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Abstract 

The reactions of Ph 2MeP and PhMe 2P with 

(PPh3>4RuCl 2 yield (PPh 2Me)4RuCl 2 and (PPhMe 2> 4RuCl 2, 

respectively. These complexes have been shown by 

conductivity studies to be dissociated in acetonitrile and 

exist as [(PPh2Me)4RuCl(CH3CN)]Cl and 

[(PPhMe2>4RuClCCH3CN)]Cl. When carbon monoxide was 

bubbled into these solutions, monocarbonyl complexes were 

obtained. Elemental analyses, 1H NMR, 3 1P NMR, 

infrared spectroscopy, conductivity measurements, and 

polarography were used to analyse the products, 

(PPh 2Me)2RuCOCCH3CN)Cl 2 and (PPhMe2>3RuCOCl 2· The 

structures of the complexes were elucidated and in each 

case two phosphine ligands were trans and two chloride 

ligands were cis. 

PPh 2Me 

co I NCCH3 " / 
Ru /I" Cl Cl 

PPhMe2 

co I PPhMe2 

"" Ru/ 
Cl'/ I ""'-._ Cl 

PPhMe 2 

Conductivity measurements established that the chloride 

ligands remain coordinated in acetonitrile. 

The redox properties of CPPh 2Me>4RuC1 2, CPPhMe 2>4RuC1 2, 

(PPh2Me)2RuCO(CH3CN)Cl 2 and (PPhMe2>3RuCOCl 2 in 

acetonitrile indicated that these compounds were reduced 

irreversibly with the uptake of two electrons. Phosphine 

ligand exchange with the solvent led to the presence of at 



least two electroactive species in solution. The exchange 

of phosphine ligands decreased the ease of the reduction 

of the complexes by 300- 350 mV. The half-wave potentials 

in solution indicate that the electron density around the 

metal was not changed appreciably by substituting PPh2Me 

and PPhMe 2• 

Attempts to reduce (PPh2Me) 2RuCO(CH3CN)Cl 2 

and (PPhMe2>3RuCOC1 2 with 1 % Na-Hg amalagam yielded 

mixtures of compounds that appeared as a brown powder and 

an intractable oil, respectively. Characterization of 

these zerovalent products was not accomplished. 

The electrochemical synthesis of (PPh3>4Ru( �; 

CH3CN). CH3CN was carried out electrochemically. When 

the complex was heated under reflux in hexane, an 

air-sensitive unsaturated compound, identified as 

(PPh3>4Ru was obtained. The exact nature of the 

complex was not established. 

iii 



Acknowledgements 

I would like to extend my deepest gratitute to the 

late Dr. E. o. Sherman, for his knowledgeable assistance 

and direction. His patience and guidance were very much 

appreciated. 

I would sincerely like to thank Dr. R. L. Keiter for 

his assistance and advice, especially during the writing 

of this thesis. 

Special thanks must go to Robert Turner for his 

helpful discussions and suggestions, and for his patience 

and support. 

I also would like to extend my gratitude to Kenneth 

Osborne for all his help to make this project possible. 

I also wish to acknowledge Dr. E. A. Keiter who 

obtained all the 31P NMR spectra for this thesis. 

Much appreciation is also given to the rest of the 

faculty and staff in this Chemistry Department for all 

their help. 

iv 



Table of contents 

page 

Title page. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  i 

Abstract. . . . . . . . . . . .. . ... . . .. . . . . . . . . . . . . . . . . . .  ii 

Acknowledgement. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  iv 

Table of contents. . . ... . . . . . . . . . . . . . . . . . . . . . . .. v 

List of Tables • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • •  vii 

List of Figures • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • •  ix 

Introduction... . .. .. . . ... .. .. .... ..... .. . . ... . .  1 

Experimental.. .. .... ...... .. .. . ......... ..... .. 9 

1. General Methods. . .... .. .. . ..... . .... .. ...... 9 

2. Preparation and purification of starting 

materials........ .......... .... . .... ... ..... 10 

A. Phosphine ligands.. . ... ... ... . ... . . . . . . .  10 

B. Solvent. . ............... . ... . . . . ..... . . .  11 

C. Supporting electrolyte.. . ... ... .. . . . .... 11 

D. Miscellaneous chemicals. . ....... . . ... . .. 11 

3. Preparation of ruthenium tertiary phosphine 

complexes .. ... •. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  12 

A. Preparation of CPPh3>4Ruc12• • • • • • • • • • • • •  12 

B. Preparation of CPPh2Me>4RuC12 and 

(PPhMe2>4RuC12• • • • • • • • • • • • • • • • • • • • • • • • • •  14 
J 

c. Preparation of (PPh3>4RuC'�-CH3CN). CH3CN 14 

4. Synthesis of Ruthenium (II) carbonyl tertiary 

phosphine complexes.. . .. .. ... . .. . . .. . ..... . 19 

A. Synthesis of (PPhMe 2>3RuCOCl2········· 19 

B. Synthesis of (PPh2Me)2RuCOCCH3CN)Cl2• • • •  21 



5. Conductivity Measurements................... 2 2  

A. Cell constant........................... 22 

B. Standard solution....................... 23 

c. Conductivity of Ru (II) complexes....... 23 

6. Polarography................................ 24 

A. Apparatus............................... 24 

B. Solution................................ 27 

c. Polarographic measurement............... 28 

7. Attempted preparation of Ru (0) complexes... 29 

A. Preparation of 1% sodium amalgam....... 29 

B. Reaction of CH3CN with 1% Na-Hg amalgam 29 

c. Reaction of (PPh2Me)2RuCO (CH3CN)Cl2 

with Na-Hg amalgam..................... 29 

D. Reaction of (PPhMe 2>3RuCOC12 with 

1% Na-Hg amalgam...................... 31 

with Hexane................................ 32 

Results and discussion......................... 34 

1. Synthesis of Ruthenium (II) carbonyl tertiary 

phosphine complexes......................... 34· 

A. Synthesis of (PPhMe 2>3RuCOCl2·········· 34 

B. Synthesis of (PPh2Me)2RuCO (CH3CN)Cl2··· 38 

2. Conductivity measurement of Ru (II) complexes 45 

A. Theory of conductivity.................. 45 

B. Conductivity of (PPh2Me)2RuCO (CH3CN)Cl2, 

(PPhMe2>3RuCOCl2 and (R3P>4RuCl2······· 51 

3. Polarography of Ru (II) complexes........... 53 

'" i 



A. Introduction. . . . . . . . .. .. . . . . . . . . . . . .. . . .  53 

B. Polarography of Ferrocene. . . . . . . . . . . .. . . 58 

c. Polarogram of CPPh2Me>4RuC12 and 

D. Polarography of (PPh2Me)2RuCO(CH3CN)Cl2·· 78 

E. Polarography of (PPhMe2>3RuCOC12 • • • • • • • • •  84 

4. Attempted synthesis of Ru (0) complexes. . . .. 88 

A. Synthesis of CPPhMe2>3RuCOCCH3CN) • • • • • • • •  88 

B. Synthesis of (PPh2Me)2RuCO(CH3CN>2······· 94 

5. Reaction of (PPh3) 4RU ,,�H3CN) . CH3CN 

with Hexane • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • •  99 

Summary and Conclusion • • • • • • • • • • • • • • • • • • • • • • • • • •  105 

Bibliography. . . . . .. . . .. . .. .. .. . . . . . . . . . . . .. . . . .  109 

Vita. ..... ... .. . ... .. .. . . . . ...... ... . . . ... . . .. .  111 

V" 



List of tables 

Table Description Page 

1. Mean Resistances of Ru (II} complexes in CH3CN 24 

2. 

3. 

Molar conductance values • • • • • • • • • • • • • • • • • • •  

Conductance values for Ru (II} complexes • • •  

51 

52 

4. Limiting current at various corrected mercury 

column height. . . . . . . . . . . . .. .... .. .... ... .. . 60 

5. Potentials and currents for reversibility plot 

of ferrocene at height = 67. 44 cm.. ....... . 60 

6. Data obtained from the reversibility plot at 

various height for ferrocene. . . ............ 64 

7. Dependence of limiting current on the corrected 

height for 1.00 mM CPPh2Me>4RuC12• • • • • • • • • •  64 

8. Values of limiting current as a function of 

height for (PPh2Me>4RuC12• • • • • • • • • • • • • • • • • •  73 

9 .  Values of limiting current as a function of 

height for (PPh2Me>4RuC12 with 10-fold 

of PPhMe2 ligand.. .. ....................... 77 

10. Dependence of limiting current on the corrected 

height for (PPh2Me)2RuCO(CH3CN)Cl2········· 80 

11. Dependence of limiting current on the corrected 

height for (PPh2Me)2RuCOCCH3CN)Cl2 with 

10-fold excess of PPh2Me ligand. . . ... .... 80 

12. Dependence of limiting current on the corrected 

height for (PPhMe 2>3RuCOCl2················ 86 

13. The half-wave potential of Ruthenium (I I) 

complexes. .. . . . ... . . . .. . .... ...... ......... 107 

vii 



Figure 

1 

2 

3 

4 

List of figures 

Description 

Infrared spectrum of (PPh3>4RuC12 • • • •  

Infrared spectrum of (PPh2Me>4RuC12 • •  

Infrared spectrum of (PPhMe2>4RuC12 • •  

Electrolytic cell • • • • • • • • • • • • • • • • • •  

Page 

13 

15 

16 

18 

5 Inf rared spectrum of 
� 

(PPh3>4Ru(�-CH3CN) .CH3CN............ 20 

6 Ag/.lOOM AgN03 in Acetonitrile 

9 

10 

11 

Reference Electrode................. 26 

in co3c1............................ 35 

in CD3Cl............................ 37 

Infrared spectrum of (PPhMe 2>3RuCOC12 
1H NMR spectrum of 

(PPh2Me>2RuCOCCH3CN)Cl2 in CD2c12 • •  
31P NMR spectrum of 

39 

4 2 

(PPh2Me)2RuCOCCH3CN)Cl2 in co2c12• • • •  44 

12 Infrared spectrum of 

13 

14 

15 

16 

17 

(PPh2Me)2RuCO(CH3CN)Cl2·············· 46 

1H NMR spectrum at t = 0 hr of 

(PPh2Me)2RuCO(CH3CN)Cl2 in CD3CN • • • • • •  47 
1H NMR spectrum at t = 3 hrs of 

(PPh2Me)2RuCO(CH3CN)Cl2 in CD3CN • • • • • •  48 
1 H NMR spectrum of 99% CD3CN........ 49 

Current control plot for ferrocene... 6 1 

Reversibility plot for ferrocene..... 6 2 

ix 



Figure 

18 

19 

Description 

Polarogram of ferrocene • • • • • • • • • • • • • •  

20 Polarogram of 1.00 mM CPPh2Me>4RuC1 2 

with 10-fold excess PPh2Me ligand • • • •  

21 Polarogram of 1.00 mM (PPhMe 2>4RuC1 2• 

22 Polarogram of 1.00 mM CPPhMe 2>4RuC1 2 

with 10-fold excess PPhMe 2 ligand • • • •  

23 Polarogram of CPPh2Me>2RuCO(CH3CN)Cl 2 

24 Polarogram of (PPh2Me>2RuCO(CH3CN)Cl 2 

with 10-fold excess of PPh2Me ligand. 

25 Polarogram of CPPhMe 2>3RuCOC12 • • • • • • •  

26 Polarogram of CPPhMe 2>3RuCOC1 2 

Page 

65 

66 

69 

71 

76 

79 

83 

85 

with 10-fold excess of PPhMe 2 ligand. 89 

27 Inf rared spectrum of the oil obtained 

from reduction of CPPhMe 2>3RuCOC1 2 

28 

29 

with 1% Na-Hg . . • • . • • • • • • • • • • • • • • • • • •  

31P NMR spectrum of the oil obtained 

from reduction of (PPhMe 2>3RuCOC1 2 

with 1% Na-Hg in CH3CN • • • • • • • • • • • • • • •  

1H NMR spectrum of the oil obtained 

from reduction of (PPhMe2>3RuCOC1 2 

9 1  

93 

with 1% Na-Hg in CH3CN.............. 95 

30 Inf rared spectra of the brown powder 

obtained from reduction of 

3 1 

(PPh2Me>2RuCO(CH3CN)Cl 2·············· 
3 1 NMR spectrum of the brown powder 

obtained from the reduction of 

96 

x 



(PPh 2Me)2RuCO(CH3CN)Cl 2 in benzene • •  9 8  

3 2 Infrared spectrum of the product obtained 

from reaction of (PPh3>4Ru(�CH3CN). CH3CN 

with hexane • • • • • • • • • • • • • • • • • • • • • • • • • •  101 

33 3 1P NMR spectrum of the product obtained 

from reaction of (PPh3>4Ru(�-CB3CN).CB3CN 

with hexane in benzene • • • • • • • • • • • • • • •  103 

xi 



INTRODUCTION 

Reactions of hydrocarbons derived from petroleum with 

small molecules Ce.g. water, cabon dioxide, chlorine> 

yield chemical intermediates whose further reactions 

provide the basic chemical items of commerce. Interaction 

of the hydrocarbon with small molecules usually requires a 

catalyst to enhance the rate of reaction and ensure 

adequate production levels. The classical method for 

hydrocarbon substitution requires a highly reactive 

reagent and catalysts have been used to generate the 

reagent. 

Recently, some evidence indicates that soluble 

transition-metal complexes can activate the C-H bonds of a 

hydrocarbon. Bergman discovered that iridium1, 

rhodium2 and rhenium3 complexes add oxidatively to C-H 

bonds in alkanes to give hydridoalkyl metal complexes Ceq 

1). 

M + R-H R-M-H Cl) 

However, the chemical factors which determine the 

effectiveness of the catalyst are poorly understood. 

Several ruthenium compounds which exhibit novel 

catalytic activity in hydrocarbon reactions have been made 

in these laboratories. The ruthenium center, where the 

catalysis occurs, is uncharged in these unusual materials. 

The complex, CPPh3>4RuC�-cH3CN).CH3CN synthesized by 

electrochemical reduction of CPPh3>4RuC1 2 in ca3cN4, 

adds oxidatively to an allylic carbon-hydrogen bond of 

1 



propylene.to produce an isolable hydrido-��allylruthenium 

CII) compound CEq 2). 
., (PPh3) 4RuH (�-C3H5) CH3CN 

+ 2PPh3 C 2) 

It also isomerizes allyl benzene to cis and tran

-methylstyrene, a reaction presumably initiated by 

oxidative-addition of Ru(O) by an allylic C-H bond. The 

isomerization proceeds via an intramolecular 1,3-hydrogen 

shift5• The general mechanism for the isomerization of 

these allyl complexes can be presented as: 

CPPh3>4RuCCH3CN) +product 

Reactions with other substituted allylic olefins such as 

allyl halides, allyl methyl ether and allyl cyanide 

support the proposed mechanism. Additional information 

was obtained by Olson6 about the catalysis mechanism 

from studies of CPPh3>3RuCOCCH3CN). This monocarbonyl 

complex was synthesized by potentiostatic reduction of 

2 



CCPPh3> 2RuCOC1 21 2 in excess PPh3 at a potential of 

-2.30V vs Ag/0. 1 AgN03 (eq 3-5). 

[(PPh3>2RuCOC121 2 + CH3CN (PPh3>2RuCOCCH3CN)Cl 2 (3) 

CPPh2> 2RuCO(CH3CN)Cl 2 + 2e CHJCN) (PPh3) 2RuCO(CH3CN) 

+ 2c1- <4> 

(PPh2) 2RuCO(CH3CN) + PPh3�CPPh3)3RuCOCCH3CN) (5) 

Unlike CPPh3) 4RuC1-CH3CN), the monocarbonyl complex does 

not insert into the allylic carbon hydrogen bond of 

propylene to form a hydrido 'lr-allyl complex. The study 

suggests that the electron density at the metal center is 

critical for the oxidative-addition reaction. In the 

complex, CPPh3>3RuCOCCH3CN), the carbonyl ligand reduces 

the Lewis basicity of the ruthenium atom by accepting 

electron density from its filled d-orbital. The above 

hypothesis was supported by comparing CPPh 2Me> 4Ru(CH3CN), 

a complex which contains phosphines which are more basic 

than PPh3, with (PPh3>3RuCOCCH3CN). The complex 

CPPh 2Me>4RuC,�H3CN) readily inserts into the allylic 

carbon-hydrogen bond of propylene and isobutylene. 

Unlike propylene, allyl benzene and allyl cyanide 

isomerise to �-methyl styrene and crotonitrile, 

respectively, in the presence of CPPh3>3RuCOCCH3CN). 

Olson suggested that the isomerization occurs via a 

1,3-hydrogen shift mechanism. It seems that phenyl and 

cyano groups can increase the stabilization of the 1r-allyl 

ligand complex, and this offsets the increased promotional 

3 



energy required by CPPh3>3RuCO(CH3CN). Although 

isomerization occurs, the rate of the reaction is much 

slower than for (PPh3> 4RuCCH3CN). These results show that 

the electron density around the ruthenium center is an 

important factor. 

From the above observations, a potential method for 

studying the basis for different reactivities is to 

synthesize a series of complexes in which there is a 

systematic change in the R group of the phosphine ligand, 

R3P, attached to the ruthenium center. Variation of the 

molecules attached to the ruthenium center will lead to 

systematic changes in the electronic enviroment of the 

metal, hence permitting assessment of the role of this key 

parameter in the observed reactivity of such systems. 

A metathesis of (PPh3>3RuCO(CH3CN) with R3P ligand 

was attempted by Bady7CEq 6). 

CPPh3>3RuCO(CH3CN) + 6R3P _gi3CN) CR3P>3RuCOCCH3CN) (6) 

Although uncharged ruthenium products were obtained, each 

compound was contaminated with impurities which 

subsequently led �o ambiguity in the interpretation of its 

catalytic activity and its relationship to the induced 

charge in the environment of ruthenium. Attempts to 

purify the complexes were unsuccessful and the yields were 

very low. 

Another route to the preparation of zerovalent 

ruthenium compounds utilizes potentiostatic electrolysis 

of divalent ruthenium complexes in acetonitrile Ceq 7) at 

4 



a mercury pool cathode (similar to the method used for the 

synthesis of (PPh3>3RuCO(CH3CN). 

CR3P>3RuCOC12 + 2� CH� CR3P>3RuCOCCH3CN + 2Cl (7) 

Few general methods have been reported for the 

synthesis of monocarbonyl ruthenium (II) complexes with 

tertiary phosphine ligands, R3P, where R3P is 

dimethylphenylphosphine and diphenylmethylphosphine. 

Although all the methods gave the desired precursor, 

CR3P>3Rucoc12, with one or more isomers, the yield or the 

purity of the precursor was unsatisfactory. 

Jenkin, Lupin and Shaw8 made the complexes by 

carbonylation of Ruc13 followed by addition of ligand. 

RuCl3 + co �H50H) product ..a3� (R3P> 3RuCOCl 2 

Although they isolated a high purity product, the yield 

for this one-step process was low (46%) . 

Mawby, et al9 made the complex by ligand 

substitution of neutral halides, CR3P>2RuCC0> 2c1 2 

CR3P> 2Ru (CO) 2c1 2 + R3P � 6!!6, CR3P) 3RuCOC1 2 

The product was obtained in one isomeric form and th• 

yield was 50% . 

The third method for the preparation of the 

monocarbonyl ruthenium(!!) complex, was reported by Chatt, 

Shaw and Field10• The reaction scheme can be 

represented as a two-step process. 

(R3P)3RuH(CO)Cl2 + HCl --�> CR3P> 3Rucoc12 

5 



The product isolated by this method exhibited two carbonyl 

bands which indicated two different species were present. 

When dimethylphenylphosphine was used as ligand, only the 

starting material and unidentified products were 

obtained7• The yield for the two-step synthesis of the 

diphenylmethyl derivative was 90%. 

A procedure from the work of Armit and Stephenson11 

which utilizes ligand exchange in noncarbonyl containing 

rutheniumCII) complexes was adapted by Bady7 to 

synthesize the monocarbonyl complex. The yield of the 

isolated product for each complex was satisfactory but 

each complex contained impurities. Attempts to 

recrystallize the isolated products were unsuccessful. 

Although the methods for the synthesis of the 

precursor,CR3P>3RuCOC1 2, did not give pure product, an 

attempt to electrolyse the impure CPPh2Me>3RuCOC1 2 was 

made by Mooney1 2• Results similar to that for the reduction 

of CPPh3>3RuCOCCH3CN) were obtained1 however the reduction 

product remained soluble in the catholyte in contrast to the 

production of (PPh3>3RuCOCCH3CN) where precipitation 

occurred during the reduction. Although these divalent 

compounds can be selectively reduced electrochemically to 

the zero state, the isolation of the product was 

difficult. The reduction product was separated from the 

supporting electrolyte by extracting it into benzene. 

Evaporation of benzene gave product contaminated with 

impurities from the starting material. Recrystallization 

6 



from benzene led to decomposition of the product. A color 

change of red to yellow was observed. Both infrared and 

proton nuclear magnetic resonance spectroscopy indicated 

the presence of a hydrido ligand. 

The principal object of this research was to 

synthesize divalent ruthenium complexes in high purity and 

yield. These precursors were characterized 

electrochemically to determine the experimental conditions 

for their conversion to the uncharged form. Polarography 

was used to determine the optimum reduction conditions for 

the charged ruthenium compounds. This method was used to 

identify the number of electrons added in reduction, the 

required strength of the reducing agent and any side 

reactions in the reduction process which might lead to 

impurities in the final product. Based on the 

electroanalytical data, the divalent ruthenium complex was 

shown to be both reducible chemically and 

electrochemically. Chemical reduction with alkali metal 

amalgam was explored since the electrochemical method 

requires isolation of the product from the supporting 

electrolyte and also has to be carried out in a 

non-coordinating solvent, which leads to orthometallated 

products. In addition, the reaction of 

(PPh3>4Ru(CH3CN). (CH3CN) with aliphatic hydrocarbons was 

carried out to study the ability of the Ru(O) center to 

activate the C-H bond. Success in these endeavors would 

permit evalution of the role of the electronic factor at 

7 



the catalytic center, and the catalytic efficiency and 

possibly suggest necessary changes for catalyst 

improvement. 

8 



EXPERIMENTAL 

1. Gene.ral Methods 
All operations were carried out under a nitrogen 

atmosphere whether on the bench or in a Vacuum Atmospheres 

Dri-lab glove box, Model HE 43/ 243, equipped with a model 

HE493 Dri-train.- Nitrogen used was supplied by Gano 

Welding of Charleston, Illinois. A 25 W% solution of 

diethyl zinc in toluene was used in the glove box to check 

for oxygen contamination. If no fumes were observed when 

the bottle was opened, the amount of oxygen present was 

assumed to be less than 5 ppm. 

Inf rared spectra were recorded in the range of 

4000-400 cm-l with a Perk in-Elmer grating Model 337 

spectrometer. Spectra of solids were obtained from Nujol 

mulls between KBr plates. All spectra were calibrated 

with a polystrene film. 
1H NMR spectra were recorded with a Varian T-60 

spectrometer at 60 Mhz. Tetramethylsilane was used as an 

internal or external reference as required. 31P NMR 

spectra were obtained from a homebuilt 250 Mhz 

spectrometer at the University of Illinois operating at 

101. 265 Mhz. An 85% phosphoric acid external reference 

was used. 

