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• The Chemistry of Cyclopentadienyl Ruthenium Disulfanes•

2-0xodisulfanes and 2-Dioxodisulfanes

Ph.D. Darlene Trojansek

ABSTRACT

Chemistry

•

The complexes CpRu(COhSR (Cp = "S-cyclopemadienyl; R = 4-Ct;l4Me. C6Hs.

CH2C<;HS) insen sulfur from S8 to give CpRu(COhSxR (x = 1-3) and undergo ligand

exchange with R'2Sy (y = 2,3) to give CpRu(COhSxR' (x = 1-3). The mechanisms of

these reactions are discussed. Treatment of CpRu(CO)zSH with the appropriate

phthalimide sulfur tI'ansfer reagents REphth (phth = phthalimide; E = SS. SS(O); R = 4

C614Me, C6Hs, CH2C6HS) gave CpRu(COhER. The complexes CpRu(CO)zSSR

undergo sulfurredistribution in solution to give CpRu(C012SxR (x = 1-3) and insert sulfur

from S8 to give CpRu(CO)zSSSR. The complexes CpRu(C012SS(O)R undergo

spontaneous oxygen transfer in solution to form CpRu(CO)zSSR and

CpRu(CO)zSS(O)zR. The reaction of CpRu(C012ER CE = S, SS, SS(O» with PPh3 in

ambient light gave CpRu(PPh3)(CO)SR. The complexes CpRu(L)(CO)SS(012R were

prepared by oxidation of CpRu(pPh3)(CO)SS(0)CHMe2 with NaI04 (L = PPh3) and

reaction of CpRu(C012SH with RS(012Cl (L =CO; R =4-C6H4Me, C6Hs). The reaction

of CpRu(CO)zSS(O)zR with PPh3 gave CpRu(PPh3)(CO)SS(OhR. The x-ray structures

of CpRu(CO)zSS(O)C6Hs and CpRu(CO)zSS(O)zC6Hs were determined. Oxidation of

CpRu(PPh3)(CO)SS(0)-4-C6H4Me by dimethyldioxirane (DMDO) gave

CpRu(PPh3)(CO)S(OhS(0)z-4-C<#4Me which was immediately hydrolyzed by trace

amounts of H20 to give CpRu(PPh3)(CO)S(OhH. Cyclic voltammetry (CV) studies of

CpRu(CO)zER CE = S, SS, SS(O), SS(Oh) were performed. AlI of these complexes

undergo irreversible sulfur-based oxidations.
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La Chimie des Complexes CyclopentadiényI Ruthénium Contenant Ligand

des Disulfurés, 2-0xodisulfurés et 2-Dioxodisulfurés

Ph.D. Darlene Trojansek Chemistry

RESUME

Les complexes CpRu(COhSR (Cp = l1S-cyclopentadiényl; R = 4-C6H4Me, C6Hs,

CHzC6Hs) réagissent avec S8 pour en transférer du soufre et donner CpRu(COhSxR (x =
1-3). fis échangent aussi un ligand avec R'ZSy CS = 2,3) pour donner CpRu(CO)zSxR' (x

= 1-3). Les mécanismes de ces réactions sont discutés. Le choix approprié d'un agent de

transfen de soufre àbase de phÙlalimide REphÙl (PhÙl = phÙlalimide; E = SS, SS(O); R =

4-C(;l4Me, C6Hs, CHzC6Hs) pennet de transformer CpRu(COhSH en CpRu(COhER.

En solution, les complexes CpRu(CO)zSSR subissent une redistribution du soufre pour

donner CpRu(COhSxR (x = 1-3). fis peuvent également transférer du soufre de S8 pour

donner CpRu(CO)zSSSR. En solution, les complexes CpRu(COhSS(O)R réagissent

spontannement pour transférer un oxygène et donner CpRu(COhSSR et

CpRu(COhSS(OhR. La réaction de CpRu(CO):zER CE = S, SS, SS(O» avec PPh3, à la

lumière ambiante, donne CpRu(PPh3)(CO)SR. Les complexes CpRu(L)(CO)SS(O):zR ont

été préparés soit par l'oxydation de CpRu(PPh3)(CO)SS(0)CHMez avec NaI04 (L =

PPh3) ou par la réaction de CpRu(CO)zSH avec RS(O)zeI (L = CO; R = 4-C6H4Me,

C6Hs). La réaction de CpRu(CO)zSS(OnR avec PPh3 donne CpRu(PPh3)(CO)SS(0):zR.

Les structures des complexes CpRu(CO)zSS(O)C6Hs et CpRu(CO)zSS(O)zC6Hs ont été

confirmées par diffraction des rayons-x. L'oxydation de CpRu(PPh3)(CO)SS(0)-4

C<ïH4Me par le diméÙlyldioxirane (DMDO) donne CpRu(PPh3)(CO)S(0)zS(Oh-4

C6H4Me qui est immédiatement hydrolysé par des traces de HzO pour donner

CpRu(PPh3)(CO)S(0)3H. Les complexes CpRu(COhER CE = S, SS, SS(O), SS(O)z)

ii
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ont été étudiés par voltamp~roménie cyclique (CV). Tous montrent une oxydation

irréversible a l'atome de soufre.

iii
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Chapter 1.

General Introduction

1.1 Sulfur and its Sources

Sulfur is an element with a long history daling back to the fust book in the Bible,

Genesis, where it is referred to as ''btimstone''.l Sulfur which originated below the eanh's

CtUst is found in large quantities near active and cxtinet volcanoes in addition to hot springs

all around the worlci2 One of the largest sources of sulfur is the salt domes around the

Gulf of Mexico.3 It is also found in sedimentary deposits as both sulfate salts such as

anhydrite (CaS04) and gypsum (CaS04·2H20), and also as su1fides such as pyrites

(FeSÙ. AIl of these sources are Sl.'.ostantial as sulfur accounts for 0.05% of the eanh's

CtUSt. Sulfur also occurs in narure as H2S and S02 in significant amounts, partially as a

consequence of the large scale industtial desuIfurization of petroleum fuels. H2S gas is

also produced in large amounts from the reduction of sulfate by microorganisms, and by

the buming ofcoal which contains 1arge amounts of metal sulfides.

Sulfur is essential to life and is a minor constituent offats, body fluids and skeletal

minerals.2 The largest use of sulfur is for the production of su1furic acid,4 the most

imPOrtant manufaetured chemical. AImast 80% of the sulfur mined in the world is

transfonned into sulfuric acicis Sulfur is also used in the vulcaniz;ltion of natura! rubber,

in crop dusting as a fungicide, and used extensively in making phosphate fertilizers.2

S02 is a major component in annospheric air pollution. It bas many sources

including H2S which is rapicily converted 10 S02 in the annosphere6 (Equation 1.1).

Another source of S02 is from the combustion of pyrite, FeS2, in coal used primari1y for

power generation6 (Equation 1.2). Levels of S02 in the annosphere as low as 1.3 ppm
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• have been implicated as a cause of death iil humans by irritation to the respiratory tract.

Once in the aonosphere, SOz is convened to H2S04. sulfuric acid. by the overall

photochemical reaction6 shown in Equation 1.3. The aonospheric H2S04 is deposited in

the earth's water system as rain, resulting in increased acidity of fresh water lakes and

detrimental effects on sorne animals and vegetation in these water systems. From this

environmental perspective, the incentive to decrease SOz emissions from industrial

processes is great.

4 FeS2 + Il O2

Saz + 1/2O2 + H20

•

•

hv •

(1.1)

(1.2)

(1.3)

•

Western Canadians living in Albena and British Colulmbia have become

accustomed 10 the yellow mountains of elemental sulfur that line their skylines. These

account for a large amount of the world's supply of sulfur. It originates from crude

petroleum and natura! gas. The sulfur in the crude oïl and gas exists as mixtures oforganic

mercaptans (thiols), diaryl and dialkyl disulfides, and thiophenes. The sulfur must be

removed from the crude petroleum fuels because it will poison the precious-metal catalysts

that are used in refOtming reactions in refineries. In addition, these organic meteaptans and

sulfides are extremely malodorous. Finally, the atmospheric pollution caused by SOz

produced during the ·:ombustion of petroleum-based fuels is no longer accepted in our

environmentally conscious wood.
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•
thiol disuJfide

o
thiophene

The desulfurization of organosulfur compounds in the pettoleum industry is

accomplished via the heterogeneous eatalytic hydrodesulfurization (}IDS) reaction. In this

process. suifur is removed from organosuifur compounds in pettoleum-based feed stocks

by treattnent with hydrogen gas at 400°C over molybdenum or tungsten eatalystS supported

on alumina? (Equation 1.4).

400°C

catalyst
(1.4)

The hydrogen suJfide produced by the HDS process is exttemely poisonous and in

high concentration can cause death by respiratory paralysis.4 However, it can be converted

tO harmless suifur and water by means of the Claus Process (Equation 1.5). This reaction

is a heterogeneous catalyzed process which is typically done over an alumina-based

catalyst. Initially. some H2S is partially oxidïzed ta S02 and these two compounds then

react together ta give eIemental sulfur and water.

high temperatlll'e

catalyst
• (1.5)

•
This process is efficient but considering the huge tonnage scale at which these

reactions are performed, even a small amount of inefficiency will give a ttemendous

amount of unwanted suifur-based contaminants.8 These byproduets may poison the
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•

catalyst or be released into the aunosphere as environmentally unacceptable pollutants.2

Although the reactions occurring in this process are poorly understood.8.9 it is known that

interaction of oxiclized sulfur species on the surface of the catalystleads to the formation of

SoS bonds and is accompanied by oxygen transfer. One approach of organometallic

chemists towards understanding this process is to model these reactions using

homogeneous reactions involving transition metal complexes of sulfides, mercaptans and

their oxidized derivatives.10-13 Subsequently, the results of studies into the chemistty of

certain oxiclized sulfur lig:mds can he used te fotmulate possible mechanisms to explain the

Oaus Process. The overall Oaus Process involves the oxidation of two sulfur atoms

(H2S) and the reduction of one sulfur atom (SQV to give sulfur chain growth or catenation.

Thus, any process on a transition metal that mùnics these events is of interest.

1.2 The Chemistry of Sulfur and its Oxidized Derivatives

There are many different fotms of sulfur. Orthorhombic sulfur, Sa, is the most

common and stable fotm at room temperature and consists of S8 rings. At higher

temperatures, Set is ttansfotmed inte monoclinic sulfur, SI3, which also exists as S8 rings

which are staeked differently.2 Another fOtm of sulfur, $y, is the least stable fOtm of S8.2

Plastic sulfur, can he obtained by heating Sa at high temperatures2 and exists as long

helical chains. In polar solvents, approximately 1% of sulfur of Sa is present as S6 and S7

rings.14 These smaller rings have slightly weaker SoS bonds (62.5 and 62.7 kcal mol-l,

respectively) than those found in S8 rings (63.5 kcal mol-1),IS.16 and this may conttibute te

their greater reactivity. Besides these ring sizes, sulfur is found in rings containing 12, 18,

and 20 atems.14•17

Sulfur can exist in many different oxidation states including -2, +2, +4 and +6 with

coordination numbers of 4. The -2 oxidation state is commonly found in sulfides, RSxR',
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• and thiols. RSH. while the positive oxiclation states are found in oxygen containing species

such as RzSO. RzSOz. RZS03. and RZS04.

R2SO

o
\1
s

R.......... ~OR
o

Sulfur oxides. SxOy. display differing stabilities. While SOz and S03 are stable.

SO. SzO and SzOZ are unstable.18 SO rapidly disproportionates to SzO and SOz. with

SzO undergoing further decomposition (Equation 1.6).

3S0 --~~ S20 + S~ (1.6)

1.3 Organic DisuIfides and Their Oxidized Derivatives

Sulfur exislS in the -2 oxiclation state in sulfides and thiols. The SoS unit in

disulfides occurs regularly in organic and biological systems. Many protein molecules

contain SoS linkages which play a crucial structural role in biological processes and are

often essential for the bioactivity of the proteins. These linkages are formed when the

amino acid cysteine. a thiol. is oxidized to cystine,~ disulfide.19

•
cysteine

"'H3N NH3+

):Hœzs-sœza(
"~C COz"

cystine
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Applications of polysulfide products connected with indusrry are extensive.

Disulfides serve as polymerization catalysts. regulators in emulsion polymerization.

stabilizers in hydrocarbons and they are used in cutting oils. In lubricating oils. they

improve film strength. prevent sludge formation. inhibit corrosion and serve as

antioxidams.2o

Organic disulfides, RSSR', are very stable compounds. By contrast. trisulfides.

RSSSR', and tetrasulfides, RSSSSR', are generally less stable and may extrude sulfur to

give the disulfide and a mixture of higher sulfideS.21 For example. anempted purification

of n-butyl tetrasulfide, (CH3(CH2hCHhS4 at room temperature gave a mixture of the

disulfide and higher sulfides.22

Oxidized derivatives of disulfides also occur in nature. For example, allicin. or

ally12-propene-I-thiosulfinate, is found in garlic.

This class of oxidized disulfides are of intereSt due to the biological, antiturnor, anti-viral

and anti-fungal attributes of these compounds.23 Industrially, they have found a use as

surfactants for textiles24 and as a solubiliz.ltion agent in the dying of certain types of

wool.2S Generally. monooxidized disulfides are called thiosulfinates. Dioxidized

disulfides can occur as vic-disulfoxides or thiosulfonates. and the trioxidized derivatives

are called suIfinyl sulfones. Fmally, the completely oxidized disulfides are called Cl

disulfones. Alkyl, aryl and some cyclic derivatives of all of these types of compounds

excIuding vic-disulfoxides have bet:n isolated and studied in great detail.26-32 Vic

disulfoxides have only been detected in low temperature NMR studies.33 The organic

oxidized disulfide compounds display varying reactivites depending on whether the R

group is aIkyl or aryl, and R = R'.
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thiosulfinale vic-disulfoxide thiosulfonale sulfinyl lX-disulfone
sulfone

Nomenclature of polysulfide compounds has evolved over me years wimout greal

sysremization. Generally. organic disulfides and their oxidized fonns are named according

10 me "e-i-o" rule mal corresponcls 10 me oxidation number of sulfur of -2. O. and +2.

respectively. Ali organic compounds in mis work will be named using Ù1Ïs type of

nomenclature. However. mere are trends tewards calling mese compounds sulfanes. This

tenn sulfane. referring to hydrogen polysulfides. was introduced in 1953 to.be used in

analogy te terms such as alkane and silane.34 Su1fanes are named wim a prefix indicating

me number of sulfur atoms in me chain and me name of me alkyl or aryl groups mat

substitute me hydrogens. AlI metal compounds wim su1fur containing ligands in Ù1ÏS work

will be named as sulfanes or oxosulfanes. (i.e. oxygen-containing sulfanes). Thus me

above compounds where R is a metal center and R' is an alkyl or aryl group will be

referred te as a metal-disulfane. -2-oxodisulfane. -1,2-dioxodisu1fane, -2-dioxodisulfane.

-1.2,2,-trioxodisulfane and -tettaoxodisu1fane. respectively.

•

o
M-S-~R'

2-oxodisulfane

p~ ,
M-~-S-R

Il
o

1.2.?-trioxodisu1fane

00
Il Il

M-S-S-R'

1,2-dioxodisulfane

00
u U

M-S-S-R'
U Il
00

tettaoxodisu1fane

7

o
U

M-S-S-R'
Il
o

2-dioxodisu1fane



• 1.4 Inorganic Sulfanes and their Oxidized Derivatives as Bridges

Inorganic analogs of disulfides and their derivatives are scarce. Many of them are

salts of alkali or alkaline earth metals and relatively unsuble.2 For example Li2S3

disproportionates upon standing to give a mixrore of sulfides, Li2Sx (x =2_5)35 (Equation

1.7).

(1.7)

Symmetrical transition metal disulfanes with the fonnula MSSM exist and are generally

stable complexes. Sorne examples of these include K6[(CN)sCoSSCo(CN)s],36

Ü4[(H20)SCrSSCr(H20)S],37 [(NH3)sRuSSRu(NH3)S])4 (X = O', Br, PF6-)38,39 and

CpFe(COhSSFe(COhCp.40 There are also examples of MSS(OhM and MS(OhS(OhM,

such as K6[(CN)sCoSS(OhCo(CN)s], fonned by the OxidatiOIi of its disulfide precursor

(Equation 1.8), and the teaaoxodisulfanes CpFe(COhS(OhS(OhFeCp(COh,41

Cp*M(COhS(OhS(OhMCp*(COh (M = Mo, Cp* = 11s-CsHs; M = W, Cp* = 11s

CsMes)42 and M(CO)sS(OhS(OhM(CO)s (M = Mn, Re).41

[(CN)sCo-S-S-CO(CN)S]6-

a
O2 • [(CN)sCo-S-~-CO(CN)5]6-

a
(1.8)

1.5 Thiolates and Their Oxidized Derivatives Coordinated to One Metal

Center

Metal thiolate complexes (MSR) are important in bath biology and industry and

• have been studied extensively.43 The oxidized species MS(O)xR (x = 1,2) have also been

8
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reported. Complexes of the type MS(O)R are rare due 10 their instability and tendency 10

form MS(O)zR, which by contras!, are very stable. Sorne examples of MS(O)R complexes

have been prepared by oxidative addition reactions. For example, IrCI2(CO)L2S(O)Me (L

= PPh3; PPPh2Me)44 was prepared by oxidative addition of MeS(O)CI 10 IrCI(CO)L2

(Equation 1.9), and similarly, rrans-(pPh3hPt(phth)S(O)R (R = C3H7, C4H9, C12H2S,

CH2C6HS, C6Hs, 4-C6H4Me)4S was prepared by oxidative addition of phthS(O)R to

(PPh3hPt(,,2_C2}4) (Equation 1.10). By contras!, twO oxidized cysteine derivatives,

[(enhCoS(O)CH2CH2NH21[Cl04]46 and [(enhCoS(O)CH2CH(COO)NH21[Cl04147 were

prepared by oxidation of the precursor thiolates by sloichiometric amounts of H20:

(Equation 1.11); however, oxidation routes to MS(O)R are rarely successful due to the

lendency 10 overoxidïze the thiolale ligand 10 give MS(O)zR.48.49

o 0
Il Il

IrCl(CO)~ + MeSCI - Ir(SMe)Cl2(CO)~ (1.9)

o 0
Il Il

(pPh3hPt(,,2_~~+ phth SR - trans-(PPh3hPt(SR)(phth) + ~~ (1.10)

o
Il

[(enhCo(SCH2R)]2+ + H20 2 _ [(enhCo(SCH~)f+ + H20 (1.11)

Complexes of the type MS(OhR are more abundant than those of the type

MS(O)R. There are three different preparative methods: 1) insertion of SÛ2 inlO a M-C

bond, 2) oxidation of the corresponding thiolate, 3) and condensation of two fragments

(e.g. [Ml + [S(OhR] or [MS(O)21 + [R]). Sorne complexes prepared by the fust route are

CpRu(COhS(OhR (R = CH2C6HS, C6Rs)50 and L2PyCOS(OhCR2R (L =
dimethylglyoximate, cyclohexaneglyoximate)51 (Equations 1.12-1.13). Examples of

complexes prepared by oxidation of the corresponding thiolate are

[(enhCoS(OhCH2CH(COO)NH21[Cl041,47 whC!'e the oxidizing agent was H2Û2, and

CpW(COhS(OhR.49 (R =Me and aryl) which was prepared by use of m-CPBA as the

9
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oxidizing agent. Another complex, CpRu(PPh3)(CO)S(OhR4S (R = Me. 4-C6H4Me.

C6Hs) was prepared by oxidation with dimethyldioxirane (DMDO)52 (Equation 1.14). In

addition. nickel dithiolate complexes53.57 such as (bme-daco)Ni (bme-daco = 1.5

bis(2mercapto-2-methylpropyl)-1,5-diazacyclooctanatO)53 have been oxidized to give a

series of sulfinate and sulfenate ligands (Scheme 4.4). Finally, an example of a complex

prepared by the third route is CpRu(dppm)S(O)zR5S (R = Et, CHMC2). which was

prepared by condensation of CpRu(dppm)S(OnCl with LiR (Equation 1.15).

0 0
Il "CpRu(COhR + S - CpRu(SRXCOh (1.12)
Il "0 0
0 0
Il "~PyCoCH2R + S - ~PyCo(SCH2R) (1.13)
Il "0 0

0

CpRu(pPh3)(CO)SR + 2 DMDO CpRu(PPh3)(CO)~R + 2 acetone (1.14)
0

0 0

" "[CpRu(dppmh(S)]Cl + LiR • CpRu(dppmh( SR) + LiCl (1.15)

" Il

0 0

1.6 DisuIfanes and Their Oxidized Derivatives Coordinated to One Metal

Center

The S2R ligand can bind tO a metal center either via a sigma bond., Tl1-S2R or

through side-on bonding, Tl2..s2R. In the absence of an R group, persulfido complexes are

formed Tl2..S2.

10
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Examples of complexes with Tj2_S2 bonding include Os(S2)(COh(PPh3h,59

[Ir(S:z)(dppeà]+ (dppe = 1,2-bis(diphenylphosphino)ethane),60 [Rh(S:z)(dmpe):iICI (dmpe

= 1,2-bis(diphenylphosphino)methane),61 and the cyc10pentadienyl species

~Nb(s:z)a62and ~Mo(S:z).63 Compounds with the Tj2_S2R moiety inc1ude [Os(Tj2

S2Me)(PPh3h(COhlCl04·1/2 C<;H6,64 [Ir(Tj2-S2Me)(dppehHPF612 (1)65 and

CpW(NO)(CH2SiMe3)(Tj2-S2CH2SiMe3) (2),66-68 for which the x-ray crystal structure

was determined.

('PPh2 2+

Ph2P"" 1 •••• S'" Me
'. Ir'" 1

Ph2?,.-I ........ s

""'PPh2

1

<ô7
1

ON-:'Yi·:;-S
M SîH C'" "'8es 2 \

CH2SiMes
2

Complexes containing the Tjl.S2R ligand inc1ude CpW(COhSSR (R = CH2C6Hs,

4-C6H4Me),69 ~Ti(X)SSR (X = SR, phth, 0; R = CHMC2, C6Hs, 4-QsH4Me),7° ru
(PPh3hPt(phth)SSR (R = alkyl and aryl),71 CpRu(PPh3)(CO)SSR (R = CHMC2, C3H7,

4-C6H4Me),72 hC12(PPh3h(CO)SSC6Fs73 and Cu(tet-b)SSCH2C02·3CH30H (tet-b =

rac-S,7,7,12,14,14-hexamethyl-l,4,8,11-tetraazOCYclotetradodecane).74 Many of these

compounds were synthesized by condensation of the metal-thiol complex with the

appropriate phthalimide sulfur transfer reagent (Equation 1.16). Sîmilar condensation

routes have also been used extensive1y in the preparation of unsymmetrica1 organic

• disulfides.

11



• L"M-SH + phthSR L,.M-SSR + phthH (1.16)

•

This route offers many advantages since the reagents are solids. and the phthalimide by

product is easily removed.

There are also some compounds containing the ,,2_S2(0) moiety reponed in the

literature.

These include [Ir(,,2..S20)(dppe)21lPF61,'s CJ>2NbO(S20),'6(Cp*Mn(COh(S20) (Cp* =

T\S_CSHS)77 and (Cp*Re(COh(S20).7S These compounds are generally made from the

oxidation of S2 units bound to metal centers. [Jr(,,2..S202)(dppe)21[PF612 7S has also been

reponed.

Examples of tranSition metal complexes containing a linearT\1-S2(0)xR (x = 1 Ot 2)

are rare. They include the complexes CpRu(PPh3)(CO)SS(0)R (L =PPh3. CO; R =alkyl

and aryl)79-S1 CpW(COhSS(O)R (R = CH2C6HS. 4-C6H4Me)69 and cis

(PPh3hPt(phth)SS(0)R (R =alkyl and aryl).82

12
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/1

M,~S""R

l11-Sz(O)R

o 0
~/j

M,~S""R

l11
- S2(O)zR

The monometallic tetraoxosulfane species, Ru(CO)z(l12..S(O)·S02)(PPl;3)z has also been

prepared and its X-ray structure was detennined at _60°C.83 This is the ooly example of a

S204ligand cootdinated to a single metal center that bas been reported in the literatUre.

o
Il

PPh3 O....~O
OC••, l ".' s'"
oc.;y~

PPh3

1.7 Reasons for Studying Metal-sulfanes and Their Oxidized Derivatives

The object of this research is to make catenated sulfur ligands and their oxidized

derivatives. Although organic compounds of the type RSxOyR',84 (x = 1,2 and y = 0

4), have been smdicd exhaustively, lime is known about the metal analogs, MSxOyR'.

Thus, it is of interest to prepare these compounds to obsetVe the effect of a coordinated

metal on the reactivity and stability of SxOyR'. For example, as mentioncd earlier, vic

disufoxides have only been deteeted by low temperamre NMR. The introduction ofa metal

might affect the stability to this vic-disulfoxide moiety. In addition, metal compounds

containing a 1,2.2-trioxodisulfane ligand (M-S(O)S(O)zR), 1,1,2-trioxodisulfane (M-

• S(O)zS(O)R), or a 1,1,2,2-tetraOxodisulfane ligand (M-S(O)zS(O)zR), have not yet been

13
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synthesized. These compounds are of interest as possible models of intermediates in the

Claus Process. The goal of this thesis was to make polysulfane and polyoxosulfane

complexes of the type CpRu(COhSxOyR (x = 1-3; Y= 0-2) and examine their chemistry.

Since this chemistry is focused on the ligand and not the metal center. the metal and

the other surrounding ligands must meet certain criteria. First, the metal center must be

stable and inen with respect to the chemistry about the sulfur containing ligand. In

addition, the surrounding ligands should be strongly coordinated to the metal atom and not

he labile. Thus, the metal fragment chosen for most of these srudies was CpRu(CO)z. The

ruthenium atom is in the +2 oxidation state. The CO ligands are coordinated to the

ruthenium atom via both a cr-bond and x-bond, the latter through back donation of electron

density into x*-antibonding orbital of the CO ligand from ruthenium d orbitals with the

same symmeay.8S The Cp ligand is also an eleCtron withdrawing ligand. Thus, it was

hoped that the Ru-S bond would be strong and that the CpRu(COh residue would be a

good platform for the srudy of suIfane ligands and their oxidized derivatives. In addition,

carlier work with the CpRu(PPh3)(CO) residue72.79.86 suggested that the dicarbonyl

analog should he productive.
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Chapter 2•

Preparation of CpRu(COhSxR (x = 1-3; R = H, 4,C6H4Me,

C6HS, CH2C6Hs)

2.1 Introduction

The ability of sulfur to catenate, that is exist as sulfur chains, is one of its best

known characteristics. Allottopes with ring sizes up to S20 have been documemed and

rings of S5, S6, S7 and S8 are very common.1 In addition, organic polysulfur compounds

of the type RSxR', where x ranges from 1 to greater than 20 are known. However, despite

this tendency of sulfur te eatenate, the metal substituted analogs of the type MSxR, where x

> 1 are relatively rare. There are many species known for x = 1 and these are referred to as

metal thiolates. There are few compounds known for x = 2, metal disulfanes, and even

fewer where x =3, trisulfanes.

Many of the disulfane ::omplexes, MSSR, have been prepared by a metathesis type

reaction berween the precursor metal thiol and the appropriate phthalimide sulfur transfer

reagent (Scheme 2.1). For example, the complexes CpW(COhSSR,2 ~Ti(SSRn 3 and

CpRucPPh3)(CO)SSR4 have been prepared in this way in good yields. These complexes

display varying stabilities and reactivities. Other methods have also been employed to

synthesize metal disulfane complexes. Thus, cis-cPPh3hPt(phth)SSRS was prepared by

oxidative addition of phthSSR to (PPh3hPt(C214), and IrC12cPPh3h(CO)SSC6F56 was

prepared by oxidative addition of ClSSC6F5 te rrans-IrCI(PPh3h(CO). Cu(tet

b)SSCH2C03·3CH30H (tet-b = rac-S,7,7,12,14,14-hexamethyl-l,4,8,1l

tetraazocyclotetradodecane) was prepared by reaction of Cu(tet-b) with HSCH2C03H in

the presence ofbase in methanoL7
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• Schcme2.1

CpRu(PPh3)(CO)SH
phthSR CpRu(PPh3)(CO)SSR + phthH

CpW(COhSH
phthSR CpW(COhSSR + phthH

ciS-Pt(pPhÛ2(~14)
phthSSR ciS-(pPh3hPt(phth)SSR + C:!14•

CP2Ti(SH}z
2phthSR

• CpzTi(SSR}z + 2 phthH

where R = alkyl

assc~5
rrans-IrQ(pPh3}z(CO) IrQ2(PPh3h<CO)SSC~5

base •

•

o
O:::N =phth

o

Complexes containing a trisulfane ligand, 'lll_SSSR, are also very rare. The

complexes CpRu(PPh3)(CO)SSSR4 and CpW(COhSSSR2 were prepared by reaction of

the metal thioi prec.:ursor with the disulfide phthalimido tranSfer reagent, phthSSR (Scheme

2.2). The complex Cp2Ti(SR)(SSSR),3 where R = axyl, was prepared by reaction of the

metal dithioi complex with the monosulfur tranSfer reagent phthSR whereupon the initial

product, Cp2Ti(SSRh, is thought to have rearranged.
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• Scheme2.2

CpRu(pPh3)(CO)SH
phthSSR CpRu(PPh3)(CO)SSSR + phthH

CpW(CO)3SH
phthSSR CpW(COhSSSR + phthH•

CI>2Ti(SHh
2phthSR CI>2Ti(SR)(SSSR) + 2 phthH•

where R = aryl

Due 10 the importance of metal-sulfur chemisry in biologys and industty,9 il is of

inœresl 10 investigare the chemistry of these simple catenated polysulfane species. Since

O1Ùy a handful of these complexes have been ptepared, the synthesis and chemiStty of more

examples could give a bener insighl inlO the compounds. In this chapter the complexes

CpRu(CO)zSxR (x = 2, R = 4-C(;l4Me, C6Hs, CH2C6Hs; x = 3, R = 4-C(;l4Me) were

ptepared and characterized and sorne aspects of their reactivity lowards small molecules

was investigated. The analogous thiolalo complexes, CpRu(CO)zSR (R = 4-C(;l4Me,

C6Hs,10-12 CH2C6Hsl~ were ptepared for compatison. The synthesis of the precursor 10

these disulfanes, CpRu(CO)zSH, is described as is {JJ.-S3)(CpRu(CO)z)z.

2.2 Results and Discussion

2.2.1 Preparation of CpRu(COhSH and (IJ.-S3)(CpRu(COhh

•
CpRu(COnSH (3) was ptepared as the precursor 10 the metal di- and trisulfanes.

The reaction ofCpRu(COnC with NaSH in 1HF for 3 days at room temperatme gave the

corresponding thiolato metal complex, CpRu(COhSH as the major produCl in 85% yield.
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• The reaction aise gave a second produet which usually accoun:ed for approximately 15% of

the total product distribution (IH NMR: Cp =4.82 ppm). This prodUCI was assigned as

(Jl-S3)(CpRu(CO)z)z (4) (Equation 2.1). The IWO producIs were distinguished by the

positions of their Cp resonances in the 1H NMR spectrum and were easily separaled by

column chromalography. Pure CpRu(CO)zSH was obtained by recrystallization from

THF/hexanes 10 give a yellow solid. CpRu(CO)zSH is soluble in THF, EtOH, ether, and

benzene, and slightly soluble in hexanes. Il is air sensitive and aise decomposes in the

solid sUIe 10 a brown oil al -16°C over time, with evolution of H2S gas. Anempred

recrystallization of the second prodUCI from ethe:r/hexanes will be discussed below. The

NMR spectrum of CpRu(CO)zSH in C6D6 showed a peak due the SH prolon al -2.93

which is charaeteristic of MSH speciesP The IR spectrum in cyc10hexane had strong

bands al 1995 and 2043 cm-1 due 10 the v(CO) Strelching frequencies. The v(CO)

stretehing frequency for CpRu(PPh3)(CO)SH in to1uene occurs al 1950 cm-1 reflecting the

stronger M-C bond, due 10 the coordination of the electron donating PPh3 ligand.

Ç"Ô/
1

OC.....·Ru,
OC~ a

NaSH•

-ç<±5?
1

OC"'" Ru +
oc"" 'SH

3

~ ~
Ru s....... Ru

oc~j '5'" S-- \'CO
oc CO

4 (2.1)

•

Other thio1alo ruthenium complexes are known; e.g. CpRu(PPh3)(CO)SH,13

CpRu(PPh3hSHI3.14 and Cp*Ru(PMe3hSH15 (Cp* = T\S-CsMeS)' The first IWO

compounds were prepared by similar methods to our preparation while the latter was

prepared by treatment of Cp*Ru(PMe3hOH with excess H2S. The decomposition of

CpRu(COhSH with 10ss of H2S was also observed for CpRu(PPh3hSH and

CpRu(PPh3)(CO)SaI3 Thus, although these metal thiolato complexes cao be made, their

relative instability and shon shelve life dietates that they are used promptly in reaetïons.
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The second product from the reaction of CpRu(COhCl with NaSH in THF has

been assigned as (iJ.-S3)(CpRu(COhh. Unfonunately. it was comaminated by a species

whose Cp peak appears in the NMR specttum as a singlet at 4.62 ppm. This accounted for

2-10% of the integration in the Cp region of the NMR spectrum. depending on the

preparation. Successive recrystallizations of (Il-S3)(CpRu(COhh served only to give

samples enriched with the contaminant. Severa! anempts to grow crystals of (Il

S3)(CpRu(COhh suitable for x-ray analysis failed. (Il-S3)(CpRu(COhh is a clark

burgundy solid which is soluble in THF. moderately soluble in ether. and insoluble in

hexanes. It reaets with CH2Cl2. is light, heat and air sensitive and decomposes over time

at room temperature. (Il-S3)(CpRu(COhh was identified based on its NMR. IR. and FAB

mass spectra. The NMR spectrum of (iJ.-S3)(CpRu(CO)ili in C6D6 shows a single peak at

4.82 ppm, due to the equivalent Cp protons. The IR spectrum in toluene gave IWO strong

bands at 1969 and 2024 cm- l which have been assigned to the v(CO) stretching

frequencies. These bands are lower than the v(CO) stretching frequencies of

CpRu(COhSH (1995. 2043 cm- l (cyclohexane)). The v(S-S) Stretehing frequencies are

expected to occurin the region 430-540 cm-l which overlaps bands due to the Cp lïgancl.l6

Therefore, it was not possible to make the assignment of the v(S-S) stretehing frequency.

The FAB mass spectrum showed peaks due to (Il-S3)(CpRu(COhh+. {iJ.

S3)(CpRu(CO):z)t'- - S and {iJ.-S3)(CpRu(CO):z)2.... - 18. confuming the assignment of the

trisu1fane-bridged dinuclear species.

The formation of (Il-S3)(CpRu(COhh is in contrast to the reaction of

CpRu(PPh3)zC1 with NaSH which gave CpRu(PPh3)zSH as the sole product.13

However. there are numerous repons in the literature of polysulfane-bridged dinuclear

complexes. many of which were prepared by addition of elemental sulfur to a dîmer.

These include the recently reponed sulfur bridged compounds (Il-Sx)(RU2(1l

S2CNMe:z)(S2CNMe:z)(CO)z(pPh3h) (x = 5 (Sa). 6 (Sb)) which were formed by the

reaction of RuH(S2CNMe:z)(CO)(PPh3h with elemental sulfur.17 The compounds were
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obtained as a mixture of bath the pentasulfane and hexasulfane bridged species which

cocrystallized in a single crystal. They were bath observed in the x-ray crystal SlIUCture.

Another pentasulfane bridged compound, (IJ.-SS)(CpRu(CO}Zh 18 (6), was prepared by

the reaction of (CpRu(COhh with elemental su1fur under reflux or photolysis in benzene.

This compound was only one of a mixture of severa! su1fane bridged compounds fonned,

and was isolated as miCIOCtystals after numerous attempts of fractional crystallization. The

compounds (IJ.-Sx)(CpFe(COhh, (x = 1-4) (73-d) have been reponed.19 The crystal

SlIUCtureS for x = 3 and 4 were determined and confirmed the polysulfane bridges. The

compound (!J.-S4)(Cp*Ru(COhh, (8) (Cp* = "s-CsMes) was one of four products

obtained from the irradiation of (Cp*Ru(CO)z}z with excess sulfur in TIiF.20 (!J.2-SV«IJ.

S)Cp*Ru}z (Cp* = "s-CsMe4Et) added CO to form (!J.2-SV2Cp*Ru(CO)V221 (9). [(!J.

S2)CpRu(PPh3hh][pF4h was prepared by reaction of CpRu(PPh3hC1 with elemental

su1fur and silver salts,22 and by reaction of CpRu(PPh3hC1 with (Cp*)TiSS (Cp* = "s_

CSMeS) with AgBF4. [(MeCp)Ru(pPh3hh(IJ.-S2)][SbF6h reacted with (NBU4hS6 to

give the cage and ring compounds «MeCp)Ru(pPh3h}zSx (x = 4 (103), 6 (IOb».23
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Me

Cci:>=,
1

Ru_ s--:~
Me3P" 'S_~u..... PMe3

1

103

çp*
1

Ru ~

OC" ~~s.:: .....CO
Ru

9 *J
Me

lR
Ru··.. S-S.·· S PM

/ ..~, e3
MesP . S. /

~
lOb Me

•

Although we did not succeed in the complete purification and isolation of (jJ.-

S3)(CpRu(COhh, the repon of many other polysulfane-btidged species in addition to the

specnoscopic evidence obtained makes the assignment of (jJ.-S3)(CpRu(COnn rcasonable.

In addition, since the pentasulfane dinuclear complex (jJ.-Ss)(CpRu(CO>V2 was isolated

from a mixture of (J.L-S0(CpRu(COhh, x ~ l, it seems reasonable that the peak at 4.62
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• ppm may be due to the impurity associated with a different sized polysulfane bridged

species, (lJ.-SJ(CpRu(COhn, possibly where x = 2 or 4.

The isolation of the trisulfane bridged dinuclc:ar complex instead of the other

bridged species is of interest. Organic trisulfides tend tO lose sulfur in polar solvents to

give the corresponding disulfides. For example, upon attempted purification, both

diethyltrisulfide and diphenyltrisulfide extruded sulfur to give the corresponding

disulfides24 (Equations 2.2-2.3). By analogy, one might have expected that (J.!.

S3)(CpRu(CO>V2 would Jose sulfur 10 give the disulfane bridged species.

CH3CH2SSSCH2CH3

~H5SSSCJi5 •
CH3CH2SSCH2CH3 + l/S Ss

~HsSSCJi5 + l/S Ss

(2.2)

(2.3)

•

Oues to the stability of (lJ.-S3)(CpRu(COhh might be obtained by examining the

properties and x-ray crystal structure of (lJ.-S3)(CpFe(COhn.19 The tetrasulfane bridged

complex (J.!.-S4)(CpFe(COhh extrUded suIfur to give the (lJ.-S3) species. The tetrasulfane

bridged species had a small SoS-SoS torsion angle of50.95 (14)0 compared to 74.47 (11)0

and 80.52 (11)0 found for Fe(I)-S-S-S and S-S-S-Fe(2), respectively, in the ttisulfane

species. The increased torsion angle in the latter species may contribute to its stability due

to less steric hindrance. In addition, there were aIso large differences in the SoS bond

lengths in the (Il-S4) species, ranging from 2.022 (3) to 2.093 (3) A which were not

observed in the (J.1-S3) species. The longer bonds indieate weaker Sos bonds in the

former. Thus, the relative stability of (J.!.-S3)(CpRu(COnh is consistent with that observed

for the CpFe(COh systems.
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2.2.2 Preparation of CpRu(COhSR

These thiolato compounds CpRu(COhSR (R = 4-C(;}4Me. C6Hs. CH2C6lfS)

(lIa-c) were prepared so that they could be identified in reactions involving

CpRu(COhSxR, where x = 2 and 3. The preparations were similar to those reponed in

literature for CpRu(PPh3hSR (R = 4-C6f4Me, C3H7, CHMC2l.13 The compounds where

R = C6Hs and CH2C6lfS have been previously prepared by irradiation of solutions

comaining (CpRu(COhh and the disulfide.12 However, as reponed in the literature.

