
ABSTRACT 
 

FOLEY, NICHOLAS ADAM. Synthesis and Comparative Studies of RuII Complexes for 
Metal-mediated C-H Activation and Olefin Hydroarylation Catalysis. (Under the Direction 
of Dr. T. Brent Gunnoe).  

           

 TpRu(CO)(NCMe)Ph catalyzes the addition of aromatic C-H bonds across double 

bonds (i.e., olefin hydroarylation).  Second generation TpRu(L)(NCMe)R {L = PMe3, 

P(OCH2)3CEt or P(pyr)3; pyr = pyrollyl; R = Me or Ph} complexes were synthesized to 

compare olefin hydroarylation activity versus the parent CO analog (Chapters 2 through 4).  

Experimental and computational studies indicate that TpRu(L)(NCMe)Ph initiates ethylene 

hydrophenylation by dissociation of NCMe, coordination of ethylene, insertion of ethylene 

into the Ru-Ph bond, coordination of benzene and C-H activation of benzene to release the 

olefin hydroarylation product ethyl benzene.  Previously, kinetic isotope effect studies 

indicated that the C-H activation step is the rate determining step for the overall catalytic 

cycle.     

Kinetic studies indicate the stronger donating PMe3 and P(OCH2)3CEt ligands 

increase the rate of degenerate benzene C-H activation for TpRu(L)(NCMe)Ph systems 

relative to TpRu(CO)(NCMe)Ph.  Hammett studies and kinetic isotope effect studies are 

consistent with a C-H activation mechanism which proceeds by a sigma-bond metathesis 

pathway.  Increasing the acidity of the C-H hydrogen, and the basicity of the ligand 

receiving the hydrogen, accelerates C-H activation.  

In benzene and ethylene mixtures, TpRu(L)(NCMe)Ph systems have decreased 

catalytic activity for ethylene hydrophenylation with the PMe3 and P(OCH2)3CEt systems 



decomposing to TpRu(L)(η3-C4H7) analogs.  Increased metal electron density raises the 

activation barrier to olefin insertion allowing ethylene C-H activation to become competitive 

with ethylene insertion leading to TpRu(L)(η3-C4H7) formation.  The P(pyr)3 ligand is 

electronically similar to CO, but its large steric bulk makes ethylene coordination 

endergonic, inhibiting entry into a catalytic ethylene hydrophenylation cycle. 

In Chapter 5, TpRu(PMe3)(NCMe)Me stoichiometrically activates the sp
3 bonds of 

acetonitrile, acetone and nitromethane to form TpRu(PMe3)(NCMe)CH2CN, 

TpRu(PMe3){κ2-O,N-OC(Me)C(H)C(Me)NH} and TpRu(PMe3){κ2-O,N-N(O)C(H)(NO2)}, 

respectively.  Experimental and computational studies suggest that C-H activation is 

promoted by thermodynamically favourable coordination via the heteroatomic functionality, 

increased basicity of the ligand receiving the hydrogen and substrate acidity.  Additionally, 

TpRu(PMe3)(NCMe)Me mediates subsequent C-C/C-N bond-forming reactions with 

acetonitrile and acetone. 

In Chapter 6, a series of cationic [EpRu(L)(L’)R][A-] and [C(pz)4Ru(L)(L’)R][A-] 

[Ep = tris(pyrazolyl)ethane; L = PMe3, P(OCH2)3CEt, or CO; L’ = PPh3, NCMe or THF; R 

= Me or Ph; A- = BAr’4, BPh4 or OTf; BAr’4 = {tetrakis(3,5-trifluoromethyl)phenyl}borate; 

pz = pyrazolyl] complexes were synthesized and tested for olefin hydroarylation activity.  

[EpRu(CO)(NCMe)Ph][A-] (A- = BAr’4 or BPh4) was found to catalyze a 2 – 3 turnovers of 

ethyl benzene in ethylene and benzene mixtures.  Cyclic voltammetry gave strongly positive 

irreversible oxidative potentials suggesting poor catalysis is linked to the greater electron 

deficiency of the complexes, relative to TpRu(CO)(NCMe)Ph. A successful cationic Ru 

olefin hydroarylation catalyst will likely have a Ru(III/II) redox potential near 1 V. 



TpaRu(CO)(NCMe)Ph {Tpa = allyl-tris(pyrazolyl)borate} was synthesized with the 

intention to attach it to the surface of mesoporous silica nanoparticles (MSN) in Chapter 7.  

In collaboration with another research group a prototype was developed.  Initial catalytic 

studies showed no activity for ethylene hydrophenylation.  Characterization of the new 

prototype {TpRu(CO)(NCMe)Ph-MSN} is challenging.  IR spectroscopy suggests the Ru 

ligand structure was adversely altered by the MSN attachment process.  New reaction 

schemes are proposed for the synthesis of TpRu(CO)(NCMe)Ph-MSN. 