Conductivity data were obtained from a YSI Model 31 

conductivity bridge equipped with matching conductivity 

cell. The cell constant was determined from a 0. 0 200 M 

potassium chloride solution. All measurements were made 

9 



in a constant temperature bath (Forma-Temp Jr. Bath and 

Circulator). 

Four basic electrochemical units were used to do 

polarography. These were: a programmer CEG and G Pare 

model 175 universal programmer), the potentiostat (EG and 

G Pare 173), the coulometer CEG and G Pare model 179 

digital Coulometer) and an X-Y recorder. 

Uncorrected melting points were obtained under 

nitrogen in 1.5 X 90 mm sealed capillary tubes with a 

Thomas-Hoover capillary melting point apparatus. Analyses 

were performed by Galbraith laboratories Inc, Knoxville, 

Tennessee. Only single analyses were obtained for each 

compound. 

2. Preparation and purification of the starting 

materials. 

A. Phos12hine ligands. 
Three different types of phosphine ligands were used 

in this research. Triphenylphosphine CPPh3>, Aldrich 

Chem. Co, Inc. was recrystallized from hot absolute 

ethanol. The PPh3 was dried at room temperature under 

wacuum for 24 hrs. The purity of the ligand was 

established by both inf rared spectroscopy and melting 
0 point determination Cm.p= 80.0- 80.5 C). 

Diphenylmethylphosphine (PPh2Me) and 

dimethylphenylphosphine (PPhMe2> were obtained from 

Pressure Chemical Company and used as received. All the 

10 



pho sp h i n e  l i g ands we r e  s t o r ed in t h e  d ry b o x . 

B .  Solvent 

Two d i f f e r ent qua l i t i e s  o f  a c e t on i t r i l e  we r e  u s e d  

t h r o u g ho u t  t h e  r e s e a r c h . Reag ent g r ade a c e t on i t r i l e  f r om 

Ea s tman was u s ed i n  the p r epa r a t i on of the compounds and 

HPLC g r ade CH 3CN f rom Bak e r  Chem i c a l  Co . was u s ed in 

t h e  c onduct i v i t y  and e l ec t r oc hem i c a l  meas u r ement s .  Both 

t yp e s  of CH 3CN we r e  d r i e d  ove r CaH 2 fo r 2 4 h r s , 

d i s t i l l ed t h r o u g h  a g l a s s  b e ad c o l umn und e r  n i t r o g en, and 

s t o r ed i n  t he d r y box unt i l  n e eded . 

Rea g ent g r ade hexanes f r om F i s he r Sc i en t i f i c Company 

we r e  d r i e d  ove r CaH 2 ove rn i g ht and d i s t i l l ed i n  a d ry 

s o l v ent s t i l l . The hexanes we r e  d eg a s s ed w i t h  N 2 p r i o r  

t o  u s e . Pentane f r om A l d r i c h  was pu r i f i e d  i n  t h e  s ame 

mann e r  and s t o r ed in the d r y b o x . 

C .  Su�porting. ele.ctzolyte 

Tet r a ethy l ammon i um pe r c h l o r a t e  C TEAP) was obt a i ned 

f r om Ea s tman (wh i t e  l abe l g r ad e) and r ec r y s t a l l i z ed t h r e e  

t ime s f r om d e i on i z ed wat e r . T h e  s a l t  w a s  d r i e d  at 65 °c 

unde r vac u um and s t o r ed ove r D r i e r i t e  i n  a d e s i c cato r . 

D .  Misc£llaneous chemicals 

Rut hen i um t r i c hl o r i d e  t r i hyd r a t e  was o bt a i ned f r om 

the Al fa d i v i s i on of Vent r o n  Co rpo r at i on . The t r iply 

d i s t i l l ed me r c u r y  was r ec e ived f r om Bet h l ehem Appa r a t u s  

11 



and p i nho l ed tw i c e  p r i o r  t o  u s e  in the d r opp ing me r c u r y  

e l ec t rode and in t h e  p r epa rat i on o f  t h e  Na-Hg ama l g am . 

Reagent g r ade AgN0 3 , r e c e ived f r om F i s h e r  Sc i ent i f ic , 

was d r i e d  at 1 1 0  °c p r i o r  t o  u s e . 

3 . P r epa rat i on of r u t hen i um t e r t i a ry pho sph i n e  comp l e x e s . 

A .  Preparation of !EPh3
1

4� 2 

The p r oc edu r e  fo r t h e  p r epa rat i o n  o f  

(PPh 3 > 4RuC 1 2 was f i r s t  r epo r t ed b y  St ephen s on and 

Wi l k i n s on 1 3
• A mod i f i c a t i on of t h e  p r o c ed u r e , l ea d i ng 

t o  an imp r oved y i e l d , was emp l oyed 6 • 

Reagent g r ade , d e g a s s e d , anhyd r o u s  methano l  ( 9 0 0  mL )  

was p l aced i n  the r o und b o t t om f l a s k . Rut h en i um 

t r i c hl o r i d e  t r i hyd r a t e  ( 3 . 0 0 0g ,  l l . 7 0mmo l ) was added t o  

t h e  met han o l  and s t i r r ed .  When a l l  o f  t h e  s o l i d  had 

d i s s o l ved , 1 8 . 0 0 0g ( 6 6 . 6 6  mmo l ) of r ec r y s t a l l i z ed 

t r iphenylpho sph i n e  was added . The s o l u t i on was s t i r r ed 

unt i l  a l l  o f  the t r iphenylpho sph i n e  d i s s o l ved and was 

f i l t e r ed by s u c t i o n  i n  the hood t o  r emove the un r eact ed 

p o l yme r i c r ut hen i um c omp l e x . The f i l t r a t e  was p l ac ed in a 

1 0 0 0  mL r o und b ot t om f l a s k  and s t i r r ed unde r n i t r o g en f o r 

4 days . The r ed b r own s o l i d  wh i c h  p r ec ip i t a t ed was 

c o l l ec t ed by s u c t i on f i l t e r a t i on i n  the hood and d r i ed 

und e r  vacuum f o r 2 4 h r s . The y i e l d  o f  ( PP h3 > 4 RuC 1 2 was 

9 . 4 0 8g ( 6 6 % ) . The s o l i d  d e c ompo s ed a t  1 3 5 - 1 3 6 °c und e r 

n i t r o g en ( L i t  1 3 2 - 1 3 4 °c > . The pu r it y  o f  t h i s  comp l e x  was 

c h eck ed by c ompa r i ng t h e  in f r a r ed spect r um ( F ig . 1 )  and 

12 
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F igu r e  1 :  I n f r a r ed spect r um o f  ( PP h 3 > 4RuC 1 2 
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the me l t ing po int w i t h  t ho s e  p r ev i o u s ly r epo r t ed . 1 4 

The f i l t rat e was r e f l u xed fo r 4 8  h r s  unde r n i t r o g en 

t o  r ecove r the r ema i n ing r u t hen i um . The b r own s o l i d , 

( PPh 3 > 3 RuC 1 2 , was c o l l e c t ed by s u c t i o n  f i l t e rat i on 

and d r i e d  und e r  vac uum . The y i e l d  was was 2 . 1 9 2 g ( 2 0 %  

bas ed o n  Ru ) . 

B .  Preparation of !EPh
2

� 41W.Cl
2 and. !EPhMe 2L4.R.u.CJ.. 2 • 

T h e s e  comp l e x e s  we r e  p r epa r ed by d i r ec t  r ep l ac ement 

o f  PPh 3 f r om ( PP h 3 > 4RuC 1 2 a s  d e s c r ibed by A r m i t  and 

S tephen s on 1 5 • 

I n t o  a 2 5 0  mL r o und b o t t om f l a s k  was p l ac ed 

(PPh 3 > 4RuC 1 2 ( 2 . 0 0 0 g , 1 . 6 4 0  mmo l ) .  Hexane ( 1 0 0  mL ) and 

a s i x f o l d  exc e s s  of PPh 2M e  ( 2 . 1 6 mL , 9 . 8 4 mmo l ) we r e  added . 

The b r own s u spen s i on o f  ( PP h 3 > 4 RuC 1 2 was t a k en o u t  o f  

the b o x  and r e f l u x ed f o r 1 5  h r s  und e r a n i t r o g en atmo sphe r e . 

The b r own s u spen s i o n  t u rned o r an g e  a ft e r  4 h r s . The 

p r ec i p i t at e , C PP h 2Me > 4RuC 1 2 , was f i l t e r ed und e r  vac u um . 

The y i e l d  was l . 5 2 4g ( 8 8 %  b a s e d  on Ru ) . Th i s  c ompound 

dec ompo s e d  at 1 3 8 - 1 3 9 °c unde r n i t r o g en 1 411 6 • 

The comp l ex , ( PP hM e 2 > 4RuC 1 2 , was p r epa r ed by t h e  

same met hod . The y i e l d  was 9 3 % .  The comp l e x  dec ompo s e d  at 

1 9 0 - 1 9 5  °c ( l i t  1 6 5 - 1 7 0 °c > . The in f r a r ed spe c t r um fo r 

both c omp l ex e s  ( F ig 2 - 3 ) we r e  i d ent i c a l  w i t h  t h o s e  

p r ev i o u s l y  r epo r t ed 1 411 6 • 

C .  Preparation.of .!EPh3L4Ru O'fCH3CN),(CH3.c.N.l 

The comp l e x , ( PP h 3 > 4Ru ( CH 3CN ) . (CH 3CN ) , was 
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F i gu r e  2 : I n f r a r ed spe c t r um o f  C PP h 2M e > 4RuC 1 2 
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F ig u r e  3 : I n f r a r ed spect r um o f  ( PP hM e 2 > 4RuC 1 2 
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p r epa r ed a c c o r d ing t o  t h e  me thod o f  She rman and 

Sch r e i n e r 4 • The e l ect r o lys i s  of the r u t hen i um (!!) 

comp l e x , ( PPh 3 > 4RuC 1 2 C S . O O O g , 2 0 0  mL CH 3 CN ) was c a r r i ed 

out in the d r y box w i t h  a py r ex e l ect r o l ys i s  c e l l 

c o n s i s t ing o f  f o u r compa r tment s s epa r a t ed by g l a s s  f r i t s  

a s  s hown i n  fi g . 4 . The r eact i on wa s ca r r i e d  out i n  t h e  

l a r g e  c ent r a l  c ompa r tment . The wo r k ing e l ec t r o d e  a n d  t h e  

c o un t e r  e l ect r o d e  we r e  i s o l a t ed t o  p r event d i f f u s i on o f  

t h e  p r odu c t s  f o rmed at t h e  count e r  e l ec t r o d e  i n t o  the 

c ompa r tment cont a i n i ng t h e  wo r k ing el ect r o d e . A l a r g e  

p l at i um f o i l  e l ect r o d e  was u s ed a s  t h e  wo r k ing e l ect r o d e  

a n d  i t  funt i on e d  a s  a c a t ho d e  s i n c e  a r ed uc t i on p r oc e s s  

was c a r r i ed out . The anode was a l s o  c o mp o s ed o f  p l a t i num 

fo i l . A 0 . 1 0 0  M s i l v e r / s i l ve r n i t r a t e  e l ec t r o d e  was u s ed 

a s  t h e  r e f e r enc e . 

The compa r tmen t s  o f  t h e  c e l l we r e  f i l l ed w i t h  O . l O OM 

t et r a e t hy l ammon i um p e r c h l o r a t e  i n  CH 3 CN i n  a spec i f i c 

o r de r . The r e f e r en c e  and t h e  c o unt e r  e l ec t r o d e  

c ompa r tmen t s  we r e  f i l l ed a n d  s e a l ed w i t h  t h e  s e rum c ap s  t o  

p r event l ea k ag e  o f  T EAP s o l u t i on i n t o  t h e  c ent r a l  

c ompa r tment . A ft e r  r emova l o f  any t r a c e s  o f  t h e  s o l ut i on , 

t h e  c ent r a l  c ompa r tment wa s f i l l ed w i t h  a 0 . 0 2 1M s o l u t i on 

o f  ( P P h 3 > 4 RuC l 2 i n  O . l O OM T EAP i n  CH 3CN . The cathode 

was p l ac e d  i n  t h e  compa r tment and t h e  s o l ut i on l evel s i n  

t he anode , i n t e rmed i at e  a n d  cathode compa r tment s we r e  

a d j u s t ed s o  that n o  hyd r o s t a t i c  head ex i s t ed b etween t h e  

c hamb e r s . 
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The poten t i a l  was s e t  at -2.25 v w i t h  a c u r r ent o f  9 0  

mA and the catho lyt e  was s t i r r ed v i g o r o u s l y  w i t h  a 

magnet i c  s t i r r i ng ba r du r ing e l ec t r o l ys i s . The g r een 

s o l u t i on became y e l l ow and t h en i n t e n s e  r ed -b r own w i t h i n  

s eve r a l  m i n u t e s . 

The e l ec t r o l y s i s  was c a r r i ed out unt i l  t h e  c u r r ent 

d r opped to 6 rnA ( 4 h r s ) . The da r k  r ed b rown s o l ut i o n  wa s 

pou r ed i n t o  a beak e r  and t h en t r an s f e r r ed t o  a 250 mL 

r ound b o t t om f l a s k . As t h e  vo l ume was r ed u c e d  und e r  

vac uum , a y e l l ow s o l i d  was obs e rved t o  f o rm . The 

s u spen s i on was s t i r r ed ove rn i ght and a ye l l ow powde r was 

c o l l ec t ed by vac u um f i l t e rat i on and d r i e d  und e r  vac uum 

a t  r o om t empe rat u r e  f o r 2 4 h r s  t o  g ive l . 7 9 9g ( 5 8 % ) . 
J 

T he y e l l ow p r od u c t  was i d ent i f i e d  a s  ( PP h 3 > 4Ru < ry -

CH 3 CN ) •CH 3 CN by c ompa r i ng i t s  i n f r a r ed spect r um and 

me l t i n g  po int t o  t ha t  r epo r t ed by She rman and S h r e i n e r 4 • 

The s o l i d  me l t ed at 1 2 5 - 1 3 0 °c und e r n i t r o g en ( l it 1 2 4 - 1 3 1 

0c > . C ha r a c t e r i s t i c  i n f r a r ed v ib r at i on s  we r e  o b s e rved at 

- 1  - 1 2254 cm and 1 9 1 0  cm c o r r espond ing t o  u n c o o r d i nat ed 

and ,�c o o r d i n a t e d  a c e t on i t r i l e  r e spect i v e l y . The spect r um 

i s  s hown i n  f i g  5 .  

4 .  Synt hes i s  o f  Ruthen i um ( I I ) c a rbony l t e r t i a r y Phosph i n e  

c omp l e x e s . 

A .  Synthesis of fEPhMe2i3RuCOC12• 
Two d i f f e r en t  p r o c edu r e s  f o r t h e  p r epa r a t i on o f  t h i s  

c omp l e x  have b e en emp l oyed , but t h e  p r o duct obt a i n e d  i n  eac h 

19 



F i g u r e  5 :  I n f ra r ed spect r um o f  

( PP h 3 > 4Ru (�CH 3 CN ) ·CH 3 CN 

20 
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c a s e  was contam i n a t e d  w i t h  impu r i t i e s 7 • The r e f o r e , a n ew 

app r o a c h  f o r t h e  p r epa r at i on o f  pu r e  p r oduct was s o u g ht . 

I n s e r t i on o f  CO as  s hown in eq . ( 8 )  was accomp l i s hed . 

I nt o  a 2 5 0  mL r o und b o t t om f l a s k , equ ipped w i t h  a 

z -n e c k  was p l ac e d , ( PP hM e 2 > 4 RuC 1 2 ( 2 . 4 3 8g , 3 . 3 6 5  mmo l ) .  

T o  t h i s  s o l i d  i n  t h e  d r y b o x  was added 1 2 0 mL o f  d ry 

deg a s s e d  CH 3 CN . The y e l l ow s l u r ry ,  und e r N 2 , was 

r emoved f r om the b o x , and CO wa s bubb l ed w i t h  s t i r r i ng 

t h r o u g h  it f o r 4 h r s . M o s t  o f  t h e  s o l i d  d i s s o l ved , and a 

y e l l ow s o l u t i o n  r e s u l t ed . The s o lut i o n  was f i l t e r ed i n  

t h e  b o x  a n d  t h e  s o lvent w a s  pumped o f f  und e r  vacuum • As 

t he vo l ume was r ed u c ed , a b r i g ht o i ly y e l l ow l i qu i d  was 

obt a i ned . The y e l l ow o i l  was t r i t u r at ed w i t h  hexane . A 

l i g ht y e l l ow powde r was f o rmed a f t e r  t h e  m i x t u r e  was 

s t i r r ed ove r n i g ht . The powde r was c o l l e c t e d  by f i l t r a t i on 

in t h e  b o x  and d r i ed und e r vac u um f o r 1 5  h r s  a t  room 

t empe r a t u r e . The y i e l d  was 9 0 %  b a s e d  on Ru . T h i s  comp l e x  

0 me l t ed a t  1 7 9 - 1 8 1  · C t o  g i ve a y e l l ow l iqu i d  ( l i t .  

1 7 9 - 1 8 1  °c > 1 7 • The c a rbonyl band was o b s e rved at 1 9 5 2 

- 1 c m  

B .  Synthesis of {P.Ph2�2 RuCO (CH3 CNJ Cl 2 

T h i s  comp l e x  was p r epa r ed by i n s e r t i on o f  CO . 

+ lcH 3 CN 

( P P h2Me ) 2RuCO ( CH 3 CN ) C l 2 

x s CO 



I nt o  a 1 0 0  mL z -n e c k  round b o t t om f l a s k  i n s i d e  t h e  

d ry b o x  w a s  p l ac ed ( P P h 2M e > 4RuC 1 2 ( l . O O O g ,  1 . 0 2 7 mmo l )  

and CH 3 CN ( 6 0  mL } .  The o r ang e s u spen s i on was t a k en out o f  

t h e  box and CO was bubb l e d  t h r o u g h  i t . The o r a n g e  

s u spen s i o n  d i s s o lved , and a l emon y e l l ow s o l ut i on was 

obt a ined a f t e r  one ho u r . The y e l l ow s o l u t i on was pu r g ed 

w i t h  CO f o r  anot he r 3 h r s , t a k en i n t o  t h e  b o x , and 

f i l t e r ed . The s o lvent was r emoved by s t i r r i ng t h e  

s o l u t ion und e r  vacuum • As t h e  vo l ume was r educ ed , a 

m i x t u r e  o f  a m i l k y  y e l l ow p r ec ip i t a t e  and an o i l  was 

obs e rved . The m i x t u r e  was t r i t u r at ed w i t h  hexane and 

st i r r ed ove rn i g ht . A pa l e  y e l low powde r was c o l l e c t e d  by 

f i l t r a t i o n  and d r i e d  und e r  vac u um f o r 2 4 h r s  at r o om 

t empe r at u r e . 

The p r oduct , ( P P h 2M e } 2RuCO ( CH 3 CN } C l 2 ( 0 . 6 5 7 g )  was 

obt a ined i n  9 9 %  y i e l d . The s o l i d  me l t ed a t  1 6 3 - 1 6 5  °c t o  

g i ve a n  o r ang e l i qu i d . T h e  c a rbonyl band o f  t h e  s o l i d  wa s 

obs e rved at 1 9 4 0  cm- 1 • 

5 .  Condu c t i v i t y  Mea s u r ement 

A .  Cel l cons tant 

The condu c t i v i t y  c e l l  c on s t ant wa s d e t e r m i n e d  f r om a 

s t anda r d  0 . 0 2 0 0M po t a s s i um c h l o r i d e  s o l u t i on . T h i s  

s o l u t i o n  w a s  ma de by d i s s o lv ing 0 . 1 4 9 l g ( 2 . 0 0 0 0  mmo l } o f  

p o t a s s i um c h l o r i d e  i n  1 0 0  mL o f  d e i on i s ed wat e r . The 

conduct i v i t y  c e l l  was mo u n t e d  i n  a 2 5 . 0  °c t h e rmo s t at 

b a t h . The r es i s t an c e  o f  t h e  s o l u t i o n  was meas u r ed w i t h  a 

2 2  



c onduct i v i t y  b r i d g e . 

The mean r e s i s t anc e o f  t h e  0 . 0 2 0 0  M K C l  wa s found t o  

b e  1 8 8 . 1  ± . 4 ohms . The spec i f i c c o n d u c t an c e  o f  0 . 0 2 0 0  M 

1 8  0 - 1  - 1 K C l  at 2 5 . 0  C i s  0 . 0 0 2 7 6 8  o hm cm • The c e l l 

c o n s t ant was c a l c u l a t ed and a va l u e  o f  0 . 3 2 7 ± 0 . 0 0 1  was 

obt a i n e d . 

B .  Standar d so lutions 

The comp l e x e s , [ ( CH 3 cH 2 > 4N l C l0 4 and 

[ ( CH 3 CN > 6N i l ( BF 4 > 2 , p r epa r ed by She rman , we r e  u s e d  

a s  t h e  s t anda r d s  in d e t e r m i n ing the numb e r  o f  i o n s  p r e s ent 

in the s o l u t i on . The f o rme r d i s s oc i at ed i n  CH 3CN to 

g i ve 2 i on s  and t h e  l a t t e r  g i v e s  3 i o n s . In add i t i o n , a 

t ab l e  f o r gene r a l  v a l u e s  o f  mo l a r  conduct i v i t i e s  fo r t h e  

numb e r  o f  i o n s  p r e s e n t  i n  t h e  s o l ut i on w a s  u s e d 1 9 • 

c .  Cond.uctixity 0£ . RQ . !IIl . complexes , 
The Ru ( I I ) comp l ex e s  u s ed we r e  ( PP h 3 > 4RuC 1 2 , 

(P Ph 2Me > 4RuC 1 2 , ( PPMe 2 > 4 RuC 1 2 , ( PP h 2M e ) 2RuCO ( CH 3 CN ) C l 2 

and ( P P hM e 2 > 3 RuCOC 1 2 • 

The r e s i s t an c e  o f  d ry ,  d eg a s s e d  CH 3 CN and t h e  

r e s i s t an c e  o f  t h e  c i r c u i t  we r e  meas u r ed i n  t h e  s ame 

conduct i v i t y  c e l l . The r es i s t anc e me a s u r ed we r e  u s e d  t o  

c a l c u l a t e  t h e  bac k g r o un d  conduct anc e .  Al l t h e  

meas u r emen t s  we r e  done i n  t h e  d r y b o x  at 2 9 . 0  °c .  

The s o l ut i on o f  Ru ( I I ) comp l e x e s  we r e  made by 

d i s s o l v ing a we i g he d  amo unt of t h e  comp l e x  i n  5 0  mL o f  

2 3  



CH 3CN in a vo l umet r i c f l a s k . The c e l l  wa s r i n s e d  w i t h  

t h e  p r epa r e d  s o l u t i on t h r e e t i me s a n d  then f i l l ed w i t h  t h e  

t e s t  s o l u t i on . T he r e s i s t an c e  mea s u r ement s we r e  ma de and 

t abu l a t ed as  s hown i n  Tab l e  1 .  

E x c e s s  l i g and was a l s o  added t o  t h e  t e s t  s o l u t i o n  t o  

s t u dy t h e  e f f ect o f  t h e  l i gand on t h e  d i s s o c i at i on o f  t h e  

R u  ( I I ) comp l e x e s . T h e  r es i s t an c e  o f  t h e  s o l u t i o n  

r ema ined the s ame . 