CpRu(COhSCH2C6Hs was not fully characterized. The complex CpRu(COhSC6Hs has

also been made by reaction of CpRu(COhCl with (n-BuhSnSPh in 38% yield.11 The

syntheses of CpRu(COhSR reponed here (sec Experimental Section) are improvements

due to their simplicity and good yield.

2.2.3 Preparation of CpRu(CO)zSSR

Synthesis

The reactions of CpRu(COhSH with the sulfur transfer reagents phthSR (R = 4

C6H4Me, C6Hs, CH2C6HS, CHMe2, C3H7) in THF at room temperature gave the

corresponding disulfane complexes, CpRu(COhSSR (Equation 2.4). The compounds

where R = 4-C(;}4Me, C6Hs and CH2C6lfS (12a-c) were isolated as pure crystalline

solids whereas the alkyl analogs, R = CHMe:! and C3lf7 (12d,e), were isolated as oils,

and could not he crystal1ized The latter two compounds spontancously decomposed in

solution or as an oil over two days under N2 al -16°C to a mixture of produets including (J.L

S3)(CpRu(COh) and R2S2, as identified by NMR. Due to their instability, they could not

he fully characterized.
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1

OC- Ru + phthSR
OC"''· 'SH

~
1

OC- Ru + phthH
..... 'SSR

OC

(2.4)

•

The compounds CpRu(COhSSR (R = 4-C@4Me. Y;HS. CH2C6HS) (l2a-c)

were crysraJljmi from hexanes. The low yields of recrysraJljmi produet5 are due in pan 10

their high solubility even in non-polar solvents. These complexes are very soluble in THF.

ether. toluene, hexanes, and cyclohexane and decompose in CH202 and CS2. The NMR

speetrum for CpRu(COhSSR revealed one set of peaks due 10 the Cp and R protons. as

expected with the proper integration and multiplicity (Table E.l). The IR spectra for al!

three compounds displayed slrOng bands due to the v(CO) stretching frequencies in the

ranges 1993-1996 and 2038-2043 cm- l (Table E.2) similar to the ranges observed for

CpRu(COhSSR. Thus the additional sulfur atom does not have a large affect on the

eleclron density on the ruthenium atom. This is in contrast to the IR spectra of (p.

S3)(CpRu(COh) where a shift in the v(CO) Stretching frequencies is observed. These

stretehing frequencies are higher than those found in CpRu(PPh3)(CO)SSR4 (1941-1954

CIn·l, toluene), refleeting the slrOng C-o bonds in CpRu(COhSR, and resulting weaker M

C bonds. This increased stretehing frequency results from an electron poorer ruthenium

center when PPh3, an electron donating ligand is substituted with a CO, a 7t-accepting

ligand. The high resolution mass spectra of CpRu(COhSSR displayed the parent

molecular ions and the elemental anaiyses were in good agreement with the calculated

values.

The compounds in the solid state can be handled in air for prolonged periods of

time without decomposition but they were stored under N2. A sample of

CpRu(COhSSCH2Y;HS stored unèer N2 at room temperature decomposed over a period

29



•

•

of two months ta a clark burgundy red oil/solid. The NMR spectrum of this residue

indicated it was a mixture of (Il-S3)(CpRu(COhh, CpRu(COhSSCH2C6HS'

CpRu(COhSCH2C6HS and (C6HSCH2hS2 in the ratio of 3:1:1:1, respedvely. In

contrast. CpRu(COhSS-4-C6H4Me and CpRu(COhSSC6Hs can he stored indefinitely at

room temperature under N2. The decomposition of CpRu(COhSSCH2C6Hs resembles

that of CpRu(COhSSR, where R = CHMe2 and C3H7. which also decompose 10 (Il

S3)(CpRu(COhh and the cotresponding R2S2, bUI at a much faster rate.

Further investigation of the compounds CpRu(COhSSR revealed that they were

not stable in solution at room ternperature and immediately started extruding sulfur to form

sorne of the corresponding metal thiolates, CpRu(COhSR. A sample of CpRu(COhSS-4

C6H4Me in C6D6 at room temperature under N2 for 19 hours displayed peaks in the NMR

spectrum due to CpRu(COhSS-4-C6H4Me. CpRu(COhS-4-C6H4Me and

CpRu(COhSSS-4-C6H4Me in the ratio of 16:8:1. respectively. Thus. over rime. sorne of

the cOtresponding metal trisulfane. CpRu(COhSSSR was aIso formed. When solutions of

CpRu(COhSSR were heated, sulfur loss and decomposition were accelerated, as detected

in the NMR speetra. Therefore, in the light, solutions of CpRu(COhSSR are unstable. In

contrast, a sample of CpRu(COhSS-4-C6H4Me in C6D6 under N2 in the absence of light

heated at 70°C for 50 hours showed only 9% of the cOtresponding thiolate. CpRu(COhS

4-C6H4Me and no peaks due to (4-MeC6H4hS2. a product of decomposition. The

remarkable decrease in the rate of sulfur loss in the clark implies that sulfur loss is

photolyticallyactivated.

(CpRu(CO)* + (CMehS2 u.v.. CpRu(COhSC(Me~+ CpRu(COhSSC(Meh

(2.5)

There bas been one other CpRu(COhSSR compound reported in the literature.

CpRu(COhSSCMC3 bas been prepared12 by u.v. irradiation of a mixture of (CpRu(CO)2h
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• and (CMe3hS2. However, it was not isolated and was obtained as a mixture of

CpRu(COhSSCMe3 and CpRu(COhSCMC3 (Equation 2.5).

Reaction of CpRU(CO)2SSR with PPh3

The reactivity of these ruthenium disulfanes with PPh3, which is known to

desulfurize metal disuifanes,2S is exemplified by CpRu(COhSS-4-C(;l4Me, a prototypical

complex. Reaction of CpRu(COhSS-4-C6H4Me with 2.4 equivalents of PPh3 in C6D6

gave CpRu(PPh3)(CO)S-4-C(;l4Me as the final produet (Equation 2.6).

~ ~
1 1

OC- Ru + 2 PPh3 --.~ OC--:::.Ru~ + SPPh3
OC

..'·' ........ SS-4-t""·uSMe .' ..... S-4-C·u M
'-6'" Ph3P' 6"'S e

Figure 2.1 Reaction ofCpRu(COnSS-4-~Mewith a slight excess of IWO
equivalents ofPPh3 at 42°C in ~D6'

+ CO

(2.6)
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As shown in Figure 2.1, sulfur was absttaeted aImost immediately from CpRu(COhSS-4

C6H4Me to give CpRu(COhS-4-C6H4Me. However, the phosphine substituted analogs,

CpRu(PPh3)(CO)S-4-C6H4Me and CpRu(PPh3)(CO)SS-4-C6H4Me, were present in

small amounts after 1.5 hours. They were identified by comparison of their spectta with

the NMR and IR spectra of authentic samples. As the reaction proceeded, the peaks due te

CpRu(COhS-4-C6!4Me and CpRu(PPh3)(CO)SS-4-C6!4Me grew and then diminished.

Thus, the final product, CpRu(PPh3)(CO)S-4-C6H4Me was formed by two routes: 1)

desulfurization followed by PPh3 substitution and, 2) the reverse, PPh3 substitution

followed by desulfurization. The first reaction is faster, as seen by the initial appeaI3llce of

CpRu(COhS-4-C6H4Me. Since CO substitution by PPh3 does not occur immediately,

perhaps CO dissociation from the metal must preceed PPh3 association.

To determine ifCO substitution by PPh3 and sulfur abstaction by PPh3 were photo

or thermally initiated, the reaction was performed in the dark. Heating CpRu(COhSS-4

C6!4Me with 2.4 equivalent of PPh3 in C6D6 al a higher temperature, 67°C, for 34 hours

gave 40% of the PPh3 substituted disulfane, CpRu(PPh3)(CO)SS-4-C6!4Me, 25% of the

sulfur extruded dicarbonyl thiolate, CpRu(COhS-4-C6H4Me, and 35% of the final

substituted produCl, CpRu(PPh3)(CO)S-4-C6H4Me. Since the reaction was hindered in

the dark even at higher temperarores, photo-assisted labilization of CO must be a major

pathway to the product. A possible reaction path via both the initially desulfurized and

PPh3 substituted intermediates is outlined in Scheme 2.3. However, sorne PPh3

substitution did occur, even in the absence of light and this was somewhat surprising.

Therefore, the reaction of the parent thiolates with PPh3 was examined.
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• Scheme2.3

R=4-YHsMe

hv",,"

PPh~

2~
oc_Ru
Ph~""'" ......... S-R

•

Reaction of CpRu(CO)2SR with PPh3

The reaction of CpRu(COhSR (R = 4-C6H4Me, C6Hs, CH2C6Hs) with PPh3

gave the phosphinO:c-substituted complex CpRu(PPh3)(CO)SR13 as the sole product

(Equation 2.7). The reaction with CpRu(COhS-4-~J:ewas complete in 3 hours at

67°C. By contrast, the reaction ofCpRu(COhSR (R = 4-C6H4Me, C6Hs. CH2C6Hs) and
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• PPh3 for 28 hours at 67°C in the absence of light gave only 10% of the phosphine

substituted product. CpRu(PPh3)(CO)SSR. Thus. as with CpRu(COhSR. CO

substitution at ruthenium by PPh3 is photo-assisted. The reaction was greaùy accelerated

by the addition of Et3NO. a reagent known to convert a metal coordinated carbonyl group

tO CO:z.26 This may indicate that CO dissociation is the rate determining step in this

reaction.

• CO (2.7)

•

To funher probe the reaction of CO substitution. a NMR tube containing

CpRu(COhS-4-Q;H4Me and 1.2 equivalents of PPh3 in C6D6 was purged with a stream

of CO and the reaction was monitored by NMR speetroscopy over a 27 hour period at

room ternperature. An identical NMR sample that was not purged with CO was monitored

as the blank. After 2.5 hours, the NMR spectrurn of the blank revealed peaks due to

CpRu(PPh3)(CO)S-4-Cl)H4Me and CpRu(COhS-4-C6H4Me in the ratio of 5:4. The

NMR spectrurn of the sample that had been purged with CO revealed the same set ofpeaks

in the ratio of 1:10. This trend of slower reactivity of CpRu(COhS-4-C6H4Me towards

PPh3 substitution in the CO purged sample continued over time (Figure 2.2). Thus, excess

CO may inhibit substitution by PPh3 by inhibiting CO dissociation from ruthenium,

indicating that loss of CO may he the rate deterrnining step in this reaction.
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Figure 2.2 Reaction of CpRu(COhS-4-C~4Me with 1.2 equivalenlS of PPh3 in C6D6
al 21°C, in the presence of 2.nd wit:l0UI CO. Note. 1.2 further equivalenlS ofPPh3 was
added after 5 hours in bath reactions.

However, if phololytic CO labilization from CpRu(COhSR occurred then one

would expeet that in the absence of PPh3, 1055 of CO would result in the immediate

dimerization of the unsaturated 16-electI"on complex, CpRu(CO)SR, te' give

(CpRu(CO)SRh at a similar rate as that of CO substitution by PPh3 to give

CpRu(PPh3)(CO)SR. When a sample of CpRu(COhS-4-C6H4Me was heated for 3 hours

at 67°C in C6D6, ooly 3% was converted to cis and rrans-(CpRu(CO)S-4-C6}4Meh.

ThUs, the reaction may not proceed by this proposed pathway.

The photolytic behaviour of CpM(COhR (M =Fe, Ru; R =Me, CH2C6HS,

CH2SiMC3) bas been investigated. Several studies indieate that irradiation of CpM(COhR

resullS in CO dissociation and the formation ofthe 16-e1eetron intermediate CpM(CO)R a.;

the initial producr27'29 (Equation 2.8). The lack of homolysis of the M-R bond in these

complexes may be attributed ta R' being unstable. Only one study reported that irradiation
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• of CpFe(COhR CR = CH2C6Hs. CH2SiMe3) resulted in homolysis of the M-R bond tO

give M' and R'• in addition to CO labilization.3O

CpM(CO)zR

M = Fe. Ru; R = Me. CH::C~s. CH~SiMe

hv- CpM(CO)R + CO (2.8)

Homolysis of the Ru-SR bond in CpRu(COhSR may he favourable due to the

stability of RS' (compared tO R') and give [CpRu(COhl" and RS' (Scheme 2.4).

Subsequenùy, RS' may oxidize the metal fragment to give [CpRu(COhl+ and RS-.

Precedence for oxidaticn of the metal radical species is found in srodies of the photolytic

homolysis of the M-M bond in Mn2(COho and Cp2W2(CO)6 giving ~le monomer

fragment [M]' ,31 where in the presence of one-electron oxidantS, an electrcn was

abstraeted from me metal atom to give [M]+. Altematively, [CpRu(COh)+ and RS' may

also he formed in one step by photoinitiated heterolytic cleavage of me Ru-SR bond.

Scheme2.4

<"Ô/ l-
I

OC• Ru
" .... PPhOC 3

•
<"Ô/

1
OC' Ru,
PlisP SR
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• The next step of the mechanism may be PPh3 association to give a

[CpRu(PPh3)(COh]+ intennediate which subsequenùy loses CO. This unsaturated

fragment can then be attaeked by the thiolate. RS-, to give the final produet. Precedence for

these last series of events cornes from the reaction between [CpRu(CO)z(CS)]+ and RS

which gave CpRu(CO)(CS)(SR), resulting from CO loss (Equation 2.9).32

[CpRu(COh(CS)t + SR- - CpRu(CO)(CS)SR + CO (2.9)

The reaction is relevant to others of this type reponed in the literature. When a

solution of CpFe(CO)zSC6Hs and cxcess PMe3 in toluene was refluxed for 3 hours

CpFe(pMe3)(CO)SC6Hs was obtained33 in 49% yield (Equation 2.10). Similarly, the

dicarbonyl compounds CpRu(CO)zX, where X = Cl, Br and l, lost a CO ligand when

refluxed34 in xylene with a slight excess of PPh3 (Equation 2.11). The reaction was

deternùned te proceed via a dissociative mechanism. However, as mentioned earlier. these

CO ligands are not normally thermJUy labile but the authors made no mention of.ms fact.

lt seems reasonable, therefore, that these reactions may also have been photo-assisted.

CpFe(COhSCt;Hs + PMe3

CpRu(CO)~ + PPh3

X=O.Br.I

•

•

CpFe(PMes)(CO)SCJIs + CO (2.10)

CpRu(pPh3)(CO)X + CO (2.11)

•

Kinetic exchange studies for the complexes Cp*Ru(PMe3)zX ( X = sa Me) found

that the lone pairs on SB substantially accelerated PMe3 dissociation and stabilized the

Cp*Rû(PMe3)X transition state compa.-ed te the complex for X = Me.1S This was
"

attributed ta the formation of a M-SH x-bond in the former complex, via a Ione pair on

sulfur which stabilïzed the unsaturated compIex. A molecular orbitalexplanation based on
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• the Dewar-Chatt-Duncanson3S-37 representation of the 1t-donor ability of RS' to a

ttansition-metal is shown below.

empty metal d-orbital

R

filled sulfur p-orbital

•

The results of the CO substituted reactions by PPh3 may a1s0 be explained by the

theoretical studies that have been canied out on the effect of ligands containing lone pairs

on metal complexes. Ab inirio calculations on CpRu(PH3)X showed that Ru-X 1t-bonding

decreased upon addition of PH3 to give CpRu(pH3hX Since nucleophiles still atlacked

Cp*Ru(PH3)X under mild conditions, it was concluded that this multiple bonding still

leaves the complex operationally unsatmated.38

Other theoretical studies involved Fenske-Hall molecular orbital calculations and

have been reponed for CpFe(COhSH.39 The results indicated that the d1t-p1t orbital

interaction between a filled metal d orbital and the filled sulfur 3p orbital destabilized the

HOMO which is principally sulfur 3p in character.

The reactivity of CpRu(PPh3hSR has been attributed to similar electronic

interactions. These compoundsWl~ facile lig--..:!d l:ubstitution, insert CSz to give the

thioxanthates CpRu(PPh3)SzCSR,11 and. ~egate in the absence of ligands to give dimers

and trimers.40 Thus, as in the reactivity suggested by the studies and shown with

CpRu(PPh3hSR, the sulfur atom in CpRu(COhSR (and CpRu(COhSSR) may tend to

labllize a CO ligand..

In snmmary, the case of the reaction ofCpRu(COh5-4-C6H4Me with PPh3 to give

the phosphine substituted complex CpRu(PPh3)(CO)S-4-C6H4Me was somewhat

surprismg at firsl. However, since the reaction was inhibited in the dark, it seems thât it
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was photochemically induced by the ambient fluorescent lighting. The CO ligands of

group 6 Cp-dicarbonyls are typicaIly not thermally labile but are aetivated by photelysis.41

However, it is not known if CO or SR labilizarion occurs, and indeed, the reaction may

proceed by bath routes. Analogous tO this reaction, the reaction of CpRu(COhSS-4

C6H4Me with PPh3 to give CpRu(PPh3)(CO)S-4-C6H4Me may also proceed via loss of

RSS' or RSS' via a photo-assisted pathways.

Desulfurization of M5;rR

A logical way tO put our desulfurization results in context, is te compare them to

those in literature. For example, spontaneous desulfurization of CpW(CO)3SSR2 gave the

corresponding thiolate, CpW(COhSR. The rate of desulfurization was greatlyenhanced

by PPh3. However, the metal disulfane compounds, cis-(PPh3hPt(phth)SSRS and

CpRu(PPh3)(CO)SSR4 do not undergo spontaneous sulfur extrusion, aithough the former

was desulfurized in the presence of PPh3. In addition, [Ir(TI2..S2R)(dppehl2+ (dppe =

Ph2PCH2CH2PPh2) reacts with 2 equivalents o.f PPh3 to give [Ir(dppe)21+, SPPh3 and

RSPPh3+.42 Thus, the stability of metal disulfane complexes must depend on both the

metal center and its ligand environment. The effect of light on these desulfurization

reactions was not explored by the authors.

The CO ligands on the unstable disulfane complexes CpRu(COhSSR and

CpW(COhSSR are excellent :n:-acceptors and may generate an electron deficient metal

center. The PPh3 ligand in the stable complexes CpRu(PPh3)(CO)SSR is an excellent G

donor and may give an electron rich metal center. Perbaps the metai center in complexes

with many CO ligands is toc electrOn poor tO suppon sulfane ligands. A buildup of

positive charge in the sulfur atom eoottIinated te the metai would promote desulfurization.

Organic disulfides are a stable class of compounds and normally are not

desulfurized by PPh3 unless activating terminal groups are present.43.44 For example,

39



• diallyl disulfide is desulfurized by PPh3 10 give SPPh3 and diallyl monosulfide45 (Equation

2.12).

The desulfurization of "activated" organic disulfides by phosphines is thoughllO involve

the formation of an intermediate phosphonium sali which undergoes subsequenl back side

allack by the thiolate anion 10 eliminale phosphine sulfide and give the corresponding

sulfide (Scheme 2.5).

Scheme2.5

.......
R-S-S-R' -

" PPh3

~
R-S-PPh3 + -SR'.... - S=PPh3 + R-S-R'

•

The initial anack ispo~46 ta occur on the more negatively polarized sulfur atom in

the case of a nonsymmetric disulfide. Unfonunately, the most negatively polarized sulfur

atom in CpRu(COhSSR is difficult ta prediet, and thus, the sulfur allaCked by PPh3 can

not be predicted based on this analogy to the organic systems (Scheme 2.5). Based on the

leaving group ability, it is more likely the PPh3 allaCks the sulfur atom coordinated to the

ruthenium atom as opposed to the sulfur atom bonded to R, because RS-, is a better leaving

group than R-. These two paths are illustraled in Scheme 2.6 as Path A and Path B,

respectively. Anotherpossible mechanism is shown in Path C where anack by PPh3 at the

sulfur atom bonded to R results in SoS bond cleavage ta form RuS-. This nucleophile then

allaCks the R of [R-S-PPh3]+. Thus, PPh3 desulfurizalion of CpRu(COnSSR most likely

goes by Paths A or C.
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• Scheme2.6

~
1Path Al

....
Ru-S-PPh3 + - SR S=PPh3 + Ru-S-RRu-S-S-R - -

\.. PPh3

.....

1Path BI .... ~
Ru-S-rR - Ru-S-S-PPh3 + -R - S=PPh3 + Ru-S-R.....

PPh3

1Path cl ,.,. f\ ....
Ru-StR - Ru-S- + RoS - S=PPh3 + Ru-S-R

1

PPh3
+PPh3

The instability of our and other disulfane compounds towards spontaneous

desulfurization is inconsistent with these organic analogs. The metal center may have a

large influence on the -SSR fragment compared to R.

2.2.4 Preparation of CpRu(COàSSS-4-C6H4Me

•

The reactioI' of CpRu(COhSH with phthSS-4-C6H4Me in lHF at -78°C gave one

product, assigned as the trisulfane, CpRu(COhSSS-4-C6H4Me (l3a), as identified by the

NMR spectrurn of the etude produet (Equation 2.13). However, subsequent workup via

column chromatography gave a mixture of CpRu(COhSSS-4-C6H4Me and

CpRu(COhSS-4-C6H4Me in the ratio of 9:1, in addition to a small amount of (4

MeC6H4hS2. The latter may have prevented crystallization of CpRu(COhSSS-4

C6H4Me. since the presence of RSxR tends 10 cause oils.47 As a result, CpRu(COhSSS

4-C6H4Me was characterized by the NMR, IR, and mass spectra of the etude produet.

CpRu(COhSSS-4-C6H4Me underwent sulfur extrusion in solution even at -16°C to form
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• CpRu(COhSS-4-C6H4Me, CpRu(COhS-4-C6H4Me and other unknown compounds

(NMR). CpRu(COhSSS-4-C6H4Me also loses sulfur as an oil al-16°C. Thus. addition

of an extra sulfur in CpRu(COhSSS-4-C6H4Me seems 10 give a prodUCI even less stable

than CpRu(C012SS-4-C6H4Me with respecllo spontaneous sulfur 10ss.

~
1

_ Ru + phthSS-4-C~Me
OC ."., 'SH

OC

~
1

--0" _ Ru + phthH
~"'" 'SSS-4-<;;H.;Me

13a (2.13)

Spontaneous sulfur extrusion has been observed in the metal trisulfanes

CpW(COhSSSR48 and Cp2Ti(SSR)X.3 By contrast, CpRu(PPh3)(CO)SSSR does not

lose sulfur in solution.4 Thus, as with metal disulfanes, the stability of metal trisulfanes

seems to he dependent on both the metal center and ligand environment This spontaneous

desulfurization of CpRu(C012SSS-4-C6H4Me also parallels the reactivity in organic

trisulfides which are known to spontaneously lose sulfur to give the corresponding

disulfide, as discussed earlier (see Equations 2.2 and 2.3).49

2,3 Conclusions

The compounds CpRu(C012SH and CpRu(C012SSR (R = 4-C6H4Me, C6Hs,

CH2C6fiS), = examples of their type, were prepared and fully characterized. The

disulfanes CpRt'{COhSSR where R = CHMC2 and C3H7 are unstable. Solutions of

CpRu(COhSSR (R = 4-C6H4Me, C6Hs, CH2C6HS) are stable in the dark but

spontaneously lose a sulfur atOm in the presence of light The reaction of CpRu(COnSSR

• with PPh3 gave CpRu(PPh3)(CO)SR via IWO pathways. The rate ofreaction decreased in
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the clark implying a photo-assisted pathway. CpRu(COhSSS-4-C614Me was also

preparee! but spontaneously lost sulfur in solution. The thiolates CpRu(COhSR (R = 4

C6H4Me. C6HS. CH2C6HS) are very stable and react with PPh3 tO give

CpRu(PPh3)(CO)SR. A novel mechanism was proposed which involves the photo

assisted labilization of the Ru-SR bond.

Compared to CpRu(PPh3)(CO)SxR. the presence of two CO ligands decreased the

stability of the -SxR (x = 2,3) ligand. possibly due to electonic factors. The factors that

determine the case of sulfur loss from MSxR are not weIl understood. However, the

increased lt-acidity of CO decreased the electton density at the metal and may increase the

M-SxR lt-bonding. This may weaken the SoS bond.
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• Chapter 3.

Sulfur Insertion Reactions with CpRu(COhSxR (x =1, 2) and

Exchange Reactions with CpRu(COhSR

3.1 Introduction

As discussed in Chapter 1, the ability of sulfur to catenate is weil established and

sulfur chains greater than 20 atoms in 1ength cao be formed. l Catenation may be viewed as

successive insertions of sulfur into sulfur-sulfur bonds.

There are ooly a few repons of organometallic complexes which insert sulfur into

metal-carbon sigma bonGs and knowledge of the mechanisms and factors that influence

sulfur insertion is elusive. The fust example of sulfur insertion was reported for some

alkyl- and aryl-cobaloximes.2.3 These photolytically and thermally induced insertions gave

organometallic terrasulfanes as the most important products (Equation 3.1). Sulfur

insertion may have proceeded in a stepwise fashion into Co-R to yie1d Co-S-R, foilowed

by subsequent insertion to give Co-S2-R, Co-S3-R, and finally the produCl Co-S4-R. The

x-ray crystal strueture ofthe organometaliic tetrasulfane was not determined.

,i),R
,,0 0

-C-I~ ~4 'N=C-
--- 1 cd::: 1

-C N'" .:...."'N=C-
" PyO'0, ,

'H

(3.1)

•
Another example of sulfur insertion inv01ves the addition ofone or {Wo equivalents

of sulfur to CpW(N0)(CH2SiMC3h to give CpW(N0)(SCH2SiMe3)(CH2SiMC3) anù
::":-:::-,
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• Cp W (N 0)( SCH2SiMe3h, respectively4.6 (Scheme 3.1). CpW(NO)(11 2.

S2CH2SiMe3)(CH2SiMe3) (14) was isolated as an intermediate in the reaction of

CpW(N0)(SCH2SiMe3)(CH2SiMe3) with one equivalent of su1fur and its x-ray structure

was determined. The slow rate of the reaction prevented decisive kinetic studies and

mechanistic details of the insertion reaction were not determined. The authors concluded

that sulfur insertion was complex and more complicated than fust anticipated.

Scheme3,1

CpW(N0)(CH2SiMes~ CpW(NO)(SCH2SiMes)(CHzSiMes)

~ l/S Ss

J'S,
CpW(N0)(SCH2SiMe3}z --- CpW-S- CHzSiMe~(NO)(CH2SiMe3)

14

Sorne metal l,l-dithiocomplexes such as Fe(p-MePhDtah(P-MePhDtaS),7.S

Ni(PhDtaS)z,9 Zn(PhDtaSh,9 Ni(p-i-PrPhDta)(p-i-PrPhDtaShlO and Zn(p-i

PrPhDtaSà10 (Dta. =p-dithiocumate or dithiobenzoate) undergo sulfur insertion into the

MS2CX ring with the formation of MS3CX, a five membered chelate (Equation 3.2).

Early studics of these sulfur-addition reactions using radioactive 35S were reported for

Ni(CS3)2- and concluded that sulfur insened into the CoS bond, and not the M-S bond.11

Later studies using 34S with Ni(phDtaSh confirmed that sulfur inserted into the CoS

bond.12.13

•
(3.2)
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Su!fur insertion into a metal-thiolato bond has been postulated once before in the

reaction of Cu(tet-b)2+. where tet = rac-5,7,7,l2,l4,l4-hexamethyl-l,4,8.ll

tetraazocyclotetradoecane, with HSCH2C03H in the presence of KOH to give Cu(tet

b)SSCH2C02·3CH30HI4 (Equation 3.3). The mechanism of the formation of the copper

disulfane is not known.

[CU(tet-b)]2+ + KOH + 2 HSCH2C~H ---

Cu(tet-b)SSCH2C02 + CH3C~+H20 +W + r (3.3)

Although all of these systems utilized e1emental sulfur for the insertion reactior..s, it

is not the ooly source of inserted sulfur. it has been :-:own for a long ii:!Ie that organic

polysulfides. RSxR (x > 2) may spontaneously lose sulfur and, consequeIÏtly provide

sources of insened sulfur.IS.I6 For example, diethyltetrasulfide bas been reponed to give

diethyl disulfide and free sulfur on distillation under reduced pressure.!? The same aun:"!S

reponed that diethyl tetrasulfide gives diethyl disulfide and sulfur when distilling at

atmospheric pressure. Talàng this loss of sulfur one step further, some organic species

transfer sulfur from one molecule ta another. For exanlple, a heated sample of MC2S3 in

benzene at SO°C in the dark gives MC2S2 and MC2S4 as the initial produets. Over rime, the

higher sulfanes (MC2Sx (x = 5,6» are alsof~16 The mechanism is poorly understood

even though the reaction has been studied by the use of'l radical initiator, radical trap. ~lar

and ionic solvents. From the results of the studies, the authors proposed that the thertl'ial

decomposition ofMC2S3 ta MC2Sx occuned by an ionic mechanism.

1bere are at least two incentives for the study of sulfur insertion into and catenation

of metal-sulfano species. FII'St, MSxR complexes for x > 3 are~~tremely rare and sulfur

insertion may provide a synthetic route to their formation. Second, a metal-sul.f.me systenl

which undergoes chain growth may model pan of the Oaus Process wherei:! sulfur chain

growth OCCUIS to give S8.
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In this chapter. insertion of sulfur into the ~omplexes CpRu(CObSxR (x =1.2: R =

4-C6H4Me. C6Hs. CH2Ce;HS) wzs investigated. In addition. sulfur tr:lIIsfer reactions of

the complexes CpRu(COhSSR, and exchange reactions between CpRu(COhSxR with

R'2Sy. (y = 2.3) were also examinc:d. Possible mechanisms for these reactions are

discussc:d.

3.2 Results and Discussion

3.2.1 Identification of Products

Before describing the results from the insertion and exchange experiments. the

methods used to identify the pro&lcts and determine the amount of each prodl,;ct p~esent in

the reactions will be briefly presenœd. AIl of the procedures are described in detail in the

Experimental Section. The compounds. CpRu(COnSxR (x = 1,2; R = 4-C6H4Me. Ce;Hs.

CH2C6HS) were identified by comparison of their IH NMR shifts of the Cp and alkyl

protons of their R groups (R =4-C6H4Me. CH2Ce;Hs) to those of authentic samples. The

IH NMR shifts for all of the compounds identified in these experiments are displayed in

Tab!~ E.l. For examp1e. the Cp peak due to CpRu(COhSSS-4-C<;li4Me (4.51 ppm)

occurs 0.11 ppm downfield from that of CpRu(COhSS-4-C6H4Me (4.40 ppm) and the Me

peak (1.99 ppm) occurs 0.07 ppm upfield from that of CpRu(COhSS-4-C<;li4Me (2.06

ppm). The compounds CpRu(COhSSSR (R =Ce;Hs, CH2C6Hs) were not synthesized;

however, based on the shift of the~ in the IH NMR spectra of CpRu(COhSx-4

C<;li4~.e (x = 2,3), the positions of the peaks were estimated. Thus, in the insertion

reactions involving CpRu(COhSxCe;Hs (x = 1,2), the Cp peak at 4.49 ppm (0.10 ppm

downfield from that of CpRu(COhSSC6HS (4.39 ppm) was assigned to

CpRu(COhSSSC6HS. Likewise, in the insertion reactions involving
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CpRu(COhSxCH2C5Hs (x =1,2), l.'Je Cp peak at 4.57 ppm (0.12 ppm downfield from

that of CpRu(CO)2SSCH2C6HS (4.43 ppm) and the CH2 peak at 3.35 ppm (0.63 ppm

upfield from [hat of CpRu(COhSSCH2C6HS (3.98 ppm) were assigned to

CpRu(COhSSSCH2C6HS. The ratio of the products present was obtained from

inregration of these same proton peaJ<s.

Initial experiments were performed with the compounds for R = 4-C6H4Me, C6Hs

and CH2C6Hs to determine the effect of the R group on the rare of the reaction and product

distribution.

3.2.2 Reactions of CpRu(COhSR

CpRu(COhSR and 1 Equivalent of SuifUT

The NMR spectra of samples of CpRu(COhSR (R = 4-C(;H4Me, C6Hs) in C6D6

treated with 1 gram equivalent ofS8 and heated at 45°C revealed Cp peaJ<s due to the sulfur

inserted products, CpRu(CO)zSSR and CpRu(CO)zSSSR after 21 hours. There were also

peakS due to R2S2. The reactions equilibrated a..'ier 116 hours and were stopped. The

solutions were ,.ull orange in colour and there was dark pr<:cipitate in the NMR tubes,

indicative of decoffiposition. The relative percentages of the produets are given in Table

3.1. The reaction of CpRu(CO)zS-4-C@4Me with sulfur was also performed in the

absence of light and, after 116 hours of heating, the produet distribution was similar to that

found in the lighl. However, there was Jess precipitate in the NMR tubes indieating less

decompositior.. This suggests that the observed decomposition was photolytically

promored.

In contrast to the above, a satnple of CpRu(CO)zSŒ2C(;HS in C6D6 treated with 1

gram equivalent of S8 under the same conditions (light, 45°C, 116 hours) did ."lot insert

sulfur. The solution w..s light brown in colour and the NMR tube did ."lot contain any

precipitate. Peaks du~ to unreacted CpRu(CO)zSCH2C(;HS accoun~ for 76% of the
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integrated intensity in the NMR spectrum, and the Cp peaks due to inserted products

CpRu(COhSxCH2C6Hs (x =2,3) were not present. Since aryl thiolate anions are bener

leaving groups than alkyl ones,18 it is tempting to speculate that loss of R5· may be a key

step in the su1"ur insertion

Table 3.1 Product distribution of soluble products after heating samples of
CpRu(CO)zSR with I/S equivalent of 5S in C6D6 at 45°C for 116 hours.

R CoRu(CO)zSR ' CoRu(C012SSR CoRu(COhSSSR
_Combined
Unidentified

4-C6J4.\1e 70% 15% 15% .-

C;Hs 47% 12% 15% 26%

CpRu(COhSR without Added SUlfUT

In arder to determine the source of the inserted sulfur (either from a molecule of

CpRu(COhSR, or from the added sulfur), the same reactions were performed without

acIded sulfur. Samples of CpRu(COhSR (R = 4-C6H4Me, C6Hs, 0i2C6Hs) in C6D6

heated at 4~oC for 4 days revealed at least 2 new Cp peakg in addition to the Cp peak due to

!1tlI'eaeted CpRu(COhSR in their NMR spectra. There were also peaks due to R2S2.

There was no precipitate in the NMR. tubes and the colours of the solutions remained bright

orange, indicative ofless decomposition than in the reactions with added sulfur. The peaks

that appeared in the NMR spectrum for CpRu(COhSC6Hs and CpRu(COhSCH2C6fiS

were identified as cis- and trans-(CpRu(CO)(SC6HS)h and cis- and tTans

(CpRu(CO)(SCH2C6fis)h, respectively.19 (CpRu(CO)(S-4-C6H4Me»2 has not been

previously reported in the literature but by analogy te the other compounds, the peakg at

4.58 and 4.35 ppm are mest likely due te cis- and rrans-(Cpi<.u(CO)(S-4-C(ïIi4Me)h,

respectively. Thus, heaùng solutions of CpR~(CO)SR gave cis- and trans

(CpRu(CO)(SR)h with loss of CO (Equation 3.4). The produet distribution of the

solutions after heating the solutions for 116 hours are gïveu in Table 3.2 Basedon the rate
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of conversion lO the dimers from heated solutions of CpRu(COhSR, the thermal stability

of CpRu(COhSR d=ases in the order CpRu(COhSCH2C6IfS > CpRu(COhS-4

C6H4Me > CpRu(COhSC6Hs·

hw2 CpRu(COhSR • cis- and rrans-(CpRu(CO)SR}z + 2 CO (3.4)

Table 3.2 Product distribution after heating samples of CpRu(CO)2SR in C6D6 at
45°C for 116 hOUTS.

cis- crans- Other
R CpRu(COhSR (CoRu(CO)SRh (CpRu(CO)SRh Unidentified

4-C6H4Me 62% 25% (4.58 ppm) 13% (4.35 ppm) -
C6Hs 30% 51% (4.55 ppm) 19% (4.30 ppm) -

CH2e-H, 82% 7% (4.25 ppm) 7% (4.12, 4.18 ppm) 4%

In summary, heating solutions of CpRu(COhSR did not give the sulfur inserted

products CpRu(COhS5R and CpRu(COh555R. Therefore, the source of the inserted

sulfur in the reactions of CpRu(COh5R with 58 mast be S8.

Proposed Mec1umism of SuIfur Insertion into CpRU(CO)2SR

The reaction of CpRu(COh5R (R = aryl) with 58 gave CpRu(COh5xR (x = 2,3).

The =tion is notphoto-activated and does not occur in the absence of 58. This is the fust

example of sulfur insertion into a metal-thiolate bond giving higher sulfanes as produets.

The novelty of sulfur insertion inlO CpRu(COh5R is realized as there are no

examples of sulfur insertion into organic sulfides, RSR. The only data found on the

thermal activity of organic sulfides date back tO 1951 which reportS the prodUet5 as

hydrogen sulfide, thiols and gaseous hydrocarbons.2o
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• As memioned in the introduction. sulfur insertion into metal complexes containing a

chelating SzCX group have been studied. Based on sulfur insertion studies of

[Ni(CS3)z]z. with labeled sulfur (35S). a mechanism involving anack from S8 omo the

electrophilic carbon atom was proposed (Scheme 3.2).11 However. this mechanism is not

applicable to the formation of CpRu(CO)zSxR complexes (x = 2,3. R = aryl) because

nucleophilic attack of sulfur at an aromaric carbon is unlikely.

Scheme3.2

1 2-
- ,............S- s.....
S-T'rN1 S"c=S -

SV
S~

'S+

+S, __

S S'2-
~ .R 1C-s-..... S-L;

1 .......... Ni:::::. 1 + S6
~-:>- S-S

•

The complex CpW(NO)(CH2SiMe3)z also underwent S8 insertion into metal

carbon bonds4-6 (Scheme 3.3). The mechanism was postulated to proceed via

precoordinarion of S8 10 the unsaturated 16-electron metal center followed by migration of

MC35iH2C- to a sulf1Jr atom and loss of 57. The second sulfur atom could he inserted by

. 58 precoordination to the tungsten atom followed by inttamolecular attaek by MC35iHzCS

onto the coordinated 58 ring and subsequent loss of 57. The last pan of this mechanism

involving attack of Me35iH2C5- onto the coordinated 58 ring is attractive to our

CpRu(CO)z5R system because it accOUDtS for the result that insertion ooly oc:curted when

R is an aromatic group. However, precoordination of 58 10 the ruthenium atom would

necessitate CO dissociation to give a 16-e1ectron unsaturated ruthenium complex followed
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• by CO association. which is unlikely. Therefore. a similar mechanism ta the one proposee!

in Scheme 3.3 appears unlikely in explaining sulfur insertion in CpRu(COhSR.

