the starting Ru-complexes.

o> o> 0

! Hsc\ /o

Ru + 2 coy — Ru 9 + 2 c (1.16)
CO co O

R= Me, Ph, 4-CgH Me

11



The oxidation of nickel thiolate complexes have been studied as models for oxygen-
degraded enzymes.139-150  The complex [1,5-bis(mercapto-2-methylpropyl)-1,5-
diazocyclooctanato]nickel(II) underwent reactions with oxygen or hydrogen peroxide to
produce a series of the comresponding sulfenato and sulfinato nickel complexes as shown in
Scheme 1.2.139.147 The complexes shown in Scheme 1.2 were isolated and characterized

by spectroscopic techniques as well as x-ray crystallography.139.147

N Ni/
N~ s
2 Ho0,
-78°C
QN\ S QN\ /S
-~ N

Ny o %0 N~ sz
;ﬁl ‘—ﬁ
Scheme 1.2



3. Reactions with electrophiles: the sulfur atom of thiolato complexes may retain
considerable Lewis basicity, and nucleophilicity.!31-1>% This can result in the protonation,
alkylation or coordination of a thiolato ligand at sulfur,151-157 Examples of electrophilic

anack at coordinated thiolato group are given below.

An exampie of protonation at the sulfur atom is the reatment of
[(en)2Co(SCH2CHaNH))2* with HCIO4 to give the corresponding thiol complex
(Equation 1.17).151

/‘rld 2+ /‘ril 3+

N N N N

;c°< + HY —m ;c::( j (1.17)
N~ | s N | s
LN LN

The S-alkylation of coordinated thiolato groups has been observed to occur when
certain metal complexes are treated with alkyl halides.153-158 A typical example of this type
of reaction is the methylation of the Ru(l)-thiolates shown below (Equation 1.18).155

LD> LoD

1 |
_Ruy__+ MeOTs NH,PF, _Ru Me[PF“] + NH,OTs (L18)
oc” | “sr oc” | s
PPh; PPhy N

R= Me, Ph, 4-C¢H Me
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The reaction of [(en)2Co(SCH2CH2NH2)]2*+ with alkylthiophthalimide in the presence of
BF3 gave a disulfide complexes [(en)>Co(S(SR)CH>CHaNH>)}3+ (Equarion 1.19).158

/‘N o4 /*N 34
N\c[ ’Nj RSphth — % N\c:l ’Nj F.Bphth: (1.19)
N/ |°\S + phth N/ lo\s + F3B.phth .
LN L\,N SR

R= Me, Et, CHMe,, CMes, Ph

4. Reactions with sulfur dioxide: metal thiolate complexes reacted with SO to give
adducts that have an S-bound SO» group. Examples are shown in Equations 1.20,159
1.21160 and 1.22.161

S0,
|
Cu(PPh,Me);SPh+ SO, —— Cu(PPh,Me);SPh (1.20)
! ]
W + —_— 1.21
oc”7 \SR 50: oc’/w\"sf..&;f>2 2
OC PPh4 OC  PPh,

Ru + S0, — Ru (1.22)
PhP” | “SMe Php” | 52502
Cco co Me
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In contrast to the above three reactions, the ruthenium complexes CpRu(PPh3)2SR
reacted with SO2 to give CpRu(PPh3)2(S(S02)R) and CpRu(PPh3)(SO:)(S(SO:)R)
(Equation 1.23). The first complex is similar to the above adducts having a labile SOa
bound to the thiolato ligand. The second complex has two SO ligands, one Ru-bound and

the other thiolate bound. neither of them being labile at room temperature, 161.162

Lo <>

! ]

Ru + SO — Ru
P
Ph,p” | SR php” | V52502
PPh, PPh
R= MC, C3H’7, C['IMCQ, 4'C6H4Mc 802
|
PPh, + Ru 5o 1.23
PhP” | st 123
S0,

The complex Cp*Ru(PPhoMe)2SMe reacted with SO2 to give the substtuted product
Cp*Ru(PPhaMe)(SO2)SMe (Equation 1.24),161

e Ge
Ru,  + SO, —~ Ru,_+ PPhoMe  (124)
MePh,P” | “SMe MePh,P” [ “SMe
MePh,P SO,
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5. Inserton reactions: transition metal thiolate complexes undergo insertion reactions with

small molecules such as carbon disulfide,163-16% alkynes!70-174 or carbenes.1 75

The electrophilic antack by CS> on the sulfur atom of a thiolato ligands can lead to
inseruon into the metal-sulfur bond. Some examples of the products of these insertions

include mononuclear systems with an 1 !-thioxanthato ligands such as CpNi(n-
Bu3zP)(SC(S)SR)165 (Equation 1.25), n2-thioxanthates such as CpW(CO)2(S2CSR)75.95
(Equation 1.26) and CpRu(PPh3)(S2CSR)176 (Equation 1.27) and clusters such as
Cug(SR)4(S2CSR)4168 (Equation 1.28).

> e

Ni + CS, — Ni § (1.25)
SR BuP”  “S-C-SR

R= Me, Et, Ph

t !
oc”/ \"SR : oc7/ \ S

oc L oc sl
Ph

L= PPh,, CO; R=Me,

+ L (1.26)

SR

LD D>

Ru + CS; —— Ru + PPh a.27)
PPhy” | “SR PPhy” | S :
PPhs sg(sn

R= C3H;, CHMe,, 4-CcH Me.
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8CUSR + 4CS, — Cug(SR),(S.CSR), (1.28)

R= C(MC):CH:CI‘I?,

Activated alkynes, such as hexafluorobut-2-yne and dimethyl
acetylenedicarboxylate, inserted into the metal-sulfur bond of certain metal thiolate
complexes to give metallacyclic complexes.170-173 Accordingly, CpFe(CO)2SPh reacted

with hexafluorobut-2-yne to give an iron-memllacyclic complex (Equation 1.29),172

< i

Fe + F;CC=CCF3 —— Fe (1.29)
oc/ | ~ SPh oc/ \s CF,
co Ph

Another example is the reaction of CpRu(PPh3)(CO)SR with dimethyl
acetylenedicarboxylate as shown in Equation 1.30.155

SN B oo

!
Ru_ + MeO,CC=CCOMe — = Ru | (130)
7 2 2 v
oc” | “sr Php” g ~COMe
PPh, R
R=Me, CH,Ph
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The CH2 carbene can insert into the metal-sulfur bond of the bimetallic complex

[Hg Au(SPPhaCH2)2]PFg to give the product shown in Equation 1.31.175

-
- Au-..s S/\Au s

s -2 N I [
Ph,R /\Pth [PFe] + 2CHN,—2~ PP PPhy|[PFe| (13D)

A A

Hg Hg

6. Cleavage of the carbon-sulfur bond: metal thiolate complexes can also undergo cleavage
of the carbon sulfur bond.177-179 For example, WCIsSR underwent heterolytic cleavage of
the C-S bond to generate a carbocation, which can further abstract chloride to give a RCl
and a tungsten sulfide complex. The intermolecular elimination of free RSSR was an

alternative route for the decomposition of WCIsSR (Scheme 1.3).178

WCl, + Me,SISR ——= WCIs(SR) + Me,SICl
A

RCI + WCIS WCl, + 1/2RSSR
R+ Ph

R= Me, Et, CH(Me)CH,Me, CMe;, CH,Ph, Ph

Scheme 1.3
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HYDRODESULFURIZATION AND THE CLAUS PROCESS

The presence of sulfur in fossil fuels is a major contributor to air pollution:
therefore, the removal of sulfur from fossil fuels is very important in the energy industry.
Industnially sulfur is removed from petroleum by catalynic hydrodesulfurization (HDS)
(Equation 1.1) as H2S and converted from HaS to elemental sulfur via the Claus process
(Equation 1.2). Hydrodesulfurization is carried out with hydrogen gas at high temperature
over a metal sulfide catalyst.>* This process is efficient although side reactions, such as
hydrogenolysis of C-C and C-N bonds and hydrogenation of unsaturated compounds, lead
to a significant waste of hydrogen and the generation of undesired byproducts. The
mechanisms of the various steps involved in the HDS reaction have been studied both on
surfaces35-57 and on organometallic modelsS7-38 and the results of such studies have been
reviewed. 56.59,60

Several groups have reported studies of adsorption of thiophene (a major
contaminant of petroleum) on metal surfaces such as Ni(100), Pi(111), Mo(100) and
W(211).55-57 These studies have led to the development of systems with homogeneous
metal complexes.55-60 The bonding and reactivity of thiophene complexes of Ru, Os, Ir
and Rh have been examined and the results used to formulate mechanisms for the observed
reactivity of thiophenes on HDS catalysts.53.57-60

In the Claus reaction, one third of the H2S produced from HDS is burned in air to
give SO2. The latter is reacted with the remaining H2S, over a catalyst at 400 “C, to give
¢lemental sulfur and water. Many materials were reported to catalyze the Claus reaction;
these include, alumina, iron oxide, manganese oxide, glass, activated carbon as well as
sulfides of silver, cobalt and molybdenum 66

Even though the catalytic Claus process can remove over 99% of sulfur from the
H3S, the mechanism of this reaction is still poorly understood. Conceptually, possible
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mechanisms of this reaction can be described by three models as shown in Scheme 1.4.
Model A depicts the reaction of H2S with preadsorbed SO2, model B involves the reaction
of SO, with preadsorbed H2S and model C involved the reaction of adsorbed SOz with
adsorbed HsS.

7N\ N 7 O\

(Toz) H,S (H;S) SO, (Hz‘s) (Isoz)
| .
M-SO, + H,S M-SH + SO, M:s°2
SH,
Model A Model B Model C
Scheme 1.4

Several attempts have been made by different groups to understand the mechanism
of the Claus reaction. The adsorption of H3S, SO2 and a mixture of them on alumina or
zeolites has been studied by IR and EPR spectroscopy.180-188 The results of these studies
showed that: 1) SO2 is bonded (chemisorbed) to a metal atom of the surface in 2 unidentate
fashion through the sulfur atom in either the pyramida! or the planar form.18%-193 2) the
chemisorbed SO2 was reactive toward H2S. 3) H3S is adsorbed on alumina in two
different forms, physical adsorption and dissociative adsorption. Both of these forms
involve adsorption on an aluminum ion site. More details about the Claus chemistry will be
presented in Chapter 5.



SCOPE OF THESIS

This work describes some reactions of ruthenium and platnum thiolate complexes.
In the first part of the thesis, the reactivity of the electron rich bisphosphine ruthenium
thiolate complexes CpRu(PPh3)2SR and their carbonyl analogs, CpRu(PPh3)(CO)SR,
wiud various electrephilies is investigated. In addition the preparation and the reactions of

CpRu(PPh3)>SCH2CH=CH? are discussed.

In the second part, the reactions of (PPh3)2Pt(SR)» (R= H, CMe3, 4-CgHsMe,
CHMe») with SO are studied as homogenous models for the Claus Process (Model B).
The compound cis-(PPh3)2Pt(SH)2 proved to be a good catalyst for the Claus reaction. An
intermediate in this reaction, namely (PPh3)2PtS30, was isolated and shown to contain a
four membered PtS3 ring with an oxygen atom attached to the middle sulfur atom. These
results generate new insight into fundamental Claus type chemistry. The insertion of CS2
into the Pt-S bonds of the platinum thiolate complexes is also presented.
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CHAPTER 2

REACTIONS OF CpRu(PPh3)(L)SR WITH NOBF4
(L= PPh3, CO; R= CMe3, CHMe2, 4-C¢H4Me)

INTRODUCTION

Transition metal complexes containing nitrogen monoxide as a ligand have been
known!94-199 for a long time and have been reviewed.200-210 The study of nitrosyl
complexes is related to the concern over the role of NO as a major air pollutant. Millions of
tons of nitrogen oxides, mainly as NO, are produced in the fossil fuel combustion
processes, chiefly those occurring in internal combustion engine, according to equation

2.1.211

1720, + 12N, — NO A Hy' = 21.6 kcal/mol 2.1)

One of the most serious problems caused by nitrogen oxides is the formation of
photochemical smog.212 The products, which appear as a white yellow haze, are
respiratory, eye and nose irritants with long term health effects and cause severe distress.
Among the pollutants in photochemical smog are NO, NO3, O3, hydrocarbons and
aldehydes. The inorganic photochemistry of smog is simplified in Scheme 2.1.212
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Scheme 2.1

The reactions shown in Scheme 2.1 can be further complicated by the formation of free
radicals that interact with unburned hydrocarbons and lead to formation of aldehydes and
other organic molecules.

The formation of nitrogen oxides can be minimized by modifying the combustion
conditions and by developing catalysts which can convert NO into less harmful chemical
entities, namely nitrogen and oxygen.213-218 Thus the reactions of nitrogen monoxide with
organometallic complexes continue to be of interest, since these latter ransformations can

be studied in detail.

Since NO™ is isoelectronic with N3, the study of nitrosyl complexes may offer
significant insight into the reduction of dinitrogen to ammonia in biological systems, 17.219-
221 An example of the reduction of NO ligand into hydroxylamine ligand is represented in
Equation 2.2.22!




. Nitrogen monoxide, which is a gas at standard temperature and pressure,
coordinares 1o transition metals through the nitrogen atom. The NO ligand can act as either
a formal one elecron or a three-electron donor. The modes of coordination of this ligand

are represented in Figure 2.1; these include linear, bent, doubly- and triply-bridged.

o]

»

0. 0: :0:
I,!,I NZ ﬁ |I~.||
| I N A
M: M M~ M M~/ M
M
Linear  Bent p2-Bridge p3-Bridge

Figure 2.1: Coordination modes of nitrogen monoxide.

The linear coordination mode, as in CpNi(NO),222 js similar to that of a terminal
CO ligand, in which considerable M-NO synergistic bonding is present (Figure 2.2). The
NO stretching frequency is usually in the range 1800-1900 cm-l, but it can be as low as
1650 cm! depending on the charge and type of ancillary ligands on the metal atom. The
bent coordination mode, e.g. in Ir(PPh3)2(CO)(C1)(NO),223 on the other hand, was
proposed by Sidgwick?24 as being analogous to that of a halide ion and structurally similar
to organic nitroso compounds. The M-N-O bond angle is close to 120* and the v(Ng)
stretching frequency is in the range of 1620-1680 cm-1.
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Figure 2.2: Synergistic interactions between a transition metal and
a linear nitrosyl ligand.

The doubly bridging NO ligand, which is found in the dimer [CpCr(NO)3]2.225
donates two electrons to one metal cnd one electron to the other, like a pa-halide ligand.
For p2-NO ligands, V(NO) is usually in the range 1550-1400 cm-l. The triply bridging
coordination mode, found in CpzMn3(NO)4,226 is quite rare. In this mode, the NO ligand
donates one electron to each metal atom and the v(NQ) bands are observed around 1320

cm-l.

Organometallic nitrosyl complexes can be prepared by the use of NO gas,
nitroso:;ium salts, nitrosyl halide, nitrite and nitronium salts as a source of NO.184-200 For
example, the nitrosyl dimer, [CpRu(NO)]2, resulted from the treatment of the dicarbonyl
dimer precursor with NO gas at high temperature (Equation 2.3).227

0O Co (¢
\ O/ A NS
Ru——Ru + 2NO — -Ru\=/ﬂu- + 4CO0 (23)
/ e N
oC (o] O



The complex CpRu(NO)Cl; was prepared by the reaction of CpRu(CO)2Cl with NO gas

under UV irradiation?28 or with NOCI at room temperature (Scheme 2.2).229

|
Ru + NO ——» Ru + 2CO
W
oc” | e c1”” | ~No
co cl
Tzs'c
Fltu + NOCI
oc” | o
co
Scheme 2.2

The complex CpRu(PMe3)2Cl reacted with NOPFg to give the nitrosyl salt
[CpRu(PMe3)2NOJ[PFg)2 (Equation 2.4).230

> <>

! |

Ru + 2 NOPFS-'_"" Ru [PF5]2 + NOCI (24)
MesP” | e MesP” | “NO

PMe, PMeg

Treatment of CpRu(PPh3)>Cl with sodium nitrite in hot acidified ethanol followed by anion
exchange gave a red crystalline solid [CpRu(PPh3)(NO)CIJPFg (Scheme 2.3) 51
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Scheme 2.3

The similarity between the complex CpRu(PPh3)2Cl and CpRu(PPh3)2SR raised

the possibility that the thiolato complexes might be good precursors for the synthesis of

nitrosyl complexes.

The complexes CpRu(PPh3)2SR, prepared in our lab,176 were found 1o be reactive

owing to pn-dr donation from the thiolato ligand to the Ru-center. However, the

compounds were prone to loss of PPh3 leading to: (i) ligand substitution in the presence of
CO to give CpRu(PPh3)(CO)SR; (ii) insertion of CS» into Ru-SR bond to give

CpRu(PPh3)S2CSR; and (iii) aggregation in the absence of added ligands to give trimers

[CpRu(SR))3 (Scheme 2.4).232
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Scheme 2.4

The dicarbonylthiolato complexes, CpM(CO)>2SPh (M= Fe, Ru), reacted with
NOPFg to give dimers of the type [(CpM(CO)2)2S2Ph2][PFg]» wherein the thiolato ligand
had been oxidatively coupled (Equation 1.13).128,131 [n these reactions, the site of NO
attack was the sulfur atom of the thiolato ligand.

LD
+ 2NOPFg —

|
oc” T\spn
co

ﬁh Pheo

(o)
m/ é;?ls I/ [PF6]2 + 2NO (L13)
Ph

M=Fe, Rn



In this chapter, the reacdons of the ruthenium thiolate complexes CpRu(PPh3)2SR
and their carbonyl analogs, CpRu(PPh3)}(CO)SR. with NOBF4 were investigated.
Treatment of the carbonyl complexes, CcRu(PPh3)(CO)SR, with NOBF; gave disulfide
bridged dimeric dications analogous to those observed for the dicarbonyl complexes.
However, reament of CpRu(PPh3)»>SR with NOBF; resulted in attack at the ruthenium
atom to give ruthenium nitrosyl salts of the type [CpRu(PPh3)(NO)SR]BF4, where the R
group is CMe3, CHMe» and 4-CgHsMe.

RESULTS

Treamment of CpRu(PPh3)2SR with NOBFs in THF at room temperature gave
[CpRu(PPh3)(NO)SR]BF4, where R= CMes; 1a, CHMey; 1b, 4-CgHaMe; 1c in isolated
yields ranging from 58% to 90% (Equation 2.5). These salts are air sensitive in solution
and in the solid state. They are soluble in acetone and in chlorinated solvents. They were
characterized by IR, 1H NMR spectroscopy and elemental analyses. The structure of
[CpRu(PPh3)(NO)SCMe3]BF; was determined by x-ray crystallography and is depicted in
Figure 2.3.233 The crystal data, atom coordinates, thermal parameters and bond lengths
and bond angles are given in Appendix 1, Tables Al.1-A1.4 respectively.
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Figure 2.3: ORTEP drawing of [CpRu(PPh3)(NO)SCMe3]BFy, la.



The RuNO moiety in [CpRu(PPh3)(NO)SCMe3]BF; is reasonably linear (Ru-N-O
=170.7(7)") and the Ru-N bond distance (1.753(6) A) is in the range observed for such
systems (average= 1.743(27) A).23* The S-Ru-N angle (102.6(2)") is comparable to the
CI-Ru-N angle (102.0(2)*) observed in [CpRu(PPh3)}(NO)CI1JPFs.~* The Ru-S bond
distance (2.386(2) A) is similar to that observed in complexes of the type
CpRu(PPh3)(CO)E where E= SSCHMe» (2.393(3) A).235 §SSC3H7 (2.370(2) A).235
SS(O)CHMes (2.379(2) A),236 SS(O)CH2Ph (2.377(3) A)237 and $5(0)»-4-CeHaMe
(2.383(2) A).236

The infrared specttum of each of the complexes displayed a strong bard in the
range 1817-1822 cm! characteristic of the linear nitrosy! group (Table 2.1).201

Table 2.1: V0, in cm™ for [CpRu(PPh;)(NO)SR]BF,, 1a-¢, in CH,Cl, solution.

R CMe; 4-CgH Me CHMe,
Vovoy (em™) 1822 1817 1821

In the 1H NMR spectrum (acetone-dg) the peak due to the Cp ligand of each complex
appeared in the range 6.10-6.31 ppm which was shifted from the range (4.06-4.26 ppm) in
the starting compounds (Table 2.2). The shift to a lower field is consistent with the
reduction of electron density at ruthenium. In the !H NMR spectrum of
[CpRu(PPh3)(NO)SCHMe3]BF; an overlapping doublet of doublets was observed for the
diastereotopic methyl groups, indicating that the chiral ruthenium center is configurationally
stable on the NMR time scale at room temperature.
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Table 2.2: Cp-chemical shifts (ppm) of CpRu(PPh3),SR and
[CpRu(PPh3)(NO)SR]™ in acetone-dg.

R CpRu(PPh3),SR | [CpRu(PPh;)(NO)SR]”
CMe, 4.26 6.30

4-CgHMe 4.06 6.10
“HMe, 4.25 6.31

The thiolo complex CpRu(PPh3)2SH gave the known238 S>-bridged dication
[(CpRu(PPh3)2)2S2]2* upon treatment with NOBF; (Equation 2.6). The complex was
isolated as the BF4 salt and identified by its 1H NMR spectrum.

> @ povy

|
2 _Ru_ + 2NoF, ZO g oGS ,Ii [BF). 6
2
PhsP” | “SH Ppn:,
PPh, @

Treatment of CpRu(PPh3)(CO)S-4-CgHsMe with NOBF; in THF at room
temperature gave the disulfide bridged dicationic dimer [(CpRu(PPh3)(C0))2S2(4-
CsHsMe)2][BF3)2, 2, in good yield (Equation 2.7). The infrared spectrum, the IH NMR
spectrumn and the elemental analysis were consistent with the absence of NO ligand and the
presence of PPh3, CO and S-4-CgHisMe. In addition the 1H NMR spectrum (Figure 2.4)
revealed two Cp-peaks in the ratio 4:1 each accompanied by methy! peaks in the same ratio.
There were also two CO stretching bands in roughly 2 4:1 ratio in the infrared spectrum.
These observations are consistent with the proposed formulation since the presence of the
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Figure 2.4: 1H NMR spectrum of [(CpRu(PPh3)(C0))282(4-C¢HsMe)2]{BFs)2, 2. in
CD>Cly; (*= solvent peak, #= water peak).
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two chiral ruthenium centers would be expected to generate diastereomerism and lead to the

multiplicity of peaks and bands observed.

L 7w
! Ru s 1 _PPh
2 _Ru_ + 2NOBF,—~lpnp” | ‘g~ g~ 3[BFfo+ 2NO @7
Phsp” | TSR cor &
co

R = 4-CgH Me, 2.

When CpRu(PPh3)(CO)SCMe3 was treated with NOBFy4 in THF the disulfide
complex [CpRu(PPh3)(CO)S2(CMe3)2)BF4, 3, precipitated (Equation 2.8). Samples of
the solution were taken at early stages of the reaction, stripped to dryness and redissolved
in acetone-ds. The TH NMR spectra of these samples revealed the presence of peaks due to
the acetone ligated cation?39 [CpRu(PPh3)(CO)(acetone)]* in addition to those due to the
disulfide complex which precipitated. Thus the monomeric disulfide product probably
arises via cleavage of the corresponding dimeric dication

[(CpRu(PPh3)(CO))252(CMe3)2]2*, as observed for reactions of CpFe(CO)2SR.240

2 Ru + 2NOBF, & /l:iu s |[BF] +
PhsP” | “SCMe, PhsP” | 8§~
co CO Cie, |

B 3

|

Ru BF,] + 2NO (28
Php”” | "n-||=[ |
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DISCUSSION

Complexes of the type CpRu(CO)2SR were reported to react with NO* to give the
disulfide bridged dications [(CpRu(CO)2)2S2R2]2+. Replacement of one of the CO groups
in the starting material with PPh3 gave similar complexes containing disulfide ligands.
However if both CO groups are replaced by PPh3 ligands the site of attack by NO* shifts
from the sulfur atom to the ruthenium atom to give cations of the type
[CpRu(PPh3)(NO)SR]}*. These reactions illustrate nicely the effects of the electronic and

steric environment of the Cp-ruthenium thiolate moiety on its chemical reactivity.

The reactivity of CpRu(PPh3)(CO)SR towards NO™ is not entirely surprising. In
this case, oxidation occurred at the sulfur center and the resultant radical dimerizes to give
the observed product. This behavior is similar to that of CpM(CO)2SPh (M= Ru,
Fe).128,240 The oxidation of CpRu(PPh3)2SH was reported to yield [(u-
HSSH)(CpRu(PPh3)2)2]2* via the proposed intermediate [(jt-S2)(CpRu(PPh3)7)2]2+.238

As mentdoned earlier, the complexes CpRu(PPh3)2SR have a tendency to lose
triphenylphosphine, which is due to (i) steric acceleration caused by the presence of two
bulky triphenylphosphine ligands on the ruthenium center (Tolman's cone angle of PPh3=
145°. The cone angle derived from x-ray data for Ru is 123-125%),241 and to (ii) the
electronic effects that are described below.

Molecular orbital calculations on CpFe(CO)2SH suggest?42 that the HOMO is an
antibonding orbital involving the sulfur p and metal d orbitals whereas calculations on
CpFe(CO)SH indicate?42 that the sulfur lone pair can stabilize the 16 electron species
through pr-dn bonding. The filled sulfur p orbital has the proper symmetry to overlap
with an empty metal d-orbital (Figure 2.5).
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dr(M)~=—pn(S)
Figure 2.5: The pn-dr interaction between the metal and the thiolato ligand.

The stability of the electron deficient complexes CpMo(NO)(SPh)2243.234 and
Ru(SCi0H13)4(NCCMe3)245.246 was justified by this pn-dr back bonding. Therefore,
one might expect that the 18-electron complexes CpRu(PPh3)»>SR have an electzon rich
ruthenium center which is easily attacked by NO*.

A 1'H NMR study of the reaction of CpRu(PPh3)25-4-CgHsMe and NOBF4
revealed that the addition of an excess of PPh3 slowed down the formation of
CpRu(PPh3)(NO)S-4-CgHsMe, 1b. This result, together with the ease of PPhs3 loss from
CpRu(PPh3)2SR complexes,176 suggests that this reaction may proceed vig a dissociative
mechanism. The complex CpRu(PPh3)2SR initally loses a PPh3 group to form a
coordinatively unsaturated intermediate, [CpRu(PPh3)SR]. This species is stabilized by
the pr-dr donation from the thiolato LEgand to the metal. Then, electrophilic attack of NO*+
on the Ru-center takes place to give the expected product (Scheme 2.5).

Ru —— Ru —_— Ru
e
PP~ | “sR PhP” SR Php” | SR
PPhy NO
18-electron 16-electron 18-electron
Scheme 2.5



Oxidadon of CpRu(PPh3)(CO)SCMe3 by NOBF; produced a yeliow monomer,
[CpRu(PPh3)(CO)S2(CMe3)2)BF4. 3. The formation of 3 may be explained by
comparison with analogous iron svstem. When [(CpFe(C0)2)282Pha]{PFg)2 was
dissolved in polar solvents. [CpFe(CO)2S2Ph2]PFg and [CpFe(CO)a(Solvent)]* were
produced.128.230 Similarly. the formation of 3 probably arises from the cleavage of the
corresponding dimer, [(CpRu(PPh3)(CO))2S2(CMe3)2][BFs]l2. This dimer would be
unstable due to the presence of two bulky z-butyl groups (Scheme 2.6), and would

probably dissociate to give 3 and the THF adduct.

@ ﬂn MesC co

_Ru____+ 2NOBF, 35-9—-— Php” | 5\' ~PPhyiBE ],
7| “scMe, co o
PPhy “°=
intermediate, not isolated
l THF

e BF R [BF
PhsP/ Rlu\s.s [ 4] + oc/ l u\ THF

co élhs PPh,
3

Scheme 2.6
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CHAPTER 3

REACTIONS OF CpRu(PPh3);SR WITH ELECTROPHILES
(R= CMe3, CHMe3, 4-C¢HsMe)

INTRODUCTION

Organometallic thiolate complexes, M-SR, possess two sites which can react with
electrophiles, namely the sulfur atom of the thiolato ligand and the metal center. The
reactivity of the thiolato ligand towards electrophiles is due to the availability of lone pairs
of electrons on the sulfur atom. Electrophiles such as H*, R* or RS* usually artack the
sulfur atom of a thiolato ligand to give complexes containing thiol,151.247-251
thioether133.155,248.250.252 or disulfide158 ligands. Electrophilic attack at the metal center
is observed only when the metal center is electron rich,249.253.254 this latter case will not
be discussed further in this chapter.

Protonation of thiolato complexes can give complexes containing thiol as a ligand,
but in most cases the product thiol complexes were not isolated. 247-25! However, simpie
protonation at sulfur in the parent compound gave the thiol complex
f(en)2Co(HSCH2CH2NH?2)13+ (Equation 1.17).151 In most other cases the thiol
complexes could only de detected at low temperature or they could not be isolated in pure
form. Protonation of CpFe(CO)2SPh with either HBr or HBF4 gave the corresponding
thiol complex [CpFe(CO)2(HSPh)])*+ which could not be isolated (Equation 3.1).247
However, this complex was prepared directly by the reaction of [CpFe(CO)2(THF)]BF4
and PhSH.247
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Fe + HY — Fe Ph (3.1)
oc” | “sph oc” | sl
co co H

The reaction of the thiolato anion [EtSFe(CO)4]" with acids (HBF; in ether or gaseous
HCI) was reported to give [EtSFe(CO)3]2 and Ho gas. The intermediate thiol,
(HSEDFe(CO)4, was observed at -78 “C but at room temperature it converted to the dimer.
[(u-SEDFe(CO)3]2 (Equation 3.2).238.249

THE

[EtsFe(co)| + HBF, "=

(EtSH)Fe(CO); + BFy
ln ‘c

Et
oc, _S._ CoO
12 OC-F< >F{-co +12H,+CO (32
oc’ s~ co

When the analogous phenylthiolato anion, [PhSFe(CO)4]” was protonated, no incermediate
thiol was detected even at -78 *C; the only oerved product at any temperature was [(u-
SPh)Fe(CO)3]2. When one of the CO ligands was substituted as in
[PhSFe(CO)3(P(OE1)3)]", the reaction with HBF; gave [PhSFe(H)(CO)3(P(OEt)3)] in
which the proton had attacked the iron center rather than the sulfur atom of the thiolato
ligand (Equation 3,3).249.254 In this case, the phosphite ligand has enhanced the electron
density at the metal, making it more susceptible to electrorhilic attack.
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[PhSFe(CO)5(P(OEt);)| + HBF, —— PhSFe(H)(CO)(P(OEt);) + BF,  (33)

The protonation of [W(SH)(CO)s]” gave a thiolo-bridged complex (u-
SH)[W(CO)s]5" instead of the expected compound W(CO)s(SH2) (Equation 3.4).251

Pl o _3 ‘fo ]

oc\ H* oc_ \ — \

w’ S LUENG w + H 34

oc’l oc’l\cooc’l\co 5 G4
co co co

Protonation of (nN6-CgHsR)Mn(CO)2SPh with HBF, afforded the cationic
thiophenol complexes [(M6-CgHsR)Mn(CO)2(HSPh))BF4 which were characterized
spectroscopically (Equation 3.5).250 The high acidity of these thiol complexes made their
manipulation difficult. In acetone or ether they were easily deprotonated, and

conseguently, binuclear complexes such as (u-SPh)[(n6-CgHsR)Mn(CO)2])> were formed.

<R <R

v 2 HBF, 1
2 _Mn_ ——% 2 Mn BF
oMM sen S Zoo Mg n [BF
co co Ph
R=H, Me lEtzO
A<D @R
In\ ’l o [BFs + HBF,+ PhSH 3.5
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It was concluded from the above discussion that protonation of thiolato complexes

1s not a good method 10 prepare complexes containing thiol as a ligand.

Organometallic thiol complexes are known in the literature.!0 They have been
prepared by substtution of a chloride ion in organometallic chlorides by thiol. An example

of this synthetic route is shown in Equation 3.6.255

>

' |
Ru  + HSR “DaPFe Ru [PEs] + NHCI (6
N 7 ~a-H
L~ | Ta L7 | sg
L’ L’ R

L= L'= PPh(OMe),, PPho(OMe), P(OMe)s; L= PPhy, L'= CO, P(OMe)s.

The compiexes [CpRu(PPh3)(L)(HSR)]BFs, where L= PPh3 and R= Me, C3H7,256
CH»Ph, CH,CH,Ph,257 L= CNCMe3 and R= CMe3258 were prepared similarly. The air-
sensitive complexes [CpM(CO)3(HS-4-CgHsMe))BFs (Cp'= n3-CsHs, n3-CoH7; M=
Mo, W) were also prepared and found to be strong acids.259

Alkyl halides are other electrophilic reagents that have been used with metal thiolato
complexes. The reactions between thiolato complexes and alky! halides usually give

complexes containing thioether ligands (Equation 3.7).252

R
MSR + RX —
R’

m—s ][x] @7
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Several organometallic thioether complexes were prepared using this method The
complexes [(en)2Co(S(RYCH2CIIoNH2)]3+ were prepared by alkylation of
[(en)2Co(SCH2CH2NH3)]2+.153 Methylation of CpRu(PPh3)(CO)SR or CpRu(dppe)SR
with methyl tosylate in the presence of NH4PFg¢ gave the salts
[CpRu(PPh3)(CO)(MeSR)]PFg and [CpRu(dppe)(MeSR)}PFg (dppe=
PhPCH2CH2PPhy; R= Me, Ph, CH2Ph), respectively.!55 The complex [PhSFe(CO)s)
reacted with methy! iodide to give a product having a methylphenyl thioether ligand
(Equation 3.8).249.233

[PhSFe(CO)| + Mel —— (PhSMe)Fe(CO), + I (3.8)

Methylation of the arene complexes (n6-CeHsR)Mn(CO)2SPh by MeSO3F gave the
thioether complexes [(16-CgHsR)Mn(CO);(MeSPh)}(SOsF) (Equation 3.9).250

<= <=
] 1
Mn + MeSOsF —» Mn

” I ~SPh oc/ I \S:Me
Co CO Ph

R=H, Me.

SO, F 9
oc [3] 3.9)

The same thioether complexes were obtained by the reaction of [(n6-CgHsR)Mn(CO)]PFg
with MeSPh in the presence of Me3NO.250
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The sulfur wansfer reagents, RSphth, are well known in organic chemistry as a
source of an electrophilic "RS*" group.260 The applications of such reagents in
organometailic chemistry have been demonstrated in this laboratory. By analogy with
organic thiols,260.261 transition metal thiolo complexes (M-SH) react with the sulfur
transfer reagents to give disulfido complexes (MSSR) (Equations 3.10-3.12). For
example, the complexes CpW(CO)3SSR.93 CpaTi(SSR)2262 and CpRu(L)(CO)SSR (L=
CO263, PPh3235) have been prepared in this way in good yields. The reactivity and
stability of these complexes vary depending on the metal and the R groups of the disulfido
ligand.

L <>

W. _ + RSphth ——» :

W + Hphth @310
0c7/ \"SH oc~7 \"SSR .10
oc €0 oc ¢o
R= alkyl or aryl
ﬁ SH @ SSR
\-n/ + 2 RSphth—— \Tl< + 2 Hphth 3.11)
N N
R=alkyl
! 1
Ru + RSphth —» Ru + Hphth (3.12)
L7 | “sH L~ | “ssR
co co

L= CO; R= CH,Ph, Ph, L= PPhy; R= C;H;, CHMe,, 4-C¢H Me,
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These sulfur ransfer reagents can also react with organometallic anions to form
thiolato complexes. The compounds CpW(CO)>(L)SR (L= CO254, PPh3%) were prepaiad
by this method, which could not be extended to other carbonyl anions such as

[CPMo(CO)3]".264

When the sulfur transfer reagents were used with thiolato complexes such as
[(en)2Co(SCH>CH2NH»))2+ disulfide complexes [(en)2Co(S(SR)CH>CH2NH2)]3+ were
obtained.!58 The reaction berween cis-(PPh3)oPt(SCH2Ph)> and RSphth gave cis-
(PPh3)2Pt(phth); and the disulfides RSSCH2Ph (Scheme 3.1).265

P"aP\H/SCHzPh RSphth PhsP\Pt/phth

+ RSSCH,Ph
PhsP”  “SCH,Ph PhsP”  NSCH,Ph
*’9%6 lnsmuh
%
Ph,P\ — phth
o0 P/Pt\ + RSSCH.Ph
3 phth
Scheme 3.1

Recently, these sulfur transfer reagents were reacted with the tetrahedral complex
(PPh3)3PtSO; to give trans-(PPh3)2Pt(phth)(SO2SR) as shown in Equation 3.13.266

| RSphth  PhsP~_ _SO.SR
-~ — Pt + PPhy (QL3)
e oot prn" e,

R= Me, CHMe,, Et, CH,Ph, 4-CcH Me.