T ab l e  1 :  Mean Res i s t anc e o f  Ru ( I I ) comp l e x e s  i n  CH 3 CN 

Compound Conc ent r a t i on Mean Res i s t anc e x l 0 - 2 

( mM )  - 1 ( o hm ) 

CH 3 CN 1 3 . 5  ± 0 . 1  

[ C C 2H 5 ) 4N l C l0 4 5 . 0 0 3 . 9 1 ± 0 . 0 2 

[ ( CH 3CN ) 6N i ] ( BF 4 ) 2 8 . 6 2 1 . 5 1 ± 0 . 0 1 

(P Ph 3 ) 4RuC 1 2 5 . 0 0 5 . 6 4 ± 0 . 0 1 

(P Ph 2M e > 4RuC l 2 7 . 4 7  4 . 3 2  ± 0 . 0 2 

( PP hMe 2 > 4RuC l 2 4 . 2 9 4 . 8 6 ± 0 . 0 4 

( P P h 2M e ) 2 RuCO ( CH 3 CN ) C l 2 3 . 3 6 1 3 . 4 ± 0 . 1  

( P P hM e 2 > 3 RuCOC 1 2 5 . 3 6 1 3 . 5  ± 0 . 1  

6 .  P o l a r o g r aphy 

A .  A,�aratus 
The e l ec t r o c hem i c a l  c e l l emp l oyed i n  a l l  

p o l a r o g r aph i c  meas u r ement was manu fac t u r ed b y  I BM 

I n s t r umen t s  I nc . The 1 0 0  mL py r ex c e l l  had a t e f l o n  cap 

with f i v e  po r t s , eac h f i t t ed with T e f l on s l eeves . The 

po r t s  cont a i n e d  t h e  wo r k i ng e l ec t r o d e , a u x i l i a ry 
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e l ect r o d e , r e f e r enc e e l ec t r o d e  and g a s  d i spe r s i on i n l e t s  

both in and ove r t h e  s o l u t i on . T h e  c e l l  wa s a i r t i g ht and 

the t empe r a t u r e  wa s cont r o l l e d  by f i tt ing a p l a s t i c  j ac k et 

a r ound t h e  c e l l  wh i c h  was connect ed t o  a c o n s t ant 

t empe r at u r e  wat e r  bath . 

The wo r k ing e l ec t r o d e  was a c onvent i ona l d r opp ing 

me r c u r y  e l ec t r o d e . The Hg c o l umn i n c l uded a 1 4 . 1  cm 

l en g t h  of C ap i l l a ry ( S a r g ent We l c h )  a t t a c hed to a 75.0 cm 

l ength of 6 mm py r ex t u b i ng by s ho r t tygon t u b ing . Upon 

va r y i ng the he i g ht of a me r c u ry r es e r vo i r  c onn e c t ed t o  the 

c o l umn , t h e  me r c u r y  p r es s u r e  c o u l d  b e  c o n t r o l l ed . 

The r e f e r en c e  e l ec t r o d e  c h o s en f o r t h e s e  s t u d i e s  wa s 

a 0 . 1 0 0  M Ag/AgN0 3 ( F i g . 6 ) . The e l e c t r o d e  wa s ma d e  

f r om a t ape r ed-en d  g l a s s  t u b e  w i t h  1 4 / 2 3  g r ound g l a s s  

j o i n t . An 8 mm po r o u s  Vyc o r  p l ug was a t t a c hed w i t h  

s h r i n k ab l e  t e f l on t o  t h e  t ape r ed end . T h e  e l ect r o d e  was 

s o a k ed i n  0 . 1 0 0  M T EAP s o l u t i on of CH 3 CN f o r one day 

p r i o r  t o  add i t i o n  of O . l O OM s i l ve r n i t r at e . A s i lv e r 

w i r e  and 0 . 1 0 0  M AgN0 3 s o l u t i on i n  CH 3CN we r e  p l ac ed 

i n s i d e  t h e  t u b e . The t u b e  was t h en s e a l ed w i t h  r ubb e r  

s eptum c ap . The r e f e r en c e  e l ec t r o d e  was i s o l a t ed f rom 

the t e s t  s o l ut i on by a g l a s s  tube c o n t a i n ing a f i n e  po r o u s  

g l a s s  f r i t . 

The a u x i l i a r y  e l ec t r o d e  c o n s i s ted o f  a c o i l  o f  

p l at inum w i r e  s e a l ed i n  s o f t  g l a s s  t u b i ng , 7 mm in 

d i amet e r . The i n s i d e  c o n t a c t  t o  the p l a t i um w i r e  wa s mad e  

b y  pa r t i a l ly f i l l i ng t h e  t u b e  w i t h  me r c u r y  i n  c o n t a c t  w i t h  

2 



FIGURB 6 
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coppe r w i r e  wh i c h  e x t ended o u t s i d e  t h e  g l a s s  t u b e . A 

s e r um c ap was u s ed t o  s e a l  t h e  end . 

The n i t r og en i n t r o duc ed f o r deae rat i on was s a t u r a t e d  

w i t h  CH 3 CN by pa s s ing i t  t h r o u g h  a p r e s a t u r at e r  

cont a i n ing HPLC g r ade CH 3 CN , eme r s ed i n  a t empe r a t u r e  

bath . The s a t u r a t e d  n i t r o g en was t r anspo r t ed t o  t h e  c e l l  

v i a  py r e x  l i n e s  w i t h  two t e f l o n  sp i nd l e  s t opcoc k s  t o  a l l ow 

e i t he r  pu r g ing o r  ma i n t a i n ing t h e  N 2 p r es s u r e  w i t h i n  t h e  

c e l l . 

B .  Solut ions 

Each  p o l a r o g r aph i c  s o l u t i on c o n s i s t ed of a 1 x 

- 1 1 0  M conc ent r at i on o f  t h e  e l ec t r o a c t i v e  spec i e s  o f  

i nt e r e s t  a l ong w i t h  t h e  s uppo r t ing e l ec t r o l yt e  p r e s ent a s  

0 . 1 0 0  M T EAP i n  CH 3 CN . The s o l ut i o n  o f  eac h comp l e x  was 

p r epa r ed i n  the d ry box by add i ng t h e  app r op r i a t e  amo unt 

of t h e  e l ec t r o a c t i v e  spec i e s  t o  0 . 1 0 M T EAP i n  a 2 5 mL 

v o l umme t r i c f l a s k . The empty e l ec t r o c hem i c a l  c e l l  wa s 

f i r s t  pu r g e d  w i t h  n i t r o g en f o r a t  l e a s t  1 5  m i n s . The 

s o l u t i o n  was t hen t r a n s f e r r e d  into t h e  c e l l v i a  a 50 mL 

s y r ing e o r  by d i r ec t  add i t i o n  f r om t h e  vo l ummet r i c f l a s k  

t h r o u g h  t h e  r e f e r en c e  e l ec t r o d e  po r t . D e a e r a t i on was 

a c h i eved by d e g a s s i ng w i t h  N 2 f o r anothe r 1 5  m i n s  p r i o r  

t o  the po l a r o g r aph i c  mea s u r ement s .  A n i t r o g en atmo sphe r e  

was ma i n t a ined above t h e  t e s t  s o l u t i on du r ing the 

meas u r ement s .  
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C .  Pola.ro9raphic measu r ements. 
P o l a r o g r aph i c  data we r e  o b s e rved by mea s u r ing the 

c u r r ent a s  a funct i on of the app l i ed pot ent i a l  d i s p l ayed 

on the Va r i an X -Y r ec o r d e r . F o r eac h p o l a r o g r aph i c  wave 

obs e rved the d i f f u s i on c u r r ent was meas u r ed as a funct i o n  

o f  t h e  me r c u r y  p r es s u r e  ( he i g ht ) . 

The meas u r emen t s  o f  t h e  ha l f -wave pot ent i a l  C E 1 1 2 > 

and l i m i t ing c u r r en t  C i L ) '  we r e  obt a in e d  i n  t h e  

f o l l o w i n g  manne r .  T h e  l im i t ing c u r r en t  wa s o b t a i n e d  b y  

d r aw i ng a l i ne pa r a l l e l  t o  t h e  r e s i d u a l  c u r r ent , obt a i n e d  

by ext r apo l at i on o f  t h e  l i nea r f l a t  po r t i on o f  t h e  c u r v e  

p r ec eed ing t h e  wave , a n d  meas u r ing t h e  d i f f e r enc e b e tween 

the l i n e s . The E 1 1 2 is the pot ent i a l  a t  wh i c h  1 / 2 o f  

t h e  me a s u r ed d i f f u s i on c u r r ent c r o s s e s  t h e  r i s i ng po r t i on 

o f  t h e  wave . 

The c o n s t ant mt < whe r e  m i s  t h e  ma s s  f l ow r a t e  i n  

mg / s e c  a n d  t i s  t h e  d r op t ime ) wa s mea s u r ed i n  CH 3 CN at 

d i f f e r ent pot ent i a l s . T h i s  c o n s t ant i s  n e eded i n  the 

c o r r ec t i on of t h e  p r es s u r e  of t h e  me r c u r y  d u e  t o  the 

s u r f a c e  t en s i on of t h e  s o l u t i on . The mea s u r ement was made 

by c o l l ec t ing 2 5 d r ops of me r c u r y , wa s h i n g  w i t h  CH 3 CN , 

d r y ing w i t h  k imw i p e s  and f i na l ly we i g h i n g  t h e  me r c u r y . 

The t i me f o r c o l l ec t ing 2 5 d r op s  wa s o b t a i n e d  w i t h  a 

s t opwa t c h  < ± . 1 s e c ) . F r om t h e  mas s  pe r d r op and the d r op 

t i me ,  t h e  c ap i l l a ry c o n s t ant was t h u s  d e t e r m i n e d . 
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7 .  Att empt ed p r epa r a t i on o f  Ru C O )  comp l e x e s  

A .  P. r epa ration of 1. % sod ium ... ama l g am2 0 

The t r i p l e -d i s t i l l ed me r c u r y  wa s p i nho l ed twi c e  t o  

r emove o x i d e  and k ept i n  t h e  b o x  p r i o r  t o  u s e . T h e  s o d i um 

was c u t , wa s hed w i t h  hexan e  and we i g hed i n  t h e  b o x . 

S od i um C l . 0 7 4 g ,  0 . 0 4 7 0 0  mo l )  was p l a c ed i n  a w i d e  

n e c k  E r l e rmey e r  f l a s k  a n d  3 . 9  mL o f  me r c u r y  w a s  added t o  

it . Ano t h e r  4 . 0  mL o f  t h e  me r c u r y  w a s  added s l ow l y  t o  

k eep th e r eact i on g o i n g . T h e  ama l g am w a s  c o o l ed a n d  k ept 

in an a i r t i g ht v i a l . 

B .  React ion 0£ . CH 3 CN with 1 %. Na-Hg 
S inc e CH 3 CN wa s u s ed as t h e  s o l vent , i t s  r eact i v i t y  

t owa r d s  1 % Na-Hg w a s  s t u d i e d . 

I n  a 50 mL r o un d  b o t t om f l a s k , 2 0 mL o f  CH 3 CN was 

p l ac ed and 1 mL of 1% Na-Hg wa s added and s t i r r e d  f o r 1 0  

h r s . The s o l u t i o n  was d e c a n t ed i n t o  t h e  b e a k e r  and 

f i l t e r ed . A g r ey s o l i d  was obt a i n ed . The in f r a r e d  

spe c t r um o f  t h i s  p r od u c t  d i d not s how a n y  abs o r pt i on . 

C .  React i on of (PEh2M.el.2 RuCO (CH 3 CNJ Cl 2 with 1% Na -Hg 

I n  an att empt t o  p r epa r e  C PP h 2M e > 2RuCO ( C H 3 CN > 2 , 

t h e  r eact i o n  o f  ( PP h 2M e > 2RuCQ ( CH 3 CN ) C l 2 w i t h  1 %  Na-Hg 

was c a r r i e d  o u t . 

I nt o  a 1 0 0  mL r o und b o t t om f l a s k  was added 
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CH 3 CN . The ama l g am ,  Na-Hg , ( 1 % , 2 mL ) was added t o  the 

s l u r r y and s t i r r ed .  All  of  t h e  s o l i d  d i s s o l ved , and an 

o r an g e  s o l u t i on r e s u l t ed . Aft e r  1 0  m i n s  t h e  s o l ut i o n  

t u rned da r k  g r een a n d  a f t e r 2 0 m i n s  i t  c hang e d  t o  a da r k  

b rown c o l o r . Aft e r  1 5  h r s  t h e  da r k  b r own s o l ut i o n  was 

decanted i n t o  a bea k e r , and the ama l g am was r i n s e d  w i t h  

CH 3 CN . T h e  s o l u t i on wa s f i l t e r ed , and a g r ey s o l i d  wa s 

obt a ined . The i n f r a r ed spe c t r um o f  t h e  g r ey s o l i d  

ind i c a t ed t hat i t  was t h e  s ame p r oduct a s  i n  r ed uc t i o n  o f  

CH 3 CN . The da r k  b rown s o l u t i on wa s pumped o f f  unde r 

vac u um , and a da r k  b r own s o l i d  was obt a ined . 

Abo u t  4 0 mL o f  d r y ,  deg a s s e d  HPLC h e x an e  was a d d e d  t o  

t h e  da r k  b r own s o l i d  a n d  s t i r r ed .  The da r k  b r own powde r 

was c o l l ec t e d  by f i l t r a t i on and d r i e d  a t  r o o m  t empe r a t u r e  

und e r  vacuum . An O r ang e -b r own s o l i d  C 0 . 6 1 6g )  was 

obt a ined . The s o l i d  me l t ed a t  1 2 4 - 1 2 6 °c and decomp o s e d  

a t  1 3 5 °c .  T h e  s o l i d  w a s  s t u d i ed w i t h  i n f r a r ed , 1H 

and 3 1P NMR spect r o s copy . 

The i n f r a r e d  spect r um g ave two c ha r ac t e r i s t i c  peak s 

d ue t o  t h e  CN s t r et c h i n g  at 2 1 5 0  and 2 1 8 0  cm- 1 , A b r o a d  

p e a k  w i t h  a s h o u l d e r d u e  t o  CO w a s  o b s e rved a t  1 9 1 0  

c m- l The o b s e r ved s ho u l d e r m i g ht b e  d u e  t o  Ru -H 

s t r et c h ing ( 1 9 0 5  cm- 1 > .  S i gna l s  a t  1 5 5 0  and 1 4 1 0  cm- l  

we r e  o b s e rved and a s s i g n e d  t o  o r t homet a l l at e d  spec i e s . 

The 1H and 3 1P NMR spect r a  f r om c 6o 6 c o u l d  

n o t  b e  i nt e r p r et e d  s i nc e t h e  s i gna l s  we r e  poo r ly r e s o l ve d  

a s  a r e s u l t  o f  l ow s o l ub i l i t y .  The e l ement a l  ana l y s i s  d i d  
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not ag r e e w i t h  t h e  expe c t ed f o rmu l a , 

( P P hC 6H 4 } HRuCO ( C H 3 CN } P P h 2M e . The c a l c u l a t ed 

va l u e s  f o r  the expe c t ed p r od u c t  we r e  6 1 . 0 5 % C , 5 . 1 2 % H , 

1 0 . 8 5 % P  and 2 . 4 5 % N , but t h e  e l ement a l  ana lys i s  va l u e s  

we r e  6 6 . 6 8 % C , 5 . 6 4 % H , 8 . 6 5 % P  and 0 . 9 9 % N . 

D .  ReactiQn. 0£ (PPbMe2L3 RuCQC1 2 with l l Na-Hg 

The p r oc edu r e  f o r t h e  a t t empted synthes i s  o f  t h e  

compl ex , ( PP hM e 2 > 3 RuCO ( C H 3 CN } was b a s e d  on t h e  wo r k  o f  

W ' l k '  
2 1 i i n s on • 

A s o l u t i on o f  ( PP hM e 2 > 3 RuCOC 1 2 ( l . l l g , 1 . 8 0 mmo l } in  

50  mL of  HPLC CH 3 CN was p r epa r ed . To  t h e  s l i g ht l y  y e l l ow 

s o l u t i o n  wa s added Na-Hg ( 1  % ,  2 mL ) .  The m i x t u r e  wa s 

st i r r ed , and i t s  c o l o r  c han ged f r om o r ang e t o  da r k  b rown 

w i t h i n  3 m i n s . 

The s o l ut i on wa s s t i r r ed f o r 1 5  h r s , and a g r ey i s h  

bl ue s o l i d was f o rmed . The ama l g am was d e c a n t e d  i n t o  a 

beak e r  and the s o l i d  was c o l l e c t ed und e r  vac u um . The 

so l i d obt a i n e d  appe a r ed to b e  t h e  s ame as  t h a t  f r om the 

reac t i on of CH 3 CN with 1% Na-Hg . 

The f i l t r a t e  wa s t r ans f e r r e d  t o  a 1 0 0  mL r o und bottom 

f l a s k  and th e vo l ume was r ed u c ed und e r  vac uum . As the 

vo l ume dec r ea s ed , a da r k  b r own o i l  wa s o bt a i n ed . The o i l  

was t r i t u r a t ed w i t h  4 0  mL HPLC g r ade hexane and s t i r r ed 

ove rn i ght . S ome o f  t h e  o i l  d i s s o l ved and gave a da r k  

b r own s o l ut i on . The vo l ume o f  hexane was r ed u c ed by ha l f  

und e r  vac uum and 2 0 mL o f  b en z en e  wa s added . Al l o f  t h e  
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o i l  d i s s o l ved . 

The d a r k  b r own s o l u t i on wa s d iv i d ed i n t o  two ha l v e s . 

The f i r st ha l f  wa s pumped t o  d r yn e s s . The o i l  o b t a i n e d  

w a s  s t u d i e d  by i n f r a r ed , 1 H and 
3 1P NMR spect r o s c opy . 

The l i g and , PPhM e 2 , was added t o  the othe r ha l f  o f  t h e  

s o l u t i on a n d  s t i r r ed .  The vo l ume o f  the s o l u t i on wa s 

reduced and a t h i c k  o i l  was o bt a i n ed . Ben z en e , t o l uene , 

ethan o l  and a m i xt u r e  o f  pentane / ac eton i t r i l e  we r e  u s ed i n  

a n  att empt t o  c r ys t a l l i z e t h e  o i l , b u t  n o n e  o f  t h e  

s o lvent s g a v e  a s uc c e s s f u l  r e s u l t . 

). 
A s u spen s i on o f  0 . 4 6 8 g  C 0 . 3 8 0mmo l )  o f  ( PP h 3 > 4Ru (0 -

CH 3 CN ) · CH 3 cN i n  3 5 mL o f  hexane wa s s t i r r ed and 

r e f l u x ed i n  t h e  d r y b o x . The y e l l ow s u spen s ion t u r n e d  

b rown a f t e r  1 0  m i n s . The b r own s u spen s ion w a s  heat ed 

unde r r e f l u x  f o r 16  h r s . The da r k  b r own s l u r r y was c o o l ed 

and f i l t e r ed und e r  vacuum . The b r own powde r c o l l ec t e d  was 

d r i e d  und e r vacuum f o r 2 4 h r s . The y i e l d  of the p r oduct 

was 0 . 1 6 g . The p r o d u c t  decomp o s e d  at 1 2 7 °c .  The 

p roduct was s t u d i e d  by inf ra r ed and 
3 1 P NMR 

spect r o s c opy . 

The vo l ume o f  t h e  f i l t r a t e  was r ed u c e d  und e r  vac uum 

and a da r k  b r own o i l  was o b t a i n ed . Pentane ( 1 0 mL )  was 

added and s t i r r ed unt i l  a l l  t h e  o i l  d i s s o l ved . The s e a l ed 

f l a s k  was t a k en o u t  o f  t h e  b o x  and c o o l ed i n  a d ry i c e  and 

acetone m i xt u r e  c - 1 0 °c > . The s o l ut i on become c o l o r l e s s  



and a da r k  g r een s u spen s i on was obta i n ed . The p r od u c t  was 

in s o l u b l e  i n  aceton i t r i l e , hexane , b en z ene , methy l en e  

c hl o r i d e  a n d  t o l uene . 
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RESULTS AND D I SCU S S I ON 

1 .  Synthe s i s  o f  Ruthen i um ( I I ) comp l e x es 

A .  Syn t h e s i s  o f  ( PP hM e 2 > 3 RuCOC 1 2 

The c ompound , ( PP hM e 2 > 3 RuCOC 1 2 was s ynt h e s i z ed 

by t h e  f o l l ow i n g  r ea c t i on s  ( Eq 9 - 1 1 )  • 

( P P h 3 ) 4RuC l 2 + 6PP hM e 2 �li.l...4. ( PP hM e 2 ) 4 RuC l 2 ( 1 0 )  

C P P hM e 2 > 4Ruc 1 2 + x s co �� C P P hM e 2 > 3 Rucoc 1 2 ( 1 1 )  

( 9 )  

The i s o l a t e d  comp l e x e s  obt a ined f r om r eac t i on s  9 and 

1 0  we r e  i d ent i f i e d by compa r i ng th e i r  me l t i n g  po i n t s  and 

in f r a r ed spect r a  w i t h  l i t e r a t u r e  va l u e s . The c omp l e x  

i s o l a t e d  f r om r ea c t i on 1 0  w a s  i dent i f i e d  a s  

( PP hM e 2 > 3 RuCOC 1 2 • E l ement a l  ana lys i s  ( 4 8 . 7 8 % C ,  

5 . 3 5 %  H and 1 5 . 6 6 % P )  ag r eed w i t h  t hat expe c t ed ( 4 8 . 8 7 % c ,  

5 . 4 1 %  H and 1 5 . 1 2 % P ) . T h i s  c ompound me l t ed und e r  

n i t r o g en a t  1 7 9 - 1 8 1  °c ,  i n  ag r eement w i t h  t h e  l i t e r at u r e  

v a l u e , t o  g ive a y e l l ow l i qu i d 1 7 • 

I n f ra r ed , 1H and 
3 1P NMR spec t r o s c o py we r e  u s ed 

t o  det e rm i n e  t h e  s t r u c t u r e  o f  t h e  comp l e x  mad e  by CO 

i n s e r t i on • The 1H NMR spect rum ( F i g 7 )  o f  t h e  comp l e x  

i n  CD 3C l  e x h i b i t ed a d o ub l et < J= l . 3 8ppm , Jp8 = 1 0 . 4 H z ) , 

a qua r t et , 1 : 3 : 3 : 1 ,  c a u s ed by two ove r l app ing t r i p l et s 

�= l . 9 3 ppm and J = 2 . 0 2ppm , Jp8 = 4 . 4 H z )  and a mu l t ipl et a t  

7 . 1 6 ppm . The d o ub l e t ind i c a t e d  a me thyl g r o up c o up l ed t o  

a s i ng l e  phospho r u s  n u c l e u s . The t w o  ove r l app i ng t r i p l e t s  

sugg e s t ed that t h e  methyl g r oups o n  t h e  pho spho r u s  at oms 
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F ig u r e  7 :  1H NMR spect r um o f  C P P hM e 2 > 3 RuCOC 1 2 

i n  CD 3 C l  
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we r e  n o t  equ iva l ent o r  that t h e r e  we r e  two i s ome r s  

p r e s ent . The two po s s i b l e  i s ome r s  c an b e  p r e s e n t e d  a s  i n  

s t r uc t u r e  I and I I  

P P hM e 2 

C l  I co 
-� _/ 

Ru 
/ · � 

C l  I P P hM e 2 

P P hM e 2 

( I ) 

PPhMe 2 

C l " ' ,,,/P hM e 2 

Ru 
/ '  

co· j "-c1 
P P hMe 2 

(II) 

I t  i s  un l i k e l y  that phospho r o u s -p r ot on c o up l ing f o r t h e  

c i s pho s p h i n e  wou l d  t h e  s ame f o r i s ome r  (I) a n d  (II), and 

thus the appea r anc e of the s i ng l e  doub l e t  a r g u e s  aga i n s t  t h e  

ex i s t anc e o f  b o t h  i s ome r s . T h e  methy l g roups on t h e  

pho spho r u s  at oms t r ans t o  o n e  anot h e r  s ho u l d  b e  equ i va l ent 

un l e s s  t h e r e  is  no  plane of s ymmet r y  t h r o ug h  t h em . S u c h  i s  

t h e  c a s e  f o r i s ome r (I) a s  s hown b e l ow , but i s  not t h e  c a s e  

fo r i s ome r ( I I ) . T h u s  i s ome r (I) i s  mo s t  c o n s i s t ent w i t h  

t h e  p r e s enc e o f  ove r l app ing t r i p l e t s . A comp l e x  mu l t i p l et 

a t  7 . 1 6 ppm a r i s e s  f r om t h e  phenyl g r o up s  o f  t h e  l i g ands . 