Scheme3.3

R
1 +S8

R-M --

S-s.
~ S

~f .S
o+~

R- -SR

o'

R_~S.~
S. .S

S-S

S
1\

-- R-M-SR
-S7

heat--

R-M-SR

SR
1
M-SR

+S8--

•

M =CpW(NO); R =CH~iMCJ

Since CpRu(COhSR does not possess an overall negative charge (as Ni(CS3)2-) or

an unsaturated 16-electron metal center (as CpW(NO)(CH2SiMe3h) perhaps the

mechanism for the formation of CpRu(COhSxR (x =2,3) from the reaction of

CpRu(COhSR with S8 does not proceed via nucleophilic anackfrom S8 as shown in

Schemes 3.2 and 3.3 but instead involves nucleophilic anack 01110 S8. The mechanism

proposee! in Scheme 3.4 proceeds via nucleophilic attack from the thiolate sulfur atOm onlO

a suIfur atom in the S8 ring. causing the ring to open. Subsequent 10ss of S7 21 gives a

disulfur intermediate which can rearrange to give the ruthenillm disulfane,

CpRu(COhSSR. This disulfane can then react with S8 (or S7) to insen another sulfur

atom and give CpRu(COnSSSR.21
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• Scheme3.4

+S8
Ru-S-R - --S7

'-------'

[s
Ru-~-R

U

S... S-S,S
)..-...1
:> 'S-SCs -
1

-Ru-S-S-R -...
Ru-S-S-S-R

Note, the Cp and CO ligands are nol shown for c1arily.

The mechanism in Scheme 3.4 also accounts for the Jack of sulfur insertion in

CpRu(COhS0i2C6Hs. The boxed interrnediate in Scheme 3.4 is redrawn in Scheme 3.5

as resonance stabilized structures when R is an aryJ group. However, whcn R is

CH2C6Hs there are no resonance structures which willstabilize the positive charge on the

sulfur arom; consequently this intermediate may be unstabJe for CpRu(COhS0i2C6Hs

and no sulfur insertion is observed.

Scheme3.5

•

R=aromatic
(X =H, Me)

s
ISto-Ru-' x-
... -

s
I

S6 :0Ru-S-œ... 2_

56
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• Existing x-ray crystal structures of some disu1fur compounds suppon the S+-S

structure in Scheme 3.4. Tne compounds F2S222 (15), O,O-bicyclohexyl-I,l'-diyl

thiosulphite23 (16) and Cp*2Cr2Ss (Cp* = T)S-CSMeS)24 (17) contain rare S2 moieties.

17 also contains a novel T)2_S2 ligand bridging the metal centers. The structures of these

complexes are shown below along with their S+-S- (thiosulfoxide) resonance structure.

-
S -S
" 1

OÂO - ~O
\ 1 \ 1

ç::::l-~ ç::::l-~

16

\
s...,~

*Cp-C!/~Cr- Cp*

~
17

-
-S

\
+s....~

*Cp-C!/~Cr-Cp*

~

Disu1fur or thiosu1foxide intennediates have also been postu1ated in organic su1fur

extrusion mechanisms. For example, a thiosulfoxide intermediate is implicated in the

extrusion of sulfur in the thermal decomposition of 3',3'-dichlorospiro[fluorene-9,2'·

thiirane)2S (Equation 3.5). The loss of su1fur proceeds by both uni- and bimolecular ionic

mechanisms involving the formation of a zwitterionic S2 moiety (S+-S-) followed by

growth of su1fur atoms to give the su1fur exuudedproduet and S8.

•
(3.5)
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In summary, the mechanisms reponed in the litera= for sulfur insertion are nOI

applicable te CpRu(COhSR complexes. Instead, a new mechanisl.. involving nucleophilic

attack from the sulfur atom onto S8 followed by rearrangeme.1t to give a disulfur

intennediate (S+-Sol has been postulated te account for sulfur insertion into CpRu(COhSR

complexes.

3.2.3 CpRu(COhSR with excess R2Sx, (x = 2,3)

Since sulfur inserts into CpRu(COhSR CR = 4-C6H4Me, C6Hs), other sulfur

containing compounds were examined as possible sources of sulfur.

CpRu(COhSC6HS and (4-C6H4MehS3

Organic trisulfides can extrude sulfur in solution and are potential sources of sulfur.

Treatment ofCpRu(COhSC6Hs with 6 equivalents of (4-MeC6H4hS3 in C6D6 at 67°C for

57 hours gave peaks in the NMR spectrum due to CpRu(COhSC6HS,

CpRu(COhSSC6Hs, CpRu(COhS-4-C6H4Me, CpRu(COhSS-4-C6If4Me and

CpRu(COhSSS-4-C6H4Me in relative percentages of 8, 6, 27, 46 and 13%, respectively

(Scheme 3.6). Surprisingly, the majority of these produClS contained the 4-C6H4Me group

from the organic trisulfide. Thus, (4-MeC6H4hS3 undergoes exchange with

CpRu(COhSC6Hs. In addition, (4-MeC6H4hS3 is also a source of insened sulfur, but is

less effective than elemental sulfur•
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• Scheme3.6

+

CpRu(COhSC1;HS

8%

CpRu(COhSSC~s

6%

CpRu(COhS-4-CJi4Me
27%

CpRu(COhSS-4-CJi4Me
46%

CpRu(COhSSS-4-C1;~Me

13%

•

In an anempt to determine whether or not the reaction was photo-activated, the

reaction was performed in the absence of light. Treatment of CpRu(COhSC6Hs with 6

equivalems of (4-MeC6H4hS3 under the same conditions (C6D6. 67°C, 57 hours) but in

the absence of light gave peaks in the NMR spectruIIl due to CpRu(COhS-4C6H4Me and

CpRu(COhSC6Hs, 15 and 85%, respectively. Therefore, the inhibition of ligand

exchange in the dark, and the lack of sulfur insertion suggest that these ligand reactions are

photo-initiated.

CpRU(CO)2S-4-C6H4Me and (C6HsCH2J2S3

Treatment of CpRu(COhS-4-C6H4Me with 6 equivalents of (C6HSCH2hS3 in

C6D6 at 67°C for 57 hours gave peaks due to CpRu(COhS-4-C6H4Me, CpRu(COhSSS

4-C6H4Me, CpRu(COhSCH2C6HS, and CpRu(COhSSSCH2C6HS in relative

percentages of 52, 3, 31 and 5%, respectively (Scheme 3.7). There were also peaks due to

(4-MeC6H4hS2. There were no peaks due to the disulfanes CpRu(COhSS-4-C6H4Me or

CpRu(COhSSCH2C6HS. The solution remained bright yellow and there was no

precipitate in the NMR tube. CpRu(COhS-4-C6H4Me undergoes ligand exchange with

(C6HsCHmS3, but to a Iesser extent than does CpRu(COhSC6Hs with (4-MeC6H4hS3,
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• and gives less sulfur alom transfer. Nevertheless, these reactions appear 10 be reasonably

general fe!" ÇpRu(CO}zSR where R = aryl.

Scheme3.7

CpRu(COhS-4-CJi4Me

+

CpRu(CO)ZS-4-CJi4Me

52%
CpRu(CO)zSCHzC6H5

31%

CpRu(COhSSS-4-~H.;Me CpRu(CO)zSSSCHz~s

3% 5%

+ unidentified 12%

•

The reaction of CpRu(CO}zS-4-C6H4Me with 6 equivalenlS of (C(;HSCHZ}zS3

under the same conditions (C6D6. 67°C, 57 hours) was performed in the absence of light.

The prodUClS obtained were CpRu(CO)zSCH2C6HS and unreacled CpRu(CO)zS-4-

C6H4Me in 15% and 85%, respectively. This is similar 10 the reaction of

CpRu(CO)zSC6Hs with (4-MeC6H4)zS3 in the dark and also suggeslS that ligand

exchange is pholo-initiated.

CpRU(CO)2S-4-C6H4Me and (C6HSCH2hS2

Since ligand exchange occurred be!Ween CpRu(CO)zSR and organic trisulfides. it

was of interest to see if any reaction would occur be!Ween the thiolalo complexes and

disulfides. Treatment of CpRu(CO)zS-4-C6H4Me with 6 equivalenlS of (C(;HsCH2hS2 in

C6D6 at 67°C for 57 hours gave peaks due 10 unreacted CpRu(CO)zS-4-C6H4Me and 10

CpRu(CO)zSxCH2C6Hs (x = 1-3) (Scheme 3.8). There were no unidentified Cp peaks in

the NMR speettum and no precipitation in the NMR rube. The reaction between the

organic disulfides (C6HSCH2)zS2 and (4-C6H4Me)zS2 under the same conditions gave

three new CH2 and Me peaks accounting for a total of 5% of the total integtation. It is
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• likely that these products are due to C6HsCH2SS-4-C<;H4Me, C6HsCH2S-4-C6H4Me,

(C(ïHsCH:z)2S and (4-C6H4MenS. Thus, these organic disulfides are photo-aetivated only

te a small extent.

Scheme3.8

CpRu(COhS-4-~Me

+ ..
CpRu(COhS-4-~Me

68%

CpRu(CO)zSSCH2~

10%

CpRu(CO)zSCH2CJis
13%

CpRu(COhSSSCH2C;;Hs
7%

•

The ligand exchange reaction between CpRu(CO)zS-4-C6H4Me and

(C6HsCH:z)zS2 is surprising because disulfides do not to dissociate to an appreciable extent

in nonpolar solvents and do not extrude sulfur.26 There was no reaction in the absence of

light implying that ligand exchange and sulfur insertion between CpRu(CO)zS-4-C6H4Me

and (C6HsCHi12S2 may be photo-initiated.

Proposed Mechanism for Ligand E::cchange

The photosensitive ligand exchange and sulfur insertion reactions between

CpRu(CO)zSR and R'2S2 and R'2S3 te give CpRu(CO)zSxR and CpRu(CO}zSxR' (x = 1

3) are new. Prior to a discussion of these reactions, the photochemistIy of di- and

trisulfides will be briefly reviewed.

The sulfur-sulfur bond of disulfides may be cleaved both homolytically and

heterolytically. Homolytic cleavage of the disulfide bond may be induced eithe.

photolytically or thermally at temperatures above 125°C.Xl For example, unsymmeaical

disulfides dissociate at l70°C to give symmetrical disulfides.20
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2 R-S' + 2 R'-S'
•

R-S-S-R + R'-S-S-R'

R-S-S-R

--
bv- 2 R-S'

-- 2 R'-S-S-R

Heterolytic cleavage of the sulfur-sulfur bond of disulfides rnay be induced by boili

electrophilic and nucleophilic reagents. For example, in the presence of an electrophile, a

sulfur atorn rnay act as Lewis base.28 An example of electrophilic scission of a sulfur

sulfur bond is the chlorinolysis ofa disulfide.29

R-S-S-R + O 2
+

--.~ R'S-S-R + 0-
1

o
• 2 R-S-O

•

Organic nisulfides also undergo photolytic or bornolytic cleavage to fonn RS' and

RSS' radicals, allowing exchange of end groups and disproportionation to di- and

polysulfides. Extrusion of sulfur frorn sorne trisulfides bas also been reported.18.30-32 As

discussed with the organic disulfides, trisulfides are also susceptible to electrophilic and

nucleophilic auack.

R-S-S-S-R hv or A. R-S' + RSS' -=='~ R-S-S-R + R-S-S-S-S-R

R-S-S-S-R + *S8 • A. R-S-*S-S-R + S8

R-S-S-S-R + R'-S-S-S-R' .A. 2 R-S-S-S-R'

R-S-S-S-R + R-*S-*S-R ....A.. R-*S-S-*S-R + R-S-S-R-
Surprisingly little work has addressed the photOCbemical behaviour of organic

sulfides, RSR'. Studies with RSO (R =aromatic) in the presence HR' (saturated alkanes)
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• gave RSR' as the major product with RSSR , R'c! and HCI as minor produCts.33 Thus,

the S-CI bond undcrgoes photainiriatcd nomolytic clcavage.

Although therc arc m:my thiolato metal complexes known,34-37 none has been

rcportcd to undcrgo ligand exchange with orga..ùc dî- and trisulfides. A rapid exchange of

uncoordinated thiolate cariens, MeS+, with coordinated thiolate ligands on twO differcnt

CpFe(CO):zSMe molecules is the closest analogy. Nucleophilic anack from the sulfur atom

of the thiolate group without the coordinated MeS+, omo the sulfur atom of MeS+ wlùch is

coordinated ta iron has been proposed tO account for this rcactiviry38 (Equation 3.6).

Cp(COhFe,
S
1

Me

+
Me
1 +
~ Fe(COhCp

S'
1

Me

.. ..
Me

+ 1
Cp(CO)2Fe, S +

S'
1

Me
(3.6)

•

As the reactions werc photainitiated, a mechanism similar ta the homolytic reactiOGS

of orgaric dî- and trisulfidcs can be envisioned to explain the ligand exchange rcaetions

between CpRu(COhSR and R'2Sx (x = 2,3) (Scheme 3.9). In Path A, homolysis of the

Ru-SR bond in CpRu(COhSR would give Cp(COhRu' and RS' (1) and homolysis of

R'SSR' gives 2 R'S' (2). R'S' can subsequently recombine with Cp(COhRu' to give the

substituted thiolate, CpRu(COhSR' (3). Therc is no source of insertcd sulfur (disulfidcs

do not extrude sulfur) to account for the formation of CpRu(COhSR' (x = 2,3) and

homolytic cleavage of the S-R' and RuS-R bonds (which would account for

CpRu(COhSR' (x = 2,3» is unlikely. Tl:us, Path A in Scheme 3.9 only accounts for the

formation of CpRu(COhSR'.

By contrast, the rcaetion between CpRu(COhSR and R'2S3 (Path B) accounts for

the formation ofCpRu(CO):zSxR' (x =1,2) by recombination ofCp(COhRu' with RS' (3)

and RSS' (4), rcspective1y. CpRu(COhSSSR' can be obtained by recombination of
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• CpRu(CO)zS' (from homolytic cleavage of the RuS-SR' bond (5)) and R'SS' (l) (from

R'SSSR'). Anotlter route to the formation of CpRu(CO)zSSSR' (in addition 10

CpRu(CO)zSxR (x = 2,3)) is via insertion of su1fur ioto CpRu(CO)zSR (R'SSSR' loses

sulfur in solution). Thus, this mechanism accounts for all of the products observed

be~-=en CpRu(CO)zSR and R'2S3.

Scheme3.9

1Path AI

(1) Ru-SR ," Ru' + 'SR

(2) R'-S-S-R'," 2 R'-S'

(3) Ru' + 'SR' 0" IRu-SR'1

IPath BI
(1) 2 Ru-SR o' 2 Ru' + 2 'SR

(2) R'SSSR', " R'S' + •SSR'

(3) Ru' + 'SR' o' 1Ru-SR'1

(4) Ru' + 'SSR' 0 " 1Ru-SSR'I

(5) Ru-S-SR .. h RuS' + •SR

(6) R'SSS~' ~ R'S" + •SSR'

(l) RuS' + 'SSR' o' 1RuSSSR'\

(8) R'S' + •SR .. • R'SSR

•

NOle, the Cp and CO ligands are omitted for clarity.

Another mechanism which accounts for the produCts obtained in Scheme 3.9 is

pres~ted in Scheme 3.10. As speculated in Chapter 2, photolysis of CpRu(CO)zSR may

lead to homolysis of the Ru-SR bond and give [CpRu(CO)ir and RS·. One electron

oxidation of [CpRu(CO)z)" by RS' gives [CpRu(CO)z]+ and RS-. Alternatively,

[CpRu(CO)z]+ and RS- may also be formed by photo-initiated heterolytic cleavage of the

Ru-SR bond. [CpRu(CO)z]+ may be attaeked by the disulfide. This step is supported by

the ability ofdisulfides to aet as Lewis bases in the presence of an electrophile28-29 and the

reports of mononuclear transition metal complexes that contain a RSSR ligand.39•40
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Nucleophilic anack by RS- gives R'S- as the leaving group which can attaek the metallO

give the product, CpRu(COhSR'. As with the mechanism in PaL!} A of Scheme 3.9, this

mechanism still does not account for CpRu(COhSxR' (x = 2,3).

A similar mechanism is illustIated for R'2S3 (Path B). Artaek at a terminal or

central sulfur of [CpRu(COh(R'SSSR'W gives CpRu(COhSxR' (x = 1,2). Insertion of

S8 (from R'SSSR') accounts for the other produets.

Scheme3.10

<"Ô/
1

OC" Ru
" "'SROC

~ ~v
-------------------,

~ :.ç§/'
1 .: 1

OC...Rü + RS -: OC" RU'" + RS-:
0:0 • ~- •

OC : OC !R'SSR1
Pam

~i---------ï~~~ssR.

~ ~ -çC57
1 1 S·R' 1 R'

oc••RU-~"S-R' oc".Ru-5~ + OC....RU-~~
OC' 'R OC' 'R OC 'R-S

+RS +RS +RS

-cê#' "ÇC5? ,67
.1 • 1 1• R

OC·.Ru~S-R OC·.Ru~S"'SR Oc,.Ru-S~

OC'\..!{ OC'(!{ Oc"'~_s
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-ce?? "ÇC57"ÇC::>"
1 1 1

oc·Ru... + R'SSR OC,. Ru... + R'SSR + oc·Ru + R'SSSR
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In summary. both Schemes in 3.9 and 3.10 account for the products observed

between the reacnon of CpRu(COhSR and R'2S3. however neither one can account for ail

of the produCts of observed between CpRu(CO)zSR and R'2S2.

3.2.4 Reactions of CpRu{CO)zSSR

CpRU(CO)2SSR

As previously mentioned in Chapter 2. the compounds CpRu(COhSSR (R = 4

C6H4Me. C6HS. CH2C6HS) spontaneously lose sulfur in solution to give the

corresponding thio~.s. CpRu(COhSR Thus. to examine the thermal extrusion of sulfur

from t.'lese complexes. samples of CpRu(CO)zSSR (R = 4-C6H4Me. C(;HS. CH2C(;HS)

were heated at 45°C. The peaks in the NMR spectla after 20 hours of hea1Ïng were due to

CpRu(CO)zSR and CpRu(CO)zSSR The reaction equilibrated after 116 hours and the

NMR spectta reveaied peaks due te CpRu(CO)zSxR (x = 1-3) with the relative pen:enrages

of the prodUCts displayed in Table 3.3. The solutions were orange in colour and there was

no precipitate in the NMR tubes. Thus. the complexes CpRu{CO)zSSR extrude sulfur to

give the thiolate species CpRu{CO)zSR and insert sulfur te give the trisulfanes. In

addition. the product distribution of CpRu(CO)zSxR (x = 1-3) is independent of the R

group.
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Table 3.3 Product distribution after h~ting samples of CpRu(COhSSR in C6D6 at
45°C for 116 hours.

CpRu(COhSR CpRu(CO):zSSR CpRu(COhSSSR OtherUDidentied
R (% of aliPCili)

4-C6H4Me 62% 19% 19% (21%)

C6Hs 53% 31% 16% (7%)

CH2c.:H~ 53% 34% 13% (14%)

The percenl2ge of CpRu(CO):zSR. CpRu(CO):zSSR and CpRu(CO):zSSSR excludes Other Uniclenlified

(i.e.:E (MSR + MSSR + MSSSR) = 100%). Other Uniclentitied refers 10 combined unidenlified Cp peaks

(i.e.:E (MSR + MSSR + MSSSR + Other Uniclenr'::.;d) = 100%)

To determine if su1fur cxtrusion and sulfur insertion were photo-initiated, a sample

of CpRu(CO)zSS-4-C(;H4Me was heated in C6D6 al 45°C but in the absence oflight. Aftcr

100 hours, the rclative percentages ofpeaks in the NMR spectrUIIl due to CpRu(COhSx-4

C6H4Me (x =1-3) were 9, 88 and 3%, respectively. These results indieate that the amcunt

of the sulfur :xtruded product, CpRu(COhS-4-C6H4Me is much less than in the reaction

that was performed in the light. Thus. sulfur loss from the disulfane seems to be

photolytically activated. In addition, there is much less of the trisulfane produet (3%) than

in the reaction in the light. However, it cannet be determined if the decrease in the amount

of inserted produet is a result of decIeased amounts of sulfur in solution (from less sulfur

extrusion) or simply because the insertion reaction is also photo-initiated.

CpRu(CO)2SSR and one Equivalent of Sulfur

It was of interest te examine the effeet of an additional source of sulfur on the

re1aC,·/e amount of CpRu(COhSSSR formed. The compounds CpRu(COhSSR (R = 4

C6f4Me, C6Hs, 0i2C6Hs) were treated with 1 equivalent of S8 in C6D6 al 45°C. The

integration of peaks due te CpRu(COhSxR (x =1-3) in the NMR spectra for 116 hours

revealed seme intereSting differences in the reactions for the different R groups (fable 3.4).

The solutions were light brown in colour and there were small amounts ofdark precipitate
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in the NMR tubes. indicative of decomposition. The results of these reactiions can be

summarized as follows. (1) CpRu(COhSSCH2C6Hs hali ;l:e slowest reactivity and gave

the greatest percentage of unidentified products. (2) CpRu(COhSS-4-C6f4Me extrudes

sulfur to give the thiolato complex tO a greater extent than CpRu(COhSSC6Hs and

CpRu(COhSSOI2C6Hs. (3) Both CpRu(COhSS-4-C6H4Me and CpRu(COhSSC6Hs

inserted sulfur to the same extent and gave equal amounts of CpRu(COhSSSR. These

reactions demonstrate that adtiing sulf-~ gave increased amounts or CpRu(COhSSSR

compared to samples without the addeè sulfur.

Table 3.4 Product distribution after heating samples of CpRu(COhSSR with 1

equivalent of S8 in C6D6 at 45°C for 116 hours.

R CpRu(COhSR CpRu(COhSSR CpRu(COhSSSR l~tified
(% of al1 oeaks)

4-C6H4Me 50% 18% 32% (23%)

C6Hs 24% 28% 33% (15%)

CH2C6Hs 35% 43% 22% (51%)

TIte percenrage of CpRu(COhSR. CpRu(COhSSR and CpRu(COhSSSR excludes Other Unidcntified .

(I.e. :r (MSR + MSSR + MSSSR) = 100%). Other Unidentified refers 10 combined uni<lcnlificd Cp peaks

(Le.:r (MSR + MSSR + MSSSR + Other Unidcnlificd) = 100%)

3.2.5 Further Slodies with CpRu(COhSS-4,C6H4Me

Stuèies directed toWatds enhancîng sulfur insertion into CpRu(COhSS-4-C6H4Me

were undertaken sinee preliminary results suggest that CpRu(COhSS-4-C6H4Me inserts

sulfur to a greater extent than CpRu(COhSSCH2CciHs. In al1 experlments, bath the Cp

and Me resonances in the NMR spectta of the mixtures were used to determine the product

distribution.
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The results of the following experiments will be repor.ed as the percent of

CpRu(CO)2Sx-4-C6H4Me (x = 1-3) formed as determined from the equation

CpRu(COhSR + CpRu(COhSSR + CpRu(COhSSSR = 100%, that is excluding

unidentified produets. The term "unidentifed" refers to ail non-identifiable Cp peaks, i.e.

any peales besides those of CpRu(COhSx-4-C6H4Me, where x = 1-3. The amount of

unidentified produets will also be given for each experiment and will be obtained from the

equation CpRu(COhSR + CpRu(COhSSR + CpRu(COhSSSR + unidentified = 100%.

However, it must be kept in mind that the unidentified produets mayaetually be a mixmre

of higher metal sulfanes, CpRu(COhSxR (x > 3) which cannot be characterized.

CpRu(CO)2SS-4-(;6H4Me and Excess Sulfur

Since 1 equivalent of suIfur increased the amount of CpRu(COhSSSR for,ned,

CpRu(COhSS-4-C6H4Me was rreated with 8 equivalents of sulfur, in C6D6 at 45°C to

determine if insertion to form me trisulfane could be enhanced. The results with respect ta

me reaction wim one equivalent of sulfur are:

(1) The reaction with 8 equivalents of sulfur contained twice the amount of

CpRu(COhSSS-4-C6H4Me at equilibrium (60% vs. 27%).

(2) The reaction consumes CpRu(COhSS-4-Cl)l4Me more quickly and the

reaction equih"brates faster (70 vs. 50 hours).

(3) The rate of sulfur eXlIUS!on ta form CpRu(COhS-4-C6H4Me is decreased and,

at equilibrium, the concentration cf CpRu(COhS-4-Cl)l4Me is one half that in the

experiment with 1 equivalent (22% vs. 50%)

(4) The amount of unidentified peaks is increased (60% vs. 40%) and

decomposition is enhanced (more precipitate).

A graph showing the rate of CpRu(COhSSS-4-C6H4Me formation in the presence

of 1 equivalenr, 8 equivalents and without sulfur is shown below (Figure 3.1). The graph
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• clearly illustI'aœs that the addition of excess sulfur tO CpRu(COhSS-4-C6H4Me greatly

enhances the formation of CpRu(COnSSS-4-C6li4Me.

Figure 3.1 Formation of CpRu(COhSSS-4-CJi4Me in CJ'6 at 45°C from
CpRu(CO)2SS-4-C6~Me, reaction wi:h 1 equivalent of S8. and reaction with 8
equivalents of S8-

o CpRu(COhSSS-4-C~Me, blank

- o CpRu(COhSSS-4-CJi4Me. l,. S8 -
o CpRu(COhSSS-4-CJi4Me, 8 S8
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To determ.ine the effea of light on the reactions, two sampJes ofCpRu(COnSS-4

C6H4Me with 8 equivalents of S8 in C6D6 at 67°C were monitored for 116 bours; one in

the light and the other in the clark. The results from these experiments are summarized for

the reaction in the clark with respect to the reaction in the light.

(1) The reaction in the clark contained Jess CpRu(COnS-4-C6li4Me (5% vs. 26%),

more CpRu(COhSS-4-C6H4Me (73% vs. 31%) and Jess CpRu(COhSSS-4-C(;l4Me

(22% vs. 43%).

(2) The number of unidentified peaks decreased and they accounted for Jess of the

overal1 produet distribution (10% vs. 40%).
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Afler 2 days of funher heating, the product percentage of CpRu(COhSx-4

C6H4Me (x = 1-3) for the reaction in the clark was to 6, 35 and 59%, respective1y, with

25% of the Cp peaks due to unidentified products. In contras!, over 80% of the peaks in

the reaction whicb was performed in the ligbt were unidentified. These experiments imp1y

thal sulfur insertion and extrusion of CpRu(COhSS-4-C6H4Me proceeds slower in the

clark, bUI the equilibrium concentrations are sitnilar to those obtained from the reactions in

the ligbl In addition, the ligbt seems to increase the formation of unidentified products.

Temperature Effect

Since the reactions were re1atively slow and proceeded sometimes over 4 days at

45°C, the effect of higber temperatures on the insertion reactions was examined. Samp1es

of CpRu(COhSS-4-C6H4Me without sulfur and in the presence of 1 equivalent of S8 were

heated at 67°C in C6D6 for 116 hours and the results compared to the same reactions

performed at 45°C. The higber temperature reactiODS equilibrated faster (50 hours) !han the

same reactions at 45°C (100 hours) and there were no significant differences in the produet

distribution of the reactions at the different temperarores. In addition, the amount of

unidentified prodUClS was only slighùy enhanced al the higber temperatures. Thus, further

reactions were performed at~C.

Solvent Effect. C6/>6 Versus TBF-ds

The tate of a reaction which proceeds via an ionic mechanism can depend on the

polarity of the solvent while a tadical reaction is usually independent of solvent polarity.30

The reaction of CpRu(COhSS-4-C6H4Me with 8 equivalents of sulfur was performed in

C6D6 and lHF-dg at 67°C and after 48 hours there was no significant difference in either

the tate of sulfur insertion or the product di~tributional equilibrium. Thus, the polarity of

the solvent does not have a drastic effeet on the tate of sulfur extrusion, sulfur insertion, or

decomposition. This lack of solvent effeet is in accordance with a free radial reaction.
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However, the lack of solvent effect rnay also he a consequence of the long duration of the

reaction, up to 4 days.

Miscellaneous Reagents

Other reagents can he added to increase the amount of the insertion produets. Bases

have been reponed to catalyse sorne organic sulfur extrusion reactions.41 Thus, twO

different reactions between CpRu(COhSS-4-C6H4Me and 8 equivalents of sulfur at 67°C

were perfonned in the presence of either: 1) 02 equivalents of NH3 or 2) 0.2 equivalents

of NEt3. The addition of bases did not have an effect on the reactions. Therefore, these

sulfur extrusion and sulfur insertion reactions of CpRu(COhSS-4-C6H4Me are not base

eatalyzed.

Radical reactions are accelerated in the presence of a radical initiator and inhibited in

the presence of a radical trap. Thus, the reactions between CpRu(COhSS-4-C6H4Me and

8 equivalents of sulfur at 67°C were perfonned with the addition of: 1) 5% galvinoxyl, a

radical initiator or 2) 0.3 equivalents of 2,2-diphenyl-lpicrylhydrazyl hydrate, a ti:ee

radical. The radical initiator had no effect on the reaction while the radical trap greaüy

enhanced decomposition. These results suggest that sulfur insertion does not pxoceed via a

radical mechanism.

Reaction in the presence of CO

An NMR tube containing CpRu(COhSS-4-C6H4Me and 1 equivalent of S8 in

C6D6 was purged with CO gas (40 mL, 1.7 mmol) (syringe) and heated al 67°C for 88

hours. The results of the reaction in Figure 32 are listed with respect to the results of the

same reaction but without CO gas (blank).

(1) The solution remained clear and bright yellow while the blank reaction was a

du1l yellow coloU!' and contained some precipitate.
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• (2) There was somewhat more CpRu(CO)zS-4-C6H4Me (39% vs. 26%) and less

CpRu(CO)zSSS-4-C6H4Me (31 % vs. 52%).

(3) The percentage of unidentified Cp peaks was equal in each reaction.

Figure 3.2 Fonnation of CpRu(COhSx-4-C1;E4Me (x = 1,3) from reaction
of CpRu(COhSS-4-C6I4Me with 8 equivalents of S8 in C~6 at 67°C for
blank, and reaction purged with CO.
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Reaction with S02

The addition of SQz is of special intereSt because it pertains to the Caus Process

(eatenation te form S8). A sample ofCpRu(CO)zSS-4-C6H4Me (7.0 mg, 0.019 mmol) in

C6D6 that had been purged with SQz gas (40 ml, 1.7 mmol) (syringe) was heated at 67°C

for two days. An identical sample without SQz was also monitored. The results are listed

with respect te the results of the same experiment but without SQz (bJank).

(1) The reaction with SQz contained less CpRu(CO)zS-4-C6H4Me (34% vs. 47%),

equal amounts of CpRu(CO)zSS-4-C6H4Me (29% vs. 34%) and more CpRu(CO)zSSS-4

C6H4Me (37% vs. 19%).
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(2) There were more unidentified products and they accounted for a larger

percentage of the product distribution (50% vs. 25%). In addition there was more (4

MeC6H4hS2 present (70% vs. 47%).

The absence of light did not affect the relative amounts of CpRu(COhSxR (x = 2.3)

formed and there was approximately the same amount of (4-MeC6H4hS2 present.

Reaction wilh S02 and Excess Sulfur

In order to determine if the amount of insertion with added SÛ2 could he further

increased. the reaction was performed in the presence of SÛ2 and excess sulfur. Thus.

CpRu(COhSS-4-C(;E4Me (7.0 mg. 0.019 mmol) and 8 equivalents of S8 in C6D6 was

purged with SÛ2 gas (40 ml. 1.7 mmol) (syringe) and heated at 67°C for!Wo days. The

results are given with respect to the same reaction purged with SÛ2 gas but without added

S8 (blank).

(1) The reaction with SÛ2 and S8 contained less CpRu(COhS-4-C6H4Me (14% vs.

34%), less CpRu(COhSS-4-<:6H4Me (16% vs. 29%) and more CpRu(COhSSS-4

C6H4Me (70% vs. 37%).

(2) Similar amounts of (4-MeC6H4hS2 were present (75% vs. 70%).

The same reaction in the absence of light had almost identical product distribution

but less (4-MeC6H4hS2 (50%). The combination of excess sulfur and SÛ2 gas gave the

larges! amount of sulfur insertion.

Discussio~

The ttansfer of sulfur in the complexes CpRu(COhSSR to give a mixture of

CpRu(COhSxR (x = 1-3) is new and bas not been observed in transition metal sulfano

complexes. The initial formation of CpRu(COhSR followed by the formation of

CpRu(COhSSSR suggests that the extruded sulfur is reinserted into CpRu(COhSSR to
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• give CpRu(COh555R. 5ince IWO processes (extrusion and insertion) are occurring,

disceming the mechanisms of each of these processes may he complicared.

The inhibition of sulfur loss from CpRu(CO)z55R in the absence of light suggests

a pholO-initiated pathway for sulfur extrusion. This pathway may he initiated by the loss of

R55' via a roUte similar to the loss of RS' proposed in 5cheme 3.10. The mechanisms of

sulfur extrusion in organic compounds are not cIearly understood and are thought to go by

different routes.42 The lowest energy pathway for organic sulfur extrusion has been

determined to he either loss of a sulfur chain fragment or diatomic sulfur, 52, which can

recombine to form 58. Organic extrusion reactions can be thermally, photolytically, or

base induced, and are solvent dependent, being faster in polar solvents.42 However,

organic sulfides undergo sulfur extrusion only if they contain activating groups and the

reactions are either base or selvent induced. For example, bis(2,4-dinitrophenyl) disulfide

undergoes extrusion of an atom of sulfur to form bis(2,4-dinitrophenyl) sulfide when

heated in alcohol, but no extusion was observed when the disulfide was heated in non

polar solvents43 (Equation 3.7).

Û2N-Q-~ 02~}- alrohol
5. NÛ2 •

N0
2

'\'\

(3.7)

•

It is more difficult to speculate on a mechanism of sulfur insertion with metal

disulfanes than with metal thiolates because 1) the reactivities of the two sulfurs in the

ligands are unknown and 2) there is no literature pzecedence. The information obtained

from studying the reaction of CpRu(COh55R with sulfur under different conditions gave

contradictory results with respect te an ionic or radical pathway for sulfur insertion. On

one band, the lack of selvent effect on the rate ofsulfur insertion seems 10 indieateJr:'lldical

pathway, but in contrast, the làck ofacceleration in the rate of CpRu(CO)z55SR formation
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• with the addition of a radical initiator seems to indicate an ionic route. This ionic pathway

to sulfur insertion is also supported by the procession of the reaction even in the absence of

light. The role of CO in decreasing the amount of CpRu(COhSSSR formed is not

understood. The mechanism for sulfur insertion may he similar to that of ligand exchange

proposed in Scheme 3.10.

The largest increase in the amount of CpRu(COhSSS-4-C6H4Me formed was

obtained from the reaction with S02, The large increase in both the amount of

CpRu(COhSSS-4-C6H4Me and (4-MeC6Ef4hS2 formed may be a result of S02

weakening the S-S or Ru-S bond possibly by behaving as a Lewis acid and accepting

electrons from one of the lone pairs of the sulfur atoms from the disulfane ligand. This

may suggest that the reaction of S8 insertion into CpRu(COhSSR proceeds by an ionic

route. Studies on the mechanism of SÛ2 insertion into CpFe(COhR to give

CpFe(COhS(OhR in organic solvents indicate that a radical pathway seems unlike1y. as

we have suggested.44 The observation that SÛ2 greatly enhanced the formation of

CpRu(COhSSS-4-C6H4Me suggeSts that SÛ2 may act as a eatalyst which may be relevant

to the Claus Process.

There is one example of rearrangement of a metal disulfane compound in the

literature. The compound ~Ti(SHhwas reacted with 2 equivalents ofphthSR to give

Cp2Ti(SSRh. where R = alkyl. and ~Ti(SR)(SSSR),where R = aromatic4S(Scheme

3.11).

Scbeme3.11

~Ti(SHh + 2 phthSR

~Ti(SSR}z, R = alkyl

~Ti(SR)(SSSR), R = aryl

• Rearrangement of the intemlediate ~Ti(SH)(SSR) followed by subsequent reaction with

phthSR has been proposed to give the mixed thiolate-trj.sulfane compound (Scheme 3.12).

76



• It was reasoned that this reactivity was seen only for aryl groups because :u:'l thiolate

anions are bener leaving groups than alkyl ones. 1S

Scheme3.12

.S- R phthSR
Cp2Ti.. •

S-S-H

QS'R
...!:p=hthS=R-'-I.~ CP2Ti.. }- _

S-H

S·H
CP2T(

S'H

where R = aryl

Our system mest likely does not follow this type of rearragement sinœ S8 is involved in the

insertions.

3.3 Conclusions

•

The novel reactions of CpRu(COhSR involving sulfur atom insertion and ligand

exchange with R2Sy (y = 2,3) exemplify the influence of a metal system on a thiolate

ligand. Studying these reactions has allowed us to propose mechanisms to account for

ligand substitution such as photo-initiated RS' labilization. Although these mechanisms

cannot be definitively proved, thcse studies have illustrated !hat metal thiolato complexes

May behave in a variety ofdifferent ways.

The sulfur transfer of CpRu(COhSSR in solution to give CpRu(COhSxR (x = 1

3) and the insertion of added sulfur (S8) to enhance the formation of CpRu(CO):zSSSR is

aIso surprising. The amount of sulfur inserted prodUCt was maximized by the addition of

SÛ2 and elemental sulfur. Anempts to discem the mechanism of sulfur insertion showed

that the reaction is complieated. Once again, it is difficult to discern the reactivity ofMSSR

since it cannot be concluded if the reactivity occurs as a result of labilization of the M-S or

SoS , or bath bonds.
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Chapter 4.

The Preparation of CpRu(L)(CO)S20yR (y = 1. 2; L = CO; R =

4-C6H4Me, C6Hs, CH2C6HS and y = 4, L = PPh3; R = 4-C6H4Me)

4.1 Introduction

The Claus Process, as discussed in Chapter 1, is the industrial rcaction which

convens H2S to hannless sulfur and water (see Equation 15). In this transfonnation, H2S

and SO,z reaet together on the surface of the catalyst to give the produCts.1•2 However,

studies have generalIy not been successfuI in determining the mechanisms of these

transfonnations.3-6 Thus, the preparation and study of complexes containing sulfur oxide

ligands, which may be models of possible intermediates, is a rcasonable apprcach towards

gaining insight into the Claus Process.

The synthesis and smdy of MS20xR', requires familiarity with both the inorganic

and organic literature. Thus, the prcparative routes to the organic compounds RS2ÜxR',

wherc x = 1-4, which have been smdied exhaustively, will be rcviewed briefly beforc

discussing the literaturc of metal species with oxidized sulfane ligands.

4.1.1 Syntheses of Organic Compounds, RSzOxR'

Organic disulfides and their oxidized derivatives, RS20xR' (x = 1-4) arc weil

known and their prepantions arc weil established. ThiosuIfinates (RSS(O)R') arc preparcd

by peracid oxidation of disulfides when R = R'7 (Equation 4.1). However, for R '" R', a

non-oxidative approach is prcfeIIed. due to the nonrcgioselectivity of most oxidants, which

rcsult in a mixture of thiosulfonates.8,9 Generally, nonsymmetric thiosuIfinates arc

preparcd by condensation rcaetions between sulfinyl chIorides and thiols in the presence of
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• base10 (Equation 4.2). Thiosulfinates are typically unstable and reidiiy disproportionate

into disulfides and thiosWfonatesll-16 (Equation 4.3).