Dimethylthiomethvlsulfonium tetrafluoroborate, [MeSSMea]BF,. is useful in
synthetic chemistry as a donor of an electrophilic "MeS*+" group.230.267 Examples of the
use of this reagent in organometallic synthesis were demonstrated by Treichel and are

discussed below.

The reagent [MeSSMe2]BF; reacted with nucleophilic metal carbonyi anions to give
methylthiolato metal carbonyl complexes. Equation 3.14 shows an example of such a

reaction.267

i |
w + [MeSSMe,|" ——» W + SMe (3.19)
“co [ ! 0C7/ \"SMe 2

oC

The complexes [M(CO)3(L)2SMe]BF4 (M= Fe; L= PPhoMe, PPhMez, P(OMe)3,
M= Ru; L= PPh3) were prepared by the reaction of [MeSSMe2]BF4 with the appropniate
neutral M(CO)3(L)2 precursors (Equation 3.15).268

M(CO)s(L), + [MeSSMe,|BF, —— [M(CO)s(L),SMe]BF, + SMe; (3.15)

M= Fe; L= PPh,Me, PPhMe,, P(OMe);, M= Ru; L= PPhy

Organometallic complexes having a metal-metal bond are also reactive toward
[MeSSMe3]BFs. The metal-metal bond is cleaved and two products are formed, one
containing a methyl thioether ligand and the other having a methylthiolato ligand. The
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methylthiolato complex, in some cases, can react with excess [MeSSMe>]BFs to give a
methyl disulfide complex. This type of reaction was observed for Mn2(CO)j9,
M2(CO)g(PPh3)2 (M= Mn, Re) and [CpMn(C0)3]2.269 Scheme 3.2 illustrates one

example.269

,4 oi/,cgo [MESSMea]BF«a-_ L @

N— W + W .. Me|[BF
oCv1 , oCc”/ \"SMe |OC7/ \S:
oC cO oc \co OC CoMe
l[MeSSMeg]B&

>

Me
W, BF.
SMe; + |ocMog-S [BRd

Scheme 3.2

The reaction of [MeSSMe3]BFs with metal thiolate complexes led to complexes
having monodentate organic disulfide ligands 240 The complex [CpW(CO)3S2Me3]BF,
was prepared using this method (Equation 3.16).240

PN =Y
' [MeSSMe,|BF — W .S [[BF,] + SMe; (3.16)

+
oc7 \-ste :
OC CO OC CO Me



In this chapter the reactons of the complexes CpRu(PPh3)2SR, where R= CMe3,
4-CeHsMe and CHMe3, with the electrophilic reagents HBF4, [MeSSMe2]BF4 and
MeSphth are discussed. Reactions of these complexes with HBF; gave the corresponding
thiol complexes, [CpRu(PPh3)2(HSR)]BF, in very good yields. Treatment of the thiolato
complexes with [MeSSMea]BFs gave the methyl thioether complex,
[CpRu(PPh3)2SMe2]BF4. Reacuons of CpRu(PPh3)2SR, where R= CMe3 and CHMe»
with MeSphth gave CpRu(PPh3)2(phth) and the dimers (u-SMe)(u-SR)[CpRu(phth)]2 in
which the Ru center has been oxidized. For R= 4-CgH4Me the same reaction gave
CpRu(PPh3)(phth)(MeSS-4-CgHsMe), in which the S atom of the thiolato ligand was
attacked, and also, the dimer (i-SMe)(u-S-4-CsHiMe)[CpRu(S-4-CgHsMe)]2 where the
metal center has been oxidized.

RESULTS

Protonation of CpRu(PPh3)2SR by HBF4 (85% in ether) gave the corresponding
thiol complexes, [CpRu(PPh3)2(HSR)]BF4, where R= CMe3; 4a, 4-CgHsMe; 4b,
CHMe3; 4c, in very good yields (80-88%) (Equation 3.17). These yellow complexes are
air stable in the solid state and unstable in solution. They are soluble in THF, acetone and
chlorinated solvents but are insoluble in hexanes. They were characterized by IR, 'H

NMR spectroscopy and elemental analysis.

> <>

i 1

Ru + HBF, — Ru_ 4 [[BF] (3.17)
PhP” | SR PhP” | st [

PPhy PPh,

R= CMe5; 4a, 4-CH Me; 4b, CHMe,; 4¢
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The IR spectra of 4a-¢ showed a decrease in the SH stretching frequency compared
1o that in the free thiols (Table 3.1).

Table 3.1: vgy, in cm’ for [CpRu(PPhs),(HSR)]BF, (KBr disks), 4a-c, and RSH (neat).*

R CpRu(PPh;),(HSR)" HSR
CMe; 2505 2588

4-CcHyMe 2514 2590°
CHMe, 2512 2580

a) Data were obtained from Aldnch Library of FT-IR spectra. b) Vapor at 250 "C.

In the 1H NMR spectra of these compiexes, the chemical shift of the SH proton is shifted
downfied relative to that of the free thiol (Table 3.2). The peak for this proton appeared as
a triplet in 4a and 4b due to coupling with two equivalent phosphorus atoms. In 4c, this

peak appeared as a multiplet due to coupling with the methine proton of the isopropyl group
in addition to the two equivalent phosphorus atoms.

Tabie 3.2: SH-chemical shifts (ppm) of [CpRu(PPhs),HSR)]* and

of the free thiol in CDCl,.*
R [CpRu(PPh;),(HSR)]™ HSR
CMe; 2.60 1.80 B
4-CsHMe 493 3.35
CHMe, 293 1.65

a) Dama were obtained from Aldrich library of NMR spectra.



Treament of the thiolato complexes CpRu(PPh3)3SR where R= CMes. 3-CeHaMe
or CHMe; with [MeSSMea]BF; in THF at room temperature gave the air stable thioether
complex, {CpRu(PPh3)2(SMe2)]BF4. 5. in good vields (70-85%) (Equation 3.18). The
complex was characterized by 1H NMR and elemental analysis. The free atkylmethyl
disulfide was detected in the !H NMR spectra of the reaction mixture. Thus 5 probably

arises by ligand substitution of the disulfide salt, [CpRu{PPh3)2(MeSSR)]BF;.

> L

1 l
_Ru___* [MeSSMe,|BF,— _Ru_ pel[BF,| *
PhsP” | “SR PhaP” | "]
PPh, PPh; Me
5
RSSMe (3.18)

R= CMe;, 4-CsH,Me, CHMe,

The reaction of CpRu(PPh3)2SR with MeSphth gave the substitution product,
CpRu(PPh3)2(phth), 6, (78%: R= CMe3, 84%: R= CHMe») and the dimers (u-SMe)(u-
SR){CpRu(phth)]2, R= CMe3; 7a (43%), CHMe3; 7b (31%) according to Equation 3.19.
The air stable compound 6 and the dimers 7a,b were characterized by IR, !H NMR
spectroscopy and elemental analysis. The IR spectra of 7a,b had a carbonyl band in the
range 1658-1663 cm™] indicative of the presence of a coordinated phthalimido ligand.270
Their IH NMR spectra showed a multiplet in the aromatic region integrating for 8 protons
due to two phthaliraido ligands. It also showed a singlet Cp-peak integrating for 10
protons, while the aliphatic protons appeared in the expected region in the appropriate
intensity.
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] O

3 _Ru_+ 3MeSphth — _Ru +
Phs” | TSR PhP” | N ]
PPh, PPha

¢ ©

o) N,Ru\ —Ru __ O 4+ 4PPh,+ 2RSSMe (3.19)
S
0

R=CMej; 7a, CHMe,; 7b

The reaction of CpRu(PPh3)72S-4-CgHsMe with MeSphth gave the disulfide
complex 8 in 15% yieid and the dimer 9 in 30% y:eld together with other unidentified
compounds (Scheme 3.3). Compounds 8 and 9 were characterized by IR, 1H NMR and
mass spectroscopy. The IR spectrum of 8 showed a carbonyl band at 1652 cm™! while that
of 9 showed no such band. Figure 3.1 shows the 1H NMR spectrum of 8 which
confirmed the presence of the disulfide and phthalimido ligands.

@ _MeSphth ? ﬁ ,s\%

Ru u + Ru
Ny Vi kY s
3
o R
8 9
R=4-CHMe
Scheme 3.3



8 7 6 5 4 3 2 1 0 PPM
oy iy bped by
1357 17.01 7.62 546
4, 562

Figure 3.1: H NMR spectrum of CpRu(PPh3)(phth)(MeSS-4-CgHaMe), 8, in CgDg;
(*= solvent peak, #= water peak, += THF impurity).
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The structure of 9 was determined and is depicted in Figure 3.2.233 The crystal
data, atom coordinates, thermal parameters and bond lengths and angles are given in
Appendix 2, Tables A2.1-A2.4, respectively. Molecule 9 is very symmetric but its mirror
plane is not crystallographically required. The compound has a Ru-Ru bond of (2.780(1)
A) which is longer than the corresponding bond (average= 2.714 A) observed in the Ru(Il)
trimer232 [CpRuS(C3H7)]3 and than that observed in [Cp“Ru(SPh)3RuCp*]Cl (2.630(1}
A) (Cp"= CsMes).271 The Ru-Sp (bridge) bond lengths (average 2,326 A) are longer than
the Ru-Sp bond in the Ru(Il)-trimer (average 2.306 A). The terminal Ru-S bond lengths
(2.398(3), 2.391(3) A) are similar to those observed in complexes of the type
CpRu(PPh3)(CO)E, where E= SSCHMe; (2.393(3) A),235 SSSC3H7 (2.370(2) A),235
SS(O)CHMe> (2.379(2) A),236 SS(O)CH2Ph (2.377(3) A)237 and SS(0)>-4-CgHsMe
(2.383(2) A).236
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Figure 3.2: ORTEP drawing of (1-SMe)(:-S-4-CgHaMe)[CpRu(S-4-CcHsMej]2, 9
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DISCUSSION

As discussed in Chapter two, the electrophilic NO* group attacked the Ru-center of
CpRu(PPh3)2SR 10 give the salis [CpRu(PPh3)(NO)SR]*. In contrast, reament of
CpRu(PPh3)aSR with HBF; gave thiol salts of the formula, [CpRu(PPh3)>(HSR)]BF4,
4a-c, in which the elecrophile attacked the sulfur atorn of the thiolato ligands. This result

is a good exampie of a simple protonatior. at sulfur of organometallic thiolate complexes.

Each of the IR spectra of 4a-¢ contains a weak band in the range 2514-2505 cm-!
due to the SH stretching frequency. These values are lower than those observed for the
free thiols and indicated that the S-H bond is weakened upon coordination to the Ru-

moiety. This shift 1o lower values was also observed for other systerns.256-259

Complex 4¢ has also been prepared by the reaction of [CpRu(PPh3)2SQ3]+ with
excess HSCHMes (Equation 3.20), and was isolated as the PFg salt and structurally

characteriz.:. 266

| I
on.p /Fliu\so + HSCHMe,—> B /TU\S'H + SO, (3.20)
> pphy " Ppn, CHMe,
4c

The analogy between the elecophiles H* and RS* led to test the reactivity of the
thiolato complexes with "RS*" donors. The reaction of CpRu(PPh3)2SR with
[MeSSMe2]BF; gave a methyl thioether complex, {CpRu(PPh3);SMe21BFa, §, regardless
of the starting thiolato complex. A proposed route to § is shown in Scheme 3.4. The
complexes CpRu(PPh3)2SR undergo nucleophilic attack of the thiolato ligand at the S-atom
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of the sulfur transfer agent to give the intermediate A which loses a disulfide to give B.

The lanter reacts with MeaS 1o give 5.

> &

1 + [MeSSMe,]' t Me
-~ Ru\ - SMe = ~ Ru\ é
PhsP” | TSR 2 Phsp” | Tg”
PPh, PhsP R
A
l- MeSSR
& <
+ SMe
Ru -—2 Ru
php” | “scMe PhP”  “PPh,
PPh, Me
5 B
Scheme 3.4

The easily prepared N-thiophthalimides are good precursors of "RS*". The
reaction of CpRu(PPh3)2SR (R= CMe3, CHMep) with MeSphth gave the phthalimido
compound, CpRu(PPh3)2(phth), 6, and the dimers (u-SR)(u-SMe)[CpRu(phth)]z, 7a,b.
The formation of 6 is analogous to the formation of 5, with the reaction of the phthalimide
anion with intermediate B to give 6 being the only difference. A possible pathway to 7 is
shown in Scheme 3.5. The disulfide complex, C, may form by nucleophilic attack of the
thiolato ligand at the S-atom of the sulfur wansfer agent. This is followed by the
sLustitution of the PPh3 ligand by the anionic phthalimido ligand. Intermediate E, which
may be formed by the oxidative addition of MeSphth to the starting thiolato complex, reacts
with C to form the dimer 7.
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The reaction of CpRu(PPh3)>2S8-4-CgHsMe with MeSphth gave the expected
disulfide complex, CpRu(PPh3)(phth)(MeSS-4-CgFHsMe), 8, the dimer (i1-SMe)(jt-S—4-
CsHsMe)[CpRu(S-4-CgHsMe)]o, 9, and other unidentified compounds. Mechanistically,
8 is an isolated example of intermediate C in Scheme 3.5. A possible pathway to0 9 is
shown in Scheme 3.6 in which CpRu(PPh3)25-4-CgHsMe loses PPhs3 to give the
unsamrated intermediate F which reacts with intermediate D to give the dimer G. The
latter loses PPh3 w0 give H, which in tum, reacts with another molecule of CpRu(PPh3)»S-
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4-CgHsMe 10 give 9 and the unsaturated intermediate [CpRu(PPh3)>). The latter
intermediate reacts with the phthalimido anion to give 6, which was detected in the NMR
spectrum of the reaction mixture. Speculations such as these serve to provide a framework
for consideration of the possible chemismy of the system and are not intended 10 be

descripton of the events.

i +MeSphth ::ﬁ ¥
~ -phth' -~ ~
PhsP I!’P I:H -PPh; |PhgP | “SMe
1- PPh,
> @ >
R _R
u u R
Phsp” SR L ge/| “PPh,
& SR
l— PPh,
@ I %
I.l
PheP” ?
R
H
Ru(PPh
" l+_ %hs( 1)SR
& EXx Dy
\Ru/s\m: + ,l'iu
RS’ \§/ Nsr PhyP” “PPhy
R .
° l-i-phth
6
Scheme 3.6



CHAPTER 4

CHEMISTRY OF CpRu(PPh3)2SCH2CH=CH?

INTRODUCTION

The cleavage of the carbon-sulfur bond is very imporant in both biological
systems272 and industria! applications.273 Particularly relevant to industry is the removal
of sulfur from organosulfur compounds in crude oil. This is achieved by reatment of
petrolecum-based feedstocks with hydrogen at high temperature over metal catalysts.274-292
This process, known as hydrodesulfurization (Equation 1.1), is the largest industrial
application of transition metal catalysis presently practiced. 5

The industrially-used catalyst for :IDS is a Co-Mo/Al203 system which is prepared
by the coimpregnation of Mo and Co salts on an alumina support followed by sulfidation
with Ha2S. The active sites are believed to be MoS» crystals with Co atoms coordinated to
the sulfur at the edges of the basal planes.274 Although the Mo based catalyst is the
commercially used catalyst due to its low cost, higher activity catalysts exist based on Rh,
Ir, Ru, Os, Pt and Pd.275-278

The sulfur content in petroleum varies over a wide range from 0.05 to 14%,
depending upon the geological history of petrolenmn.293 Sulfur is an expected constitueat
of petroleum because of the sulfur contained in the biological precursors of petroleum. 294
The common sulfur containing compounds present in petroleum are thiols, disulfides and
thiophenes. 293294 Thiophenes are the most difficult compounds to desulfurize, thus the
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majority of the studies done to understand the HDS process have been performed on

thiophene and its derivatives.

Due to the commercial importance of HDS, the mechanism of the steps involved in
it have been studied using surface science3-55 and organometallic models.56-60.295-349
These models have focused on the reactions of metal complexes with thiophenes. The
mechanism of the HDS of thiophene involves three general steps, namely the coordination
of thiophene to a metal center, carbon-sulfur bond cleavage and finally the hydrogenation
of the organic part to give C4 organic compounds.

Two mechanisms for the first step have been proposed. One involves initial
coordination of thiophene to the metal via cither n-donation (M2, 4, 1%)295-312 or o-
donation (S-bonded thiophene)313-329 a< shown in Figure 4.1, and the other involves

inserdon of the metal atom into the carbon-sulfur bond to form a metallathiabenzene

complex (Figure 4.2).330-340
RSN,/
S 7 S
| I Y '
M M M M
S-bound 1-bound n*-bound 1°-bound

Figure 4.1: Coordination modes of thiophene.
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/nip“_n

S

Figure 4.2: Metallathiabenzene formed by insertion of M into the C-S bond of thiophene.

Models have also been proposed for the subsequent steps in HDS which involves
the carbon-sulfur bond cleavage, leading to desulfurization and hydrogenation. These
models have demonstrated that the hydrogenation step can occur prior to341-345 or after346-
349 the carbon sulfur bond cleavage.

Allylic carbon-sulfur bond cleavage reactions,350-357 like those of allylic-oxygen
and allylic halogen,398-374 are used in synthetic organic chemistry. An important example
is the synthesis of alkenes by the reaction of allylic sulfides with Grignard reagents
(Equation 4.1).350-355,375-385

R'S R* Cat. R4
N + RMgX —— 4 = + RSMgXx @D
S m

2R

R= alky! or aryl

These reactions are catalyzed by Ni or Pd complexes as well as Cu(l) salts.375-385 Alkenes
with or without double bond migration are produced from these reactions. The ratio of the
products can be influenced by changing the solvent, the catalyst and the leaving group. A
proposed mechanism for these reactions involves formation of a %-allyl intermediate by C-
S bond cleavage and subsequent external attack of the nucleophile on the %-allyl ligand.



The w-allyl intermediate, (u-SPh)(-C3H7)[(PCy3)2Pd]a, as an example, tas been isolated
from the reaction of Pd(PCy3)2 with allylphenyl sulfide (Equation 4.2).355

PN
P P

2 PA(PCy3); + A~SPN — . cy,p-pa——Pd-PCy, + 2PCy; (@42)
Ph

The cleavage of the allylic C-S bonds in allyl aryl sulfides was also catalyzed by
rhodium hydride complexes. The reactions of allyl aryl sulfides with rhodium hydride

complexes were reported to give propene and the dimers [(PPh3)2Rh(SAr)]> (Equation
4,3).386

H Ar
I PhsP _S. _PPh
PhP—RAT T8 4 ANSAT —e12  an RN,
PPh, Ph,P ir PPh,
PPh,

Ar= CgHs, 4-CeH Me, 2-C4HMe, 4-CgHF, 4-C4H,OMe

The aryl C-S bond was not cleaved in these reactions, as no aromatic compounds were
formed. The proposed mechanism for these reactions involved insertion of the carbon-
carbon double bonds into the Rh-H bond followed by the reductive elimination of the Rh
moiety and the thiolato ligand.
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The cleavage of the allyl-sulfur bond can be achieved without a catalyst at high
temperature.  One example is the preparation of pure propene by the pyrolysis of

methylallyl sulfide (Equation 4.4).357

ASMe ST A 4+ HC=S @4

The reactivity of the electron rich ruthenium thiolates, CpRu(PPh3)2SR, reported
here and elsewherel76.232 prompted the preparation of the complex
CpRu(PPn3)2SCH2CH=CH2 to see if carbon-sulfur bond cleavage could be achieved.
When this complex was heated in toluene, the result was desulfurization of the allylthiolato
ligand to give (u3-S)2(1-SCH2CH=CH;)[CpRu]3. The reactons of the allylthiolato
complex with CO and CS2 are also presented. Protonation and methylation of the carbonyl
analog CpRu(PPh3)(CO)SCH2CH=CH> gave [CpRu(PPh3)(CO)HSCH,CH=CH>)]*,
[CoRu(PPh3)(CO)MeSCHCH=CHy)}*, respectively.

RESULTS

When CpRu(PPh3)2Cl was briefly refluxed with excess LiSCHyCH=CHj in THF
the complex CpRu(PPh3)2SCH»CH=CH>, 10, was obtained in 81% yield (Equation 4.5).
If CO gas was bubbled through a THF solution of 10, the complex
CpRu(PPh3)(CO)SCH>CH=CH2, 11, was produced in which a CO group has replaced a
PPh3 ligand (Equation 4.6). Compound 10 reacted easily with CS3 to give the
thioxanthate complex CpRu(PPh3)S2CSCH2>CH=CHp, 12, in which a CS2 molecule was
inserted into the Ru-S bond (Equation 4.7). These reactions are analogous to the reactions
of the simple Ru-thiolate complexes, CpRu(PPh3)2SR.176 These complexes (10, 11 and
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12) are moderately air stable both in solution and in the solid state.

characterized by IR. 'H NMR spectroscopy and elemental analysis.

o>

~
PPhg

Lo

Ru + CO
Php” | s

PPhy

Ru + CS2'—-“

PhP” | s
PPhy

| .
Ru + HS/\/ _M...e£.
PhsP” | e “MeH

>

I
Ru
- I \s/\/
PPhy
10

+ LiCl
PhgP

Lo>

!
Ru + PPhy
s/\/

/l ~
Co
11

PhsP

>

]
/Ru\s + PPhy

PhsP
siLs,\,

12

They were

4.5

4.6)

4.7)

Simple Ru-thiolate complexes, CpRu(PPh3)2SR lose both PPh3 groups in

refluxing toluene to give the wimers [CpRu(SR)13232 (Equation 4.8). Compound 10
underwent C-S bond cleavage in addition to the loss of both PPh3 ligands to give the rimer
(13-S)2(1-SCH2CH=CH>)[CpRuls, 13, in 42 % yield (Equation 4.9). The air stable
complex 13 is soluble in THF, benzene and ether. Its IH NMR spectrum showed two

peaks in the Cp-region in a 2:1 ratio. The crystal structure of 13 is presented in Figure
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4.3.233 The crystal dawa, thermal parameter, atom coordinates and bond lengths and bond

angles are given in Appendix 3, Tables A3.1-A3.4 respectvely.

I / N
3 Ay i @—Rq/ Ifsn + 6PPhy @4.8)
PhsP ‘l: on S=Rij
3 &>
R= C;H,, CHMe,, 4-C¢HMe

| / \ N\ + 6 Ppha
3 Ru roflux RuZ 49)
& 18
° <>
13

Four independent but very similar molecules of 13 were found in the unit cell, of
which, only one is depicted in Figure 4.3. The molecule corsists of a triangle of ruthenium
atoms with one Cp ligand on each metal atom. The two sulfur atoms triply bridge the
ruthenium atoms and the one thiolato group bridges two of the ruthenium atoms. The Ru-
Ru bond lengths of 2.800(1) and 2.780(2) A are longer than the corresponding average
length in the trimer232 [CpRuS(C3H7)]3 (average 2.715 A) and similar to those observed in
(u3-Cl)(u3-S)[CpRu)3 (average 2.770 A).387 The Ru-S(allyl) (doubly bridged) bond
lengths of 2.403(4) and 2.388(3) A are longer than those in [CpRuS(C3H7)]3 (average
2.296 A). The Ru-S (triply bridged) bond lengths (average 2.353 A) are longer than the
corresponding lengths in (3-C)(u3-S)[CpRuls (average 2.292 A).387
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Figure 4.3: ORTEP drawing of (u3-S)2(u-CHzCH=CH2)[CpRu)3, 13.



The compliex CpRu(PPh3)(CO)SCH-CH=CH3, 11, reacted with Mel in the
presence of NH4PFg to give the salt {CpRu(PPh3)(CO)(MeSCH2CH=CH3)]PFg, 14, in
very good yield (81%) (Equation 4.10). Compound 11 also reacted with HBF4 in THF at
room temperzarure 1o give the thiol complex, [CpRu(PPh3)(CO)YHSCH2CH=CH2)]BF3,
15 (Equation 4.11). These salts were characterized by IR, 1H NIVR spectroscopy and
elemental analysis. This chemistry of 11 is similar to that of the simple thiolato complexes,

CpRu(PPh3)(CO)SR.155

> X

[ NH,PF

Ru + Mel ——3% Rv PFg|+ NH,I (4.10)
PhsP/' \s/\/ Phsp/l \$’\/[ ] 4

CO CcoO Me

14
lli HBF [ : [BF]
Y + s — Ru A @.1D

Phsp/ | \s/\/ I_phap/ I \S'/\/

co CO H

15

The 1H NMR spectra of 10-15 contain peaks pertaining to the Cp, the PPh3
(except 13) and the S-bonded allyl groups (Table 4.1). The allyl group has three different
types of protons (Figure 4.4): Hy, which is coupled to one Hy, proton, appears as a doublet
in the range 2.79-3.80 ppm; Hp, a multiplet due to coupling to Hy and H,, protons, appears
in the range 5.61-5.93 ppm; and H. and H, a four doublets due to the coupling to each
other and to coupling to Hy, appear in the range 4.86-5.20 ppm  Compound 14 showed a
singlet for the methyl group of the thioether igand. Compound 15 showed a multiplet at
3.40 ppm for the SH proton of the thiol ligand. The presence of two chiral ceaters in 14
and 15 is expected to generate two diastereomers. The NMR spectrum of 15 showed only
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. one set of peaks consistent with rapid equilibrium of the two isomers at room temperature,

while that of 14 showed that the peaks are broad consistent with slow equilibrium on the

NMR tme scale.
H,. Ha He
AU \SA/\ He
Hp

Figure 4.4: The S-bonded ally! group showing the types of the protons.

Table 4.1: 'H NMR data for compounds 10-152

\
Compound Cp H, H, H,

[ ] _—J_ Y | R
10° 428 3.06 6.80 5.02,5.28
11° 4.70 3.24 6.21 5.00,5.21
12° 425 3.43 5.61 486,494
135%¢ 4.46,4.78 2.79 593 495,5.15
14%¢ 5.56 3.50 5.70 5.29, 5.36
154 5.50 3.40 5.80 525,5.35

a) Phenyl resonances of PPhy appeared as two multiplets in the range 7.03-7.44 ppm and
7.45-7.60 ppm in the ratio 3:2. b) In C¢D, solution. ¢) No PPh; ligand. d) In acetone-d;
solution. ¢) The Me group of the thioether ligand appeared as a broad singlet at 3.80 ppm.
f) The SH of the thiol ligand appeared as muitiplet at 3.40 ppm.



DISCUSSION

The reactivity of the complexes CpRu(PPh3)2C1 and CpRu(PPh3)2SR toward
nitrosyl salts was discussed in Chapter two. When the ruthenium complexes,
CpRu(L)(L.)CI, were treated with allyl chloride, oxidative addition occurred to give the 1>-

al'yl complexes as shown in Equation 4.12,388-390

L o>

] |
_Ru o+ AN —— Ru + L + L (4.12)
L7 | Ta
L'

L=L'= CO, PPh;; L= CO, L'= PPh,

However, reaction of CpRu(PPh3)2SR with allyl chioride in THF at room temperature
gave the chloro complex CpRu(PPh3)»>Cl (Equation 4.13) in which the chloride ion was
substituted for the thiolato ligand. This is not a surprising result, since the ruthenium
thiolate complexes, CpRu(PPh3)>SR, are known to react with chlorinated solvents to give

the chl> » complex.176



The preparation of CpRu(PPh3)>»SCH>CH=CH23. 10, was achieved by the reaction
of CpRu(PPh3)>Cl and lithium allylthiolate. That complex 10 has an S-bonded allythiolate
ligand was deduced from its IR and 'H NMR spectra. Simiiar iron complexes containing

an S-bonded allyithiolato ligand have been prepared by the same method (Equation
4.14).391

LD> Lo

! |
NaH + NaCl
Fe_ + _A~.SH —— Fe (4.19)
L/l \Cl L/I \S/\/ + H,
CO CO
L=CO, PP]'I3

Complex 10 reacted with CO gas to give the substituted product
CpRu(PPh3)(CO)SCH2CH=CH3, 11, and with CS; to give the thioxanthate analog
CpRu(PPh3)$>CSCH2CH=CHp, 12. These reactions did not result in the cleavage of the
C-S bond but were similar to those of the simple thiolato complexes, CpRu(PPh3)2SR (R=
C3Hz, CHMey, 4-CgHsMe).176

The cleavage of the S-C bond was achieved when 10 was heated in toluene
resulting in the formation of (j3-S)2(U-SCH2CH=CH2)[CpRu]3, 13. The sulfur atom
fragment of the allyl thiolato ligand remained coordinated to the Rus-moiety, while the C3
organic fragment was no longer coordinated. The analogous reactions of CpRu(PPh3)2SR
(R= C3H7, CHMe3, 4-CgHsMe) gave the trimers [CpRu(SR)]3 in which no S-C bond
cleavage was observed

The fate of the C3 fragment is not known. The product may be a hexadiene
(CeHjip). All the isomers of this formula (i.e. 1,3-hexadiene, 1,5-hexadiene) have low
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boiling points and may have been lost during the reflux or, at a latter stage, during the
removal of the solvent. An NMR tbe reaction in toluene-dg showed multiple peaks in the
ranges 2.5-3.0, 4.1-5.2 and 5.5-6.1 ppm that are consistent with the presence of isomers

of hexadiene.

One possible reaction sequence for 13 is shown in Scheme 4.1. Compound 10
loses a PPh3 ligand when heated to form the unsaturated intermediate A, which undergoes
homolytic C-S bond cleavage to give B and an allyl radical. Both radicals dimerize to give
C and hexadiene, respectively. The dimer C reacts with another molecule of A to give a

trimer that loses three PPhj3 ligand to give 13.

> = =

Ru — Ru Ru + = °
PPhy” L P;s’\/ PPhy” 5N7 pphy” s 1
3 A B
10 l CeHqo

AL e e S
i 2 {7
I

Scheme 4.1

Species such as B above are postulated as intermediates in some reactions.392-396
The complex Cp*Ir(PMe3)(SH)CI) underwent dehydrohalogenation when it was treated
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with base to give the intermediate Cp”Ir(PMe3)(=S). The latter rearranged at room

temperature to give the dimer Cp”2Ir2S2(PMe3) as shown in Scheme 4.2.392

P~
_hr=s

MegP

c

Cp SH K[N(SiMe
\I|< [N(S - a)2] _
Me,P cl -20°C

Cp'\l/s\lr_c . .t CP\"/S\
MesP” g~ - Piieg AN PMea
Scheme 4.2

Similarly the thiolo complex Cp*2Zr(SH)(I) underwent dehydrohalogation to give
the intermediate Cp*2Zr(=S) which reacted with ligands (L), such as pyridine, to give
Cp”2Zr(=S)(L) or reacted with acetylenes to give metallacyclic complexes as shown in

Scheme 4.3.394.395

L cP.\ Zrés

y.d ==t

Cp—~_  _-SH KMN(SiMey)] [CP'\
Cp'/ t -20°C Cp'/

|re=cw

Cp'~_
. / z@“
Cp
R
L= pyridine, 4-r-butylpyridine; R= Et, Ph, 4-CcH Me

Scheme 4.3
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The complexes Cp™2Ta(n2-S-CHR)(H), + hich were prepared by the oxidative
addition of RSH to Cp*2Ta(=C=CHa,), and then followed by the reductive elimination of
ethylene, were in rapid equilibrium with the 16-electron thiolato complexes
Cp"2Ta(SCH;R). These thiolato complexes gave complexes containing a sulfido ligand

when heated as shown in Scheme 4.4.396

H
OP'~ 1 0= msorm  Cp~  CRCHe oo S\
cp-/ ~H cp'/ \SCHzﬂ -CH2=CH: cP'/ “H
cp.\ fs A Cp.\
._-Tal . _Ta-SCH.R
Cp” “CH,R cp—” 2
Scheme 4.4

The desulfurization of 2-methylthiophene3!l (Scheme 4.5) and 2,2"-
dipyridyldisulfide397 (Scheme 4.6) by Ru3(CO))2 has been reported. In these cases both
fragments, (the sulfur atom and the organic fragment (C4H3Me or CsHisN)), were found in
the coordination sphere of the organometalli~ products.

(0C)sRu_ =
i
Rus(COh: + [ N e —— \n?;}
\Ru/(co), I‘?u
(CO)s (CO)s

+  Other isolated products
Scheme 4.5
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Scheme 4.6

In terms of the hydrodesulfurization process, the desulfurization of allyl thiol has
been achieved by heating CpRu(PPh3)oSCH2CH=CH3», which was prepared by the
reaction of CpRu(PPh3)>Cl with HSCH2CH=CH> in the presence of MeLi. In this case
the sulfur atoms remained coordinated to the metal atoms while the organic fragmentis were

not retained.
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CHAPTER 5

REACTIONS OF (PPh3)2Pt(SR)2 WITH SO»
(R= H, CMe3, CHMe2, 4-C¢HgMe)

INTRODUCTION

Hydrodesulfurisaton (HDS) converts organosulfur compounds to hydrocarbons
and hydrogen sulfide.53-60 The noxious H2S gas is then converted to elemental sulfur and
water via the Claus Process.180-188 The Claus process is carried out in two stages
(Scheme 5.1); in the first stage, cne third of HaS is converted to SO, in the presence of air
and in the second stage, this SO» is reacted with the remainding H2S to give sulfur and

Water.

3HS + 320, E. g0, * _2HS+ HO
lcm.
170-370 °C
IxSy + 2H0
Scheme 5.1

Although Scheme 5.1 shows the idealized reaction of the Claus process, the
number of chemical reactions that describe what occurs in the actual process is very
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large.398 Figure 5.1 shows the reactants and products of an actual Claus process as well as
the observed contaminants of the Claus reaction. In addition to the expected sulfur
products {Sx, H2S, SO3), combustion products (H20, CO2) and inernt gases (Ar. Na),
ouler species such as Ha, CO. COS and CS» are often found in the product stream. COS
and CS» contain sulfur atoms and thus decrease suifur recovery by as much as 10

percent.398

Reactants

Products

RH, H,, HCN, RSH,
CO, C0,, H,0, N,

Requires
= Further Treatment

N,, Ar, COs, H,0

Figure 5.1: Actual reactants and products of the Claus process.

The production of CS3 is usually attributed to the presence of hydrocarbons in the
H5S feed stream, since CS3 is commercially produced by the reaction of elemental sulfur
with saturated hydrocarbons.3%® One possible reaction for CS formation is the oxidation
of methane by sulfur (Equations 5.1 and 5.2).399.400

CH, + S, -WhiEmB_ g 4+ 2H, 5.1)
CH, + 2S5, —9™M, (5 3+ 2HS (5.2)
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On the other hand, the formation of COS appears 1o be a function of CO concentration.
This observation supports the hypothesis that the oxidaton of CO by elemental sulfur is the
source of COS formaton (Equation 5.3).398-400

high temp.

cCo + 112S, cos (53)

Several attempts have been made to elucidate the mechanism of the Claus reaction

through infrared spectroscopic studies!80-188 and the use of organometallic models,199-162

Model A (Scheme 1.4) has been irvestigated by studying the adsorption of SO2 on
an activated alumina!80-185.401403 or on zeolites6 followed by its reaction with Ha$, as
monitered by IR spectroscopy. Five different types of SO2-adsorbed species were
identified as shown in Figure 5.2. SO» can be adsorbed to either acidic (Al atoms or ions)
or to basic sites (O atoms or ions). The adsorption on acidic sites gives types III and IV
species which contain a planar or pyramidal SO2 bonded to an Al cluster or atoms. The
adscrption on basic sites gives rise to type II species in which the SO; is bonded to an
oxyg=n atom or ion. Transfer of an oxygen atom from the surface produces a sulfite-like
species that attacks an Al atom in a unidentate fashion to give type V species. At higher
SO concentration, the adsorption occurs on the OH groups to give type I, where SOz is a
weakly held physically adsorbed species.

o]
Os ' -0 °§s¢° O§s4,0 o§s 20 Oy sa,o
HO 6\ I I |
Al A~ Al (Al), Al Al
I n I v v
1334, 1148 1332, 1140 1255 1189 1135, 1065

Figure 5.2: Possible adsorption modes of SO, on alumina with the corresponding
V(S=0) (Cm'l) values.
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The addition of H2S to an alumina sample. on which SOz has been preadsorbed.
resulted in a decrease in the intensities of the bands that are due to types I-IV. but not V.
The physically adsorbed species (tvpe I) were the first to react and followed by the SO
specics that were adsorbed on acidic sites ( types III and IV). Finally, tvpe Il species were
consumed. The sulfite adsorbed species (type V) did not react with HaS easily: it required

heating to 200 *C for reaction 1o take place.178

Recently, an organometallic model corresponding to model A was demonstrated in
our laboratory.266 The reaction of the complex (PPh3)3Pt(SQ2) with sulfur transfer
reagents of the type RSphth gave complexes that contain the (S(O)>SR) group, namely
trans-(PPh3)2Pt(S(0)2SR)(phth) (Equation 3.13). This is an example of a sulfur-sulfur

bond formaton which is one step of the Claus reaction.

SO,
llt-....PP i >Pt< i + PPh; (.13
”~
Ph,P \PPh:S phth PPh,

R= Me, CHMe,, Et, CH,Ph, 4-CH Me.