Finally in Chapter 8, the detection and isolation of the low yield contaminant 

ClTpRu(PPh3)2H {ClTp = chlorotris(pyrazolyl)borate} from the known synthesis of 

TpRu(PPh3)2Cl is reported.  The mechanism of the H/Cl metathesis at the Tp boron is 

suspected to form from intermediates leading to the formation of TpRu(PPh3)2Cl.  

ClTpRu(PPh3)2H was found to react with CH2Cl2 and CHCl3 to form ClTpRu(PPh3)2Cl.  Both 

complexes were characterized with single crystal X-ray diffraction studies and 11B NMR 

spectroscopy.  This report serves as an important warning that careful characterization for 

purity of TpRu(PPh3)2Cl, a common catalyst precursor, must be carried out following its 

synthesis. 
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1 Introduction 
 

1.1 Organometallic Chemistry and the Past, Present and Future of Catalysis 

The report of Zeiss’ salt [(η2-C2H4)PtCl3][K], in 1827, marked the first record of the 

metal-carbon bond, ushering in the field of organometallic chemistry.1  Up until this point, 

examples of transition metal complexes consisted of Werner-type complexes composed of 

metal-ligand bonds that were primarily ionic in character.  Progress in organometallic 

chemistry was slow over the following 120 years, as chemists struggled to define the 

bonding nature of newly reported organometallic complexes such as [PtCl2(CO)]2, Ni(CO)4 

and η6-arene chromium complexes.  However, in the early 1950’s several landmark events 

rapidly advanced the understanding and discovery of organometallic systems helping to gain 

tremendous ground over the next decade.  For example, metal-to-ligand backbonding was 

described by Orgel, Pauling and Zeiss,2-4 the bonding of ferrocene was defined by 

Wilkinson,5 fluxional rearrangements of metal carbonyls were introduced by Cotton6 and the 

first example of oxidative addition was reported by Shaw and Chatt,7 which was later 

studied in greater detail with Vaska’s complex, Ir(CO)(PPh3)2Cl.8  In short, these and many 

other pioneers helped elucidate the cornerstone principles of organometallic chemistry 

which permitted the discovery of more exotic metal-organic complexes.1  It only follows 

that unique structures would eventually lead to unique activity. 

While studying organometallic complexes in the 1800s, chemists began to 

unwittingly observe the propensity for some complexes to catalyze reactions.  This was first 

noted by Jöns Jacob Berzelius in 1836 who coined the word “catalyst”, one which “loosens 
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down” a chemical bond.9   The term catalyst has now come to be known as a material that 

provides an alternative pathway to a chemical reaction with a lower kinetic barrier and is, 

itself, not altered by the chemical reaction.  Chemists soon realized organometallic 

complexes’ use in synthesis, and by the early 1900s they were among the first 

commercialized catalysts for large scale industrial processes.   

In 1925, the Fischer-Tropsch process using various Ni, Ru, Rh, or Fe based 

heterogenous catalysts for the conversion of syn-gas (CO and H2) to mixtures of alkanes, 

alkenes and alcohols, became one of the first scalable transition metal catalyst technologies.1  

The Roelen hydroformylation reaction, developed in 1938, uses a homogenous Co catalyst 

to combine syn-gas with olefins to make saturated aldehydes.10  It represents the first 

commercial homogenously catalyzed process and has been expanded to include other 

transition metals such as Ni, Cu and Rh.  From the flurry of discovery in the 1950s a cascade 

of new catalytic systems were developed, including the Wacker process for the oxidation of 

alkenes by oxygen to make carbonyls,11, 12 catalytic hydrogenations,13, 14 Ziegler-Natta olefin 

polymerization processes which won a Noble prize,15 olefin metathesis for which Grubbs, 

Chuavin and Schrock recently shared a Nobel prize16 and the Monsanto acetic acid 

process.17 

 Today, the bulk of research with transition metals is dedicated toward catalyst 

development.  In industry, nearly 90% of industrial processes involve catalysis, constituting 

more than $3 trillion annually in goods and services.18  Heterogenous catalysis plays a role 

in about 85% of this demand, mostly dedicated toward hydrogenations, oxidations, 
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isomerizations, alkylations, esterifications and polymerizations.19  Heterogenous catalysts 

are typically preferred by industry due to their recoverability, recyclability and thermal 

stability.  In contrast, homogenous systems often afford enhanced opportunities to achieve 

high selectivity.  Ziegler-Natta and Grubbs catalysts are excellent examples for which the 

value of selectivity can not be under-estimated.  For example, in the Pharmaceutical industry 

Grubb’s olefin metathesis catalysts have been applied for the selective metathesis of olefin 

functional groups of expensive and complex organic substrates.  The selectivity and high 

yield of these reactions,  along with the suppression of by-products and concomitant reduced 

effluent disposal, make these homogenous catalysts incredibly valuable.18   

While heterogenous catalysts impart many advantages over homogenous systems, 

such as recovery and stability, they typically require energy intensive conditions, have high 

effluent streams and often exhibit poor selectivity, necessitating further energy intensive 

separation processes.  As the world’s fossil resources become more finite these drawbacks 

will have to be mitigated with a paradigm shift to more efficient industrial catalysts.  