[0] 0 0
II Il

(4.1)2 R'-S-S-R • R'-S-S-R + R'-S-S-R

0 + base
0

Il II
R'-S-H R-S-Cl

,
R'-S-S-R (4.2)+ - [baseH][Cl]

0 0
II 11

2 R-S-S-R R-S-S-R + R-S-S-R (4.3)
Il
0

On the other hand, thiosulfonatc:s (RSS(O)zR') are an extremely stable class of

compoundsP-19 They can be prepared by oxidation of disulfides or thiosulfinates

(Equation 4.4) or by disproportionation of the sulfinic acid, RSQzH20 (Equation 4.5).

0
[0] II

R-S(O),.-S-R' - R-~-S-R'

x =0, l 0

0 0 0
n II n

3 R-~-H - R-~-S-R + R-~-O-H + H20

0 0 0

(4.4)

(4.5)

•

Sulfinylsulfones (RS(O)S(O)zR') can also be prepared by oxidation of a disulfide,

thiosulfinate, or thiosulfonate precursor. However, they are unstable and undergo thermal

decomposition to give sulfenyl sulfonic acids (RSOS(O)zR') which can subsequently

undergo further reaction20.21 (Equation 4.6).
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• OC

R-M-~-R
o

heat
•

o
Il

R-S-O-S-R
Il
o

(4.6)

Lastly, Ct-sulfones (RS(OhS(OhR') are also known as a stable class of compounds.""

although uneier cenain conditions they may react with H20. or other nucleophiles.13 The

chief route to thcsc is through oxidation of sulfinic acid salts or disulfides using KMn04.

H202 or CH3C03H, although yields are low.ll.24 A new method bas heen described

whicb uses a Co(Ill) species to oxidize an alkyl or axyl sulfinic aciè25 (Equation 4.7).

o
Il

2 RSH
Il
o

+ 2 Co3+

00
Il Il

R-S-S-R
Il Il
00

+ 2 Co2+ + 2W, R=alkyl
axyl

(4.7)

•

In summary, the compounds RS20yR' can he prepared by !WO types of reactions.

One involves the oxidation of an RS2OyR' precursor as in Equations 4.1 and 45, while the

other involves the joining or adding of !WO fragments of RSOxand R'SOy as in Equations

42, 4.4 and 4.7. The lanerroute results in hener selectivity and higheryields.

4.1. 2 Syntheses of Transition Metal Complexes Containing the SxOy

Moiety

By contraSt to the organic compounds, the metal analogs, MS20xR', are rare and

there are few investigations into their chemistry. Consequenùy, a brief summaxy of the

preparations for complexes MS20xR, where x = 1-4, will he presentee!. In addition,

oxidative routeS to metal complexes containing oxidïzed sulfur ligands will he descibed.

Metal complexes containing a 2-oxodisulfane ligand, -SS(O)R, have heen

synthesized by a non-oxidative route involving the reaction of the parent thiolato metal

complex with a phtbaljmide sulfinyl transfer reagent, phthS(O)R (Scheme 4.1). For
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• example, the complexes CpR'J(L)(CO)SS(O)R (L =PPh3, CO; R =alkyl and arylj26.2S

and CpW(CO)3SS(O)R29 (R = CH2<#iS, 4-C6H4Me) were prepared in good yields in

this manner. The complexes cis-(PPh312Pt(Pl:th)SS(O)R30 (R =alkyl and aryl) were

prepared by oxidative addition of phthSS(O)R to cis-(PPh312Pt(C2H4). Thus, these

condensation routes are good for the synthesis of complexes of the type MSS(O)R

Interestingly, these 2-dioxodisulfane complexes display differing reactivities. For

example, the compounds CpRl!(PPh3)(CO)SS(O)R are more stable than

CpW(CO)3SS(O)R with respect te oxygen transfer in solution.

Scheme4.1

CpRu(pPh3)(L)SH

L= PPh3·CO

CpW(COl3SH

o
Il

phthSR
•

o
Il

phthSR

o
Il

phthSSR
•

o
Il

CpRu(pPh3)(L)SSR _

o
Il

CpW(COhSSR

o
Il

cis-(pPh3lzPt(phth)SSR

•

By contrast, the only meral complex containing a -SS(OhR ligand that has been

reponed in the literature is CpRu(PPh3)(CO)SS(O)z-4-C6H4Me which was prepared by

oxygen transfer from CpRu(PPh3)(CO)SS(O)-4-C<;l4Me26 (Equation 4.8).

o 0
Il Il

2 CpRu(pPh3)(CO)S-S-R -_. CpRu(pPh3)(CO)S-S-R + CpRU(PPh3)(CO)S-S-R
n
o (4.8)

84



• In addition to this complex, a cobalt dimer contain;ng a bridging dioxodisulfane ligand has

been reported.31 [(NC)SCoSS(OhCo(CN)s]6. was prepared by air oxidation of the

corresponding symmetrica1 disulfane bridged dimer (see Equation 1.7).

Complexes of the type MS(OhSR have recently been prepared by non-oxidativl:

routes. The complexes CpRu(PPh3)(CO)S(OhSR CR = C3Hï. ŒIMC2) were synthesi:zt:d

by reaction of [CpRu(PPh3)(CO)S(Oh][SbF6] with HSR in the presence of Na2C03 and

MgS0432 (Equation 4.9). These compounds are extremely H20 sensitive and readily

hydrolyze to give CpRu(PPh3)(CO)S(OhH. In addition, the square planar complexes,

rrans-(pPh3hPt(phth)S(OhSR CR = alkyl and aIyl) were prepared by oxidative addition of

phthSR to (PPh3hPtS(Oh (Equation 4,10).32 These are stable complexes and the x-ray

structure was deterrnined for R = CH2C6Hs, The different stabilities of these MS(OhSR

complexes, suggest that the metal center and surrounding ligands must play an important

role in stabilizing the -S(OhSR ligand.

ÇÔ/ +
1 0

OC-,Ru....." + 'SR -
Ph~~' ~

o

(4.9)

Ph3P.... "•• PPh3. Pt' + phthSR -
Ph3P~ 'SÛ2

•

There are no compounds of the type MS(O)S(OhR and MS(O)zS(O)zR yet

reported in the literature, However, a compound côntaining a bidentale sulfanato ligand of

the type M('1'l2- S 02)OS(0) has been prepared, The crystal structure of

Ru(pPh3)z(CO)z{112..S02·S0ù(pPh3)z was deterrnined al _60°C.33 Il was made by

addition of excess S02 ta Ru(PPh3)z(CO)z(SQù (Equation 4.11).
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• o
Il

(PPh3MCOhRu~ + S02
o

- (4.11)

•

There have been repons of transition metal complexes bridged by the S(OhS(Oh2-ligand

(Scheme 4.2). (CpFe(COhhS204 was syntbesi"zed by four different non-oxidative

methods:34 1) reaction of Na[CpFe(CO)21 with a large excess of SÜ2 2) reaction of

[CpFe(CO)212l.Hg] with SÛ2, 3) photolysis of (CpFe(CO)m and SÜ2, and 4) reaction of

(CpFe(COhh)S02 with S02. Pbotolysis reactions were aIso used to prepare

(M(CO)ShS204, where M = Mn and Re,34 and [Cp*M(COhhS204 (Cp* = TjS-CsMeS; M

=Mo, W), the laner being a decomposition produet of Cp*M(CO)s(S(OhH). The x-ray

crystal strUcture for the molybdenum complex bas been determined.35 Thus, condensation

routes are aIso possible for the synthesis of MS204R, if the necessary fragments are

available.
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• Scheme4.2

Cp"'M(COh(SÛ2H) decomposition • ~~
Cp"'(CO)sM -~T-M(COhCp'" + 2 ft"

00

•

Oxidative Routes

Repons of oxidation of thiolato ligands are fairly common. For example, the

complexes CpW(COhS(OhR CR = Me and aIyl) were prepared by oxidation of the

thiolate, CpW(COhSR, with m-CPBA36 (Eqû3.tÏon 4.12). IntereStingly, the reaction could

not be stopped ta give the mon(H)xygenated complexes CpW(COhS(O)R.



• 'ÇÔ7 'ÇÔ7
1 +2m-CPBA 1 0

OC':,·Yf - SR • WII (4.12)
-2m-CBA OC':,·, ~ - ~R

OC' éo OC' COo

The pro<lucts CpW(COhCfhS(O)Me and CpW(COhCH2S(OnMe were alse isolated after

the oxidation of CpW(COhCH2SMe with either one or twO equivalems of

dimethyldioxirane (DMDO), re~vely (Scheme 4.3).37

Scheme4.3

•
o
U

CpW(COhCH2SMe + 1 acetone

!1 DMDO

o
U

CpW(COhCH2~IMe + 1 acetone

o

•

Oxidation of the cis-dithiolato complex, Ni(bme-daco) (bme-daco = N,N'

bis(mercaptoethyl)-I,S-diazacycIooctane) with 1 and 2 equivalents of Oz gave the mono

and bis-dioxosulfano nickel complexes, respectively.38 The bis-dioxosulfane was aIso

prepared from the mono-dioxosulfane by H20z oxidation (Scheme 4.4).
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• Scheme4.4

,

~s
~~

Oxidation of RuCl(NO)(SO)(PPh3b which contains a terminal bem M-SO function. with

m-CPBA gave RuCl(NO)(T12-S02)(PPh3h (Equation 4.13).39

PPh3
Cl,... 1
~Ru-s=O

ON 1
PPh3

+m-CPBA
•

-m-CBA

(4.13)

•

Finally, dimethyldioxirane (DMDO) oxidized the thiolato complexes

CpRu(PPh3)(CO)SR (R = Me, 4-C6H4Me, C6HS) at -40°C to give

CpRu(PPh3)(CO)S(OhR37 (Equation 4.14).

o
n

CpRu(pPh3)(CO)SR + 2 DMDO-...;'~ CpRu(PPh3)(CO)~R + 2 acetone (4.14)

o

The complexes containing an oxidized disulfane ligand, MSxOyR. have been

prepared mainly by a condensation route. However, comple."<eS of this type have also been

prepared via oxidation of the corresponding disulfane, oxodisulfane or dioxodisulfane
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• metaI complex. For example. oxidation of the disulfane ligand of CpW(CO)3SSR by m

CPBA gave a mixture of compounds including CpW(COj;SS(O)R40 (Equation 4.15).

~
1

OC""':·~.... SSR...' -:,.
OC CO

+m-CPBA
•

-m-CBA

~
1 0

W Il
OC--::·· ,,;-- SSR + other products (4.15)

OC' CO

The stepwise oxidation of [1r(,,2_S2)(dppe)zHPF6], by m-CPBA gave [Ir(,,2

S20)(dppe)21[PF61 followed by [Ir(,,2..S2021(dppe)21[PF61. both of which were stab1e41

(Scheme 4.5).41

Scheme4.5

2+

+m-CPBA---m-CBA

+m-CPBA
•

-m-CBA

Metal complexes containing a disulfur monoxide moiety (S20) have also been prepared;

oxidation of Cp*Mn(COh(,,2_S21 (Cp* = "s-CsMes) with Oz gave Cp*Mn(COh(,,2

S20).42 Imerestingly, the latter was aIso prepared by a non-oxidative approach involving a

transition metal assisted retro Diels-Alder reacrion43 (Equation 4.16).

•

'ÇÔ7-Mes
1

OC"'~'1HF +
OC

Ph'r("S

Ph.Jl...-.s.o -

90

'ÇÔ7-Mes
1

OC...~-S +.:- " ,
OC S

Il
o

Ph-y.:::

Ph~ (4.16)



• Thus, oxidation reactions involving thiolate ligands are good routes for obtaining... ...... ....

the oxidized sulfoxide and sulfone ligands. However. oxidation of disulfane ligands may

be more complicatOO sinee there are IWO sites of anack for the oxidant. Oxidations can be

"=00" tO obtain the desired regiospedficity by selecting the appropriale oxidant. For

e:tarnple. an electrophilic oxidant such as m-CPBA or oxaziridine44-47 will preferentially

oxidize sulfides to sulfoxides rather than sulfoxides 10 sulfones. In contras!. nucleophilic

oxidants such as DMDO,37.4S-53 NaI04S4 and KMn04SS can selectively oxidizc sulfoxides

to sulfones (Scheme 4.6). Oxaziridines are sterically bulky oxidants which can oxidizc an

open area in preference to a stericaIly hindered site. The structures of m-CPBA. 2

benzenesulfonyl-3-(p-nitrophenyl)oxaziridine and dimethyldioxirane (DMDO) are

illusttatOO in Scheme 4.6. DMDO has been usOO exrensively as a specifie sulfur oxidanl in

organie ehemistryS3,56 in addition to oxidizing other functional groups. DMDO is also

advantageous because the reaction byproduct, acelone, is inen and easily removed.

Scheme4.6

R-S-R' m-CPBA
•or

oxaziridine

o
n

R-S-R'
DMDO

•
o
n

R-~.R'

o

°

6:
m-CPBA oxaziridine

°xMe
1 .'
o Me

DMDO

•
As part of our investigation of the reactivity of sulfur containing ligands, the

complexes CpRu(COhSS(O)R have been prepared and their reactivity examined. A new

preparative route to CpRu(COhSS(OàR is reported and the chemistty of these compounds
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• srudied. In addition, oxidation of CpRu(PPh3)(CO)SS(OhR (x =0, 1) was examined and

is discussed in comparison to oxidations of organic analogs.

4.2 Results and Discussion

4.2.1 Cpf'u(COhSS(OhR

Synthesis and Characterization

Treaonent of CpRu(COhSH with ClS(OhR (R = 4-C6H4Me, Cc;Hs) in 1HF at

OOC in the presence of 1,8-bis(dimethylamino)naphthalene, gave the corresponding 2

dioxodisulfane compounds, CpRu(COhSS(OhR (l9a,b), as determined by the NMR

spectrum of the crude products (Equation 4.17).

~
1

OC_Ru +
OC"·· ...... SR

o
n

R-S-Q + Cl0H6(NMew.
n
o

+

•

~
1 0

OC_Ru n (4.17)
OC''·· ...... S~R

o
19a,b a, R = 4-~Me

b,R=C~s

•
These reactions proceeded by an immediate colom change from yellow ta bright red (R =

4-Ct;H4Me) or orange (R = C6Hs) and precipitation of 1,8-bis(dimethylamino)naphtha1ene

hydrochloride, which was removed by filtration. Isolation of the pure compounds was

achieved by continuous extraction of the crude products with ether followed by
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crystallization from ether. The eomplex CpRu(COhSS(Oh-4-Ct;f4Me was also formed

when NEt3 was used. but the yield was lower (34%) than when I.S

bis(dimethylamino)naphthalene was used (53%). Treatment of CpRu(COhSH with

ClS(OhCH2C6Hs in the presence of 1.S-bis(dimethylamino)naphthaiene at O°C and -78°C

gave a mixture of produets that were not due to CpRu(COhSS(0)CH2C6HS.

CpRu(COhSSCH2C6Hs or CpRu(COhSCH2C6Hs. as identified by NMR.

The eompounds CpRu(COhSS(OhR (R = 4-C6H4Me. C6Hs) were isolated as air

stable orange crystals in good yields (44-53%). The NMR and IR spectra (Tables E.l and

E.2) were as expected. The high resolution mass spectra of the eompounds displayed the

parent molecular ions and their elemental analyses were in excellent agreement with the

ealeulated values. These eompounds are soluble in nIF and H20. mode...,.tely soluble in

toluene and ether, slighùy soluble in eyc10hexane and insoluble in hexanes. The

eompounds are stable in solution under N2 indefinitely but decompose when subjected to

ehromatography on alumina.

X-ra] Crystal Structure of CpRu(CO)zSS(OhC6HS

The x-ray crystal strueture of CpRu(COhSS(OhC6Hs was determined and an

ORTEP diagram is shown in Figure 4.1. Appendix 1contains tables of the x-ray data, the

atom coordinates, the anisotropie thermal factors, and the bond lengths and angles (Tables

1 to 4 respectively). The structure of the eomplex approximates a piano stool with the

earbonyl and dioxodisulfane ligands as the legs. The Ru-SI, Sl-52, 52-01 and 52-02

bond lengths (2.391(2), 2.037(2), 1.444(4) and 1.444(4) A, respectively) are similar to

those of CpRu(PPh3)(CO)55(Oh-4-C6H4Me26 (2.383(2), 2.023(3), 1.444(8) and

1.435(6) A, respectively), the only other metal complex containing a 2-dioxodisulfane

ligand to be struetura11y characterized. The 52 atom bas a tetrahedra1 geometty with 01

52-02 and 51-52-CS angles of 116.5(3) and 107.9(3)°, respectively (same angles for

CpRu(CO)(PPh3)55(O)z-4-C6H4Me are 117.4(3) and 107.0(3)°). The bond lengths and
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Figure 4.1 ORTEP drawing of CpRu(C01255(012C6Hs. 5elecled bond lengths (Â) and

angles (0); Ru-51. 2.391(2); 51-52, 2.037(2); 52-01, 1.444(4); 52-02; 1.444(4); 01-52

02; 116.5(3); 51-52-QI, 111.1(2); 51-52-02, 112.1(2); 51-52-CS, 107.9(3)°. Ellipsoids

rue drawn al 30% probability and the H aloms have been omitted.
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bond angles for these two strucmres are not significanùy different suggesting that the

different R group, and the substitution of a PPh3 for a CO ligand does not effect the

geometty of the -SS(OhR ligand.

Stability

The stability of CpRu(CO)zSS(O)zR (R = 4-C6li4Me, C6Hs) was examined by

heating them to test for S02 extrusion giving the thiolate, CpRu(CO)zSC6Hs, as is

observed for some organic thiosulfonates (RSS(O)zR').l7-19 The compounds were stable

in sealed NMR tubes in C6D6 heated at 70°C for 17 hours (less than 2% c1ecomposition).

In addition, a solid sample of CpRu(COhSS(O)zC6Hs heated at 124°C in a Schlenk tube

under nitrogen for 16 hours, showed less than 20% decomposition (NMR). No peaks in

the NMR spectrum due to CpRu(CO)zSS(O)C6HS, CpRu(CO)zSSC6HS or

CpRu(CO)zSC6Hs were observed.

The reactivity of CpRu(COhSS(Oh-4-C6li4Me was also tested by treating the

compound with H20 and H2S. A sample of CpRu(COhSS(Oh-4-C61i4Me in H20 for 2

days showed approximately 15% decomposition (NMR). In the case of H2S (20

equivalents), a sample of CpRu(COhSS(Oh-4-C6H4Me was stable in C6D6 for 2 days at

67°C. The robusmess of CpRu(COhSS(OhR towards H2S and H20, is in conaast to

most organometallic complexes. Thus, the complexes CpRu(COhSS(OhR are

exceptionally stable, para11elling their organic countetparts, RSS(OhR'.

Reaction With PPh3

To determine if CpRu(COhSS(Oh-4-C<;14Me could be deoxygenated, it was

treated with PPh3 which abstraets oxygen from organic thiosulfonates (RSS(O)zR') te give

RSSR' and{wo equivalents of OPPh3. In sorne cases, subsequent desulfurization occcurs

te give the sulfide, RSR' and SPPh3.S7,ss Treannent of CpRu(CO)zSS(Oh-4-C6H4Me

with 5 equivalents of PPh3 in C6D6 at room temperature for 2 hours selectively gave the
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• phosphine substituted product. CpRu(PPh3)(CO)SS(Oh-4-Q;F4Me26 (Equation 4.18).

This compound was identified by comparison of its NMR (IH and 31p) and IR spectIa to

those of an authentic: sample. Even after heating the reaction mix= at 67°C for 24 hours,

neither the oxygen nor the sulfur aloms were abstIacted from the -SS(Oh-4-C6H4Me

ligand. Thus, CpRu(COhSS(Oh-4-C6H4Me is more stable than CpRu(C012SS-4

Q;F4Me 10wards PPh3 where sulfïll" abstraction was observed.

+ CO

(4.18)

•

A study of the deoxygenation of a series of organic thiosulfonate compounds

(RSS(012R') by PPh3 10 give the corresponding disulfides (RSSR')S9 conc1uded that

deoxygenation occurred via nuc1eophilic attaCk of PPh3 on the sulfeny1 sulfur (S2-). The

stability of our metai analogs, CpRu(COhSS(OhR to PPh3 may be due to steric hindrance

of the sulfeny1 sulfur by the rnetai center and surrounding ligands.

Athough PPh3 did not react with the -SS(OhR ligand., it did substitute a CO ligand

at the metai center. However, treatrnent of CpRu(COhSS(Oh-4-C6H4Me with 5

equivalents of PPh3 in C6D6 under more severe conditions (67°C for 34 hours) but in the

absence of light gave only 50% conversion te CpRu(PPh3)(CO)SS(On+C6f4Me. The

considerable decrease in the rate of CO substitution in the absence of light irnplicates a

photo1ytically assisted reaction, as observed in the reactions of CpRu(COhS-4-C6f4Me

and CpRu(COhSS-4-C6f4Me with PPh3 (Chapter 2). The mechanism of CO substitution

may invo1ve the loss of -SS(O):zR or 'SS(OhR and proceed sirnilarly te the route proposed

in Scherne 24.
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Attempted Oxidation

2-benzenesulfonyl-3-(4-nitrophenyl)oxaziridine4ol•4S.47 is an electrophilic oxidizing

agent which specifically oxidizes organic sulfides to sulfoxides. and disulfides to

thiosulfinates. in preference to sulfoxides to sulfones. or thiosulfinates to thiosulfonates.46

Subsequent oxidation to the sulfone or thiosulfinate in the presence of excess oxidant is

slow due to the presence of the less nucleophilic sulfoxide center and the increased steric

hindrance. CpRu(COhSS(Oh-4-Ce;H4Me was treated with 2.1 equivalents of 2

benzenesulfonyl-3-(p-nitrophenyl)oxaziridine in 1HF at room temperarure for 10 minutes.

The NMR spectrum of the resulting yellow oil in 0;06 showed 3 peaks in the Cp region

(5.33,4.59 and 4.45 ppm) in the ratio of 4:10:1, respectively and corresponding peaks in

the alkyl region. None of the peaks are due to known compounds, and thus, may be due to

oxidized compounds such as CpRu(COhS(O)S(Oh-4-C6H4Me or

CpRu(COhS(OhS(Oh-4-C6H4Me. The reaction was repeated at -40"C for 45 minutes.

The NMR spectrum in 0;06 displayed 5 peaks in the Cp region (the major one appearing al

4.51 ppm). Attempts at isolation of the products were unsuccessful. Although the reaction

of CpRu(COhSS(Oh-4-C6H4Me with the oxaziridine might have been expected to give

l,2,2-trioxodisulfane, a mixture of products was obtained. Further oxidation to the

1,1,2,2-tetraoxosulfane product was not expected due to the electron deficient sulfinyl

sulfur and the increased steric hindrance.4S

Mera-perchlorobenzoic acid (m-CPBA) is also an electrophilic oxidizing agent.

Treatment of CpRu(COhSS(Oh-4-C6H4Me with 2 equivalents of m-CPBA at different

temperatures (DOC, 2.5 hours; -4Q°C, 2 hours; -78°C, 3 hours) gave severa! products

(NMR) that were not due to CpRu(COhS-4-C6H4Me, CpRu(COhSS-4-C6H4Me or

CpRu(COhSS(O)-4-QiH4Me. Therefore, m-CPBA is not a selective reagent for oxidizing

the sulfenyl (S2-) sulfur atom of CpRu(COhSS(Oh-4-Y;l4Me, possibly because it is

smaller and more reactive than the oxaziridine.
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• The presence of multiple products may be rationalized by noting mat aryl sulfinyl

sulfones (ArS(O)S(OnAr) thermally decompose via initial homolytic dissociation of the

S(O)-S(Oh bond followed by recombination of the fragments to give the sulfenyl

sulfonate21 (Equation 4.6). This SoS bond fission is very faSL 60 By analogy, if the 1,2,2

oioxodisulfane moiety was formed, the S(O)-S(On bond may also be expected to break

homolytically te give a sulfenyl sulfonate product (MSOS(OhR) which could undergo

further reaction (Scheme 4.7). A similar scheme involving initial heterolytic cleavage

giving [CpRu(C012S(O)]- and +[S(Oh-4-Q;H4Me] can alse be envisioned.

Scheme4.7

- -
funher--reaction?

•

4.2.2 CpRu(COhSS(O)R

Synthesis and CharacterizJltion

Treattnent of CpRu(COhSH with the phthalimide thïosulfinyl transfer reagents,

phthS(O)R (R = 4-C6H4Me, Cc;Hs, CH2Cc;Hs) in !HF gave CpRu(COhSS(O)R (203

c), in addition te other produets, depending on the R groups (Equation 4.19).
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20a-c a. R = 4-C6li.lMe
b. R=C6Hs
c,R=CH2~Hs

o
n

phthSR

~
1

OC,:..Ru, +
oc" SH

•

The reaction of CpRu(COhSH with phthS(O)CH2C6HS gave 1 major product.

CpRu(COhSS(O)CH2C6HS, which was isolated but, the reaction with phthS(O)C6Hs

gave 1 major product (NMR), CpRu(COhSS(O)C6Hs, which could not be isolated. The

reaction with phthS(O)-4-C6H4Me gave a mixture of products (NMR) including

CpRu(COhSS(O)-4-Q;l4Me, which could not be isolated. The two aryl products were

isolated as mixtures containing both CpRu(COhSS(O)R and CpRu(COhSS(OhR. The

reaction of CpRu(COhSH with phthS(O)CHMC2 in THF at room temperature for 20

minutes gave a product which was likely CpRu(COhSS(O)CHMe2 as its IH NMR

spectrum displayed resonances at 127, 1.35 (dd, Me2>, 2.98 (septet, CH) and 4.71 ppm

(s, Cp). The observation of two Me peaks is consistent with the presence of the chiral

S(O) center. The produet was unstable and decomposed in solution ovemight at -16°C to a

mixture containing (J.L-Sh(CpRu(COhn as the major product, as identified by NMR and

the colour change from orange 10 deep burgandy.

The reaction of CpRu(COhSH with phth(O)R is similar to methods used to

synthesize CpRu(L)(CO)SS(O)R (L =PPh3,27.28 CQ26,28) and CpW(COhSS(O)R.29

This non-oxidative route to complexes of the type MSS(O)R parallels the non-oxidative

approaches for synthesizing unsymmetrical thiosulfinates (RSS(O)R') iIlustrating a

similarity between the organic and inorganic chemistries.

•
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CpRu(CO)lSS(O)CH1C6HS

CpRu(COhSS(O)CH2C6HS was obtained in 31% yield and its NMR and IR

spectra (Tables E.l and E.2) were as expected. The high resolution mass spectrurn

detected the parent molecular ion and the elemental analysis was in agreement with

calculated values. CpRu(CO)zSS(O)CH2C6Hs is very soluble in '!'HF, moderately soluble

in ether, toluene, benzene, and ooly slightly soluble in cyclohexane and hexanes.

CpRu(CO12SS(O)C6HS

The crude produet from the reaction of CpRu(CO)zSH and phthS(O)C6Hs in '!'HF

at room temperature contained CpRu(CO)zSS(O)C6Hs in greater than 95% yield, as

identified by NMR. Recrystallization from THF/hexanes gave an orange oil and yellow

crystals. The erystals were recrystallized from THF/hexanes to give

CpRu(CO)zSS(O)C6Hs and CpRu(CO)zSS(O)zC6Hs in the ratio of 9:1; the latter being

most likely the result of oxygen transfer. This sample was used for spectroscopie analysis

and further reaetions. The orange oil contained almost equal amounts of

CpRu(COhSS(O)C6Hs and CpRu(CO)zSS(OhC6Hs and was discarded. The high

resolution mass speetrum displayed peaks due to the parent moleeular ion,

CpRu(CO)zSS(O)C6Hs+-, te CpRu(CO)zSS(OhC6HS+' and to CpRu(CO)zSSC6HS+·.

The mixture of CpRu(CO)zSS(O)C6Hs and CpRu(CO)zSS(O)zC6Hs is soluble in '!'HF,

moderately soluble in toluene, ether and C6D6, and slightly soluble in cyclohexane and

hexanes.

X-TaY Structure of CpRu(CO)lSS(O)C6HS

The crystal used for x-ray analysis was ehosen from the crystals obtained by

recrystallization from THF/hexanes. AlI of the crystals were identical in appearance and the

NMR spc:cna indicated a mixture of CpRu(CO)zSS(O)CoEis and CpRu(CO)zSS(O)zCoEis

in the ratio of 9:1. The Structure of CpRu(CO)zSS(O)C6Hs is shown in Figure 4.2.
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Figure 4.2 ORTEP drawing of CpRu(COhSS(O)C6Hs. Selected bond lengths (À) and

angles (0); Ru-SI, 2.391(3); SI-S2, 2.050(4); S2-01. 1.488(9); SI-S2-01, 111.9(4); SI

S2-C8, 101.6(4)°. Ellipsoids are drawn at 50% probability and the H atoms have been

omitted.
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Appendix 2 contains tables of the crystallographic data, alomic coordinares, theanisotropic

thennal faclers, and the bond lenglhs and angles (Tables 1 104, respectively). There is no

disorcler in the oxygen alom coordinaled 10 the sulfur alom. The structure of

CpRu(COhSS(O)C6Hs is a piano slool with the two CO and the -SS(O)C6HSligands as

the legs.

The x-ray slruclures of CpRu(PPh3hS S (0) CH 2 C 6H S, 27

CpRu(PPh3)(CO)SS(O)CH2C6HS28 and CpRu(PPh3)(CO)SS(O)CHMe261 are also

known. The bond lengths and bond angles in all these compounds are similar (Table 4.1).

Table 4.1 Selected bond lenglhs from the x-ray crystal structures of transition metal
complexes containing a -SS(O)R ligand.

Ru-SI (À) SI-S2 (À) S2-0(À) ref.

CpRu(COhSS(O)C6Hs 2.391(3) 2.050(4) 1.488(9) !bis
work

CpRu(pPh3)(CO)SS(O)CHM~ 2.3794(22) 2.076(3) 1.448(10)'% 26

1.358(21)'%

CpRu(PPh3)(CO)SS(O)CH2C6Hs 2.377(3) 2.086(3) 1.502(6) 28

CpRu(PPh3hSS(O)CH2C6Hsb 2.420(3)C 2.044(4)C 1.537(11) 27

2.423(3)C 2.055(4)C 1.529(12)

2.420(3)' 2.053(4)' 1.452(15)'%.d
1.523(26)O-d

a The oxygen aIOm was disord=d over IWO differenl positions resu1ling in IWO S-o bond lengths.
b Three independen! molecuIes were fOlllld in the unil cclI.
CLarge thermal motion tellded lO lengthen !bese values.
d The value was corrected for tberma1 mOlÎOn.

CpRU(CO)2SS(O)-4·C6H4M e

The reaction of CpRu(COhSH with phthS(O)-4-C{;H4Me at room temperature gave

a complex mixture of products including CpRu(COhSS(O)-4-C6H4Me,

CpRu(COhSS(Oh-4-C6H4Me, CpRu(COhSS-4-C{;H4Me and CpRu(COhS-4-C{;H4Me,

in addition to 9 other unknown produetS as deteeted by NMR (sec Table E.1 for lH NMR
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shifts). Column chromatography of the crude product obtained from the room temperarure

reaction gave a fraction containing CpRu(CO)zSS(O)-4-C6HsMe. CpRu(CO)zS-4

C6HsMe, CpRu(CO)zSS(O)z-4-C6HsMe and CpRu(CO)zSS-4-C6HsMe. rectystallization

of whieh gave a mixture of CpRu(CO)zSS(O)z-4-C6HsMe and CpRu(C012SS(0)-4

C6HsMe in the ratio of 10:1. Concentration of the mother liquors gave orange crystals

which contained CpRu(C012SS(O)-4-C6HsMe and CpRu(CO)~SS(O)z-4-C6HsMein the

ratio of 4:1, as deduced by NMR analysis. This enriched sample was used for

spectroscopie charaeterization. The high resolution mass spectrurn displayed molecular

ions due to CpRu(CO)zSS(O)-4-C6HsMe+', CpRu(COhSS(Oh-4-C6HsMe+' and

CpRu(COhS(Oh-4-C6HsMe+·. This mixture is soluble in THF, moderately soluble in

toluene and slightly soluble in cyclohexane and hexanes.

The stability of CpRu(C012SS(O)R (R = CHMC2, 4-C6H4Me, C6Hs, CH2C6Hs)

depends on the R group; R =CH2C6Hs being the only one isolated. This is in contrast to

the disulfane analogs, where CpRu(COàSSCH2C6Hs is less stable than CpRu(COàSS-4

C6H4Me and CpRu(COhSSC6Hs (Chapter 2). The least stable 2-oxodisulfane compound

was CpRu(COhSS(O)CHMe2 which quickly decomposed as an oil or in solution to (p.

S3HCpRu(COh)Z, (CHMC2hS2 and other unknown compounds. This mirrors the

instability of CpRu(COhSSCHMe2 which aIso decomposed rapidly (Chapter 2). The

compounds CpRu(COhSS(O)-4-C6H4Me and CpRu(COhSS(O)C6Hs were isolated as

mixtures containing CpRu(COhSS(OnR due to the tendency to spontaneously transfer

oxygen (diseussed in the next section).

The compounds CpW(COhSS(O)R were previously observed to be fairly unstable

and thus, difficult te characterize29 as was the case with our compounds. The compounds

CpRu(PPh3)(CO)SS(O)R were surprisingly stable in solution and te air for short periods

of time.61 Thus, it seems that relatively eleetron poor metal centers, as is the case with

CpRu(COhSS(O)R and CpW(COhSS(O)R, do not form stable compounds containing 2

oxodisulfane ligands.
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• The instabilty of the 2-dioxodisulfanes in general and the increased reactivity for R

=4-~Me and C6Hs, compared 10 R =Oi2C6Hs for CpRu(COhSS(O)R parallels that

found in the organic analogs. Aromatic thiosulfonates decompose to some extent during

recrystallization and are more difficult to purify than the alkyl compounds. lI

Reactivity of CpRu(CO)zSS(O)R

The complex.:s CpRu(C012SS(O)R are air stable in the solid state over a period of

several days. There was no change in the ratio of CpRu(COhSS(O)C6HS to

CpRu(COhSS(OhC6lis from the initial value of 9:1 upon exposure to air for 3 days

(NMR). Similar air stability was also observed for the analogous compounds:

CpRu(PPh3)(CO)SS(O)R,26 CpW(C0l3SS(O)R,29 CpRu(PPh3)(L)SS(O)CH2C6Hs (L =

CO,27 PPh3)28 and organic compounds of the type RSS(O)R,.11-16 However,

CpRu(COhSS(O)R slowly reacted over IWO weeks in air 10 give CpRu(COhSS(O)C6Hs,

CpRu(COhSS(OhC6Hs, CpRu(COhSSC6Hs and CpRu(COhSC6Hs in the ratio of 57 :

12 : 1 : 1, respectively, as deteeted by NMR. This mixture of products is enriched in

CpRu(C012SS(OhC6Hs compared tO the original sample due to air oxidation.

The compounds CpRu(C012SS(O)R alse spontaneously undergo oxygen transfer

in solution to give the 2-dioxodisulfane, CpRu(COhSS(OhR, and disulfane,

CpRu(COhSSR (Equation 420).

•

'CÔ/
1

OC--:.~u,
+ OC" S-S-R (4.20)

•
R = 4-~Me, ~s, CH2C~S
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A sample containing a mixtme of CpRu(C012SS(O)-4-C6HlMe and CpRu(C012SS(012-4

C6H4Me (4:1) in C6D6 healed al 50°C for 48 hours gave IWO compounds.

CpRu(C012SS(012-4-C6H4Me and CpRu(C012S-4-C6H4Me. in the ratio of 8:1 (NMR).

in addition 10 sorne (4-MeC6H412S2. A sample of CpRu(C012SS(O)C6HS and

CpRu(C012SS(012C6HS (9:1) in C6D6 healed al 45°C for 66 hours gave

CpRu(C012SS(012C6Hs. CpRu(C012SC6Hs and CpRu(C012SSC6Hs in the ratio of 6:2:1

(NMR). respectively. A sample of CpRu(C012SS(O)CH2C6Hs in in C6D6 healed al 50°C

for 4 days gave CpRu(C012SS(O)zCH2C6HS. CpRu(CO)zSS(O)CH2C6HS and

CpRu(CO)zSSCH2C6HS in the ratio of 3:2:1.5:1 (NMR). respectively. Although

CpRu(COhSS(0l2CH2C6Hs has not been synthesized, the peaks that grew in the NMR

specrrum of a solution of CpRu(C012SS(O)CH2C6Hs in C6D6 al 67°C. (CH2. 3.91; Cp.

4.49) are assigned 10 CpRu(COhSS(012CH2C6Hs. based on the observed results for R =
4-C6H4Me and C6HS. There were aIso peaks in the NMR spectrum due 10

CpRu(COhSSCH2C6Hs and CpRu(COhSCH2C6Hs. the other oxygen lransfer ProdUCI.

and the latter's sulfur extruded producl, respecrlvely. Thus. oxygen lransfer occurs more

readily for R = 4-C6H4Me and C6Hs compared to R = CH2C6HS. The reaction is nOI

affected by the absence of light.

This disproportionation reaction was aIso performed on a preparatory sca1e. A

mixtme of CpRu(COhSS(O)C6Hs and CpRu(CO)zSS(O)zC6Hs (9:1) was refluxed in

toluene for 1 hour. This gave CpRu(CO)zSS(O}zC6HS. CpRu(CO)zSC6HS and

CpRu(CO)zSSC6Hs in the ratio of 5:1.5:1 respectively. as determined by NMR. The

resulting dark brown coloured solution was reduced te dryness under vacuum te give a

brown solid which was washed with hexanes (2 x 50 mL). and extraeted with ether (3 x 5

mL). Concentration of the darlc brown coloured extraets under vacuum gave light brown

crystals of CpRu(CO)zSS(O)zC6Hs in 28% yield.

Thiosulfinates (R'SS(O)R) are typically unstable and readily disproportionale inte

disulfides and thiosulfonates via sulfinyl radicals. vic-disulfoxides and/or OS-sulfenyl
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• suifmales or an ionic mechanism.13•16 This disproportionation involves deavage of the S

SeO) bond. Sorne of the possible routes of disproportionation are shown in Scheme 4.8.

Generally, thiosulfinates are unstable when R is an aryl group and easily disproportionate

tO the corresponding disulfide and thiosulfonate due to a weaker S-S(O) bond resulting

from the electron withdrawing effect of the aryl group. By contrast, the compounds

CpRu(PPh3)(CO)SS(0)F. are stable in solution and do not undergo oxygen transfer, as

observed in our complexes.

2 ·S-R -1 R-S-S-R 1
thiyl radical

~.()..... -- R·S: 'S-R
.....0"'.-

"" 0
/

Il
R-S: SoR

......0"';*

Scheme4.8

o
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IRIs-RI· +
thiosulfinate

o
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R-S-Q-S-R

unstable

/

o
D

R-S·
Il
o

+ ·S-R ",------,o
D

R-S-S-R
Il
o

thiosulfonate

•

Two possible routes for oxygen transfer will he proposed. The fust is similar ta

the disproportionation of organic thiosulfinates and involves initial cleavage of the S-S(O)

bond ta give the possible intermediates shown in Path A of Scheme 4.9. These ions can

then rearrange and lecombine similarly to the ways reponed for the organic

compounds11,12.62.63 (Scheme 4.8) to give the observed 2-dioxodisulfane compounds, in

addition to the disulfane, as observed. Another possible route is interInolecular oxygen

transfer between IWO molecules of CpRu(COhSS(O)R and is shown in Path B. Both of

these paths account for both the formation of the 2-dioxodisulfane and the disulfane

products.
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• Scheme4.9

o
1"'\11

2 Ru-S-S-R

+ 0
\1

2 Ru-S + 2S-R
+

o
If

Ru-S-5-R
1\
o

1Path BI ~
Ru-S-S-R

o
Il

Ru-S-S-R

+0
\1

Ru-S-S-R
•••o
••

Ru-S-S-R

/
+ Ru-S-S-R

•

Reaction With PPh3

To detennine whether PPh3 could remove the oxygen atom from

CpRu(COhSS(O)R, a mixture of CpRu(COhSS(O)-4-C6H4Me and CpRu(COhSS(Oh

4-C6H4Me in the ratio of 10:1, was treated with PPh3 (35 equivalents) in C6D6 for 22

hours at room temperature. CpRu(PPh3)(CO)S-4-C6H4Me and CpRu(PPh3)(CO)SS(Oh

4-C6H4Me, in the ratio of 7:1, respectively, were identified by NMR (Equation 4.21).