The adsorption of H>S on activated alumina (model B) has been studied by IR
spectroscopy.182-187.404,405 It appeared from these studies that HpS is adsorbed on
alumina in two different forms, both involving adsorption on Al atoms (Figure 5.3).



He__H

S S
l [

Al Al

Vi vil

Vsiy= 1334, 2578 cm’!

Figure 5.3: Possible adsorption modes of F»S on alumina.

Type VI is non-dissociative in which the H»S is weakly adsorbed on an isolated Al ion or
Al cluster. The second type involves dissociative chemisorption of H>S which leads to
formation of an aluminum sulfide species (type VII). A possible route to the second type is
represented in Scheme 5.2.185 The formation of an Al-S species is the most likely product
of chemisorption, since a band at 1720 cm-! (bending vibration of water) appeared and
increased ia intensity with increased addition of HS.185 The observed formation of metal
sulfides by the dissociative adsorption of H2S on many metal sucfaces supports the

contention that the species formed is Al-S.406

T2 "
OH o OH H\S’H o onzl"' s OH
| HS. | I | — 1 1 |
Al Al Al Al Al Al Al Al Al
Scheme 5.2

Addition of SO2 to an alumina sample pretreated with H>S results in a decrease of
the intensity of SH bands.188 If enough SO; is added, the band at 1720 cm'! increases
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gradually due to the formaton of adsorbed warter, itdicadng that Claus chemistry has

occurred.

Organometallic analogs to model B are the reactions of SO» with thiolato
complexes.139-162 Examples of these reactions were presented in Chapter one (Equations
1.20-1.24). Another example is the formation of the nickel-SO> complex, (N.N'-
bis(mercapioethyl- 1,5-diazacyclooctane)Ni(SO2), which has been structurally characterized
(Equation 5.4).307 Several analogous Ni(SO2) adducts were reported and their stabilities

vary dramatically depending on the electronic and steric properties of the ancitlary

ligands.407
1 \N S -':. > g
N S ) ! \Ni< /S0, (5.49)

N
-~ ~ 2 ~

Such adducts (MS{SO2)R) represent a possible first step in the Claus process
{Model B), in which an S-S bond is formed. However no subseguent reactivity such as
oxygen transfer has yet been observed.

Transition metal induced reduction408-414 and oxygen transfer chemistry15-419 of
SO, have been reported. The homogeneous catalytic hydrogenation of SO2 has been
demonstrated using the complex [Cp*Mo(u-S)(u-SH)12 (Equation 5.5).413

75°C
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A possible mechanism for this reaction was proposed?!3 and is shown in Scheme 5.3. The
stoichiometric reaction of [Cp Mo(u-S)(1-SH)]» with SO» (no H») produced Cp 2Moa(u-
S)2(u-S2), (Cp*MoS3)x, and H20. Both Mo-containing products readily reacted with Ha
to regenerate [Cp " Mo(p-S)(1-SH))2 and HaS. The HaS produced reacted with excess SO

10 give sulfur and water (via the Claus rec:ton).

m
H H

S8, S<.-S
2Cp- Mo\\ 0-Cp + SO, — Cp'- Mo\ Mo-Cp + 2H,0
S

+
"Cp'MoSy"
+ 3/2 Hz
- st

HS + 1280, —> 31683 + H0

Scheme 5.3

In this catalytic cycle, sulfur is the final product if the catalysis is terminated before all the
SO- is consumed. On the other hand, H5S$ is the final product if excess Hp is used 413
The catalytic activity of this system decreases with time. The presence of 2 weak basic
solvent (alcohol) or a catalytic amount of a Bronsted base (amines) promoted the
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Oxygen transfer reactions of SO2 have been demonstrated in the literature 415-%19

The reaction of (PPh3)2Pt(n2-CS») and SO» demonstates the function of SO2 as an

oxygen donor and receptor in the same reaction (Equation 5.6).315.:416

s
PhsP_  _C* PhsP S
| + 280,— Pt7 C=0 + 1/8Sy+ SO, (5.6)
Ph,Pp s T N

The reaction of the complex Cp"Ru(CO)2H with SO resulted in the formation of
two soluble and crystallographically characterized complexes, namely,

Cp*"Ru(CO)2(SO3H) and (u-5203)[Cp "Ru(CO)2]> as shown below (Scheme 5.4).417.418
Labeling studies using S1807 had demonstrated that the ligands, SO3H and $>03 were

formed via oxygen transfer from the SO2 molecule 418

clp‘ c]p. cp.\ /cp‘
Ru, + SO; —= gmu o] + Ru Ru.
oc”/ °H oc”/ s-o oc”/ § \©
oC oc 1 ocC s co
o’o
o]
Scheme 5.4

Oxygen transfer has also been observed in the reaction of Cp*2Moz(lt-S)2(1-S2) with SO

(Scheme 5.5).419
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S==S. S==S,
Cp-Mo=——=Mo-Cp" + SO, ——» Cp—Mo=——Mo-Cp'
P \S\s o-Cp’ 2 p— OS’\” o-Cp

112 sozl

S<
116Sg + Cp— Mo\/lvlo Cp’
.

o’?’é"*o
Scheme 5.5

A very similar oxygen transfer has been demonstrated in solution upon treatment of the
chromium dimer with SO2 as shown in Scheme 5.6.%21 Crystallographic and 34S-labeling
studies suggested that the mechanism of this reaction involves a base-assisted oxygen
transfer from the disulfide-SO2 bound molecule to 2 free SO» molecule producing SOs.
The SO3 displaces S»O (whic!: decomposed to Sg and SO») to give the observed thiosulfate

product.

Ox 40
1

Sa Ss
: \'ss .

-Cri—,s:,CPCp + SO —mm Cp’ Cr—'\—-—sCr-Cp
Sd‘

- I_/
316S; + Cp—-Cr=——=Cr-Cp
S s

Scheme 5.6

82



In this chapter, Model B is investgated by reacting the complexes (PPh3)2Pi(SR)2
(cis for R= H, CMe3, CHMep; trans for R= H, 4-CgHsMe) with SO2. These reactions
nroduced adducts of formula (PPh3)2Pt(S(SO2)R)2 for R= CMes, 4-CgHaMe and CHMe.
The reaction of cis-(PPh3)2Pt(SH)» with SO» gave (PPh3)2P1(S30) but no reacton was
observed for the rrans-isomer. The reaction of (PPh3)7Pt(S30) with HaS gave the starting
thiolo complex, cis-(PPh3)2Pt(SH)2 thus formally completing a stepwise Claus process.

The cartalytc activity or these complexes toward the Claus reaction is presented.

RESULTS
Reacti £ (PPha)oPI(SR)> with SO

Methylene chloride solutions of (PPh3)2Pt(SR)2 treated with SO2 changed color
from yellow to deep red. Addition of hexanes (saturated with SO2) gave red-orange solids,
(PPh3)2Pt(S(SO2)R)2, cis for R= CMe3; 16a and R= CHMe»; 16¢, trans for R= 4-
CgHaMe; 16b, which easily lose SO if not kept under an atmosphere of SOz (Equation
5.7). Upon dissolution in organic solvents, loss of SO2 occurred to give the starting
thiolato complexes. Consequently, the NMR spectra of these adducts were recorded in
CDCI; saturated with SO2. The 1H NMR data, presented in Table 5.1, showed that the
peaks for the thiolato ligands were shifted to higher field compared to those of the starting
thiolato complexes. The IR spectra were recorded using KBr disks with quick sample
preparation. In the IR spectra of 16a-c, the SO stretching frequency appeared in the
ranges 1280-1285 and 1091-1095 cm-1, which is consistent with previous reports for
adducts having a ligand bound SOz molecule.159-162.190,191 The r-butyl adduct,
(PPh3)2Pt(S(SO2)CMe3)z, 16a, was never isolated in pure form. Its IR, IH NMR and
31p NMR spectra showed the presence of both the adduct, 16a and the starting thiolato
complexes.
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The facile loss of SO= exhibited by 16a-c is reflected by their clemental analysis
results which were carried out under nitrogen aimosphere. These results showed that the
compounds have higher carbon and hydrogen contents and less sulfur content than the
calculated values (based on the presence of two coordinated SO» molecule). This is

consistent with the easily loss of SO from these adducts.

$0;
- Pt ~ + 280, — - Pt\so 9 (5.7
Ph;P SR PhgP S—R

cis: R= CMe;; 16a, CHMe.: 16¢
trans: R= 4-C¢gH,Me, 16b

Table 5.1: Spectral data of (PPh;),Pt(S(SO,)R),, 16a-c.

R CMe; CéHMe | CHMe,
isomer cis rans cis
Me Li1 2.19 1.22°
'H NMR>®
CHM d
pm) 2 3.68
CetlMe 6.74°,7.26°
PNMR* @pm) | 2035 212 203
Up.p (H2)) (2930) (2980) (2926)
IRKKBD) Viso) | 1280,1095 | 1282,1091 | 1285, 1093
(cm™)

a) In CDCl; saturated with SO,. b) PPh; resonances appear as a
broad singlet in the range 7.26-7.40 ppm. c) Doublet. d) Septet.



The reactions of Cp2Ti(SR)2 (R= H, CMe3. CHMe3, 4-CgHsMe) with SO2 in
methylene chloride at room temperature were also examined. These reactions resulted in
the formation of an crange solid that precipitated from the reaction mixture. This solid was
insoluble in common organic solvents. It was characterized by elemental analysis and mass
spectroscopy. Both results indicated that the most probable product is a polymer of the
formula (CpaTiS)x. These marerials were not studied further due to their intractability.

Treatment of cis-(PPh3)2Pt(SH)2 with SO7 in CH>Cl; at room temperature gave
(PPh3)7Pt(S30), 17 in 82% isolated yield (Equation 5.8).

PhsP SH PhgP s
~p—* , s0, —- >p¢< 'S=0 + H0 (58
PhgP S

17

The YH NMR spectrum of 17 displayed a multiplet in the aromatic region and its 31P NMR
spectrum showed a singlet at 18.5 ppm with satellites (Jpr-p= 3200 Hz) arising from
coupling to 195Pt (33% abundance, S= 1/2). This value is shifted o a higher field
compared to that of cis-(PPh3)2Pt(SH)2 (21.4 ppm, Jpi-p= 2980 Hz). The IR (Nujol)
spectrum displayed 2 band at 1065 cm-! for the S=O stretching frequency.190.191 The
mass spectrum (FAB in NBA) of 17 showed the following peaks: 832 (M**), 748
((PPh3)2PtS3), 752 ((PPh3)2PtS) and 720 ((PPh3)2Pt) together with other fragments. The
clemental analysis of the complex agreed with the proposed molecular formula.

From the logic of the synthests, the reaction shown in Equation 5.8 should give
water in addition to 17. One molecule of water was produced from this reaction as shown
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from the 1H NMR spectra shown in Figure 5.4. Figure 5.4A shows the 'H NMR
spectrum of deuterated acetone saturated with dry SO» (dried by bubbling through
concentrated H2SO4 solution and then passed through a column of phosphorus pentoxide).
Figure 5.4B shows the lH NMR spectrum of the reaction mixture, and one can conclude

from the integration of the peaks that water was produced in the appropriate amount relative
to 17.

Attempts to deuterate the complex cis-(PPh3)2Pt(SH)2 using miethanol-dy failed for
the 1H NMR spectrum of this reaction mixture showed the disappearance of the SH peak,
while no deuterium signal for the intended product, cis-(PPh3);Pt(SD)2, was observed in
the 2H NMR spectrum.

The crystal structure of 17 was determined and is shown in Figure 5.5.233 The
crystal data, atom coordinates, bond lengths and bond angles and least square planes are
given in Appendix 4, Tables A4.1-A4.5 respectively. The oxidized sulfur atom is
disordered over two orientations of relative occupancy 0.77 and 0.23. The Pt-S distances
(2.341(3) & 2.318(2) A) are within the range observed for complexes containing a
(PtSCS) rings (Table 5.2) but longer than the Pt-S distance in rrans-
(PPh3)2Pt(phth)S(0)2SCH2Ph.266 The S-S and S=O distances are similar to those
observed for complexes containing S(C)2SR, SS(O)R and SS(O)2R groups.235.236.266
The S-Pt-S angle is larger than that in complexes containing the (PtSCS) rings. The sulfur
atom S2 is out of plane formed by P1P2PtS1S3; the dihedral angle between the plane
containing P1P2PtS1S3 and the plane containing $1S283 is 22.34".
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Figure 5.4: 1H NMR spectrum of a) Acetone-ds saturated with SO2. b) Products of the
reaction of cis-(PPh3)2Pi(SH)2 and SO» in acetone-ds. (*= solvent peak, #= water peak,
+= THF impurity).
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Figure 5.5: ORTEP drawing of (PPh3)2Pt(S30), 17.
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Table 5.2: Selected Structural parameters of some platinum complexes containing a
4-membered ring.

Complex .
(Reference) P-S (A) C-S@A) | SPeSO) | S-C-S()
MRS I i ) | T | B | S
2.36(1) 1.73(4) 73.6(4) 111(2)
2.35(1) 1.69(4) 73.3(4) 116¢2)
Ptl,(S,CNCMe,),
(422) 2.33(1) 1.63(4)
2.35(1) 1.67(4)

(PPhy),Pr(u-S,0)- | 2:3530) 1.70921) | 724(2) 109.9(9)
PY(CI)(PPh;),

@23) 23615) | 1.69220)
2320 | 1820) 4
(PPhs),Pr(S,CF).HF 74.7 108
424) 2.340(5) 1.67(2)

2.347(3) 1.755(16) 75.2(2) 106.6(7)

(PPhs),P1(S,CO)
(425) 2.326(4) 1.803(14)
2.301(5) 1.815(19 . 102.1(9
ﬂ(PPhM S,CH,) (19) 76.1(2) O
(426) 2.390(5) 1.837(20)
(8-S0O) (5-SO-S)
2.341(3) 2.110(4) 80.73(9) 92.2(5)
(PPhy),PY(S;0)" 2.17(1) "
2318(2) | 2.042(4) 93.2(2)
2.05(1)

a) S=O bond lengths are 1.436(7) and 1.20(1) A.



Compound 17 reacted at room temperature with HaS over a ten hour period in THF

to give the starting thiolo complex, cis-(PPh3)2P1(SH)2 (Equation 5.9).

Pt S=0 + 2HS —= Pt + "HS30"  (5.9)
Pth/ \s’ Pth/ ™~ SH

The low isolated yield of this reaction (17%) is atributed to the decomposition of the thiolo
complex w “en stirred for a long time in organic solvents.265 The 31P NMR spectrum of
the reaction mixture showed a soong peak at 43.0 ppm due to the presence of SPPh3 which
resulted from the decomposition of the thiolo complex. The other product of the above

reaction designated as "H2S30" was not isolated nor detected.

The complex trans-(PPh3)2Pt(SH)2266 did not react with SO2 under the same
reaction conditions as used for the analogous ¢/'s complex, only the starting compound was

recovered from the reaction mixture.
Claus Chemisry

The reaction of SO2 with H>S to produce sulfur was catalyzed by certain platinum
complexes shown in Table 5.3 under mild homogeneous conditions. The reaction was
carried out in a dry methylene chloride solution at room temperature in a very dry 100 mL
Schlenk flask. The flask was previously treated with dimethyldichlorosilane to silylate the
hydroxyl groups that are usually present on the glass surface (untreated glass catalyzed the
reaction). The molar ratio of the catalyst to SOz was 1:20. The gases were added slowly
using syringes and the reaction mixture was stirred for 3 hours. The sulfur was identified
by thin layer chromatography and mass spectroscopy.



Table 5.3: Yields of the catalytc reacton of SG, and H,S.?

Catalyst %Sffflfr()f Cazalyst %S}:Jirf]SrOf
Control® cis-
Un-catalyzed 8 (PPh3),Pt(SCHMe, ) 98
erhpybisiy| 2| T »
trans- cis-
(PPh;),Pt(SH), 9 (PPh;),PtCl, 50

a) Ratio of H,8:50; is 2:1, volume used: H,S= 50 mL; SO,= 25 mL.
b) Based on three reactions.

Table 5.3 showed that the complexes cis-(PPh3)2Pt(SH)2, cis-(PPh3)oP(SCHMe2)2, and
(PPh2)2Pt(S30) are good catalysts for Claus chemistry. However, the trans-
(PPh3)2Pt(SH)2 did not catalyze this reaction and the chloro complex cis-(FPh3)2PtCly was
found to be a poor Claus catalyst. The catalytic activity of cis-(PPh3)>Pt(SH)2 was tested
by adding more of the gases. Addition of further aliquots of the gases showed that the
catalyst remained active although with each addition this acdvity was reduced, as the
amount of sulfur produced decreased with each addition.

DISCUSSION

The reaction of SO with thiolates is well documented for Cu(PPhyMe)3SPh,159
CpW(CO)2(PPh3)SR, 160 CpRu(PPh3)(L)SR161.162 and for (N,N -bis(mercaptoethyl-1,5-
diazacyclooctane)Ni.407 In the cases of Cu(PPhMe)3SR1%9 and CpRu(PPh3)(CO)SR161
the products contain pyramidal SO fragments reversibly bonded to the thiolate sulfur
atom, while with the Ni compound407 the product is stable and was structurally
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characterized. In the case of the tungsten complexes.!®0 the adducts.
CpW(CO)2(PPh3)(S(SO)R). were believed to be under fast exchange conditions on the
NMR time scale, therefore, the observed NMR specrum was an average of the two
species. On the other hand, the complexes CpRu(PPh3)aSR gave CpRu(PPh3)a(S(SOR)
and CpRu(PPh3)(SO2)(S(SO2)SR) upon treatment with $O».161.162

A platinum adduct, (PPh3)2Pt/SPh)»=2S02 similar to those reported here was
repc rted from the reaction of (PPh3)Pt(SPh)> with liquid $02.159 This adduct possesses
a high SOz dissociation pressure, in which the ratio of SO2 10 metal complex was found to
be 1.72:1. This carlier result is in agreement with the instability of adducts 16a-¢ toward
loss of SO2.

Treamment of cis-(PPh3)2Pt(SH)2 with SO2 gave (PPh3)2Pt(S30), 17, as shown in
Equation 5.8. To our knowledge, this reaction is the first example of a direct interaction
between a compound which contains an SH group and SO in which a S-S bord is formed
and, also, an oxygen atom is transferred to produce H20. This mimics a possible

fundamental steps in the commercial Claus process.

The reaction of (PPh3)2Pt(S30) with HaS (Equation 5.9) produced cis-
(PPh3)2Pt(SH)2. The other product, which is designated as "H2S30", was neither
detected nor isolated. In a recent publication,*27 ab initio MO calculations on the isomers
of "H2S30" were carried out since it is believed to be a key intermediate in the Claus
Process. The results of these calculations showed that the most stable form is a six atom
chain with the oxygen attached to the end of a linear S3 moiety (Figure 5.6). This
compound is expected to readily react with H3S to form water and elemental sulfur. The
compound should also spontaneously decompose to S20 and H3S as shown in Equation
5.10.427
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Figure 5.6: Three rotamers of the most stable isomer of "H;S30".427

HyS30 —= H,S + S;0 AUpge=-54.0 kmol™ (5.10)

In the reaction of 17 with H3S, no sulfur was formed but SPPh3 was detectec -»
the 31P NMR spectrum of the reaction mixture. This sulfide may be formed by the reaction
of PPh3 (formed from the decomposition of cis-(PPh3):Pt(SH)>) with sulfur (or with
"H2S30"). Sulfur may be produced in this reaction either by decomposition of "HS830"

(Equation 5.10) or its reaction with HaS.

In terms of the Claus Process, the results presented in this chapter showed that the
complexes cis-(PPh3)2Pt(SH)2, cis-(PPhz)Pu(SCHMe2); and (PPh3)2Pi(S30) catalyze the
Claus reaction under mild homogeneous conditions. The 31P NMR spectra of the solid
obtained from the catalytic reactions showed the presence of peaks corresponding to the
catalyst and, in the cases of cis-(PPh3)2Pt(SH)2 and cis-(PPh3)2Pt(SCHMe2)2 compound
17 was also observed. In all the cases, a peak for triphenylphosphine sulfide was also
present.
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The reaction of cis-(PPh3)2Pt(SH)» with SO» gives some information about the
mechanism of the Claus process. Taking model B as a guide, the formation of 17 shows
two steps of the Claus reaction, one is sulfur-sulfur bond formation and the other is oxygen
atom transfer from SO2 to form water. The reaction of 17 with HaS regenerates the
starting thiolo complex, cis-(PPh3)2Pt(SH)2, indicating that this complex catalyzes the
Claus reaction. It also indicates that 17 is an intermediate in this reaction and also acts as a

catalyst.

Two proposed catalytic cycles of the Claus reaction can be written as shown in
Schemes 5.7 and 5.8. Scheme 5.7 shows the catalytic cycle based on cis-(PPh3)2Pt(SH)»
as a catalyst while Scheme 5.8 shows the cycle based on (PPh3)2Pt(S30), 17, as a
catalyst.



3/8 Sg + H,0

\

"H,S;0" PhsP.  ~SH
Ph,P”  SH @
i
PhsP _ ~SH PhgP~. _ _-SH
Pt SH Pt
PhP”  ~S—§7 PhsP~ SH
c o A
Ph,P-_ S PhsP._ _SH
$=0 Pt OH
PhP” 87 PhP” S-§7
17 v B o)
H,O

Scheme 5.7

95



PhgP—_  _.SH
PhsP”  SH
k802

0

[{]

Ph,P SH
B
Hzo
Ph3P~.._ ,s\
/ \
PhsP\ _SH PhsP-_ ,S—S
PhsP/ \s s PhyP”” \s—s =0
3/8 Sg + H,0
\
IIH&OUI
—8=0
1}
O
Scheme 5.8

In Scheme 5.7 the reaction of cis-(PPh3)2Pt(SH)2 with SO2 may give adduct A,
(PPh3)2Pt(SH)(S(SO2)H), which has an SO2 bound to the sulfur atom of the thiolo group,
similar to the adducts observed for the dithiolate systems (Equation 5.7). This adduct
undergoes proton transfer (from sulfur to oxygen) to give B, (PPh3)2Pt(SH)(SS(O)OH)
which loses H20O to give 17. Reaction of H2S with 17 gives C,
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(PPh3)2Pt(SH)(SS(O)SH), which further reacts with H3S to give the starting complex, cis-
(PPh3)7P1(SH)2 and "H2530". The latter decomposes to give elemental sulfur and water.

Scheme 5.8 shows another possible cycle based on 17 as a catalyst. Insertion of
SO2 molecule in to the S-S(O) bond gives D, (PPh3)2Pt(SS(0)S(0)3S), which reacts with
H5S to give E, (PPh3}2Pt(SH)(SS(0)S(0)2SH). The latter reacts with another molecule of
HsS to give B and "H3830" which decomposes to sulfur and water. Intermediate B loses

H>0 to regenerate 17.

The only isolated intermediates in either cycle are cis-(PPh3)2Pt(SH)2 and
compound 17. Proposed intermediate C arises from the reaction of HzS with 17. Itis
homologue of proposed intermediate B which might be generated from the reaction of 17
with H>O. Analogous compounds such as (PPh3)2Pt(SH)(SS(O)OR) and
(PPh3)2Pt(SHY(SS(O)SR) which might be more stable than intermediates B and C might
be obtained from the reaction of 17 with alcohols or thiols, respectively. These are natural
targets for fuwre studies. Examples of proposed intermediates D and E are unknown.
The complex (PPh3)2Pt(S4) is known?28 and its oxidation might lead to intermediate D or
other similar oxidized forms.



CHAPTER 6

REACTIONS OF (PPh3)2Pt(SR)2 WITH CS>
(cis: R= H, CMe3, CHMez3; trans: R= 4-C¢gHgMe)

INTRODUCTION

Thioxanthate complexes, MS2CSR, are known for many transition metals including
Cu, Cr, Mo, W, Mn, Re, Pd, Fe, Co, Ru and Ni,95.163-169,176 however, only one
example of a platinum thioxanthate is known, namely, [Pt(SCMe3XS2CSMe3)]2.102 Metal
thioxanthate complexes can be prepared via the reaction of a metal thiolates with CS2.163-
169 The reaction of metal halides with thioxanthato anions, RSCS3",163.164.429.430 which
are prepared by the treatment of the thiolate anion with CS», also gives thioxanthato
complcxcs.431

The thioxanthato ligand can bind to the metal atom in either a monodentate (e.g.
CpNi(PBu3)(S2CSR)) 167 or a bidentate fashion (¢.g. (PPh3)2CuS2CSEt)166 (Figure 6.1).

s
7
il
M-S—C—SR “\SD/C—SR
monodentate bidentate

Figure 6.1: Coordination modes of thioxanthato ligand.
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The complexes CpRu(PPh3)2SR reacted readily at room temperature with CS2 to

give the thioxanthato complexes, CpRu(PPh3)(S2CSR), wherein CS; had inserted into the
Ru-S bond (Equation 1.27).176

L Lo>

Ru + ©CS, — Ru + PPhy  (127)
PhsP” | SR PhaP” | s
PPh, s=4
SR

R=C;H;, CHMe,, 4-C¢H Me.

The analogous thiolo complex, CpRu(PPh3)2SH, reacted slowly with CS» to give a red
product formulated as CppRup(PPh3)3CS3 as shown in equation 6.1.176

2 Ru -l- 2C5, — S-—Ru
Phep”” | PPha/ B Ph,P ~PPhy
PPhs
H,S + PPhy (6.1)

Other examples of thiolato complexes that underpo insertion reaction with CS2 were given
in Chapter one (Equations 1.25-1.28).163-169

Numerous thioxanthato complexes have been produced by the reaction of an
organometallic halide with thioxanthate salts.163.164,429,430 Scheme 6.1 represents an
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example of this method. Cyclopentadienyldicarbonyliron halides reacted at room
temperature with NaS2CSR to give CpFe(CO)2S2CSR, which have a monodentate RSCS-
ligand. The larter complexes slowly converted in soluton to CpFe(C0)S2CSR. These
complexes underwent elimination of CS2 molecule in refluxing toluene to give the dimers

[CpFe(CO)(u-SR)]2.429

L> L8>

| ] S
Fe. + NaSCSR —~ Fo_ &
oc” | >x oc” | s “sR

co co
X=CL1 R= Me, Et, Ph l co
ﬂ R @
S co
NN /Fe
JRE SR g o 0| s
$ s={
R SR
Scheme 6.1

The analogous reaction of CpM(CO)3Cl led to CpM(CQ)2(S2CSR) where M is Mo
or W (Scheme 6.2).430 The complex CpMo(CO)2(S2CSMe) was also prepared by the
treatment of the anion [CpMo(CO)3]” with excess CS3 followed by addition of methyl
iodide.432 The complexes CpW(CO)3S2CSR were also reported to form from the reaction
of CpW(CO)2(L)SR with CS2, where L= 075 and PPh3.95
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Mo |+ CS, + Mel
~

|

|
+ MS,CSR —= - * L
AN >z oc7\ §
oc o oc s SRT
W +
0C~7 \"SR 2
oc’ L

L= CO, PPhs: R= Me, Ph
Scheme 6.2

The only known platinum thioxanthate complex, [Pt(u-SCMe3)(S2CSMe3)]2, was

prepared by the reaction of NaS2CSCMe3 with KoPtCly in water (Equation 6.2).102 This
complex was prepared among a series of thioxanthates of Ni(II) and Pd(II) that underwent
spontaneous CS2 elimination to form dimeric thiolato bridged complexes. 101,102

PICI® + 2MeyCSCS; —= m,cs—((/n\ )-ScMeg+ 4CT

j-mz

172 Iloscs-(s\ Pt Pt’s»-scu., (6.2)

Cwe,
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The reactions of various platinum complexes with CS2 have been

reported.416.433.433 The complex (PPh3);Pt reacted with CS» to give (PPh3)2Pt(n2-CS-2)
which was structurally characterized.*33 The same complex was also prepared by simple

displacement of SO» from the complex (PPh3)3Pt(SO2) (Scheme 6.3)316

Ph:,P\ /c
(PPh3)sPt + CS, — / \é + PPhy
|so.
(PPh3),Pt(SO,) + CS,
Scheme 6.3

If the reaction of (PPh3)3Pt(SO2) and CS; (shown in Scheme 6.3) was carried out under
SO, atmosphere the dithiocarbonato complex, (PPh3)2Pt(S2CO), was isolated 416 This
complex was also obtainzd from the reaction of SO with (PPh3)2Pt(n2-CS2)416 or CS2
with the complex (PPh3)2Pt(02) (Scheme 6.4).434

S
PhgP c? . PhyP
>Pt<| + 280, —-—’_'::: >Pt<s>c=o
PhsP S PhyP S
120,
PhyP (o]
Scheme 6.4



The reactivity of the complexes (PPh3)2P1(SR)> towards SOz, which was
discussed in Chapter 5, led to the reatment of these complexes with small molecules such
as CO», COS and CS2. The importance of the reactons of these molecules stems from the
interest in CO» as a potental feed stock for organic molecules containing one carbon

atom*35437 and as an important molecule in solar energy conversion.438.439

The complexes (PPh3)2Pi(SR)> inserted one CS2 molecule in the pladnum-suifur
bond to form the mixed thiolato-thioxanthato complexes (PPh3)Pt(SR)(S2CSR). The
structure of (PPh3)Pt(S-4-CgH4Me)(52CS-4-CgHsMe) was determined by x-ray
crystallography. The complex cis-(PPh3)2Pt(SH)2 reacted with CS2 to give the known
complex, (PPh3)2Pt(S2CS), which contains a trithiocarbonato group.

RESULTS

Treatment of the complex cis-(PPh3Pt(SH)> with CS; at room temperature gave
(PPh3)2Pt(S2CS), 18, in 85% yield with evolution of H2S (Equation 6.3). The yellow
complex is stable to air in both the solid state and in solution. The compound was
characterized by spectroscopic techniques and elemental analysis. Its IR spectrum showed
a strong band at 1060 cm-! which is characteristic of C=S stretching frequency. The !H
NMR spectrum of 18 showed a multiplet in the aromatic region. The 31P NMR spectrum
showed a singlet at 18.3 ppm with platinum satellites (Jp.py= 3146 Hz). This chemical
shift is similar to that observed for (PPh3)2Pt(S30) (18.5 ppm, Jp-pr= 3200 Hz) and lower
than that of the starting thiolo complex cis-(PPh3);Pt(SH)2 (21.4 ppm, Jp.pr= 2980 Hz)
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Pt C=8 + HS (6.3)
Ph3P/ g7

18

The thiolato complexes (PPh3)2Pt(SR)2 reacted cleanly with CS» at room
temperature to give (PPh3)Pt(SR)(S2CSR), where R= CMes; 19a, 4-CgHsMe; 19b,
CHMey; 19¢ in isolated yields ranging from 78% to 86% (Equation 6.4).

PhaP\Pt _-SR + S, RS

PhP~ gR

~_ _-S
Pt >~SR + PPhy (64)
PhsP/ \S)

R= CMej; 192, R= 4-CgH Me; 19b, CHMe,; 19¢

The dark red complexes 19a-c are stable in air as solids as well as in solution. The
IR spectra of these complexes showed a strong band in the range 980-988 cm-l
characteristic of the C-S (of CS3) stretching frequency of the thioxanthato Lgand.372 The
C-S bands of both the thiolato and thioxanthato ligands appeared in the ranges 768-805 and
922-943 cm-1.431 The NMR spectral data of 19a-c are presented in Table 6.1. The 'H
NMR spectra of 19a-¢ showed a multiplet peak in the aromatic region integrating for one
PPh3 ligand and two different R groups in a 1:1 ratio. Resonances for the alkyl groups
(SR and S2CSR) were shifted to low field compared to those of the starting thiolates. The
only exception is the methine proton of the isopropyl group of 19¢ which is shifted to
higher field for both the thiolato and thioxanthato ligands. The shift to lower field was also
observed when the spectra of CpW(CO)2(PPh3)SR and CpW(CO)252CSR were
compared.¥> In contrast, a shift to higher field was observed in the ruthenium system
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CpRu(PPh3)S2CSR (Equation 1.27).176 These data are consistent with equation 6.4
wherein only one CS» molecule was incorporated via the insertion into one of the two Pt-

SR bonds.

Table 6.1: NMR data in ppm of (PPh;)Py(SR)(S,CSR) and (PPhs),Pt(SR),.

(PPh,)P(SR)(S,CSR) (PPhs),Pt(SR),
R
Havr” | PNWMR | g pamtt] YPNMR
(Jpr.p Hz) J PP Hz)
CMe, 135 | 161 17.1 1.32 234
(3780) (2830)
CHMe, 1.32°] 142° 17.8 1.30° 23.8
CHMe,® | 4.06 2.99 (3780) 4.13 (2852)
4-CéHMe | 2.24 234 16.8 2.19 223
4CeHMe | 688°| 725¢ (3730) 6.70° (2954)
712°| 200 7.10°

a) In CDCl; solution. b) Phenyl resonances of PPh; appeared as two multiplets
in the ranges 7.08-7.40 ppm and 7.45-7.60 ppm in the ratio 3:2. c) Doublet. d) Septet.

The x-ray structure determination of (PPh3)Pt(S-CgH4Me)(S2CS-4-CgHaMe),
19b, confirmed that the compound had a thiolato and a thioxanthato ligand as determined
by IR, NMR and analytical dare. An ORTEP drawing is presented in Figure 6.2.233 The
crystal data, atom coordinates, bond lengths and bond angles are given in Appendix 5,
Tables AS5.1-A5.4 respectively. The structure is consistent with those reported for similar
complexes. 95,176 The 16 electron complex, 19b, possesses a square planar geometry.

105



Figure 6.2: ORTEP drawing of (PPh3)Pt(82CS-4-CgHaMe)(S-4-CgHsMe), 190.
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The Pt-S bond lengths of the thioxanthato ligand are 2.381(2) and 2.326(2) A which are in
the range observed for complexes containing PtSCS rings (Chapter 5, Table 5.2). These
distances are longer than the Pt-SR bond length of (2.296(2) A). The SPtS and SCS

angles are similar to those observed for complexes containing PtSCS rings (Table 5.2).

The complexes cis-(PPh3)2Pt(SH)2 and cis-(PPh3)2Pt(SCHMe»)» did not react
with CO»z or COS at room temperature in solution (THF, CH2Cl2).

DISCUSSION

The complex cis-(PPh3)2Pt{SH)2 reacted slowly with CS2 with the evolution of
HbS gas to give the known trithiocarbonato complex, (PPh3)oPt(S2CS), 18. A reasonable
reaction sequence for this conversion is shown in Scheme 6.5. This sequence involves an
insertion of one molecule of CS2 into the Pt-S bond to give an intermediate,
(PPh3)2Pt(SH)(S2CSH), with a monodentate ligand followed by H2S elimination to give
18. A similar mechanism for the reaction of CpRu(PPh3)2SH with CS» to give
Cp2Ruz(PPh3)3CS3 has been proposed.176 These reaction mechanisms are very similar to
one of those proposed for the Claus chemistry described in Chapter 5 (Scheme 5.6)

PhsP\Pt _~-SH +CS, PhaP\Pt _—~SH o
PP~ sH PP s—c”
e
PhgP
>Pt/s:c=s
PhyP 13\3

Scheme 6.5
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Complex 18 is known and was made by :wo different methods. The reaction of

CS2 with either (PPh3)2PtCla*0 or (PPh3)3Pta(CO)(u-$)*! (Equation 6.6) gave 18.