C l  C l  I 
C l- P --CO 

I 
CO -P ·--P P hM e 2 i 

P P hMe 2 J1 
t op v i ew (I) t op v i ew (II) 

The 3 lp NMR spec t r um ( F i g 8 )  e x h i b i t s  a doub l e t  at 

- 1 . 4 2 ppm ( JPP = 2 7 . 1  H z )  and a t r i p l e t  at 1 7 . 7 4 ppm 

C JPP = 2 7 . 5  H z ) . The spect r u m  s hows t h e  expe c t ed A 2x 

jO 



F i g u r e  8 :  
3 1P NMR spec t r um o f  ( PP hM e 2 > 3 RuCOC 1 2 

i n  CD 3 C l  
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patt e r n and i s  c o n s i s t ent w i t h  e i t h e r  i s ome r ( I )  o r  i s ome r 

( I I ) . The doub l et a r i s e s  f r om two phospho r u s  l i g and atoms 

in a t r ans c on f i g u r at i on c o up l ed t o  one c i s phospho r u s  

a t om . T h e  t r i p l e t  can b e  exp l a i n ed b y  o n e  phosph i n e  

l i g and spl i t  by t h e  t w o  equ iva l ent pho spho r u s  at oms o f  t h e  

r ema in ing l i g ands . No ev i denc e f o r t h e  p r e s e n c e  o f  t h e  

t w o  i s ome r s  c o u l d  b e  o bt a i n ed f r om t h e  
3 1P NMR spect r um .  

I s ome r ( I )  can b e  d i s t i n g u i s hed f r om ( I I ) by l o o k ing 

at t h e  C =O s t r et c h i n g  mode i n  the in f r a r ed spect r um . M o s t  

c a r bonyl r u t hen i um comp l e x e s  s how s t rong i n f  r a r ed 

a b s o rpt i o n s  i n  t h e  r an g e  1 9 0 0 - 2 0 5 0  cm- l d u e  t o  c a r bo n y l  

s t r et c h ing mod e s . Mawby 9 o b s e rved t h e  CO s t r et c h ing f o r 

- 1 CO t r an s t o  C l  at 1 9 5 2 cm and CO t r a n s  t o  PPhM e 2 at 

1 9 8 0  cm- l F r om o u r obs e r v e d  CO s t r et c h ing f r equenc y , 

1 9 5 0  cm- l ( F i g 9 ) , o n e  can conc l ude t hat o n l y  one i s ome r 

was made by o u r  method o f  s yn t he s i s  ( i s ome r I ) . T h i s  a l so 

ag r ee s  w i t h  t h e  1H NMR data , wh i c h  e x h i b i t ed two ove r l ap 

t r i p l e t s  ind i c a t i n g  t h e  methyl g r o up s  on t h e  t r a n s  

pho spho r u s  at om i n  t h i s  comp l e x  we r e  n o t  equ i va l ent . 

B .  Synthe s i s  o f  ( PP h 2M e > 2RuCO ( CH 3CN ) C l 2 

Th e att empt ed synt h e s i s  o f  C PP h 2M e > 3 RuCOC 1 2 , by 

the r ea c t i o n s  s hown i n  equat i on s  9 - 1 1  gave 

CP Ph 2M e > 2 RuCO ( C H 3 CN ) C l 2 • The c a l c u l a t ed va l u e s  

f o r c ,  H ,  P a n d  N f o r t h e  comp l e x  a r e  5 4 . 3 0 % , 4 . 5 6 % , 

9 . 6 6 % , and 2 . 1 8 % , r e spect i v e l y . E l ement a l  ana lys i s  g a v e  

5 4 . 3 8 %  c ,  4 . 1 8 % H ,  1 0 . 1 5 %  P a n d  2 . 1 5 %  N .  
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F i g u r e  9 :  I n f r a r ed spect r um o f  

( P P hMe 2 > 3 RuCOC l 2 
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The unexpec t ed compo s i t i on o f  t h e  p r o d uc t  o f  r eac t i on 

1 1  when PPh2M e  i s  u s e d , i n s t ea d  o f  PPhM e 2 , s u g g e s t s  

that t h e  p r ec u r s o r  t o  ( P P h 2Me > 2RuCO C CH 3CN ) C l 2 i s  

d i f f e r ent f r om t h e  p r ec u r s o r  t o  ( PP hM e 2 > 3 RuCOC 1 2 • 

Ea r l i e r  wo r k  by O l son p r o v i d e s  s ome i n s i g ht i n t o  t h e  

natu r e  o f  t h e  comp l e x e s  C PP h3 > 4RuC 1 2 a n d  ( PP h 2M e > 4RuC 1 2 

and ind i c a t e s  t ha t  t h e  pho spho r u s  l i gands e x c hange w i t h  

t h e  c o o r d inat i n g  s o l vent . 

I n  c o n s t r a s t , exc hang e was not o b s e rved fo r ( PP hM e 2 > 4RuC 1 2 

po s s i b l y  b e c au s e  o f  r ed u c e d  t h e  s t e r i c r equ i r ement o f  t h e  

pho sph in e . 

As i n  mos t  Ru ( I I ) comp l e x e s , [ ( PPh 2M e > 3 Ru ( CH 3CN > 2C l l C l 

d i s s o c i a t e s  t o  f o rm a 5 -c o o r d i n a t e  comp l e x . The 

c o o r d inat ion of  c a r bon mono x i de is  then p o s s i b l e  s inc e 

t he r e  i s  a vacant c o o r d inat i o n  s i t e . The s u g g e s t ed s c heme 

fo r t h e  fo rmat i on -0 f t h e  monoca rbonyl comp l ex can be s hown 

as s c heme 1 .  The i n s e rt i o n  o f  ca r bon mono x i d e  in c a t i on B 

c o u l d  l ead t o  CO trans t o  CH 3CN o r  PPh 2Me b u t  CO t r ans 

t o  PP h 2M e  is  mo r e  o f t en obs e rved i n  r u t hen i um ( I I ) 

c omp l e x e s . Acc o r d ing t o  Chatt 2 2 , a s t r ong 11'-bond ing 

l i g and such a s  CO c o u l d  r emove e l ec t ron d e n s i t y  f rom t h e  

met a l  t h r o u g h  b ack -bond i n g . A s  a r e s u l t , t h e  meta l  c ent e r  

become s mo r e  pos i t i v e , wh i c h  wea k en s  t h e  Ru -PP h 2Me 

bond . T h i s  fac i l i t a t e s  t h e  r ep l a c ement of  PPh 2M e  by 



C l - . Th i s  mec han i sm ag r e e s  w i t h  the s t r u c t u r e  o f  t h e  

i s o l a t e d  p r oduct . 

SCHEME 1 

\ PPh 2M e  

' C l  I NCCH 3 ""' '  / 
Ru 

/ '""' CH 3 CN I PPh 2M e  

PPh 2M e  

A 

P P h 2M e  

C l"1
u

/C l  

/ , � CO NCCH 3 

PPh 2M e  

c 

C l  

C l  

PPh 2M e  I / NCCH 3 

C l- Ru 
""' 

PPh 2M e  

P P h 2M e  

X S  lco

B 

�P h 2M e  

C l  I PPh 2M e  

'""- / 
Ru 

/; " 
co I NCCH 3 

PPh 2M e  J 
D 

C l  

The s t r uc t u r e  o f  t h e  ( PP h 2Me > 2Ru ( CH 3 CN ) COC 1 2 was 

d e t e rmined by i n f ra r ed , 1 H and 
3 1 P NMR spect r o s c opy . The 

1H NMR spec t r um f r om co 2c 1 2 ( F ig 1 0 )  g iv e s  a s ing l e t  

a t  1 . 2 ppm , a t r i p l et at 2 . 2 ppm a n d  a mu l t i p l et at 7 . 4  

ppm . A s i n g l e t  at 1 . 2 ppm i s  due t o  t h e  methyl g ro up f rom 

the c o o r d i n a t e d  a c e t on i t r i l e . A t r i p l e t  ( JPH = 3 . 5  H z )  

ind i c a t e s  that t h e  two d iphenylmethy lpho sph i n e  a r e  

mut u a l ly t r an s , w i t h  t h e  methyl g r o up o n  t h e  pho spho r u s  

a t oms v i r t u a l l y  c o up l ing w i t h  both pho spho r u s  n uc l e i . The 

phenyl g roups on th e l i g and g ive r i s e  t o  t h e  mu l t i p l e t  at 
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F i g u r e  1 0 : 1H NMR spect r um o f  ( PP h 2M e > 2RuCO C CH 3 CN ) C l 2 

i n  CD 2c 1 2 
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7 . 4 ppm . A sma l l  t r i p l et at 2 . 0 0 ppm and a s i ng l et at 0 . 9 

ppm m i g ht b e  d u e  t o  the o t h e r i s ome r o f  t h e  c ompo und . The 

peak at 5 . 2 ppm a r i s e s  f r om CH 2c 1 2 p r es enc e i n  the 

s o lvent . 

A s i ng l et o c c u r r i n g  at 1 7 . 6  ppm i n  the 3 1P NMR 

spec t r um o f  C PP h 2M e > 2 C cH 3 CN ) COC 1 2 ( F i g 1 1 )  i n d i c a t e s  

t hat t h e  phospho r u s  nuc l e i  i n  t h e  comp l e x  a r e  equ i va l ent . 

The 
3 1P and 1H NMR d a t a  s u g g e s t s t hat t h e  two 

pho spho r u s  at oms a r e  t r ans to one anoth e r .  A t i ny t r i p l et 

and a d o u b l et c a u s e d  by t h e  impu r it y , 

C P P h 2M e > 3 RuCOC 1 2 , i s  a l s o  p r e s ent i n  t h e  spec t r um7 • 

S inc e Ru ( I I ) i s  a d 6 comp l e x , an o c t ahed r a l  g e omet r y  

was expec t ed . Two d i f e r r ent i s ome r s  ( s t r u c t u r e  I I I  a n d  I V )  

wh i c h  a r e  c on s i s t en t  w i t h  t h e  1a and 3 1P NMR r e s u l t s  c an 

be d r awn . 

PPh 2M e  

C l  I C l  "" / 
Ru 

co / I ""- NCCH 3 

P P h 2M e  

( I I I )  

PPh 2M e  

C l . I NCCH 3 

� Ru/ 
co / I ""- C l  

P P h 2M e  

( IV)  

As fo r t h e  c o mp l e x  C PP hM e 2 > 3 RuCOC 1 2 , CO s t r et c h ing 

modes i n  t h e  inf  r a r ed spect r um c o u l d  b e  used t o  d i s t i n g u i s h  

between s t r uc t u r e s  ( I I I )  and ( IV) . Mawby 9 found out that a 

CO t r an s t o  an e l ec t r o n  w i t hd r aw i ng g roup has a l owe r 

s t r et c h ing f r equency ( 1 9 3 0 - 1 9 5 0 cm- 1 > t han a CO t r a n s  t o  a 

dono r l i g and ( 1 9 6 0 - 1 9 9 0  cm- 1 > .  Ba s e d  on t h e  c a rbonyl band 
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3 1 F i gu r e  1 1 : P NMR spect r um o f  ( PP h 2Me ) RuCO C CH 3CN ) C l 2 

i n  co 2c 1 2 
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- 1 at 1 9 3 8 cm ( F i g 1 2 ) ,  ( PP h 2M e ) 2 RuCO ( CH 3 CN } C l 2 , ma de 

by the i n s e r t i on of c a r bon mon o x i d e , was a s s i gn ed s t r u c t u r e  

( I I I } . 

S i n c e  e l ec t r o c hem i c a l  meas u r emen t s  we r e  made i n  CH 3 CN , 

1H NMR spect ra o f  t h e  c omp l e x  in cn 3 cN we r e  obt a i n ed . The 

s l ow e x c hang e of c o o r d i n a t e d  CH 3 CN w i t h  cn 3 cN ( s o l v ent } 

was s hown t o  o c c u r .  Th i s  e x c hang e  was ind i c a t e d  by a 

d imin i s h ing a b s o rpt i on w i t h  t ime ( F i g 1 3 & 1 4 ) due t o  

c o o r d i n a t e d  CH 3CN ( 1 . 2 0 ppm } a n d  a n  inc r ea s ing a b s o rpt i o n  

due t o  unc o o r d i n a t e d  CH 3 CN ( 2 . 2 3  ppm } . The mu l t i p l et 

c ent e r ed at 1 . 8  ppm was d u e  t o  cn 2HCN and CH 2DCN p r e s ent 

i n  cn 3cN ( F i g 1 5 } .  The t r i p l et c e nt e r ed a t  2 . 1 4 ppm and the 

mu l t ip l et at 7 . 3 0 ppm a r i s e  f r om t h e  methy l and t h e  pheny l 

g r o up on t h e  P P h 2M e  l i gand . One c o u l d  s u g g e s t , b a s e d  on 

t h i s  e x c hang e , that i n  s o l u t i on , the ob s e r v e d  Ru ( I I ) c omp l e x  

d i s s oc i a t e s  i n t o  a 5 -c o o r d i n a t e  c omp l e x  • 

( PP h 2M e ) 2 RuCO ( CH 3 CN } C l 2 _CD3.c.N.:.. ( P P h 2M e ) 2RuCOC l 2 + CH 3 CN 

T he 1H NMR spect r um o f  the comp l e x  in t h e  p r es en c e  

o f  e x c e s s  l i g and , PP h 2M e , d o e s  not c hang e  a s  a func t i on 

o f  t i me . T h i s s ugg e s t s  that t h e  comp l e x  r ema i n s  i n t a c t  i n  

cn 3 cN i n  t h e  p r e s enc e o f  e x c e s s  l i g and . 

2 . Condu c t i v i t y  mea s u r ement o f  Ru ( I I ) comp l e x e s . 

A .  Theo r y  o f  condu c t i v i t y . 

The mo s t  d i r ec t  ev i denc e f o r t h e  e x i s t anc e o f  i o n s  i n  

t h e  s o l u t i o n  i s  t h e  o b s e rvat i on that t h e  s o l ut i on can 

c on d u c t  an e l ec t r i c c u r r ent . E l ec t r o l yt i c s o l u t i o n s  o b ey 
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F i gu r e  1 2 : I n f r a r ed spect r um o f  

( P P h 2M e ) RuCO C CH 3CN ) C l 2 
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F i g u r e  1 3 : 1H NMR spect r um o f  ( PP h 2M e ) 2RuCO ( CH 3 CN ) C l 2 

i n  cn 3cN at t ime = 0 
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F i g u r e  1 4 : 1H NMR spect r um o f  ( PP h 2M e ) 2RuCO ( CH 3CN } C l 2 

i n  cn 3 cN at t ime = 3 h r s . 
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F i g u r e  1 5 :  1H NMR spect r um o f  9 9  % co 3 cN 
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O hm ' s  l aw j u s t  as  meta l l i c conduct o r s  do . The r e fo r e , t h e  

c onduct i v i ty o f  t h e  s o l u t i on c an b e  d e t e rmined b y  

mea s u r ing t h e  r e s i s t an c e  o f  t h e  s o l ut i on . 

The r e s i s t an c e  o f  t h e  mat e r i a l  inc r ea s e s  w i t h  i t s  

l ength  Cl > ,  b u t  dec r e a s e s  w i t h  i t s  c r o s s - s ec t i on a l  a r ea 

A .  T o  s t anda r d i z e  the r e s i s t anc e , one u s e s  spec i f i c 

r e s i s t an c e  C� } .  T h i s i s  d e f i n ed as  t h e  r e s i s t an c e  i n  o hms 

of the s o l u t i o n  i n  a c e l l  wh i c h  has 1 crn 2 e l ec t r o d e s  

t hat a r e  s epa r a t e d  f r orn each othe r by a d i s ta n c e  o f  1 cm . 

T h i s  r e l at i on b etween r e s i s t a n c e  and spec i f i c r es i s tanc e 

i s  a s  s hown i n  equat i o n  1 4 . The r e f o r e  a c e l l  c o n s t ant , k  

C l/A }  i s  needed t o  c hang e r e s i s t an c e  t o  spec i f i c 

r e s i s t anc e . 

R = C i/A }  = � k ( 1 4 } 

A c e l l  c on s t ant k ,  c an b e  d e t e r m i n e d  by mea s u r ing t h e  

r e s i s t anc e o f  t h e  s t an d a r d  s o l u t i o n  w i t h  a k nown spec i f i c 

c onduct anc e L ,  s i nc e 1 i s  inve r s e l y  p r opo r t i ona l t o  f · 

L = l ip = k /R ( 1 5 }  

S in c e  t h e  conduc t iv i t y  d epends on t h e  numb e r  o f  

c ha r g ed c a r r i e r s  ( i o n s } p r es ent , i t  i s  u s u a l ly exp r es s e d 

a s  a mo l a r  quant i t y . Mo l a r  c o n d u c t a n c e  Arn ,  i s  d e f ined a s  

t h e  conduct anc e 1 0 0 0 /M crn
3 

o f  s o l u t i on wh i c h  cont a i n s  

one mo l e  o f  s o l u t e  C eq 1 6 ) . 

rn = l O O O L /M whe r e  M = mo l a r i t y  ( 1 6 }  • 

The deg r e e  o f  d i s s o c i a t i on can b e  d e t e rmined by 

c ompa r i ng the mo l a r  c o n d u ct anc e w i t h  that of known ion i c  

s u b s t anc e s . The g en e r a l  va l u e s  o f  t h e  numb e r o f  i o n s  
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p r es e nt i n  wat e r  s o l ut i on a r e  tabu l a t ed b e l ow 1 9 : 

T ab l e  2 : Ran g e  o f  mo l a r  conduc t an c e  

No o f  i o n s  Mo l a r  c o n d u c t a n c e  

2 1 1 8 - 1 3 1 

3 2 3 5 - 2 7 3 

4 4 0 8 - 4 3 5 

5 5 6 0  

Va l u e s  s l i g ht ly l e s s  a r e  obta ined when CH 3CN i s  u s e d  a s  

t h e  s o lvent . 

B .  Conduc t i v i t y  o f  C R3 P > 4 RuC 1 2 , ( PP hMe 2 > 3 RuCOC 1 2 

and ( PP h 2Me ) RuCO C CH 3 CN ) C l 2 • 

The r e s i stanc e meas u r emen t s  we r e  made on HPLC g r a d e  

CH 3 CN s o l ut i o n s  a n d  spec i f i c condu c t anc e v a l u e s  we r e  

c a l c u l a t e d  w i t h  equat i on 1 4 . The conduc t anc e va l u e s  we r e  

c o r r ec t ed b y  s u b t r a c t i n g  t h e  c o n d u c t a n c e  v a l u e  o f  t h e  

s o lvent . T h e  mo l a r  c o n d u c t anc e w a s  t h en c a l c u l a t e d  w i t h  eq . 

1 6 . The c a l c u l at e d  va l u e s  a r e  tabu l a t ed i n  i n  Tab l e  3 . 

Two i on i c comp l e x e s , r c c 2a 5 > 4N l C l0 4 and 

[ ( CH 3 CN > 6N i l C BF > 4 wh i c h  a r e  k nown to d i s s o c i a t e  in 

a c e t on i t r i l e  t o  g ive two and t h r e e  i o n s , r e spect i v e l y , 

we r e  u s ed as  s t anda r d s . The va l u e s  obt a i n e d  i n  t h e s e  

expe r imen t s  ag r eed w i t h  t ho s e  i n  Tab l e  2 . The mo la r 

c o n d u c t a n c e  v a l u e s  s u g g e s t  that C R3 P > 4RuC 1 2 comp l e x e s  

C R3 P = PPh 3 , PPh 2M e  a n d  PPhMe 2 > pa rt i a l ly d i s s o c i a t e  i n  

ca 3 cN . T h e  deg r e e  o f  d i s s oc i a t i on o f  t h e  i o n s  d epend s 

on t h e  l i g ands a t t a c hed t o  Ru ( I I ) . As expect ed , t h e  

deg r e e  o f  d i s s oc i a t i on i n c r ea s e s  as  t h e  dono r s t r en g t h  

5 1 



Tab l e  3 : Conduc t anc e ,  spec i f i c c ondu c t anc e and mo l a r  

c on d u c t a n c e  f o r s t anda r d  s o l u t i on and Ru ( I I ) comp l e x  i n  

a c e t on i t r i l e . 

Compound 1. x 1 0 4 Lc o r r  x 1 0 4 f\. m 

CH 3 CN 2 . 4 ± 0 . 2 o . o  

[ C C 2H 5 > 4N l C l0 4 8 . 4 5 . 9± 0 . 2 1 1 8 . 8  ± 0 . 2 

[ ( CH 3 CN ) 6N i ] ( BF )  4 2 1 . 6  1 9 . 2 2 2 2 . 7  

(PP h )  4RuC 1 2 5 . 8  3 . 4  6 8 . 2 

( PP h 2M e )  4RuC 1 2 7 . 6  5 . 2 6 8 . 7  

( P P hM e 2 > 4RuC l 2 6 . 7  4 . 3 1 0 0 . 5  

( P P h 2M e ) 2RuCO ( CH 3 CN ) C l 2 2 . 4 0 . 0  

( P P hM e 2 > 3 RuCOC 1 2 2 . 4 o . o  
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inc r e a s e s , PPhM e 2 > P P h 2M e  > PPh3 • One can a l s o  

sugg e s t  that t h e  d i s s oc i at i on i s  enhan c ed b y  a s t r ong 

e l ec t r on d r i ft a l ong t h e  P -Ru-cl vec t o r  wh i c h  we a k en s  t h e  

Ru -C l bond . 

The comp l ex e s , ( PP h 2M e > 2 RuCO ( CH 3 CN ) C l 2 and 

( P P hM e 2 > 3 RuCOC 1 2 , b e haved as expe c t ed , i . e .  both 

c h l o r i d e s  r ema i n e d  c o o r d inated t o  Ru . The r e s u l t  ag r e e s  

w i t h  t h e  po s t u l a t e d  s t r uc t u r e  a n d  i s  c o n s i s t ent w i t h  CO 

t r ans to C l . C a r bon mono x i de i s  a much poo r e r  <J-dono r but 

a b e t t e r  1f-acc ept o r  t han a t e r t i a r y pho sph i n e . Th i s  mak e s  

t h e  Ru -C l  bond t r ans t o  C O  much s t rong e r  than t ho s e  t r a n s  

t o  a t e r t i a r y  p ho sph i n e . 