Peales due to OPPh3, SPPh3 and (4-MeO;l4)zSz were also p=nt in the spectra. Thus,

the major product is the result of the net 10ss of SO and CO substitution. The major

produet in the absence of light was CpRu(COhS-4-C6H4Me.
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The reaction was repeated with 12 equivalents of PPh3 and monitored over rime by

NMR None of the expected intennediate CpRu(COhSS-4-C6H4Me was detected. 1.5

additional equivalents of PPh3 was added after 20 hOUIS and the results are displayed in

Figure 4.3. Thus, it seems that desulfurization and CO subsitution are rapid reactions.

PPh3 deoxygenates organic thiosulfinates to the corresponding disulfides, prior tO

desulfurization 10 the sulfide.
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• Figure 4.3 The reaction of CpRu(COhSS(O)-4-CJf4Me with 1.2 equivalents of PPh3
al 67°C in C6D6 . 1.5 additional equivalents of PPh; "..ere added afler 20 hours.
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4.2.3 Oxidative Routes to CpRu(PPh3)(CO)S2(O)yR

Reaction of CpRu(PPh3)(CO)SS(O)CHMe2 with Nal04

Treaunent of CpRu(PPh3)(CO)SS(O)CHMC226 with a slighl excess of NaI04 (10%

wfw supponed on silica64) in THF al room temperature for 30 hours gave the 2

dioxodisulfane produet, CpRu(PPh3)(CO)SS(OhCHMe2 (21), in 30% yield (Equation

4.22). The NMR and IR spectra were as expected (Tables E.1 and E.2). The high

reso1ution mass spectrum identified the parent mo1ecular ion,

CpRu(PPh3)(CO)SS(OhCHMC2+-.

•
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1 0

OC""':..Ru....... Il
OC" S-S-CHMez + NaI04

(4."")

•

CpRu(PPh3)(CO)SS(O)CHMe2 undergoes spontaneous oxygen traDsfer to give

CpRu(PPh3)(CO)SSCHMe26S and CpRu(PPh3)(CO)SS(OhCHMe2; however. this

reacôon is very slow under the condiôons employed for the oxidaôon reacôon above.

NaI04 is a nucleophilic oxidant and the oxidaôon of the electron poor 2-oxo-sulfur56 was

expected. Treaonent of CpRu(PPh3)(CO)SS(O)CHMC2 with KMn04 (3% w/w on 4 Â.

molecular sievesSS) aIse gave CpRu(PPh3)(CO)SS(OhCHMe2, as determined by NMR,

but the reacôon was slower than that with supported NaI04- KMn04 is aIse a nucleophilic

oxidant and was expected to give reacôvity sintilar 10 NaI04.

Treatment of CpRu(PPh3)(CO)SS(OhCHMC2 with 1 equivaIent of m-CPBA gave

a mixture of products as shown by mulôple peaks in the IH NMR specttum. Oxidaôon

most likely occurred at the l-sulfenyl sulfur to give the l,2,2-trioxodisulfane complex,

which may have been unstable and decomposed.

Reactions of CpRu(CO)(PPhûSS(OhR (x = 0,1) with

Dimethyldio:rirane (DMDO)

Many oxidaôon reacôons were performed between dimethyldioxirane (DMDO) and

the disulfanes CpRu(PPh3)(CO)SSR (R =4-C6H4Me, C6Rs, CHMC2. C3H7) or the 2

oxodisulfanes, CpRu(PPh3)(CO)SS(O)R (R =4-C@i4Me, CHMeû. DMDO was

prepared and its concent1'aÔon determined according 10 the literature pIocedure.5O The

concentraôon ranged from 0.06 to 0.10 M, depending on the parôcular preparation.
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• DMDO was SlOred over 4 fi.. Molecular Sieves at -16°C for up 10 2 weeks after preparation

tO prevent H20 contamination. However. this was not always achieved as evidenced by

the peak due to H20 which was present in the NMR spectra of many of the crude reaction

products. The concentration of DMDO was redetermined after storage in the freezer for 1

week because DMDO solutions slowly decrease in concentration over time.5O Ali DMDO

oxidations were performed at -4Q°C with great care taken to ensure that Û2 and H20 were

excluded. In each case, the oxidations were performed using a slight excess of DMDO.

However, addition of a large excess of oxidant gave mixtures of unknown compounds. as

indieated by NMR. The optimum solvent for the reaction was 1HF with a small amount of

acetone (20%) if the concentration of DMDO exceeded 0.08 M

Reactions with 1 or 2 Equivalents of DMDO

Treatrnent of CpRu(PPh3)(CO)SSR (R = CHMe2, 4-C6H4Me) with 1 or 2

equivalents of DMDO in CH2Q2 at -4Q°C for 20 minutes resulted in a mixture ofproducts

as determined by NMR, containing at least 7 peaks in the Cp region. Peaks due tll

CpRu(PPh3)(CO)SS(OhR, unreacted CpRu(PPh3)(CO)SSR, and

CpRu(PPh3)(CO)SS(O)R were identified by NMR, the latter as a minor component

(Equation 4.23)_ These results demonstrate that the oxidation of CpRu(PPh3)(CO)SSR

with DMDO gives a mixture of the 2-dioxodisulfane and the 2-oxodisulfane prodUCts. Tois

is similar to the oxidation of CpRu(PPh3)(CO)SR by DMDO where only

CpRu(PPh3)(CO)S(OnR could be isolated 37 (Equation 4.14).

CpRu(pPh3)(CO)SSR + 1 DMDO -

•

o 0
o 0

CpRu(PPh3)(CO)SSR + CpRu(PPh3)(CO)SSR
u
o

111

+ unknown
produCts

(4.23)



• The oxidation of CpRu(PPh3)(CO)SS(O)R61 (R = CHMC2, 4-(#4Me) with 1

equivalent of DMDO in acetone at -4Q°C for 20 minutes gave CpRu(PPh3)(CO)SS(012R, a

small amount of CpRu(PPh3)(CO)S(O)zS(O)zR (to be discussed larer), unreacted

CpRu(PPh3)(CO)SS(O)R and a mixTure of unidentifiable products. as identified by its

NMR spectrum (Equation 4.24).

o
Il

CpRu(PPh3)(CO)SSR + 1 DMDO -- o ro
Il 1111

CpRu(pPh3)(CO)S~R + CpRu(PPh3)(CO)§~R

o ro
+ unknown

produCts

(4.24)

•

This reaction also suggests that DMDO oxidizes the eleetron poor 2-oxo-sulfur atom in

preference te the l-sulfur atom, as expected from a nuc1eophilic oxidant.

CpRu(PPh3)(CO)SS(O)-4-C6H4Me with 3.3 DMDO

At this point, it was concluded that partly oxidized products of the type

CpRu(PPh3)(CO)S(OhS(O)yR, where x and y are not both equal to 2, could not be

obtained by oxidation of CpRu(PPh3)(CO)SSR or CpRu(PPh3)(CO)SS(O)R with

stoichiometric amounts of DMDO. Therefore. the target product became the complerely

oxidized l,2-terraoxodisulfanes, CpRu(PPh3)(CO)S(012S(012R, and subsequent reactions

were perfonned with 4.4 equivalents of DMDO for CpRu(PPh3)(CO)SSR and 3.3

equivalents for CpRu(PPh3)(CO)SS(O)R. The reactions were monitered by NMR. and

after all the starting ruthenium compound had becn consumed, the solution was stripped te

dryness under vacuum to remove all solvents and any excess oxidant. The prodUCts

decomposed on alumina and were recrystallized.
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• Treatrnent of CpRu(PPh3)(CO)SS(O)-4-C6H4Me with 3.3 equivalents of DMDO

gave a yellow solid whose NMR spectrum was consistent with its formulation as

CpRu(PPh3)(CO)S(OhS(Oh-4-C6H4Me (22) (Equation 4.25). The IR spectrum in nujol

gave bands at 1955 cm-! due to the v(CO) stretching frequency and at 1308 and 1262 cm-!

due tO the v(SO) stretching frequencies. The fragment ion CpRu(PPh3)(CO)S(OhS(Oh+-

was identified in the low resolution mass spectrum. The high resolution mass spectrum

also gave a peak at mie at 583.9453 which corresponds to [CpRu(PPh3)(CO)S(OhS(Oh

H]+-; the ion [CpRu(PPh3)(CO)S(OhS(Oh-H]+- requires 583.9546 Da.

22 (4.25)

•

CpRu(PPh3)(CO)SSC3H7 wilh 4.4 DMDO, and with H20 added

The reaction of CpRu(PPh3)(CO)SSC3H7 with 4.4 equivalents of DMDO in

acetone!I1iF gave a yellow coloured solution which turned green when the solution was

wanned above -20°C. Recrystallization of the crude residue from CH2Q2Iether gave large

pale yellow square crystals of CpRu(PPh3)(CO)S(OhH,32 which were identified by

NMR, IR and elemental analysis (30% yield). The same reaction was repeated but with the

addition of 5 equivalents of H20 (Equation 4.26) and a white precipitate of

CpRu(PPh3)(CO)S(O)3H was formed, as identified by NMR.
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3 0
(4.26)

CpRu(PPh3)(CO)SS(O)CHMe2 with 3.3 DMDO

The reaction of 3.3 equivalents of DMDO with CpRu(PPh3)(CO)SS(O)CHMez

gave a product which when recrystallized from acetone/hexanes gave

CpRu(PPh3)(CO)S(OhH. The same reaction done under similar conditions but

recrystallized from TIIF/hexanes gave a yellow solid whose low resolution mass spectrum

displayed a peak due to CpRu(PPh3)(CO)S(OhS(Oh+-, which is the result of the expected

product, CpRu(PPh3)(CO)S(O)zS(O)zCHMez without the CHMez group. In addition, the

molecular ion, [CpRu(PPh3)(CO)S(O)zS(O)z-H]+', was identified in the high resolution

mass spectrurn (mie at 583.9443, [CpRu(PPh3)(CO)S(OhS(Oh-H]+' requires

583.9446). Thus, CpRu(CO)(PPh3)S(O)zS(O)zCHMez is assigned as the product of the

reaction of CpRu(PPh3)(CO)SS(O)CHMez with 3.3 equivalents of DMDO. The same

results were obtained from oxidation of the corresponding disulfane,

CpRu(PPh3)(CO)SSCHMez, with 4.4 equivalents of DMDO.

Discussion

The oxidation of a CpRu(PPh3)(CO)SSR and CpRu(PPh3)(CO)SS(O)R complexes

with varying equivalents of DMDO gave severa! different oxidized compounds. Scheme

4.9 demonstrates the potential complexity in these reactions. Oxidation of a metallo

disulfane i could occur at either the 1- and 2- sulfur atoms to give ü or iii, respectively.

Stable exarnples of iii have been prepared,26-28.67 but l-oxodisulfanes ü are unknown.

• However, since compounds containing a MS(O)R ligand are rare and unstable,27·68.70
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• while those of the type MS(OhR are more stable,27.36.6S it is possible that complexes of

the type MS(O)SR will also be unstable. Continuing along these paths. oxidation of ii

would lead to either iv or v. Complexes of the type iv are known: crans

(PPh3hPt(phth)S(OhSR are stable while CpRu(PPh3)(CO)S(OhSR are unstable. 32

Complexes of the type v are expected to be unstable by analogy with the organic analogs.

RS(O)S(O)R', which have ooly been characterized by low temperature NMR and have

never been isolated.71 On the other hand, oxidation of a 2-oxodisulfane iii can give either

v or vi. Complexes of the type vi are known and are stable.26 There are no known

examples of transition metal complexes of slI'Uctures vii or viii. Since a mixture of

prodUClS was obtained in many of the reactions. it is possible that at least sorne of the

oxidation occurred on the l-sulfur atom giving unstable intermediates that decomposed.

Thus, the target compound, CpRu(PPh3)(CO)S(OhS(OhR, is at the end of a potentially

complicated set of reactions.

Scheme4.9
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•
Oxidations of CpW(COhSSR have been carried out with m-CPBA to give a

mixture of compounds including CpW(CO)3SS(O)R.29 This is the ooly reference in the
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• literatu..., of oxidation of a disulfane ligand on one metal center, and the results parallelours

in the observed nonregioselectivity at the su1fur <!toms.

The organic alkyl and aryl analogs, CL-disulfones, RS(OhS(OhR, are known and

are a stable class of compounds72 but the main byproduet in the both the synthesis and

thermal decomposition of CL-disulfones is RS03H.25.72 Diaryl CL-disulfone compounds

are known to decompose via a radical mechanism13.63 to give a sulfonic anhydride

interrnediate that can èecompose funher to give sulfonic acid as shown in Scheme 4.10.

The sulfide and disulfide are also decomposition produets.

Scheme4.10
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o
o

- ArS-Q-SAr
U
o

o ~Il
~'- + Aro g

fast rI]
- ArS·SAr + LI:J

•

In addition, diaryl CL-disulfone compounds react with H20 via nucleophilic

substitution at the sulfur to give the sulfonic acid and sulfinic acid derivatives. The rate

deterrnining Step is proton transfer from the H20 molecule to an oxygen frorn the

neighboming S02 group23 (Scherne 4.11).
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• Scheme4.11
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CpRu(PPh3)(CO)S(0)3H32 is analogous to the sulfonic acid product described in

Schemes 4.10 - 4.11. The tetraoxosulfano compounds, CpRu(PPh3)(CO)S(OhS(OhR,

are highly water sensitive and react to give CpRu(PPh3)(CO)S(0)3H32 and R2S2. Since

these are the only compounds which could he isolated from the reactions designed to give

CpRu(PPh3)(CO)S(OhS(OhR, these compounds may be unstable and decompose to

CpRu(PPh3)(CO)S(OhH. The product for R = C3H7, was the least stable, and

decomposed above -200C. Thus, the electron donating alkyl group appeared 10 destabilize

the S(Oh-S(Oh linkage to a greater extent than aryl groups. Oxidation of

CpRu(PPh3)(CO)SSR or CpRu(PPh3)(CO)SS(0)R in the presence of H20 resulted in

only CpRu(PPh3)(CO)S(0)3H, which may have proceeded via nuc1eophi1ic attack from

H20 as illustrated in Equation 4.27.

-
~
R~~

PPh( 1 .....~OH +
CO 0

o
D

H-S-R
n
o

(4.27)

•

Despite the exhaustive precautions to exc1ude H20 from the reactions, peaks due 10

H20 appeared in many of the NMR specna of the crude reaction produets. Many of these

NMR spectra also contained peaks due to HOAc that bas been assigned from comparison

of its NMR spectrum to that of the authentic SatDple (C6!>6: Cp = 1.54 ppm, OH shift
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•

varies but is broad fearure). In addition, the IR speCtra of these same samples in toluene

displayed a band at 1750 cm-!, consistent with the position of an organic carboxylate

stretching band.

The origin of the HOAc is unknown but it may be produced from the hydrolysis of

methylacetate, MeOAc. a byproduct in the synthesis of DMDO.50 MeOAc cannot be

hydrolyzed under normal conditions ID HOAc unless activated by a Lewis Acid. Recendy,

it has becn reponed73 !hat [(2,2'-dipyridylamine)Cu(OHui!2+ will catalyze the hydrolysis

of MeOAc to HOAc. The proposed mechanism involves precoordination of MeOAc to the

copper center followed by intramolecular metal hydroxide anack on the MeOAc. Perhaps

an unsatltrated ruthenium species catalyzes the hydrolysis.

~N'0
~N, ).rJ

Cu
/ ,

o ".......OH
Il,

... <:;.
H I.:.OMe

4.3 Conclusions

The reaction of CpRu(COhSH with RS(OhO (R =4-C6H4Me, C(;HS) represents

a facile new route to the complexes CpRu(COhSS(OhR which contain the rare -SS(OhR

ligand. The compounds CpRu(COhSS(OhR are exceptionally stable organometallic

complexes. The complexes CpRu(COhSS(O)R (R = 4-C6H4Me, C(;Hs, Œ2C(;HS) were

also prepared via the established method of treating a M-SH with phthS(O)R. However,

only CpRu(COhSS(O)CH2C6HS was isoIated because the complexes where R = 4

C6H4Me and C6Hs spontaneously traI\sfer oxygen to give CpRu(COhSSR and
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•

CpRu(COhSS(OhR. Both the preparative methods described above are non-oxidative.

The compounds CpRu(COhSS(O)R react with PPh3. losing sulfur and oxygen atoms and

a CO ligand to give CpRu(PPh3)(COhSR. whereas C?Ru(COhSS(OhR only undergoes

ligand substitution when reacted with PPh3 to give CpRu(PPh3)(CO)SS(OhR.

Oxidation of CpRu(pPh3)(CO)SS(O)CHMe2 by NaI04. a nucleophilic oxidant.

gave a regioselective product, CpRu(PPh3)(CO)SS(OhCHMe2. However. oxidation of

CpRu(PPh3)(CO)SS(O)yR with 1 or 2 (y = 0) and 1 (y = 1) equivalent of DMDO, an

eleetrophilic oxidant, was not regioselective at the sulfur atoms. Thus, this is not a good

route to complexes of the type MSS(O)yR (y = 1-2). This lack of selectivity suggeslS that

DMDO cannot distinguish between the twO diffe:-ent 1- and 2- su1fur atoms in

CpRu(PPh3)(CO)SS(O)yR (y = 0, 1). Perhaps the CpRu(PPh3)(CO) and R moieties do

not affect the eleetron densities of the 1- and 2- sulfur atoms to the extent wliere they are

chemically inequivalent and can be differentiated by DMDO.

The complexes CpRu(PPh3)(CO)S(OhS(OhR CR = 4-C6H4Me, CHMC2, C3H7)

are thought to be the initial prodUClS from oxidation of CpRu(PPh3)(CO)SS(O)yR (y = 0,

J) with 4 and ;; equivalents of DMDO, respectively, but are very reactive and immediately

reaet with trace amounts of H20 to give CpRu(PPh3)(CO)S(OhH and R2S2. Although

formation of MS(OhS(OhR by an oxidative route seems to be su=ssful, these complexes

could not be isolated.
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Chapter 5.

Electrochemical Oxidation of CpRu(CO)zE (E =Cl, SH, SR,

SSR, SS(O)R, SS(O)zR)

5.1 Introduction

Electroehemical teChniques have been used by organometallic chemists in the last

fifteen years te obtain information about the redox plopertïes of metal complexes. Many of

these studies are directed 10wards gaining a cIeeper understanding of biological processesl -6

involving redox-active metalloenzymes, as weil as reactions involving complexes of

industtial significance.7.8 For example, the oxidation of Ni2+ to Ni3+ thal is carrïed out by

hydrogenases. has been modeled successfully by using nickel compounds with chelating

thiolare and amine ligands.9-12 In addition, electroehernical methods are complemenrary te

other techniques used by chemislS such as chernical oxidarion or reduction,13 UV_vis6•8

and IR14 spectroscopies. EPR,2.15 and x-ray crystallography.3,S

Cyclic voltammetty (CV) is usually the electroehemical experiment of choicc 10

supply information about the redox propcrties of a metal complex. The porential (E) at

which an electron transfer to an electrode occurs is an indicator of electton density at the

redox site. The porential can also indicate whether the process occmring in the cyclic

voltammetty scan of an organometallic complex is metal or ligand based., by comparing

potentials to those in standard electroehetnical tables. The exrent of electroehetnical

reversibility reflects kinetic litnitations on the electron transfer process and can aIso point te

the involvement of prior or post chernical reacrions. Fmally, the number of peaks in a

cyclic voltammetty experiment is an indication of the complexity of the redox process.

124



• There are sorne general reviews of the CV technique in the litcrature16.1S in addition to

reviews specific to organometallic chemisoy.19.21

Although most of the organometallic literature is concemed with the redox

properties of metal cenœrs. there have alse becn reports of the redox properties of ligands

coordinated to a metal. These are mostly for the reduction of pyridine22 and the oxidation

of thiolate ligands.6.10.23.24 There are no reports of the cyclic voltammeoy of transition

metal disulfane ligands (or their oxidized derivatives) and overall. little work has addressed

the oxidation ofsulfur atoms coordinated to a metal center.

The elcclroChemistry of sulfur-eontaining organic compounds. such as sulfides and

disulfides has becn studied;2S however. most of the experiments have becn performed in

aqueous solutions. It has becn determined that the anodic oxidation of organic sulfides is

irreversible. involves transfer of IWO eleetrons and the formation of sulfoxides.26 As an

example. the oxidation of diethyl sulfide is shown in Equation 5.1.

Et-S-Et + 2 O~ - 2e- (5.1)

•

In this chapter. cyclic voltatnmeoy experiments were performed on me complexes

CpRu(COhSS(O)yR (y = 0-2) to study the oxidation of the different sulfur atoms in the

disulfane. 2-oxodisulfane and 2-dioxodisulfane ligands. The chemical oxidation of these

complexes (Chapœr 4) tumed out to be very complex. Electroehemical oxidation has the

advantage in that there are no chemical byproducts from the oxidant to complicaœ the

study. Since there are no published electtoehemical studies of disulfane ligands and their

oxidized counœrpans. the cyclic voltammograms of CpRu(COhCl. CpRu(COhSH and

CpRu(CO):zSR were also performed and the results used for comparison.
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5.2 Results and Discussion

5.2.1 Initial Consideratio:ls

The conditions used 10 obtain weil resolved cyclic voltammograms (CVs) will be

briefly described. Initial cyclic voltammetry (CV) runs were performed using either a

glassy carbon electrode (GCE) or a platinum electrode as the worlcing electrode. Although

both electrodes initially gave the same peak panerns in the cyclic voltammograms of the

ruthel'ium-suIfur compounds, it has been reported that complexes containing suIfur tend to

adsorb ontO platinum electrodes.7 Therefore, the GCE was chosen as the working

electrode for all experiments. The CVs were performed at relatively slow scan rates (S 200

mV s·I). CVs obtained at scan rates fasterthan 500 mV s-1 suffered from a large amount

of noise and gave poorpeak resolution. Experiments with fast scan speeds (> 500 mV s-l)

were performed to check for reversibility of the peaks. AIl peaks are reported relative to the

ferrocene/ferrocinium (FcIFc+) couple; a Ag/Ag+ electrode served as the œil referenœ.

Detaïled experimental conditions are described in the Experimental Section.

Plots of 1) the absolute value of the current of the fust oxidation peak versus the

square root of the scan rate for the complexes CpRu(COhO and CpRu(COhSxR (x = 1,

2; R = H. 4-C6H4Me, C6Hs. CH2C6Hs) and 2) Ep0x (oxidation peak potential) versus log

of sweep rate are given in Appendix 3 in Figures A.3.1 and A.3.2. respectively. The linear

behavior of plots at scan speeds of 20, 100 and 200 mV s·1 in Figure A.3.1 suggest that

the rate ofoxidation is diffusion conttolled, and a slope of 60 (± 20) mV/log(sweep rate) in

Figure A.3.2 suggests that the electron transfer process is irreversible.27.28

5.2.2 CpRu(COhSH and CpRu(COhCl

In arder to determine if ligand and/or metal oxidation occurred for the complexes

CpRu(COhSxOyR (x =1, 2; Y=0-2), CVs of CpRu(COhSH and CpRu(COhO were
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perfonned. If the redox process is ligand-based (sulfur and chlonne. n:spectively) then

these IWO compounds should show large differences in electroehemical behavior.

The cyclic voltarnmogram of CpRu(COhSH at the scan speed of 20 mV s·1 in the

potential range -1.6 to 1.2 V displays IWO ineversible oxidation waves. at 0.26 and 0.76 V

(Figure 5.1 and Table 5.1). Both oxidation peaks are present when scanning initially in the

positive or negative direction, regardless of the initial pOtential (·0.40 V, 0.30 V, 1.0 V).

The fust oxidation peak remains ineversible when scanning in the potential range 0.00 to

0.50 V at a scan rate of 500 mV s'l. The same oxidation peaks appeared at scan rates of

100 and 200 mV s·1 in the potential range of -02 to 1.3 V. Since both oxidation peaks are

ineversible, these CVs indicate that the oxidized species is either unstable and it undergocs

chemical reaction before the subsequent reduction can occur or that the putative reduction

process is cxtremely slow. To confirm that the oxidation peaks (026 V. 0.76V) were due

ta the ligand-based eIectron transfer, it was noted that the electroehemical potentials were at

substantially more positive porentials than expected for Ru2+/Ru3+ oxidation values given

in electrochemical tables (-0.65 V).29

CpRu(COhCl undergoes a single ineversible oxidation at 1.15 V at a scan rate of

20 mV s-l in the porential range -1.7 to 1.3 V (Figure 5.2, Table 5.1). There was no

corrcsponding reduction peak when scanning ta -1.7 V. No reduction peak was observed

even at 500 mV s'l. As stared for CpRu(COhSH, these IWO facts suggest that either the

oxidized spccies is unstable and undergoes subsequent chemistry before a reduction

process can occur or that the reduction process is extremely slow. The potential of the

oxidation peak does not change with Vatying scan speeds.

The single oxidation peak in me CV of CpRu(COhCl (1.15 V) appcared at a higher

potential than me CpRu(COhSH (026. 0.76V) oxidation peaks. Ifme oxidation were duc

ta me Ru2+/Ru3+ couple, oxidation pcaks at a similar potential might be expected. The

oxidation for CpRu(COhCl occurs at 0.89 V more positive than me fust oxidation peak of
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• •
Table 5.1 POlentials oblained from cyclicvollammograms for CpRu(COhE (E = CI, SH, S·4·C6H4Me. SC6Hs, SCH2C6Hs). •

20mV S·I l00mV S·I 200mV s·1 500 mV S-I

Compound E ox E'e<! E ox E'e<! E ox E'e<! E ox E red
p p p p p p p p

CpRu(COhCI 1.15 - 1.18 - 1.16

CpRu(COhSH 0.26 . 0.31 - 0.34
0.76 0.81 0.86

...
ll<l

CpRu(COhS-4-C6H4Me 0.24 -1.23 w 0.27 ·0.34 0.14 w 0.15 w -0.41

1.02 1.00 w. sh -1.34 w 0.29 -0.37 0.34 -1.07 w

1.22 1.12 w
1.25 1.08 w 0.99 w••h -1.06 w 1.02 w,sh -1.79 w

1.26 w. sh -1.62 w

CpRu(CO}zSC6HS 0.31 -0.17 0.32 -0.26 0.36 -0.28 0.14 w

-0.88 w 1.18 w -1.20 w 0.40 -0.34
-1.28

CpRu(CO}zSCH2C~S 0.29 -0.61 w 0.30 ·0.66 0.34 ·0.71 0.39 ·0.74

• Ali potenllals we,e measu,ed in TIlF, 0.1 M IBu4NIIPF6) verses Fc/Fc', GCB Wilh Ag/Ag' 'cfercnce.
.. broad peak, sh shouldcr, W small peak



• Figure 5.1 Cyclic voltarnmogram of a THF solution of CpRu(CO).Cl at a GCE. 0.001 M
in complex and 0.1 Min [Bu.N][pFJ. at a sweep rate of 20 mV S": Potentials are refer
enced to FclFc·. Initial potential is 0.00 V and the initial direction of the scan is positive
as indicated by the direction of the arrow.
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Figure 5.2 Cyclic voltarnmogram of a THF solution of CpRu(CO)zSH at a GCE. 0.001
M incomplex and 0.1 Min [Bu.N][PFJ. ata sweep rate of 20 mV S·I. Potentials are
referenced to FclFc·. Initial potential is -1.60 V and the initial direction of the scan is
positive as indicated by the direction of the arrow.
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• CpRu(COhSH. This suggests that the oxidation peaks of the latter are sulfur-based and

that the latter is more electron rich and easier to oxidize !han the former. as expected.

There have been other electroehemical studies of similar compounds. namely.

CpRu(PPh3hSH and CpRu(pPh3ha.13 The former complex undergoes IWO irreversible

oxidation waves aI 0.17 (vs. Ag/AgO. (0.36 vs. FclFC+)) and 0.35 V (vs. Ag/Aga. (0.53

V vs. FclFc+)) in CH2a2. Detailed electroehemical studies (coulometry) determined that

the net oxidation involves IWO electrons and that the products of the oxidation were a

proton and the disulfane bridged dinuclear complex. (1l-Sù[CpRu(PPh3h]2+ (Equation

5.2).

Analogous to this work. the presence of IWO peaks in the CV of our complex.

CpRu(COhSH. may suggest that a similar process is occurring giving (ll

Sù[CpRu(COh]2+ as the produet (Scheme 5.1).

SdtemeS.l

+
~

1

OC_·Ru....
" SHOC

'ÇG:>J
-1 e 1

• OC_.Ru.....
" SHOC

~
-1 e 1

-~·.. OC_Ru
OC'·' .... SH

•

•
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It is expected that CpRu(COhSH would be more difficult to oxidize than

CpRu(PPh3hSH since two cr-donor PPh3 ligands have been replaced by two CO lt

accepting ligands, making the former complex more electron poor. This would be reflected

in higher oxidation potentials for the former. However. this intuitive analysis may not be

completely correct as the first oxidation polCntial of CpRu(COhSH was slightly lower than

for CpRu(PPh3hSH (0.26 vs. 0.36 V). However, the difference for the first potentials

(0.10 V) is re1atively small and may reflect the effect of performing the eXp"~riments in

different solvents (1HF in this work vs. CH2Q213).

A different way of 100king at the potential data that is relatively independent of

experimental details is to look at the pOlCntial difference between the first and second

oxidation peaks (.6EpOX), for each comp1ex. .6Epox is 0.50 V for CpRu(COhSH and 0.17

V for CpRu(PPhshSH. Thus, in a relative sense it is much more difficult to remove the

second e1ectron from CpRu(COhSa than for the bisphosphine substituted producl, as

expected from ligand bonding properties.

The comparison of the potential of the irreversible oxidation peak of

CpRu(PPhshO at 0.650 (vs. Ag/AgO, (0.83 V vs. Fc/FC+))13 to that of CpRu(COhCI

(1.15 V vs. Fc/Fc+) also illustrates that the latter is more difficult to oxidize, as expectcd.

5.2.2 CpRu(COhSR

The electtoCbemistty of the thiolate complexes, CpRu(COhSR, was exarnined to

determine the effect of replacing the SH ligand with SR, and to compare the results with

those reponed in the literature for other thiolalC ligands.6.10.12,23.30 ThUs, the CVs of

CpRu(COhSR (R = 4-C6H4Me. C6Hs, CH2C6Hs) in the potential range -1.80 and 1.25 V

were examined. The cyclic voltammograms for CpRu(COhSC6HS and

CpRu(COhSCH2C6HS are similar and will be discussed together, while those of
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• Figure 5.3 Cyclic voltammograms of a 1HF solution of CpRu(CO)zS-4-C.H.Me at a
GCE. 0.001 Min complex. and 0.1 Min [Bu.N][PFJ. at a sweep rate of a) 20 mV S'1 and
initial polential is -1.30 V; bl 200 mV S" and initial polential is -1.80 V. POlentials are
referenced 10 Fc/Fc' and the initial directions of the scans are positive as indicaled by the
direction of the arrows.
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• Figure 5.4 Cyclic voltarnrnograms of a THF solution of CpRu(CO),SC)~ at a GCE•
0.001 Min cornplex and 0.1 Min E".N][PF.J. at a sweep rate of a) 20 rnV S" and initial
potential is -1.26 V; b) 200 rnV S" and initial potential is -1.50 V. Potentials are refer
enced to FcIFc' and the initial directions of the scans are positive as indicated by the
direction of the arrows.
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-1.26

•
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• Figure 55 Cyclic voltammograms of a THF solution of CpRU(CO)2S~CAat a GCE,
0.001 Min complex and 0.1 Min [Bu.N][PFJ, at a sweep rate of a) 20 mV S·I and initial
potential is -1.26 V; b) 200 mVS" and initial potential is -1.26 V. Potentials are refer
enced to FclFc· and the initial directions of the scans are positive as indicated by the
direction of the arrows.
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CpRu(COhS-4-C6H4Me will be discussed separalely. The CYs of CpRu(COhSR

obtained al 20 and 200 mV s-1 are shown in Figures 5.3 - 5.5.

The cyclic voltarnmograms of CpRu(COhSQ;Hs and CpRu(COhSCH2C#ls al 20

mV s-1 bOlh display one irreversible oxidation peak al 0.31 and 0.29 V, respectively.

Oxidation peak potentials obtained al sweep rates of 20, 100,200 and 500 mV s-1 are given

in Table 5.1 and show thal even al higher sweep rates, no coltesponding reduction wave ;~

observed. This implies that either the oxidation prodUCl mUSl he shott-lived and reaclS

almoS! immedialely to form another species before subsequent reduction can occur, or the

reverse reaction involving electron transfer back into the oxidized species is 100 slow 10 be

observed.

By contrast, the CV of CpRu(COhS-4-C6H4Me at the sweep rate of 20 mV s-1

displays IWO irreversible oxidations al 0.24, 1.02 and one quasireversible couple al 1.17 V.

The irreversible oxidation peak at 1.02 V is stnall. This same pattern is observed in the CV

run at 100 mV s-l. However, al 200 mV s-l, the latter IWO oxidations peaks (0.99, 1.26

V) are significantly stnaller than in the CYs obtained al slower sweep rates. Thus, the

second and third oxidation peaks may be due to a new species formed from the unstable

oxidized species and, al faster sweep rates, the oxidized species does nOl have rime 10 reaCl

10 form new produets. Therefore il is nOl possible 10 observe funher oxidation peaks. No

reduction peak linked 10 this oxidation peak was observed even at sweep rates up 10 1000

mV s-l.

There is nOl a large change in Ep0x for the different R groups in CYs for

CpRu(COhSR. Moreover, the fiEp0x is not large as one changes the ligand from -SH 10

-SR, implying that the R group does nOl bave a large affect on the ease of oxidation. The

significance of this result pertains to studies of the Claus Process. Since the ease of

transferring an electron from bath CpRu(COhSH and CpRu(COhSR complexes is

sirn;lar, the stable complexes CpRu(COhSR may be studied as substitutes for the reactive

complex CpRu(COhSH. However, since the peak pattern for R =4-C(;l4Me is differenl
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• than for R =C6Hs and CH2C6Hs, the R group may have an effect on the stability of the

oxidized species formed, the former being the least stable. Thus, the second and third

oxidation peaks due to CpRu(COhS-4-C6H4Me may be a result of the instability of the

first oxidized species formed reacting quickly te give another species which undergoes IWO

subsequent oxidations (Scheme 5.2).

Scheme5.2

CpRu(CO}zS-4-CJi4Me
- 1 e•

0.24 V

?

chemical
--.~ ?
reaction

1.02 V+ -1 e
-le

• ?
1.17V

•

The CVs ofour thiolaœ complexes conform te liœrature analogs. First of aIl, it bas

been reporœd that suIfur-ligand oxidation is irreversible and many of the CVs of thiolaœs

indicaœ that the R group on the thiolaœ ligand does not affect the oxidation poœntial or the

follow-on chemistry, unIess it is sterically hindering.lO.23 For example, [Ni(pdmt)(SR)]

(pdmt =pyridine-2,6-dimethanthiolate; R =Et, C6Hs) undergoes only one irreversible

oxidation at -0.08 V (vs. saturaœd calomel elec1IOde (SCE), (0.05 V vs. FclFc+» for R =

Et and 0.01 V (vs. SCE, (0.14 V vs. FclFc+» for R = C6Hs. These values, and the

relatively small 6Ep0x of 0.09 V 6 parallels that of our systems where 6Ep0x for R = 4

C6f4Me, C6Hs and CH2C6Hs is O.Oï V.

The work done by others may shed some light onto the fate of an oxidized species,

[CpRu(CO)zS·R]+. Three possibilities following the one-electron oxidation of

mononuclear thiolates have been proposed and are shown with our complex as an exatnpie

(Scheme 5.3):23 1) metal-metal coupling with loss of a CO ligand leading to thiolate

bridged dimers, 2) homolytic cleavage of the M-S bond te give a short lived alkyl-thiyl
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• radical which could recombine tO give the disulfide and a unsaturated metal fragment and

3) fonnation of a sulfur-sulfur bond which bridges IWO metal atoms.

SchemeS.3 R 2+

/S"
Cp(CO)Ru" /Ru(CO)Cp

~

RS + [CpRu(COhr"

+
IhRSSR

There are examples in the literature for ail three paths and sorne of these examples

will be briefly presented. An example for the fust path has been observed in the

irreversible one electron oxidation of the trigonal-bipyramidal thiolate anion PhSFe(CO)4

which gave the [PhSFe(CO)4]' radical which rapidly lost a CO ligand and dimerized to give

(PhSFe(COhà (Scheme 5.4).31

SchemeS.4

[phSFe(CO),ù-
·le- [PhSFe(CO),ù"~ [PhSFe(COhr.:..9? 1/2 (PhSFe(COhh

•
An example of the second path is the nickel thiolate complex [Ni(pc1mt)(SR)]- (pc1mt =

pyridine·2,~ethanthiolate; R = Et, C6Hs) which lases a thiyl radical to give a nickel

dimer as shown in Scheme 5.5.6 In addition, the complexes RSCr(CO)S- (R = Et, Ph)23
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• undergo one electron oxidation lO give (RSSR)Cr(CO)S resulting from Ùle coupling of IWO

Ùliyl radicals (Scheme 5.5).

Scheme5.5

·1 e- \. P
N. "~" 1l" Ni Ni + h RSSR• S". - •

r '\
-=

• +RS-
[RSCr(CO)sr - [RSCr(CO)s] - RS- + Cr(CO)s - (RSSR)Cr(CO)s

An example of Ùle third path is the one electron chemical oxidation of CpM(COhSC(;Hs

(M = Fe32, Ru33) with No+ which results in a cation which undergoes SoS coupling to

give [(CpM(CO)z)2(J.L-RSSR)]2+ (R = C(;HS) (Scheme 5.6).

Scheme5.6

NO·
CpM(CO)ZSCJis - [CpM(CO)ZSCJisr -

M=Fe,Ru

Cp(OC)zM.....(YiHs

s...
YiHs"'" M(CO)zCp

Applying these possibilities to our SYStem, the most likely path may be the third

since [(CpRu(CO)z)z(J.L-RSSR)]2+ is known.