S

Ph,P S
VAN 3
Phsp-?t_Plt'-PPha + 052 —_— > Pt< :c:s
PPhs O Ph,P S
18

Scheme 6.6

Upon dissolutior in CS3 the yellow complexes (PPh3)2Pt(SR)2 gave red solutions
from which the complexes (PPh3)Pt(SR)(S2CSR), 19a-c were isolated. These complexes
were formed by a simple CS> insertion into one of the Pt-S bonds with the loss of a PPh3
ligand. The rate of reaction of the complexes containing electron donating groups (CMe3,
CHMe) was much faster than that of the complex with an electron withdrawing group (4-
CgH4Me). This is consistent with the observed rates for the reaction of CS2 with

CpRu(PPh3)2SR and CpW(CO)2(PPh3)SR where R is CHMep, CHoPh, 4-CgHgMe 25

The reaction of CS7 with (PPh3)7Pi(SR)> under different conditions was monitored
by using NMR spectroscopy. These reactions showed that there was no evidence for the
presence of any intermediate such as a monodentate thioxanthate complex. Increasing the
CS2 concentration increases the reaction rate. The reaction is retarded by the presence of
added excess of PPh3. Purging the reaction mixtures with CO did not slow down the
reaction, although, peaks for a new species appeared. A similar observation was also made
for a mix~re of the platinum thiolates when treated with CO alone.
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The above observations suggest that electrophilic attack by free CS2 on the sulfur

atom: of the thiolato ligand or on the platinum center are possible pathways to 19a-c

(Scheme 6.7). In a related system,432:#43 the reaction of CO» with [W(CO)sOPh]"

(Equation 6.5) was not inhibited by CO which is consistent with free insertion.

s=€:=s (s-.., q,,s
Phsp\ /S“-R Phsp\ /S— R
Ph3P S-R Phef) S-R \a R
Ph‘-"P\Pt/S\ _
RS g7 =S
S=C=S =C=S
rearrangement
Phsp”” Ss-R  PhPT  s-R
PP Pt/s)‘c SR
RS~ ¢
19

Scheme 6.7
[wicosoPn)]- + co, — [(oc).-.W<°)>—opn]' + CO (65
)

The mechanisms of the analogous reactions of CSz with CpRu(PPh3)2SR 166 or
CpW(CO)2(PPh3)SR35 were studied. The results of these studies showed that these
reactions were inhibited by the addition of PPh3 or CO and pre-coordenation of CS7 was
proposed.
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CHAPTER 7

EXPERIMENTAL SECTION

GENERAL METHODS

All experiments were performed under nitrogen using vacuum line and Schlenk
techniques. 44 Flasks were charged with solids and then evacuated and filled with
nitrogen. Tetrahydrofuran, hexanes, benzene and toluene were refluxed over
sodium/benzophenone and distilled under nitrogen just prior to use. Methylene chloride
was refluxed over phosphorus pentoxide and distilled under nitrogen. Absolute ethanol
and spectrograde acetone were degassed by repeated evacuation (three times) followed by
purging with nitrogen. Deuterated solvents (Isotec, Merck, and Cambridge Isotope) were
used as received. Solvents and liquid reagents were transferred by syringes. Ruthenium
thiolates CpRu(PPh3)(L)SR (L = PPh3, C0)176, platinum thiolates (PPh3)2Pt(SR)2 (R=
H426, CMe3, CHMe3, and 4-CgH4Me),80 the complex CpRu(PPh3)2Cl1445 and
methylthiophthalimide®0 were all prepared according to published procedures. Allylthiol
(Aldrich) was distilled before use. The reagents (Aldrich) NOBFs, HBF4 (85% in
dicthylether), the salt [MeSSMe3]BFs, McLi (1.4 M in dicthylether), NH4PFg, Mel and
CS> were used as received. The gases (Matheson) H2S and SO were used as received
unless otherwise specified.

Pmuonnuclearmagneticresonancespectra(lﬂNMR)mmdedonaVuian
X1.-200 or a JEOL-270 spectrometer. Samples were prepared under nitrogen. Chemyical
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shifts are in ppm relative 10 TMS at 0 ppm. The 3P NMR spectra were obtained on a
Varian XL-300 or a JEOL-270 spectrometer using 85% phosphoric acid as the external
reference at 0 ppm. Infrared spectra were reccrded on an Analect AQS-20 Fourier-
transform infrared (FT-IR) spectrophotometer calibrated using a He/Ne laser (632.8 nm).
The detector was triglycine sulfate (TGS) with standard resolution of 4 cm*!. All bands
were reported in cm-! with an accuracy of #1 eml. Low resolution mass spectra were
measured on a KRATOS MS25RFA mass spectrometer. High resolution mass spectra
were measured on a ZAB 2F HS mass spectrometer at the McGill University Biomedical
Mass Spectrometry Urit. Elemental analyses were performed by either Guelph Chemical
Laboratories, Guelph, Ontario or by Canadian Microanalytical Service Ltd., Delta, British
Columbia. Melting points were obtained on a Thomas Hoover capillary melting point
apparatus and were uncorrected.

PREPARATION OF COMPLEXES

n5-Cyclopentadienyi(nitrosyl)(triphenylphosphine)(2-methyl-2-propyl-

thiolato)ruthenium(IV) tetrafluoroborate, [CpRu(PPh3)(NO)SCMe3]BFy,
la. In a 100-mL Schlenk flask, CpRu(PPh3)2SCMe3 (0.51 g, 0.66 mmol) was
dissolved in THF (20.0 mL), NOBF4 (0.093 g, 0.82 mmol) was added and the solution
was stirred overnight. During that time the color became dark orange-brown and a dark red
precipitate formed. The supernatant was removed with a syringe and the precipitate was
washed with diethyl ether (3 x 5.0 mL) and hexanes (3 x 5.0 mL). The resulting solid was
recrystallized from methylene chloride/hexanes to give dark red crystals (0.43 g, 84%).
mp: 198-199 °C (dec.). IR (CH2Cl2): vnoy= 1822(s) cn~1. 1H NMR (acetone-dg): 1.39
(s. 9H, C(CH3)3), 6.30 (s, SH, Cp), 7.64 (m, 15H, PPh3). Anal. Calcd. for
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(C27H29BF4sNOPRuS): 51.12% C, 4.61% H. 2.21% N, 5.05% S. Found: 51.15% C.
4.65% H, 2.26% N, 5.28% S.
n3-Cyclopentadienyl{nitrosyl)(triphenylphosphine)(4-methylbenzene-
thiolato)ruthenium(IV) tetrafluoroborate,
[CpRu(PPh3)(NO)S-4-C¢HsMe]BFg4, 1b. In a 100-mL Schlenk flask.
CpRu(PPh3)25-4-CgHaMe (0.40 g, 0.50 mmol) was dissolved in THF (15.0 mL),
NOBF; (0.070 g, 0.60 mmol) was added and the solution was stirred overnight. During
that time the color became dark orange-brown and an orange precipitate formed. The
supernatant was removed with a syringe and the precipitate was washed with diethyl ether
(3 x 5.0 mL) and hexanes (3 x 5.0 mL). The resulting solid was recrystallized from
acetone/ethanol to give orange-red crystals (0.36 g, 90%). mp: 218-220 °C (dec.). IR
(CH2Cl): vinoy= 1817(s) cm~!. TH NMR (acetone-dg): 2.31 (s, 3H, 4-CsH4CH3). 6.10
(s, SH, Cp), 7.10 (d, 2H, 4-CsHaCH3), 7.47 (d, 2H, 4-C¢H4CH3), 7.72 (m, 15H,
PPh3). Anal. Caled. for (C3pH27BF4NOPRuS): 53.90% C, 4.07% H, 2.10% N, 4.80%
S. Found: 53.66% C, 4.02% H, 2.07% N, 493% S.

n5—Cyclopentadienyl(nitrosyl)(triphenylphosphine)(2-propylithiolato)-

ruthenium(IV) tetrafluoroborate, [CpRu(PPh3)(NO)SCHMe:2]BF4, 1c. Ina
100-mL Schlenk fiask, CpRu(PPh3)2SCHMe3 (0.38 g, 0.50 mmol) was dissolved in THF
(15.0 mL), NOBFs (0.070 g, 0.60 mmol) was added and the solution was stirred
overnight. During that time the color became dark brown and a brown precipitate formed.
The precipitate was isolated by removing the mother liquor which was concentrated under
vacuum to about 3.0 mL and diethyl ether (15.0 mL) was added to precipitate more solid.
The combined solids weze washed with diethyl ether (3 x 5.0 mL) and hexanes (3 x 5.0
mL). Then, they were dried under vacuum overnight to give an orange-brown powder
(0.18 g, 58%) which slowly decomposed in the solid state that this interfered with the
clemental analysis. mp: 184-186 °C (dec.). IR (CH2CL): v(noy= 1821(m) cm™1. 1H
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NMR (CD>Cli2): 1.26 (coupled doublets, 3H, CH(CH3)2), 1.30 (coupled doublets, 3H,
CH(CHa)2), 2.95 (septet, 1H, CH(CH3)2), 5.89 (s, 5H, Cp), 7.50 (m, 15H, PPh3). !H
NMR (acetone-dg): 1.31 (d, 6H, CH(CH3)2), 3.22 (septet, 1H, CH(CH3)2), 6.31 (s, SH,
Cp), 7.62 (m, 15H, PPh3). Anal. Calcd. for (CogH27BF4NOPRuS): 50.34% C, 4.39%
H, 2.26% N, 4.80% S. Found: 47.79% C, 3.82% H, 2.23% N, 5.01% S.
Bis(nS—-cyclopentadienyl)bis(triphenylphosphine)dicarbonyl(-4-methyl-
benzenedisulfide)diruthenium(Il) ditetrafluoroborate,
[(CpRu(PPh3)CO)2S2(4-CcH4Me)21[BF4)2, 2. In 2 100-mL Schlenk flask,
CpRu(PPh3)(CO)S-4-CsHsMe (0.18 g, 0.31 mmol) was dissolved in THF (15.0 mL),
NOBF; (0.044 g, 0.37 mmol) was added and the solution was stirred for 3 hours. During
that time 2 yellow precipitate formed. The supernatant was removed with a syringe and the
precipitate was washed with diethyl ether (3 x 5.0 mL) and hexanes (3 x 5.0 mL). The
resulting solid was recrystallized from methylene chloride/hexanes to give yellow crystais
(0.18 g, 87%). mp: 185-187 *C. IR (CH2Ch): v(coy= 2002(s), 1980(m) cm-1. 1H NMR
(CD2Clyp); isomer A: 2.48 (s, 3H, 4-CgHi4CH3), 5.12 (s, 5H, Cp), 6.80 (m, 11H, PPh3),
7.40 (m, 8H, 4-CgH4CH3, PPh3); isomer B: 2.33 (s, 3H, 4-CgH4CH3z), 5.02 (s, 5H,
Cp), 6.80 (m, 11H, PPh3), 7.40 (m, 8H, 4-CgH4CHj3, PPh3); A:B= 4:1 Anal. Calcd. for
(Ce2Hs4B2FgO2P2Ru282): 55.86% C, 4.08% H, 4.81% S. Found: 56.15% C, 4.14% H,
498% S.
n5-Cyclopentadienyl(carbonyl)(triphenylphosphine)(2-methyl-2-propyl-
disulfide)ruthenium(Il) tetrafluoroborate,
[(CPRu(PPh3)(CO)S2(CiMe3)2]BFg, 3. In 2 100-mL Schienk flask,
CpRu(PPh3)(CO)SCMe3 (0.20 g, 0.37 mmol) was dissolved in THF (20.0 mL), NOBF4
(0.047 g, 0.40 mmol) was added and the solution was stirred for 1 hour. During that time
a yellow precipitate formed. The supernatant was removed with a syringe and the
precipitate was washed with diethyl ether (3 x 5.0 mL) and hexanes (3 x 5.0 mL). The
resulnng solid was recrystallized from methylene chloride/hexanes to give yellow crystals
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(0.082 g, 62%). mp: 155-156 *C (dec.). IR (CHaCl): v(coy= 1984(s) cm~1. IH NMR
(acetone-dg): 1.15 (s, 9H, SSC(CH3)3), 1.42 (s. 9H, SC(CH3)3). 5.64 (s. 5H, Cp). 7.45
(m, 6H, PPh3), 7.63 (m, SH, PPh3). Anal. Caled. for (C32H3gBF3OPRuS2): 53.25% C.
5.31% H, 8.89% S. Found: 52.40% C, 5.11% H, 8.20% S.

n5-Cyclopentadienylbis(triphenylphosphine)(2-methyl-2-propylthiol)-
ruthenium(II) tetrafluoroborate, [CpRu(PPh3)>(HSCMe3)]BF4, 4a. In a 100-
mL Schlenk flask, CpRu(PPh3)2SCMes (0.20 g, 0.25 mmol) was dissolved in THF (20.0
mL) and HBF4.Et;0 (0.052 mL, 0.30 mmol) was added. The reaction mixture was stirred
for 30 minutes. A yellow precipitate formed and was isolated by the removal of the mother
liquor with a syringe. The precipitate was washed with hexanes (3 x 5.0 mL) and
recrystallized from methylene chloride/hexanes to give orange crystals (0.19 g, 88%). mp:
144-146 *C. IR (KBr Disk): v(si)= 2505(w) cm-l. IH NMR (CD>Cl2): 1.39 (s, 9H,
C(CHz)3), 2.60 (1, 1H, SH), 4.69 (s, SH, Cp), 6.95 (m, 12H, PPh3), 7.40 (m, 18H,
PPh3). Anal. Calcd. for (C4s5HasBF4P2RuS): 62.28% C, 5.23% H, 3.69% S. Found:
61.86% C, 5.20% H, 3.34% S.

n3-Cyclopentadienylbis(triphenylphosphine)(4-methylbenzenethiol)-

ruthenium(II) tetrafluoroborate, [CpRu(PPh3).(HS-4-C¢HMe)]BF4, 4b.
In a 100-mL Schlenk flask, CpRu(PPh3)2S-4-CgHaMe (0.20 g, 0.25 mmol) was
dissolved in THF (15.0 mL) and HBF4.Et20 (0.052 mL, 0.30 mmol) was added. The
reaction mixture was stirred for 5 minutes. To the resulting yellow solution, absolute
ethanol (10.0 mL) was added. Concentration of the solution under vacuum to about 5.0 mL.
followed by standing gave a yellow precipitate. The precipitate, isolated after removal of
the mother liquor with a syringe, was washed with hexanes (3 x 5.0 mL).
Recrystallization from methylene chloride/hexanes gave yellow air sensitive crystals, that
were unsuitable for elemental analysis (020 g, 80% ). mp: 138-140 °C. IR (KBr Disk):
V(SH)= 2514(w) cml. 1H NMR (CD2Clp): 2.38 (s, 3H, 4-CgHsCHz), 4.44 (s, SH, Cp),
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4.93 (t, 1H, SH). 6.92 (m. 16H, PPh3, C¢H4CH3), 7.21 (m, 18H, PPh3). Anal. Calcd.
for (C4gH43BF4P2RuS): 63.92% C, 4.80% H, 3.55% S. Found: 56.40% C, 4.25% H,
3.55% S.

n3-Cyclopentadienylbis(triphenylphosphine)(2-propyithiol)ruthenium(II)
tetrafluoroborate, [CpRu(PPh3)2(HSCHMe»)]BF4, 4¢c. In a 100-mL Schlenk
flask, CpRu(PPh3)2SCHMe2 (0.20 g, 0.26 mmol) was dissolved in THF (10.0 mL) and
HBF4.Et2C (0.054 mL, 0.31 mmol) was added. The reaction mixture was stirred for 30
minutes. A yellow precipitate was formed while stirring and was isolated by the removal
the mother liquor with a syringe. The precipitate was washed with hexanes (3 x 5.0 mL)
and recrystallized from methylene chloride/hexanes to give orange crystals (0.18 g, 81% ).
mp: 185-187 °C. IR (KBr Disk): v(sHy= 2512(w) cml. IH NMR (CD2Clp): 1.32 (4, 6H,
CH(CH3)2), 2.72 (septet, 1H, CH(CH3)2), 2.93 (m, 1H, SH), 4.62 (s, SH, Cp), 6.95
(m, 12H, PPh3), 7.22 (m, 18H, PPh3). Anal. Calcd. for (CaaH43BF4P2RuS): 61.90%
C, 5.08% H, 3.76% S. Found: 61.71% C, 5.34% H, 4.12% S.

1n5-Cyclopentadienylbis(triphenylphosphine)(dimethylsulfide)ruthenium(II)
tetrafluoroborate, [CpRu(PPh3)2SMe2]BF4,5. In a2 100-mL Schlenk flask,
CpRu(PPh3)2SR, (R= CMe3 or 4-CgHsMe or CHMe3), (0.25 mmol) was dissolved in
THF (10.0 mL). The salt [MeSSMe2]BFs (0.055 g, 0.28 mmol) was added and the
resulting mixture was stirred for 3 hours. During that time, a yellow precipitate was
formed and isolated by removal of the mother liquor with a syringe. The precipitate was
washed with hexanes (3 x 5.0 mL) and recrystallized from methylene chloride/hexanes to
give yellow crystals. Yield 85% (R= CMe3); 70% (R= 4-CgHaMe); 80% (R= CHMe)).
mp: 181-183 "C. IH NMR (CD,Clp): 2.26 (s, 6H, CH3). 4.47 (s, 5H, Cp), 7.03 (m,
12H, PPhs), 7.38 (m, 18H, PPh3). Anal Calcd. for (C43H4113F4P2Ru8)é 61.50% C,
4.92% H, 3.82% S. Found: 61.17% C, 491% H, 3.99 $% .
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Nn3—Cyclopentadieny!bis(triphenylphosphine)phihalimidoruthenium(II),
CpRu(PPhj)a(phth), 6. In a 100-mL Schlenk flask, CpRu(PPh3)2SCMej; or
CpRu(PPh3)2SCHMes (0.65 mmol) was dissolved in THF (30.0 mL).
Methylthiophthalimide (0.13 g, 0.65 mmol) was added as a solid. The resulting mixture
was stirred at room temperature for 2 days. The volume was concentrated to 3.0 mL under
vacuum and the concentrate placed on an alumina column (20 mm x 30 cm). Elution with
hexanes removed PPhs. Elution with THF in hexanes (1:2) gave a yellow fraction which
was collected and reduced to 15.0 mL and cooled to 0 *C overnight. Yellow crystals of the
title complex were produced. Yield 78% (R= CMe3); 84% (R= CHMe»). mp: 126-127 °C.
IR (KBr Disk): v¢co)= 1651(s) cm-!- TH NMR (CDCl3): 4.32 (s, 5H, Cp), 7.15 (m, 34H,
PPh3, CeHas). Anal. Caled. for (C49H39NO2P2Ru): 70.32% C, 4.70% H, 1.67% N.
Found: 69.52% C, 5.16% H, 1.63% N. A red fraction was also collected by eluting the
column with THF in hexanes (2:1). Recrystallization of the crude solid from methylene
chloride/hexanes gave red crystals of 7a where R= CMe3 or 7b where R= CHMe; (see
below).

Bis(nS5—cyclopentadienyl)(diphthalimido)(i-methylthiolato)(p-2-methyl-2-
propylthiolato)diruthenium(i), (u-SMe)(u-SCMe3)[CpRu(phth)]s, 7a. Yield
(0.070 g, 43%). mp: 162-164 °C. IR (KBr Disk): v(co)= 1658(s) cm-l. IH NMR
(CDCl3): 1.90 (s, 9H, C(CHz)3), 3.44 (s, 3H, SCH3), 5.22 (s, 10H, Cp), 7.41 (m, 4H,
CeHas), 7.47 (m, 4H, CgHy). Anal. Calcd. for (C33H3pN204Ru2S7): 48.92% C, 3.97%
H, 3.86% N, 8.68% S. Found: 49.00% C, 4.12% H, 3.51% N, 8.16% S.

Bis(n5—cyclopentadienyl)(diphthalimido)(u-methylthiolato)(u-2-propyl-

thiolato)diruthenium(Il), (p-SMe)(p-SCHMe2)[CpRu(phth)]s, 7b. Yield
(0.05 g, 31%). mp: 171-173 °C. IR (KBr Disk): v(co)= 1663(s) cm-l. 1H NMR
(CD2Cl2): 1.98 (d, 6H, CH(CH3)2), 3.25 (septet, 1H, CH(CH3)2), 3.39 (s, 3H, SCH3),
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5.17 (s, 10H, Cp), 7.48 (m, 8H, CgHa). Anal. Caled. for (C3gH28N204Ru282): 48.23%
C, 3.78% H. 3.75%N, 8.58% S. Found: 48.09% C, 3.73% H, 3.33% N, 6.98% S.

n3-Cyclopentadienyl({triphenylphosphine)(phthalimido)(methyl-4-methyl-
benzenedisulfide)ruthenium(II), CpRu(PPh3)(phth)(MeSS-4-C¢HsMe), 8.
In a 100-mL Schienk flask, CpRu(PPh3)25-4-CgHsMe (0.50 g, 0.62 mmol) was
dissolved in THF (30.0 mL). Methyithiophthalimide (0.14 g, 0.68 mmol) was added as a
solid. The resulting mixture was stirred at room temperature for 6 days. The volume was
concentrated to 3.0 mL under vacuum and placed on an alumina ¢column (20 mm x 30 cm).
Elution with hexanes removed PPh3. Elutdon with THF in hexanes (1:2) gave an orange
fraction which was collected and stripped to dryness. £lution with THF in hexanes (2:1)
gave a red fraction. The 1H NMR spectrum of the residue from the orange band
demonstrated the presence of two compounds. Also, the IH NMR spectrum of the residue
from the red band revealed the presence of several compounds as indicated by the number
of Cp-peaks. The red band was discarded and the orange product was redissolved in THF
and was chromatographed on another alumina ¢olumn (10 mm x 20 cm). Elution with
THF in hexanes (1:5) gave a yellow band which was collected and reduced to 10 mL.
Storage at 0 *C overnight gave the complex as a yellow solid (23.0 mg, 15%). mp: 97-99
*C. IR (KBr Disk): v(coy= 1652(s) carl. TH NMR (CgDg): 2.02 (s, 3H, 4-C¢H4CH3),
2.15 (s, 3H, CH3), 4.33 (s, SH, Cp), 6.94 (d, 2H, CeHaCH3), 6.95 (d, 2H, CsH4CH3),
6.97 (m, 8H, PPh3, CgHa), 7.45 (m, 11H, PPh3, CgHa). Mass spectrum (FAB in NBA):
m/e 744 (M), 598 (M+-phth), 428 (M™*-(phth+MeSSCgHalie)), 166 (M-
(phth+MeSSCgHsMe+PPh3)). High resolution mass spectrum (FAB, Glycerol) for
C39H3402NS2P102Ru:  746.0892100 (Caled.: 746.0890342). Elution with THF in
hexanes (1:2) gave a red fraction which was collected and stripped to dryness.
Recrystallization from methylene chloride/hexanes gave red crystals of 9 (see below).
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Bis(nS5-cyclopentadienyl)bis(4-methylbenzenethiolato)(n-methylthiolato)(u-
4-methylbenzenethiolato)diruthenium(II),
(L-SMe)(u-S-4-CgHsMe)[CpRu(S-4-CgH s Me)l2, 9. Yield (30.0 mg, 10%). mp:
160-162 *C. 1H NMR (CD-Cl): 1.79 (s, 3H, CgH4CH3), 2.22 (s, 6H, CgH4CH3). 2.33
(s, 3H, CH3), 5.05 (s, 10H, Cp), 6.85 (d, 2H, CgH4CH3), 7.10 (d. 2H. CgH4CH3).
7.30 (m, 8H, CsHsCH3). Mass spectrum (FAB in NBA): m/e 750 (M), 627 (M*+-
SCgHsMe), 504 (M+-2(SCgHaMe)), 489 (M-+-(2(SCsH4Me)+Me)), 289 (M-+-
(CpRu+2(SCgHsMe)+SMe)). High resolution mass spectrum (FAB, Glycerol) for
C32H3402NS4102Ru5: 750.9707100 (Caled.: 750.9708586).

n5—Cyclopentadienylbis(triphenylphosphine)(2-propenyl-1-thiolato)-
ruthenium(II), CpRu(PPh3)2SCH2CH=CH3, 10. A 3-neck round bortom flask
equipped with a reflux condenser was charged with THF (100.0 mL) and cooled t0 -78 *C
in an ethanol/dry ice bath. Methyllithium (2.05 mL, 1.4 M in ether, 2.87 mmot) was added
followed by allylthiol (0.23 ml., 2.87 mmol). The cooling bath was removed and the
solution was warmed to 0 *C. The flask was immersed in a water bath at 40 °C for 15
minutes. The complex CpRu(PPh3)»Cl (1.00 g, 1.44 mmol) was added and the resulting
slurry was refluxed for 30 minutes. The volume of the mixture was concentrated under
vacuum to about 50 mi. and ethanol (100.0 mL) was added. Further concentration to about
30 mL, followed by standing, gave the product as an orange solid which was collected by
decanting the mother liguor. The solid was washed with ethanol and hexanes several times
and dried in vacuo overnight (0.90 g, 81%). mp: 128-130 "C. IH NMR (CgDg): 3.06 (d,
2H, CH,CH=CHjy), 4.38 (s, SH, Cp), 5.02 (dd, 1H, CH>CH=CH>), 5.28 (dd, 1H,
CH2CH=CH3>), 6.80 (m, 1H, CH,CH=CH?>), 7.30 (m, 18H, PPh3), 7.40 (m, 12H,
PPh3). Anal. Calcd. for (CaqHsgPoRuS): 69.17% C, 528% H, 4.20% S. Found: 69.32%
C, 5.21% H, 4.36% S.
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n5-Cyclopentadienyl(carbonyl){triphenylphosphine)(2-propenyl-1-thiolato)-
ruthenium(II), CpRu(PPh3)(CO)SCH>CH=CH3, 11. In a 100-mL Schlenk
flask, 10, (0.50 g, 0.65 mmol) was dissolved in THF (50.0 mL). CO gas was bubbled
through the solution for one hour and the resulting yellow mixture was stirred under CO
atmosphere for 5 hours. The solution was reduced in volume to 2.0 ml and
chromatographed on alumina (20 mm x 30 cm). Elution with hexanes removed PPhs.
Elution with THF in hexanes (1:2) gave yellow fraction which was collected and stripped
to dryness. The resulting yellow solid was recrystallized from THF/hexanes to give yellow
crystals (0.30 g, 87%). mp 149-150 °C. IR (KBr Disk): v(co)= 1908(s), 1921(sh) cm1.
1H NMR (CsD¢): 3.24 (d, 2H, CHoCH=CH3), 4.70 (s, SH, Cp), 5.00 (dd, 1H,
CH2CH=CH»), 5.21 (dd, 1H, CH2CH=CH>), 6.21 (m, 1H, CH>CH=CH>), 7.09 (m,
9H, PPh3), 7.69 (m, 6H, PPh3). Anal. Calcd. for (C27H250P2RuS): 61.22% C, 4.76%
H. Found: 60.20% C, 4.76 % H.

n5-Cyclopentadienyl(triphenylphosphine)(2-propenyi-1-thioxanthato)-
ruthenium(Il), CpRu(PPh3)S2CSCHCH=CH3, 12. A solution of 10 (0.50 g,
0.65 mmol) in toluene (100.0 mL) was treated with CS, (40.0 mL) and stirred for 30
minutes. The solvent was removed under vacuum and the remaining solid was dissolved in
THF (3.0 mL) and was chromatographed on alumina (20 mm x 30 cm). Elution with
hexanes removed PPh3. Elution with THF in hexanes (1:2) gave a brown fraction which
was collected and stripped to dryness. The resulting brown solid was recrystallized from
THF/hexanes to give dark red crystals (0.34 g, 90%). mp 132-133 °C. IR (KBr Disk):
V(CS of Cs3)= 991 (s) em-l, v(Cs of SR)= 692(s) cml. TH NMR (CgDg): 3.43 (d, 2H,
CH2CH=CH32), 4.29 (s, SH, Cp), 4.86 (dd, 1H, CH2CH=CH>), 4.94 (dd, 1H,
CH2CH=CH>), 5.61 (m, 1H, CH2CH=CH3>), 7.03 (m, 9H, PPh3), 7.60 (m, 6H, PPh3).
Anal. Calcd. for (C27H25PRuS3): 56.12% C, 4.36% H. Found: 56.53% C, 4.56% H.
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Tris(n3-cyclopentadienyl)di(u3-sulfido)(u-2-propenyl-1-thiolato)-
triruthenium, (u3-S)2(u-SCH2+CH=CH>)[CpRuls. 13. A solution of 10 (0.50
g, 0.65 mmol) in toluene (50.0 mL) was prepared in a Schlenk flask finted with a reflux
condenser. The solution was refluxed for 3 hours and was allowed to cool. The solution
was reduced in volume to about 3 mL and was chromatographed on alumina (20 mm x 30
cm). Elution with hexanes removed PPh;. Elution with THF in hexanes (1:4) gave brown
fraction which was collected and stripped to dryness. Recrystallization from
benzene/hexanes gave brown crystals (0.058 g, 42%). mp 177-179 *C. ITH NMR (CgD¢):
2.79 (d, 2H, CH2,CH=CH3), 4.46 (s, 10H, Cp), 4.78 (s. SH, Cp), 4.95 (dd. 1H,
CH,CH=CH»), 5.01 (dd, 1H, CH>CH=CH>), 5.93 (m, 1H, CHoCH=CHj). Anal.
Calcd. for (CygH20Ru3S3): 33.99% C, 3.17% H, 15.12% S. Found: 34.51% C. 3.28%
H, 14.52% S.
15-Cyclopentadienyl(carbonyl)(triphenyiphosphine)(methyi-2-propenyi-
disulfideruthenium(Il) hexafluorophosphate,
[CpRu(PPh3)(CO)(CH3SCH2CH=CH3)]PFs, 14. In a 100-mL Schlenk flask, 11
(0.20 g, 0.38 mmol) was dissolved in THF (10.0 mL). Methyl iodide (0.056 g, 0.40
mmol) was added followed by ammonium hexafluorophosphate (0.065 g, 0.40 mmol).
The reaction mixture was stirred for 3 hours. A yellow precipitate was formed during that
time which was collected by the removal of the mother liquor with a syninge. The
precipitate was washed with hexanes (3 x 5.0 mL) and recrystallized from methylene
chloride/hexanes to give yellow crystals (0.19 g, 73% ). mp: 181-183 *C. IR (KBr Disk):
v(co)= 1991(s) cm-l. IH NMR (acetone-ds): 2.36 (s, 3H, CH3), 3.50 (m, 2H,
CH>CH=CH3), 5.29 (m, 1H, CH,CH=CH>), 5.36 (m, 1H, CH,CH=CH>), 556 (s, SH,
Cp), 5.70 (m, 1H, CH>CH=CH)), 7.44 (m, 9H, PPh3), 7.63 (m, 6H, PPh3). Anal.
Caled. for (CogH28F¢OP2RuS): 48.76% C, 4.09% H. Found: 48.01% C, 4.16% H.
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n3-Cyclopentadienyl(carbonyl)(triphenylphosphine)(2-propene-1-thiol)-
ruthenium(Il) tetrafluoroborate, [CpRu(PPh3)(CO)YHSCH>CH=CH,)]BF4,
15. In a 100-mL Schlenk flask, 11 (0.20 g, 0.38 mmol) was dissolved in THF (10.0
mL) and HBF4.E120 (0.069 mL., 0.40 mmol) was added. The reaction mixmre was strred
for 30 minutes. The solution was reduced in volume to 3.0 mL and 10.0 mL of diethyl
ether was added. A yellow precipitate was formed which was collected by the removal of
the mother liquor with a syringe. The precipitate was washed with hexanes (3 x 5.0 mL)
and recrystallized from methylene chloride/hexanes to give yellow crystals (0.19 g, 81%).
mp: 162-164 °C. IR (KBr Disk): v(co)= 1991(s), 197%(m) cm-l, v(sipy= 2508(w) cmr-l.
IH NMR (acetone-dg): 3.40 (m, 3H, CH»CH=CH, SH), 5.25 (dd, 1H, CH,CH=CH>),
5.35 (dd, 1H, CH2CH=CH3)}, 5.50 {s. 5H., Cp). 5.80 (m, 1H, CH2CH=CH3), 7.42 (m,
9H, PPh3), 7.56 (m, 6H, PPh3). Anal. Calcd for (C27H2¢BF4OPRuS): 52.52% C,
4.24% H. Found: 52.30% C, 4.35 % H.

cis-Bis(triphenylphosphine)di(2-methyl-2-proylthiolato(S-sulfur dioxide))-
platinum(II), cis-(PPh3):Pt(S(S02)CMe3)2, 16a. In a 25-mL Schienk tube, cis-
(PPh3)»2Pt(SCMe3)s, (0.050 g, 0.057 mmol) was dissolved in methylene chloride (2.0
mL). The yellow soluton was treated with SO gas for 5 minutes to give red solution.
Hexanes (10.0 mL saturated with SO») was added carfully so as to form a layer over the
CH;Cl; solution (layering) and the flask was allowed to stand at -16 *C for 6 days. A
mixnure of yellow and red crystals formed which was isolated by the removal of the mother
liquor with a syringe. The crystals were dried with a gentle flow of SO5. The solid was
found 1o be a mixture of the title compound and the starting Pt thiolate as indicated by the
NMR spectra. 17a: IR (KBr Disk): v(so)= 1280(m, br), 1095(s) cm-l. IH NMR
(CDCL3): 1.11 (s, 9H, C(CH3)3), 7.40 (m, 15H, PPh3). 3P NMR (CDCl3): 20.5 (Opr.p=
2930 Hz). The title complex was never isolated in pure form due to rapid loss of SO».
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trans-Bis(triphenylphosphine)di(4-methylbenzenethiolato(S-sulfur
dioxide))platinum(II), trans-(PPh3)2Pt(S(S02)-4-Cg¢H4Me)2, 16b. In a 25-
mL Schlenk mbe, rrans-(PPh3)2Pt(S-4-CgHiMe)a, (0.050 g, 0.052 mmol) was dissolved
in methylene chloride (2.0 mL). The yellow solution was treated with SO» gas for 5
minutes and the solution became red. The solution was layered with hexanes (10.0 mL)
saturated with SO» and left at -16 °C for 2 days. A red crystalline solid, which easily loses
SO», was isolated by the removal of the mother liquor with a syringe. The crystals were
dried with a gentle flow of SO2(0.049 g, 86%). mp: lost SOz at 78 *C melted at 177-180
*C. IR (KBr Disk): v(so)= 1282 (m, br), 1091(s) cmrl- 15 NMR (CDCl3): 2.19 (s, 3H,
CsH4CH3), 6.74 (d, 2H, CsH4CH3), 7.26 (m, 17H, PPh3, C¢H4CH3). *'P NMR
(CDCl3): 21.2 (Jpr-p= 2980 Hz). Anal. Caled. for (CsoHs404P2PtS4): 54.89% C, 4.05%
H, 11.72% S. Found: 57.49% C, 4.30% H, 10.76% S.
cis-Bis(triphenylphosphine)di(2-propylthiolato(S-sulfur dioxide))-
platinum(II), (PPh3):Pt(S(SO2)CHMe3)3, 16c. In a 25-mL Schlenk tube, cis-
(PPh3),Pt(SCHMe2)2, (0.050 g, 0.057 mmol) was dissolved in methylene chloride (2.0
mL). The yellow solution was treated with SO2 gas for 5 minutes and the solution became
red. The solution was then layered with hexanes (10.0 mL) that was saturated with SOz
and left at -16 °C for 7 days. A red crystalline solid, sensitive to loss of SOz, was isolated
by the removal of the mother liquor with a syringe. The crystals were dried with a gentle
flow of SO (0.045 g, 78%). mp: lost SO2 at 62 *C melted at 134-138 *C. IR (KBr Disk):
v(s0)= 1285(m, br), 1093(s) cm"1- IH NMR (CDCl3): 1.22 (d, 6H, CH(CHz3)2), 3.68
(septet, 1H, CH(CH3)2), 7.33 (m, 15H, PPh3). 31P NMR (CDCl3): 20.3 (Jpr.p= 2926
Hz). Anal. Caled. for (C42H4404P2P1S4): 50.54% C, 4.44% H, 12.85% S. Found:
52.05%C, 4.61%H, 10.30%S.
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Bis(triphenylphosphine)(2-oxotrisuifido)platinum(II), (PPh3)2PtS30, 17.
In a2 100-mL Schlenk flask, cis-(PPh3)2Pt(SH)2, (0.050 g, 0.064 mmol) was dissolved in
methylene chloride (5.0 mL). The pale yellow solution was treated with SO gas for 30
minutes at room temperature and stirred for an additonal 3 hours. The volatles were
removed under vacuum and the resulting yellow solid was recrystallized from methylene
chloride/hexanes. The yellow crystals wers isolated by the removal of the mother liquor
with a syringe (0.043 g, 82%). mp: 262-263 *C. IR (Nujol): v(so)= 1065(s) cm-l. 1H
NMR (CDCI3): 7.26 (m, PPh3). 31P NMR (CDCl3): 18.5 (Jpr.p= 3200 Hz). Mass
Spectrum (FAB in NBA): m/e 832 (M™+), 784 (M**-SO), 752 (M~+-820), 720 (M-
$30). Anal. Caled. for (C3gH39OP2PtS3+CH2Cl2): 48.47% C, 3.52% H, 10.49% S.
Found: 47.98% C, 3.53% H, 14.45% S.

Reaction of 17 with H2S. In a 100-Schlenk flask, 17 (0.10 g, 0.12 mmol) was
dissolved in THF (10.0 mL). The resulting mixture was treated with H2S for 2 hours and
stirred under H2S atmosphere for an additional 8 hours. The reaction was monitored by
31p NMR to ensure complete consumption of 17. Then the mixture was purged with
nitrogen for 30 minutes. The volume was reduced to 1.0 mL. Upon standing, a white
solid precipitated which was collected by removal of the mother liquor by a syringe and
washed with hexanes three times. The solid was characterized by !H and 31P NMR
spectroscopy and found to be cis-(PPh3)2Pt(SH)2 (0.0021 g, 17%).