The d i s s o c i at i on o f  t h e  pho sph i n e  l i gands c annot b e  

s t u d i ed by t h e  conduct i v i t y  method s i n c e  t h e  l i gands a r e  

n e ut r a l . A conduc t i v i t y  s t udy i n  e x c e s s  l i g and was 

c a r r i e d  out to obs e r ve the e f f e c t  of e x c e s s  l i g and on t h e  

deg r e e  o f  t h e  d i s s o c i a t i on o f  t h e  i o n s . T h e  r e s u l t  

ind i c a t e d  t hat e x c e s s  l i g and d o e s  n o t  p l ay any r o l e  i n  t h e  

d i s s oc i a t i o n  o f  the i o n s . 

3 . P o l a r o g r aphy o f  Ru ( I I ) comp l e x e s  

A .  I nt r o d u c t i on 

Onc e t h e  compo s i t i on and s t r uc t u r e  o f  t h e  Ruthen i um 

c omp l e x e s  ( PP h2M e ) 4 RuC 1 2 , ( PP hM e 2 > 4 RuC 1 2 , 

( P P h 2M e ) 2Ru ( C H 3CN ) COC l 2 and ( PP hMe 2 > 3 RuCOC l 2 

we r e  det e r m i n e d , t h e  r edox p r ope r t i e s  c o u l d  t h en b e  

s t u d i e d  t h r ou g h  e l ec t r o ana l yt i c a l  t e c hn ique s . The 
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p ropo s e d  e l ec t r o c hem i c a l  method , po l a r o g r aphy , can s upp l y  

i n f o rmat i on about the ea s e , r eve r s ib i l i ty ,  a n d  numb e r  o f  

s t ep s  i n  t h e  ove r a l l  r educ t i o n  o f  t h e  r uthen i um met a l  

c omp l e x e s  t o  t he i r  l owe r o x i dat i on s t a t e s . T h e  po l a r o g r am 

i t s e l f  ( c u r r en t /  pot ent i a l  c u r v e s > r evea l s  qua l i t a t i v e  

i n f o rmat i o n  about t h e  ove r a l l  r educ t i o n  by t h e  numb e r  o f  

c at ho d i c  wave s  that a r e  p r e s ent . Mo r e  than o n e  wav e can 

ind i c a t e  that t h e  comp l ex of  i nt e r e s t  is  und e r g o i n g  a 

s e r i e s  o f  e l ec t ron t r ans f e r s  ( s t ep s ) t o  ac h i eve i t s  l o we s t  

ox i dat i o n  s t a t e . The p o s i t i on s  o f  wav e s  i n  t h e  po l a r o g r am 

c an ind i c a t e  what po s s i b l e  spec i e s  a r e  p r es ent i n  s o l ut i on 

and t h e  numb e r  o f  ove r a l l  s t ep s  i n  t h e  r ed u c t i on . I n  

add i t i on , quant i t a t i v e  v a l u e s  o f  the ha l f -wave pot ent i a l s  

C E 1 1 2 > ,  and l im i t ing c u r r en t s a r e  obta ined fo r e a c h  wave 

of a p o l a r o g r am .  Reve r s ib i l i t y  o f  each wav e can b e  

d e t e r m i n e d  b o t h  i n  a qua l i t at i v e  and quant i t at i v e  way . 

One ma j o r  d i s advanta g e  o f  po l a r o g r aphy i s  that on t h e  

e l ec t r o c hem i c a l  t ime s c a l e  po l a r o g r aphy i s  s l ow .  

P o l a r o g r aphy . w i t h  a D r opp ing M e r c u r y  E l ec t r od e  ( DM E ) 

i s  one o f  many e l ec t r o ana lyt i c a l  methods app l i ed to  the 

s t udy of  r ed o x  behav i o r  of  t r a n s i t i on met a l  c o mp l e x e s . 

P a s t  expe r i en c e  p r ov e s  t hat v e r y  negat i v e  pot ent i a l s  a r e  

r equ i r ed t o  r ed u c e  s im i l a r  r u t hen i um comp l e x e s 6 • W i t h  

t h e  app rop r i at e s o l v en t  a n d  s uppo r t ing e l ec t r o lyt e , t h e  

DME can a c h i eve t h e  r equ i r ed pot ent i a l s  b e f o r e  d i s c ha r g e , 

wh i l e  p l at i num e l ec t r o d e s  und e r  t h e  s ame cond it i on s  

c annot . I n  add i t i o n , mo s t  r u t hen i um comp l e x e s  a r e  k nown 
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t o  b e  b o t h  i r r eve r s i b l e  and t o  fo rm f i l ms on the meta l  

s u r f a c e  o f  t h e  e l ec t r o d e s . Upon c on s i d e rat i o n , i t  f o l l ows 

t ha t  t h e  DME w i t h  a new s u r f a c e  eve ry 2 - 3 sec is favo r ed 

ove r e l ec t r od e s  that have s u r f a c e s  dependent on pa s t  

expe r iment s . Th us , t h e  mot i vat i on to  emp l o y  po l a r o g r ap hy 

r a t h e r t han v o l t ammet r y  i n  t h e  s t u dy o f  t h e  r u t hen i um 

met a l  s y s t ems i s  c l ea r . 

The s o l u t i on in  t h e  c e l l  fo r a l l  expe r iment s 

c on s i s t ed o f  t et r a e t hy l ammon i um pe r c h l o r a t e  a s  t h e  

s uppo r t ing e l ec t r o lyt e , a c e t on i t r i l e  a s  t h e  s o lvent , and 

t h e  e l ec t r o a c t i v e  spec i e s  und e r  s t u dy . The r u t hen i um 

c omp l e x e s  we r e  s en s i t i v e  t o  both o xygen and wa t e r .  T h u s , 

aqu e o u s  e l ec t r o c hem i c a l  c e l l s  cannot b e  u s e d . P a s t  

expe r i en c e  h a s  s hown a c e t on i t r i l e  a s  a u s e f u l  n o n  aqu e o u s  

e l ec t r o c hem i c a l  s o l v ent . A l l  e l ec t r o ac t i v e  r ut h e n ium 

c omp l e x e s  we r e  r ea d i l y s o l ub l e  and c o n s i d e r ed non r ea c t i v e  

i n  a c e t on i t r i l e ; h en c e  a l l  po l a r o g r aph i c  expe r iment s we r e  

run i n  t h i s  s o lvent . D u e  t o  t h e  s u f f i c i ent l y  n e g a t i v e  

d i s c ha rg e  pot ent i a l  o f  t h e  t e t r a et hy l ammo n i um i on , t h e  

obv i o u s  c ho i c e  o f  s uppo r t i ng e l ec t r o l yt e  was t h e  

t et r aeth ylammon i um pe r ch l o r a t e  s a l t  ( T EAP ) • T EAP wa s 

p r e s ent i n  100 f o l d  e x c e s s  ove r t h e  e l ec t r o a c t ive spec i e s  

t o  en s u r e  d i f f u s i o n  c o n t r o l  r a t h e r t han c o u l omb i c  o r  

c onvec t i on as  t h e  mod e  o f  t h e  mas s  t r an spo r t . 

Each  wave t hat appe a r s  i n  t h e  po l a r o g r am had a 

c u r r ent p l at e a u . The c u r r en t s  a t  t h i s  po i n t  we r e  l im i t e d  

b y  t h e  mod e  o f  t r anspo r t  o f  t h e  e l ec t r o ac t i v e  spec i e s  t o  
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the e l ec t r o d e  s u r f a c e . The p o s s i b l e  c u r r ent s fo r ma s s  

t r an spo r t  o t h e r t han convect i on o r  c o u l omb i c  ( e l i m i n a t e d  

by s uppo r t ing e l ec t r o lyt e  a n d  expe r iment a l  d e s ign ) we r e  

d i f f u s ion , k i ne t i c , o r  a d s o r pt i on as  d e s c r i b e d  i n  

equat i o n s  ( 1 7 ) , ( 1 8 )  and ( 1 9 ) 2 3 • 

i d 
= 7 0 8no 1 1 2cm 2 1 3 t 1 1 6 ( 1 7 )  

i k 
= 4 9 3 no 1 1 2cm

2 1 3
t

2 1 3 
( 1 8 )  

i a 
= 1 3 . 6 6 nm 2 1 3 t - 1 1 3 1 a ( 1 9 )  

Whe r e  i d ' i k and i a a r e  d i f f u s ion , k i n e t i c  and 

a d s o rpt ion c u r r e n t s r espect i v e l y , D is the d i f f u s i o n  

c o e f f i c i ent , C i s  t h e  c o n c ent r a t i on o f  t h e  e l e c t r o a c t i v e  

spec i e s , a n d  a i s  t h e  a r ea t h e  me r c u r y  d r op cove r e d  b y  

ad s o r b ed e l ec t r o a c t i v e  comp l e x e s . 

Reca l l ing that t h e  mas s  f l ow r at e  ( m )  i s  p r opo r t i ona l 

t o  and that t h e  d r op t ime ( tmax > i s  inve r s e l y  

p r opo r t i ona l t o  t h e  me r c u r y  p r es s u r e , s u b s t i t ut i on i n t o  

equ at i o n s  ( 1 7 ) , ( 1 8 )  a n d  ( 1 9 )  p r ov i d e s  a g en e r a l i z e d  

equat i on f o r dependen c e  o f  l im i t ing c u r r ent on t h e  he i ght 

o f  t h e  me r c u r y  c o l umn ( 2 0 ) . 

x i L = k b 
c o r r  ( 2 0 )  

Whe r e  i L i s  l im i t i n g  c u r r ent , hc o r r  i s  a c o r r ec t ed 

h e i g ht o f  t h e  me r c u r y  c o l umn , x i s  a c o n st a n t  wh i c h  

depends on t h e  p r o c e s s  that cont r o l s  mas s t ranspo r t  t o  t h e  

e l ec t r o d e , a n d  k i s  a c o l l ec t i on o f  c o n s t a nt s . 

Va r i at i on i n  he i ght o f  t h e  me r c u r y  c o l umn thus 

r evea l s  t h e  f o r m  of  mas s  t ranspo r t , and t h e  t ype of  

p l at eau c u r r en t , of  t h e  e l ec t r o ac t i v e  spec i e s  t o  t h e  
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e l ec t r o d e  t h r o u g h  i n f o rmat i on obt a ined i n  a p l o t  o f  ln 

i L vs ln hc o r r · Th i s  plot w i l l  g ive a s t r a i g ht l i n e  

w i t h  a s l ope f r om O t o  1 .  A s l ope o f  z e r o  ind i c a t e s  

k in e t i c  c ont r o l , s l ope o f  0 . 5  i nd i c a t e s  d i f f u s i on , a n d  a 

s l ope o f  1 ind i c a t e s  a d s o r pt i on on t h e  e l ec t r o d e  s u r f a c e . 

The s hape o f  t h e  po l a r o g r am p r ov i de s  qua l i t a t i v e  

i n f o rmat i on a b o u t  the r eve r s i b i l i t y  o f  t h e  e l ec t r o n  

t r an s f e r . A s ha rp r i s ing c u rve ind i c a t e s  a r eve r s i b l e  

p r o c e s s  whe r ea s  t h e  mo r e  " d r awn out " c u r v e  ind i c a t e s  an 

i r r eve r s i b l e  one . 

I f  t h e  ma s s  t r anspo r t  i s  s o l e l y by d i f f u s i on , a 

quant i t a t ive d e s c r ipt i on o f  r eve r s ib i l i t y  c an b e  

e s t ab l i s hed . A l l  t h e  po i n t s  a l ong t h e  wave mu s t  f o l l ow 

equat i on ( 2 1 )  i f  th e e l ecton t r ans f e r i s  t r u l y  r eve r s i b l e . 

EDM E  = E l / 2 - RT / nF l n ( i / i d - i ) 

EDME = E l / 2 - 0 . 0 5 8 2 /n l o g  ( i / i d - i )  

( 2 1 )  

( 2 2 ) 

Fo r a i d ea l ly r eve r s i b l e  o n e  e l ec t ron t r an s f e r  at  

2 0 . 0 °c ,  a plot of  t h e  pot ent i a l  v e r s u s  l o g  C i / i d - i )  f o r 

t h e  wave i n  que s t i on mu s t  g iv e  a s l ope o f  5 8 . 2 mv . The 

ha l f  wave pot ent i a l  of  t h i s  p l o t , t h e  i nt e r c ept , s ho u l d  

s how ag r eement w i t h  t h e  pot ent i a l  f o u n d  f r om t h e  wave by a 

independ ent met ho d . Thus i t  i s  c l ea r  that a s imp l e  

r eve r s i b l e  one e l ec t r o n  t r an s fe r  i s  e a s y  t o  ana ly z e . 

H oweve r ,  w i t h  a po l a r o g r am that p r od u c e s  a numb e r o f  

i r r eve r s ib l e  wave s , the i n t e r p r etat i on o f  t h e  

e l ec t och em i s t r y  o c c u r r ing i n  t h e  s y s t em c an b e come 

c omp l e x . The e xp r imen t a l  v a l u e s  of ha l f -wave pot ent i a l s  
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c o up l e d w i t h  the l im i t i n g  c u r r ent s and spect r a l  data f o r 

t h e  r ut hen i um c omp l e x e s  can p r ov i de po s s i b l e  i n f o rmat i on 

t hat can b e  u s e d  i n  s u c h  a way a s  t o  det e rm i n e  t h e  numb e r  

o f  e l ec t r o n s  invo lved i n  e a c h  s t ep and t h e  p r obab l e  

spec i e s  that a r e  r e spon s i b l e  fo r that r educt i o n . F o r 

examp l e , t h e  d i f f u s i on c u r r ent f o r a rut hen i um comp l ex can 

b e  c ompa r e d  t o  the c u r r ent in  a r eve r s i b l e  one e l ec t o n  

t ran s f e r  o f  f e r r o c en e  o r  w i t h  a s im i l a r  r u t hen i um c omp l e x  

t hat und e r g o e s  e l ec t r o n  t r ans f e r  i n  t h e  s ame mann e r  a s  t h e  

spe c i e s  und e r  s t udy . 

F r om t h e  above d i s c u s s i o n  i t  can b e  s e e n  that va r i o u s  

t yp e s  o f  i n f o rmat i on c an b e  e x t r ac t ed f r om one o r  mo r e  

po l a r og r aph i c  wave s . The numb e r o f  wav e s  can ind i c a t e  

e i t h e r  d i f f e r en t  t yp e s  o f  e l ec t r o spec i e s  b e i ng r ed u c e d  o r  

a numb e r  o f  " e l e c t ron  s t ep s " i nvo lved i n  t h e  o v e r a l l  

r ed u c t i on . The ha l f -wave pot ent i a l s  w i l l  i n d i c a t e  t h e  

eas e o f  r ed uc t i on c ompa r e d  t o  o t h e r  r u t hen i um comp l ex e s  

wh i c h  i s  a e s s ent i a l  pa r amet e r  i n  o r de r  t o  l at e r  

synt h e s i z e  t h e  z e r o va l en t  comp l e x e s . 

B .  P o l a r og r am o f  F e r r o c en e  

The o x i d a t i on o f  f e r r o c en e  i s  a known r eve r s i b l e  o n e  

e l ec t ron d i f f u s i on c o n t r o l l ed e l ec t r o c hem i c a l  p r o c e s s  i n  

a c e t on i t r i l e . T h e  i r on comp l ex c a n  b e  u s e d  t o  t e s t  b o t h  

t h e  expe r iment a l  s y s t em d e s i gn a n d  t h e  va l i d i ty o f  

equa t i o n s  int r od u c e d  f o r  r eve r s i b l ity a n d  d i f f u s ion 

c o nt r o l . F e r r o c ene c o u l d  b e  emp l oyed a s  an i nt e r n a l  
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s t and a r d  t o  d et e r m i n e  t h e  numb e r  o f  e l ec t r o n s  needed i n  

e a c h  wave when d i f f u s ion cont r o l  i s  o b eyed . 

Expe r iment a l  r e s t r i c t i on s  t o  t h e  d e s ign o f  t h e  s ys t em 

invo lve att ent i on f r om p r ope r a l i gnment o f  t h e  DM E i n  t h e  

c e l l  t o  v i b r a t i on s  in t h e  hood . F r om t h e  va l u e s  obt a i n e d  

f o r t h e  l im i t i n g  c u r r en t s  a n d  me r c u r y  d r op t i mes i t  can b e  

v e r i f i e d  t h a t  t h e  s y s t em d e s i gn w i l l  e l i m i n a t e  a l l  

expe r iment a l  and th e o r e t i c a l  va r i ab l e s  c o n s i d e r ed above 

t hat c o u l d  comp l i c a t e  t h e  po l a r o g r aph i c  mea s u rment . F o r 

e x amp l e , when t h e  s l op e  o f  t h e  r eve r s i b i l i ty p l o t , E v s  

l n  ( i / i d - i ) , i s  s i gn i f i c ant ly sma l l e r  t han 5 8 . 2 m V  f o r 

f e r r o c en e , th e c u r r ent s and pot ent i a l s  a r e  n o t  we l l  

b e haved a l on g  th e wave d u e  t o  inco r r e c t  g e omet r y  o f  t h e  

e l ec t r o d e s  i n  the c e l l . Qua l i t a t i v e  obs e rvat i on s  o f  t h e  

wave s hape a n d  t h e  c u r r en t s  fo r each d rop r ev e a l s  

impo r t ant i n f o rmat i on c o n c e rn ing v i b r a t i on s  and func t i ona l 

d e s ign o f  t h e  DME . 

The ve r i f i c at i o n  o f  equat i o n s  de r ived f o r d i f f u s i on 

c ont r o l  and r ev e r s i b i l i ty i s  obta i n ed i n  t h e  f o l l o w i n g  

mann e r .  F rom v a l u e s  o f  l im i t i n g  c u r r ent at va r i o u s  

c o r r ect ed me r c u ry c o l umn he i g ht s  ( Tab l e  4 ) ,  a c u r r ent 

c o n t r o l  p l o t  is c on s t r uc t ed ( F i g u r e  1 6 ) . The va l u e  of the 

s l ope , 0 . 4 8 ± 0 . 0 2 , is c e r t a i n l y  an a c c eptab l e  va l u e  

w i t h i n  t h e  p r ec i s i on o f  t hat p r ed i c t ed f o r  a n  " i dea l " 

d i f f u s i on c u r r ent , 0 . 5 0 .  The r eve r s i b i l i t y  p l o t  ( F i g u r e  

1 7 )  o f  po t ent i a l  ve r s u s  l og ( i / i d - i )  ( Tab l e  5 )  f o r t h e  

wave at t h e  c o r r e c t ed he i g ht o f  6 7 . 4 4  c m  p r od u c e s  a s l ope 
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T ab l e  4 D ependenc e o f  l im i t ing c u r r ent on c o r r e c t ed h e i g ht 

f o r  1 . 0 7 mM F e r r o c ene 

H e i g ht ( cm )  hc o r r  ( cm )  i L ( uA )  

7 4 . 9  ± . 1  7 3 . 1  ± . 1  8 . 8 8 ± . 0 1 

6 9 . 2 6 7 . 4 8 . 4 6 

6 5 . 3 6 3 . 5  8 . 2 5 

5 6 . 9  5 5 . 1  7 . 7 5 

4 7 . 8  4 6 . 0  7 . 1 0 

• T ab l e  5 : The pot ent i a l  and c u r r ent fo r r ev e r s i b i l i t y  p l o t  

o f  f e r r o c en e  a t  he i g ht = 6 7 . 4 4  cm 

Edme ( V )  i ( uA )  l o g  ( i / i d - i )  

- 0 . 0 3 0 0 . 6 7 - 1 . 0 6 5  

- 0 . 0 1 9  1 . 0 1 - 0 . 8 6 8  

- 0 . 0 0 7  1 . 5 5 - 0 . 6 4 9  

0 . 0 0 6  2 . 2 1 - 0 . 4 5 1  

0 . 0 1 8  3 . 0 6 - 0 . 2 4 7 

0 . 0 2 9 4 . 0 5 - 0 . 0 3 7 

0 . 0 4 0 5 . 0 6 0 . 1 7 3 

0 . 0 5 0 5 . 9 5 0 . 3 7 5  

0 . 0 6 1  6 . 7 2 0 . 5 8 7 

0 . 0 7 2 7 . 2 8 0 . 7 9 0  

0 . 0 8 6  7 . 6 8 0 . 9 9 1  

0 . 9 9 7 . 8 9 1 . 1 4 4  
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F i g u r e  1 6 C u r r en t  cont r o l  p l o t  fo r 

f e r r o c en e  
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F ig u r e  1 7  : Reve r s ib i l i t y  p l ot fo r f e r r o c ene 
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o f  5 7  ± 3 mV . The r ev e r s i b i l i t y  t e s t  a l s o  ho l d s  w i t h i n  

expe r imen t a l  p r ec i s ion . S im i l a r  s l opes we r e  obt a i n e d  fo r 

p l o t s  at oth e r he i g ht s  ( T ab l e  6 )  • 

The po la r o g r am o f  1 . 0 0 mM F e r r o c en e  ( F i g 1 8 )  s hows a 

r eve r s i b l e  wave w i t h  ha l f -wave pot ent i a l  o f  + 0 . 0 3 ± 0 . 0 1 

v .  The ha l f  wave pot ent i a l s  f r om the wave s  a t  a l l  

h e i g ht s a r e  i n  ag r e ement w i t h  t h e  ha l f  wav e pot ent i a l s  

found i n  t h e  r eve r s ib i l i t y  p l o t s  ( T a b l e  6 ) . 

I n  c onc l u s ion , any r ut h en i um wave obt a i n e d  und e r  t h e  

s ame expe r imen t a l  c ond i t i o n s  p r e s ent f o r f e r r o c en e  w i l l  b e  

c on s i d e r ed r eve r s i b l e  and/ o r  a d i f f u s i on cont r o l l ed 

p r o c e s s  when hav ing s im i l a r  va l u e s  t o  t h e  f e r r o c en e  

" r e f e r en c e " .  

c .  P o l a r o g r aphy o f  C PP h 2M e > 4RuC 1 2 and 

( P P hM e 2 > 4RuC l 2 

A t yp i c a l  po l a r o g r am o f  ( PP h 2M e > 4RuC 1 2 i s  

s hown i n  F i g 1 9 . F rom v a l u e s  i n  t a b l e  7 ,  t h e  c u r r ent 

c ont r o l  plot of  l n  i L vs l n  hc o r r ' y i e l d s  a s l ope o f  

0 . 4 2  ± 0 . 0 2 f o r t h e  f i r s t  wave at a ha l f  w a v e  pot ent i a l  o f  

- 2 . 2 5 ± 0 . 0 3 v .  T h i s  ind i c a t e s  e s s ent i a l ly a d i f f u s i on 

c o n t r o l  c u r r en t  w i t h  s ome k i n et i c s  invo l ved i n  t h e  

e l ec t ron t r ans f e r . The s econd wave , o c c u r r ing at - 2 . 5 3 ± 

0 . 0 3 v ,  has a s l ope o f  0 . 7 2 ± 0 . 0 2 wh i c h  ind i cated 

a d s o rpt i o n  on t h e  e l ec t r o d e  s u r fa c e . 