5.2.2 CpRu(COhSSR

Given the foregoing analysis of the electroehemical properties of the relatively

• simple complexes CpRu(COhSR (R = H, 4-Q;B4Me, C(;Hs, CH2C(;HS), the CYs of the
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•
Table 5.2 Potentials obtalned from cyclic voltammograms for CpRu(CO)zSSR (R = 4-C6H4Me. C6Hs•CH2C6Hs). •

•

20mV s-1 100 mV s·\ 200 mV s'l 500 mV s·1

Compound E oa E rcd E oa E rcd E oa E red E oa E rcd
p p p p p p p p

CpRu(CO)zSS-4-C6H4Me 0.25 - 0.28 -0.85 w.sh 0.30 -0.72 w, br 0.33 -0.78 w.br

0.67 w 0.71 w.sh -1.08 w, br 0.72 w.sh -1.18 br 0.79 w. sh -1.22 br

1.05 1.12 -1.30 w. br 1.21 -1.46 br -1.49 w, br

....
W
\0

CpRu(CO)zSSC6HS 0.29 - 0.32 -0.81 w 0.35 -0.83 w 0.41 -0.84 w

0.72 w 0.73 w _1.I9 w 0.75 w -1.19 w -1.22 w

1.11 1.18 -1.44 w -1.41 w -1.48 w

CpRu(CO)zSSCH2C6Hs 0,20
0.68 w

1.06

0.25
1.11 sh

-0.74 w

-1.20 w

0.25 -0.74 w

-1.08 w

0.32

'Ali polenllals were measured in THF. 0.1 M[Bu,NIlPP61verses PP". GCE wilh AflAg+ rererence.
~broad peak
oh shoutder
" smalt peak



• Figure 5.6 Cyclic voltammograrns of a THF solution of CpRu(CO)zSS-4-C.fl.Me at a
GCE. 0.001 Min complex and 0.1 Min [Bu.N][PFJ. at a sweep rate ofa) 20 mV S'1 and
initial potential is -1.77 V; b) 200 mV S'1 and initial potential is -1.78 V. Potentials are
referenced to Fc/Fc· and the initial directions of the scans are positive as indicated by the
direction of the arrows.

a)

1.34
Potential CV)

-1.77

b)

•

1
0.30 V

Potential CV)
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• Figure 5.7 Cyclic voltarnmograms of a TIlF solution of CpRu(CO):SSCA al a GCE•
0.001 Min complex and 0.1 Min [Bu4N][PFJ. al a sweep raIe of a) 20 mV S·l and initial
pOlential is -1.77 V; b) 200 mV S·l and initial polential is -1.78 V. POlentiais are refer
enced 10 Fc/Fc· and the initial directions of the scans are positive as indicated by the
direction of the arrows.

a)

1.34 -1.77
POtential (V)

b)

1
0.35 V

-1.78
POtential (V)

1.32•
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• Figure 5.8 Cyclic voltammograms of a 1HF solution of CpRU(CO)2SSCH.zCJis at a
GCE.0.001 Min complex and 0.1 M in [Bu4N][PFJ. at a sweep rate of a) 20 mV S·l and
initial potential is -1.77 V; b) 200 mV S" and initial potential is -1.78 V. Potentials are
referenced te Fc/Fc· and the initial directions of the scans are positive as indicated by the
direction of the arrows.

a)

-c
~
8

1.34
Porential (V)

b)

-1.77

•

-c
~
8

1.32

1

0.25 V

POlential (V)
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•

•

more complicated disulfane complexes. CpRu(CO)zSSR (R = 4-Q;H.~Me. Q;HS•

CH2C6Hs), were performed. The CVs of all three CpRu(COhSSR complexes displayed

three anodic waves corresponding to irreversible oxidaôons at similar potenôals in the

potenôal range -1.77 and 1.34 V (Table 5.2) and their CYs are shown in Figures 5.6-5.8.

respecôvely. The fust oxidaôon behaviour of CpRu(CO)zSSR seems to be relaôvely

independent of the R group; therefore. CVs of CpRu(CO)zSS-4-Q;H4Me will be discussed

as representative of the complexes CpRu(COhSSR. Differences noted in the CVs for the

complexes R =C6Hs and CH2C6Hs will be discussed below.

The cyclic voltammogram of CpRu(COhSS-4-Q;H4Me at 20 mV s·l displayed

three irreversible oxidaôon peaks at 0.25, 0.67 and 1.05 V, respecôvely. The magnitude

of the current of the fust and third oxidaôon peaks (5.6, 26 IJA, respecôvely) was much

greater than the second oxidaôon peak (26 IJA). None of the peaks were reversible at scan

rates up tO 1000 mV s·l in the potenôal ranges 0.00 to 0.50 V, 0.40 te 0.85 V and 0.85 to

1.3 V. Similar CYs were obtained at sweep rates of 100 mV s·l although the CV of

CpRu(CO)zSSCH2C6Hs displayed only twO irreversible oxidaôon peaks at 0.25 and 1.11

V, and did not have an oxidaôon peak that corresponded te the second oxidaôon , observed

for the other two complexes. At higher scan rates the fust oxidaôon peak was observed

although the second and third peaks were not observed in all cases (Table 5.2). The

absence of peaks at faster sweep rates seems te indicate that the second and third oxidaôon

peaks may be due te oxidaôon of a new species formed from subsequent chemisny. Thus,

at faster sweep rates there is insufficient time te give the new species which is subsequently

oxidized.

Comparison of the results from the CV experiments for CpRu(COhSSR and

CpRu(COhSR reveal that the potentials of the fi."'St oxidaôon of both complexes are

similar. This illustrates that changing the ligand from SR to SSR does not affect the

removal of the fust eleetron. This is significant because it implies that this electrOn may

originate from the same atem or a similar orbital in both cases (disulfane and thiolate
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• complexes). Since it has been decided that the first electron from CpRu(COhSR was

removed from the ruthenium-coordinated sulfur atom, the first electron removed from

CpRu(COhSSR may aIse be from the sulfur bonded te the ruthenium atom aIthough this

can not be confirmed at this stage. This would imply that the ruthenium-coordinated sulfur

atom is more electron rich than the sulfur atom bonded to the R group. This result aIse

suggests that this ruthenium-coordinated sulfur atom of the disulfane ligand may possess

similar chemical behavior te that of the thiolate sulfur atom.

There are more oxidation peaks in the CYs of CpRu(COhSSR than of

CpRu(COhSR. These subsequent oxidations may be due to oxidations of products

formect from follow-on chemistry. Thus. the species formed from the first oxidation

([CpRu(COhS'SRj+ or [CpRu(COhSS'Rj+) may be more reactive than

[CpRu(COhS·Rj+.

These are the first reported electroehemical studies of disulfane ligands coordinated

to a transition metal and can only be compared to the electroehemistry of the symmetrical

disulfides.

SchemeS.7

-le•

•

CpRu(COhSS· + R+

'l~

CpRu(COhSSR

lPath~e

CpRu(CO}t + ·SSR

-_. th (CpRu(COhSSSS(COhRuCp) + R+
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• The disulfide (CMe3hS2 underwent a single one electron irreversible oxidation at

1.3 V (vs. SCE, MeCN (1.43 V vs. FclFc+) to give Me3CSS' and Me3C+. resulting from

S-CMe3 cleavage (Scheme 5.7).34 Me3CSS' dimerizes to (Me3CSS}z while Me3c+ is

unstable and undergoes further chemistty. Thus, if our compounds behaved similarly, the

reaction may go by either Path A or Path B in Scheme 5.7 to give (CpRu(CO}zSS}z or

CpRu(COh+, respectively. lt is not known which path would be preferred but neither

gives a stable cation (R+ or CpRu(COh+). However, since the trisulfane dinuclear

complex (!J.-S3)(CpRu(COhh has been reponed (Chapter 2), Path A leading to (!J.

S4)(CpRu(CO}z}z may be more likely.

In contrast to (CMC3hS2, the relatively sterically unhindered diphenyl and dimethyl

disulfides «C(;HShS2 and MC2SV undergo one electron iIreversible oxidations at 1.34 (vs.

Ag/Ag+, MeCN, (0.94 vs. FclFc+» and 1.11 V (vs. Ag/Ag+, MeCN, (0.71 vs. FclFc+»,

respectively.35 The resulting radical decomposes and is trapped by the acetonitrile

molecule as [RSN=c+Me] (Scheme 5.8) consistent with SoS bond cleavage. If this was

the fate of our disulfane radical, then perhaps the disulfane bridged species and disulfide

would be fonned as shown in Scheme 5.8. Since our complexes, CpRu(COhSSR, are

not as sterically hindered as (CMe3hS2, our complexes may behave more in the fashion of

R2S2, where R is sterically undemanding.

Scheme5.8

RSSR -le • [RSSRt~ RS-N=e+Me

•

CpRu(COhSSR - 1e. [CpRu(CO):zSSR]+O _

1/2 { (CpRu(COhSS(COhRuCp)2+ + RSSR )
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• Il is imeresting 10 note thal the polential of the oxidation for the organic disulfides,

RSSR. (1.43 , 0.94 and 0.71 V for R =CMe3, C6Hs, and Me, respectively) is higher than

observed for the CpRu(COnSSR complexes (0.25. 0.29 and 0.20 V for R = 4-C6H4Me,

C6HS, CH2C6HS, respectively). This implies that the organic compounds are more

difficult to oxidize than the disuifane complexes which may be expected based on the high

chemical reactivity of CpRu(CO)zSSR. For example our MSSR complexes readily e.'l(trude

sulfur whereas organic disulfides 50 not extrude sulfur.

There is an alternative fate for oxidized disuIfane species. Perhaps coupling of the

1-su!fur atoms (coordinated to the ruthenium) occurs without Joss of [SR] to give a

dinuclear species similar to !hat described in Scheme 5.6 and shown in Scheme 5.9.

Although the paths in Schemes, 5./, 5.8 and 5.9 are al! reasonable routes which our

disuifane complexes might follow after one electron oxidati.on, it is not possible to

determine which is route species of the type [CpRu(COhSSR]"+ wouid prefer from our

experïments.

SchemeS.9

·1 e 1
CpRu(COhSSR......;;';O·~ [CpRu(COhSSRt· - 1

Cp(OChRu, "SR 12'
S

RS.....1Ru(COhCpJ

•

S.2.3 CpRu(CO)zSS(O)R and CpRu(COhSS(O)zR

It has been shown !hat changing from the thioiatO to thl"~uifanoligand has little

effect on the fust oxidation potentiaI of the (;omplexes, indicating !bat the eIectron might be

taken from a similar chemicalenvirotllrient. The effect on the fust oxidation potential of

switching to the 2-oxodisulfane ligand, -SS(O)R, can he examined. The CYs of

146



• •
Table 5.3 Potentlals obtained from cyclic voltammograms for CpRu(COhSS(O)yR (y =1,2; R =4-C6H4Me, C6Hs, CH2C6Hs). •

20mV s-I 100 mV s-I 200mV s-I 500mV s·1

Compound E ox Ere<! E°'" Ere<! E ox Ere<! E ox Ele<!
P P p p p p p p

CpRu(COhSS(O)-4-C6H4Me br br _U.O w br -1.23 w
br -1.37 w-

-1.47 w -1.57 w _U6 w

CpRu(COhSS(O)C6Hs
br br

-0.88 w
br -1.05 w bl -1.13 w-

-1.58 w -1.43 w -1.37 w

br _1.19 w br
_1.I6 w br -0.92 w.... CpRu(COhSS(O)CH2C6Hs

br -1.56
.~ -1.43 w-1.43 w -1.47 w

br -0.89 w
br -0.98w

CpRu(COhSS(Oh-4-C6H4Me br - br -0.88 w

-!'s8 w _1.17 w -1.22 w

-1.45 w -1.50 w

br br 0.15 W br 0.15 W
bl 0.13 wCpRu(CO}zSS(O}zC6Hs -

-0.92 w -0.92 w -0.96 w

• Ali polenllals werc mcasurcd in THF, 0.1 M \Bu.NIlPF6]mscs l'elFe+, GCE wilh Ag/Ag+ rererenee.
bfNo oxidation peak was deleelable bUllhe existence or a rcduclion peak nccessilalCS lhal oxidalioll occured. Thercrore, me peak musl Ile extremcly broad.
w small peak
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•

CpRu(C012SS(O)P.. (R = 4-C(;H4Me, C6Hs, CH2C(;HS) were obtained over a potentia!

range ·1.7 to 1.3 Y at sweep rates of 20, 100,200,500 and 1000 mY s·1 and the results

are displayed in Table 5.3 for sweep rates up to 500 mY s·l. Whcn R = 4-YiH4Me and

C6HS, the samples used contained mixtures of CpRu(C012SS(O)R and

CpRu(C012SS(012R in the ratio of 9:1. Smprisingly, there were no oxidation peaks

observed for any of the complexes regardless of the initial potentia! and the direction of the

scan. This lack of reactivi~'of the 2-oxodisulfane compounds is surprising gi.en their

::hemica! n,activity. For example, these compounds undergo oxygen transfer reactions

(Chapter 4). However, it was noted that after the oxidation scan, the reverse n:duction

scan for fast sweep rates contained peaks that were not present in reduction scans prior tO

the oxidation scan (Table 5.3). TI- se cathodic peaks must arise from e1ectron transfer to

an oxidized species. These peaks grow in size at faster scan rates suggesting that at slower

scan rates, there may be insufficient oxidized species present to react at a rate that can

compete with diffusion away from the working e1ectrode. The presence of the reduction

peaks ooly after the oxidation scan implies that oxidation of CpRu(CO)zSS(O)R did occur.

However, the oxidation must be a very slow process giving rise 10 broad peaks that cannot

be discemed above background.

Thus, the change from the -SSR to the -SS(O)R ligand bas a large effect on the first

oxidation potentiaL It is extreme1y difficult 10 oxidize the latter. It is difficult 10 tell which

sulfur is oxidized because the SeO) may influence to oxidation potential of the adjacent

sulfur atom.

The latge differences observed in the CYs resulting from changing from the 2

disulfane (well resolved peaks) to the 2-oxodisulfane ligand (broad peaks), prompted a

careful investigation into the CYs of CpRu(CO)zSS(O)zR. The cyclic vo1tatnmograms of

CpRu(CO)zSS(O)zR (R = 4-C6H4Me, C6Hs) in the potential range -1.7 and 1.3 Y were

e1eeo:o<::hemica11y silent in the oxidation direction. This was not as S\IIPIÏSiI1g as was the

case for CpRu(CO)zSS(O)R considering the chemica1 stability of the MSS(O)zR
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• rompounds (Chaprer 4). However, on the reverse reduction scans. there wen: reduction

peaks present that had not becn present prior to the oxidation scan. This implies. as for the

CpRu(COhSS(O)R case, mat oxidation does occur but it is very slow giving rise to a

broad peak that cannOt he observed.

These are the frrst reported electroehemical srudies for complexes of the type

MSS(O)R and MSS(OhR No reportS on the el=ochemical oxidation of thiosulfinates

(RSS(O)R') and thiosulfonates (RSS(OhR') were found in the literature. The work

reported is only concerned with the elcctroehemical oxidation of organic disulfides in

aqueous solvents to give thiosulfonaœs and thiosulfinaœs.36.37 Thus, then: are no organic

or organometallic analogs with which we can compare our work. However, there are

eleetrochemical studies of nickel complexes contlining twO chelating thiolate atoms.9.!!

The pe-tinent complexes are shown below.10

23 24 2S

•

The CYs of these complexes each display twO irteversible oxiclation peaks. The frrst

dithiolate complex (23) displayed twO irteversible oxidation peaks at 0.26 V (vs. normal

hydrogenel~ (NEE), MeCN, (-0.13 V vs. FclFc+» and 1.07 V (vs. NHE, MeCN,

(0.68 V vs. FclFc+». The disulfoxide complex (24), gave a CV with two irreversible

oxidation peaks at 0.29 V (vs. NHE, MeCN, (-D.l! ~vs. FclFe+» and 0.85 V (vs. NHE,

MeCN, (0.45 V vs. FclFc+». Thus 24 is slightly easier to oxidize than 23 insharp

contrast 10 our results. The disulfone comJllex (25), was the most difficult 10 oxidize with

owy one meversible oxidation peak at 1.29 V (Vs. NHE, MeeN, (0.89 V vs. FclFe+» .
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•

In summary, .6Epox between the flI'St oxidation peaks of 23 (with thiolate ligands)

and 24 (with sulfoxide ligands) is very small (0.03 V) while the .6Epox between 23 and 25

is large (1.03 V). Thus, by analogy we might expect the Ep0x of CpRu(CO)zSS(O)R at a

simiJar patentia! as that of CpRu(CO)zSSR, and EpoX of CpRu(CO)zSS(O)zR tO be al a

much higher potentia! than that of CpRu(CO)zSSR. Surprisingly, in our system the

addition of even one oxygen atom to the sulfur atom bonded to R of CpRu(CO)zSSR

causes a large change in the oxidation, making it impossible to determine Epox for

CpRu(CO)zSS(O)R (and for CpRu(CO)zSS(OnR).

It is imponant to note that, as with the complexes CpRu(PPh3)SH,13

[Ni(pdmt)(SR)]- (pdmt = pyridine-2,6-dimetllanthioiate; R = Et, C6HS)6 and [Cr(CO)SSR]

(R = Et, C3H7, CMe3)23, the oxidation of CpRu(CO)zSSR under our experimental

conditions is e:::pected tO give a sulfur radica!, and not a oxidized sulfur species

CpRu(COnSS(O)R. This staternent is supported by examining the reduction peaks of the

complexes CpRu(CO)zSS(O)yR (y = 0-2) (Tables 5.1 - 5.3). If the species formed from

the electroehemical oxidation contained an extra oxygen, the reduction peaks on the reverse

scan in the CYs for CpRu(CO)zS2(O)yR (y = 0-2) should be the sarne. This is not the

case. If the experiments were performoo in water or if the sulfur-containing ligand was

sterically restricted (as in the nickel complexes recently described),10 then

CpRu(CO)zSS(O}yR species might be expected from electroehemical oxidation.

Although there is no precedent for the electroehemical oxidation of these types of

complexes, one can speculate as to the fate of the oxidized species. Perhaps the S-S(O}y (y

= 1, 2) bond remains intact after oxidation and gives species similar to 26 and 27.

Support for this lies in the fact that none of the reduction peaks on the reverse scans of the

complexes occur al the sarne potentiaI. The species produced after oxidation are evidently

different for CpRu(COnSS(O)yR (y = 1 or 2).
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• Cp(OC)2Ru,~S(O)R

1
"s"R(O)S Ru(COhCp

26

2- Cp(OC),Ru S(O),R 2-
.,~ .

1
<:" .....R(OhS Ru(COhCp

27

•

5.2.5 Electrochemical Reductiol& cf the CpRu(COhSx(O)yR

Oxidation Product

In addition to the irreversible sulfur oxidation peaks observed in the CYs of

CpRu(COhSxOyR (x =1,2; Y =()"2; R =4-Q;l-4Me. C(;Hs CH2C(;HS). there were also

reduction peaks observed in the CYs. For all complexes, starting from potentials of -020

V in the negative (reduction) direction, there were no reduction peaks down to -1.7 V.

However, after oxidation to 1.3 V. there were subsequent reduction peaks that increased in

corrent size at faster scan speeds. These peaks are listed in Tables 5.1 and 52. These

peaks are attributed to species that were formed from follow-on chemistry of the oxidized

species, and not due to the original CpRu(COhSxOyR species. However, based on the

potentials of these reduction peaks alone, it is not possible to determine whether these

redox processes are ligand or metal based.

5.3 Conclusions

This is the first electrochemical study of complexes of the type MSS(O)yR (y =()..
2). These experïments. where CpRu(COhSx(O)yR (x =1,2; Y =()..2; R =4-C6H4Me,

C6Hs CH2C(;HS) was studied, provide insight into the relative electron density, or more

specifically, the relative ease ofremoving the first electron from these complexes. These
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•

complexes undergo irreversible sulfur-based oxidation(s) in the potential range of -1.7 to

1.3 V (vs. FcfFc+). The ease of removing the fust electron seems to be only slighùy

dependent on the R group or the addition of a subsequent su1fur atom (from -SR to -SSR).

In contrast, the addition of one or twO oxygen atoms to the disulfane ligand substantialIy

decreases the rate ofoxidation.

The results of the CV studies suggest that the fi."St electron from the disulfane

complexes is removed from the sulfur atom nearest the metal atom; however, oxidation of

the second atom cannot be ruled out based on these eIectroehemical el<periments. A

MSS(O)yR (y =0-2) system which undergoes relatively fast electron transfer giving weil

defined peaks is needed to determine the origin of the first eIectron.

These CV experiments do not include product analysis, and so the proposed

mechanisms presented foilowing oxidation are highly speculative. To determine the nature

of :he produetS, it is necessaI)' to synthesize the proposed produets and compare their

electroehemical properties (peak potentials) to those of the produets observed in the CVs.

Thus, while the CV experiments have provided useful information about the re1aIive ease of

removing the first electron from CpRu(COhSS(O)yR (y = 0-2), specific information about

the produets or origin of the eIectron cannot he obtained.

The rapid and complex foilow-up chemistry observed for the oxidized products in

the CYs of CpRu(COhSxOyR is reminiscent of the oxidation reactions described in

Chapter4.
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EXPERIMElnAL SECTION

General

Ali experirnents were performed under a nitrogen aonosphere in schlenk tubes or

three-necked flasks, unless otherwise stated. Standard inert-aonosphere techniques were

...sed in aIl manipulations.l Hexanes and ether were distilled over sodiumlbenzophenone

under N2 before use. Tetrahydrofuran (THF) was distilled either over potassium or

sodium/benzophenone under N2 prior to use. Toluene was distilled over sodium under

N2. Carbon tetraehloride was distilled over 1-'hosphorous pentoxide under N2 prior to use.

Spectrograde acelOne, spectrograde heptane, spectrograde acetonitrile and absolute ethanol

were degassed by bubbling with niO"ogen for 30 minutes prior use. Spectrograde

acetonitrile was stored over 4 Â Molecular Sieves. Triethylamine was distilled prior to use.

Deionized H20 (18 MQ·cm-1) was obtained from a Milli-Q water system ~Millopore; 3

bed ion-exchangell bed organic removal cartridge unit) connected to house-distilled H20.

1,8-bis(dimethylamino)naphlthalene (Proton Spongeilll), methyllithium, C6HsSH,

C6HSCH2SH, NaI04 (10% w/w on silica), dioxone, S8, (4-C6H4MehS2, (C6HshS2,

(C6HSCH2hS2, (4-MeC6H4hS3, (C6HshS3, (C6HsCH2hS3, galvinoxyl, 2,2-diphenyl

I-picrylhydrazyl hydrate and PPh3 (aIl from Aldrich), 4-MeC(;H4SH (Fairfield),

RuC13·3H20 and RU3(COh2 (Strem) were used as received. Tetrabutylammonium

hexafluorophosphate ([B114N][pF6l) (Aldrich) was recryStalli71".d once from ethanol. The

compounds dimethyldioxirane (Me2C02, DMDO);2 CpRu(PPh3)(CO)SSR CR =4

C(;H4Me, C6Hs, 0IMC2, C3H7)3; CpRu(PPh:;)(CO)SS(O)R, where R =4-C6H4Me and

CHMe2 4; phthSR CR =4-C(;H4Me, 0IMC2; phth =phthalimide),S phthS(O)R CR = 4

C6H4Me, CH2C6Hs, CHMC2) were prepared according 10 published procedures.6 The

compounds phthSR CR = C6Hs, CH2C6Hs), phthSS-4-C(;H4Me were kindly prepared by

Bernadette Soo Lum and Pietre Yves-Plouffe.
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Solvents and other liquids were transf=<! by syringe or cannula. Filtrations wcre

perforrned through Celite 1 u••der Nz and the filtrates wcre reduccd to clryness under

vacuum (oil pump). The paclang and elution ofchromatography columns was performcd

undcr nitrogen with solvents that were dcoxygenated. Activated alumina (80-120 mesh)

(Anachemia) was dcactivatcd to Grade 3 according to the ütcrarure procedure.? The bands

from the chromatography co1umns wcre collected in round bottom flasks equippcd with a

NZ inlet with NZ gas flowing through the flask at a high rate. The bands wcre rcduced to

clryness under vacuum. Recrystallizations were donc unde:r nitrogen and the solutions

wcre coo1cd at -16°C ovemight or longer. Reactions invo1ving H2S wcre done using

special precautions as describcd elsewhcre.3

AlI IR spectra wcre recordcd on a Bornem Michelson Model 100 Fourier transform

infrarcd (FT-IR) spectrophotometcr at 4 cm-l zesolution (dcutrium triglyane sulfate (DTGS)

dctector). Solution spectra wcre recordcd by using 0.1 mm path length NaCl cells. Proton

nuclear magnetic resonance (lH NMR) spectra were recordcd on a Varian XL-2oo or a

Varian Gemini spectrometcr and all chemical shifts are in S (ppm) units (±O.002 ppm)

relative to tetramethylsilane (l'MS) at 0 ppm. Gas-liquid chromatography (GLC) was

performed on a Varian Model 3700 gas chromatograph. Law resolution (R = 7(0) mass

~tra and fast atom bombardment (FAB) mass speCtra were obtained on a KRATOS

MS25RFA. The energy of e1ectron ionization (El) was 70 eV and cbemical ionization (CI)

spectra wcre measurcd using ammonia. Fast atem bombardment (FAB) mass spectra uscd

nitrobenzyl alcohol (NBA) as the matrix and Xenon as the ionizing gas (7 kV). High

resolution El (R = 4000) mass spectra wcre measurcd under similar source conditions

using either a scanning (SC) or peak matching (PM) technique. Elemental analyses wcre

Catricd out by Canadian Microanalytical Scrvïce Ltd. (Delta, B.C.). Melting points wcre

detcrmined in grease-sealed capillary tubes under nitrogen using a Thomas Hoover

capillary melting point apparatUS and are uncmrected..
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X-ray Structure Determination

X-ray structures were determined on a Rigaku AFC6S diffraclomeler using CuKa

or MoKa graphite monochromated radiation. Ali calculations were performed using the

TEXSAN crystallographic software package of Molecular Structure Corporatilj". The

crystals chosen for x-ray structure determination were examined on a polarizing microscope

to confinn that they were single and of appropriale size. The crystals were mounted in air

on a glass fiber by placing the crystal on a glass microscope slide and bringing the glass

fiber bearing a drop of epoxy cement on its tip up to the crystal until it jusl louched the

crystal. After the epoxy cement had dried, the glass fiber was !,laced in a mound of sealing

wax on top of a 1/8" brass pin. This pin was placed on an archless goniomeler head The

alignment was done by observing the center of the crystal and malâng sure that it remained

centered as the crystal was automatically rotated in increments of 9QoC. The program

Search Routine provides starting ceU parameters which were then converted to standard

Delauney settings. Final cell paramerers were obtained from a least squared refinemenl

using the setting angles of 25 carefully centered reflections in the range of 33 < 29 < 35

and 55 < 29 < 60, using MoKa. and CuKa. radiation, respectively. Intensities were

measured using the Cil-29 scan teChnique to a maximum 29 value of 50° and 1200, using

MoKa. and CuKa. radiation, respectively. The scan rate was chosen according to the

average peak width of the 3 standards. Intensities of 3 representative reflections were

measured every 150 reflections. Corrections to the data were made for Lorentz and

polarization effects and decay. An empirical absorption correction was made using the

program DIFABS.

The mthenium atoms were found using the Patterson heavy atorn method, and

refinement and electron density difference syntheses revealed all of the other non-hydrogen

atoms. The temperature factorS of all non-hydrogen atorns were refined anisob'Opically.

The hydrogen atorn positions were calcu1ated (C-H = 1.05 A). Corrections were made for
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secondary extinction. Refinement was done on IFol by full-matrix least squares, the

weights uscd w= based on counting statistics.

Sulfur Insertion and Exchange Reactions of CpRu(COhSx(O)yR

Ali sulfur insertion and ligand exchange rcactions were pctforrncd under similar

conditions. In a typical experiment, the NMR tube was chargcd with 0.019 mmol of

CpRu(CO)zSx(O)yR (x = 1,2, Y= 0-2; R = 4-C6H4Me, C6Hs, and Oi2C6Hs) and the

desired amount of one or more of the reagcnts. The NMR tube was evacuatcd and refillcd

with NZ twice, followcd by the addition of 0.7 mL of C6D6 and sorne TMS. The NMR

tube was scaIcd under vacuum, or under NZ with a Teflon stopper or a grease-seaIed

stopper when CO or SOz gas wcre used. The experiments were pctforrncd at either 18 ±

2°C, 45 ± 2°C, or 67 ± 3°C. The latter rwo ternperatures were obtained by placing the

NMR tubes in a constant temperature oil bath. The reactions were monitorcd daily by IH

NMR for at least 4 days, or untillargc amounts of precipitate appeared in the NMR tube.

The NMR speetra were obtaincd using the absolute intensity mode and a minimum 15

second delay berween pulses. The product distribution was measured by integration of the

Cp peaks and alkyl peaks (if present). A table of the NMR data showing the Cp, R, and

aromatie groups ofaIl of the eompounds observcd in these experiments is at the end of the

experimentaI section (Table E.l). Decomposition was monitorcd by integration ofall the

Cp peaks in the NMR spectrum eompared 10 the integration of the TMS peak.

Cydic Voltammetry

Cyclie v01tammetty experiments were performed on a BAS 100B/W

Electroehetnica1 Workstation (Bioanalytica1 Systems !ne. (BAS), West Lafayette, IN). A

glassy carbon electrOde (GCE) with an area of 2.83 mm2 (BAS) was uscd as the working

electrOde. The smface of the GCE was deaned each day by polishing with tnicrocIoth pads

and 0.3 lJ.IIl and 0.05 lJ.IIl alumina sIurries (Buehler). Any residual polishing alumina was
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removed from the sUIface by sonication for 30 s in deionized water followed by rinsing

with deionized waler and acelone. BelWeen voltarnmograms. the sUIface was repclished

with 0.05 J.LM alumina, SOnicaled in deionized waler followed by rinsing with deionizerl

H20 and acelone 10 provide a clean and reproducible sUIface. The quasi-reference

electrode was a non-aqueous Ag/A-r electrode (BAS) containing an internal solution of 1

mM AgNÛ3 (BAS) and 0.1 M [BU4N)[PF6l in acelonitrile (AgNÛ3 is insoluble in lHF).

The solution in the reference electrode was separated from the bulk solution by a porous

vycor tip. The auxiliaIy electrode was a platinum wire (Aldrich, 99.99%).

The eleettochemical measurements were carried out in 'IHF with [BlI4NJ[PF6l as

the supporting electrolyte (O.IM solution). The eleettochemical cell consisted ofa la or 25

mL Pyrex flask fitted with a Teflon disk with machined holes through which the electrodes

and an argon feed could he inserted. A stream of argon was passed through the solution

for 5 minutes prior 10 each experiment. The needle which was admitting the argon was

then raised above the level of the solution 10 blanket the cell comparnnent during the

electrochemical measurements. The cyclic voltammetty experiments were run with no

stirring. The solution was stiIred between successive cyclic voltarnmettic experiments to

replenish the surface. The silver quasi-reference electrode was calibrated each day with the

eleettochemically reversible ferrocenelfe:rocinium (FclFc+) couple run under the same

experimen~ conditions as the ruthenium complexes. AlI potentials (E) are reported versus

the FclFc+ couple. The ern>r on the potentials is ± 0.01 V. Cyclic voltammograms were

recorded at varying scan rates (between 0.020 V s-1 to 1 V s-1). AlI experiments were run

with iR compensation to compensate for the high resistivity of 'IHF. The voltarnmograms

of the ruthenium compolme" .: were stored and a background voltarnmogram was run under

identical conditions in a solution containing only the supporting electrolyte in 'IHF. The

resuIting background-corrected voltammogram was used ta obtain the potential (E) values

for the ruthenium compounds. The cyclic voltammograms with the background (IHF,

[Bt14N][pF61) are shown in Chapter 5.
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Syntheses of Complexes

TJ5-CycIopentadienyl(dicarbonyl)thiolatorù~henium(m,CpRu(CO)zSH (3) and the

organoruthenium sulfane (fJ.-S3)(CpRu(COhh (4)

Sodium metal (0.30 g, 1.3 mmole) was dissolved œdegassed absolute ethanol (40

mL) and stirred for 10 minutes. A vigorous stream of HZS was bubbled through the

solution for 30 minutes. The solution was then purged with NZ for 20 minutes and then

evaporated to dryr.ess under vacuum. THF (15 mU dIlà CpRu(CO)zCI (0.500 g, 1.94

mmol) were added to give a brighl yellow colc=d slurry which became beige ~.fter 20

minuteS. The slurry was stirred for 3 days and then reduced 10 dryness. The residue was

eXlraeted with loluene (2 x 20 mL) and the extraCts were filtered, and the combined dark

brown coloured filtrates were reduced to dryness under vacuum. The resulting dark brown

oil was dissolved in benzene (4 mL) and placed on a chromalOgraphy column (15 cm x 20

cm). Elution with benzene gave a yellow band which was collected and reduced to

dryness. Recrystallization from THF/hexanes gave analytically pure CpRu(C012SH as a

brighl yellow solid (0.426 g, 85%). mp. = decomposition StarlS al 56·C with formation of

H2S, melting al 63·C

IR(cyclohexane): v(CO) 1995 (br, s), 2043 (sh, s) cm-l

lH NMR (C6D6): -2.93 (s, 1H, SH), 4.37 (s, 5H, Cp)

High resolution mass speetrum (El-SC), M+- measured: 255.9130 Da; C7H602SlO2Ru

requires 255.9126 Da.

Elution of the column with 1:1 THF/benzene gave a red band which was reduced 10

dr)'Iless under vacuum and recry'.ti!llized from ether/hexanes overnighl to give dark

burgundy microcrystals. The NMR speetrum of these crystals dissolved fu C6D6 showed

2 Cp peaks in a ratio of 49:1 a' 4.82 and 4.62 due to (fJ.-S3)(CpRu(COhh and an

unknown complex, respectively (0.040 g, 8%). mp.= 12D-122·C
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• IR(toluene): v(CO) 1969 (br. s), 2024 (ci, s) cm'!

!H NMR (C6J)6) {ll.-S3)(CpRu(C01212: 4.82 (s. Cp)

FAB-MS, (m/z, rel. in!., assignment) 541,4.6% .M+: 509. 2.9%, M+ - S: 477, .3. Ml-_

2S

Preparation of CpRu(COhSR

'l1S-Cyclopentadienyl(dicarbonyl)-4-methylbenzenethiolatoruthenium(II),

CpRu(COhS-4-4H4Me (11a)

A flask equipped with a reflux condenser was charged with THF (65 mL) and

cooled to -78·C (acetone/dry ice bath). Methyllithium (2.36 mL, 1.4 M in ether, 3.30

mmol) was added via syringe followed by 4-MeC6H4SH (0.410 g, 3.30 mmol). The

cooling bath was removed and the solution was allowed to warm to room ternperature

(warm water bath) over 15 minutes. CpRu(CCnC1 (0.500 g, 1.65 mmol) was added and

the mixture was quickly brought to reflux (hOI waler bath) which was maintained for 15

minutes. The volume of the bright orange solution was immediately reduced under vacuum

to 5 mL. Celite (l0 mL) was then added, the mixture was reduced to dryness under

vacuum, and the residue extraeted with 101uene (6 x 20 mL). The extraCts were filtered

through Alumina (2 cm) and the combined filtrates were reduced to dryness.

Recrystallization of the residue from THF/hexanes gave large orange needles (0.485 g, 85

%). mp. = 78·C

IR(cyclohexane): v(CO) 1990 (br, s), 2041 (sh, s) cm-1

IH NMR (C6D6): 2.11 (5, 3H, 4-C6H4-CH3), 4.43 (5, SH, Cp), 6.90 (<1, 2H, J(H.H) = 8

Hz, mera H of 4-C6!f4-CH3), 7.69 (<1, 2H, J(H-H) = 8 Hz, orrJw H of 4-C6!f4-0i3)

High re50lution mas5 spectrUIn (El-PM); M+- me3.S1.tred; 345.9589 Da; CI4H12Û2S102Ru

requires 345.9595 Da.

• Anal. Calcd. for Cl4H12Û2RuSl: 48.69%C, 3.50%H
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Found: 48.61%C, 3.45%H

T]5-Cyclopentadienyl(dicarbonyl)phenylthiolatoruthenium(lI), CpRu(COhS-C6HS

(lIb)

A flask equipped with a reflux condenser was charged with THF (40 mL) and

cooled to -78·C (acetone/ciry ice bath). Methyllithium (0.943 mL, lA M in ether, 1.32

mmol) was added followed by C6HSSH (1.36 mL, 1.32 mmol), both via syringe. The

cooling bath was removed and the solution was warmed to room temperature (warm water

bath) over a petiod of 15 minutes. CpRu(COhCl (0.200 g, 0.778 mmol) was added and

the yellow coloured solution was quick1y brought to reflux by means of a hot water bath

for 15 minutes. The l""üiâng bright orange solution was immediately concentrated to 5 mL

under vacuum. Celite (10 mL) '.vas added and the mixture was reduced to dryness and the

residue extraeted with toiuene (5 x 20 mL). The exttaets were filtered through Alumina (2

cm) and the combined filtrates wcre evaporated to dryness. Recrystallization from

TIIF/hexanes gave bright yellow crystals of CpRu(COhC6Hs (0.090 g, 36%). mp. = 98

101·C (literature: yield 31%, mp. = 1DO-101·C7)

IR(toluene): v(CO) 1987 (br, s), 2041 (sh, s) cm-1.

IR(hexane): v(CO) 1993 (s),2043 (s) cm-1 (literature IR(hexane): v(CO) 1992 (m), 2041

(m) cm-1).1

IH NMR (C6D6): 4.41 (s, 5R, Cp), 7.10 (m, 3H, mera, para H's of C6Hs), 7.73 (m,

2H, onho Hs ofC(llS)

lH NMR (CDCl3): 5.40 (s, SH, Cp); 7.08 (m, 3H, mera,para H's of C(IlS); 7.47 (m,

2H, onho Hs of C(IlS) (literature: lH NMR -tCDCl3): 5.33 (s,5H, Cp); 7.35 (m, 5H,

C(IlS»·7

High resolution mass spectrum (El-PM), M+- measured: 331.9447 Da; Cl~lOÛ2Sl02Ru

requires 331.9439 Da.
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"S-Cyciopentadienyl(dicarbonyl)benzylthiolatoruthenium(II), CpRu(COhS

CH2C6HS (Be)

A flask was charged with 1HF (40 mL) and cooled to -78'C (acetone/dry ice bath).

MethyIIithium (0.943 ml. lA M in ether, 1.32 mmol) was added followed by

C6HSCH2SH (155 mL, 1.32 mmol), both via syringe. The cooling bath was removed and

the mixture was wanned to loom temperature (warm water bath) over the period of ID

minutes. CpRu(COhO (0.200 g, 0.777 mmol) was added and solution was quickly

brought to reflux (hot water bath) which was maintained 15 minutes. The bright yellow

solution was immediately reduced to 5 mL onder vacuum and Celite (10 mL) was added.

The mixture was reduced to dryness and the residue was extraeted with toluene (2 x 20

mL) and THF (20 mL). The extraets were filtered through Alumina (2 cm) and the

combined filtrates were reduced to dryness onder vacuum. Washing with hexanes gave

analytically pure orange oil (0206 g, 90%). (literature yield 3% , mp. =198-200°C7)

IR(cycIohexane): v(CO) 1985 (hr, s), 2039 (s) cm-l

IR(hexane): v(CO) 1987 (br, s), 2041 (sb, s) cm- l (literature IR(hexane): v(CO) 1986 (s),

2038 (s) cm- l ).?

IH NMR (C6D6): 3.61 (s, 2H, CH!>; 4.34 (s, 5H, Cp), 7.09 (m, 3H, mera, para H 's of

C(,HS), 7.40 (d ofd., 2H,J(H-H) = 8 Hz, ort/w Hs ofC(,Hs)

Higb resolution mass spectrum (El-PM), M+' measured: 345.9598 Da; Cl4fl1202SI02Ru

requires 345.9595 Da.