Bis(triphenylphosphine)(trithiocarbonato)platinum(Il), (PPh3)2Pt(S2CS),
18. In a 100-mL Schlenk flask, carbon disulfide (10.0 mL) was added to a solid sample of
cis-(PPh3)2Pt(SH)2 (0.010 g, 0.128 mmol). The solution became yellow after it was
stirred overnight  The w latile compoinds were removed under vacuum. Recrystallization
of the residue from methylene chloride/hexanes gave yellow crystals (0.090 g, 85%). mp:
265-267 °C. IR (KBr Disk): v(c=s)= 1060(s) cm-l. 1H NMR (CDCl3): 7.20 (m, PPh3).
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31p NMR (CDCl3): 18.3 (Jpi-p= 3146 Hz). Anal. Calcd. for (C37H30P2PtS3+CH2Cla):
50.00% C, 3.53% H, 10.54% S. Found 49.81% C, 3.65% H, 10.02% S.

Triphenylphosphine(2-methyl-2-propyithiolato)(2-methyl-2-propyl-
thioxanthato)platinum(II), (PPh3)Pt(S2CSCMe3)(SCMej), 19a. In a 100-mL
Schlenk flask, carbon disulfide (10.0 mL) was added to a solid sample of cis-
(PPh3)2Pt(SCMe3)2 (0.05 g, 0.056 mmol). The solution became dark red almost
immediately and the stirring was continued for 4 hours. The volatile compounds were
removed under vacuum. Recrystallizaton of the crude residue from hot hexanes gave
purple crystals (0.031 g, 78%). mp: 160-162 °C. IR (KBr Disk): v(Cs of cs3)= 988(m),
V(CS of SR)= 768(s), 922(m) cm"l, IH NMR (CDCl3): 1.35 (s, 9H, SC(CH3)3), 1.61 (s,
9H, SC(CH3)3), 7.37 (m, 9H, PPh3), 7.67 (m, 6H, PPh3). 3!P NMR (CDCl3): 17.1 (Jp..
p = 3780 Hz). Anal. Caled. for (C27H33PPtS4): 45.56% C, 4.67% H, 18.02% S. Found
45.50% C, 4.86% H, 15.93% S.

Triphenylphosphine(4-methylbenzenethiolato)(4-methylbenzene-
thioxanthato)platinum(Il), (PPh3)Pt(S2CS-4-CgH4Me)(S-4-CgHsMe), 19D,
In a 100-mL Schlenk flask, carbon disulfide (10.0 mL) was added to a solid sample of
trans-(PPh3)2Pt(S-4-CgHaMe)2 (0.05 g, 0.052 mmol). The solution became dark red after
it was stirred ovemight. The volatile compounds were removed under vacuum.
Recrystallization of the residue from methylene chloride/hexanes gave red crystals (0.035
g, 86%). mp: 196-198 “C. IR (XBr Disk): V(CS of CS3)= 980(s), v(CS of SR)= 805(s),
943(s) cm-l. TH NMR (CDCla): 2.24 (s, 3H, SCgH4CH3), 2.34 (s, 3H, SCcH4CH3),
6.88 (d, 2H, SCgHaCH3), 7.12 (d, 2H, SCgH4CH3), 7.25 (d, 2H, SCeHaMe), 7.29 (d,
2H, SCgH4Me), 7.45 (m, 9H, PPh3), 7.60 (m, 6H, PPh3). 31P NMR (CDCl3): 16.8
(Jpr-p= 3730 Hz). Anal. Calcd. for (C33H29PPtS4): 50.82% C, 3.75% H, 16.45% S.
Found: 49.77% C, 3.55% H, 15.08% S.
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Triphenylphosphine{2-propylthiolato)(2-propylthioxanthato)platinum(II),
(PPh3)Pt(S2CSCHMe»)(SCHMez), 19¢c. In a 100-mL Schlenk flask, carbon
disulfide (10.0 mL) was added to a solid sample of cis-(PPh3)2Pt(SCHMe2)2 (0.050 g,
0.057 mmol). The soluton became dark red almost immediately and the stirring was
continued for 4 hours. The volatile compounds were removed under vacuum.
Recrystallization of the residue from hot hexanes gave purple crystals (0.031 g, 79%). mp:
129-131 *C. IR (KBr Disk): v(Cs of C$3)= 985(5) , V(CS of SR)= 799(s), 925(m) cml. 'H
NMR (CDCl3): 1.32 (d. 6H, SCH(CH3)2), 1.42 (4, 6H, SCH(CH3)2), 2.99 (septet, 1H,
SCH(CH3)2), 4.06 (septet, 1H, SCH(CH3)2), 7.28 (m, 9H, PPh3), 7.62 (m, 6H, PPh3).
31p NMR (CDCl3): 17.8 (pr.p= 3780 Hz). Anal. Calcd. for (CosHogPPtSs): 43.91% C,
4.27% H, 18.76% S. Found: 44.53% C, 4.33% H, 18.40% S.

CATALYTIC REACTION OF HaS WITH SO;

Drving of gases: HaS was dried by passage through a column of P2oOs. SO2 was purified
by bubbling through concentrated sulfuric acid and then by passage through a column of
P20s.

Reaction vessel: the reactions were carried out in silylated Schlenk flasks (100 mL).
Silylation was done by treatment of the flask with dimethyldichlorosilane (30 mL) for 12
hours under nitrogen atmosphere. Then the dimethyldichlorosilane was removed by a
syringe and the flask was dried under vacuum overnight.

Solvent: methylene chloride was distilled over P2Os under nitrogen, then passed through
an activated alumina column and collected under nitrogen.

Sulfur Identification: sulfur produced from these reactions was identified by thin layer
chromatography (TLC) and mass spectroscopy. TLC was performed using CS; in
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hexanes (1:1) as eluent using pure sulfur as reference. The Ry value (0.69) was compared
to that of a pure sulfur (0.69). The plate was visualized by dipping it in a solution of
ammonium molybdate (2.5 g) and cerium sulfate (1.0 g) in 10% aqueous sulfuric acid (100

mL).

Control: the reaction of SO2 with H2S in methylene chloride without a catalyst under the
same condition of the catalyzed reaction was used as a control. This reaction was repeated

three times on three different days.

Procedure: The flask was charged with the solid catalyst (5.15 x 10-2 mmol), evacuated,
filled with N2 twice and weighed. The solvent (20.0 mlL) was added by a syringe. H)S
(2.06 mmol, 50.0 mL) was bubbled slowly (syringe) into the mixture, followed by the
addition (syringe) of SO2 (1.03 mmol, 25.0 mL). The resulting solution was stirred at
room temperature for 3 hours, then purged with nitrogen gas for 30 minutes. The
supernatant was removed under vacuum and the resulting solid was dried under vacuum
for 4 days. The flask and its contents was weighed again to estimate the amount of sulfur
formed. Details of the experiments are presented in Table 7.1.

In the experiment where cis-(PPh3)2Pt(SH)2 was used as a catalyst, the residue
was redissolved in methylene chloride (20.0 mL). Again the gases (50.0 mL of HzS and
25.0 mL of SO3) were bubbled through the solution which was stirred for 3 hours. After
the work up (as above) an additional 0.080 g of sulfur was produced (total of 0.172 g). If
the cycle is repeated  an additional 0.064 g of sulfur was obtained (total of 0.236 g).
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Table 7.1: Data of the caralytic reaction of SO, and H,S.

Amount of Amount of
Catalyst Catyst used (g) Sulfur produced (g)
Non-catalyzed I 0 0.008
cis-
(PPhs),Py(SH), | 0.040 0.092
rrans-
(PPh;),Pr(SH), I 0.040 0.009
cis- 0
(PPh3),Pt(SHMe,), 045 0.098
(FPhy)72550) I 0.043 0.093
cis-
(PPh;),PtCl, I 0.041 0.050
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Original Contributions to Knowledge

1. When the electron rich complexes CpRu{PPh3)2SR were reacted with a variety of
electrophiles, either the ruthenium atom or the sulfur atom acted as the center for antack. In
all the cases, NO™* attacked the metal to give [CpRu(PPh3)(NO)SR]+,while H* artacked the
sulfur atom of the thiolato ligands to give [CpRu(PPh3)2(HSR)]*. The MeS+ moiety can
attack both the metal center and the sulfur atom producing two different compounds.
Reducing the electron density on the starting complexes by replacing the PPh3 with CO
resulted in a change in the site of attack by NO+. Thus CpRu(PPh3)(CO)SR reacted with
NO* to give dimers containing disulfide ligands wherein oxidative coupling of the thiolato
ligands has occurred. This demonstrates an interesting ability to contol the site of

oxidation by tuning the ligand in a complex.

2. Ally] thiol was desulfurized using CpRu(PPh3)2Cl. Heating the S-bonded allyl thiolate
complex, CpRu(PPh3)2SCH2CH=CH> gave (u3-S)2(i-SCH2CH=CH2)[CpRu]3. This
process is of particular practical interest in view of the fact that thiols are significant

contaminants of crude oil.

3. The reaction of cis-(PPh3)2Pt(SH)2 with SOz gave (PPh3)2PtS30 and H20, a reaction
which mimics Clans chemistry. This is the first reaction in which a compound containing
the thiolo group, (SH), reacted with SO forming a sulfur-suifur bond and transferring an
OXygen atom to give a water molecule. These steps are fundamental in Claus chemistry.

4. Both cis-(PPh3)2Pt(SH)> and (PPh3)2P1S30 are Claus chemistry catalysts. These are
the first such homogeneous catalysts of which we are aware. This provides insight into the
possible nature of Claus chemistry and opens a new area of future study.

128



References

1.

N w s e

10.
11.

12.
13.

14,

15.
16.

17.

18.

19.

20.

Blower, P.J.; Dilworth, J.R. Coord. Chem. Rev. 1987, 76, 121.

Kuehn, C.G.; Isied, S.S. Prog. Inorg. Chem. 1981, 27, 153.

Wertheim, E. J. Am. Chem. Soc. 1929, 51, 3661.

McAuliffe, C.A.; Murray, S.G. Inorg. Chim. Acta Rev. 1972, 6, 103.
Murray, S.G.; Hartley, F.R. Chem. Rev. 1981, 81, 365.

Lindoy, L.F. Coord. Chem. Rev. 1969, 4, 41.

Mehrotra, R.C.; Gupta, V.D.; Sukhani, D. Inorg. Chim. Acta Rev. 1968, 2,
111.

Abel, E.; Crosse, B.C. Organomer. Chem. Rev. 1967, 2, 443.

Livingstone, S.E. Q. Rev. Chem. Soc. 1965, 19, 386.

Dance, L.G. Polyhedron 1986, 5, 1037.

Dev, S.; Imagawa, K.; Mizobe, Y.; Cheng, G.; Wakatsuki, Y.; Yamazaki H.;
Hidai, M. Organomezallics 1989, 8, 1232,

Vergamini, P.J; Kubas, G.J. Prog. Inorg. Chem. 1977,21, 261.

Beck, W.; Stetter, K H.; Tadros, S.; Schwarzhans, K.E. Chem. Ber. 1967, 100,
3944,

Miiller, A.; Diemann, E. in "Comprehensive Coordination Chemistry”, Pergamon
Press: Oxford, 1987, Vol. 2, p. 515.

Jergensen, C.K. Inorg. Chim. Acta Rev. 1968, 2, 65.

Cotton, F.A.; Wilkinson, G. in "Advanced Inorganic Chemistry, A
Comprehensive Text", 4th ed.; Wiley Interscience: New York, 1980, p. 191.
Steifel, E.L Prog. Inorg. Chem. 1977, 22, 1.

Holm, R.H. Chem. Soc. Rev. 1981, 10, 455.

Woiff, T.E.; Berg, JM.; Hodgson, K.O.; Frankel, R.B.; Holm, RH. J. Am.
Chem. Soc. 1979, 101, 4140.

Coucouvanis, D. Acc. Chem. Res. 1981, 14, 201.

129



30.
31.
32.
33.

34.

35.

36.

37.

38.

39.

Cramer, S.P.; Hodgson, K.O.; Gillum, W.0O.;: Mortenson, L.E. J. Am. Chem.
Soc. 1978, 100, 3398.

Cramer, S.P.; Gillum, W.0O.; Hodgson, K.O.; Mortenson, L.E.: Stefel, E.L..
Chisnell, J.R.; Brill, W.I.; Shah, V.K. J. Am. Chem. Soc. 1978. 100, 3814.
Johnson, J.L.; Jones, H.P.; Rajagopalan, K.V, J. Biol. Chem. 1977, 252,
4994.

Burgess, B.K. Chem. Rev. 1990, 90, 1377.

Shah, V.K.; Brill, W. Proc. Natl. Acad. Sci. USA. 1977, 74, 3249.
Orme-Johnson, W.H. Science 1992, 257, 1639.

Kim, J.; Rees, D.C. Science 1992, 257, 1677.

Sellmann, D. Angew. Chem. Ini. Ed. Engl. 1993, 32, 64.

Georgiadis, M.M.; Komiya, H.; Chakrabarg, P.; Woo, D.; Kornuc, J.J.; Rees,
D.C. Science 1992, 257, 1653.

Orme-Johnson, W.H. Ann. Rev. Biochem. 1973, 42, 159.

Sieker, L.C.; Adman, E.; Jensen, L.H. Narure 1972, 235, 40.

Sweeney, W.V,; Rabinowitz, J.C. Ann. Rev. Biochem. 1980, 49,139.
*Iron-Sulfur Proteins’, ed. W, Lovenberg; Academic Press: New York, a) 1973,
Vols. 1 and 2; b) 1977, Vol. 3.

Palmer, G. in “The Enzymes” 3rd ed.; Academic Press: New York, 1975, Vol.
XII, Part B, p. 1.

Sands, R.H.; Dunham, W.R. Q. Rev. Biophys. 1975, 7, 443.

Dean, P.A_; Vittal, J.J.; Tratmer, M.H. Inorg. Chem. 1987, 26, 4245.
Swenson, D_; Baenziger, N.C.; Coucouvanis, D. J. Am. Chem. Soc. 1978,
100, 1932,

Makino, N.; McMahill, P.; Mason, HLS.; Moss, T.H. J. Biol. Chem. 1974, 249,
6062.

Gagné, RR.; Koval, C.A.; Smith, T.J. J. Am. Chem. Soc. 1977, 99, 8367.

130



40.

45.

46.

47.

48.
49.

50.

51.

52.

53.
54.

55.
56.

Colman, P.M.; Freeman, H.C.; Guss, J.M.; Murata, M.; Noms, V.A.; Ramshaw,
J.LAM.; Venkatappa, M.P. Nature 1978, 272, 319,

Trebst, A. Ann. Rev. Pl. Physiol. 1974, 25, 423.

Chirgadze, Y.N.; Garber, M.B.; Nikonov, S.V. J. Mol. Biol. 1977, 113, 443.
Tang, K.; Aslam, M.; Block, E.; Nicholson, T.; Zubieta, J. Inorg. Chem. 1987,
26, 1489.

Koo, B.-K.; Block, E.; Kang, H.; Liu, S.; Zubieta, J. Polyhedron 1988, 7, 1397.
Block, E.; Gemon, M.; Kang, H.; Liu, S.; Zubieta, J. J. Chem. Soc. Chem.
Commun. 1988, 1031.

Block, E.; Gernon, M.; Kang, H.; Zubieta, J. Angew. Chem. Int. Ed. Engl.
1988, 27, 1342,

Block, E.; Eswarakrishnan, V; Gemnon, M.; Ofori-Okai, G.; Saha, C; Tang, K;
Zubieta, J. J. Am. Chem. Soc. 1989, 111, 658.

Block, E.; Aslam, M. Terrahedron 1988, 44, 281.

Blower, P.J.; Dilworth, J.R.; Hutchinson, J.P.; Zubieta, J.A. J. Chem. Soc.
Dalton Trans. 1985, 1533.

Dilworth, J.R.; Hutchinson, J.P.; Zubieta, J.A. J. Chem. Soc. Chem. Commun.
1983, 1034.

Bishop, P.T.; Dilworth, J.R.; Hughes, D.L. J. Chem. Soc. Dalion Trans. 1988,
2535.

Block, E.; Gemnon, M.; Kang, H.; Ofori-Okai, G.; Zubieta, J. Inorg. Chem.
1989, 28, 1263.

Ishihara, A.; Nomura, M; Kabe, T. Chem. Len. 1992, 2285.

Gates, B.C. in "Catalytic Chemistry™, John Wiley and Sons: New York, 1992,
p. 406.

Friend, C.M.; Roberts, J.T. Acc. Chem. Res. 1988, 21, 954.

Wiegand, B.C.; Friend, CM. Chem. Rev. 1992, 92, 1.

131



66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Prins, R.; de Beer, V.H.J.; Somorjai, G.A. Caral. Rev.-Sci. Eng. 1989, 31, 1.
Angelici, R.J. Acc. Chem. Res. 1988, 21, 387.

Angelici, R.J. Coord. Chem. Rev. 1990, 105, 61.

Rauchfuss, T.B. Prog. Inorg. Chem. 1991, 39, 259.

Huntley, D.R. J. Phys. Chem. 1989, 93, 6156.

Xu, H.; Friend, C.M. J. Phys. Chem. 1993, 97, 3584.

Roberts, J.T.; Friend, CM. J. Chem. Phys. 1988, 88, 7172,

Huniley, D.R. J. Phys. Chem. 1992, 96, 4550.

Weldon, M.K.; Napier, M.E.; Wiegand, B.C.; Friend, CM.; Uvdal, P. J. Am.
Chem. Soc. 1994, 116, 8328.

George, ZM.; Tower, RW. Can. J. Chem. Eng. 1985, 63, 618.

Funk, H.; Hesselbarth, M. Z. Chem. 1966, 6, 227.

Otsuka, S.; Kamata, M.; Hirotsu, K.; Higuchi, T. J. Am. Chem. Soc. 1981,
103, 3011.

Takahashi, M.; Watanabe, 1; Ikeda, S.; Kamata, M.; Otsuka, S. Bull. Chem. Soc.
Jpn. 1982, 55, 3757.

Kamata, M.; Yoshida, T.; Otsuka, S.; Hirotsu, K.; Higuchi, T. J. Am. Chem.
Soc. 1981, 103, 3572.

Payne, N.C.; Okura, N.; Otsuka, S. J. Am. Chem. Soc. 1983, 105, 245.
Coucouvanis, D.; Swenson, D; Baenziger, N.C.; Murphy, C.; Holah, D.G.;
Sfamnas, N.; Simounopoulos, A.; Kostikas, A. J. Am. Chem. Soc. 1981, 103,
3350.

Holzah, D.G.; Coucouvanis, D. J. Am. Chem. Soc. 1975, 97, 6917.

Roland, E.; Walborsky, E.C.; Dewan, J.C.; Schrock, RR. J. Am. Chem. Soc.
1988, 107, 5795.

Havlin, R.; Knox, G.R. Z. Natrforsch. 1966, 21b, 1108.

132



76.

77.
78.
79.
80.
81.

83.
84.
835.
86.
87.

88.

89.
90.
91.
92.

93.
94.
95.
96.

Listemann, M.L.; Dewan, J.C.; Schrock, R.R. J. Am. Chem. Soc. 1985, 107,
7207.

Bradley, D.C.; Hammersley, P.A. J. Chem. Soc. (A) 1967, 1894,

King, R.B. J. Am. Chem. Soc. 1963, 85, 1587.

Osborne, A.G.; Stone, F.G.A. J. Chem. Soc. (A) 1966, 1143.

Treichel, P.M.; Tegen, MLH. J. Organomer. Chem. 1988, 358, 339.

Treichel, P.M.; Tegen, M.H. Inorg. Synth. 1989, 25, 114,

Abel, EW,; Atkins, A.M.; Crosse, B.C.; Hutson, G.V. J. Chem. Soc. (A) 1968,
687.

Lai, R.D.; Shaver, A. Inorg. Chem. 1981, 20, 477.

Holm, R.H.; King, R.B.; Stone, F.G.A. Inorg. Chem. 1963, 2, 219.

Zanella, R.; Ros, R.; Graziani, M. Inorg. Chem. 1973, 12, 2736.

Killops, S.D.; Knox, S.A.R. J. Chem. Soc. Dalton Trans. 1978, 1260.

Bennett, M.A.; Bruce, M.L; Matheson, T.W. in “Comprehensive Organomallic
Chemistry”, Pergamon Press: Toronto, 1982, Vol. 4, p. 778.

Jessop, P.G.; Rettig, SJ.; Lee, C.-J.; James, B.R. Inorg. Chem. 1991, 30,
4617.

Rauchfuss, T.B.; Roundhill, D.M. J. Am. Chem. Soc. 1975, 97, 3386.
Behforouz, M.; Kerwood, J.E. J. Org. Chem. 1969, 34, 51.

Harpp, D.N,; Ash, DX. Inz. J. Sulfur Chem. Part A 1971, 1, 21.

Shaver, A.; Hartgerink, J.; Lai, R.D,; Bird, P.; Ansari, N. Organometallics 1983,
2, 938.

Shaver, A.; Hartgerink, J. Can. J. Chem. 1987, 65, 1190.

Shaver, A.; Lai, RD. Inorg. Chem. 1988, 27, 4664.

Shaver, A.; Lum, B.S.; Bird, P.; Arnold, K. Inorg. Chem. 1989, 28, 1900.
Evans, 8.V.; Legzdins, P.; Rettig, S.J.; Sdnchez, L.; Trotter, J. Organomerallics
1987, 6, 10.

133



105.
106.
107.

108.
109.
110.

111,
112.

113.
114.
115.
116.
117.
118.
119.

Legzdins, P.; Retwg, S.J.; Sdnchez, L. Organometallics 1988. 7, 2394,
Legzdins, P.; Sdnchez, L. J. Am. Chem. Soc. 1985, 107, 5525.

Seyferth, D.; Henderson, R.S.; Song, L.-C. Organometrallics 1982, 1. 125.
Seyferth, D.; Womack, G.B. J. Am. Chem. Soc. 1982, 104, 6839.

Fackler, 3.P.; Zegarski, W.J. J. Am. Chem. Soc. 1973, 95, 8566.

Andrews, J.M.; Coucouvanis, D.; Fackler, J.P. Inorg. Chem. 1972, 11, 493.
Lewis, D.F.; Lippard, S.J.; Zubieta, J.A. J. Am. Chem. Soc. 1972, 94, 1563.
Coucouvanis, D.; Lippard, S.J.: Zubieta, J.A. J. Am. Chem. Soc. 1970, 92,
3342.

Prout, K.; Critchley, S.R.; Rees, G.V. Acta Crysrallogr. Sect. B 1974, 30, 2305.
McParlin, E.M.; Stephenson, N.C. Acta Crysiallogr. Sect. B 1969, 25, 1659.
Jones, C.J; McCleverty, J.A.; Orchard, D.G. J. Organomet. Chem. 1971, 26,
CI19.

Snow, M.R.; Ibers, J.A. Inorg. Chem. 1973, 12, 249,

Roberts, P.J.; Ferguson, G. Acta Crysiallogr. Sect. B 1976, 32, 1513.

Dance, L.G.; Guemey, P.J.; Rae, AD_; Scudder, M.L. Inorg. Chem. 1983, 22,
2883.

Ahmad, M.; Bruce, R.; Knox, G.R. J. Organomet. Chem. 1966, 6, 1.

Ahmad, M.; Knox, G.R.; Preston, F.J.; Reed, R.1. J. Chem. Soc. Chem.
Commun. 1967, 138.

Braterman, P.S. J. Chem. Soc. Chem. Commun. 1968, 91.

Wei, CH,; Dahl, LF. J. Am. Chem. Soc. 1968, 90, 3969.

Birker, PJM.W.L. Inorg. Chem. 1979, 18, 3502.

Adamson, G.W.; Shearer, HMM. J. Chem. Soc. Chem. Commun. 1969, 897.
Strickler, P. J. Chem. Soc. Chem. Commun. 1969, 655.

Bird, P.; Siriwardane, U,; Lai, R.D.; Shaver, A. Can. J. Chem. 1982, 60, 2075.
Lu, S.; Okura, N.; Yoshida, T.; Otsuka, S. J. Am. Chem. Soc. 1983, 105, 7410.

134



121.

125.

126,
127.

128.
129.
130.

131.
132.
133.

134,
135.

136.
137.

Boorman, P.M.; Patel, V.D.; Kerr, K.A.; Codding, P.W.; Van Roey, P. Inorg.
Chem. 1980, 19, 3508.

Benson, L.B.; Knox, S.A.R.: Naish, P.J.; Welch, AJ. J. Chem. Soc. Chem.
Commun. 1978, 878.

Weidenhammer, K.; Zeigler, MLL. Z. Anorg. Allg. Chem. 1979, 455, 29.
Connelly, N.G.; Dahl, L.F. J. Am. Chem. Soc. 1970, 92, 7472.

Silverthorn, W.E.; Couldwell, C.; Prout, K. J. Chem. Soc. Chem. Commun.
1978, 1009.

Shaver, A.; Lum, B.S.; Bird, P.; Livingstone, E.; Schweitzer, M. Inorg. Chem.
1990, 29, 1832.

Asher, L.E; Deutsch, E. Inorg. Chem. 1976, 15, 1631.

Kamata, M.; Hirotsu, K_; Higuchi, T.; Tatsumi, K.; Hoffmann, R.; Yoshidz, T.;
Otsuka, S. J. Am. Chem. Soc. 1981, 103, 5772,

Treichel, P.M.; Rosenhein, L.D.; Schmidt, M.S. Inorg. Chem. 1983, 22, 3960.
Kriiger, H.J.; Holm, R.H. Inorg. Chem. 1989, 28, 1148.

Kotz, J.C.; Vining, W.; Coco, W.; Rosen, R.; Dias, A.R.; Garcia, M.H.
Organometallics 1983, 2, 68.

Treichel, P.M.; Schmidt, M.S.; Crane, R.A_ Inorg. Chem. 1991, 30, 379.
Weinmann, D.J.; Abrahamson, HB. /norg. Chem. 1987, 26, 3034.

Adzamli, 1.K; Libson, K.; Lydon, J.D.; Elder, R.C; Deutsch, E. Inorg. Chem.
1979, 18, 303.

Schenk, W.A; Frisch, J; Adam, W.; Prechd, F. Inorg. Chem. 1992, 31, 3329,
Jackson, W.G.; Sargeson, A.M.; Whimp, P. J. Chem. Soc. Chem. Commun.
1976, 934.

Sloar, C.P.; Krueger, J.H. Inorg. Chem. 1975, 14, 1481.

Okamoto, K.; Konno, T.; Einaga, H.; Hidaka, J. Bull. Chem. Soc. Jpn. 1987,
60, 393.

135



140.

141.

142,

143,

144.

145.

146.

147.

148.

149.
150.

151.
152,

Mizra, S.A,; Pressler, M A.; Kumar, M.: Day, R.0O.; Maroney. M J. Inorg. Chem.
1993, 32, 977.

Font, I.; Buonomo, R.M.; Reibenspies, J.H.: Darensbourg, M.Y. Inorg. Chem.
1993, 32, 5897.

Filgueiras, C.A.L.; Holland, P.R.; Johnson, B.F.G.; Raithby, P.R. Acta
Crystallogr. 1982, B38, 954.

Markham, S.J.; Chung, Y.L.; Branum, G.D.; Blake, D.M. J. Organomet. Chem.
1976, 107, 121.

Mills, D.K.; Reibenspies, J.H.; Darensbourg, M.Y. Inorg. Chem. 1990, 29,
4346.

Darensbourg, M.Y.: Font, L; Pala, M.; Reibenspies, J.H. J. Coord. Chem. 1954,
32, 39.

Duoromo, R.M.; Darensbourg, M.Y ; Font, L; Maguire, M.J.; Reibenspics, J.H.
J. Inorg. Biochem. 1993, 51, 343.

Farmer, P.J.; Solouki, T.; Soma, T.; Russell, D.H.; Darensbourg, M.Y. Inorg.
Chem. 1993, 32, 4171.

Farmer, P.J.; Soloukd, T.; Milis, D.K.; Soma, T.; Russell, D.H.; Reibenspies,
JH.; Darensbourg, M.Y. J. Am. Chem. Soc. 1992, 1.+, 4601,

Buonomo, RM.,; Font, 1.; Maguire, M.J.; Reibenspies, J.H.; Tuntulani, T.;
Darensbourg, M.Y. J. Am. Chem. Soc. 1995, 117, 963.

Amatore, C.; Darensbourg, M.Y.; Farmer, P.J.; Musie, G.; Verpeaux, J.N. J.
Am. Chem. Soc. 1994, 116, 9355.

Schrauzer, G.N.; Zhang, C.; Chadha, R. Inorg. Chem. 1990, 29, 4104,

Mirza, S.A.; Pressler, M.A_; Kurur, M; Day, R.O.; Maroney, MJ. Inorg. Chem.
1993, 32, 977.

Adzamli, LK.; Nosco, D.L.; Deutsch, E. J. Inorg. Nucl. Chem. 1980, 42, 1364.
Heeg, MLJ,; Elder, R.C.; Deutsch, E. Inorg. Chem. 1979, 18, 2036.

136



153.

154.
155.
156.
157.

158.
159.
160.
161.

162.
163.
164.

165.
166.
167.
168.
169.

170.
171.

172.

Elder, R.C.; Kennard, G.J.; Payne, M.D.; Deutsch, E. Inorg. Chem. 1978, 17,
1296.

Lange, B.A.; Libson, K.; Deutsch, E.; Elder, R.C. Inorg. Chem. 1976, 15, 2985.
Schenk, W.A.; Stur, T. Z. Naturforsch. 1990, 455, 1495.

Kolthari, V.M.; Busch, D.H. Inorg. Chem. 1969, 11, 2276.

Lane, R.H.; Sedor, F.A.; Gilroy, M.G.; Eisenhardt, P.F.; Bennett, 1.P.; Ewall,
P.X.; Bennen, L.E. Inorg. Chem. 1977, 96, 93.

Nosco, D.L.; Elder, R.C.; Deutsch, E. Inorg. Chem. 1980, 19, 2545.

Eller, P.G.; Kubas, G.J. J. Am. Chem. Soc. 1977, 99, 4346.

Lum, B.S. Ph.D. Thesis, McGill University, Montreal, Quebec, Canada, 1990.
Schenk, W.A.; Dombrowski, E.; Reuther, L; Swur, T. Z. Natwrforsch. 1992, 47b,
732.

Shaver, A.; Ploufte, P.-Y. Inorg. Chem. 1992, 31, 1823.

Coucouvanis, D. Prog. Inorg. Chem. 1979, 26, 301.

Burns, R.P.; McCullough, F.P.; McAuliffe, C.A. Adv. Inorg. Chem. Raiiochem.
1980, 23, 211.

Sato, F.; lida, K.; Sato, M. J. Organomer. Chem. 1972, 39, 197.

Avdeef, A.; Fackler, J.P. J. Coord. Chem. 197§, 4, 211.

Bladon, P.; Bruce, R.; Knox, G.R. J. Chem. Soc. Chem. Commun. 1965, 557.
Chadha, R K_; Kumar, R.; Tuck, D.G. Polyhedron 1988, 7, 1121.

Black, S.J.; Einstein, F.W.B.; Hayes, P.C.; Kumar, R.; Tuck, D.G. Inorg.
Chem. 1986, 25, 4181.

Davidson, J.L.; Carlton, L. J. Chem. Soc. Chem. Commun. 1984, 9¢*

Carlton, L.; Davidson, J.L.; Shiralian, M. J. Chem. Soc. Dalton Trans. 1986,
1577.

Ashby, M.T.; Enemark, J.H. Organomezallics 1987, 6, 1318.

137



173.  Kubicki, M.M.; Kergoat, R.: Scordia, H.: Gomes de Lima, L.C.: Guerchais. J.E..
L'Haridon, P. J. Organomer. Chem. 1988, 5340, 41.

174. Petillon, F.Y.; Le Floch-Perennou, F.; Guerchais, J.E.; Sharp, D.W.A.;
Mangjlovic-Muir, L.; Muir, K.W. J. Organomet. Chem. 1980, 202, 23.

175. Wang, S.; Fackler, J.P. Organometallics 1989, 8, 1578.

176. Shaver, A.; Plouffe, P.-Y_; Bird, P.; Livingstone, E. lnorg. Chem. 1990, 29,
1826.

177. Blower, P.J.; Dilworth, J.R.; Hutchinson, J.P.; Zubieta, J.A. Inorg. Chim. Acta
1982, 65, L225.

178. Boorman, P.M.; O’'Dell, B.D. J. Chem. Soc. Dalton Trans. 1980, 257.

179. Satchell, D.P.N. Chem. Soc. Rev. 1977, 6, 345.

180. Deo, A.V_; Dalla Lana, 1.G.; Habgood, H.W. J. Catal. 1971, 21, 270.

181. Karge, H.G.; Dalla Lana, 1.G. J. Phys. Chem. 1984, 88, 1538.

182. Dama, A,; Cavell, R.G.; Tower, R.W,; George, ZM. J. Phys. Chem. 19885, 89,
443,

183. Slager, T.L.; Amberg, CH. Can. J. Chem. 1972, 50, 3416.

184. Saur, O.; Cherreau, T.; Lamotte, J.; Travert, J.; Lavalley, J.C. J. Chem. Soc.
Faraday Trans. 1 1981, 77, 421.

185. Dama, A.; Cavell, RG. J. Phys. Chem. 1985, 89, 450.

186. Forster, H.; Schuldt, M. J. Colloid Interface Sci. 1975, 52, 380.

187. Forster, H.; Schuldt, M. Spectrochim. Acta Part A 1975, 31A, 685.

188. Dama, A.; Cavell, R.G. J. Phys. Chem. 1985, 89, 454.

189. Ryan, RR.; Kubas, G.J.; Moody, D.C,; Eller, P.G. Struct. Bond. 1981, 46, 48.

190. Schenk, W.A. Angew. Chem. Int. Ed. Engl. 1987, 26, 98.

191. Kubas, G.J. Inorg. Chem. 1979, 18, 182.

192. Vizthum, G.; Lindner, E. Angew. Chem. Int. Ed. Engl. 1971, 10, 315.

193. Mingos, D.MP. Trans. Me:. Chem. 1978, 3, 1.

138



194.
193.

196.
197.

198.

199.

207.
208.
209.
210.
211.
212.

213.
214.

Legadins, P.; McNeil, W.S.; Shaw, M.J. Organomerallics 1994, 13, 562.
Debad, J.D.; Legzdins, P.; Baichelor, R.J.; Einstein, F.W.B. Organometallics
1993, 12, 2094.

Legzdins, P.; Veltheer, J.E. Acc. Chem. Res. 1993, 26, 41.

Legzdins, P.; Rettig, S.J.: Veltheer, J.E.; Batchelor, R.J.; Einstein, F.W.B.
Organomezallics 1993, 12, 3575.

Dryden, N.H.; Legzdins, P.; Lundmark, PJ.; Riesen, A.: Einstein, FW.B.
Organometallics 1993, 12, 2085.

Legzdins, P.; McNeil, W.S.; Vessey, E.G,; Batchelor, R.J.; Einstein, FW.B.
Organometallics 1992, 11, 2718,

Bottomley, F. Acc. Chem. Res. 1978, 11, 158.

Caulton, K.G. Coord. Chem. Rev. 1975, 14, 317.

Connelly, N.G. Inorg. Chim. Acta Rev. 1972, 6, 48.

Enemark, JH.; Feltham, R.D. Coord. Chem. Rev. 1974, 13, 339.

Griffith, W.P. Adv. Organomer. Chem. 1968, 7, 211.

Johnsor, B.F.G.; McCleverty, J.A. Prog. Inorg. Chem. 1966, 7, 277.
Frenz, B.A.; Ibers, J.A. M.TP. Int. Rev. Sci., Phys. Chem. Ser. One 1972, 11,
33.

Bottomley, F. Coord. Chem. Rev. 1978, 26, 7.

McCleverty, J.A. Chem. Rev. 1979, 79, 53.

Richter-Addo, G.B.; Legzdins, P. Chem. Rev. 1988, 88, 991.

Gladfelter, W.L. Adv. Organomer. Chem. 1985, 24, 41.

Barto, KW.; Crawford, A.R.; Skopp, A. Chem. Eng. Prog. 1971, 67, 64.
Fergusson, J.E. in “/norganic Chemistry and the Earth”™, Pergamon Press:
Toronto, 1982, p. 229.

Shelef, M. Chem. Rev. 1995, 95, 209.

Shelef, M. Cazal. Lenz. 1992, 15, 305.

139



i3
X

N
w

5
&

5

226.
227.
228.
229.
230.

231.

232.
233.

Amimazmi, A.: Benson, J.E.; Boudart. M. J. Cazal. 1973, 30, 55.
Voothoeve, R.J.H.: Trimble, L.E J. Caral. 1975, 38, 80.

Amirnazmi. A.: Boudart, M. J. Caral. 1975, 39, 383.

Bosch, H.: Janssen, A. Catal. Today 1987. 2, 1.

Enemark, J.H.; Feltham, R.D. Proc. Nail. Acad. Sci. USA. 1972, 69, 3534
Cui, X,; Joannou, C.L.: Hughes, M.N.: Cammack. R. FEMS Microbiol. Len.
1992, 98, 67.

Sellmann, D.; Seubert, B.; Knock, F.: Moll, M. Z. Naturforsch. 1991, 46b,
1449,

McPhail, A.T.; Sim, G.A. J. Chem. Soc. A 1968, 1858.