Additionally, the effects of fossil resource consumption on atmospheric CO2 level rise and 

the toxicity effects of effluents from these processes on water, ground and air quality are 

well documented.  It would be foolhardy to expect the growing societies of the world to 

forgo demands for the products of fossil-derived hydrocarbons.  Thus more efficient 

processing means of these feedstocks will be necessary to subsidize this increasing demand 

in order to reach sustainable consumption levels that reduce the pressure on dwindling fossil 

reserves and the strain on our natural environment.  As fossil feedstocks primarily consist of 
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C-C and C-H bonds, this efficiency can be realized through the development of homogenous 

catalysts that offer the selectivity to directly convert C-H bonds to higher functionality.  The 

direct functionalization of hydrocarbons using transition metal catalysts stands as the next 

great hurdle for organometallic chemists, and of particular relevance to this thesis, is the 

conversion of C-H bonds to C-C bonds with homogenous systems.   

1.2 Catalytic Mediation of C-C Bond Forming Reactions 

 Fossil resources are currently the most abundant and readily available source of raw 

hydrocarbon building blocks.  The petrochemical industry currently provides over 95% of 

all organic materials for the production of plastics, chemicals, and other substances from just 

seven simple building blocks, methane, ethane, propene, butene, benzene, toluene and 

xylenes.20, 21  Thus C-C bond forming reactions to synthesis higher order molecules are of 

critical importance.  Yet, the current production means for these transformations are energy 

intensive, produce significant wastes, can require multiple steps and exhibit poor selectivity.   

Much of these drawbacks stem from the necessity to cleave the hydrocarbon C-H 

bonds for functionalization.  The hydrocarbon C-H bond is difficult to activate due to its 

inert nature, and, additionally, it is challenging to consistently activate only select C-H 

bonds.  However, in recent decades homogenous organometallic complexes have shown a 

propensity for capturing and cleaving C-H bonds (C-H activation) with high selectivity, 

including reactions with C-H bonds in the presence of other functionalities that are often 

considered more “reactive.”  Harnessing the power of this selectivity and incorporating it 
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into new bond forming strategies would create synthetic technologies that would allow 

direct access to an abundance of raw hydrocarbons.   

Of the vast array of chemicals manufactured by the petrochemical industry, 

significant effort and energy is devoted toward alkyl arene syntheses.  For example, in 1999 

~70% of the global 30 million tonnes of benzene supply was used for the alkyl- and 

acylation of aromatics.22  Of this, alkylations are dominant with 53% of benzene consumed 

for ethyl benzene (EB) synthesis, 17% for cumene production and a large fraction also used 

for the production of long chain linear alkyl benzenes (LABs), p-diisopropylbenzene and 

related tolyl-derivatives.23, 24  In 2004, ~ 14.5 billion lbs of EB were produced in the United 

States, most of which was converted to styrene for polystyrene production.25  LABs are used 

primarily for detergents, cumene for resins and polymers such as nylon-6 and 

polycarbonates and tolyl-derivatives often used for medicinal anti-inflammatory agents (e.g., 

ibuprofen).21 

  The following three sections discuss the most prevalent C-C bond forming reactions 

today in the chemical industry and in research for the production of alkyl arenes and related 

derivatives.  These reactions all have distinct advantages and disadvantages which determine 

their application from the research bench top to the industry floor.  While, these reactions 

have all made tremendous contributions to chemical synthesis, and will likely continue to do 

so, there is significant opportunity to improve the efficiency of these systems through new 

catalytic approaches.  A fourth section will discuss the future role homogenous catalysis can 

play in supplanting some of these technologies for alkyl arene production. 
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1.2.1 Friedel-Crafts Catalysis 

For over a century, the Friedel-Crafts (FC) reaction has been a powerful tool for the 

formation of new C-C bonds between olefins or acyl halides and aromatics to generate alkyl 

or acyl arenes, respectively.26  The FC reaction is heavily utilized on the industrial scale.27   

FC catalysis typically relies on the use of a Brønsted acid (e.g., HCl or HF) in combination 

with a Lewis acid (e.g., AlCl3, SbF5, TiCl4, SnCl4 or BF3) or another brønsted acid (e.g., 