Preparation of CpRu(COhSSR

"S.Cyciopentadienyl(dicarbonyl)-4-metbylbenzenedisulfanorutbenium(U),

CpRu(COhSS-4-C6H4Me (Ua)

To a solution of CpRu(COhSH (0.312 g, 1.14 mmol) in THF (15 mL) was addcd

phthS-4-C6H4Me (0.307 g, 1.14 mmol). The cIear orange solution was stiJred for 2 bollIS
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al room temperarure. con=trated 10 5 mL under vacuum, :md placed on a chromalography

column (2 cm x 30 cm). Elution with hexanes followed b:' benzene/hexanes Cl :5) gave a

yellow band which was collected and reduced 10 dryness to give a yellow/orange oïl (crude

yield = 75%). A light brown band remained on top of the co:1II1ln. P..:crystallization from

hexanes gave analytically pure CpRu(CO>2SS-4-C6H4Me as a yellow crystalline solid

(0.160 g, 35 %). mp. = 68'C

IR(cyclohexane): v(CO) 1993 (br, s), 2043 (s) cm-!

!H NMR (C6D6): 206 (s, 3H, 4-Ct;Ii4-CH3), 4.40 (s, sa Cp), 6.95 (d, 2H, J(H-H) = 8

Hz, mera H 's of 4-Q;H4-CH3), 7.76 (d, 2H, J(H-H) = 8 Hz, ortho H 's of 4-Q;H4-CH3)

High resol::'Ïon mass spectrum (El-PM), M+- measured: 377.9314 Da; C!~12Û2S2102Ru

requires 377.9316 Da.

Anal. Calcd. for C14H12Û2RuS2: 44.55%C, 320%H, 16.99%S

Found: 44.32%C, 3.19%H, 17.14%S

T\S.Cydopentadienyl(dicarbonyl)phenyldislIlfanoruthenium(ll), CpRU(CO)2SSC6HS

(I2b)

To a solution of CpRu(CO>2SH (0214 g, 0.813 mmo1) in THF (10 mL) was

added phthSC(;Hs (0.212 g, 0.813 mmol). The solution was stirred for 40 minutes and

men concentrated to 2 mL under vacuum. This was placed on a chromatography column (2

x 40 cm) and elution with hexanes followed by THFlhexanes (1:5) gave a yellow band

which was concentrated to 15 mL and cooled to -16'C ovemight. Bright shinny yellow

flakes were collected (0.150 g. 50%). mp. = decomposition between 52 - 56'C, melting

between 74 - 75'C

IR(cyclohexane): v(CO) 1996 (br, s), 2043 (sb, s) cm-1;

!H NMR (C6D6): 4.39 (s, 5H, Cp), 7.00 (t, 1H, para H of Q;HS), 7.13 (m, 2H, mera

H ofQ;HS); 7.82 (d,J(H.H) = 8 Hz, 2H, ortho H ofQ;HS)
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High resolution mass speclIUm (El-PM), M+' measur..d: 363.9169 Da: C13HI002SI02Ru

requires 363.9159 Da

Anal. Calcd. for CÙHI002RuS2: 42.97%C, 2.77%H. 17.64%S

Found: 42.88%C, 2.76%H, 17.88%S

T\S.CycIopentadienyl(dicarbonyl)benzyldisulfanoruthenium(ll),

CpRu(COhSSCH2Cé!is (12c)

A solution of phthSCH2C6Hs (0.369 g, 1.37 mmol) in THF (15 mL' was added

dropwise to a solution of CpRu(COhSH (0.336 g, 1.31 mmol) in THF (20 mL) over a

period of 20 minutes. The resulting orange coloured solution was immediately reduced to

4 mL and placed on a chromatography column. Elution with hexanes followed by

THF/hexanes gave a yellow band which was reduced in volume and cooled to ·16·C.

Removal of the mother liquors via a syringe gave an orange solid (0.160 g, 32 %) which

was recrystalliwi from THF/hexanes to give large orange needles as the analytical sample

(0.050 g, 10 %). mp. = 47·C

IR(cyclohexane): v(CO) 1994 (d, s), 2038 (sh, s) cm-1

IH NMR (C6!>6): 3.98 (s, 2H. CH2); 4.43 (s, SB, Cp), 7.07 (m, 3H, me;à,para H 's of

C6HS),7.38 (d, J(H.H) = 8 Hz, 2H. onho Hs of '":68s;

High resolution mass spectrUIIl (El·PM), M+- measured= 3n.9304 Da; CI4H12Û2S2102Ru

requires 377.9317 Da.

Anal. Calcd. for CI4H12Û2RuS2: 44.55%C, 3.20%H

Found: 44.45%C, 3.27%H

T\5.Cyclopentadienyl(dicarbonyl)-2-propyldisulfanoatoruthenium(ll),

CpRu(CO)zSSCHM~(12d)

To a solution of CpRu(COhSH (0.504 g, 1.97 mmol) in THF (30 mL) was addcd

phthSCHMe2 (0.413 g, 1.97 mmol). The solution was stiITed for 7 hours and the
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• resulting w..nge coloured solution was reduced to ciryness under vacuum to give a red oil.

This was dissolved in benzene (10 mL) and placed on a chromatography column (3 x 30

cm). Elution with hexanes (300 mL) was followed by elution with benzenelhexanes (1:1).

This latter fraction was reduced to dryness, and a small amount was dissolved in C6D6

The NMR spectrUm of this sample showed the presence of 1 set of peaks which were

assigned to CpRu(CO)ZSSCHMez. Rerystallization of the oil in hexanes at -78·C resulted

in an orange oil. The NMR spectrUm in C6D6 of the oil which had been at -16°C for 1

week indicated mutiple Cp peaks. The most intense Cp peak was due to (1.1.

S3)(CpRu(CO):z)z and peaks due to (MezCHhS2 were also present. AIl anempts to obtain

CpRu(CO)ZSSCHMez as crystalline resulted in its decomposition.

IR(cyclohexane): v(CO) 1987 (br, sh, s), Z034 (sh, s) cm-1

1H NMR (C6D6): 1.43 (d, J(H-H) = 7 Hz, 3H, CHMe2), 3.00 (m,iH, CHMe2,4.48 (s,

SR, Cp)

"S.Cyclopentadienyl(dicarbonyl)-l-propyldisulfanorothenÎlim(IT),

CpRu(COhSSCJII7 (Ue)

To a solution of CpRu(COhSH (O.400g, 1.79 mmol) in 1HF (30 mL) was added

dropwise via cannula a solution of phthSC3H7 (0.396 g, 1.79 mmoi) in 1HF (30 mL).

1be solution ùnmediately changed colour from brown to orange. The S4)lution was stiIred

for 15 minutes and reduced to dryness under vacuum. The NMR spectrJID. ofa sample of

the solid dissolved in Q;D6 showed 1peak due 10 the Cp protons in addition to peaks due

to the alkyl protons. The residue was extraeted with toluene (5 x 10 mL) and the combined

extraet5 were filtered and reduced to dryness under vacuum. The resulting oil was

dissolved in 1HF (3 mL) and placed on a chromatography column (2 x 35 cm). Elution

with hexanes followed by TIiF/hexanes (1:3) gave a yellow band which was reduced 10

dryness (98% yield). RecryslllJ1jzarion at -7S'C gave a yellow powder. Upon removal of

• the mother liquors followed by warming to room temperatme. the solid became an oil. The
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NMR spectrUm of the oil that was stored al -16°C for 3 days displayed peaks due to

CpRu(COhSSC3H7 in addition to many unknown peaks. The largesl Cp peak was due to

(J.!.-S3)(CpRu(COhh-

1H NMR (C(;D6): 0.97 (t, J(H-H) =7 Hz, 3H, CH2CH2CH3); 1.86 (sextet, J(H.H) =7 Hz.

2H, CH2CH2CH3), 2.70 (t, J(H.H) =7 Hz. 2H, CH2CH2CH3), 4.S0 (s, SH,Cp)

Preparation of a CpRu(COhSSSR

TlS-Cydopentadienyl(dicarbonyl)-4-methylbenzenetrisulfanoruthenium(ll),

CpRu(COhSSS-4-Ct;I4Me (13a)

A solution of phthSS-4-C6H4Me (0.238 g, 0.788 mmol) in nIF (10 mL) at -78'C

(acetone/dry ice bath) was added dropwise via cannula to a solution of CpRu(COhSH

(0201 g, 0.788 mmol) in nIF (20 mL) at-78'Covera periodofS minutes. After stirring

for 25 minutes at -78'C, a small aliquot ofsolution was removed from the mixture, reduced

to dIyness under vacuum, and the residue dissolved in C(;D6- The NMR specttum showed

one set of peaks, assigned to CpRu(COhSSS-4-C6H4Me. The reaction mixture was

reduced te dIyness and extraeted with toluene (2 x 20 mL). The combined extraets were

filtered through Alumina (1 cm) and reduced to dIyness under vacuum to give a red oil.

The NMR spectrum of a sample of this oil dissolved in C6D6 showed 2 sets of peaks in the

ratio of 9:1, due to CpRu(COhSSS-4-C6H4Me and CpRu(COhSS-4-C6H4Me

respectively. The oil was dissolved in nIF (3 mL) and chromatographed on a column (1.S

cm x 20 cm). Elution witb hexanes (ISO mL) followed by nIF/hexanes (l :4) gave a

yel10w band which was reduced te dryness. The NMR specttum ofthe resulting orange oïl

in C6D6 showed the presence of CpRu(COhSSS-4-<:6H4Me and CpRu(COhSS-4

<:6H4Me, in a ratio of 9:1 respectively. The oil decomposed at -16'C over prolonged

periods of rime to give a complex mixture of decomposition produets including

CpRu(COhSS-4-C6H4Me and (4-MeC6H4hS2, as identified by NMR.
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IR(cyclohexane): v(CO) 1993 (s), 2043 (s) cm-!

!H NMR (C6I)6): 1.99 (s, 3H, CH3), 4.53 (s, 5H, Cp), 6.88 (cl, J(H-H) =8.0 Hz, 2H,

meta H of C6H4Me), 7.72 (cl, J(H-H) = 6.2 Hz), 2H, onho H of C6H4Me)

mass spectrum (CI), direct inlel, 200'C, (m/z, rel. int., assignment): 411, 1.4%, MH+;

379, 12.0%, MH+ - S; 347, 33.1%, MH+ - 2S; 290 29.1%, MH+ - 2CO - Cp; 246,

47.0%, MNH3+ - 2CO - SC6H4Me; 124, 100%, SC6H4Me

Preparation of CpRu(CO)zSS(O)2R

TlS-Cyclopentadienyl(dicarbonyl)-4-methylbenzene-2-dioxodisulfanoruthenium(ll),

CpRu(CO)zSS(O)z-4-C6H4Me (19a)

To a solution of CpRu(CO)zSH (0.140 g, 0549 mmo1) in THF (15 ml) at O'C (ice

bath) was added via a cannula a solution of aS(O)z-4-C6H4Me (0.105 g, 0549 mmol) in

THF (10 ml) at O'C and immediaœly afterwards l,8-bis(dimethylamine)naphthalene (0.118

g, 0549 mmol) was added. The solution tumed bright red in colollI' and was stirred for 1

hOllI'al O·c. The volume was concentrated te 5 mL under vacuum (oïl pump) and Celite (5

mL) was added. The mixture was reduced to dryness ~Ji1 pump), placed in a Soxhlet

continuous extraction appaIatus and extIacted with ether (450 mL) for 2 hours. The

resulting pale yellow coloured solution was reduced in volume under vacuum unrll it

became turbid and then p1aced in the freezer at -16°C ovemight to give bright orange

crystals of CpRu(CO)zSS(O)z-4-C6H4Me. Concentration of the mother liquors under

vacuum gave IWO additional crops of orange crystals (total yie1d = 0.119 g,53%). mp. =

decomposition stans al 96'C, melting between 118-120·C.

IR(teluene): v(CO) 2002 (s), 2054 (s) cm-l; v(SO) 1079(m), 1132 (m) , 1276 (m) cm-l

lH NMR (C6!>6): 1.85 (s, 3H, Me), 4.64 (s, 5H, Cp), 6.77 (d, J(H-H)= 8 Hz, 2H, meta

Hs of C6H4), 8.16 (d, J(H-H)= 8 Hz, 2H, onho Hs of C(,H4)
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High resolution mass spectrum (El-PM), IsO'C, M+' measured: 409.9214 Da;

CI4HIZ04Sz102Ru requires 409.9206 Da

Anal. Calcd. for CI4HIZ04RuSz: 41.07%C, 2.9s%H

Found: 41.04%C, 2.94%H

TlS-Cyclopentadienyl(dicarbonyl)phenyl-2-dioxodisulfanoruthenium(li),

CpRu(COhSS(Oh4Hs (19b)

To a solution of cpRu(COhSH (0.210 g, 0.824 mmol) in THF (30 mL) at O'C (ice

bath) was added ClS(OhC6!is (0.105 mL, 0.824 mmol) by syringe and immediately

afterward 1,8-bis(dimethylamine)naphthalene (0.177 g, 0.824 mmol) was added. An

orange precipitate formed and the mixture was stiIred for 4G minutes at O·C. The reaction

mixture was quickly filtered through Celite (2 cm) and activated Alumina (1 cm). A small

aliquot of the filtrate was removed, reduced to dryness under vacuum, and dissolved in

C6D6. 115 NMR spectrum revealed peaks due to cpRu(COhSS(OhC6HS,

CpRu(COhSS(O)C6Hs and cpRu(COhSC6Hs in a ratio of 12:2:1 respectively. The

filtrate was concentrated to 5 mL under vacuum, Celite (l0 mL) was acided, and the

mixture was reduced to dryness. Continuous extraction of the mixture with a Soxhlet

apparatus containing ether (200 mL) for 2 hours gave a yellow solution which was reduced

in volume to 30 mL onder vacuum and cooled at -16°C to give orange crystals of

cpRu(COhSS(OhC6Hs (0.073 g). Two further crops of crystals were obtained from the

mother liquor (total yield =0.145 g,44%). mp. =decomposition stanS at 88'c' melting

between 123-124'C

IR(toluene): v(CO) 2002 (s), 2054 (s) cm-l; v(SO) 1079 (m), 1132 (m), 1297 (w) cm-1

IR NMR (C6J)6): 4.61 (s, SR, cp), 9.96 (m, 3H, mera andpQTaHs ofC(,HS), 8.22 (m,

2H, onlw Hs of C(,HS)

High resolution mass spectrum (El-PM), 130'C, M+' measured: 395.9065 Da;

CI3Hlo04S2102Ru requires 395.9058 Da
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• Anal. Calcd. for C13HIO04RuS2: 39.49%C. 2.SS%H

Found: 38.98%C. 2.S6%H

Preparation of CpRu(COhSS(O)R

TlS-Cyclopentadienyl(dicarbonyl}-benzyl-2-oxodisulfanoruthenium(Il),

CpRu(COhSS(O)CH2C6IfS (2Oc)

To a solution of CpRu(CO)zSH (0.218 g. 0.848 nunol) in THF (20 mL) at -78·C

(acetone/chy ice bath) was added dropwise via a cannula a solution of phthS(O)CH2C6Hs

(0268 g. 0.940 mmol) in THF (25 mL) at -78·C over a period of 10 minutes. Stirring the

reaction for 1 hour gave an orange coloured solution which contained 1 product as

identified by NMR. The solution was concentrated to 10 mL under vacuum, Celite (10

mL) was added and the mixture was reduced to dryness. The residue was placed on a

chromatography column (3 x 6 cm) and elution with hexanes (200 mL) followed by THF

(80 mL) gave a yellow band which was reduced to dryness under vacuum to give a brown

residue. This was extraeted with toluene (20 mL) and the extraets were filtered through

Celite, and the filtrate stripped to dryness. Recystallization from THF/hexanes gave long

orange-brown needles (0.110 g, 31%). mp. = decomposition stanS at 112·C, m :r~g at

14S·C

IR(cyclohexane): v(CO) 2001 (s). 2049 (s) cm-1

IR(to1uene): v(CO) 1992 (s), 2043 (s) cm-1; v(SO) 1030 (w) 1092 (m) cm-1

IH NMR (C6D6): 427 (s,2H, CH2C6Hs); 4.63 (s, SE, Cp), 7.07 (m, 3H, mera,para H

's of CH2C6Hs), 7.33 (d of d, J(H-H) = 8 Hz, 2H, orr/w Hs of CH2C6Hs)

High resolution mass spectrum (El-PM), M+- measured.: 393.9289 Da; C.14H1202S2102Ru

requires 393.9265 Da.

Anal. Calcd. for CI4H12Û3RuS2: 42.74%C, 3.07%H

• Found: 42.93%C, 3.04%H
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Reaction of CpRu(COhSH + phthS(OH-C6H;Me

phthS(O)-4-C(;f4Me (0.334 g, 1.17 mmol) was aclded to a yellow solution oÏ

CpRu(COhSH (0.320 g, 1.71 mmol) in THF (5 mL). The solution immediately became

bright orange in colour. After stirring for 1 hour, a small aliquot of the solution was

removed, reduced to dryness under vacuum and dissolved in C6D6- The ]11MR specaum

revealed 12 peaks in the Cp region, three of which corresponded to CpRu(COhSS(O)-4

C6HsMe, CpRu(CO)zSS-4-C6HsMe and CpRu(CO)zSS(Oh-4-C6HsMe, accounting for

19%, 10% and 5% of the total intensity respectively. The reaction was stirred for an

additional 2 hours and a small aliquot of the solution was once again removed from the

reaction, reduced to dryness and dissolved in C6D6. The NMR specaum of this sample

showed 15 peaks in the Cp region. At this point, the solution was reduced in volume to 3

mL (vacuum pump), and placed on a chromatography column (l x 50 cm). Elution with

hexanes gave a bright yellow band which was collecred and reduced to dryness under

vacuum. The NMR specaum of the residue indicated a mixture of CpRu(COhS-4

C6HSMe, CpRu(CO)zSS-4-C6HsMe and an unknown compound whose Cp peak appeared

at 4.71 ppm, and did not have a corresponding peak due to Me protons, in the ratio of

2:1:2, respectively. The NMR specaum also showed the presence of (4-MeC6HshS2 and

two large unidentified peaks al 1.75 and 1.86 ppm. Concentration of this hexanes fraction

under vacuum until c10udy gave a bright yellow solid whose NMR specaum revealed

peaks at 1.75, 1.86, and 4.71 ppm. This solid was discanled.

Subsequent elution of the column with THF/hexanes (1:1) gave a smal!oright

yellow band containing CpRu(CO)zSS(O)-4-C6HsMe, CpRu(CO)zS-4-C6HsMe,

CpRu(CO)zSS(O)z-4-C6HsMe and CpRu(CO)zSS-4-C6HsMe in the ratio of 25 : 15 :

15 : 1, respectively, as seen by its NMR specaum. Recrystallization from THF/hexanes at

-16'C gave an orange powder containing CpRu(COhSS(Oh-4-C6HsMe and

CpRu(CO)zSS(O)-4-C6HsMe in a ratio of 10:1. Concentration of the mother liquors under

vacuum gave large orange rectangular crystals (0.025 g) containing CpRu(COhSS(O)-4-
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• C(;H4Me and CpRu(CO)zSS(O)zC6H4Me in a ratio of 4: 1. This sample was used for the

!H NMR and mass spectra. A third crop of CI)'stals was obtained from the mother liquors

and it contained CpRu(COhSS(O)-4-C6!4Me and CpRu(CO)zSS(O)zC6!4Me in the ratio

of 10:1 (0.007 g).

IR(cyclohexane): CpRu(CO)zSS(O)-4-C6H4Me v(CO) 1999 (s), 2045 (s) cm-!; v(SO)

1029 (w), 1250 (m) cm-!

!H NMR (C(;D6) CpRu(CO)zSS(O)-4-C6H4Me: 1.96 (s, 3H, 4-C6H4-CH3), 4.70 (s, sa
Cp), 6.91 (cl, J(H-H) =8Hz, 2H, meta H 's of 4-C6H4-CH3), 7.86 (cl, J(H-H) =8Hz, 2H,

ortho Hs of 4-C6H4-CH3)

High reso1ution mass spectrum (El-PM), l30°C, CpRu(CO)zSS(O)-4-C6H4Me+'

measured: 393.9331 Da; C!4H!203S210ZRu requires 393.9265 Da; also observed:

CpRu(COhSS(O)z-4-C(ïHsMe+' measured: 409.9258 Da; Cl41flZ04Sz10ZRu requires

409.9214 Da; also observed: CpRu(COhS(Oh-4-C(ïHsMe+' measured: 377.9474 Da;

Cl4HIZ04S1102Ru requires 377.9493 Da.

Reaction ofCpRu(COhSH + pbthS(O)C6I!s

A solution of phthS(O)C6Hs (0.468 g, 1.72 mmol) in lHF (40 mL) in a dropping

funne1 was added dropwise ta a yellow solution of CpRu(CO)zSH (0.400 g, 156 mmol)

in 1HF (40 mL) over 15 minutes. The solution immediate1y tumed orange in colour and

stiIring was continued for 20 minutes. The solution was concenm.ted to 10 mL onder

vacuum, Celite (10 mL) was added and the mixture was reduced ta chyness and extraeted

with toluene (2 x 20 mL). The combined extraets were filtered and the filtrate reduced ta

chyness onder vacuum tO give an orange oil. Recrystal1ization from lHF/hexanes at -16°C

for 1 day gave an orange oïl. After 2 further days al -16°C, large yellow crystals (0.160 g)

also appeared. The NMR spectrum of these CI)'stals in C6D6 revealed a mixture of

CpRu(COhSS(O)C6HS and CpRu(COhSS(OhC6HS, il" the ratio of 19:1.

• RecrystalJjv!lïon of the orange oil from THF/hexanes gave an orange oil whose NMR
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• spectrum ln C6D6 revealed peaks due to CpRu(COhSS(O)::C6HS and

CpRu(CO)zSS(O)C6Hs. in the ratio of 1.2:1. in addition 10 2 unknown compounds with

Cp peaks at 5.21 and 5.28 ppm. This oil was c!iscarded. Recrystallization of the yellow

crystals from THF/hexanes gave a brighl yellow solid containing CpRu(CO)zSS(O)C6Hs

and CpRu(COhSS(O)zC6Hs in the ratio of9:1 (0.073 g. 13%). This sample was used for

the spectroscopic analysis. Concentration of the mother liquors gave pale orange crystals

containing CpRu(CO)zSS(O)C6Hs and CpRu(CO)zSS(O)zC6Hs in the ratio of 5:1 (0.065

g, 11%).

IR(loluene): v(CO) 1992 (s), 2042 (s) cm'!; v(SO) 1051 (m) cm'!

IR(cyclohexane): v(CO) 1999 (s), 2045 (s) cm'!; veSO) 1040 (w). 1260 (m) cm'!

IH NMR (C6D6) CpRu(CO)zSS(O)C6Hs: 4.67 (s, SR, Cp), 7.03 (m, 3H, mera and para

H's ofC(,HS), 7.89 (m, 2H, onho Hs ofC(,Hs)

High resolution mass spectrum (El-SC), 120'C, CpRu(CO)zSS(O)C6HS+' measured:

379.9128 Da; C13H!003S2102Ru requires 379.9108 Da; also observed:

CpRu(CO)zSS(O)zC6HS+' measured: 395.9055 Da; Cl3HlOO4S2102Ru requires 395.9058

Da; also observed: CpRu(CO)zSSC6HS+' measured: 363.9178 Da; CI3HI004S2!02Ru

requires 363.9159 Da

Oxidation ofCpRu(PPh3)(CO)SS(O)yR (y = 0,1)

Reaction of CpRU(PPh3)(CO)SS(O)CHM~+ NaI04

To a yellow solution of CpRu(PPh3)(CO)SS(O)CHMC2 (0.210 g, 0.362 mmol) in

THF (8 mL) was added sodium periodate (10% w/w supported on silica gel) (0.921 g,

0.471 mmol) and the resulting mixture was stirred for 30 hours. A smaIl volume of the

mixture was removed, reduced to dryness under vacuum and dissolved in C6D6. The

NMR spectrum of this sample showed the presence of 1 peak due to Cp protons with

• COIrespOnding peaks due to the alkyl protons. The light green mixture was filtered through
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Celite (3 cm) and the Celite was washed with THF (2 x 8 mL). The combined filtrates

were coucemrated under vacuum to 5 mL and excess hexanes added tO precipitate a solid.

The mother liquors were removed with a syringe and the pale green solid was washed with

hexanes (0.12 g, 55%). Recrystallization from THF/hexanes gave small light green

needles. The NMR spectrum of the crystals revealed the presence of Cp peaks due 10

CpRu(PPh3)(CO)SS(OhCHMC2 and an unknown in the ratio of 7:1 (0.065 g, 30%).

IR(C6J)6): v(CO) 1976 (s) cm-!; v(SO) 1106 (m), 1269 ( w) cm-!

IR(toluene): v(CO) 1974 (s) cm- l ; v(SO) 1081 (m), 1299 (w) cm-!

IR(nujol): v(CO) 1967 (s) cm-!; v(SO) 1090 (s), 1255 (s) cm-!

!H NMR (C6J)6) CpRu(PPh3)(CO)SS(OhCHMC2: 1.43, 1.46 (d of ci, J(H-H) = 3 Hz. 6H,

CHMe2), 3.35 (septet, IH, CHMe2), 4.82 (s, SH, Cp), 7.00 (m, 9H, PPh3), 7.45 (m,

6H, PPh3); Unknown: 1.33, 1.41 (d of d, J(H-H) =8 Hz, 6H, CHMe2), 3.02 (m, IH,

CHMe21,4.91 (s, SH, Cp), 7.00 (m, 9H, PPh3), 7.53 (m,6H, PPh3)

High reso1ution mass spectrum (El-PM), 230°C, CpRu(PPh3)(CO)SS(OhCHMe2+'

measured 596.0176 Da; C27H27Û3PIRuS2 requires 596.0208 Da

Reaction of CpRu(PPb3)(CO)SS(O)-4-C6H4Me and 3.3 equiV"dlcnts of DMDO

To a flask charged with CpRu(PPh3)(CO)SS(O)-4-C6H4Me (0.059 g, 0.093

mmo1) at -40°C (acetone/dry ice bath)was added dropwise via a syringe dimethyldioxirane

(4.89 mL, 0.063M in acetone, 0.308 mmo1) at -16°C. The solution was stirred for 20

minutes at -40°c. A small volume of the solution was removed by syringe, reduced to

dryness, and dissolveci. in C6D6- The NMR spectrurn of tItis sample revea1ed the presence

of 2 compounds in the ratio of 5:1, with peaks due to Cp protons appearing at 4.68 and

4.59 ppm with corresponding Me peaks at 1.91 and 1.83 ppm respectively. After a total

reaction rime of 20 minutes, the solution was reduced to dryness and the residue was

dissolved in toluene and excess hexanes was added. The solution was cooled to -78°C and

a yellow solid precipitated. The mother liquors were discaIded and the remaining yellow
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powder was washed with hexanes -?SOc. The NMR spectrum of the yellow solid in C6D6

revealed the presence of 2 sets of peaks assigned ta CpRu(PPh3)(CO)S(OhS(Oh-4

4;f4Me and an unknown in the ratio of in a ratio of?:1.

IR(nujol): v(CO) 1955 (s) cm-I; v(SO) 1308 (m), 1262 (m) cm-I

IH NMR (C6D6) CpRu(PPh3)(CO)S(OhS(Oh-4-C6H4Me 1.91 (s, 3H, Me). 4.67, (s,

5H, Cp), 6.72 (d J(H-H)=7 Hz., 2H, mera H of 4-C,;H4Me), 6.95 (m, 9H, PPh3),4.48

(m, 6H, PPh3), 7.68 (d J(H-H)=7 Hz., 2H, orcho H of 4-C6/i4Me); Unknown 1.83 (s,

3H,Me), 4.63 (s, 5H,Cp), 7.05 (m, Il H, PPh3, mera H of 4-C6/i4Me), 7.18 (m, 6H,

PPh3), 8.10 (dJ(H_H)=8 Hz., 2H, orcho H of 4-C,;H4Me);

High reso1ution mass spectrum (El-PM), CpRu(PPh3)(CO)S(OhS(012+' measured:

584.9426 Da; C24H200sPS2102Ru requires 383.9546 Da.
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•
Table E.l 1 H NMRd Data for CpRu(CO)~E (E = SR, SSR, SSSR, SS(O)R, SS(OhR; R =4-Cc.fI4Me, C6Hs, CH2C6Hs).

•
No. Compound CsHs

-
3 CpRu(COhSHb 4.37

4 (Il-SJ)(CpRU(CO)2) 4.82

lia . CpRu(COhS-4-Cc.fI4Me 4.43

12a CpRu(COhSS-4-Ce.H4Me 4.40....
-..1a.

131\ CpRu(COhSSS-4·Cc.fI4Me 4.53

20a CpRu(COhSS(O)-4-Cc.fI4Me 4.70

19a CpRu(COhS3(Oh·4·~~Me 4.64

d ln C606 solution, reported ln ppm.
b SHat.2.93 ppm.
<X =2, doublet, 1(//./1) = 8 Hz.; d X = 3, multiple••
, x=2, muhiplet.
lx = t, triplet
, x=2, doublet or doublea.s, 1(11./1) = 8 Hz.

4-C6H~ Cc,I-I.

2.11 6.90<,7.69<

2.06 6.95<,7.76<

1.99 6.88c,7.72c

1.96 6.91<,7.86<

1.85 6.77<,8.16<



•
Table E.l (eontinued)

No. Compound CsHs CH~C6Hs C6H.

Ilb CpRu(CO)zS~s 4.41 7.lOd
, 7.73'

12b CpRu(CO)zSSC6Hs 4.39 7.OO,7,13',7.82c

CpRu(CO)zSSSC~s 4.49 7

20b CpRu(CO)zSS(O)C6Hs 4.67 7.03d
, 7.89'

19b CpRu(CO)zSS(O)zC6HS 4.61 6.96d
, 8.22'

....
~

Ile CpRu(CO)zSCH2C~S 4.34 3.61 7.09d
, 7.4l}\'

12e CpRu(CO}iSSCH2C~S 4.43 3.98 7.07d
, 7.38'

CpRu(CO)zSSSCH2C6Hs 4.57 3.35 7

20e CpRu(CO)zSS(O)CH2C~S 4.63 4.27 7.07d
, 7.33'

• ln C(,i>6 solution. reported ln ppm.
b sn8t-2.93 ppm.
t x=2. doublet. 1(1/.1() =8 Hz.
" x=3, multiplet.; • x=2. multipleL
1x=l, ulplel.
, x=2. doublet ofdoublets. 1(1/./1) =8 Hz.
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• Table E.2 IR strelChïng frequencies for CpRu(L)(CO)E (L = PPh3• E =
SS(O~CHMC:1. S(O~S(O~4-CJi4Me: E = SR. SSR. SSSR. SS(O)R. SS(O~R. R =
4-Ct;~Me. CJis. CHzCJis)·

CpRu(L)(CO)E

L E R

CO SR H 1995,2043 a

4-C6~Me 1990,2041 a

C6HS 1992,2041 a

CHzCJis 1985, 2039 a

SS(COhRuCp 1969,2024 b

CO SSR 4-Ct;~Me 1993,2043 a

C6Hs 1996, 2043 a

CHzCJis 1994,2038a

CHMez 1987,2034a

CO SSSR 1993,2043 a

2oo1,2048a 1030 e, 1292f

co SS(O)R 1999, 2045 a

1999,2045 a

1129 e, 1250f

1040 e, 126Qf

4-Ct;~Me

R=CJis

2002, 2054 b 1079f , 1132.1; 1276f

2002, 2054 b 1079f , 1132f, 1279 e

-----------------------------------------.-----------------------------------
1974 b

1955 c

•
a cyclobc:xane

b IO!UCDe

C najo!

d a11 v(CO) bands are SlIODg in inlellSity

• weak inteosity
f medium inlellSity
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•

CONTRffiUTION TO ORIGINAL KNOWLEDGE

1. Adùitional examples of an interesting and rare c1ass of complexes containing

SxOyR ligands, CpRu(CO)zER CE =SS. SS(O), SS(O)z) were preparee!. The complexes

CpRu(CO)2SS(0)zR were preparee! in reasonable yields by a novel route and has enabled

chemical and the fIrst srudies of complexes of this type. The x-ray structure of

CpRu(CO)zSS(O)zC6Hs was determined, only the second reported containing a -SS(O)zR

ligand. The stability of the -SS(O)zR ligand in the presence of PPh3 suggests that a

[MSSÛ2] functionality is an unlikely route to [MSS], or catenation. The novel overall

removal of SO from CpRu(CO)zSS(O)R by PPh3 was observecL These two observations

have important implications for the development of models for the Claus Process.

2. The demonstration of sulfur transfer in the ~omplexes CpRu(CO)zSSR to

give CpRu(CO)zSxR (x = 1-3) and the insertion of a sulfur atom from added S8 is

unprecedentecL The mechanism of the insertion appears to be complex. The reaction may

be important as a possible route to the rarer lùgher metal polysulfano complexes, MSxR (x

~ 3).

3. The thiolates CpRu(CO}zSR undergo novel sulfur atom insertion with 58 to

give higher sulfanes CpRu(CO)zSxR (x = 2,3). An ionic route is proposed. The
..

photoactivated ligand exchange observed between these thiolates and organic polysulfides

R'25y (y = 2,3) to give CpRu(CO}z5xR' is also new. These phenomena are ofparticular

interest when one remembers that the body contains many metal thiolate complexes and

organic disulfides.

4. The first electroehemica1 studies ofcomplexes of the type CpRu(CO}zER CE

= S5, S5(0), 55(Oh) bas demonstrated that these complexes undergo irreversible sulfur-
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•

•

based oxidation. The polential of !he flISt oxidation is independent of !he R group or !he

presence of one or !wo sulfur atoms in !he ligand, E = Sx (x = 1,2). The rate of oxidation

of CpRu(C012SS(O)yR (y = 1,2) is much slower!han !hat for E = Sx forreasons !hat are

unknown.

5. Il has been demonstrated !hat preparative oxidation reactions of

CpRu(PPh3)(CO)SS(OlyR (y = 0,1) are unIikely to he good routes to higher oxides unless

more specific oxidanlS cao he found. The higher oxides, particularly !hose wi!h oxygen on

!he sulfur alom coordinated to !he metal atom as in CpRu(PPh3)(CO)S(OhS(OhR are

exrremely moisture sensitive.
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• APPENDIX 1. Structural Analysis of CpRu(COhSS<OhC6HS

Table A.1.1 Crystallographic Data for CpRu(CO)zSS(O)zC6lfS.

Crystal Parameters

Formula: C13HIO04S2RU
Crystal system: monoclinic
a = 10.143(2)Â
b = 11.318(2)Â
c = 13.259(2)Â
V =1455.4(5)Â3
Ôca1e = 1.804 g cm-3
Colour = yellow
Crystal size = 0.42 x 0.37 x 0.27 mm
Transmission factors =0.87-1.38

Formula weight =395.41
Space group =P2l/c
a = 90'

13 = 107.04'
1= 90'
Z=4
ll(MoKa) = 13.39 cm-I

Temperature = 19'C
Â. = 0.71069Â

Data Collection and Struetrure Refinement

Diffractometer: Rigaku AFC6S
Monochromator: graplùte
Scan speed: 16"/min
Quadrant collected: h, k, ±I
Reflections collected: 2867
Least-squared method: full mattix
Absorption Correction: yes
Parameters refined: 182
R= 0.û35
Goodness offit = 1.28

Radiation: MoKa
Scan method: Cl>-2ep

Data limits: 4 < 2ep <50
Friedel pairs collected: no
Unique data: 2709
Data (I > 3.0<; (1): 1856
DaIaiparameter ratio = 1020
Rw =0.039

•

R = L [ IFol - IFel ] / L IFoi

Rw = [Lw (IFol-IFel )2/ L Fo2]I/2, where w = 11 (j2 (IFol )

Goodness offit = [Lw ( IFoi-IFel)21 (Nobs - Nparm ) ]1/2
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• Table A.1.2 Atom cardinales, x,y,z and Bisa (À2) for CpRu(COhSS(O):~C6H5.
E.S.Ds. refer ta the last digit printed.

atom x y z Bisa

Ru 0.12107(04) 0.26248(04) 0.06256(03) 2.56(2)
S(1) -0.05633(15) 0.36366(12) -0.06796(12) 3.21(6)
S(2) -0.21519(13) 0.24612(12) -0.10842(11) 2.95(5)
0(1) -0.2660(04) O.""05(04) -0.0198(03) 4.6(2)
0(2) -0.1844(04) 0.1456(03) -0.1647(03) 4.0(2)
0(3) 0.3348(05) 0.3737(05) -0.0250(04) 7.1(3)
0(4) 0.1236(05) 0.0430(04) -0.0661(04) 5.5(2)
C(1) 0.1556(07) 0.1574(05) 0.2082(05) 4.0(3)
C(2) 0.0215(06) 0.2041(05) 0.1829(05) 3.7(3)
C(3) 0.0325(07) 0.3276(06) 0.1896(05) 3.9(3)
C(4) 0.1715(07) 0.3583(05) 0.2170(05) 3.8(3)
C(S) 0.2481(06) 0.2515(06) 0.2280(04) 3.9(2)
C(6) 0.2522(06) 0.3319(06) 0.0065(05) 4.0(3)
C(7) 0.1171(06) 0.1275(05) -0.0212(05) 3.5(3)
C(8) -0.3412(05) 0.3335(05) -0.1996(04) 2.6(2)
C(9) -0.3582(06) 0.3226(05) -0.3066(05) 3.3(2)
C(lO) -0.4535(06) 0.3941(06) -0.3765(05) 4.3(3)
C(11) -0.5282(07) 0.4748(06) -0.3393(06) 4.6(3)
C(12) -0.5113(06) 0.4846(05) -0.2331 (05) 4.0(3)
C(13) -0.4165(06) 0.4129(05) -0.1614(05) 3.7(2)

Bïso is the arithmetic mean of the princip31 axes of the thermal eIlipsoid.

•
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• Table A.1.3 Anisotropie thennal factors for CpRu(COhSS(OhC6Hs.
U(i.j) values (Â2). E.S.Ds refer to the last digit printed.

atom Ull U22 U33 U12 U13 Uo'-.'

Ru 0.0323(02) 0.0336(03) 0.0316(02) -0.0002(02) 0.0095(02) 0.0016(02)
S(l) 0.0394(08) 0.0319(08) 0.0446(09) -0.0054(06) 0.0027(06) 0.0085(06)
S(2) 0.0343(07) 0.0342(08) 0.0419(08) -0.0034(06) 0.0084(06) 0.0064(07)
O(l) 0.050(02) 0.072(03) 0.052(03) -0.007(02) 0.016(02) 0.023(02)
0(2) 0.043(02) 0.036(02) 0.066(03) 0.003(02) 0.004(02) -0.003(02)
0(3) 0.083(04) 0.124~05) 0.078(04) -0.053(04) 0.051(03) -0.027(03)
0(4) 0.097(04) 0.047(03) 0.064(03) 0.014(03) 0.023(03) -0.010(02)
C(1) 0.066(04) 0.044(04) 0.044(04) 0.006(03) 0.019(03) 0.011(03)
C(2) 0.053(04) 0.053(04) 0.041(04) -0.011(03) 0.020(03) 0.002(03)
C(3) 0.060(04) 0.050(04) 0.043(04) 0.015(03) 0.024(03) 0.003(03)
C(4) 0.062(04) 0.046(04) 0.036(04) -0.011(03) 0.016(03) -0.007(03)
C(5) 0.047(03) 0.061(04) 0.037(03) 0.000(03) 0.004(03) 0.006(03)
C(6) 0.048(04) 0.062(04) 0.041(04 -0.010(03) 0.014(03) -0.011(03)
C(7) 0.046(04) 0.039(03) 0.048(04) 0.008(03) 0.015(03) 0.006(03)
C(8) 0.025(03) 0.031(03) 0.041(03) -0.002(02) 0.007(02) -0.000(03)
C(9) 0.037(03) 0.042(03) 0.048(04) 0.003(03 0.015(03) 0.006(03)
C(10) 0.056(04) 0.065(04) 0.041(04) 0.010(03) 0.013(03) 0.012(03)
C(lI) 0.045(04) 0.058(04) 0.068(05) 0.012(03 0.013(04) 0.020(04)
C(l2) 0.037(03) 0.045(04) 0.074(05) 0.009(03) 0.022(03) -0.000(03)
C(13) 0.044(03) 0.048(04) 0.046(04) -0.002(03) 0.012(03) -0.003(03)

Anisotropie Temperature Factors are of the form:

Temp = -27t2(h2a*2Ull + k2b*2U22 + 12c*2U33 + 2hka*b*U12 + 2hla*e*U13 +
2klb*c*U23)

•
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• Table A.1.4 Selected bond lengths (À) and angles(O) for CpRu(COhSS(OhC6Hs.
E.S.Ds ref<:1" (0 last digit printed.