Hodgson, D.J.; Ibers, J.A. Inorg. Chem. 1968, 7, 2345.

Sidgwick, N.V. in " Chemical Elements and Their Compounds”, Clarendon
Press: Oxfored, 1950, Vol. I, p. 685.

Hames, B.W,; Legzdins, P.; Martin, D.T. Inorg. Chem. 1978, 17, 3644,
Elder, R.C. Inorg. Chem. 1974, 13, 1037.

Herrmann, W.A.; Hubbard, J.L.; Floel, M. Organomet. Synth. 1986, 3, 45.
Efraty, A.; Elbaze, G. J. Organomet. Chem. 1984, 260, 331.

Seidler, M.D.; Bergman, R.G. J. Am. Chem. Soc. 1984, 106, 6110.

Bruce, MLL; Tomkins, B.L; Wong, F.S.; Skeiton, B.W.; White, AH. J. Chem.
Soc. Daltor Trans. 1982, 687.

Conroy-Lewis, F.M.; Redhouse, AD; Simpsoa, S.J. J. Organomer. Chem.
1990, 399, 307.

Shaver, A.; Plouffe P.-Y.; Liles, D.; Singleton, E. Inorg. Chem. 1992, 31, 997.
X-ray crystal structure analyses were determined by Dr. Anne-Marie Lebuis,
Manager, X-ray Crystallography Facility, Department of Chemistry, Montreal,
Quebec, Canada.

140



241.

242,
243,

246.
247.
248.

249,

250.
251.

Orpen, A.G.; Brammer, L.; Allen, F.H.: Kennared, O.A.; Wast~n, D.G.: Taylor,
R. J. Chem. Soc. Dalron Trans. 1989, S1.

Shaver, A.; Plouffe, P.-Y. Inorg. Chem. 1994, 33, 4327.

Shaver, A.; Ploufte, P.-Y. J. Am. Chem. Soc. 1991, 113, 7780.

Weigand, W.; Bosl, G.: Robl, C.; Kroner, J. Z. Naturforsch. 1993, 48b, 627.
Amarasekera, J.: Rauchfuss, T.B.; Wilson, S.R. Inorg. Chem. 1987, 26, 3328.
Faller, JW.; Ma, Y., Smar, CJ.. DiVerdi, M.J. J. Organomet. Chem. 1990,
420, 237.

Treichel, P.M.; Schmidt, M.S.; Nakagaki, P.C.; Rublein, EX. J. Organome:.
Chem. 1986, 311, 193.

McAuliffe, C.A. in "Comprehensive Organomerallic Chemistry”, Pergamon
Press: Toronto, 1982, Vol. 2, p. 1015.

Ashby, M.T.; Enemark, J.H.; Lichtenberger, D.L. Inorg. Chem. 1988, 27, 191.
Kamata, M.; Hirotsu, K.; Higuchi, T.; Kito, M.; Tatsumi, K.; Hoffmann, R.;
Otsuka, S.; Yoshida, T. Organometallics 1982, 1, 227.

Ashby, M.T.; Enemark, J.H. J. Am. Chem. Soc. 1986, 108, 703.

Millar, M.; O'Sullivan, T.; de Vries, N.; Koch, S.A. J. Am. Chem. Soc. 1985,
107, 3714,

Millar, M.; Koch, S.A. J. Am. Chem. Soc. 1983, 105, 3362.

Treichel, P.M.; Rosenhein, L.D. Inorg. Chem. 1981, 20, 942.

Liaw, W.-F; Kim, C.; Darensbourg, M.Y ; Rheingold, A.L. J. Am. Chem. Soc.
1989, 111, 3591.

Darensbourg, M.Y.; Liaw, W.-F.; Riordan, C.G. J. Am. Chem. Soc. 1989, 111,
8051.

Schindehutte, M.; van Rooyen, P.H.; Lotz, S. Organometallics 1990, 9, 293.
Gingerich, R.G.W; Angelici, RJ. J. Am. Chem. Soc. 1979, 101, 5604.

141



264.

265.
266.
267.
268.
269.
270.

271.

Schumann, H.; Arif, A.M.; Rheingold. A.L.; Janiak, C.: Hoffmann, R.: Kuhn,

N. Inorg. Chem. 1991, 30, 1618.

Wander, S.A.: Reibenspies, J.H.: Kim, J.S., Darensbourg, M.Y. Inorg. Chem.
1994, 35, 1421.

Ash, C.E.; Darensbourg, M.Y.; Hall. M.B. J. Am. Chem. Soc. 1987, 109, 4173.
Treichel, P.M.; Crane, R.A.; Haller, K.N. J. Organomet. Chem, 1991, 401, 173.
Amarasekera, J.; Rauchfuss, T.B. Inorg. Chem. 1989, 28, 3875.

Park, H.; Minick, D.; Draganjac, M.; Cordes, A.W.; Hallford, R.L.; Eggleton, G.
Inorg. Chim. Acta 1993, 204, 195.

Conroy-Lewis, FM.; Simpson, S.J. J. Chem. Soc. Chem. Commun. 1991, 388.
Urban, G.; Sunkel, K.; Beck, W. J. Organomet. Chem. 1985, 290, 329.
Boustany, K.S.; Sullivan, A.B. Tetrahedron Letnt. 1970, 3547.

Harpp, D.N.; Ash, D.K,; Back, T.G.; Gleason, J.G.; Orwing, B.A.; van Hom,
W.F.; Snyder, J.P. Tetrahedron Lett. 1970, 3551.

Shaver, A.; Morris, S. Inorg. Chem. 1991, 30, 1926.

Trojansek, D. Ph.D. Thesis, McGill University, Montreal, Quebec, Canada,
1995.

Treichel, P.M.; Nakagaki, P.C.; Haller, K.J. J. Organomet. Chem. 1987, 327,
327.

Lai, RD. Ph.D. Thesis, McGill University, Montreal, Quebec, Canada, 1980.
Boily, L.H. Ph.D. Thesis, McGill University, Montreal, Quebec, Canada, 1995.
Treichel, P.M.; Nakagaki, P.C. Organometallics 1986, 5, 711.

Treichel, P.M.; Rublein, EX. J. Organomet. Chem. 1992, 424, 71.

Treichel, PM.; Rublein, EK. J. Organomet. Chem. 1989, 359, 195.

Carnrran, G.; Belluco, U.; Graziani, M.; Ros, R. J. Organomet. Chem. 1976,
112, 243.

Takahashi, A.; Mizobe, Y.; Hidai, M. Chem. Len. 1994, 371.

142



283,
284.

285.

286

287.
288.

289.
290.

291.

Ahn, Y.; Krzycki, J.A.; Floss, H.G. /. Am. Chem. Soc. 1991, 113, 4700.
Reynolds, J.G. Chem. Ind. (London) 1991, 570.

Topsoe, H.; Clasuen, B.S. Car. Rev.-Sci. Eng. 1984, 26, 395.

Pecoraro, T.A.; Chianelli, R.R. J. Catal. 1981, 67, 430.

Harris, S.; Chianelli, R.R. J. Caral. 1986, 98, 17.

Chianelli, R.R. Catal. Rev.-Sci. Eng. 1984, 26, 361.

Riaz, U.; Curnow, O.; Curtis, M.D. J. Am. Chem. Soc. 1991, 113, 1416.
Hiiberer, P.; Weiss, F. J. Organomer. Chem. 1977, 129, 105.

Schuman, S.C.; Shalit, H. Cazal. Rev. 1970, 4, 245.

Massoth, F.E. Adv. Catal. 1978, 27, 265.

Bucknor, S.M.; Draganjac, M.; Rauchfuss, T.B.; Ruffing, CJ.; Fulz, W.C.;
Rheingold, A.C. J. Am. Chem. Soc. 1984, 106, 5379.

Harvey, T.G.; Matheson, T.W. J. Caral. 1986, 101, 253.

Luo, S.; Ogilvy, A.E.; Rauchuss, T.B.; Rheingold, A L.; Wilson, S.R.
Organomerallics 1991, 10, 1002.

Bianchini, C.; Meli, A.; Peruzini, M.; Vizza, F.; Fredioni, P.; Herrera, V.;
Sanchez-Delgado, R.A. J. Am. Chem. Soc. 1993, 115, 2731.

Rao, KM.; Day, CL; Jacobson, R.A.; Angelici, R.J. Inorg. Chem. 1991, 30,
5046.

Lépez, R.; Peter, R.; Zdrazil, M. J. Catal. 1982, 73, 406.

Lee, C.C; Ibqual, M,; Gill, U.S.; Sutherland, R.G. J. Organomet. Chem. 1988,
288, 89.

Jones, W.D.; Chin, RM. J. Am. Chem. Soc. 1992, 114, 9851.

Wong, K; Yuan, T.; Wang, M.C; Tung, H.; Luk, T. J. Am. Chem. Soc. 1994,
116, 8920.

Garcia, J.J.; Mann, B.E.; Adams, H.; Bailey, N.A.; Maitlis, PM. J. Am. Chem.
Soc. 1998, 117, 2179.

143



295.

296.
297.
298.
299.
300.
301.
302.

303.
304.
30sS.
306.

307.
308.
309.
310.
311.

312,

Baranano, D.; Hartwing, J.F. J. Am. Chem. Soc. 1995, 117, 2937.
Thompson, C.J. in “Organic Sulfur Chemistry”, Pergamon Press: New York,
1981, p. S.

Aksenov, VA, Kamyanov, V.F. in “Organic Sulfur Chemistry™, Pergamon Press:
New York, 1981, p. 201.

Lockemeyer, J.R.; Rauchfuss, T.B.; Rheingold, A.L.; Wilson, S.R. J. Am.
Chem. Soc. 1989, 111, 8828.

Hachgenei, J.W.; Angelici, R.J. Organometallics 1989, 8, 14.

Chen, J.; Angelici, R.J. Organometallics 1989, 8, 2277.

Chen, J.; Angelici, R.J. Organometallics 1990, 9, 879.

Chen, J.; Angelici, R.J. Organomerallics 1992, 11,992,

Chen, J.; Angelici, R.J. J. Appl. Organomet. Chem. 1992, 6, 479.

Cordone, R.; Harman, W.D.; Taube, H J. Am. Chem. Soc. 1989, 111, 5969.
Choi, M.-G.; Robertoson, M.J; Angelici, RJ. J. Am. Chem. Soc. 1991, 113,
4005.

Choi, M.-G.; Angelici, R.J. Organomerallics 1992, 11, 3328.

Choi, M.-G.; Angelici, R.J. Organomerallics 1991, 10, 2436.

Kwart, H.; Schuit, G.C.A.; Gates, B.C. J. Caral. 1980, 61, 128.

Lesch, D.A.; Richardson, J.W.; Jacobson, R.A.; Angelici, R.J. J. Am. Chem.
Soc. 1984, 106, 2901.

Spies, G.H.; Angelici, R.J. Organometallics 1987, 6, 1897.

Hachgenei, J.W_; Angelici, R.J. J. Organomet. Chem. 1988, 355, 359.
Ogilvy, A.E.; Skaugset, A.E.; Rauchfuss, T.B. Orgaenomerallics 1989, 8, 2739.
Draganjac, M.; Ruffing, C.J.; Rauchfuss, T.B. Organometallics 1985, 4, 1905.
Arce, AJ; Arrojo, P.; Deeming, AJ.; De Sanctis, Y. J. Chem. Soc. Dalton Trans.
1992, 2423.

Luo, S.; Rauchfuss, T.B.; Gan, Z. J. Am. Chem. Soc. 1993, 115, 4943.

144



313. Choi, M.-G.; Angelici, R.J. J. Am. Chem. Soc. 1989, 111, 8753.

314. Choi, M.-G.; Angelici, R.J. Inorg. Chem. 1991, 30, 1417.

315. Latos-Grazynski, L.; Olmstead, M.M.; Balch, A.L. Inorg. Chem. 1989, 28,
4065.

316. Goodrich, J.D.; Nickias, P.N.; Selegue, J.P. Inorg. Chem. 1987, 26, 3424.

317. Catheline, D.; Astrue, D. J. Organomet. Chem. 1984, 272, 417.

318. Kuhn, N.; Schumann, H. J. Organomer. Chem. 1984, 276, 55.

319. Kuehn, C.G.; Taube, H. J. Am. Chem. Soc. 1976, 98, 689.

320. Wasserman, J.J.; Kubas, G.J.; Ryan, R.R. J. Am. Chem. Soc. 1986, 108, 2294

321. Guerchais, V.; Astruc, D.C. J. Organomer. Chem. 1986, 316, 335.

322, Day, CL.; Jacobson, R.A.; Angelici, R.J. Inorg. Chem. 1991. 30, 5046.

323. Benson, J.W.; Angelici, R.J. Organometallics 1992, 11, 922,

324, Benson, J.W.; Angelici, R.J. Organometallics 1993, 12, 680.

325. Benson, J.W.; Angelici, R.J. Inorg. Chem. 1993, 32, 1817.

326. Latos-Grazynski, L.; Lisowskd, J.; Olmstead, M.M.; Balch, AL. Inorg. Chem.
1989, 28, 1183.

327. Lipsch, JMJ.G.; Schuit, G.C.A. J. Catal. 1969, 15, 179.

328. Kolboe, S. Can. J. Chem. 1969, 47, 352.

329. Selnau, HE.; Merola, 1.S. Organomerallics 1993, 12, 1583.

330. King, R B.; Stone, F.G.A. J. Am. Chem. Soc. 1961, 82, 4557.

331. Chen, J; Daniels, L.M.; Angelici, R.J. J. Am. Chem. Soc. 1990, 112, 199.

332. Jones, W.D.; Dong, L. J. Am. Chem. Soc. 1991, 113, 559.

333. Jones, W.D.; Chin, R M. Organometallics 1992, 11, 2698.

334. Chin, RM.; Jones, WD, Angew. Chem. Int. Ed. Engl. 1992, 31, 357.

335. Dong, L.; Duckert, S.B; Ohman, KF.; Jones, WD. J. Am. Chem. Soc. 1992,
114, 151.

145



340.
341.

342,
343.
344.
345.
346.
347.
348.
349.
350.
351.

352.

353.
354.
355.

Ogilvy, A.E; Draganjac. M.; Rauchfuss, T.B.: Wilson, S.R. Organometallics
1988, 7, 1171.

Skaugest, A.E.; Rauchfuss, T.B.; Wilson, S.R. J. Am. Chem. Soc. 1992, 114,
8521.

King, R.B.; Treichel, P.M,; Stone, F.A. J. Am. Chem. Soc. 1961, 83, 3600.
Luo, S.; Skaugset, A.E.; Rauchfuss, T.B.; Wilson, S.R. J. Am. Chem. Soc.
1992, 114 1732.

Garcia, J.J.; Maitlis, PM. J. Am. Chem. Soc. 1993, 115, 12200.

Sauer, N.N.; Markel, E.J.; Schrader, G.L.; Angelici, R.J. J. Caral. 1989, 117,
295.

Chen, J.; Daniels, L.M.; Angelici, RJ. J. Am. Chem. Soc. 1991, 113, 2544,
Gellman, A.J.; Neiman, D.; Somorjai, G.A. J. Cazal. 1987, 107, 92.

Gellman, A.J.; Bussell, M.E.; Somorjai, G.A. J. Catal. 1987, 107, 103.
Rosini, G.P.; Jones, WD. J. Am. Chem. Soc. 1992, 114, 10767.

Pokorny, P.; Zdrazil, M. Collect. Czech. Chemn. Commun. 1981, 46, 2185.
Devanneaux, J.; Maurin, J. J. Caral. 1981, 69, 202.

Desikan, P.; Amberg, C.H. Can. J. Chem. 1964, 42, 843.

Jones, W.D.; Chin, RM. J. Am. Chem. Soc. 1994, 116, 198.

Gendreaun, Y.; Normant, J.F.; Villieras, J. J. Orcanomer. Chem. 1977, 142, 1.
Levisalles, J.; Rudler-Chauvin, M.; Rudler, H. J. Organomer. Chem. 1977, 136,
103.

Barsanti, P.; Calo, V.; Lopez, L.; Marchese, G.; Naso, F.; Pesce, G. J. Chem.
Soc. Chem. Commun. 1978, 1085.

Anderson, R.J.; Henrich, C.A.; Siddall, J.B. J. Am. Chem. Soc. 1970, 92, 259.
Okamura, H.; Takei, H. Tetraghedron Lent. 1979, 3425.

Yamamoto, T.; Akimoto, M.; Yamamoto, A. Chem. Lerr. 1983, 1725.

146



356.

357.
358.
359.
360.
361.

362.
363.
364.
365.
366.

367.
368.
369.
370.
371.
372.
373.
374.
375.

376.

377.

Osakada, K.; Chiba, T.; Nakamura, Y.: Yamamoto, T.; Yamamoto, A. J. “hem.
Soc. Chem. Commun. 1986, 1589.

Bock, H.; Hirabayashi, T.; Mohmand, S. Chem. Ber. 1982, 115, 492.

Trost, B.M. Terrahedron 1977, 33, 2615.

Trost, B.M.; Keinan, E. J. Am. Chem. Soc. 1978, 100, 7780.

Atkins, K.E.; Walker, W.E_; Manyik, R.M. Tetrahedron Lert. 1970, 3821.
Fiaud, J.C.; deGournay, H.; Larcheveque, M.; Kagan, H.B. J. Organomet. Chem.
1978, 154, 175.

Balavoine, G.; Bram, G.; Guibe, F. Nouv. J. Chim. 1978, 2, 207.

Eisch, 1.1.; Im, K.R. J. Organomer. Chem. 1977, 139, C45.

Tsuji, J.; Yamakawa, T. Tetrahedron Len. 1979, 613.

Tsuji, J.; Yamakawa, T.; Kaito, M.; Mandai, T. Tetrahedron Ler. 1978, 2075.
Tsuda, T.; Chujo, Y.; Nishi, S.; Tawara, K.; Sacgusa, T. J. Am. Chem. Soc.
1980, 102, 6381.

Tsuji, J.; Minami, 1.; Shimizu, I. Terrahedron Let. 1983, 24, 1793.

Shimizu, I.; Minami, L; Tsuji, J. Terrahedron Lent. 1983, 24, 1797.

Hutchins, R.O.; Learn, K.; Fulton, R_P. Tetrahedron Lert. 1980, 21, 27.
Hurchins, R.O.; Learn, K. J. Org. Chem. 1982, 47, 4382,

Matsushita, H.; Negishi, E. J. Org. Chem. 1982, 47, 4161.

Trost, B.M.; Keinan, E. Tetrahedron Lert. 1980, 21, 2595,

Stlle, J.K.; Goldschix, J. Tetrahedron Lent. 1980, 21, 2599.

Fiaud, J.C.; Malleron, J1. Tetrahedron Len. 1981, 22, 1399.

Yamamoto, T.; Akimoto, M.; Saito, O.; Yamamoto, A. Organomeuallics 1986, 5,
1559.

Osakada, K; Chiba, T.; Nakamura, Y.; Yamamoto, T.; Yamamoto, A.
Organometallics 1989, 8, 2602.

Osakada, K.; Ozawa, Y.; Yamamoto, A. J. Organomet. Chem. 1990, 399, 341.

147



378.

379.
380.

381.

383.
384.
385.

386.

387.
388,
389.

390.

391.
392.
393.
394.

Aubumn, P.R.; Whelan, J.; Bosnich, B. J. Chem. Soc. Chem. Commun. 1986,
146.

Goux, C.; Lhoste, P.; Sinou, D. Tetrahedron 1994, 50, 10321.

Kuniyasu, H.; Ogawa, A.; Miyazaki, S.: Ryu, I.: Kambe, N.; Sonoda, N. J. Am.
Chem. Soc. 1991, 113, 9796.

Kuniyasu, H.; Ogawa, A.; Sato, K.; Ryu, L: Kambe, N.; Sonoda, N. J. Am.
Chem. Soc. 1992, 114, 5902.

Nishio, M.; Matsuzaka, H.; Mizobe, Y.; Hidai, M. J. Chem. Soc. Chem.
Commun. 1993, 375.

Narasaka, K.; Hayashi, M.; Mukaiyama, T. Chem. Lem. 1972, 259.
Hutchins, R.O.; Learn, K. J. Org. Chem. 1982, 47, 4380.

Miyauchi, Y.; Watanbe, S.; Kuniyasu, H.; Kurosawa, H. Organomerallics 1995,
14, 5450.

Osakada, K.; Matsumoto, K.; Yamamoto, T.; Yamamoto, A. Organometallics
1985, 4, 857.

Hashizume, K.; Mizobe, Y.; Hidai, M. Organometallics 1995, 14, 5367.
Nagashima, H.; Mukai, K.; Itoh, K. Organometallics 1984, 3, 1314.
Nagashima, H.; Mukai, K; Shiota, Y.; Ara, K,; Itoh, K.; Suzuki, H.; Oshima,
N.; Moro-Oka, Y. Organomerallics 1985, 4, 1314,

Nagashima, H.; Mukai, K.; Shiota, Y.; Yamaguchi, K.; Ara, K.; Fukahori, T.;
Suzuki, H.; Akita, M.; Moro-Oka, Y.; Itoh, K. Organometallics 1990, 9, 799.
Weigand, W. Z. Naturforsch. 1991, 46b, 1333.

Dobbs, D.A.; Bergman, R.G. Inorg. Chem. 1994, 33, 5329.

Watchter, J. Angew. Chem. Imt. Ed. Engl. 1989, 28, 1613.

Carney, M.J.; Walsh, PJ.; Bergman, R.G. J. Am. Chem. Soc. 1990, 112,
6426.

148



395. Carney, M.J.; Walsh, P.J.; Hollander, F.J.; Bergman, R.G. Organometallics
1992, 11, 761.

396. Nelson, J.E.; Parkin, G.; Bercaw, J.E. Organometallics 1992, 11, 2181.

367. Deeming, AJ.; Vaish, R. J. Organomer. Chem. 1993, 460, C8.

398. Paskall, H.G.; Sames. J.A. in “Sulfur Recovery”, Bovar: Calgary, 1980, p. 1-3 .

399. Grancher, P. Hydrocarbon processing 1978, 57, 155.

400. Grancher, P. Hydrocarbon processing 1978, 57, 257.

401, Fiedorow, R.; Dalla Lana, 1.G.; Wanke, S.E. J. Phys. Chem. 1978, 82, 2474.

402. Chang, C.C. J. Caual. 1978, 53, 374.

403. Khulbe, K.S.; Mann, R.S. J. Cazal. 1978, 51, 364.

404. Lavalley, J.C,; Travert, J; Laroche, D.; Saur, O. C. R. Hebd. Seances Acad.
Sci. Ser. A 1977, 285, 385. Chem. Abstr. 1978, 88, 55320b.

405. Knozinger, H.; Ratnasamy, P. Cazal. Rev.-Sci. Eng. 1978, 17, 31.

406. Bartholomew, C.H.; Agrawal, PK.; Katzer, JR. Adv. Catal. 1982, 31, 135.

407. Darensbourg, M.Y.; Tuntulani, T.; Reibenspies, J.H. Inorg. Chem. 1994, 33,
611.

408. Brulet. C.R;; Isied, S.S.; Taube, H. J. Am. Chem. Soc. 1973, 95, 4758.

409. Kline, M.A; Barley, M.H.; Meyer, T.J. Inorg. Chem. 1987, 26, 2196.

410. Kubas, GJ.; Ryan, R.R. Inorg. Chem. 1984, 23, 3181.

411. Gablica, Z. J. Mol. Struct. 1980, 60, 131.

412. Miiller, A.; Reinsch-Vogell, U; Krickemeyer, E.; Bogge, H. Angew. Chem. Int.
Ed. Engl. 1982, 21, 796.

413. Kubas, G.J.; Ryan, RR. J. Am. Them. Soc. 1985, 107, 6138.

414. Kubas, GJ. Acc. Chem. Res. 1994, 27 , 183.

415. Bhaduri, S.; Johnson, B.F.G.; Khair, A.; Ghatak, 1; Mingos, DM.P. J. Chem.
Soc. Dalton Trans. 1980, 1572,

149



416.

417.
418.

423.

424.

425.
426.

427.
428.

429,
430.
431.

432.
433.

Ghatak, I.: Mingos, D.P.M.: Hursthouse, M.B.; Raithby, P.R. Trans. Mer.
Chem. (London) 1976, 1, 116.

Kubat-Martin, K. A.; Kubas, G.J.;: Ryan, R.R. Organomerallics 1588, 7, 1657.
Kubat-Martin, K.A.: Kubas, GJ.: Ryan. R.R. Organomerallics 1989, 8, 1910.
Kubas, G.J.; Ryan, R.R.; Kubat-Martn, K.A. J. Am. Chem. Soc. 1989, 111,
7823.

DuBotis, M.R. Chem. Rev. 1989, 89, 1.

Tovpadakis, A.; Kubas, G.J.; Bumns, C.J. fnorg. Chem. 1992, 31, 3810.
Willemse, J.; Cras, J.A.; Wijnhoven. J.G.: Beurskens, P.T. Rec. Trav. Chim.
Pays-Bas 1973, 92, 1199.

Lisy, J.M.; Dobrzynski, E.D.; Angelici, R.J.; Clardy, J. J. Am. Chem. Soc.
1975, 97, 656.

Evans, J.A.; Hacker, M.].; Kemr ' x, RD.W.; Russell, D.R.; Stocks, J. J. Chem.
Soc. Chem. Commun. 1972, 72.

Lin, I1J.B.; Chen, HW_; Fackler, I.P. Inorg. Chem. 1978, 17, 394.

Shaver, A.; Lai, R.D,; Bird, P.; Wickramasinghe, W. Can. J. Chem. 1988, 63,
2555.

Drozdova, Y.; Steudel, R. Chem. Eur. J. 1995, 1, 193.

O'Mahoney, C.A.; Parkin, LP.; Williams, D.J.; Woollins, J.D. J. Chem. Soc.
Dalton Trans. 1989, 1179.

Bruce, R.; Knox, G.R. J. Organomet. Chem. 1966, 6, 67.

Dean, W.K; Heyl, BL. J. Organomet. Chem. 1978, 159, 171.

Gattow, G.; Behrendt, W. in “Topics in Sulfur Chemistry”, George Thieme:
Stuttgart, West Germany, 1977, Vol. 2, p. 178.

Hunt, J.; Knox, S.A.R.; Oliphant, V. J. Orgasomer. Chem. 1974, 80, C50.
Baird, M_; Hartwell, G.; Mason, R; Rae, A.LM.; Wilkinson, G. J. Chem. Soc.
Chem. Commun. 1967, 92.

150



434.

435.
436.
437.
438.
439.
440.
441.

443,

445.

Hayward, P.J.; Blake, D.M.: Wilkinson, G.: Nyman, C.J. J. Am. Chem. Soc.
1970, 92, 5873.

Denise, B.; Sneeden, R.P.A. Chemtech. 1982, 12, 108.

Palmer, D.A.; van Aldik. R. Chem. Rev. 1983, 83, 651.

Eisenberg, R.; Hendricksen, D.E. Adv. Cazal. 1979, 28, 79.

Bolton, J.R. Science 1978, 202, 705.

Williams, R.; Crandall, R.S.; Bloom, A. Appl. Phys. Lern. 1978, 33, 381.
Schierl, R.; Nagel, U.; Beck, W. Z. Naturforsch. 1984, 39b, 649.

Hunz, C.T.; Matson, G.B.; Baich, A.L. Inorg. Chem. 1981, 20, 2270.
Darensbourg, D.J.; Sanchez, K.M.; Rheingold, A.L. J. Am. Chem. Soc. 1987,
109, 290.

Darensbourg, D.J.; Sanchez, K.M.; Reibenspies, J.H.; Rheingold, AL. J. Am.
Chem. Soc. 1989, 111, 7094.

shriver, D.; Drezdzon, M. in “The Manipulation of Air Sensitive Compounds™,
2nd ed.; Wiley Interscience: Toronto, 1986.

Bruce, M.L; Hameister, C; Swincer, A.G.; Wallis, R.C. Inorg. Synth. 1982, 21,
78.

151



APPENDIX 1

Structural Analysis of {CpRu(PPh3){NO)SCMe;3]BF.
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Table Al.1: Crystal data for [CpRu(PPh3)(NO)SCMe3]BF;.
Space Group: monoclinic P2;/c

Cell Dimensions;

a=16.380(2) A b=17.1353) A c=10.137) A
B = 91.06(2)"

Volume = 2937.5(1) A3

Empirical formula: Ca7H29BF4NOPRuS

Cell dimensions were obtained from 25 reflections with 26 angle in the range 30.0-35.0".
Crystal dimensions: 0.470 x 0.125 x 0.500 mm

FW = 634.44 Z=4 F(000) = 1288

Dealc = 1.481 g.em'3, p = 7.11 mme1, & = 0.71069 A, 20(pax) = 47.1°

The intensity data were collected on a Rigaku AFC5R diffractometer, using the 620 scan
mode.

T=22°C

No. of reflections measured 8980
No. of unique reflections 4721
No.of reflections with Iper > 3.00(Iner) 2626

A psi correction was made for absorpdon.

Data set was solved by Patterson methods.

The last least squares cycle was calculated with 313 variable parameters and 2626 out of
8980 refiections.

Weights based on counting-staristics were used.

The residuals are as foliows:-
For significant reflections, R =0.043 Rw = 0.047
GofF = 1.50

where R = ZliFol-[Fell/ZIFol
Rw = V[Z(w(IFol-IFc!)2)/Z(wFo?)]
GoF = V[E(w(Fol-Fcl)2)/(No.of obsvn. - No.of params.))

The maximum shift/c ratio was 0.18.

In the last D-map, the deepset hole was -0.67 ¢'/A3, and the highest peak 0.60 e-/A3.
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Table A1.2: Atom coordinates, x. v, z and B for [CpRu(PPh3)(NO)SCMe;|BF,.

E.S.Ds. refer to the last digit printed.

atom

Ru(1)
S(D
P(1)
O(1)
N(D)
C(1)
CQ)
C(3)
C4)
C©®)
C(6)
C@)
C(8)
C(9)
C(10)
C(11
C(12)
C(13)
C(14)
c(15s)
C(16)
c(17D)
C(18)
C(19)
C(20)
C21)
C(22)
C(23)
C(24)
C(25)
C(26)
C@27n
B(1)
F(1)
F(2)
F(3)
F@4)
F(5)
F(6)
F(7)
F(8)

X

0.18827(03)
0.31672(11)
0.25327(10)
0.1984(04)
0.2008(04)
0.1271(05)
0.1079(07)
0.0623(06)
0.0566(05)
0.0970(05)
0.3399(05)
0.3532(08)
0.2757(06)
0.4200(05)
0.1816(04)
0.1210(05)
0.0669(05)
0.0735(05)
0.1297(06)
0.1837(0S)
0.3104(04)
0.3089(05)
0.3557(05S)
0.4015(06)
0.4042(05)
0.3580(05)
0.3266(04)
0.4004(05)
0.4502(05)
0.4298(07)
0.3574(07)
0.3061(05)
0.0948(08)
0.0413(10)
0.105209)
0.0664(12)
0.1684(05)
0.1196(05)
0.0207(04)
0.1497(05)
0.0863(05)

v

0.04526(04)
0.10904(11)
-0.05445(11)

-0.0404(04)
-0.0044(04)
0.1491(06)
0.0802(09)
0.0344(06)
0.0715(06)
0.1405(06)
0.1760(05)
0.1309(07)
0.2384(06)
0.2150(05)
-0.1160(04)
-0.1551(05)
-0.2051(05)
-0.2152(05)
-0.1744(06)
-0.1259(05)
-0.1214(04)
-0.2016(04)
-0.2500(05)
-0.2195(06)
-0.1416(06)
-0.0917(0S)
-0.0253(04)
-0.0658(04)
-0.0471(06)
0.0096(07)
0.0499(06)
0.0334(35)
0.1130(08)
0.1338(10)
0.1753(07)
0.0515(07)
0.0955(11)
0.0453(03)
0.1019(05)
0.1371(05)
0.1683(04)

ra

0.23761(06)
0.2148(02)
0.1163(02)
0.4831(06)
0.3878(06)
0.1384(14)
0.0684(09)
0.1543(12)
0.2708(10)
0.2632(11)
0.3532(07)
0.4802(09)
0.3708(11)
0.3136(09)
0.0273(07)
0.0544(08)
0.0315(11)
-0.1025(11)
-0.1736(09)
-0.1074(08)
0.2236(07)
0.2023(09)
0.2826(11)
0.3840(10)
0.4054(09)
0.3253(08)
-0.0086(07)
-0.0202(08)
-0.1233(10)
-0.2127(10)
-0.1982(09)
-0.0950(08)
0.6745(13)
0.7558(13)
0.5777(12)
0.592(02)
0.719(02)
0.7379(07)
0.6195(08)
0.5921(07)
0.7763(06)

Biso is the Mean of Principal Axes of the Thermal Ellipsoid.
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Biso

291(2)
3.26(9)
2.82(])
8.6(%)
4.4(3)
7.0(6)
7.2(7)
6.2(6)
5.4(5)
5.6(5)
4.04)
9.5(7)
7.9(6)
5.8(5)
3.24)
4.5(%)
3.4(5)
5.5(5)
6.2(6)
3.2(5)
3.44)
4.7(4)
5.8(5)
6.1(6)
5.9(5)
4.5(4)
3.2(4)
4.2(4)
5.8(5)
7.1(6)
7.3(6)
5.5(5)
7.7(3)
10.6(6)
6.5(3)
12.5(6)
17(1)
9.4(2)
11.1(3)
13.2(4)
8.8(2)



Table Al.3: Anisotropic thermal factors for [CpRu(PPh3)(NO)SCMe3]BF4. U(iy)

values x 100. E.S.Ds. refer 1o the last digit printed.

atom

Ru(l)
S(1)
P(1)
(1)
N(1)
C(1)
C2)
C(3)
C(4)
C(5)
C(6)
C(7)
C(8)
C(9)
C(10)
C(11)
C(12)
C(13)
C(14)
C(15)
C(16)
C(17)
C(18)
C(19)
C(20)

Ull

3.29(03)
3.71(11)
3.43(10)
14.6(07)
6.4(05)
4.2(06)
7.7(08)
5.1(06)
4.5(05)
4.6(06)
5.7(05)
19.0(13)
8.3(07)
6.0(06)
4.0(04)
6.3(06)
5.1(06)
5.0(06)
7.0(07)
5.6(06)
3.3(04)
5.2(05)
6.0(06)
6.0(07)
6.5(06)
5.7(06)
4.2(05)
4.8(05)
5.5(06)
9.7(N9)
11.9(09)
8.3(07)
9.7(04)
13.4(07)
8.3(04)
15.8(08)
21.9(12)
11.9(03)
14.0(03)
16.8(05)
11.1(03)

U22

4.29(03)
4.85(12)
3.56(11)
12.3(06)
6.6(03)
8.3(08)
15.1(12)
7.3(G7)
8.6(08)
7.0(07)
5.6(05)
12.4(09)
7.7(07)
7.3(06)
3.0(04)
35.3(06)
5.7(06)
5.9(06)
9.6(08)
7.9(06)
5.0(05)
3.9(05)
5.0(05)
7.4007)
8.3(07)
5.1(05)
3.9(05)
5.2(06)
8.4(07)
11.5(09)
9.9(08)
7.4(07)

U33

3.45(03)
3.81(11)
3.74(10)
3.9(04)
3.9(04)
14.0(11)
4.5(06)
11.0(09)
7.6(07)
9.5(08)
3.8(05)
4.5(06)
14.0(10)
8.7(07)
5.1(0S)
3.5(05)
9.8(08)
10.0(08)
7.1(07)
6.3(06)
4.7(05)
8.5(07)
10.9(08)
9.9(08)
7.7(07)
6.2(06)
3.9(04)
6.0(05)
8.2(07)
6.1(07)
6.0(06)
5.4(05)
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Ul2

0.44(03)
-3.20(09)
0.05(09)
3.6(05)
1.3(04)
2.0(05)
7.0(08)
0.8(05)
1.1(05)
1.8(05)
-0.9(04)
-7.8(09)
-0.8(06)
-1.9(05)
0.2(03)
-1.0(04)
-0.7(04)
0.3(05)
0.2(06)
-1.0(05)
0.5(04)
0.2(04)
0.2(05)
0.9(05)
0.4(05)
1.3(04)
-0.1(03)
-1.1(04)
-1.9(06)
-3.7(07)
-0.0(08)
1.0(05)

Ul3

-0.03(02)
0.17(09)
-0.02(08)
3.4(04)
1.1(03)
-0.4(07)
-0.2(05)
-3.7(06)
0.2(0S)
-1.6(05)
-0.2(04)
-4.5(07)
0.5(07)
-1.6(05)
-0.6(04)
-0.8(05)
-1.3(05)

U23

-0.00(04)
-0.43(09)
0.16(09)
4.7(05)
0.5(04)
6.8(08)
0.1(07)
-1.407)
0.9(06)
-3.0(06)
-0.9(04)
1.7(06)
-6.4(07)
-1.5(05)
-0.0(04)
0.9(04)
1.1(06)
-2.3(06)
3.9(06)
-2.3(05)
0.8(04)
1.2(05)
2.2(06)
4.0(06)
2.5(06)
0.5(04)
- 0.7(03)
-1.8(04)
-3.2(06)
-1.9(06)
2.0(06)
0.9(05)