I f  both wave s  o f  t h e  ove r a l l  r educ t i o n  a r e  con s i d e r e d  

a s  a t w o  s t ep p r o c es s , 

6 3  
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T ab l e  6 Dat a o b t a i n e d  f r om r eve r s i b i l i t y  p l o t  a t  va r i o us 

h e i g ht f o r f e r r o c ene 

hc o r r  C c m )  S l op e  E ( c a l c u l a t e d ) E ( mea s u r e )  

7 3 . 2 ± . O S 5 7  ± 3 . 0 3 1 . 0 3 0 

6 7 . 4 5 7  . 0 3 0 . 0 3 0 

6 3 . 5  5 5  . 0 2 5 . 0 2 8 

5 5 . 1  5 6  . 0 3 2  . 0 3 2  

4 6 . 0  5 6  . 0 2 7 . 0 2 8 

T ab l e  7 : Depend enc e  o f  l im i t ing c u r r ent on c o r r ec t ed he i ght 

f o r 1 . 0 0 mM ( PPh 2M e > 4RuC l 2 

hc o r r l  i L l  hc o r r 2 i L 2 i L t o t a l  

± . 1 ( cm )  ± . O l C uA )  ± . l ( cm )  ± . O l C uA )  ± . O l ( uA )  

7 2 . 5  8 . 2 6 7 2 . 4 2 . 6 6 1 0 . 9 2 

6 2 . 5  7 . 7 4 6 2 . 4  2 . 3 6 1 0 . 1 0 

5 7 . 7 7 . 5 7 5 7 . 5  2 . 2 4  9 . 8 1 

5 2 . 0  7 . 1 7 5 1 . 9  1 . 9 2 9 . 0 9 

4 5 . 5  6 . 7 7  4 5 . 3 1 . 8 9 8 . 6 6 



F i g u r e  1 8  : P o l a r o g r am o f  1 . 0 0 rnM F e r r o c en e  

in a c e t on i t r i l e  

6 5  
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F i g u r e  1 9  : P o l a r o g r am o f  1 . 0 0 mM C PP h 2M e > 4RuC 1 2 

i n  a c e t on i t r i l e  

66 
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Ru ( I I ) + e Ru ( I ) 

Ru ( I ) + e Ru ( O )  

t h e  l im i t ing c u r r ent s s ho u l d  b e  1 : 1 .  Howeve r ,  t h e  r a t i o  o f  

3 . 4 : 1 . 0  s u g g e s t s  that two e l ec t r o a c t i v e  spec i es may b e  

p r e s ent . C onduc t i v i t y  and 3 1 P NMR spect r o s copy 6 

stud i e s  s uppo r t  t h i s  i d e a  by i nd icat ing that b o t h  spec i e s , 

[ RuCl ( CH 3 CN ) ( PP h 2Me > 4 l C l and [ RuC l ( CH 3 CN > 2 C PP h 2M e > 3 l C l ,  

a r e p r e s ent i n  s o l u t i on . F r om 3 1P NMR s p e c t r o s copy t h e  

p r edom i nant spec i e s  in s o l u t i on wa s s hown t o  b e  t h e  

[ RuC l C CH 3 CN ) PPh 2Me > 4 l + i on . A g r eat e r  amount o f  

c u r r ent t h en b e  wou l d  e xpec t ed f o r  t h i s  i o n  t han f o r t h e  

[ RuC l ( CH 3 CN ) 2 C PP h 2Me 3 l + i on . 

The numb e r  o f  e l ec t r o n s  invo l ved in each wav e was 

d i f f i c u l t  t o  d et e rm i n e . F e r r o c ene could not be u s e d  a s  an 

int e rna l s t anda r d  b eca u s e  of the i n t e r f e r en c e  o f  k i n e t i c  

and ads o r pt i on c u r r en t s o n  t h e  l im i t i n g  wav e c u r r ent . 

T h u s , a d i f f e r ent method was emp l oyed . The r u t hen i um ( I I ) 

c omp l ex ( PP h3 > 4RuC 1 2 was k n own t o  und e r g o  an ove r a l l  

two e l ec t ron t r ans f e r 6 • At i d ent i c a l  conc ent r a t i on s , 

t he t o t a l  l im i t ing c u r r ent fo r the r ut h en i um comp l e x  und e r  

s t u dy , t h e  s um o f  both wave s , s ho u l d  b e  equ a l  t o  the t o t a l  

l im i t ing c u r r ent o f  ( PP h 3 > 4 RuC 1 2 i f  a two e l ect ron 

t r an s f e r  p r o c e s s  t a k e s  p l a c e . I f  on ly a one e l ect ron 

t r an s f e r  p r oc e s s  takes p l ac e , then the total l im i t ing 

c u r r ent s hou l d  b e ha l f  that of the C PPh 3 > 4RuC 1 2 

c omp l e x . The compa r i s on o f  the t o t a l  l im i t ing c u r r ent s 

d oes i nd i c a t e  that a two e l ect ron t r an s f e r  t a k e s  p l a c e  f o r 



the comb i nat i on o f  b o t h  wav e s . 

Due t o  the " d r awn o u t " s hape o f  each wave , 

qua l i t at ive exam i na t i on p r ed i ct s non - r eve r s i b l e  b e hav i o r . 

Af t e r  e l ec t r on t r ans f e r  t a k e s  p l ac e , t h e  comp l e x l o s e s  a 

c h l o r i d e  l i g and . By d e f i n i t i on t h i s  con s t i t u t e s  

i r r eve r s ib l e  behav i o r . Thus , none o f  t h e  c omp l e x e s  we r e  

expe c t ed t o  und e r g o  r ev e r s i b l e  r educt i o n . The 

reve r s ib i l i t y  plot of t h e  f i r s t  wave o f  C PP h 2M e > 4RuC 1 2 

had a s l ope o f  1 3 4 mv . A r eve r s i b l e  wav e has 2 9 mv . Th i s  

ind i c a t e s  a t ot a l ly i r r eve r s i b l e  p r o c e s s . S i n c e  t h e  

c u r r ent in t h e  s e c ond wav e i s  gove rned by a d s o r pt i on ,  a 

quant i t at i v e  eva l u a t i on a s  above wa s not done . 

C on s i d e r t h e  f o l l ow i n g  equ i l i b r i um p r e s ent i n  

[ RuC l ( CH 3 CN ) ( PP h 2M e > 4 1 + + CH 3 CN 

1 l 
+ [ RuC l ( CH 3 CN ) 2 ( PP h 2M e > 3 1 + PPh 2M e  

a c e t on i t r i l e . As s hown by 3 1 P s t u d i e s  d o n e  by O l son , 

t h e  add i t ion o f  e x c e s s  PPh 2M e  l i g and d e c r ea s e s  t h e  

+ c o n c ent rat i on o f  t h e  [ RuC l ( CH 3 CN > 2 C PP h 2M e > 3 1 

i on i n  s o l ut i o n . Th i s  i n  t u r n s ho u l d  dec r ea s e  t h e  c u r r ent 

fo r t h e  r ed uc t i on wave d u e  t o  t h i s  comp l e x  i o n . The rat i o  

o f  t h e  f i r s t  wave t o  t h e  s econd wave s ho u l d  i n c r eas e . 

When a 1 0 - f o l d  exc e s s  o f  P P h 2M e  wa s added , a typ i ca l  

p o l a r o g r am a s  i n  F i g 2 0 was obt a i n ed . The c u r r ent r a t i o  

c hanged t o  4 . 6  : 1 . 0 .  The c u r r ent cont r o l  s l op e s , 0 . 4 2 ± 

0 . 0 2 and 0 . 8 2 ± 0 . 0 2 f o r  t h e  f i r s t  and s e cond wav e s  

r e spect i v e l y , r ema i n e d  e s s ent i a l ly t h e  s ame a s  i n  t ho s e  

68 



F i g u r e  2 0 P o l a r o g r am o f  1 . 0 0 mM ( PP h 2Me > 4RuC 1 2 

w i t h  1 0 - fo l d  e x c e s s  o f  PPh 2M e  l i g and 

6 9 
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waves obt a ined f r om s o l ut i on w i t ho u t  exc e s s  l i gand . Both 

ha l f  wave pot ent i a l s  s h i f t t h e  s ame deg r e e  i n  a p o s i t i v e  

d i r ec t i o n , - 2 . 2 2 ± . 0 3 a n d  - 2 . 5 2 ± 0 . 0 3 v .  H oweve r w i t h i n  

expe r imen t a l  e r r o r  t h e  po s i t i o n  o f  t h e  wav e and t h e  type 

o f  c u r r ent cont r o l  and t h e  r eve r s ib l ity c h a r a c t e r i s t i c s  

have n o t  c hang e d . T h i s  s u g g e s t s that b o t h  wav e s  ob s e r ved 

in t h e  p r e s enc e of a 1 0 - fo l d  e x c e s s  of PPh 2M e  l i g and 

a r e f r om the s ame spe c i e s  that p r o duced both wave s  of t h e  

po l a r o g r ams i n  t h e  a b s enc e o f  e x c e s s  l i gand . A r m e d  w i t h  

t h e s e  r e s u l t s , the f i r s t wave can n o w  b e  a s s i gn ed t o  a 2 e 

r ed u c t i on o f  the [ RuC l C CH 3CN ) ( PP h 2M e > 4 1 + i o n  and t h e  s e cond 

wave a 2 e r educ t i on of  t h e  [ RuC l C C H 3CN > 2 < PP h 2Me > 3 1 + i o n . 

T h i s  ind i c a t e s  g r eat e r  e l ec t r o n  den s i t y  on t h e  r u t h en i um 

met a l  c ent e r  i n  t h e  C RuC l ( C H 3 CN > 2 < PP h 2Me > 3 1 + i o n  

t han on t h e  [ RuC l ( CH 3CN ) ( PP h 2M e > 4 1 + i on . 

Ano t h e r phosph i n e  l i g and o f  i nt e r e s t  wa s 

d imethylphenyl pho sph in e . The inc r ea s e  i n  L ew i s  b a s i c i t y  

o f  t h i s  l i g and w i l l  inc r ea s e  t h e  e l ec t r o n  d en s i t y  a r o und 

t h e  me t a l  c ompa r e d  t o  a s imi l a r  comp l e x  w i t h  

met hy l d iphenyl pho s ph in e . A mo r e  neg et i v e  p o t ent i a l  wa s 

t hen expe c t e d  t o  b e  r equ i r ed t o  r educ e C PP hM e 2 > 4RuC 1 2 

t han t o  r ed u c e  C PP h 2M e > 4RuC 1 2 • 

A po l a r o g r am o bt a i n e d  f ro m  a 1 . 0 0 mM C PP hMe 2 > 4RuC 1 2 

s o l u t i o n  s hows t h r e e  wav e s  at - 2 . 2 8 ± 0 . 0 3V ( f i r s t  wav e ) , 

- 2 . 5 9 ± 0 . 0 3V ( s e cond wav e ) and - 2 . 8 0 ± 0 . 0 3V ( t h i r d  

wave > , fi g u r e  2 1 .  Va l u e s  o f  t h e  c u r r ent as  a func t i on o f  

h e i g ht a r e  r e c o r d e d  i n  t ab l e  8 f o r b o t h  wave s  o n e  and 
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F i g u r e  2 1 : P o l a r o g r am o f  1 . 0 0 mM ( PP hM e 2 > 4RuC 1 2 

in a c e t on i t r i l e  

7 1  
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t h r e e . The s e cond wave was i l l -de f ined i n  wave s hape and 

magn i t u d e  of c u r r ent , t h u s  p r ec l ud ing an ac c u r at e  

mea s u r emen t o f  the l im i t ing c u r r ent . The c u r r ent cont r o l  

p l o t s  y i e l d e d  s l op e s  o f  0 . 4 1 ± 0 . 0 2 and 0 . 3 8 ± 0 . 0 2 f o r 

t h e  f i r s t  and the t h i r d wave , r e spect i v e l y . The s e  s l opes 

sugg e s t ed t hat the c u r r e n t  was g ove rned b y  a m i x t u r e  o f  

d i f f u s i o n  and k i net i c  c o n t r o l . The v a l u e  f o r t h e  s l ope o f  

t h e  f i r st wav e o f  C P P hM e 2 > 4 RuC 1 2 was i dent i c a l  t o  

t h e  f i r s t  wave s l ope o f  ( PP h 2M e > 4RuC 1 2 • 

T he c u r r en t  r a t i o  o f  the f i r s t , s e c o n d , and t h i r d 

wav e s  was 3 . 9  : 0 . 1 :  1 . 0 .  Onc e  ag a in , t h r ee spec i e s  we r e  

r e spons i b l e  f o r t h e  wave s  r a t he r t han t h r e e  s t ep s  o f  o n e  

spec i e s . A two e l ec t r o n  t r ans f e r  was comf i rmed f o r a l l  

t h e  wav e s  w i t h  t h e  s ame me t h o d  a s  that done w i t h  

C P P h 2M e > 4RuC 1 2 • Condu c t iv i ty mea s u r ement s c on f i rmed 

t h e  p r e s en c e  o f  a 1 : 1  e l ec t r o l yt e . H oweve r ,  t h e  
3 1P NMR 

spec t r um was c omp l i c a t e d  and d i f f i c u l t  to i nt e rp r et . 

O l s o n  o f f e r ed t h e  e x i s t en c e o f  an equ i l i b r i um b e tween t h e  

t r i s and t et r a k i s  d imet hylphenylpho sph i n e  comp l e x e s  a s  a n  

e xp l ana t i on f o r h i s  f i nd ing s . Adopt ing t h i s  i d e a , the 

fo l l ow i ng l i gand e x c hang e equ i l i b r i a we r e  p r op o s e d : 

+ [ RuC l ( CH 3 CN ) ( PP hM e 2 > 4 1 + CH 3 CN 

[ O ] 1 ·1 � 
+ [ RuC l ( CH 3CN ) 2 ( PP hM e 2 > 3 l + PPhM e 2 

[ O J  2 j r CH 3 CN 

+ [ RuC l ( CH 3CN ) 3 ( PP hM e 2 > 2 l + P P hM e 2 

[ 0 ] 3 
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7 3  

TABLE 8 Va l u e s  o f  l im i t ing c u r r ent a s  a f u n c t i o n  o f  

c o r r ec t ed h e i g ht f o r  ( P P hM e 2 > 4RuC l 2 

H e i g ht hc o r r l  i L l hc o r r 2 i L 2 

c m ± . 1  cm ± . 1  uA ± . O S cm ± . 1  uA ± . O S 

7 4 . S  7 2 . 3 8 . 8 1 7 1 . 7  2 . 2 4  

6 6 . 2 6 4 . 0  8 . 3 9 6 3 . 4 

6 1 . 0  S 8 . 8  8 . 1 0 S 8 . 2 2 . 0 8 

S 3 . 6  S l . S  7 . 6 4 S 0 . 8  1 . 9 S 

4 4 . S  4 2 . 4 7 . 1 0  4 1 . 7  1 . 8 3 



The p r es enc e o f  r ap i d l y  e x c hang ing l i g and s f o r a l l  t h r ee 

o f  t h e s e  i n t e rmed i a t e s  wou l d  indeed p r oduc e a comp l i c a t e d  

3 1p NMR spect r um . S i n c e i t  w a s  c on f i rmed ea r l i e r  t ha t  

s u b s t i t u t ion o f  pho s p h i n e  l i gands w i t h  a c e t on i t r i l e mak e s  

t h e  comp l ex mo r e  d i f f i c u l t  t o  r educ e , t h e  f i r s t  wave was 

a s s igned to C o l 1 , the s ec o n d  to [ 0 1 2 and the t h i r d  t o  

[ 0 ] 3 . 

F rom the s i z e o f  t h e  r educ t i on c u r r ent , t h e  two 

p r edom i nant spec i e s  i n  s o l ut i on we r e  [ RuC l C CH 3 CN ) C PP hM e 2 > 4 l + 

and [ RuC l ( C H 3 CN ) 3 ( PP hM e 2 > l + . 

Qua l i t at ive e x am i na t i on o f  t h e  s l ope s o f  a l l  wave s  i n  

t h e  po l a r og r ams f o r ( PP hM e 2 > 4RuC 1 2 s howed 

i r r eve r s i b l e  b ehav i o r . 

W i t h  t h e  p r es en c e o f  a 1 0 - fo l d  exc e s s  o f  PPhM e 2 

l i g and the po l a r o g r am p r o duc ed t h r e e wav e s  at - 2 . 1 9 ± 0 . 0 3 

V ( f i r s t ) , - 2 . 5 6 ± 0 . 0 3 V ( s econd ) , and - 2 . 8 3 ± 0 . 0 3 V 

< t h i r d ) , F ig u r e  2 2 . The v a l u e s  o f  t h e  c u r r ent a t  e a c h  

he i g ht f o r waves on e , two , a n d  th r ee , Tab l e  9 ,  g ave s l opes 

o f  0 . 4 4  ± 0 . 0 3 , 1 . 3 ± 0 . 1 ,  and 0 . 2 0 ± 0 . 0 2 r e spe ct i v e l y  i n  

t h e  c u r r en t  cont r o l  p l o t s . The s e c ond w a v e  w a s  obv i o u s ly 

the r e s u l t  of c u r r en t  due to a b s o rpt i on i n  t h e  e l ect ron 

t r an s f e r . 

F r om t h e  v a l u e s  o f  t h e  pot ent i a l s , r eve r s ib i l i t y , and 

wave c ha r a ct e r i s t i c s , the second and t h i r d wave s  we r e  

c o n s i d e r ed a s  unchan g e d  i n  t he p r e s en c e  o f  exc e s s  l ig and . 

The c u r r en t  r at i o s  o f  t h e  f i r s t  wave , t o  the s e cond wave , 

and t o  t h e  t h i r d  wave , 3 . 8 : 0 . 2 : 1 . 0 ,  a l s o  r ema i n  
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unchang ed and s uppo r t e d  t h i s  s t a t ement . Thu s , t h e  r a t i o s  

o r  c o n c ent r at i on s  o f  t h e  spec i e s  p r e s ent wh i c h  gave r i s e 

t o  e a c h  wave r ema i n e d  unc han g e d  i n  t h e  p r es enc e o f  e xc e s s  

l i g and . T h i s  r e s u l t  a l s o  s uppo r t ed O l son ' s  i nt e r p r et a t i on 

o f  h i s  3 1 P NMR spect r o s copy expe r iment s 6 . H oweve r ,  t h e  

s h i f t  i n  pot ent i a l  o f  t h e  f i r s t  wave r ema i n s  t o  be  

unde r st o o d . 

The po s i t ive s h i f t o f  t h e  wave ind i cat ed a f o l l o w i n g  

f a s t  c h em i c a l  r ea c t i on c o up l ed t o  t h e  e l ec t r o n  t r ans f e r  o f  

+ t h e  C RuC l C CH 3 CN ) ( PP hM e 2 > 4 l comp l e x . The s h i f t  

was a po s i t i v e  0 . 0 9 ± 0 . 0 3 v .  T h e  spec i e s  that r e s u l t ed 

a f t e r  t h e  e l ec t r o n  t r a n s f e r  t a k e s  p l ac e  and i t s  po s s i b l e  

s u b s equent r ea c t i on i s  s hown b e l ow . 

+ [ RuC l ( CH 3CN ) ( PP hM e 2 > 4 l + 2 e --,. RuCH 3CN ( PP hM e 2 > 4 + C l t PPhM e 2 

Ru ( PP hM e 2 > s + CH 3CN 

The p o s i t i on o f  t h e  wave s u g g e s t s  t hat a r ap i d  l i g and 

exc hang e o c c u r s  i n  the z e r ova l ent r u t hen i um comp l e x . 

The above i n f o r ma t i on was u s e d  t o  a s s i g n  t h e  f i r s t 

wave a s  a two e l ec t r o n , i r r eve r s i b l e , s l i g ht l y  k i net i c  

+ c o n t r o l l ed r educ t i on o f  [ RuC lCH 3 CN ( PP hM e 2 > 4 l • 

The s econd wave r ep r e s en t e d  an a d s o r pt i on cont r o l l ed , two 

e l ec t ron , i r r eve r s ib l e  r e d uc t i o n  o f  

+ [ RuC l ( CH 3 CN > 2 C PP hM e 2 > 3 l • The t h i r d wave a r o s e  

f r om a k i n e t i c a l l y  cont r o l l ed two e l ec t r o n  i r r eve r s i b l e  

r ed uc t i o n  o f  [ RuC l C CH 3 CN > 3 C PP hM e 2 > 2 1 + . 

A compa r i son o f  t h e  r educt i on pot ent i a l s  fo r 

7 5 



F i g u r e  2 2  : P o l a r o g r am o f  1 . 0 0 mM ( PP hM e 2 > 4RuC 1 2 

w i t h  1 0 - fo l d  e x c e s s  o f  PPhM e 2 l i gand . 
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TABLE 9 : Value of l imiting current as a function of corrected he i ght for (PPhMe2 )4Ruel2 
with 1 0-fold excess  of PPhMe2 ligand 

He i ght 1
11 

h 
corr1 

iL2 
h 

corr2 
i

L3 
h 

corr3 
+ 0 . 1  cm :!.: . 05 uA + 0 . 1  cm + . 0 5  uA + 0 . 1  cm + . 05  uA + 0 . 1  cm 

72 .4 8 . 7 1  70 . 4  0 . 6 1  70 . 1  2 . 20 69 . 5  

64 . 3  8 . 3 1  62 . 3  o .43 62 . 0  2 . 1 0  6 1 .4 
59 . 0  7 . 99 57 . 0  0 . 43 56 . 7 2 . 1 2  56 . o  

54 .0  7 . 50 52 . 0 0 .4 1 5 1 . 7  2 . 05 5 1  . 1  

4 5 . 1  7 .0 8  43 . 1 0 . 3 1 42 . 8  1 . 96 42 . 1  

-.J 
-.J 



( PP h 2Me ) 4RuC 1 2 ( - 2 . 2 5 V )  and ( P P hM e 2 > 4 RuC 1 2 ( - 2 . 2 8 )  

s howed that t h e r e  was n o  s i gn i f i cant d i f f e r en c e  i n  the 

e l e c t ron dens i t y  a r ound t h e  met a l  c ent e r s  f o r t h e  two 

c omp l e x e s . I t  wa s p r ed i c t ed that the comp l e x w i t h  t h e  

PPhM e 2 l i gand wou l d  have a mo r e  negat i v e  pot ent i a l  than 

t h e  comp l e x  w i t h  t h e  PPh2M e . Suc h c a t h o d i c  s h i f t s  w i t h  

inc r e a s i n g  dono r s t r en g t h  have b e en obs e rved by Ma z z o c c h i n  

et . a l  
2 4

• 

3 . P o l a r og r aphy o f  ( P P h 2M e ) 2RuCO ( CH 3CN ) C l 2 

T he po l a r o g r am o f  t h e  comp l ex ( PP h 2Me > 2 RuCO ( CH 3 CN ) C l 2 

s hows t h r ee poo r ly d e f i n e d  r ed uc t i on wav e s  ( f i g 2 3 ) w i t h  

ha l f  wave pot ent i a l s  a t  - 2 . 2 8 ± 0 . 0 3 , - 2 . 4 2 ± 0 . 0 3 , and 

- 2 . 6 5 ± 0 . 0 3 v .  