Ru-S(l)
Ru-C(l)
Ru-C(2)
Ru-C(3)
Ru-C(4)
Ru-C(5)
Ru-C(6)
Ru-C(7)
S(I)-S(2)
S(2)-O(l)
S(2)-0(2)
S(2)-C(8)
0(3)-C(6)

2.391(2)
2.206(6)
2.225(6)
2.252(6)
2.240(6)
2.198(5)
1.876(7)
1.882(6)
2.037(2)
1.444(4)
1.444(4)
1.780(5)
1.142(7)

0(4)-C(7)
C(l)-C(2)
C(l)-C(5)
C(2)-C(3)
C(3)-C(4)
C(4)-C(5)
C(8)-C(9)
C(8)-C(13)
C(9)-C(10)ce1O)-C(11)
CCll)-C(l2)
C(l2)-CC13)

1.139(7)
1.405(8)
1.392(8)
1.403(8)
1.393(8)
1.421(8)
1.384(7)
1.369(8)
1.388(8)
1.368(9)
1.373(9)
1.397(8)

S(l}-Ru-CCl) 141.7(2) S(1)-S(2)-0(2) 112.1(2)
S(l)-Ru-CC2) 104.9(2) S(1)-S(2)-C(8) 99.9(2)
S(1)-Ru-CC3) 90.2(2) O(1)-S(2)-0(2) 116.5(3)
S(l)-Ru-C(4) 110.6(2) 0(l}-S(2)-C(8) 107.9(3)
S(1)-Ru-CC5) 147.8(2) 0(2)-S(2)-CC8) 107.9(2)
S(I)-Ru-CC6) 89.0(2) Ru-C(1)-C(2) 72.2(3)
S(l}-Ru-C(7) 94.6(2) Ru-C(1)-C(5) 71.2(3)
C(1)-Ru-C(2) 37.0(2) C(2)-C(1)-CC5) 108.0(5)
C(l)-Ru-CC3) 61.2(2) Ru-C(2)-C(l) 70.8(3)
C(l)-Ru-CC4) 61.7(2) Ru-C(2)-C(3) 72.8(4)
C(1)-Ru-C(5) 36.8(2) C(1)-C(2)-C(3) 107.8(5)
C(1)-Ru-C(6) 128.6(3) Ru-C(3)-C(2) 70.7(4)
C(1)-Ru-C(7) 92.8(2) Ru-C(3)-C(4) 71.5(3)
C(2)-Ru-C(3) 36.5(2) C(2)-C(3)-C(4) 108.7(6)
C(2)-Ru-C(4) 61.2(2) Ru-C(4)-C(3) 72.4(4)
C(2)-Ru-C(5) 61.6(2) Ru-C(4)-CC5) 69.7(3)
C(2)-Ru-C(6) 158.8(2) C(3)-C(4)-CC5) 107.2(5)
C(2)-Ru-C(7) 104.3(2) Ru-C(5)-CCl} 71.9(3)
C(3)-Ru-C(4) 36.1(2) Ru-C(5)-C(4) 72.9(3)
C(3)-Ru-C(5) 612(2) C(1)-C(5)-C(4) 108.3(5)
C(3)-Ru-CC6) 130.1(3) Ru-C(6)-Q(3) 178.1(6)
C(3)-Ru-C(7) 139.7(3) Ru-C(7)-0(4) 174.7(5)
C(4)-Ru-C(5) 37.3(2) S(2)-C(8)-CC9) 119.7(4)
C(4)-Ru-C(6) 99.3(2) S(2)-C(8)-C(13) 118.7(4)
C(4)-Ru-C(7) 153.1(2) C(9)-C(8)-C(13) 121.6(5)
C(5)-Ru-C(6) 982(2) C(8)-C(9)-C(10) 119.1(5)
C(5)-Ru-C(7) 116.6(2) C(9)-CC10)-C(11) 120.0(6)
C(6)-Ru-C(7) 90.0(3) C(10)-CC11)-C(12) 120.6(6)
Ru-S(1)-S(2) 104.31(7) C(11)-CCI2)-C(13) 120.4(6)
S(1)-S(2)-O(I) 111.1(2) C(8)-CCI3)-C(12) 118.5(6)

•
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• APPENDIX 2. Structural Analysis of CpRu(COhSS(OlC6HS

Table A.2.1 Crystallographic Data for CpRu(COhSS(O)C6HS.

Crystal Parameters

Formula weight= 379.41
Space group = P21/n
ex = 90·

~ = 98.51·
y=90·
Z=4
Il(CuKex) =119.7 cm-1

Temperature = 21·C
À= 1.54178À

Formula: C13HIOÛ3S2Ru
Crystal system: monoclinic
a = 6.700(l)À
b = 28. 492(5)À
c = 7.466(1)À
V = 1409.6(4)À3
Ôcale = 1.788 g cm-3
Colour = yellow
Crystal size = 0.62 x 0.15 x 0.12 mm
Transmïssion factors = 0.79-1.55

Data Collection and Struetrue Refinement

Diffractometer: Rigaku AFC6S
Monochromator: graphite
Scan speed: 16·/min
Quadrant colleced: h, k, ±l
Reflections collected: 2428
Least-squared method: full matrix
Absorption Correction: yes
Parameters refined: 173
R =0.047
Goodness of fit = 1.42

Radiation: CuKex
Scan method: Q)-2cp
Data limits: 4 < 2cp < 120
Friedel pair collected: no
Unique data: 2176
Data (1 > 3.00" (1): 1299
Datalparamerer ratio = 7.51
Rw =0.049

R = L [ IFoI - IFel ] 1L IFoI

Rw = [ LW ( IFol - IFel )21 L Fo2]1/2, where w = 11 'S2 (IFol )

Goodness of fit = [ LW ( IFoI - IFel '?1( Nobs - Npann ) ]1/2

•
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• Table A.2.2 Atom cordinales, x,y;z and Bise (Â2) for CpRu(C012SS(O)C6Hs.
E.S.Ds. refer to the last digit printed.

atom x y z Bise

Ru 0.09794(14) 0.08518(03) 0.18252(12) 3.62(4
S(l) -0.1006(05) 0.07291(10) -0.1071(04) 5.4(2)
S(2) -0.0368(06) 0.12228(11) -0.2902(04) 6.1(2)
0(1) 0.1840(~4) 0.1272(03) -0.2914(11) 6.9(5)
0(2) -0.1349(13) 0.1702(03) 0.2754(10) 5.4(4)
0(3) -0.1787(13) 0.0216(03) 0.3513(13) 7.0(5)
C(1) 0.397(02) 0.1168(04) 0.170(02) 6.4(8)
C(2) 0.386(02) 0.0783(07) 0.071(02) 6.9(8)
C(3) 0.366(02) 0.0396(05) 0.175(03) 8(1)
C(4) 0.365(02) 0.0577(07) 0.356(03) 8(1)
C(5) 0.389(02) 0.1046(06) 0.346(02) 6.1(8)
C(6) -0.053(02) 0.1381(04) 0.2322(14) 3.9(5)
C(7) -0.079(02) 0.0463(04) 0.279(02) 4.9(6)
C(8) -0.113(02) 0.1758(04) -0.1890(15) 4.6(5)
C(9) -0.309(02) 0.1834(05) -0.168(02) 5.3(7)
CnO) -0.354(02) 0.2266(05) -0.096(02) 5.7(7)
C(l1) -0.214(02) 0.2611(04) -0.055(02) 5.9(7)
C(12) -0.024(02) 0.2525(05) -0.083(02) 6.2(7)
C(13) 0.034(02) 0.2096(05) -0.148(02) 5.6(7)

Bise is the arithmetic mean of the principal axes of the thermal ellipsoid.

•
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• Table A.2.3 Anisotropic thennal factors for CpRu(C012SS(O)C6HS.
U(iJ) values (Â2). E.S.Ds refer to the last digit printed.

atom UI! U22 U33 U\2 Ul3 U~"
-~

Ru 0.0446(05) 0.0454(04) 0.0481(05) -0.0006(05) 0.0088(04) 0.0014(05)
S(1) 0.086(03) 0.057(02) 0.061(02) -0.015(02) 0.002(02) -0.0100(14)
S(2) 0.111(03) 0.081(02) 0.043(02) -0.008(02) 0.020(02) -0.007(02)
0(1) 0.098(08) 0.100(07) 0.076(06) 0.007(05) 0.052(06) -0.002(05)
0(2) 0.081(07) 0.066(05) 0.054(06) 0.022(05) 0.000(05) 0.005(04)
0(3) 0.055(07) 0.086(06) 0.127(08) 0.003(05) 0.018(06) 0.046(06)
C(1) 0.060(10) 0.071(09) 0.109(13) -0.011(08) 0.012(09) 0.014(09)
C(2) 0.059(10) 0.120(13) 0.090(11) 0.005(10) 0.030(08) -0.024(11)
C(3) 0.045(10) 0.061(10) 0.21(02) 0.017(08) 0.009(12) -0.033(12)
C(4) 0.043(10) 0.131(14) 0.13(02) 0.018(10) 0.014(10) 0.072(13)
C(5) 0.054(09) 0.107(11) 0.069(11) -0.002(09) 0.002(08) -0.008(09)
C(6) 0.040(07) 0.061(07) 0.044(07) -0.003(06) 0.001(06) 0.009(06)
C(7) 0.034(08) 0.062(07) 0.088(10) 0.003(06) 0.006(07) 0.006(07)
C(8) 0.084(10) 0.056(06) 0.035(06) -0.008(08) 0.006(06) 0.002(06)
C(9) 0.057(10) 0.075(09) 0.062(09) -0.018(07) -0.014(07) 0.013(07)
C(10) 0.065(10) 0.083(10) 0.061(09) 0.005(08) -0.010(07) 0.013(08)
CClI) 0.085(12) 0.063(08) 0.073(10) -0.002(08) -0.004(09) 0.009(07)
C(12) 0.083(12) 0.086(10) 0.062(09) -0.027(09) 0.004(08) -0.002(08)
C(13) 0.073(10) 0.076(09) 0.070(09) -0.012(08) 0.028(08) -0.001(07)

Anisotropie Temperature Factors are of the form:

Temp = -2x2(h2a*2Ull + k2b*2U22 +12c*2U33 + 2hka*b*UI2 + 2hla*c*U13 +
2klb*e*U23)
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• Table A.2.4 Selected bond lengths (À) and angles(C) for CpRu(COhSS(O)C(;HS.
E.S.Ds refer to last digit printed.

Ru-S(l)
Ru-CCl)
Ru-C(2)
Ru-C(3)
Ru-C(4)
Ru-C(S)
Ru -C(6)
Ru -Cm
S(I)-S(2)
S(2) -0(1)
S(2)-C(8)
0(2)-CC6

2.391(3)
2.21(1)
2.22(1)
2.23(1)
2.20(1)
2.21(1)
1.88(1)
1.84(1)
2.0S0(4)
1.488(9)
1.81(1)
1.14(1)

0(3)-C(7)
C(1)-CC2)
C(1)-C(S)
C(2)-CC3)
C(3) -C(4)
C(4)-C(S)
C(8)-C(9)
C(8)-C(13)
C(9)-C(lO)
CCI0)-CCll)
C(11)-CCI2)
CCI2)-CCI3)

1.16(1)
1.32(2)
1.36(2)
1.36(2)
1.4S(2)
1.3S(2)
1.37(2)
1.38(2)
1.39(2)
1.36(2)
1.3S(2)
1.39(2)

•

S{l)-Ru-CCl) 114.1(5) S(I)-S(2)-O(1) 111.9(4)
S(1)-Ru-CC2) 92.7(4) S(1)-S(2)-CC8) 101.6(4)
S(1) -Ru-C(3) 103.6(6) O(1)-S(2)-C(8) 105.4{6)
S(l)-Ru -C(4) 141.1(6) Ru-C(1)-CC2) 73.1(8)
S(1)-Ru-C(S) 149.6(4) Ru-CCl) -C(5) 72.1(8)
S(l)-Ru-CC6) 93.0(3) C(2)-CCl)-C(5) 109(1)
S(l)-Ru-Cm 87.7(4) Ru-C(2)-CCl) 72.2(8)
C(1)-Ru-C(2) 34.7(5) Ru-C(2)-CC3) 72.4(8)
C(l)-Ru -C(3) 59.8(5) CCl)-C(2)-C(3) 111(1)
C(I)-Ru-C(4) 60.2(5) Ru-C(3) -C(2) 71.9(8)
CCl)-Ru-C(5) 35.9(5) Ru-C(3)-C(4) 69.7(8)
C(I)-Ru-C(6) 101.4(5) C(2)-CC3)-C(4) 105(1)
C(l)-Ru-Cm 154.1(5) Ru-C(4)-C(3) 72.0(9)
C(2)-Ru-C(3) 35.7(5) Ru-C(4)-C(5) 72.8(9)
C(2)-Ru-CC4) 60.7(6) C(3)-C(4)-C(5) 106(1)
C(2)-Ru -C(5) 58.9(5) Ru-C(5)-CCl) 72.0(9)
C(2)-Ru-C(6) 131.8(6) Ru-C(5)-CC4) 71.6(9)
C(2)-Ru-C(7) 137.5(6) C(1) -C(5)-CC4) 109(1)
C(3)-Ru-C(4) 38.3(6) Ru-C(6)-Q(2) 175(1)
C(3)-Ru-C(5) 60.7(5) Ru-C(7)-Q(3) 175(1)
C(3)-Ru-C(6) 158.7(5) S(2)-C(8)-C(9) 121(1)
C(3)-Ru-C(7) 103.2(6) S(2)-CC8)- C(13) 117(1)
C(4)-Ru-C(5) 35.6(5) C(9)-C(8)-C(13) 122(1)
C(4)-Ru-C(6) 125.7(7) C(8)-CC9)-C(10) 117(1)
C(4)-Ru-C(7) 94.1(5) C(9)-C(10)-C(11) 123(1)
C(5)-Ru-C(6) 98.4(5) CCI0)-CCll)-C(12) 118(1)
C(5)-Ru-C(7) 120.1(6) C(11)-C(12)-C(13) 122(1)
C(6) -Ru-C(7) 90.6(5) C(8)-CC13)-C(12) 118(1)
Ru-S(I)-S(2) 111.1(2)
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o CpRu(CO)zSH
C CpRu(CO)zO

• APPENDIX 3. Plots verifying diffusion controlled processes.

Figure A.3.1 Plots of current verses the square root of scan speed (v l12):

a) CpRu(CO~E (E = a. SR); b) CpRu(CO~SR (R = 4-CJ14Me. CJis. CH2CJis);
c) CpRu(CO~SSR (R = 4-C~Me. CJis. CH2C~S).
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• Figure A.3.2 Dependence of the peak oxidation potential for a) CpRu(COnE (E =
a. SH, SR; R =4-CJi4Me, CJfs, CH2CJfs) and b) CpRu(COnSSR on the
logarithm of the sweep rate.

~
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The preparation of the mixed thiolato-isocyanide complexes cis
and trans-( Tjs-CsHs)W( CO)2(SR)( CNR'):
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Treatment of the thiolato eomplexes CpW(CO),(PPh,XSR). as a mixture of cis and Irons isomers. wilh isoey:lnides gave cis·
and lrons-CpW(CO),(SRXCNR'). where R - CHMe, or 4-C.H.Me. and R' - CMe, or 2.6-C.H,Me,. The cis isomer of the
thiolato eomplex was preferentially eonsumed bcfore the lrans isomer. The structure of lransoÇpW(CO),(S-4-C.H.MeXCN.
CMe,) was detennined by X·ray erystallography: P2,/a: a - 12.242(4). b - 17.592<S). c - 18.7"'..8(8) A.,8 - 92.01(3)": V - 4030.&2)
K:Z-2.

Keywords: Tungsten: Thiolate; lsocyanide: Substitution: Cyelopentadienyl: Crystal structure

•

1. Introduction

Complexes of the tYPe cis· and trans·CpW(CO),·
(PPh3)(SR), where R - alkyl or ary!, lose PPh3 in
solution to form the unsaturated 16-electron interme·
diate "CpW(CO),SR" (1]. Heating a solution of a
mixture of cis·and trallS·CpW(CO),(PPh3)SCHMe, led
te sequentialloss of first PPh3 and then one CO ligand
to give the dimers (CpW(CO),SCHMe,], and (CpW
(CO)SCHMe,l: respectiveIy (2]. The starting thiolato
complexes easiJy add CO to give the tricarbonyls
CpW(CO)3SR. Treatment with CS, leads to insenion
into the W-S bond to give the thioxanthates
CpW(CO),S,CSR. The mechanism of the latter reae
tion probably involves dissociation of PPh3, followed
by coordination of cs, and then insenion (I].
. lsocyanides are vetY versatile ligands (3,4] and they
undergo insenion reactions with metal-carbon a bonds
(st The faCtors whicb affèct sucb reactions include the
stene' congestion in t1ie coordination Sphere of the'
Metal upen coordination of the isocyanide (6]. the
nucleophiliciry of the migrating atoms or group (7] and
the electrophiliciry of the coordinated isocyanide (8]. It

• Conespondin& author.
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became of interest to lest the reactiviry of the thiolato
tungsten complexes above with isocyanides to see
whether coordination and/or insenion would occur.
There are a few examples of insenion by isocyanides
into metal-heteroatom bonds namely M-N (9] and
M-O (lO]. Examples of complexes containing a thrce
membered M-C-S moiery. which might possibly form
via insertion of an isocyanide into a metal thiolale,
have been prepared via addition of the HS- anion to a
coordinated isocyanide [11). Finally insertion of iso
cyanides into aetivated carbon-sulfur bonds (C-S) in
organie systems have been reported (12]. Therefore a
complex of the type CpW(CO),(SR)(CNR') has many
attnbutes that mighr lead ro insertion of the isocyanide
inlo the metal-sulfur bond.

2. Results and discussion

Treatment of solutions of mixtures of as- and trans
CpW(CO),(PPh3)SR, as obtained from methods previ
ously deseribed (1]. with isocyanides gave the produets
of substitution of the PPh3 ligand. namely CpW(CO),'
(SRlCNR', where R - CHMe2 or 4-C6H.Me and R'
CMe3 or 2,6-C6 H 3Me,. The crude yields, as obtained
!rom alumina columns, were high (grealer than 83%)
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Table 1
X·zay c:rystallosrapbic data for tnlnsoCpW(COl:fS-4-C.H.MeXOl·
CMe,)

(2.506(2) Â) [13] but much longer than that in CJ?W(,,'.
C.(CF).CNMe)XSCHMe,)CNCMe) (2.374(3) Â) [14].
The thiolato and isoc:yanide ligands are adjacent in this
complex owing to the bulky fulvalene 1igand. The W
CNCMe) bond length in our complex is 2.079(12) Â
and in the fulvalene complex it is 2.017(9) Â.

A sample of the red c:rystaIs of trans.CpW(CO),(S
4-C6H.Me)CNCMe) was dissolved in COQ) at
- 6O"c. The solution was immediate\y inserted into the
probe of the NMR instrument at room temperature
and its spee:trum taken. This initial spee:trum showed
only one set of peaks presumably due to the trttns
isomer (Cp, 5.60 ppm). After 2 min, the peaIcS due to
the cis isomer began to appcar and, after a further 8
min, equilibriwn had been reached. The inabililY to
separate the isomers of any of the isoc:yanide com
plexes is consistent with the rapid anainment of equi·

Fig. t. ORTEP vicw oC tnlnsoCpW(ÇCl):(S4-C,H.MeXOlCMe,)
(moIecuIe Al. ScIcctcd bond Icngths (Al and aosJcs (') arc as foUows:
W-CP(_). 2.332 (12); W-s. 2.SOt Ok w-a6l. 1.990 (l3k
W-a:n.I.976 (llk w-aS). 2.079 (12); 5-W-aS~ 138.4 Ok W-5
013). 114.6(4k W-OSl-N. 176.1 (lDk OSl-N-a9). 176.1 (12).

C" c,

C'~\7'_-::';-'~'. . l"'r~ 'CI

W

, ..............~.
c....... "': ",C.
~,- c, '.;;:;:

co. '0/-;&. fI" 0'
.~ / .CI) 'l'"

Cil ~'"-. co. ~:::--.,... o._ -,v
CI'll".~' . 1cr: ...,

Formula wciahl 511.28
Spacc IlfOUP P2t/a
a 12.242(4) A
b 17.592 (5) A
c 18.728 (S)A
fJ 92.010)'
y 403ll.8 (24) A
Z 2
T 22'C
À a~~
Pole 1·68SICII-'
,.(Mo Ka) 59.6C11-'
Transmission fodors 0.14-0.29
R' 0.D37
R.: D.D26

and the compounds were quite pure by NMR. The
isolated yields were considerably reduced owing to
high solubilit)' in the recrystallizing solvents.

The compounds were formed as a mixture of as and
trans isomers as revealed by their NMR spectra which
show~d complete sets of peaks for each isomer. The
ratios of isomers (see Section 3) were determined by
integration of the NMR spcetra and were invariant at
ail stages of the work·up. The pcaks due to the isomers
containing the SCHMe: ligand were assigned on the
basis of the pattern of the Me resonances. These
appear as a doublet of doublets in the as isomer
consistent with their diastereotopic environment whüe
they appear as simple doublets in the tTans isomers. It
was not possible. on the basis of the room temperalUre
1H NMR spectra. to assign the peaks to the isomers of
the IWO other complexes which contained the 5-4
C.H.Me ligand. No evidence was deteeted for separa·
tion of the isomers during the work·up which included
e:hromatography on alumina. Ctystallization of ail four
products gave only one type of crystal for each when
examined under the mic:roscope. No further effort was
made to separate the isomers. Earlier attempts to
separate the isomers of the starling complexes CpW.
(CO):(PPh)lSR were unsuc:c:essful bec:ause they equili·
brate in solution [11 The solution IR spcetra of the
complexes in the Lo(CO) and v(CN) regions were con·
sistent with their formulation and are given in Section
3.

The reactions were monitored by 1H NMR spcc:.
trosc:opy which demonstrated that the cis isomer of the

. Slarling complexes was c:onsumed first before the trans
isomer reacted. The peaks due to the cis and trans
isomers of the ProdUClS appeared and grew in intensilY
at the same rate. This observation is consistent with a
dissoc:iative mec:hanism whereby the greater congestion
in the as isomers leads to sterie: ac:celeration of their
rates of reaction. No evidenc:e for pDSSIble insertion
reactions was detected. A solution of CpW(CO):(5-4
C.H.Me)CNCMe) in COO) was treated with a s1ight
exc:ess of ligand and its NMR spce:trum reveaJed strong
peaks due to the c:oordinated and free ligands, consis
tent with very slow ligand exchange on the NMR lime
sc:aIe.

Rec:rystallization of CpW(CO):(5-4-C6H.Me)CNC
Me) !rom.hexanes gave red c:rystaIs. one of whic:h was
chosen at random and its structure determined. It
proved to be the rTans isomer. There me IWO' very
simfiar indepcndent molec:ules in' the unit c:e11; only.
one (molec:ule Al is depicted in Fig. 1. Crystal data and
atomie: c:oordinates are given in Tables 1 and 2 respec.
tively. The structure is of the classie: piano-stool type
with the bulky CNCMe) and 5-4-C6 H.Me groups at
extreme range; the latter bent downwards away from
the Cp ring. The W-S bond length of 2501(3) Â is very
similar to that observed for CpW(CO»)S5-4-C6 H.Me

•

•
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Table: 2 atmosphere techniques were used in ail manipulations• Positio~t ~t'3me:tc:rs and isotropie thcnnal ~t'3mctc:rs for trcru- [1.2]. F1asks charged with solids were C''3cuated lWice
CpW(CO),($-l-C.H,Ol,XCNClCH,),) where B.. is the me'n or

and filled with nitrogen. Solvents were transferred bythe princi~1 ues on the thc:nn:al c:1Iipsoid

B <Â')
syringe. Filtrations were performed under nitrogen.

z y : .. and filtrates were reduced to dryness under vacuum
W 0.03325(4) 0.80443(3) 0.4S68J(3) 3.620) (oil pump). The packing and elution of chromatogra·
S -0.11910) 0.8S6S6(17) 0.49786(20) 4.41(18) phy columns were performed under nitrogen with sol·0(1) -0.1391(7) 0.8065(5) 0.3293(4) 7.0(6)
()(2) -0.0512(7) 0.692&Sl 0.5719(4) 5.8(5) vents which were deoxygenated. Aetivated alumina
N 0.0604(9) 0.6391(5) 0.JS6S(6) 5.4(6) (80-200 mesh) W3S purehased from Anachemia. Re·
cm 0.2205(9) 0.7968(7) 0.4674(7) 5.2(8) crystallizations were done under nitrogen in three·
CCl 0.1918(10) 0.8363(6) 0.52SS<7l 4.8(7) necked flasks using distilled solvents and were stored
(3) 0.1433(10) 0.9065(7) 0.4998(7) 5.7(8) at -16OC overnight or longer. The mother Iiquors wereC(4) 0.1420(10) 0.9067(7) 0.4268(8) 6.2(9)
CXSl 0.1952(10) 0.8389(7) 0.4064(8) 5.9(9) removed via a cannula and the crysta!s washed with
C(6) -0.0780(9) 0.8043(6) 0.3768(6) 4.5(7) cold hexanes and dried overnight under vacuum. Ha·
C(7) -0.0249(10) 0.7355(6) 0.5296(6) 3.9<6l anes were ref1uxed over sodium Metal and benzophe·
C(8) 0.0531(9) 0.6986(7) 0.4097(6) 4.1(6l none, and dichloromethane W3S refluxed over P:OsC(9) 0.0617<1Il 0.5635(6) 0.3569(7) 4.8(8) under nitrogen. The compounds 2,6-dimethylphenyliso-CXIO) Oot049<lS) 0.5094(8) 0.4106(8) 9.6<12>
CXIll -0.0475(lS) 0.ô439(9) 0.3345(13) 14.8(16) cyanide (CN·2,6-C.H3Me:) (F1uka, AG) and lm·

CXI2> 0.1339(15) 0.5660(7) 0.2968(8) 9.5(11) butylisocyanide (CNCMe3) (Aldrich) were used as pur·
CXI3) -0.1592(10) 0.8684(6) 0.5874(7) 4.1(7) chased. The tungsten thiolates as· and Irans·CpW
C(14) -0.0836(10) 0.SSS9l7l 0.6442(8) 5.3(8) (CO),(PPh3)SR, ,..here R - CHMe: and 4-C.H.Me
CXIS) -0.1209(11) 0.8486(7) 0.7127(7) 5.S(8) were prepared according to published procedures [1].C(16) -0.22S1(111 0.8451(6) 0.72S4<7l 5.1(7)
C(17) -0.301IXIO) 0.8538(7) 0.6701(8) 6.O<S) AlI IR speetra were recorded on a BOMEM Michel·
CX1S) -0.2674(9) 0.8648(6) 0.6OO3(7} 4.5(7) son mode! 100 Fourier transform IR Speetropholome·
C(19) -0.2641(14) 0.831()(7) O.80tS(S) 7.9(10) ter al 4 an-1 resolution (deuterium triglyane sulfate
W' L060S4(4) 0.69323(3) L0688IX3) 3.530) (DTGS) deteetor). Solution speetra were recorded by
'S 0.9040<3) 0.6OSOIX1S) 1.03443(19) 4.47(18) using NaO cell8 of 0.1 mm path !ength. Proton nuclear
()(l') 0.9625(7) 0.796IXS) 0.9467(4) 5.6(5)

magnetic resonance (1H NMR) speetra were recorded0<2') 0.9028(7) 0.7003(5) 1.1968(5) 6.9(6)
N' 1.0908(9) 0.8619(5) 1.1314(6) 5.8(7) on a Varian XL·200 speetrometer and ail chemical
CXf) 1.1666(10) 0.5896(6) 1.0281(7) 4.7(7) shifts are in li (ppm) units (±0.002 ppm) relative to
(;(2') 1.1726(11) 0.5923<61 1.1041(7) 5.0(8) tetramethylsilane crMS) at 0 ppm. Elemental analyses
<:0') 1.2247(10) O.66OlJ(7) 1.1230(7) 5.1(7) were carried out by SpGDg Microanalytical Laborato-CX4') 1.2469(9) 0.7004(7) 1.0599(7) 4,.9(7)

CXS') I.2U2(9) 0.6548(6) 1.0013(7) 4.5(7) ries, Eagle Harbour, Ml. Melting points were deter·
CX6') 0.9956(10) 0.7S73<7l 0.9964(7) 4.7(7) mined in grease·sealed capillary tubes under nitrogen
cm 0.9574(9) 0.6974(7) 1.1481(7) 4.8(7) using a Thomas Hoover capillary melting·point (m.p.)
CX8') 1.0844(9) O.sooI(7) 1.1097(7) 4.6(7) apparatus and are uncorreeted.
CX9') 1.0919(11) 0.93S3(~) 1.16U(7) 5.6<S)
010') 0.9977(14) O.94S()(S) 1.2074(10) 10.0<12> 3.1. 'ls.CyclopmtadiDlyl(dù:arbonyl)(2·propyllhiolalo),OU') Ll9S1lI3) 0.9467(7) 1.2024(9) 8.4(10)
012') 1.076O(IS) 0.9941(S) 1.1002(9) 12.2(15) (2,6-dimethy/phmylisocyanide)I1UlgsI01(]I), CpW(CO)r
CXI3') Q.SS6S(9) 0.6201(6) 0.9433(6) 3.7(6) (SCHMe2)(CN·2,6-C6H.Me2)
014') 0.7494(9) 0.6204(6) 0.9274(7) 4.3(7)
OlS) 0.7057(10) 0.6254(7) 0.8600(7) S.5(8) A three·neeked Dask W3S charged with cis· andCX16') 0.77Z1(lll 0.6288(7) 0.8028(7) 5.6C7l trans-CpW(CO),(PPh3XSCHMe,) (0.33 g, 0.51 mmol)CXIT) OJlS57(U) 0.62SS<7l 0.8164(7) 5.6<S)
018') 0.9278(10) 0.6209(7) O.8SS7lS) 5.2(8) and CH,02 (40 ml). A solution of CN-2,6-C.H3Me2
CXI9') 0.732002> 0.6351(7) 0.7255(8) 7.3(9) (0.08 g, 0.61 mmol) in CH20 2 UO ml) was transferred

by cannula to a dropping funnel and added dropwise to .
the above solution over a period of 30 min. The solu·
tion W3S Stirred for 16 h, after which it W3S reduced to

hOrium of the isomers of lra/IS.CpW(CO)2(5-4-CJ{.· dryness by vacuum pump. The residue W3S dissolved in·
Me)CNCMe3• a minimum amount of CH20 2 and chromatographed

on alumina (2.S x 20 em>. Eluting with hexanes to
remove PPh3 followed by 1: 1 CH:O:: hexanes gave

• 3. Experimentai section an orange band ,..hich CODtained the produet (erude
yield, 85%). A brown residue remained at the top of

AlI reactioDS were performed in 100 ml tbree·neeked the co1umn. The orange band was reduced 10 dryness
flasks equipped with a nitrogen inleL Standard inen· by rotarY evaporation and crystallized from hexanes
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(-16'C) to give a red solid (0.044 g; 17%; m.p. 90
92'C).

'H NMR (COO): cis 7.10 (m. 3H. C.H)Me,); 5.62
(s. 5H. Cp); 2.76 (septet, tH. CH Me,. J(H-H) - 6.6
Hz); 2.45 (s. 6H. C.H,Me,); 1.20. 1.33 (dei, 6H.
CHMe,); trans 7.13 (m. 3H. C.H)Me,); 5048 (s. 5H,
Cp); 2.74 (septet, H. CH Me" J(H-H) - 6.6 Hz); 2.40
(s. 6H. C.H,Me,); 1.28 (d, 6H CHMe,); cis:trans.
1: 1.5. IR (cyclohexane): v(CO) 1904 (5), 1952 (sb, 5);
v(CN) 2092 (5) cm-'. Anal. Found: C, 44.73; H, 4.01:
N. 2.81; S. 6.20. C,.H"N,O,S,W, cale.: C, 44.63; H,
4.14; N, 2.74; S. 6.27%.

3.2 .,".Cyclopentadimy/(dicarbonyI)(2.propylthio!ato)
(tert-burylisocyanide)rungsten([I). CpW(CO):r
(SCHMe,) (CNCMeJ)

As abave, cis· and trans-CpW(CO),(PPh,XSCH
Me,) (0.35 g, 0.56 rnrnol) in CH,O, (30 ml) was
treated with CNCMe) (0.75 ml, 0.65 rnrnol) added
dropwise via a gas-tight syringe and the solution was
stirred for 23 h. The yellow residue obtained from the
chromatography column (crode yielel, 92%) was crystal·
lized from hexanes to give an orange solid (0.061 g;
32%) and then recrystallized from hexanes to give a
.!ight·yellow crystalline solid (0.041 g; 16%; m.p. 68
70%).

'H NMR (COO,): cis 5.52 (s, sa Cp); 2.69 (septet,
IH, CHMe" J(H-H) - 6.8 Hz); 1.20, 1.27 (dei, 6H,
CHMe,); 1.51 (s, 9H, CNCMe3); Trans 5.32 (s, 5H, Cp);
2.69 (septet, H, CH Me" J(H-H) - 6.8 Hz); 1.24 (d,
6H, CHMe,); 1.57 (s, 9H, CNCMe3); cis: lrans, 1: lA.
IR (cyclohexane): L{CO) 1898 (sb, 5), 1952 (sb, 5):
v(eN) 2119 (5) an-'. Anal Found: C, 38.77; H, 4.58;
N, 2.96; S, 6.86. CISH"N,O,S,W, cale.: C, 38.98; H,
4.57; N, 3.02; S, 6.92.

3.3. .,"-CyciopentadienyI(dicarbonyI)(4-methylpheny{.
rhioIato)(2,6-dimethyIphenyIisocyanide)ltUIgSlen([I).
CpW(CO),(S-4-C.H.Me)(CN·2,6-C.HJMe,)

As abave, cis and trans-CpW(CO),(PPh3X5-4-C...
H.Me) .(0.23 g, 0.33 rnrnoD in CH,O, (25 ml) was
treated with CN.2,6-C.H3Me, (0.06 g, 0.40 rnrnol) in
CH.O. UO ml), added dropwise, and the solution was
stinÎ:d for 23 h. During this time, the color changed
from orange to bright red. The orange residue from the
chromatography (crude yield, 83%) was c:rystalIized .

.from hexanes to give red crystals (0.055 g; 30%: m.p.
96-98'C).

'H NMR (COO3): isomer A 7.13, 7.33 (m, 3H,
CNC.H3Me,); 6.87 (m, 4H, SC.H.Me); 5.66 (s, sa
Cp); 2.21 (s, 3H, SC.H.Me); 2.34 (s, 6H, CNC.H3Me,);
isomer B 7.09, 7.30 (m, 3H, CNC.H3Me,); 6.97 (m,
4H, SC.H.Me); 5.53 (s, 5H, Cp); 2.28 (s, 3H,
SC.H.Me); 2.66 (s, 6H, CNC.H3Me,); ratio of iso-

195

mers. 1: 1.1. IR (cydohexane): t'CCO) 1912 (5). 1960
(sh.s); ('(CN) 2092 (5) cm-'. Anal. Found: C, 49.20; H.
3.79; N. 2.43: S. 5.73. C,,-,H2I N,O,S,W, ealcd.: C, 49.39;
H. 3.78; N. 2.50: S. 5.73%.

3.4. .,".Cyclopentadi,n}·{(dicarbonyI)(4-methy{phenyI
thio{ato)(tert.buty{iscc}·anide)tungsten(J/}, CpW(CO):r
(S-4-C.H.Me)(CNCMeJ)

As abave. cis- and trans·CpW(CO),(PPh3X5-4-C.
H.Me) (0.21 g, 0.31 rnrnol) in CH,O, (30 ml) was
treated with CNCMe3 (0.50 ml, 0.44 mmol) for 17 h.
During this time. the color changed from orange to
red. The orange residue obtained from the chromatog
raphy (crode yield, 89%) was crystallized from hexanes
to give orange-red crystals as thin plates (0.095 g; 60%,
m.p. 89-92'0.

'H NMR (COO): Trans 6.94 (AB quartet, 4H,
SC.H.Me. J(H-H) - 4.9 Hz); 5.60 (s, sa Cp); 2.27 (s,
3H, SC.H.Me); 1.32 (s. 9H, CNCMe~ cis 7.27 (AB
quartet, 4H, SC.H.Me). J(H-H) - 7.9 Hz); 5.38 (s,
5H, Cp); 2.2S (s, 3H, SC.H.Me); 1.57 (s, 9H, CNCMe3);
ratio of isomers. 1: 1.2 IR (cyclohexane): l-(CO) 1904
(sb, s), 1961 (s); c(CN) 2135 (sh, s) an- I • Anal Found:
C, 44.59; H, 4.29; N. 2.67; S, 6.10. C,.H2INtÛ,S,W,
cale.: C, 44.63; H, 4.14; N 2.74; S, 6.27%.

3.5. X-Ta)' Structu~ determination

Table 1 contains the crystal parameters for trans
CpW(CO),(5-4-C.H.MeXCNCMe3). Single crystals
suitable for c:rystaIIographie studies were obtained by
recrystallization from hexanes. A red crystal was glued
with epoxy in a thin-wa1led glass capillary. ecll dimen
sions were obtained from 25 reflections with 26 in the
range 30.00-35.00". A total of 5552 reflections were
colleeted using the _26 sean technique, where 26 <
50' on a Rigalcu AFC6S'diffraetometer with graphite
monocbromated Mo Ka radiation (-13 .. h .. 13; 0 ..
k .. 18; 0 .. 1.. 20); of these, 5256 were unique (mers
ing R - 26%) and 3012 bavins 1> 2.5.,. were used in
the final q'C1e of full·matrix least·squares refinement.
The intensities of three representative reflections re
mained constant throughout data collection. An ab
sorption correction was made from four ." seans. The
structure was solved by direct methods followed by a
differencc Fourier technique. An extinction correction
was made. Anisotropie thermal parameters. were used
for aIl non·hydrogen atoms. AlI bydrogen atoms'were
added in calc:u1ated positions. AIl computing was pero
formed using the NRCVAX system of programs [lS].

4. Supplementary materiaI avaiJable

An ORTEP drawing of molecule X. of Irans·CpW
(CO),(5-4-C.H.MeXCNCMe3)' a full-Iength table of
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CIYStallographie data. a table of anisotropie tempera
ture parameters. a table of bond lengths and angles. a
table of hydrogen atom coordinates. and a table of
obselVed and calculated structure factors are available
upon request from the Director of the Cambridge
Crystallographie Data Centre. 12 Union Raad. Cam
bridge CB2 lEZ. UK. Any request should be accompa
nied by the full literature citation for this communica
tion.
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