Table Al.4: Selected bond lengths (A) and angles (deg) for

[CpRu(PPh3)(NO)SCMe3]BE:,

Ru(1)-S(1)
Ru(1)-P(1)
Ru(1)-N(1)
Ru(1)-C(1)
Ru(1)-C(2)
Ru(1)-C(3)
Ru(1)-C(4)
Ru(1)-C(5)
S(1)-C(6)
P(1)-C(10)
P(1)-C(16)
P(1)-C(22)
O(1)-N(1)
C(1)-C(2)
C(1)-C(5)
C(2)-C(3)
C(3)-C(4)
C(4)-C(5)
C(6)-C(7)
C(6)-C(8)

S(1)-Ru(1)-P(1)
S(1)-Ru(1)-N(1)
S(1)-Ru(1)-C(1)
S(1)-Ru(1)-C(2)
S$(1)-Ru(1)-C(3)
S(1)-Ru(1)-C(4)
S(1)-Ru(1)-C(5)
P(1)-Ru(1)-N(1)
P(1)-Ru(1)-C(1)
P(1)-Ru(1)-C(2)
P(1)-Ru(1)-C(3)
P(1)-Ru(1)-C(4)
P(1)-Ru(1)-C(5)
N(1)-Ru(1)-C(1)
N(1)-Ru(1)-C(2)
N(1)-Ru(1)-C(3)
N(D-Ru(1)-C(4)
N(1)-Ru(1)-C(5)
C(1)-Ru(1)-C(2)
C(1)-Ru(1)-C(3)
C(1)-Ru(1)-C(4)
C(1)-Ru(1)-C(5)
C(2)-Ru(1)-C(3)
C(2)-Ru(1)-C(4)
C2)-Ru(1)-C(5)
C(3)-Ru(1)-C(4)
C(3)-Ru(1)-C(5)
C(4)}-Ru(1)-C(5)

2.386(2)
2.369(2)
1.753(6)
2.27(1)
2.22(1)
2.22(1)
2.235(9)
2.23(1)
1.846(8)
1.808(7)
1.827(7)
1.831(7)
1.148(9)
141(2)
1.38(2)
1.40(2)
1.35(2)
1.36(1)
1.51(1)
1.51(1)

82.79(7)
102.6(2)
88.9(2)
108.2(3)
144.7(3)
141.1(3)
105.7(2)
93.1(2)
122.3(3)
93.4(3)
99.5(3)
131.8(3)
153.7(3)
144.1(4)
149.1(4)
112.5(4)
93.7(3)
108.8(3)
36.6(5)
59.9(4)
59.3(4)
35.6(4)
36.7(4)
60.2(4)
60.3(4)
35.1(4)
59.1(4)
35.4(4)

C(6)-C(9)

C(1;M-C(11)
C(10)-C(15)
C(11)-C(12)
C(12)-C(13)
C(13)-C(14)
C(14)-C(15)
C(16)-C(17)
C(16)-C(21)
C(17)-C(18)
C(18)-C(19)
C(19)>-C(20)
C(20)-C(21)
C(22)-C(23)
C(22)-C27)
C(23)-C27)
C(24)-C(25)
C(25)-C(26)
C(26)-C(27)

Ru(1)-5(1)-C(6)
Ru(1)-P(1)-C(10)
Ru(1)-P(1)-C(16)
Ru(1)-P(1)-C(22)
P(1)-C(22)-C(23)
P(1)-C(22)-C(27)
C(10)-P(1)-C(16)
C(10)-P(1)-C(22)
C(16)-P(1)-C(22)
Ru(1)N(1)-0(1)
Ru(1)-C(1)-C(2)
u(1)-C(1)-C(5)
Ru(1)-C(2)-C(1)
Ru(1)-C(2)-C(3)
Ru(1)-C(3)-C(2)
Ru(1)-C(3)-C(4)
Ru(1)-C(4)-C(3)
Ru(1)-C(4)-C(5)
Ru(1)-C(5)-C(1)
Ru(1)-C(5)-C(4)
S(1)-C(6)-C(7)
P(1)-C(10)-C(11)
P(1)-C(10)-C(15)
P(1)-C(16)-C(17)
P(1)-C(16)-C(21)
P(1)-C(22)-C(20)
P(1)-C(22)-C(23)
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1.53(1)
1.39(1)
1.38(1)
1.38(1)
1.38(2)
1.37(1)
1.38(1)
1.39(1)
1.38(1)
1.38(1)
1.36(1)
1.36(1)
1.39(1)
1.40(1)
1.37(1)
1.38(1)
1.37(1)
1.38(2)
1.38(1)

112.3(3)
112.7(2)
112.0(2)
118.0(2)
120.1(5)
119.0(6)
104.5(3)
104.0(3)
104.3(3)
170.7(7)
70.0(6)
70.8(6)
73.4(6)
71.6(6)
71.7(6)
72.9(6)
71.9(5)
72.1(5)
73.7(6)
72.4(6)
110.7(6)
120.1(6)
122.6(6)
121.4(6)
119.3(6)
120.2(8)
120.1(5)



APPENDIX 2

Structural Analysis of (u-SMe)(u-S-4-CgHaMe)[CpRu(S-4-CgHsMe)]a.
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Table A2.1: Crystal data for (u-SMe)(u-4-SCgHiMe)[CpRu(S-4-CgHsMe)]a.
Space Group: monoclinic P2,/c

Cell Dimensions:
a=8.805(2) A b=13.668(3) A c = 26.026(6) A

B = 108.86(2)
Volume = 2963.8(12) A3

Empirical formula: C3oH33Ru2S84

Cell dimensions were obtained from 24 reflections with 26 angle in the range 24.00-
29.00°.

Crystal dimensions: 0.500 x 0.130 x 0.110 mm
FW =749.22 Z=4 F(000) = 1512
Deate = 1.678 geem3, p = 12.92 mm-!, & = 0.71069 A, 20(max) = 45°

The intensity data were collected on a Rigaku AFCSR diffractometer, using the /26 scan
mode.

T=19"°C.

No. of reflections measured 4386
No. of unique reflections 4077
No.of reflections with Ine; > 3.06(Ine) 2656

Daza set was solved by heavy atom method.

The last least squares cycle was calculated with 344 variable parameters and 2656 out of
4386 reflections.

Weights based on counting-statistics were used.

The residuals are as follows:-
For significant reflections, R =0.043 Rw =0.040
GoF = 1.27

where R = ZllFol-IFcll/ZFol

Rw = V[E(w(Fol-IFci)2)/E(wFo?)]
GoF = V[E(w(Fol-IEcl)2)/(No.of obsvn. - No.of params.)]

The maximum shift/c rato was 0.02.

In the last D-map, the deepset hole was -0.042 ¢7/A3, and the highest peak 0.042 e-/A3.
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Table A2.2: Atom coordinates, X, y, z and Bigp for (u-SMe)(p-S-4-CgHsMe)[CpRu(S-
4-CeHaMe)]2. E.S.Ds. refer to the last digit printed.

atom

Ru(l)
Ru(2)
S(1)
S(2)
S(3)
S@)
CQ)
C(3)
C4)
C(®
C6)
C)
C(8)
(%)
C(10)
can
C(12)
C(13)
C(14)
C(15)
C(16)
¢ ¥)]
C(18)
C(19)
C(20)
C(21)
C(22)
C(23)
C(24)
C(25)
C(26)
Cc@27
C(29)
C(30)
C(31)
C(32)

X

0.39910(08)
0.50603(08)
0.5069(03)
0.7016(03)
0.6493(03)
0.3927(03)
0.1590(16)
0.2798(18)
0.3377(13)
0.266(02)
0.2999(12)
0.40043(15)
0.5500(13)
0.5295(17)
0.3726(18)
0.6169(10}
0.6635(11)
0.7524(11)
0.7970(11)
0.7507(11)
0.6632(10)
0.8930(12)
0.8865(10)
0.9201(11)
1.0766(11)
1.1879(11)
1.1432(11)
0.9992(11)
1.3463(11)
0.8116(10)
0.1934(10)
0.1586(10)

-0.1133(10)

-0.0758(11)
0.0759(12)

-0.2816(10)

y
0.20363(06)
0.12861(06)
0.1270(02)
0.00103(18)
0.22846(18)
0.04068(18)
0.2589(11)
0.3051(11)
0.3604(08)
0.3315(11)
0.1396(09)
0.0765(08)
0.1267(11)
0.2226(10)

2317(09)
0.2081(08)
0.3015(08)
0.3577(07)
0.3225(08)
0.2285(08)
0.1723(07)
0.3863(09)
0.0332(07)
0.1270(07)
0.1426(07)
0.0689(08)

-0.0239(08)

-0.0408(07)
0.0894(08)
0.1688(08)

-0.0032(06)

-0.0553(07)

-0.0820(07)

-0.0352(08)
0.0051(08)

-0.1202(07)

Z

0.11592(03)
0.22083(03)
0.05237(10)
0.23694(10)
0.18006(09)
0.14118(09)
0.1085(08)
0.0480(05)
0.0940(07)
0.1315(05)
0.2508(05)
0.2831(05)
0.3091(04)
0.2942(05)
0.2577(05)
0.0250(03)
0.0423(03)
0.0179(04)
-0.0251(04)
-0.0426(04)
-0.0182(04)
-0.0510(04)
0.2866(03)
0.3059(04)
0.3445(04)
0.3660(04)
0.3445(04)
0.3062(04)
0.4095(04)
0.1647(04)
0.1323(03)
0.1723(04)
0.1147(04)
0.0743(04)
0.0824(04)
0.1058(04)

Bigo is the Mean of Principal Axes of the Thermal Ellipsoid.
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Biso

3.06(3)
2.94(3)
4.1(1)
3.8(1)
3.4(1)
3.3(1)
7.4(8)
6.5(7)
5.8(6)
6.8(7)
5.3(6)
5.4(6)
5.7(6)
6.2(7)
6.5(7)
3.7(4)
4.0(5)
4.1(5)
3.9(5)
4.2(5)
3.8(5)
5.5(6)
3.4(4)
3.9(4)
4.1(5)
3.5(4)
4.0(5)
3.7(3)
4.6(5)
4.8(5)
3.0(4)
3.8(4)
3.4(4)
4.5(5;
4.5(5)
4.8(5)



Table A2.3: Anisotropic thermal factors for (u-SMe)(u-8-4-CgHaMe)[CpRu(S-4-
CeHaMe)]o. U(i,j) values x 100. E.S.Ds. refer to the last digit printed.

atom

Ru(1)
Ru(2)
S(1)
S(2)
S(3)
S(4)
C1)
C)
C@3)
C4
C(5)
C(6)
C)
C(8)
C(9)
c(o;
C(i1)
C(12)
C(13)
C(15)
C(14)
C(16)
ca7)
C(18)
C(19)
C(20)
C(21}
C(22)
C(23)
C(24)
C(25)
CQ6)
Cc@2n
C(28)
C(29)
C(30)
C(31)
C(32)

Uil

3.17(04)
3.32(04)
5.93(17)
4.38(15)
3.43(14)
3.57(13)
4.6(08)
6.1(10)
10.1(11)
6.0(08)
11.5(12)
4.6(07)
8.2(09)
3.6(07)
11.0(11)
12.6(12)
3.7(05)
3.7(07)
5.6(07)
4.5(06)
3.9(06)
4.1(06)
5.8(07)
3.9(05)
3.9(06)
5.2(07)
4.2(06)
4.2(06)
5.8(07)
4.0(06)
3.4(06)
3.8(05)
4.2(06)
3.1(06)
3.9(06)
3.9(06)
6.0(07)
3.2(06)

U22

4.16(05)
4.205)
4.97(17)
3.75(15)
4.14(16)
4.56(16)
7.9(11)
7.1(10)
7.8(10)
3.8(07)
9.2(11)
6.7(09)
7.4(09)
12.2(12)
7.7(10)
7.1(10)
6.8(07)
6.0(07)
3.3(07)
7.7(09)
7.5(08)
3.3(07)
10.3(10)
4.6(07)
3.9(06)
4.2(07)
6.1(07)
6.0(08)
3.2(06)
7.3(08)
8.1(09)
3.5(06)
3.1(07)
3.3(07)
3.5(06)
6.3(08)
7.9(08)
6.1(07)

U33

4.26(05)
3.73(05)
5.32(17)
5.34(17)
5.14(16)
4.35(15)
16.8(17)
11.1(12)
6.5(09)
10.9(11)
3.5(08)
8.9(09)
6.6(08)
4.0(07)
6.3(09)
6.3(09)
3.0(06)
3.4(06)
4.8(07)
4.0(06)
3.3(06)
5.2(07)
3.3(07)
4.5(06)
6.0(07)
3.9(07)
3.3(06)
3.9(06)
5.0(07)
4.9(07)
6.8(07)
3.5(06)
3.5(06)
5.107)
5.8(07)
5.4(07)
3.1(06)
8.5(08)
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v12

0.30(04)
-0.26(04)
-1.00(1%)
-0.14(12)
-0.48(11)
-0.13(12)

2.8(07)

2.0(08)

4.7(09)

1.5(06)

5.9(09)

0.8(07)
-2.1(08)

1.5(08)
-3.3(09)

4.6(09)

0.1(05)
-0.4(06)
-1.0(06)

0.7(06)
-0.2(06)
-0.9(05)
0.7(07)
-0.4(05)

0.5(05)
-0.3(05)
-0.7(06)

0.7(05)

0.2(05)

0.2(05)

0.7(06)

0.2(04)
-0.3(05)
-2.0(05)

0.6(05)
-0.6(06)
-0.4(06)

0.0(05)

Ul13

1.17(04
1.24(04)
2.54(14)
0.35(13)
1.26(12)
1.0S(1D)
530100
-4.5(09)
2.2(08)
1.0(08)
3.1(09)
2.6(06)
4.9(07)
1.5(06)
4.8(08)
3.2(09)
0.6(04)
1.5(05)
2.0(05)
1.4(05)
0.8(05)
1.5(05)
2.5(06)
1.3(05)
0.4(05)
1.7(06)
1.3(05)
-0.2(05)
1.7(05)
-0.0(05)
1.9(0S)
0.3(05)
-0.7(05)
1.2(05)
1.7(05)
-0.7(05)
1.4(05)
1.4(05)

U23

0.32(04)
-0.16(0%)
-1.12(14)

0.17(13)

0.38(12)
-0.26(13)

3.3(11)
-0.7(10)

3.3(08)

1.7(08)

2.3(08)
-1.7(08)

0.1{07)
-1.6(08)
~-3.6(08)

1.1¢07)

0.4(05)
-1.8(06)
-0.8(06)
-0.9(06)

0.5(06)
-1.2(05)

0.5(07)
-0.0(05)

0.1(06)
-1.4(06)

0.5(05)

2.2(06)

0.9(05)

0.2(06)

2.1(06)

0.3(05)
-0.1(05)

0.2(05)
-0.7(05)
-0.4(06)

0.2(06)
-0.6(06)



Table A2.4: Selected bond lengths (A) and angles (deg) for (u-SMe)(u-S-4-

CeHsMe)[CpRu(S-4-CeHyMe))2.
Ru(1)-Ru(2) 2.780(1)
Ru(1)-S(1) 2.398(3)
Ru(1)-S(3) 2.319(2)
Ru(1)-S(4) 2.328(3)
Ru(1)-C(1) 2.19(1)
Ru(1)-C(2) 2.21(1)
Ru(1)-C(3) 2.23(1)
Ru(1)-C(4) 2.24(1)
Ru(1)-C(5) 2.22(1)
Ru(2)-S(2) 2.391(3)
Ru(2)-5(3) 2.333(2)
Ru(2)-5(4) 2.324(3)
Ru(2)-C(6) 2.20(1)
Ru(2)-C(7) 2.180(9)
Ru(2)-C(8) 2.20(1)
Ru(2)-C(9) 2.25(1)
Ru(2)-C(10) 2.24(1)
S(1)-C(11) 1.766(9)
S$(2)-C(18) 1.776(9)
S(3)-C(25) 1.799(9)
S$(4)-C(26) 1.797(9)
C(1)-C) 1.37(2)
C(1)-C(5) 1.36(2)
C(2)-CR3) 1.41(2)
C(3)-C(4) 1.37(2)
C(4)-C(5) 1.38(2)
Ru()-Ru(i)-S(1)  115.62(7)
Ru(®)-Ru(1)-S(3)  53.53(6)
Ru(®)-Ru(1)-S(4)  53.22(6)
Ru(?)-Ru(1)-C(1)  103.0(4)
Ru(2)-Ru(1)-C(2)  135.5(6)
Ru(2)-Ru(1)-C(3)  158.9(4)
Ru(2)-Ru(1)-C(4) 125.5(4)
Ru@?)-Ru(1)-C(5) 98.2(3)
S(1)-Ru(1)-S(3) 93.71(9)
S(1)-Ra(1)-S(4) 80.10(9)
S$(1)-Ru(1)-C(1) 132.4(6)
S(1) -Ru(1)-C(2)  97.0(5
S$(1)-Ru(1)- C(3) 85.1(3)
S(1)-Ru(1)-C(4) 111.1(3)
S(1)-Ru(1)-C(5) 145.4(3)
$(3)-Ru(1)-3(4) 92.34(8)
S(3)-Ru(1)-C(1) 132.6(6)
S(3)-Ru(1)-C(2) 157.5(4)
S(3)-Ru(1)- C(3)  125.1(5)
S(3)-Ru(1)-C4) 97.9(3)
S(3)-Ru(1)-C(5) 100.9(3)
S(4XRu(1)- C(1)  104.1(4)
S(4)-Ru(1)-C(2) 108.9(4)
S(4)-Ru(1)-C(3) 140.6(5)

C(6)-C(7)
C(6)-C(10)
C(7)-C(8)
C(8)-C(9)
C(9)-C(10;
C(11)-C(12)
C(11)-C(16)
C(12)-C(13)
C(13)-C(14)
C(14)-C(15)
C(14)-C(17)
C(15)-C(16)
C(18)-C(19)
C(18)-C(23)
C(19)-C(20)
C(20)-C(21)
C(21)-C(22)
CR2N-C24)
C(22)-C(23)
C(26)-C27)
C(26)-C(31)
C(27)-C(28)
C(28)-C(29)
C(29)-C(30)
C(29)-C(32)
C(30)-C(31)

S(3)-Ru(2)-C(6)
S(3)-Ru(2)-C(7)
S(3)-Ru(2)-C(8)
S(3)-Ru(2)-C(9)
S(3)»-Ru(2)}-C(10)
S(4)-Ru(2)-C{6)
S(4)-Ru(2)-C(7)
S(4)-Ru(2)-C(8)
S(4)-Ru(2)-C(9)
S(4)-Ru(2)-C(10)
C(6)-Ru()-C(7)
C(6)-Ru(2)-C(8)
C(6)-Ru(2)-C(9)
C(6)-Ru(2)-C(10)
C(7)-Ru(2)-C(8)
C(7)-Ru(2)-C(9)
C(M-Ru(2)-C(10)
C(8)-Ru(2)-C(9)
C(8)-Ru(2)-C(10)
C(9)-Ru(2)-C(10)
Ru(1)-S(1)-C(11)
Ru(2)-S(2)-C(18)
Ru(1)-S(3)-Ru(2)
Ru(1)-S(3)-C(25)
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1.36(1)
1.40(2)
1.39(1)
1.36(2)
1.41(2)
1.37(1)
1.40(1)
1.39(1)
1.39(1)
1.38(1)
1.51(1)
1.38(1)
1.39(1)
1.39(1)
1.37(1)
1.39(1)
1.39(1)
1.51(1)
1.35(1)
1.37(1)
1.38(1)
1.37(1)
1.39(1)
1.36(1)
1.52(1)
1.40(1)

138.6(4)
158.1(3)
122.9(4)
97.9(3)
105.2(4)
100.7(3)
109.6(3)
143.5(4)
161.0(4)
125.0(4)
36.2(4)
61.2(4)
61.4(4)
36.7(4)
36.9(4)
60.5(4)
60.1(4)
35.5(4)
60.0(4)
36.5(4)
113.2(4)
112.7(3)
73.41(7)
114.3(3)



S(4)-Ru(1)-C(4)
S(4)- Ru(1)-C(5)
C(1)-Ru(1)-C(2)
C(1)-Ru(1)-C(3)
C(1)-Ru(1)-C(4)
C(1)-Ru(1)-C(5)
C(2)-Ru(1)-C(3)
C(2) -Ru(1)-C&
C(2)-Ru(1)-C(5)
C(3)>-Ru(1)-C{4)
C(3)-Ru(1)-C(5)
C(4)-Ru(1)-C(5)
Ru(1)-Ru(2)-S(2)
Ru(1)-Ru(2)-S(3)
Ru(1)-Ru(2)-S(4)
Ru(1)-Ru(2)-C(6)
Ru(1)-Ru(2)-C(7)
Ru(1)-Ru(2)-C(8)
Ru(1)-Ru(2)-C(9)

Ru(1)-Ru(2)-C(10)

S(2)-Ru(2)-S(3)
S(2)-Ru(2)-S(4)
S(2)-Ru(2;-C(6)
S(2)-Ru(2)-C(7)
S(2)-Ru(2)-C(8)
S(2)-Ru(2)-C(9)
S(2)-Ru(2)-C(10)
S(3)-Ru(2)-8(4)

164.1(3)
129.8(5)
36.1(5)
61.4(5)
60.1(4)
36.0(5)
37.1(5)
59.7(%)
60.0(5
35.7(4)
60.8(4)
36.1(4)
115.93(7)
53.06(6)
53.36(7)
105.5(3)
139.6(4)
156.6(4)
122.1(4)
97.5(3)
92.39(9)
81.75(9)
128.1(4)
93.6(3)
86.3(3)
113.8(4)
146.3(3)
92.08(9)

Ru(2)-S(3)-C(25)
Ru(1)-S(H-Ru(2)
Ru(1)-S(4)-C(26)
Ru(2)-S(4)-C(26)
Ru(1)-C(1)-C(2)
Ru(1)-C(1-C(5)
Ru(1)-C(2)-C(1)
Ru(1-C(2)-C(3)
Ru(1)-C(3)-C(2)
Ru(1)-C(3)-C(4)
Ru(1)-C(4)-C(3)
Ru(1)-C(#)-C(S)
Ru(1)-C(5)-C(1)
Ru(1)-C(5)-C(4)
Ru(2)-C(6)-C(7)
Ru(2)-C(6)-C(10)
Ru(2)-C(7)-C(6)
Ru(2)-C(7)-C(8)
Ru(2)-C(8)-C(7)
Ru(2)-C(8)-C(9)
Ru(2)-C(9)-C(8)
Ru(2)-C(9)-C(10)
Ru(2)-C(10)-C(6)
Ru(2)-C(10)-C(9)
S(1)-C(11)-C(12)
S(1)-C(11)-C(16)
S(4)-C(26)-C(27)
S$(4)-C26)-C(31)
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114.9(3)
73.41(8)
113.3(3)
114.0(3)
72.6(7)
72.8(N
71.3(7)
72.0(7)
70.9(7)
72N
71.6(7)
71.0(7)
7.7
72.8(7)
71.0(6)
73.2(6)
72.7(6)
72.5(6)
70.6(6)
74.7(7)
70.2(7)
71.2(6)
70.1(6)
72.3(7)
126.7(8)
116.3(8)
121.5(7)
119.9(7)



APPENDIX 3

Structural Analysis of (u3-S)2(n-SCH2CH=CH2)[CpRu]s.
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Table A3.1: Crystal data for (u3-S)2(p-SCH2CH=CHa)}[CpRu]s.
Space Group: monoclinic P2y/c

Cell Dimenstons:

a=12.458(2) A b=10.876(1) A c=15817Q0) A
B = 116.36(1)"

Volume = 1920.3(5) A3

Empirical formula: CijgH20Ru3S3

Cell dimensions were obtained from 20 reflections with 26 angle in the range 95.0-100.0°.
Crystal dimensions: 0.100 x 0.010 x 0.500 mm

FW = 635.75 Z=4 F(000) = 1232

Deale = 2.199 g.cm3, 1 =223.57 mm-1, A = 1.54178 A, 26¢pax) = 110"

The intensity datz. were collected on a Rigaku AFCSR diffractometer, using the /20 scan
mode.

T=20°C.

No. of reflecons measured 2726
No. of unique reflections 2588
No.of reflections with Inet > 3.06(Iner) 1919

A psi correction was made for absorption.

Data set was solved by Patierson methods.

The last least squares cycle was calculated with 195 variable parameters and 1919 out of
2726 reflectons.

Weights based on counting-statistics were used.

The residuals are as follows:-
For significant reflections, R =0.049 Rw=0.058
GoF = 1.67

where R = ZlIFol-IFell/ZiFol
Rw = V[Z(w(IFol-IFcl)2)/Z(wFo?)]
GoF = V[Z(w([Fol-IFcl)2)/(No.of obsvn. - No.of params.)]

The maximum shift/¢ rato was 0.03.

In the last D-map, the deepset hole was -1.24 ¢7/A3, and the highest peak 1.04 e7/A3.
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Table A3.2: Atom coordinates, X, ¥, z and Bjsg for (13-S)2(u-SCH>CH=CH»)[CpRu]3.

E.S.Ds. refer to the last digit printed.

atom

Ru(l)
Ru(2)
Ru(3)
S(1)
SQ2)
5(3)
C(1)
C(2)
C(3)
C4
C(5)
C(6)
C()
C(8)
C9)
C(10)
C(11)
C(12)
C(13)
C(14)
C(15)
C(16)
C(17)
C(18)
C(6A)
C(7A)
C(8A)
C(OA)
C(10A)

X

-0.25707(08)
-0.20299(10)
-0.18219(09)
-0.0799(03)
-0.3487(03)
-0.2592(03)
-0.2641(14)
-0.1914(14)
-0.2599(18)
-0.3777(15)
-0.3793(15)
-0.101(03)
-0.0782(16)
-0.187(03)
-0.2782(12)
-0.225(03)
-0.2453(17)
-0.167(02)
-0.055(02)
-0.0649(15)
-0.182(02)
-0.4152(13)
-0.4632(17)
-0.554(02)
-0.0780(15)
-0.136(04)
-0.259(03)
-0.277(02)
-0.165(04)

y

-0.24189(09)
0.02291(09)
-0.03348(09)
-0.1242(03)
-0.0498(03)
-0.1688(03)
-0.3682(13)
-0.4215(13)
-0.4399(14)
-0.3966(14)
-0.3529(16)
0.201(02)
0.140(02)
0.123(02)
0.173(03)
0.221(02)
0.037(03)
-0.0569(16)
-0.0266(18)
0.0910(16)
0.1260(14)
-0.1504(14)
-0.2673(18)
-0.323(03)
0.171(03)
0.125(03)
0.148(03)
0.208(03)
0.222(03)

Z

0.12515(06)
0.06272(06)
0.24080(06)
0.1727(02)
0.1065(02)
-0.0189(02)
0.2334(09)
0.1959(11)
0.1006(11)
0.0761(10)
0.1588(12)
0.0955(10)
0.027(02)
-0.0527(11)
-0.034(02)
0.058(03)
0.3415(13)
0.3833(10)
0.3932(10)
0.3548(19)
0.3230(11)
-0.1098(08)
-0.1619(13)
0.1752(15)
0.068(05)
-0.024(03)
-0.0583(12)
0.013(03)
0.0909(13)

Biso is the Mean of Principal Axes of the Thermal Ellipsoid.
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Biso

2.72(4)
3.25(4)
3.03(4)
3.0(1)
3.5(1)
3.2(1)
4.3(6)
4.6(6)
5.2(7)
5.2(7)
5.4(7)
3.8(5)
3.6(5)
3.8(6)
6.6(8)
5.0(6)
8(1)
5.2(8)
6(1)
4.8(7)
5.7(8)
4.0(6)
6.4(5)
10(1)
5.3(8)
6(1)
3.4(6)
4.1(7)
4.2(7)



Table A3.3: Anisotropic thermal factors for (13-S)2(0-CH2CH=CH2)[CpRuls. Ui
values x 100. E.S.Ds, refer to the last digit printed.

atom Ull u22 Us33 uU12 Ul3 U23
Ru(1) 3.49(06)  3.48(06)

Ru(2) 5.40(07)  3.54(06)
Ru(3) 4.74(07)  3.80(06)

J14(06) 0.06(05) 1.27(04)  -0.23(04)
32(06) 0.54(05)  1.84(05) 02.8(04)
01(06) -0.13(05) 1.74(05)  -0.51(04)
.g8(17) -0.2 «15) 1.53(14)  -0.05(13)

S(1) 3.72(17y  3.55(18)

S(2) 4.09(19)  5.0(02) .80(17) 1.02(17)  1.52(15)  -0.58(15)
S(3) 4.26(19) 4.6(02) Jd4(17)  0.59(16y  1.51(15)  -0.45(14)
C) 7.1(11) 4.8(09) .3(08) -1.3(08)  0.24(08) 1.1(07)
C2) 6.7(10) 4.0(0%9) 9(10) 1.0(08)  3.3(09) 1.6(07)
C(3) 10.4(15)  3.6(08) 7010 0.2(09) 4.6(11) 0.3(08)
C(4) 7.0(11) 5.2(10) 4(09) -4.0(09)  1.0(09) -0.5(08)

C(11) 6.5(12) 1.9(03) 9(12) -2.2(16)  3.9(10) -7.0(14)
C(12) 10.8(15)  7.2(12) .0(08) -4.5(12)  4.3(10) -2.7(08)
3(07) 0.0(13)  0.8(09) -1.4(08)
.3(08) -1.7(10)  2.3(08) -2.3(08)
0(10) 0.4(11)  4.2(11) -1.2(08)
4(07) 0.5(08) 0.5(06) -0.4(07)
3(13) -0.3(11)  2.3(10) 1.3(10)
.1(16) -4(02) 1.2(14) 3.2(15)

C(13) 11.3(17)  8.5(14)
C(14) 6.2(11) 7.7(12)
C(15) 11.4(16) 4.5(10)
C(16) 4.6(08) 5.8(09)
c(1n) 6.3(11) 8.6(14)

3
3
3
3
3
3
4
6
6
5
C(5) 6.2(11) 7.3(12) g.O(l?..) -0.6(10) 39(10) 0.9(10)
3
2
4
6
3
8
C(18) 10.9(18) 16(02) 9

C(6) 4.9(06)
C(7) 4.6(06)
C(8) 4.8(07)
&) 8.4(11)

C(10) 6.3(08)
C(6A) 6.7(10)
C(7A) 7.3(12)
C(8A) 4.3(08)
C(%A) 5.2(08)
C(104) 5.4(09)
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Table A3.4: Selected bond lengths (A) and angles (deg) for (u3-S)2(u-SCH2CH=CH>)-
[CpRujs.

Ru(1)-Ru(3) 2.800(1) Ru(3)-C(13) 2.22(1)
Ru(1)-S(1) 2.367(3) Ru(3)-C(14) 2.21(1)
Ru(1)-S(2) 2.336(4) Ru(3)-C(15) 2.17(2)
Ru(1)-S(3) 2.403(4) S(3)-C(16) 1.84(1)
Ru(1)-C(1) 2.23(2) C(1)-C) 1.41(3)
Ru(1)-C(2) 2.22(1) C(1)-C(5) 1.41(2
Ru(1)-C(3) 2.19(2) C(2)-C(3) 1.32(2)
Ru(1)-C(4) 2.16(2) C(3)-C(4) 1.42(3)
Ru(1)-C(5) 2.19(2) C(4)-C(5) 1.40(3)
Ru(2)-Ru(3) 2.780(2) C(6)-C(N 1.40(4)
Ru(2)-S(1) 2.360(3) C(6)-C(10) 1.40(5)
Ru(2)-S(2) 2.348(4) C(7)-C(8) 1.40(4)
Ru(2)-S(3) 2.388(3) C(8)-C(9) 1.40(5)
Ru(2)-C(6) 2.24(3) C(9)-C(10) 1.40(5)
Ru(2)-C(7) 2.26(3) C(6A)-C(TA) 1.40(6)
Ru(2)-C(8) 2.21(3) C(6A)-C(10A) 1.40(6)
Ru(2)-C(9) 2.15(3) C(7A)-C(8A) 1.40(5)
Ru(2)-C(10) 2.17(2) C(8A)-C(OA) 1.40(5)
Ru(2)-C(6A) 2.22(3) C(9A}-(10A) 1.40(4)
Ru(2)-C(7A) 2.20(5) C(11)-C(12) 1.37(3)
Ru(2)-C(8A) 2.20(2) C(11)-C(15) 1.36(4)
Ru(2)-C(9A) 2.21(3) C(12)-C(13) 1.38(4)
Ru(2)-C(10A) 2.22(3) C(13)-C(14) 1.40(3)
Ru(3)-S(1) 2.232(3) C(14)-C(15) 1.49(2)
Ru(3)-S(2) 2.221(3) C(16)-C(17) 1.49(2)
Ru(3)-C(11) 2.20(2) C(17)-C(18) 1.22(4)
Ru(3)-C(12) 2.19(2)

Ru(3)-Ru(1)-S(1)  50.3(1) S(2)-Ru(2)-C10)  104(1)
Ru(3)-Ru(1)-S2)  50.26(7) S(2)-Ru(2)-C(6A)  149(1)
Ru(3)-Ru(1)-S(3)  102.24(9) S(2-Ru@2)-C(7A)  156(1)
Ru(3)}-Ru(1)-C(1)  96.5(3) S(2)-Ru(2-C(8A)  119(1)
Ru(3)-Ru(1)-C(2)  116.2(4) S(2)-Ru@2)-C9A)  99(1)
Ru(3)-Ru(1)}-C(3)  152.6(4) S2)-Ru2)-C(10A) 113(1)
Ru(3)-Ru(1)-C(4)  147.5(5) S3)-Ru(2)-C(6)  151.4(7)
RuGG)}Ru(1)}-C(5)  110.7(5) S3)-Ru2-C(H 115307
S(D-Ru(D)-S2)  83.7(1) S3)}-Ru@2)-C8)  95.5(5)
S(1)-Ru(1)-S(3)  74.8(1) S(3» Ru(2-C(9)  110.4(8)
S(1)}-Ru(1)-C(1)  116.0(4) S(3)-Ru(2)-C(10)  147.7(8)
S(1)}-Ru(1>C)  103.5(4) S(3)>-Ru(2-C(6A)  133(1)
S(D-Ru()-C3)  121.9(6) S3)}-Ru(2-C(7A)  102(1)
S(1)-Ru(1>-C()  159.8(5) S(3)-Ru2)-C(84)  99.6(7)
S(1)-Ru(i)}-C(5)  150.9(4) S(3)-Ru(2-C(9A)  128.8(3)
S)-Ru(1)»-S3)  77.6(1) S(3}-Ru(2)-C(10A) 161.0(6)
S@)-Ru(i)-C(1)  117.7(5) Ru(1)-Ru(3)}-S(1)  54.72(8)
S()}-Ru(1)-C(2)  154.3(5) Ru(1)-Ru(3)-S@)  54.0(1)
S)-Ru(1>-C(3)  152.9(5) Ru(1)-Ru(3)-C(11) 129.2(7)
SQ)-Re(1)-C(d)  115.4(5) Ru(1)-Ru(3)-C(12) 115.4(5)
S()-Ru(1}-C(5)  99.8(5) Ru(1)-Ru(3)-C(13) 127.3(5)
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S(3)-Ru(1)-C(1)
S(3)-Ru(1)-C(2)
S(3)-Ru(1)-C(3)
S(3)>-Ru(1)-C(4)
S(3)-Ru(1)-C(5)
Ru(3)-Ru(2)-S(1)
Ru(3)-Ru(2)-S(2)
Ru(3)-Ru(2)-S(3)
Ru(3)-Ru(2)-C(6)
Ru(3)-Ru(2)-C(7)
Ru(3)-Ru(2)-C(8)
Ru(3)-Ru(2)-C(9)
Ru(3)-Ru(2)-C(10)
Ru(3)-Ru(2)- C(6A)
Ru(3)-Ru(2)-C(7A)

Ru(3)-Ru(2)- C(8A)

Ru(3)-Ru(2)-C(9A)

Ru(3)-Ru(2)-C(10A)

S(1)-Ru(2)-S(2)
S(1)-Ru(2)-S(3)
S(1)-Ru(2)-C(6)
S(1)-Ru(2)-C(7)
S(1)-Ru(2)-C(8)
S(1)-Ru(2)-C(9)
S(1)-Ru(2)-C(10)
S(1)-Ru(2)- C(6A)
S(1)-Ru(2)-C(7A)
S(1)-Ru(2)-C(8A)
S(1)-Ru(2)-C(9A)
S(1)-Ru(2)-C(10A)
S(2)-Ru(2)-5(3)
S(2)-Ru(2)-C(6)
S(2)-Ru(2)- C(7)
S(2)-Ru(2)-C(8)
S(2)-Ru(2)-C(9)

161.0(4)
128.0(5)
99.5(5)
101.8(5)
134.3(4)
50.7(1)
50.47(7)
103.2(1)
99.6(5)
127.5(7)
160.8(5)
135(1)
102(1)
112(1)
149(1)
150.6(8)
114(1)
95.5(7)
83.6(1)
75.2(1)
107.4(5)
105.7(3)
132.6(9)
167.4(5)
137.0(8)
104.4(7
120(1)
156(1)
155.9(3)
120.2(7)
77.6(1)
130.7(8)
165.4(6)
140.7(9)
108.4(6)

Ru(1)-Ru(3)-C(14)
Ru(1)-Ru(3)-C(15)
Ru(2)-Ru(3)-5(1)
Ru(2)-Ru(3)-S(2)
Ru(2)-Ru(3)-C(11)
Ru(2)-Ru(3)-C(12)
Ru(2)-Ru(3)-C(13)
Ru(2)-Ru(3)-C(14)
Ru(2)-Ru(3)-C(15)
S(1)-Ru(3)-8(2)
S(1)-Ru(3)-C(11)
S(1)-Ru(3)-C(12)
S(1)-Ru(3)-C(13)
S(1)-Ru(3)-C(14)
S(1)-Ru(3)-C(15)
S(2)-Ru(3)- C(11)
S(2)-Ru(3)-C(12)
S(2)-Ru(3)-C(13)
S(2)-Ru(3)- C(19)
S(2)-Ru(3)-C(15)
Ru(1)-S(1)-Ru(2)
Ru(1)-S(1)- Ru(3)
Ru(1)-S(2)-Ru(2)
Ru(1)-S(2)-Ru(3)
Ru(1)-S(3)-Ru(2)
Ru(1)-S(3)-C(16)
Ru(2)-S(1)-Ru(3)
Ru(2)-S(2)-Ru(3)
Ru(2)-S(3)-C(16)
S(1)-Ru(3)-Ru(2)
S(1)-Ru(3)-Ru(1)
S(2)-Ru(3)-Ru(1)
Ru(2)-Ru(3)-Ru(1)
S(3)-C(16)-C(17)
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159.6(5)
162.0(7)
54.87(8)
54.6(1)
138.8(6)
173.9(%)
142.4(6)
114.9(5)
114.0(5)
89.6(1)
165.2(5)
129.7(6)
104.6(6)
110.6(6)
142.7(7)
103.7(4)
126.3(6)
162.6(7)
145.9(4)
112.9(5)
85.6(1)
75.0(1)
86.6(1)
75.8(1)
84.2(1)
109.8(6)
74.5(1)
74.9(1)
106.3(5)
54.87(8)
54.72(8)
54.0(1)
70.28(4)
129(2)



APPENDIX 4

Structural Analysis of (PPh3)>PtS30+CH>Cla.
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Table A4.1: Crystal data for (PPh3)2PtS30-CHCla.