The c u r rent cont r o l  p l o t s  g ave s l op e s  o f  0 . 8 1 ± 0 . 0 3 , 

0 . 3 8 ± 0 . 0 2 and 0 . 5 8 ± 0 . 0 2 f o r t h e  f i r s t  , s econd , and 

t h i r d  waves , r espect i v e l y , f r om the data s umma r i z e d  in 

t a b l e  1 0 . The s l op e  f o r the f i r s t  wav e s u g g e s t e d  that the 

e l ec t r o a c t ive spec i e s  o r  the p r oduct of the e l ec t r o d e  

r e ac t i o n  wa s a d s o r be d  o n  t h e  s u r fa c e  o f  t h e  d r op . A s t udy 

done on he i g ht d epend enc e o f  the t ot a l  l im i t i n g  c u r r ent o f  

waves o n e  and two p r o v i ded i n f o rmat i on about po s s i b l e  

a d s o rpt i o n  o f  t h e  r ed u c ed p r o d u c t . A p l o t  o f  l n  C i L 1 + i L 2 > 

v s  l n  h c o r r  g ave a d i f f u s i on cont r o l l ed s l ope o f  0 . 4 6 ± 

0 . 0 2 . Th i s  s ugg e s t ed t ha t  on l y  one e l ec t r o a c t i v e  spec i e s  

was r e spon s i b l e  f o r t h e  comb i nat i on wav e , and th i s  spec i e s  

was un d e r  d i f f u s i on c o n t r o l  at  t h e  mo r e  n e g a t i v e  

78  



F ig u r e  2 3  P o l a r o g r am o f  ( PP h 2Me > 2RuCO ( CH 3 CN ) C l 2 

i n  a c e t on i t r i l e  
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TABL E  1 0 : Depen d enc e o f  l im i t ing c u r r ent on c o r r ect ed h e i g ht 

f o r ( PP h 2M e ) 2RuCO ( C H 3 CN ) C l 2 

H e i g ht hc o r r l  i L l h c o r r 2 i L 2 

cm ± . 1  cm ± . 1  uA ± . 0 5 cm ± . 1  uA ± . 0 5 

7 3 . 6  7 1 . 4 1 3 . 1 8 7 1 . 2 1 . 3 9 

6 4 . 2 6 2 . 0  1 2 . 3 5 6 1 . 8  1 . 2 6 

5 9 . 0  5 6 . 7  1 1 . 9 5 5 6 . 5  1 . 1 9 

5 3 . 6  5 1 . 3 1 1 . 3 5 5 1 . 1  1 . 1 3 

4 4 . 5  4 2 . 3 1 0 . 3 7 4 2 . 1  1 . 0 3 

TABL E  1 1  : D ependen c e  o f  l im i t ing c u r r ent on c o r r e c t ed 

h e i g ht f o r  ( PP h 2M e ) 2RuCO ( C H 3 CN ) C 1 2 w i t h  

1 0 - f o l d  e x c e s s  o f  PPh 2Me l i g and 

H e i g ht 

cm ± . 1  

7 1 . 3 

6 4 . 5  

5 8 . 8  

5 4 . 2 

4 6 . 7  

hc o r r l  

cm ± . 1  

6 9 . 3 

6 2 . 4 

5 6 . 7  

5 2 . 2 

4 4 . 6  

i L l 

uA ± • 0 5  

1 0 . 5 8 

1 0 . 2 6 

9 . 5 9 

9 . 2 8 

8 . 5 8 

8 <  



pot ent i a l . The a d s o rpt i on o f  t h e  r educ ed spe c i e s was 

r e f l ec t ed i n  the r i s i ng po r t i on of the comb i nat i o n wave . 

S i nc e t h e  c omp l e x  was mo r e  d i f f i c u l t  t o  r ed u c e  and s o lvate 

t han t o  r educ e and a d s o r b , t h e  uppe r pa r t  of  t h e  wave 

r ep r e s ent s r educ t i on f o l l owed by d i s s o l ut i on 2 5 • 

The r at i o  o f  l im i t ing c u r r ent o f  b o t h  wav e s  1 and 2 

t o  t h e  t h i r d wave was 8 . 0  : 1 . 0 .  The p r es enc e o f  t h e  

t h i r d  w a v e  t h u s  s ugg e s t ed that ano t h e r e l ec t r o a c t i v e  

spec i e s  wa s p r e s ent . The c u r r ent r a t i o s  a l s o  ind i c a t e d  

t hat t h e  f o rmat ion o f  t h e  e l ec t r o ac t i v e  spec i e s  w a s  n o t  

favo r ab l e . Conduc t i v i t y  meas u r ement s made on t h e  c omp l e x  

s howed n o d i s s oc i a t i on o f  c hl o r i d e  l i gands i n  

a c et on i t r i l e . The o b s e r v e d  wav e s  wo u l d  s u g g e s t  that t h e  

f o l l ow i ng PPh2M e  l i gand e x c han g e  equ i l i b r i um w a s  t a k ing 

p l a c e : 

( PP h 2M e ) 2RuCO C CH 3CN ) C l 2 + CH 3 CN 

1 l 
P P hM eRuCO C C H 3CN ) 2C l 2 + PPh 2Me 

As has b e en s e en above , t h e  comp l e x  w i t h  two CH 3CN 

l i g ands wou l d  b e  expe c t ed to r educ e at a mo r e  negat ive 

pot ent i a l  t han t h e  comp l e x  with o n e  CH 3 CN l i g and , and 

both the c u r r ent and c o n c en t r a t i on we r e  expe c t ed to be 

s en s i t ive to the p r es enc e of exc e s s  l i g and . The e x c han g e  

w i t h  c a rbon mono x i d e  i s  a l s o a d i s t i nc t  po s s i b i l i ty . I n  

c o n s t r a s t , exc e s s  l i gand s ho u l d  n o t  a f fect t h e  c u r r ent o f  

t h e  po l a r o g r am o r  t h e  conc ent r a t i o n  o f  

C P P h2M e > 2 RuCO ( CH 3 CN ) C l 2 i n  the c a r bonyl / ac e t on i t r i l e  

8 1  



equ i l i b r i um . A l l  r educ t i on wav e s  we r e  found t o  b e  two 

e l ect ron t r ans f e r s  by c ompa r i s on w i t h  the e s t ab l i s hed 

c u r r ent of the ( PP h3 > 4 RuC 1 2 comp l e x . The r educ t i o n  in 

the abs enc e of e x c e s s  l i g and f o l l ow the p r opo s e d  mec han i sm :  

( P P h 2M e ) 2RuCO (CH 3 CN ) C l 2 1 l cH 3 CN 
I 

( PP h 2Me ) RuCO ( CH 3 CN ) 2C l 2 

+ PPh 2M e  

( PP h 2M e ) 2RuCO ( C H 3CN ) 2 r CH 3 CN 

+ 2 e -4( PP h 2M e ) 2RuCOCH 3 CN + 2C l -

+ 2 e -"'PP h 2M eRuCO ( C H 3 CN ) 2 + 2C l -
, 

I PPh 2M e  
� 

( PP h 2M e ) 2RuCO ( C H 3 CN ) 2 

A l l wave s  f o r  t h e s e  comp l e x e s  r ev e a l e d  i r r ev e r s i b l e  

r ed u c t i on . 

Add i t i on o f  a 1 0 - f o l d  e xc e s s  o f  PPh 2Me l i g and 

r e s u l t ed i n  a comb i na t i on wav e a s  s hown i n  fi g u r e  2 4 . I t  

was c l e a r  that t h e  f i r s t pa r t  o f  t h e  wav e was dom i nant and 

b ehaved a s  the c omb i nat i on wave d i s c u s s e d above . The ha l f  

wave po t ent i a l s  f o r b o t h  wave s  hav e s h i f t ed mo r e  ano d i c  

( - 2 . 2 1 , - 2 . 4 0 V ) . T h e  t h i r d  wave was a b s en t  ind i c a t ing 

t hat  add i t i on of exc e s s  PPh 2M e  l i g and d i d  i n d e ed con f i rm 

t he p r e s en c e  o f  a phosph i n e / a c e t on i t r i l e  l i g and e x c hang e 

and s h i f t e d  t h i s  equ i l i b r i um t o t a l ly i n  favo r o f  

( P P h 2M e ) 2RuCO ( CH 3 CN ) C l 2 · 

The t o t a l  c u r r e n t  f o r both wav e s  as  a func t i on o f  

h e i g ht ( T ab l e  1 1 )  ind i c a t e d  that ma s s  t r an spo r t  o f  t h e  

e l ec t r o spec i e s  w a s  a m i x t u r e  o f  d i f f u s i on a n d  k in e t i c  

c on t r o l  ( s l ope = 0 . 4 0 ± 0 . 0 2 ) .  T h e  p o s i t i v e  s h i f t o f  t h e  

82 



F i g u r e  2 4 : Po l a r o g r am o f  ( PP h 2Me > 2RuCO ( CH 3 CN ) C l 2 

w i t h  1 0 - f o l d  o f  PPh 2M e  e x c e s s  l i gand 
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pot ent i a l  o f  t h e  t o t a l  wav e was e x p l a ined by t h e  f o l lowing 

f a s t  chem i c a l  r ea c t ion wh i c h  o c c u r r ed du r ing e l ec t r on 

t r an s f e r : 

( PP h 2M e ) 2 RuCO ( CH 3 CN ) C l 2 + 2 e -; ( PP h 2Me ) 2RuCOCH 3 CN + 2C l  1 l  PPh 2M e  

( PP h 2M e ) 3 RuCOCH 3 CN 

Mas s t r anspo r t  e f f e c t s  c o u l d  a l s o  have b e en h e l d  

r e spon s i b l e  f o r  t h e  s h i f t i n  t h e  potent i a l . 

F o r  t h e  e f f i c i ent e l ec t r o s yn t h e s i s  o f  t h e  z e r ova l ent 

o x i dat i on s t a t e  of the r u t hen i um atom of t h i s  c omp l e x , a 

pot ent i a l  o f  - 2 . 4 0V mu s t  b e  app l i e d . Add i t i on o f  e x c e s s  

l i gand was a l s o  n e c e s s a r y t o  ma k e  t h e  r ed u c t i on mo r e  

favo r ab l e . 

5 .  P o l a r o g r am o f  ( PP hM e 2 > 3 RuCOC l 

Two poo r ly d e f i n e d  r educ t i on wave s  at - 1 . 9 3 V ± 0 . 0 3 

( f i r s t ) and - 2 . 2 5 ± 0 . 0 3 V ( s econd ) we r e  p r es ent i n  t h e  

p o l a r o g r am o f  ( PP hM e 2 > 3 RuCOC 1 2 , F i g u r e  2 5 .  Data i n  

T ab l e  1 2 w a s  u s ed t o  f i nd t h e  s l op e s  o f  t h e  c u r r ent 

c o nt r o l  p l o t s . The f i r s t wave was found t o  b e  t o t a l l y  

k inet i c a l ly cont r o l l ed . T h e  cu r r en t  was i n d ependent o f  

t h e  h e i g ht o r  t h e  d r op t ime . The s e c ond wave had a s l ope 

of 0 . 6 7 ± 0 . 0 2 wh i c h  was ind i c a t i v e  of a b s o r pt i on c u r r ent . 

T he r at i o  o f  t h e  f i r s t  t o  t h e  s econd wav e , 0 . 3 5 : 1 . 0 ,  

a g a i n  ind i c a t e d  two spe c i e s  g i v ing r i s e  t o  two wave s . The 

spec i e s  that p r od u c e d  t h e  f i r s t  wave had a c u r r ent wh i c h  

s hows t hat i t  i s  n o t  favo r ab l e  und e r  t ho s e  cond i t i o n s . 
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F ig u r e  2 5 : P o l a r o g r am o f  ( PP hMe 2 > 3 RuCOC 1 2 

i n  a c e t on i t r i l e  
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TABL E  1 2 : Dependenc e o f  l im i t i ng c u r r ent on the c o r r ec t e d  

h e i g ht f o r  ( PP hM e 2 > 3RuCOC 1 2 

H e i g ht hc o r r l  i L l  hc o r r 2 i 1 2 

cm .± . 1  cm .± . 1  uA .± . O S cm .± . 1  uA .± . O S 

7 3 . 9  7 2 . 0  2 . 1 1 7 1 . 8  6 . 8 4 

6 4 . 4 6 2 . 4  2 . 1 3 6 2 . 3 6 . 2 2  

S 9 . 7  S 7 . 7  2 . 1 7 S 7 . S  6 . 0 S 

S 2 . 8  S 0 . 8  2 . 2 0 S 0 . 7  S . 4 S 

4 3 . 7  4 1 . 7  2 . 2 0 4 1 . 5  4 . 7 4 



Condu c t i v i t y  mea s u r ement s exc l ude the l o s s  o f  t h e  ch l o r i d e  

i n  t h e  c o o r d inat i on sphe r e . L ig and exc hang e w i t h  e i t h e r  

c a rbonyl o r  pho s p h i n e  l i g ands i n  aceton i t r i l e  a c c o un t e d  

f o r t h e  obs e rved wav e s  on the po l a rog r am . L i t e r a t u r e  

s o u r c e s  s u g g e s t e d that c a rbony l / ac eton i t r i l e  l i g and 

e x c hange is muc h l e s s  favo r ed t han pho sph i n e / ac eton i t r i l e  

e x c hang e .  

( PP hM e 2 > 2 RuCOC 1 2CH 3CN + PPhM e 2 

F r om t h e  r ea c t i o n s  above , the comp l e x  

( PP hM e 2 > 2 RuCO CC H 3CN ) wa s a s s i gned t o  t h e  wave a t  

- 2 . 2 5 V wh i l e  C PP hM e 2 > 3 RuCOC 1 2 wa s a s s i g n e d  t o  t h e  

wave at - 1 . 9 3 v .  E x c e s s  phosph i n e  l i g and s ho u l d  s h i f t t h e  

equ i l ib r i um i n  t h e  d i r e c t i on o f  t h e  t r i s ub s t i t u t e d  

pho sph i n e  c omp l e x  i f  t h e r e  i s  a phosph i n e /  a c e t on i t r i l e  

e x c hang e ,  wh i l e  n o  c hang e i n  the conc ent r a t i o n  o f  

( P P hM e 2 > 3 RuCOC 1 2 s ho u l d  occ u r  i f  a c a rbonyl /  

a c e t on i t r i l e  e x c ha n g e  was p r es ent . H oweve r ,  s i n c e  the 

ma s s  t r an spo r t  of t h e  e l ec t r o ac t ive spec i e s  is  und e r 

k in e t i c  c o nt r o l , th e c u r r ent o f  t h e  f i r s t  wav e d i d  not 

r ep r e s en t  t h e  conc en t r a t i on of the e l ec t r o a c t i v e  spec i e s  

i n  t h e  b u l k  s o l u t i o n . Thus , t h e  c hange i n  equ i l i b r i um was 

not o b s e rved . 

A l l wave s  we r e  aga in f o un d  t o  b e  two e l ec t ron 

i r r eve r s i b l e  r ed u c t i o n s  by t h e  met hod a l r eady d i s c u s s ed 

above . I t  i s  b e l i eved t ha t  the r educ t i o n  i n  the abs enc e 

87 



o f  e x c e s s  l i g and f o l l ows t h e  p r opo s e d  mec han i sm : 

( PP hMe 2 > 3 RuCOCH 3CN i CH 3 CN 

( P P hM e 2 > 3 RuCOC 1 2 + 2 e �  ( P P hMe 2 > 3 RuCO + 2C l  

1 1  l �CH 3 CN 

( PP hM e 2 > 2 RuCO (C H 3 CN ) C l 2 + 2 e --':> ( PP hM e 2 > 2RuCOCH 3 CN + 2C l  

+PP hM e 2 
! PPhM e 2 

( PP hM e 2 > 3 RuCOCH 3 CN 

Add i t i on of a 1 0 - f o l d  e x c e s s  of PPhM e 2 l i g and 

e s s ent i a l ly d i d not c hange t h e  feat u r es of the po l a r o g r am ,  

F i g 2 6 .  The two wav e s  we r e  at - 1 . 9 1 ± 0 . 0 3 and - 2 . 2 5 ± 

0 . 0 3 V w i t h  s l op e s  o f  z e r o  and 0 . 8 4 ± 0 . 0 2 i n  t h e  c u r r ent 

c o n t r o l  p l o t s f o r  the f i r s t  and s e c ond wav e s , 

r e spect i v e l y . T he s e  r e s u l t s  added n o  add i t i ona l 

i n f o rmat i on . 

F r om t h e  above d i s c u s s i on , t h e  f i r s t  wave was 

a s s i g n e d  a s  an i r r eve r s i b l e , t o t a l ly k in e t i c  c o n t r o l l e d , 

t wo e l ec t r on t r ans f e r  t o  C PP hM e 2 > 3 RuCOC 1 2 and t h e  s e c ond 

as an i r r eve r s i b l e �  a d s o r pt i on cont r o l l ed , two e l ec t ron 

t ran s f e r  t o  ( P P hM e 2 > 2RuCOC 1 2CH 3 CN . The 

e l ec t r o synt hes i s  of t h i s  comp l e x  i n  t h e  absence of exc e s s  

phosph i n e  l i g and r equ i r ed an app l i ed pot ent i a l  o f  - 2 . 4 0 v 

t o  a c h i eve opt imun r ed uc t i on t o  t h e  Ru ( 0 )  comp l e x . 

D .  Att empt ed s ynt h es i s  o f  Ru ( 0 )  comp l ex es . 

1 .  Syn t h e s i s  o f  ( PP hM e 2 > 3 RuCO ( C H 3CN ) 

Att empt s t o  r ed u c e  C PP hM e 2 > 3 RuCOC 1 2 w i t h  s o d i um 
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F i g u r e  2 6 : P o l a r o g r am o f  ( PP hM e 2 > 3 RuCOC 1 2 

w i t h  1 0 - f o l d  e x c e s s  o f  PPhM e 2 l i gand 
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ama l g am i n  a c e t o n i t r i l e  g i v e  an i n t r a c t ab l e  o i l . T h e  o i l  

obt a i n e d  a f t e r  r emova l o f  a l l  s o l v ent was c h a r a c t e r i z ed 

w i t h  i n f r a r e d , 3 1 P a n d  1 H  NMR spe c t r o s c opy . 

T h e  i n f  r a r e d spe c t r um ( F i g 2 7 ) o f  t h e  o i l  s howed two 

band s ( 2 1 5 0  and 2 1 8 0  cm- 1 > ,  one b r o a d  band ( 1 9 4 0  cm- 1 > 

fo r C =O s t r ec t c h i n g  and o n e  b a n d  ( 1 8 5 0  cm- 1 > f o r Ru -H 

s t r et c h i n g . T h e  s o u r c e  o f  t h e  hyd r i d e  i n  t h e  c o mp l e x  was 

mo s t  p r ob a b l y  the P P hM e 2 l i gand . E i t h e r the p r o t o n s  o f  

t h e  methyl g r o up 2 6 o r  t h e  o r t ho -hy d r o g en s  o n  t h e  phenyl 

r i ng s 2 7 c o u l d  s upp l y  t h e  n e c e s s a r y  hyd r i d e  by t h e  

i n s e r t i on o f  t h e  met a l  i n t o  t h e  app r op r i a t e  

c a r bon -hyd r o g en b o n d . Cha r a c t e r i s t i c  b a n d s  f o r 

o r t h omet a l l a t e d  phenyl r i n g s 2 8 s how s i g n a l s  a t  1 5 6 0 and 

1 4 2 0 cm- 1 , and s u c h  b a n d s  a r e  s e en i n  F i g .  2 7 . T h u s , 

t h e  p r edom i na n t  s o u r c e  o f  t h e  hyd r i d e  l i g and app e a r s  t o  b e  

t h e  pheny l r i n g s ( s t r u c t u r e s  V a n d  VI ) .  Add i t i o na l 

c o n f i rma t i o n  o f  t h e  a s s i g nment was o bt a i n e d  b y  e x am i na t i o n  

o f  t h e  r eg i o n  whe r e  C -H o u t  o f  p l an e  d e f o rmat i o n  f o r  

o r t ho -d i s u b s t i t u t e d  a r omat i c s  o c c u r s 2 8 •  A band a t  7 3 7  

c m- 1 , c o n s i s t ent w i t h  t h i s  a s s i gnment w a s  o b s e r v e d . 

S t r uc t u r e  V i s  mo r e  l i k e l y  s i nc e o r thome t a l l at i o n  

g en e r a l l y o c c u r s  s o  t h a t  t h e  hyd r i d e  i s  l o c a t e d  c i s  t o  t h e  

h 1 . 2 9  p eny r i ng 

P P hM e 2 
CO "-.._ l / PM e 2 

Ru � �  
H / I �l 

P P hM e 2 
( V )  

J?PhM e 2 
H � l 

�
PMe 2 

c�r� 
P P hM e 2  

( VI ) 
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The i n f  r a r ed spe c t r um ( F i g 2 7 ) a l s o  r ev e a l e d that a 

c omp l e x cont a in i ng a c e t on i t r i l e c o o r d i n a t e d  t o  r uthen i um 

was p r e s en t  as  an impu r i t y . 

The 3 1P NMR spe c t r um o f  t h e  o i l , obt a i n e d  f r o m  

a c e t on i t r i l e  s o l u t i o n  ( F i g 2 8 )  e x h i b i t ed two ma j o r  

d o ub l et s  ( 9 . 0 7 and 7 . 7 0  ppm ) and a b r o a d  t r i p l et ( - 6 . 3 8 

ppm ) . The spe c t r um ind i c a t e s  that t h e  ma j o r  comp l ex e s  

p r e s ent i n  s o l u t i o n  a r e  uno r thome t a l l a t e d  s i n c e  
3 1P 

c h em i c a l  s h i f t s  a r e  u p f i e l d  f r om t h e  c h em i c a l  s h i f t  r ang e 

f o r o r th omet a l l a t e d  spec i e s 3 0 The doub l e t  a r i s e s  f r om 

two pho spho r u s  l i g and at oms in  a t r ans c on f i g u r a t i on 

c o up l ed t o  one c i s pho spho r u s  atom . The two s epa r a t e  

d o ub l e t s  ind i c a t e  t h e  p r e s e n c e  o f  two i s ome r s . T h e  b r o a d  

t r ip l et , wh i c h  s u g g e s t s  t h e  ove r l app ing o f  s i gna l s , a r i s e s  

f r om t h e  c i s  pho spho r u s  l i g and c o up l ed t o  t h e  t wo t r an s 

pho spho r u s  atoms o f  t h e  two d i f f e r ent i s ome r s . 

P P hM e 2 

co ""- J 
Ru �-P P hM e 2 

CH 3 CN � I 
PPhM e 2 

( VI I )  

NCCH 3 

Me 2P hP � I 
Ru --- PPhM e 2 / co I 
P P hMe 2 

(VI I I )  

The 
3 1P NMR spec t r um s ug g e s t s  that t h e  c omp l e x  

d i s s o c i a t e s  i n  t h e  c o o r d inat i ng s o lvent t o  g ive 

unmet a l l at e d  p r o d u c t 3 1 • In  t h i s  way t h e  r e s u l t  o b t a in e d  

f r om t h e  i n f  r a r ed s t u d i e s  o f  t h e  o i l  w i t ho u t  s o lvent a r e  

c o n s i s t en t  w i t h  t h e  r e s u l t  obt a i ned f r o m  t h e  3 1P s t u d i e s  

92 
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on t h e  o i l  d i s s o lved i n  a c o o r d inat ing s o lvent . 

P P hM e 2 

CO I PMe 2 ,_"-.. ! /1 
H /iu� 

co 

PPhM e 2 

M ino r pe a k s  at 3 0 . 0 and 1 5 . 9  ppm ind i c a t e  comp l e x e s  

a s  in  s t r uc t u r e  V a n d  V I  a r e  a l s o  p r e s ent i n  s o l ut i on . 