Space Group: monoclinic Pl (#2)

Cell Dimensions:
a=10.852(3) A b=13411(3) A c=13.847(N A
a = 80.76(3)" B = 86.56(4)° v=68.01(2)

Volume = 1844(1) A3

Empirical formula: C37H32CloOP2PtS3

Cell dimensions were obtained from 23 reflections with 26 angle in the range 20.0-25.0°.
Crystal dimensions: 0.270 x 0.150 x 0.100 mm

FW =916.78 Z=2 F(000) = 904

Dealc = 1.651 g.om3, p = 42.66 cml, A = 0.71069 A, 28(max) = 110°

The intensity data were collected on a Rigaku AFCSR diffractometer, using the /26 scan
mode.

T=20"C.

No. of reflections measured 12970
No. of unique reflections 6485
No.of reflections with Iner > 2.500(Inep) 4265

A psi correction was made for absorption.

Data set was solved by Patterson methods.

The last least squares cycle was calculated with 418 variable parameters and 4256out of
12970 reflections.

Weights based on counting-statistics were used.

The residuals are as follows:-
For significant reflecions, R =0.040 Rw =0.037
GoF = 1.04

where R = JlFol-[Fell/ZFol
Rw = VE(w([Fol-[Fcl)2)/Z(wFo2)]
GoF = V[Z(w([Fol-IFcl)2)/(No.of obsvn. - No.of params.)]

The maximum shift/c ratio was 0.356.

In the last D-map, the deepset hole was -1.07 /A3, and the highest peak 0.77 e/A3.
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Table A4.2: Atom coordinates, X, ¥, Z and Biso for (PPh3)2P1S30-CH2Cls. E.S.Ds.

refer to the last digit printed.
atom x
Pi(1) 0.16100(03)
S(1) 0.3933(02)
S(2) 0.4034(03)
S(2A) 0.4053(13)
S(3) 0.2013(02)
P(1) -0.0619(02)
P(2) 0.1648(02)
o) 0.4902(07)
C(11) -0.1237(07)
C(12) -0.2241(08)
C(13) -0.2650(09)
C(14) -0.2075(10)
c(1s) -0.1048(11)
C(16) -0.0629(09)
C@2l) -0.1229(08)
C(22) -0.0983(08)
C(23) -0.1484(10)
C(24) -0.2288(11)
C(25) -0.2544(10)
C(26) -0.2022(08)
C(31) -0.1613(08)
C(32) -0.0983(08)
C(33) -0.1727(11)
C(34) -0.3075(10)
C(35) -0.3692(09)
C(36) -0.2985(08)
C(41) 0.0189(08)
C(42) 0.0009(09)
C(43) -0.1055(11)
C(44) -0.1995(11)
C(45) -0.1864(09)
C(46) -0.0746(09)
C(51) 0.2236(07)
C(52) 0.2848(08)
C(53) 0.3384(09)
C(54) 0.3290(10)
C(55) 0.2656(11)
C(56) 0.2129(09)
C(61) 0.2833(08)
C(62) 0.2930(09)
C(63) 0.3807(10)
C(64) 0.4599(09)
C(65) 0.4484(09)
66) 0.3597(08)
C((S)1) 0.320(03)
C((S)2) 0.328(04)
Q1) 0.4427(06)
C2) 0.1662(06)

y

0.06193(03)
-0.0096(02)
-0.1334(03)
-0.1661(10)

-0.10943(18)

0.11346(17)
0.22361(17)
-0.2396(06)
0.2291(06)
0.3255(07)
0.4099(07)
0.3968(08)
0.3026(09)
0.2169(07)
0.0154(07)
-0.0823(07)
-0.1575(07)
-0.1354(09)
-0.0415(09)
0.0353(07)
0.1437(06)
0.1276(07)
0.1424(08)
0.1729(08)
0.1876(07)
0.1731(07)
0.3517(06)
0.4314(07)
0.5275(08)
0.5459(09)
0.4678(08)
0.3705(07)
0.2173(07)
0.1180(07)
0.1133(08)
0.2064(10)
0.3049(0%)
0.3115(07)
0.2595(06)
02353(07)
0.2602(08)
0.3108(08)
0.3388(08)
0.3127(07)
0.615(02)
0.585(04)
0.4951(05)
0.6134(04)

Z

0.23507(03)
0.2440(02)
0.1713(03)
0.2472(10)
0.19650(18)
0.21701(16)
0.26754(17)
0.2146(06)
0.1209(06)
0.1343(06)
0.0565(07)

-0.0345(07)
-0.0475(07)
0.0299(07)
0.1811(06)
0.2452(06)
0.2280(08)
0.1491(09)
0.0862(08)
0.1004(07)
0.3272(06)
0.4143(07)
0.5015(07)
0.4973(07)
0.4102(08)
0.3253(06)
0.2542(06)
0.1743(07)
0.1675(09)
0.2402(10)
0.3193(08)
0.3275(07)
0.3900(06)
0.4478(07)
0.5389(07)
0.5718(07)
0.5163(08)
0.4253(07)
0.1839(06)
0.0896(07)
0.0240(07)
0.0508(08)
0.1408(08)
0.2095(06)
0.356(02)
0.266(03)
0.3658(05)
0.3605(05)

Bigo is the Mean of Principal Axes of the Thermal Ellipsoid.
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Biso

2.65(2)
5.4(2)
4.9(3)
5.0(3)
4.102)
2.8(2)
3.1(2)
7.8(7)
2.9(6)
3.4(6)
4.3(7)
5.3(9)
6(1)
4.2(7)
3.2(6)
4.0(7)
5.2(9)
6(1)
5(1)
4.3(7)
2.8(6)
3.7(7)
4.9(8)
4.8(8)
4.6(8)
3.9(7)
3.2(6)
43(7)
5.6(9)
&(1)
5.1(8)
4.007)
3.2(6)
3.9(7)
5.0(8)
5(1)
5(1)
4.7(8)
2.9(6)
4.4(8)
5.3(9)
5.1(8)
5.1(8)
4.0(7)
11.9(7)
11(1)
17.9(8)
18.2(7)



Table A4.3: Anisotropic thermal factors for (PPh3)2PtS30-CHaCls. U(i,j) values x 100.

E.S.Ds. refer to the last digit printed.

atom

Pr(1)
S(1)
S(2)
S(A)
S(3)
P(1)
P(2)
0O(1)
C(11)
C(12)
C(13)
C(14)
C(15)
C(16)
C(21)
C(22)
C(23)
C(24)
C(25)

U1l

2.671(17)
3.05(14)
5.1(02)
6.4(03)
3.11(15)
3.03(12)
3.32(13)
3.0(05)
3.2(05)
3.3(05)
4.7(06)
7.3(08)
6.8(08)
3.1(06)
3.5(05)
4.4(05)
7.2(08)
7.2(08)
6.4(07)
4.3(06)
3.9(05)
4.4(05)
7.4(08)
7.3(08)
4.7(06)
3.9(05)
3.8(05)
4.3(06)
6.4(07)
5.5(07)
3.1(06)
4.6(06)
3.0(05)
4.2(05)
6.1(07)
6.4(07)
8.8(09)
7.1(07)
3.5(05)
5.8(06)
7.4(08)
3.6(06)
4.0(06)
4.5(06)
20.3(06)
23.1(06)
15.1(09)
13.5(14)

u22

3.050(18)
5.03(16)
5.6(02)

3.89(14)
3.77(13)
3.65(13)
5.7(05)
2.9(05)
4.4(05)
4.0(06)
6.9(08)
8.1(08)
5.5(06)
4.3(05)
5.5(06)
4.6(06)
7.5(08)
7.9(08)
35.8(06)
3.7(05)
5.0(06)
6.4(07)
6.4(07)
6.0(06)
3.3(06)
3.1(05)
4.5(06)
4.3(06)
6.1(08)
5.7(07)
4.1(05)
5.1(06)
5.4(06)
6.9(07)
9.9(09)
7.9(08)
4.5(06)
4.1(05)
6.7(07)
8.1(08)
7.1(07)
7.8(08)
5.2(06)
17.7(C3)
11.1(04)

U33

4.14(02)
12.3(03)
6.6(03)

6.68(17)
3.77(14)
4.64(15)
16.3(08)
4.3(05)
6.0(06)
7.0(07)
5.6(07)
5.7(07)
5.1(06)
4.4(06)
5.5(06)
8.7(09)
9.5(09)
7.7(08)
3.8(07)
3.5(05)
4.8(06)
4.4(06)
3.7(06)
6.3(07)
4.7(06)
5.5(06)
7.3(07)
10.1(09)
10.3(10)
8.7(08)
6.4(07)
4.1(05)
3.4(06)
5.2(07)
5.1(07)
5.4(07)
6.3(07)
3.4(05)
4.8(06)
3.4(07)
7.8(08)
7.7(08)
3.5(06)
31.8(08)
32.4(08)
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Uiz

-0.768(13)
-0.64(12)
-0.28(17)

-1.24(12)
-1.27(10)
-1.27(11)
1.2(04)
-0.9(04)
-2.2(04)
-1.3(05)
-3.3(06)
-2.1(06)
-1.6(05)
-1.5(04)
-2.2(05)
-3.2(06)
-5.0007)
-3.2(06)
-1.5(05)
-2.0(04)
-15(04)
-20(06)
-1.7(06)
-1.3(05)
-0.9(04)
-1.2(04)
-1.5(05)
-1.6(06)
-0.4(06)
-0.9(05)
-1.6(05)
-1.8(04)
-1.9(05)
-1.8(06)
-4.3(07)
-4.6(07)
-2.4(05)
-1.2(04)
-3.0(05)
-3.4(06)
-1.6(05)
-3.0(05)
-1.9(05)
9.3(05)
-5.2(04)

U13

-0.051(13)
-0.52(15)
1.04(18)

0.05(13)
0.04(10)
-0.25(11)
-0.6(05)
-0.3(04)
-0.2(04)
-0.6(05)
-0.9(06)
0.7(06)
0.7(05)
0.4(04)
-0.3(05)
1.3(06)
2.407)
-1.1(06)
-1.2(05)
-0.0(04)
0.3(05)
-1.3(06)
2.0(06)
0.7(05)
0.3(05)
-0.4(04)
-0.7(05)
-2.6(07)
-0.8(07)
1.5(06)
0.2(05)
0.0(04)
-0.2(05)
-1.2(05)
0.4(05)
-0.0(06)
0.4(06)
-0.2(04)
0.7(05)
1.4(06)
1.4(06)
0.2(06)
-1.0(05)
-6.1(06)
-7.3(06)

u23

0.00698(13)
-0.0252(16)
-0.0160(19)

-1.65(12)
-0.60(10)
-0.63(11)
-2.0(05)
0.4(04)
-0.04(05)
0.9(05)
2.0(06)
0.1(06)
-0.6(05)
-1.0(04)
-0.1(05)
-1.3(06)
-3.6(07)
-3.3(07)
-0.6(05)
-0.3(04)
-1.4(05)
-0.5(05)
-1.4(05)
-1.0(05)
-0.5(05)
-0.9(04)
0.0(05)
0.4(06)
-1.9(07)
-4.0(06)
-0.9(05)
-0.4(04)
-1.0(05)
0.4(06)
-2.4(07)
-2.4(06)
-0.9(05)
-0.5(04)
-1.2(05)
-2.2(06)
-0.0(06)
-0.0(06)
-0.4(05)
-0.8(05)
3.6(04)



Table A4.4; Selected bond lengths (A) and angles (deg) for (PPh3)2PtS30+CH2Cla.

Pi(1)-S(1) 2.341(3) C(24)-C(25) 1.36(1)
Pi(1)-S(3) 2318(2) C(25)-C(26) 1.39(1)
Pi(1)-P(1) 2.271(2) C(31)-C(32) 1.37(1)
Pi(1)-P(2) 2.299(2) C(31)-C(36) 1.39(1)
S(1)-S(2) 2 042(4) C(32)-C(33) 1.41(1)
S(1)-S(2A) 2.05(1) C(33)-C(34) 1.37(1)
$(2)-5(3) 2.110(4) C(34)-C(35) 1.37(1)
$(2)-0(1) 1.436(7) C(35)-C(36) 1.36(1)
S(2A)-S(3) 2.17(1) C(41)-C(42) 1.38(1)
S(2A)-0(1) 1.20(1) C(41)-C(46) 1.38(1)
P(1)-C(11) 1.815(8) C(42)-C(43) 1.37(1)
P(1)-C(21) 1.821(8) C(43)-C(44) 1.37(1)
P(1)-C(31) 1.825(8) C(44)-C(45) 1.36(1)
P(2)-C(41) 1.841(8) C(45)-C(46) 1.40(1)
P(2)-C(51) 1.825(8) C(51)-C(52) 1.38(1)
P(2)-C(61) 1.826(8) C(51)-C(56) 1.39(1)
C(11)-C(12) 1.37(1) C(52)-C(53) 1.40(1)
C(11)-C(16) 1.39(1) C(53)-C(54) 1.36(1)
C(12)-C(13) 1.39(3) C(54)-C(55) 1.37Q1)
C(13)-C(14) 1.38(1) C(55)-C(56) 1.39(1)
1(14)-C(15) 1.37(1) C(61)-C(62) 1.38(1)
C(15)-C(16) 1.40(1) C(61)-C(66) 1.37Q1)
C(21)-C(22) 1.40(1) C(62)-C(63) 1.37(1)
C(21)-C(26) 1.38(1) C(63)-C(64) 1.38(1)
C(22)-C(23) 1.37(1) C(64)-C(65) 1.34(1)
C(23)-C(24) 1.36(1) C(65)-C(66) 1.41(1)
S(1)-Pt(1)-5(3) 80.73(9) CU1-P(1}-CG31)  109.2(4)
S(1)-Pt(1)-P(1) 172.87(9) C1)-P(1)-C31)  99.2(3)
S(1)-Pr(1)-P(2) 88.37(8) Py(1)-P2)-C(4l)  1235(3)
S(3)-Pr(1)-P(1) 92.33(8) P(1)-PR)-C(51)  114.3(3)
S(3)-Pr(1)-P(2) 168.76(8) Py(1)-PQ)-C(61)  107.9(3)
P(1)-Pr(1)-P(2) 98.47(8) C(41)-P2-C(51)  102.1(4)
Pi(1)-S(1)-S(2) 91.3(1) P(2)-C@A1}-C@E2)  122.5(7)
Pe(1)-S(1)-SRA)  93.3(4) P(2)-C(41)>-C(46)  1192(7)
$(1)-8(2)-S(3) 93.2(2) PQ)-C51)-C(52)  120.5(7)
S$(1)-S(2)-0(1) 115.0(4) P(2)-C(51)-C(56)  120.8(7)
S(3)-S(2)-0(1) 112.1(4) PQ)-C(61)>-C(62)  118.5(6)
S(1)-SA)SB)  91.2(5) P(2)-C(61)-C(66)  122.8(7)
S(1)-S(2A)-0(1)  129(1) C(41)}-P(2)-C(61)  101.8(4)
S3)»-S(2A)-0(1)  120(1) C(51)-PR2)»-C(61)  105.2(4)
Pe(1)-S(3)-(2) 90.3(1) P()-C(11)-C(12)  123.6(6)
Pr(1)-S(3)-S2A)  90.7(3) P(1)-C(11)-C(16)  116.4(6)
Py(1)-P(1)-C(11)  110.5(3) P(1)-CQD-C(22) 117.3(6)
Pr(1)-P(1)-C(21) 117.6(3) P(1)-CQ1)»-C(26)  124.3(7)
Py(1)-P(1)-C(31)  1159(3) P(1)-C31)-C(32)  119.1(6)
CQi)P()-CR1)  103.2(8) P(-C31)-C(36)  120.8(6)
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‘Table A4.5: Least square planes for (PPh3)3PtS30+CH4Clb.

Plane #1.

Atoms defining Plane Distance
C1l -0.0066
C12 0.0024
Cl13 0.0097
Cl4 -0.0205
C15 0.0154
Cl6 0.0034
Additional atoms

Pl

Mean deviation from plane is 0.0097 A-
Chi-Squared is 7.7.

Plane #2.
Atoms defining Plane Distance
21 0.0006
C22 -0.0091
C23 0.0156
C24 -0.0088
C25 -0.0032
C26 0.0058
?dditional atoms

1
Mean deviation from plane is 0.0072 A-
Chi-Squared is 4.6.
Plane #3.
Awms defining Plane Distance
C31 -0.0058
c32 0.0035
C33 0.0034
C34 -0.0054
C35 -0.0002
C36 0.0063
Additional atoms
P1

Mean deviation from plane is 0.0041 A-
Chi-Squared is 1.8.

Plane #4.

Atoms defining Plane Distance
Cal -0.0005

Ca2 -0.0098

C43 0.0089

Ca4 0.0063

C45 -0.0154

Distance
-0.0149

Distance
-0.1685

Distance
0.1298
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esd

0.0073
0.0074
0.0087
0.0097
0.0108
0.0090

esd

0.0076
0.0085
0.0097
0.0100
0.0101
0.0089

0.0072
0.0083
0.0094
0.0093
0.0092
0.0085

0.0075
0.0087
0.0097
0.0108
0.0095



C46 0.0102

Addidonal atoms
P2

Mean deviation from plane is 0.0085 A-

Chi-Squared is 6.0.

Plane #5,

Atoms defining Plane Distance
C51 0.0090
C52 -0.0097
C53 0.0004
C54 0.0092
Cs5 . -0.0085
C56 -0.0040
Additonal atoms

P2

Mean deviation from plane is 0.0068 A.
Chi-Squared is 4.2.

Plane #6.

Atoms defining Plane Distance
Ce61 0.0121
C62 -0.0129
C63 -0.0041
C64 0.0160
C65 -0.0112
C66 -0.0059
Additional atoms

P2

Mean deviation from plane is 0.0104 A-
Chi-Squared is 8.4.

Flane #7.

Atoms defining Plane Distance
Ptl 0.0000
S1 0.0000
S3 0.0000
Additional atoms

0)]

S2

S2A

Mean deviation from plane is 0.0000 A-
Chi-Squared is 0.0.

Distance
0.0426

0.1242

0.0055

02231
-0.25419
0.5251
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0.0084

esd

0.0074
N0.0082
0.J096
0.0095
0.0102
0.0092

0.0076
0.0093
0.0104
0.0095
0.0098
0.0084



Plane #8.

Atoms defining Plane Distance
S1 0.0000
S2 0.0000
S3 0.0000
Additonal atoms

Ptl

01

Mean deviaton from plane is 0.0000 A-

Chi-Squared is 0.0.

Plane #9.

Atoms defining Plane Distance
S1 0.0000
S2 0.0000
S3 0.0000
Additional atoms

Ptl

01

Mean deviation from plane is 0.0000 A-

Chi-Squared is 0.0.

Distance
-0.6745
1.1681

Distance
0.6319
-6.958

Dihedral angles between least-squres planes:

Plane-Plane Angle
2-1 76.52
3-1 125.32
3.2 75.46
41 14,22
4.2 90.79
4-3 126.10
5-1 50.98
5-2 27.97
$3 100.80
5-4 66.09
6-1 83.07
6-2 55.88
6-3 42.45
6-4 86.64
6-5 69.70
7-1 87.36
7-2 120.17
7-3 68.37

Plane-Plane

7-4
7-5
7-6
8-1
8-2
g3
84
8-5
8-6
8-7
9-1
9-2
9-3
9-4
9.5
9-6
9-7
9-8
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esd

esd

Angle

75.36
121.21
65.27
86.64
98.46
52.96
79.13
105.04
43.00
22.34
88.40
140.10
84.29
73.83
133.64
86.08
20.86
43.20



APPENDIX 5

Structural Analysis of (PPh3)Pt(S-4-CgH 4Me)(S2CS-3-CgHyMe).
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Table AS.1: Crystal data for (PPh3)P1(S-4-CgH1Me)(S2CS-4-CgHsMe).

Space Group: monoclinic Pl (#2)

Cell Dimensions:

a=10.205(2) A b=11.206(2) A ¢c=15.235(2) A
a = 93.14(2) B =91.06(2)° v=144.14(1)"
Volume = 1583.2(5) A3

Empirical formula: C33H29PPtS4

Cell dimensions were obtained from 25 reflections with 20 angle in the range 55.0-60.0°
Crystal dimensions: 0.480 x 0.350 x 0.170 mm

FW =779.90 Z=2 F(000) = 768

Deaic = 1.636 g.em3, p =114.54 mm-1, & = 1.54178 A, 28(max) = 120.6°

The intensity data were collected on a Rigaku AFCSR diffractometer, using the /20 scan
mode.

T=20"C.

No. of reflections measured 9462
No. of unique reflections 4731
No.of reflections with Ine; > 3.06(Inep) 4177

A psi correction was made for absorption.

Data set was solved by direct methods.

The last least squares cycle was calculated with 353 variable parameters and 4177 out of
9462 reflections.

Weights based on counting-statistics were used.

The residuals are as follows:-
For significant reflections, R =0.038 Rw =0.050
GoF = 1.77

where R = JIFol-IFc!l/2IFo!
Rw = V[E(w(Fol-[Fcl)2)/E(wFo2))
GoF = V[Z(w([Fol-IFcl)2)/(No.of obsvn. - No.of params.)]

The maximum shift/c ratio was (.02.

In the last D-map, the deepset hole was -2.40 ¢-/A3, and the highest peak 1.88 /A3,
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Table AS.2: Atom coordinates, x. v. z and Bjs, for (PPh3)Pi(S-4-CgHsMe)(S2CS-4-

CsHsMe). E.S.Ds. refer to the last digit printed.

atom

P(1)

S(1)

S(2)

S(3)

S(4)

P(1)

(1)

C(11)
C(12)
C(13)
C(14)
C(15)
C(16)
C(17)
c2n)
C(22)
C(23)
C(24)
C(235)
C(26)
C(27)
C(31)
C(32)
C(33)
C(34)
C(35)
C(36)
C(41)
C(42)
C43)
C(44)
C(45)
C(46)
C(51)
C(52)
C(53)
C(54)
C(55)
C(56)

X

0.19211(03)
0.0700(02)
0.3532(02)
0.2517(02)
0.0024(02)
0.3298(02)
0.2205(08)
0.0836(08)
0.0238(10)
-0.1039(10)
-0.1707(09)
-0.1057(10)
0.0194(09)
-0.3120(11)
-0.1001(07)
-0.2465(08)
-0.3312(08)
-0.2740(09)
-0.1271(08)
-0.0430(08)
-0.3652(12)
0.4641(07)
0.5767(08)
0.6773(09)
0.6609(10)
0.5496(10)
0.4528(09)
0.2289(07)
0.2528(08)
0.1744(12)
0.0735(12)
0.0456(10)
0.1266(08)
0.4325(07)
0.3801(10)
0.458(02)
0.586(02)
0.6370(12)
0.5613(10)

y

0.08143(02)

-0.1153(02)
-0.0160(02)
-0.2754(02)
0.1414(02)
0.2564(01)
-0.1405(07)
-0.3890(07)
-0.3621(07)
-0.4547(08)
-0.5762(08)
-0.6007(07)
-0.5095(07)
-0.6791(10)
0.0740(07)
0.0005(08)
-0.0468(09)
-0.0270(08)
0.0485(08)
0.0975(08)
-0.0852(12)
0.2279(06)
0.2154(08)
0.1854(09)
0.1658(09)
0.1814(11)
0.2114(09)
0.3048(07)
0.4348(07)
0.4632(10)
0.3674(13)
0.2389(11)
0.2060(08)
0.4013(06)
0.4146(08)
0.5219(11)
0.6131(11)
0.6026(09)
0.4939(08)

Z

0.21658(02)
0.28634(12)
0.23170(13)
0.3013(02)
0.2062(01)
0.14752(12)
0.2749(05)
0.3334(06)
0.4066(06)
0.4309(06)
0.3841(06)
0.3133(07)
0.2856(06)
0.4118(08)
0.2958(05)
0.2811(06)
0.3498(06)
0.4365(06)
0.4503(05)
0.3820(06)
0.5103(07)
0.0851(05)
0.1299(06)
0.0850(07)
-0.0053(08)
-0.0514(07)
-0.0066(06)
0.0669(05)
0.0588(06)
-0.0069(07)
-0.0626(07)
-0.0547(06)
0.0099(05)
0.2225(05)
0.3008(07)
0.3595(08)
0.3397(10)
0.2607(10)
0.1990(07)

Biso is the Mean of Principal Axes of the Thermal Ellipsoid.

179

Biso

2.46(1)
3.16(5)
3.56(6)
5.44(9)
4.34(7)
2.67(5)
3.2(2)
4.0(3)
4.7(3)
4.6(3)
4.6(3)
4.9(3)
4.5(3)
6.7(4)
3.4(3)
4.4(3)
4.7(3)
4.2(3)
3.9(3)
4.0(3)
6.6(4)
3.0Q2)
4.2(3)
4.9(3)
5.4(4)
5.7(4)
4.6(3)
3.0(2)
4.1(3)
6.1(4)
6.4(5)
5.3(4)
3.8(3)
3.2Q2)
4.9(3)
6.8(5)
8.0(6)
7.2(5)
5.5(4)



Table AS5.3: Anisowopic thermal factors for (PPh3)Pi(S-4-CgHaMe)(S2CS-4-CgHsMe).
U(i,j) values x 100. E.S Ds. refer to the last digit printed.

aom Ull uU22 U33 Ul2 Ul13 U23
Pt(1) 3.42(02) 2.17(02) 3.89(02) 1.16(14) 0.50(13) 1.01(12)
S(1) 4.04(09) 3.08(07) 5.05(11) 1.37(08) 1.10¢08) 1.94(08)
S(2) 4.28(09) 3.34(08) 6.54(12) 1.50(08) 1.73(09)  2.01(09)
S@3) 5.38(11) 3.84(09) 12.5(02) 2.46(10) 1.75(12) 3.70(13)
S(4) 4.98(10) 6.09(11) 7.09(14) 3.39%(10) 2.00010)  3.88(12)
P(1) 3.63(09) 224(07)  4.12(16)  0.97(07) 0.42(07) 0.92(07)
CcQ) 4.7(04) 3.2(0u) 3.9(04) 1.2(03) 0.5(03) 0.3(03)

C(11) 58(05) 3.2(04) 7.0(06) 2.4(04)  0.6(04)  2.3(04)
C(12) 8.0(06) 2.7(03)  6.6(06)  19(04)  -02(05  1.3(04)
C(13) 79(06)  4.1(04)  6.1(06) 27(05)  1.6(05)  1.6(04)
C(14) 6.3(05)  4.1(04) 72060 2.1004)  -02(05)  2.0(04)
C(15) 6.8(05)  3.0(04) 0.86(07) 19(04)  -0.0005)  0.8(04)
C(16) 6.505)  3.5(04) 7.7(06)  2.6(04)  1.3(05)  0.8(04)
C(17) 7.0006) 5505  12.4(10) 14(05)  1.2(06)  3.9(07)
C@21) 44(04)  3803) 5405 210080  09(03)  1.7(04)
C(22) 47(04)  53(04) 5.7(05)  1.1(04)  -1.1(04)  1.4(04)
C(23) 3.7(04)  5.5(05)  7.8(06)  0.6(04)  1.1(04)  2.9(05)
CQ4) 59(05)  5.1(04) 57005  3.1005)  1.1(04,  0.9(04)
C(25) 5.104)  45(04) 52005 22004  0.1(04) -0.2(04)
C(26) 3.6(04)  53(04) 59(05) 1.4(08) 0708  1.4(04)
c2n 8.507) 88(07) 7.8(00) 29(07)  3.1(06)  2.9(07)
C31) 3.6(04)  2.1(03)  5.4(05  1.0(03)  0.6(03)  0.9(03)
C(32) 4.5(04) 5.1(04) 6.8(06) 23(04) 12008  2.2(04)
C(33) 4.6(04) 5405 91007 23(04) 1505  3.0005
C(34) 52(05)  5.4(05) 10.1(08) 2.0(05)  2.505)  0.7(06)
C(35) 6.506) 83(07) 69(07) 33(06) 1805  -0.1(06)
C(36) 49(05) 59(05) 6.7(06) 24(04)  0.5(04)  0.2(05)
C(41) 39(04)  35(03) 42(04) 1503)  05(03)  12(03)
C(42) 57(05) 3.1(03) 6.6(06) 14(04)  02(04)  1.5(04)
C(43) 9.507) 57(05) 9.1(08) 3.8(06) 09(06)  4.8(06)
C(44) 83(07)  10.1(08) 7.1(07) 4.7(08) -0.9(06)  3.6(07)
C(45) 62(05) 83(07) 52(06) 26(06) -09(04)  1.3(05)
C(46) 50(04) 43(04) 4.4005 14(04) -0.504)  0.8(04)
C(51) 42(04) 2.1(03) 5.1(05) 0.7(03) -02(03)  0.3(03)
C(52) 7.506) 3.8(04) 7.6(07) 27(05) -0.6(05) -0.4(04)
C(53) 119(10) 6.5(06) 7.6(08) 4.3(08)  05(07) -2.0(06)
C(54) 13.2(12) 5.7(07) 11.7(11) 49(08) -47(09) -3.6(07)
C(55) 6.7007)  42(05) 13.7(11) 0.1(05) -2.8(07) -2.2(06)
C(56) 6.105) 4.1(04) 9.1(08) 0.6(04) -1.1(05) -0.9(05)
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Table A5.4: Selected bond lengths (A) and angles (deg) for (PPh3)P1(8-4-CgHiMe)-

(S2C54-CgHsMe).

Pr(1)-S(1)
Pi(1)-S(2)
Pi(1)-S(4)
Pt(1)-P(1)
S(1)-C(1)
S2)-C(1)
S(3)-C(1)
S(3)-C(11)
S(4)-C(21)
P(1)-C(31)
P(1)-C(41)
P(1)-C(51)
C(11)-C(12)
C(11)-C(16)
C(12)-C(13)
C(13)-C(14)
C(14)-C(15)
C(14)-CA7)
C(15)-C(16)
C(21)-C(22)
C(21)-C(26)
C(22)-C(23)

S(1)-P(1)-S(2)
S(1)-Pr(1)-S(4)
S(1)-Pt(1)-P(1)
S(2)-Pt(1)-S(4)
S(2)-Pr(1)-P(1)
S(4)-Pr(1)-P(1)
Pr(1)-S(1)-C(1)
Pi(1)-S(2)-C(1)
C(1)-S(3)-C(11)
Pi(1)-5(4)-C(21)
Pr(1)-P(1)-C(31)
Pt(1)-P(1)-C(41)
Pt(1)-P(1)-C(51)
C(31)-P(1)-C(41)
C(31)-P(1)-C(51)
C(41)-P(1)-C(51)
S(1)-C(1)-S(2)
S(1)-C(1)-S(3)
S(2)-C(1)-S(3)
S(3)-C(11)-C(12)
S(3)-C(11)-C(16)
C(12)-C(11) -C(16)
C(11)-C(12)-C(13)
C(12)-C(13)-C(14)
C(13)-C(14)-C(15)
C(13)-C(14)-C(17)
C(14)-C(15)-C(16)
C(15)-C(14)-C(17)

1.37(1)

73.67(6)
96.48(6)
172.24(6)
169.74(6)
98.71(6)
91.06(6)
85.4(2)
87.1(2)
104.5(3)
104.9(2)
112.9(2)
113.4(2)
113.4(2)
104.3(3)
105.0(3)
107.0(3)
113.6(4)
128.1(4)
118.3(4)
121.4C7)
117.7(8)
120.7(8)
119.5(8)
120.9(9)
117.8(8)
121(1)
122.9(8)
121.5(9)

C(23)-C(24)
C(2H-C(25)
C(24)-C(27)
C(25)-C(26)
CGED-C(GY)
C(31)-C(36)
C(32)-C(33)
C(33)-C(34)
C(34)-C(35)
C(35)-C(36)
C(41)-C(42)
C(41)-C(46)
C(42)-C(43)
C(43)-C(44)
C(44)-C(45)
C(45)-C(46)
C(51)-C(52)
C(51)-C(56)
C(52)-C(53)
C(53)-C(54)
C(54)-C(55)
C(55)-C(56)

C(21)-C(22)-C(23)
C(22)-C(23)-C(24)
C(23)-C(24)-C(25)
C(23)-C(24)-C(27)
C(25)-C(24)-C(27)
C(24)-C(25)-C(26)
C(21)-C(26)-C(25)
P(1)-C(31)-C(32)

P(1)-C(31)-C(36)

C(32)-C(31)-C(36)
C(31)-C(32)-C(33)
C(32)-C(33)-C(34)
C(33)-C(34)-C(35)
C(34)-C(35)-C(36)
C(31)-C(36)-C(35)
P(1)-C(41)-C(42)

P(1)-C(41)-C(46)

C(42)-C(41)-C(46)
C(41)-C(42)-C(43)
C(42)-C(43)-C(44)
C(43)-C(44)-C(45)
C(44)-C(45)-C(46)

C(41)-C(46)- C(45)

P(1)-C(51)-C(52)
P(1)-C(51)-C(56)
C(52)-C(51)-C(56)
C(51)-C(52)-C(53)
C(52)-C(53)-C(54)
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1.39(1)
1.39(1)
1.49(1)
1.37(1)
1.37(1)
1.39(1)
1.40(1)
1.37(1)
1.39(1)
1.36(1)
1.39(1)
1.39(1)
1.38(1)
1.36(2)
1.37(2)
1.39(1)
1.35(1)
1.38(1)
1.38(1)
1.35(2)
1.35(2)
1.42(1)

121.1(8)
122.1(7)
116.0(7)
121.9(8)
122.0(8)
121.8(8)
121.7(7)
119.0(6)
122.5(5)
118.4(7)
121.0(8)
119.3(8)
120.2(9)
120.29)
120(1)

122.7(6)
117.4(5)
119.8(6)
118.8(8)
121.9(8)
119.4(7)
121(1)

119.4(8)
118.8(6)
119.9(7)
121.4(8)
120(1)

121(1)



C(11)-C(16)-C(15)
S(4)-C(21)-C(22)
S(4)-C(21)-C(26)
C(22)-C(21)-C(26)

118.0(9)
119.4(6)
123.3(6)
117.2(7)

C(53)-C(54)-C(55)
C(54)-C(55)-C(56)
C(51)-C(56)-C(55)
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120(1
121(1)
117(1)