The 1H NMR spe c t r um in  b en z ene ( F i g 2 9 )  r evea l s  

c omp l i c a t e d  spl i t t ing s i n  t h e  methyl r eg i on s u g g e s t ing 

t h a t  s eve r a l  comp l e x e s  a r e  p r e s ent in s o l u t i on . At t emp t s  

t o  i s o l a t e  s o l i d  p r o d uc t s  f r om a va r i ety o f  s o lvent s we r e  

un s u c c es s f u l . 

B .  Synth e s i s  o f  ( P P h 2M e ) 2 RuCO ( CH 3 CN > 2 

Reduct i on o f  ( PP h 2M e ) 2RuCO C CH 3CN ) C l 2 w i t h  1 %  

Na-H g  i n  CH 3CN g ave a da r k  b r own o i l  f r om wh i c h  c ame a 

r edd i s h  b r own powde r when t h e  o i l  wa s t r ea t e d  w i t h  

h e x an e . T h i s  b rown powde r was f o und t o  b e  a m i x t u r e  o f  

o r t homet a l l a t e d  c ompo unds and un i dent i f i e d , incomp l et e ly 

r ed u c ed spec i e s . Att empt s t o  r ec r y st a l l i z e t h e  b r own 

p owde r w i t h  a va r i et y  o f  s o lvent s we r e  un s u c c es s f u l . 

T he i n f  r a r ed spe c t r um o f  the b r own powde r ( F ig 3 0 )  

s hows c ha rac t e r i s t i c  pea k s  fo r C =N and C =O s t r et c h ing . 

T he cha r a c t e r i s t i c  p e a k s  fo r o r t homet a l l a t e d  phenyl r in g s  

occ u r  at app ro x ima t e l y  1 5 5 0  cm- 1 • F r om t h e  b r oa d  p e a k  

c ent e r ed at 2 1 5 0  cm- 1 , i t  app e a r s  t h a t  s eve r a l  d i f f e r en t  

c omp l e x e s  cont a i n ing a c e t on i t r i l e  we r e  p r es ent . The 

9h 
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F i g u r e  3 0 :  I n f r a r ed spect r um o f  t h e  b r own s o l i d  

obt a i n e d  f r om r educt i on o f  

( PP h 2M e ) 2RuCO (CH 3CN ) C l 2 w i t h  Na-Hg 
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dec r ea s e  i n  C:N f r equency ind i c a t e s  that t h e  d - e l ect r o n s  

o f  r u t h en i um b a c k -bond t o  t h e  n i t r i l e  1T* o r b i t a l s  t o  

r ed u c e  t h e  C =N  bond o r d e r
3 2 • The p r e s enc e o f  a C =O 

- 1  s t r et c h i n g  band w i t h  s h o u l d e r s  c ente r ed a t  1 9 0 0  cm 

s uppo r t s  t h i s  hypot h e s i s . 

The 3 1 P NMR spe ct r um ( F i g 3 1 )  i n d i c a t e s  that t h e  

ma j o r  p r o d u c t  obt a in e d  w a s  o r t hometa l l a t e d  s i n c e  t h e  ma j o r  

s i gna l was s h i f t e d  s i gn i f i c ant l y  down f  i e l d  f r om t h e  s i gna l 

o f  t h e  s t a r t i n g  mat e r i a 1
3 0 , c h a r a c t e r i s t i c  o f  

non -o r t homet a l l a t e d  c omp l e x e s . The two d i f f e r ent i s ome r s  

f o r t h e  ma j o r  p r o d u c t  c an b e  p r e s ented a s  s t r uc t u r es ( I X 

and X )  

co (01� \ PPhM e  

0, Ru'� I I "' 
"', MePhP � I v 

NCCH 3 

( I X )  

(()'J._P P hM e  � I  P P hM e  

Ru ·
/ h

, co ·/ I '-� 
NCCH 3 

( X ) 

The s t r u c t u r e  d e t e rminat i on o f  o t h e r compon ent s s hown 

t o  be p r e s en t  by 
3 1 P and 1 H NMR spect r o sc opy wa s 

impo s s i b l e  d u e  t o  t he i r  l ow s o l ub i l i ty .  The i n s o l ub i l i t y  

s ug g e s t s  t ha t  a d ime r i c  s t r uc t u r e  X I  s imi l a r  t o  that 

ob s e rved f o r  { RuH ( dmpe ) [ CH 2 PM e l CH 2cH 2PM e 2 } 2 i s  

r ea s ona b l e
3 3

• 

PPhM e  ----- PPh 2M e  

CH 3 CN � l� I  �co 
Ru Ru 

co ------ I. � I -�NCCH 3 

PPh 2M e� PPhMe 

( X I ) 
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F i g u r e  3 1 : 
3 1 P NMR spect rum o f  the b r own 

powde r obt a i n e d  f r om r educt i on o f  

( PP h 2M e ) 2RuCO ( C H 3CN ) C l 2 w i t h  Na -H g  

ama l g am 
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E l ement a l  ana lys i s  v a l u e s  o f  t h e  mat e r i a l  f i t no 

s imp l e  f o rmu l a t i on . F r om t h e  c o l l ec t e d  i n f o rmat i on i t  was 

c onc l uded t hat ( PP h 2M e > 2 RuCO C CH 3 CN > 2 was not made 

by r edu c t i o n  of ( PP h2M e ) 2 RuCO ( CH 3CN ) C l 2 w i t h  1 %  

Na-Hg i n  CH 3 CN . 

Reduc t ion of ( PP h 2M e ) 2RuCO ( C H 3 CN ) C l 2 w i t h  Na-Hg i n  

THF , r a t h e r t han CH 3CN , m i g ht g ive t h e  d e s i r ed p r od u c t . 

S in c e  THF i s  l e s s  po l a r  t han CH 3CN , t h e  r edu c t i on p r o d u c t  

m ig ht b e  i s o l ab l e  w i th o ut u s ing a non-coo r d i n a t i ng 

s o lvent . I t  has b e en p roven 6 that Ru ( 0 )  c omp l ex e s  

r ea c t  w i t h  t e r t i a r y  pho s p h i n e s  t o  und e r g o  o r t homet a l l at i on 

i n  non-co o r d i n a t ing s o lvent s . A m i x t u r e  o f  1 0 %  CH 3 CN 

w i t h  THF m i g ht b e  the b e s t  c ho i c e  of s o lvent s inc e t h e  

d e s i r ed p r o d u c t  w i l l  have CH 3 CN c o o r d i n a t e d  i n s t ea d  o f  

THF 3 4 • I n  add i t i on t h e  i s o l at i on o f  t h e  p r od u c t  f r om 

b en z en e  o r  hexane c o u l d  b e  avo i d e d . 

An e l ec t r oc h em i c a l  r o u t e wou l d  mo s t  l i k e l y  g ive t h e  

d e s i r ed p r o d u c t  s i nc e c l o s e  c o n t r o l  o f  t h e  s t r ength o f  t h e  

r ed uc ing a g e n t  wo u l d  b e  po s s i b l e . Th i s  c o u l d  e l iminate 

s i d e - r eact i on s  wh i c h  o c c u r i n  t h e  r educ t i o n  p r o c e s s . 

3 . Reac t i on o f  C PP h3 > 4Ru icH 3CN ) • CH 3 CN w i t h  H exane 

In t h e  d e t e rm i na t i on of t h e  me l t i ng po i n t  o f  

C P P h3 > 4Ru <1ca 3 CN ) , CH 3CN und e r  vacuum , i t  was n o t e d  

t ha t  t h e  comp l e x , unde rwent a c hang e f r om a ye l l ow s o l i d  

t o  a r ed -b r own l i qu i d  w i t hout appa r ent d e compo s i t i o n . 

Du r ing t h e  heat ing p r o c e s s , a sma l l  amount o f  CH 3 CN 
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l i qu i d  conden s e d i n  the c o o l  uppe r s e c t i o n  o f  t h e  me l t i ng 

p o int cap i l l a ry . The s e  o b s e rvat i on s  s u g g e s t  that the 

a c e t on i t r i l e  i n  the comp l e x  c an be r emoved w i t ho u t  t h e  

dec ompo s i t i on o f  t h e  c omp l ex . 

She rman 3 1 u s ed a c o n t r o l l e d  py r o lys i s  und e r  vac umn 

t o  r emove t h e  CH 3 CN f r om t h e  comp l ex , ( PP h 3 > 4Ru ( 0 ' 

CH 3 CN ) • CH 3CN . The i s o l a t e d  p r oduct , a f t e r  2 4 h r s  o f  

heat ing was ( P P h 3 > 4 Ru w i t h  t r a c e s  o f  impu r i t i e s . 

B a s e d  on She rman ' s  r e s u l t s  and t h e  me l t i n g  po i n t  

ob s e rvat i o n s  ( PP h3 > 4Ru < •)cH 3CN ) • CH 3 CN was h e a t e d  

und e r  r e f l u x  i n  hexane i n  hope s o f  obta i n i ng a r eac t i on 

between C P P h3 > 4Ru and t h e  s o lvent . 

H e x ane wa s c ho o s en a s  t h e  s o lvent bec a u s e  B e r gman 3 5 

et  a l  d i s c ove r ed t ha t  s ome t r ans i t i on met a l  c omp l ex e s  a r e  

c apab l e  o f  und e r g o ing o x i d a t ive add it i on t o  C -H bond s o f  

a l k ane and a l s o  b e c a u s e  hexane has a bo i l i ng po i n t  

app r op r i a t e  f o r r e f l u x ing pu r po s e s  i n  a d r y  b o x  ( w i t hout a 

wat e r  condenso r ) . As expec t ed , when t h e  y e l l ow s l u r ry o f  

t h e  comp l e x  was hea t e d  un d e r  r e f l u x f o r 2 4 h r s  i n  t h e  d ry 

b o x , a da r k  b r own powd e r i n  a da r k  b r own s o l u t i o n  wa s 

obt a ined . The da r k  b r own powde r decomp o s e s  at 1 2 4 - 1 2 7 °c 

and t u r n e d  b l ac k  when expo s e d  t o  a i r . 

The i n f  r a r ed spec t r um ( F i g 3 2 ) o f  t h e  i s o l at e d  

p r o d u c t  e x h i b i t e d  on l y  a t r iphenyl pho sph i n e  band . The r e  

a r e n o  ban d s  wh i c h  can b e  a s s o c i a t ed w i t h  Ru-H o r  

o r thomet a l l a t e d  phenyl r i n g s . A compa r i s on o f  t h e  

i n f  r a r ed spect rum  a n d  t h e  me l t ing po i n t  o f  t h e  d a r k  b r own 

1 00 



1 0 1  

F i g u r e  3 2 : I n f r a r ed spect r um o f  t h e  p r o d u c t  obt a i n e d  
1 

f r om t h e  r ea c t i on o f  ( PP h 3 > 4 Ru (?�H 3 CN ) ° CH 3 CN 

w i t h  hexan e . 



0 '° 
V') z 
0 
Q:: 
u 
� 
0 ...r 

) 

' ) 

-

0 
0 .... 

0 
0 ..... 

0 
co 

i 

-

i 

' 
l.."' 
' -

0 
0 
0 
N 

0 C> :· . �) u 
C'l 

I '  I 

... 
l 

. ,  I 

.,.. i 

� ..? /  " '  
<' I 
u :. " <I , . l 

-�·-·· -':':' . ( · 

�· 

u /. . . . .  
· •  . ,  
. i  " 
·\ 

:; 
, j  
··� ' ,. , ... I 4.  I 0. -', 
";ji' <) 

: " r. " I ,  ·� 1 ·"· 
•J 

·.J I 
'"  
"' � c " " <J') "' 

: j  

• ·  ' ... 



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

-

0 
0 
"' 

""' 

(I) 
z 
0 
cl 
u 
� 

0 
0 

0 
Oo 

f ' ' " " ' ' ' . ' 
I j 1 ; , 1  < o , 
1 : . 1 1  i . i � ' ' • • • I  I t '  

' ' I - ..... I -� .l - o. J  • .  -1 . t  .� • 
• , 1 ,  I 
• 1 I '  I I ' ' 

' 

I I 

i .  . I . . . - . . . . . ! . . . I 

• . . . ! 

I 1 :  

0 
N 

1 . .. . 

0 0 ,..... 

0 0 co -.. 
1. \J 
" 
'I 

0 8 £> "' U" ff 

, " " i i ' I 

' '  -- -- ; : : :  ; 1 : :  ! . : :  g 
0 

. 1 
I 

r · · •  , ,  0 i I " 0 

' '  •. • • . 1 . .. . . ... . . . . ...... ... -

N 

0 
0 
M ..... 

J 4. I '-..,. ..2 i ·) 
i " I  I 1). NI I I < I "' "' "' < a.. 0 0 '-'""": 

u.. 

s :z I � "' "' " 
z "' <( <( ,_ i u � w "' "' 

I I 
I ' 
I 

I I I I I 
Q£J ."t : to· -= : -.: I  i i 

2 :r ....· ... u •f z "' � ... "' � -· "' "' - ·  "' UI  w u u I.I "' 

3 I I ! 
.; ..., 

-
3 15 , "' 

11 I 

� I 6 1 i I 

"5 v .j t .. Q', : � ·-
':l ... z l oU a.. 6 > � ·S , ii 0 "' 0 .,, ...___ __ 



3 1 powde r w i t h  the r epo r t e d  comp l e x , ( PP h 3 > 4Ru , 

ind i c at e s  that ( PP h 3 > 4 Ru c an b e  mad e  by r e f l u x ing 

( P P h 3 > 4Ru (�CH 3 CN ) · CH 3CN i n  hexane . 

The 3 1P NMR spec t r um o f  t h i s  c omp l e x  i n  b en z en e  

g ave a c omp l i c a t e d  spe c t r um ( F i g . 3 3 ) .  T h e  spect r um 

s u g g e s t s that t h e  co mp l e x d i s s o c i a t e s  i n  s o l ut i on . The 

e x i s t enc e of a peak due to f r ee t r ipheny l pho s h i n e s  

( - 4 . 9 lppm ) s u gg e s t s  t h a t  t h e  comp l e x  l o s e s  P P h3 i n  

s o l u t i o n . A t r i p l et at 6 1 . 7 4 ppm ind i c a t e s  c o up l i ng t o  

two phosph i n e s  a s  s hown i n  s t r u c t u r e  X I I . P eak s c ent e r ed 

a t  4 9 . 3 6 ppm may b e  d u e  t o  o r t hometa l l at e d  phosph i n e s . A 

s i ng l et at 5 7 . 0 0 ppm s ug g e s t s  that a l l  o f  t h e  pho s h i n e s  

a r e  equ iva l ent a n d  w a s  a s s i g n e d  t o  the und i s s o c i a t e d  

c omp l e x , ( PPh 3 > 4 Ru . Othe r s i gna l s  a r e  d i f f i c u l t  t o  

a s s i gn b u t  p r o b a b l y  r e s u l t  f r om va r i o u s  

o r thomet a l l at i o n s . S t r uc t u r e s  w i t h  two r u t h en i um c ent e r s  

may a l s o  r e s u l t  i f  X I I I  d ime r i z e s . 

I� PPh 2 

P h 3 P � H "' � 
Ru ( PP h 3 > 4 � Ru Ru 

� l �  ~ � H P h3 P ' 
PPh 3 PPh2 

( X I I )  ( X I  I I )  

T he s e  v e r y  r ea c t ive and l ab i l e  comp l e x e s  a r e  

d i f f i c u l t  t o  s t udy . P r obab l y , l ow t empe r a t u r e  3 1P 

s t ud i e s  wou l d  hav e f u r n i s hed mo r e  i n f o rmat i o n  s i n c e  

e x c hang e p r oc e s s e s  wo u l d  b e  s l owe r a n d  t h e  g r eat 

1 02 



F ig u r e  3 3 : 
3 1P NMR spec t r um o f  t h e  p r o d u c t  obt a i n e d  

f r om r ea c t i on o f  C PP h 3 > 4Ru <1CH 3 CN ) • CH 3CN 

w i t h  he xa n e  i n  c 6H 6 

1 0 3 
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r eact iv i ty o f  t h e  comp l e x e s  wo u l d b e  r ed u c e d . 

I t  i s  c l ea r  t hat t h e s e  r u t hen i um comp l e x e s  a r e  

s u f f i c i en t ly act i v e  t o  i n i t i at e  and po s s i b l y  c a t a l y z e  many 

r eact i o n s . Lab i l i t y  is r equ i r ed f o r c a t a l yt i c  act iv i t y  

and i t  r ema i n s  t o  b e  s e en whet h e r  t h e s e  r u t hen i um z e r o  

va l ent c omp l e x e s  c an b e  put t o  p r act i c a l  u s e . 

1 u4 



S umma ry and Conc l u s i on 

Rut hen i um ( I I ) monoc a rbonyl comp l e x e s  we r e  

s yn t h e s i z ed by r eact i on o f  C O  w i t h  C R3P > 4RuC 1 2 , 

whe r e  R3 P was PPh 2Me o r  PPhMe 2 • Both c omp l e x e s , 

( P P h 2M e ) 2 RuCO ( C H 3 CN ) C l 2 and ( PP hMe 2 > 3 RuCOC l 2 

w e r e  c ha rac t e r i z ed by e l emen t a l  ana l y s i s , i n f r a r e d , 1H 

NMR , and 
3 1P NMR spect r o s c opy . The s t r uc t u r e s  o f  t h e s e  

c omp l ex e s  have b e e n  d e t e r m i n e d  a s  ( 1 )  a n d  ( 2 ) .  

PPh 2M e  
l co . I NCCH 3 "" / 
Ru /, ·� 

C l  I C l  ' 

PPhM e 2 

CO PPhMe 2 

"'-Ru/ 
C l/ 1 "c1 

PPhM e 2 

( 2 ) 

Conduc t iv i ty s t ud i e s  i n  a c e t on i t r i l e  i n d i c a t e  t h e  

d i s s oc i a t i on o f  one c h l o r i d e  i o n  in t h e  comp l e x e s  o f  t h e  

t ype C R 3 P > 4 RuC 1 2 • No d i s s o c iat i on o f  c h l o r i d e  i on 

was o b s e rved i n  the monoc a r bonyl c omp l ex e s . 

The r ed o x  p r ope r t i e s  o f  C PP h 2Me > 4 RuC 1 2 , 

( P P hMe 2 > 4RuC 1 2 , ( PP h 2M e > 2 RuCO ( C H 3 CN ) C l 2 and 

CPPhMe 2 > 3 RuCOC 1 2 we r e  d e t e rm i n e d  f r om a 0 . 1 0 0  M 

t et r a et hy l ammon i um pe r c h l o r a t e  a c e t on i t r i l e  s o l ut i on . 

P o l a r o g r aph i c  d a t a  ind i c a t e  that two d i f f e r ent 

e l ec t r o a c t i v e spec i e s  we r e  p r e s ent i n  s o l ut i o n  and that 

b o t h  unde r g o  an i r r eve r s ib l e  two e l ec t r o n  r ed u c t i on . The 

e x c hang e of c o o r d i n a t e d  phosph i n e  and c h l o r i d e  w i t h  the 

1 0 5 



dono r s o l v ent was r e spon s i b l e  f o r  t h e  two e l ec t r o ac t i v e  

spec i e s  o f  the C R3 P > 4 RuC 1 2 comp l e x e s . On l y  e x c hang e 

o f  pho sph in e  w i t h  s o l v ent c a u s e d  t h e  f o rma t i on o f  t h e  two 

e l e c t r o a c t ive spec i e s  i n  ( PP hM e 2 > 3 RuCOC 1 2 and 

( P P h2M e > 2RuCO C C H 3 CN ) C l 2 comp l ex e s . Exc hang e o f  

t h e  pho sph i n e  l i g an d s  d e c r e a s e s  i n  t h e  p r e s enc e o f  exc e s s  

l i g and . 

The ha l f -wave pot ent i a l s  ind i c a t e  t h a t  t h e  p r e s enc e 

o f  PPh 2M e  o r  PPhM e 2 l i gands appe a r s  t o  hav e n o  

s i gn i f i c ant e f f e c t  upon t h e  e l ect ron d en s i t y  a r ound t h e  

met a l  c en t e r .  E x c hange o f  pho sph i n e  l i gand w i t h  t h e  

s o lvent , howeve r ,  appe a r s  t o  inc r ea s e  t h e  e l e c t r o n  d en s i t y  

a r ound t h e  met a l  c ent e r  ( T ab l e  1 3 ) • 

Ac c o r d ing t o  t h e  po l a r o g r aph i c  d a t a , a l l  o f  t h e  

r ut hen i um ( I I ) comp l ex e s  und e r  s t u dy we r e  r educ ed 

e l ec t r oc h em i c a l l y  t o  r ut h en i um ( 0 )  spec i e s . The 

p o t ent i a l s  o f  - 2 . 4 0 ,  - 2 . 2 5 ,  - 2 . 6 0 ,  and - 3 . 0 0 V v e r s u s  

+ Ag /Ag f o r ( P P hM e 2 > 3 RuCOC l 2 , ( PP h 2Me ) 2RuCO ( CH 3CN ) C l 2 , 

C P P h 2M e > 4RuC 1 2 and ( P P hM e 2 > 4 RuC 1 2 , r e sp e c t i v e l y , we r e  

r equ i r ed f o r e l ec t r o l y s i s  a t  t h e  me r c u r y  c at h o d e . 

Chem i c a l  r ed u c t i o n  w i t h  1 % Na-H g  ama l g am fa i l ed t o  

y i e l d  rut hen i um ( 0 )  co mp l e x e s  o f  t h e  type 

C R3 P > 3 RuCO ( CH 3 CN > 2 • The chem i c a l  r ed uc t i on o f  

( P P hMe 2 > 3 RuCOC 1 2 y i e l de d  a n  int r a c t ab l e  o i l , whe r e a s  

t he c h em i c a l  r educ t i on o f  C PP h 2M e > 2 RuCO ( C H 3 CN ) C l 2 

g av e a m i xt u r e  o f  p r o duct s .  
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TABLE 1 3 : The ha l f -wave pot ent i a l  o f  Ru then i um ( I I ) 

c ompl e x e s  

E l ec t r o a c t i v e  spec i e s  

[ RuC l ( CH 3 CN ) ( PP h 2M e ) 4 l + 

[ RuC l ( C H 3 CN ) 2 ( PPh 2Me ) 3 l + 

[ RuC l (CH 3 CN ) ( PP hM e 2 > 4 l + 

[ RuC l (C H 3 CN ) 2 ( PP hM e 2 > 3 l + 

[ RuC l (CH 3 CN ) 3 C PP hM e 2 > 2 l + 

( PP h 2Me ) 2RuCO ( C H 3 CN ) C l 2 

( P P h 2M e ) RuCO C C H 3 CN ) 2C l 2 

( P P hM e 3 > 3 RuCOC 1 2 

( PP hMe 2 > 2RuCO ( C H 3 CN ) C l 2 

E 1 1 2 ± . 0 3 V 
- 2 . 2 5 

- 2 . 5 3 

- 2 . 2 8 

- 2 . 5 6 

- 2 . 8 0 

- 2 . 2 8 

- 2 . 6 5 

- 1 . 9 3 

- 2 . 2 5 



hexane l e d  t o  r emova l o f  b o t h  a c e t on i t r i l e  mo l e c u l e s . The 

c omp l e x , ( P P h3 > 4Ru , o bt a i n e d  f r om t h i s  r ea c t i on was 

a i r  s e n s i t i v e . 

1 0 t:i 
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