H3PO4) to initiate electrophilic substitution of aromatics.  The general mechanism shown in 

Scheme 1.1 is considered the most common pathway for the FC catalyzed reaction of 

ethylene and benzene to form EB.28  A protic acid reacts with the π-system of ethylene and 

the Lewis acid (M) to form the ion pair [CH3CH2]+[MX]-.  Either the ion pair or the free 

ethyl carbocation initiate electrophilic attack on an aromatic to form a Wheland-type 

intermediate.  Subsequent deprotonation of the arenium intermediate forms EB and the 

starting catalyst components (HX and M).  However, due to the heterogeneity and sensitivity 

to moisture, reproducible kinetic data has been difficult to establish complicating 

mechanistic studies.28  Several studies carried out with various alkyl halides and aromatics 

have produced conflicting rate laws and hence the proposed mechanism in Scheme 1.1 

merely represents the most likely pathway.29-32 

 

Scheme 1.1. Friedel-Crafts catalyzed mechanism for ethyl benzene formation. 
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For the production of alkyl arenes, Friedal-Crafts catalysis suffers from numerous 

drawbacks.  For instance, reuse of the catalysts is often impossible due to decomposition of 

the Lewis acids (M) during the neutralization process that follows catalysis, a particular 

problem for AlCl3.33  Polyalkylation of the arene is common with FC reactions, particularly 

with alkyl benzenes because a monoalkylated aromatic is more reactive toward electrophilic 

aromatic substitution than the unsubstituted benzene.  This typically leads to the formation 

of disubstituted and even polysubstituted alkyl products (Scheme 1.2).28  Thus, the synthesis 

of EB necessitates high benzene to ethylene ratios.  In addition, mixtures of ethyl benzene 

and diethyl benzenes must be separated via distillation so that the diethyl benzenes can be 

mixed with benzene in a second transalkylation step operating at high temperatures (~ 450 

°C) in order to reach high yields of EB (~98 %).21  In cases where disubstitution is desired, 

selectivity is quite poor.  Some sight-selective control can be garnered through the use of 

strongly donating directing groups on the aromatic and sterically large substituents to 

attenuate ortho-substitution.28, 34, 35  But, in general catalyst control over the regioselectivity 

of disubstituted arenes is difficult to achieve.  Ultimately, it is the electronics and sterics of 

the aromatic substrate that often dictate the outcome. 
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Scheme 1.2.  Side reactions and catalyst recovery of Friedal-Crafts catalyzed synthesis of 
ethyl benzene. 

 

 For cases using α–olefins to make alkyl benzenes, the FC reaction is quantitatively 

selective for the branched (Markovnikov) products (Scheme 1.3).  This is a direct result of 

the fact that the electrophilic alkyl intermediate is a carbocation whose stability is increased 

based upon the higher substitution of the carbon bearing the cationic character.28  To 

generate LABs, often Friedel-Crafts acylation is carried out with acyl halides in a similar 

mechanism as shown in Scheme 1.1.  The subsequent acylarene can then be reduced to the 

LAB by a Clemmenson reduction in an acidic solution of Zn dissolved in Hg.  In cases 

where substituent protection from acid media is required (e.g., phenol) a Wolff-Kishner 

reduction using hydrazine in a basic environment can be used.36  However, neither of these 

reactions is feasible on a large scale.  Couple these drawbacks with the previously 

mentioned challenges of Lewis acid catalyst decomposition and poor selectivity, and there is 

much room for improvement in the industrial scale syntheses of various alkyl benzenes. 
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Scheme 1.3.  General mechanism for the FC catalyzed production of branched alkyl 
benzenes from α–olefins and benzene. 

 

1.2.2 Surface-based Systems: Zeolite Catalysis 

Due to the drawbacks of FC catalyzed alkylations, particularly on the large scale 

(millions of tones), there has been a drastic shift in industry toward more advanced 

heterogenous zeolite catalysts.37  The zeolites used by the chemical industry for alkyl arene 

synthesis are inorganic, heterogenous aluminosilicates with reactive Brønsted, Lewis and 

sometimes even superacid sites that serve to facilitate carbocation formation similar to FC 

type catalysts.  Mimicking the geothermal synthesis of naturally occurring zeolites, 

industrial irregular zeolites were first hydrothermally synthesized in the 1940s as a means to 

catalytically crack larger alkanes into fuel additives for military planes in World War II.38  

Today these amorphous structures have been supplanted by three broad classes of highly 

regular and uniform zeolite structures grouped by their pore diameter: microporous (<2 nm), 

mesoporous (2 nm – 50 nm) and macroporous (>50 nm).39  In the last two decades, the 

number of approved structures has been rapidly growing, and as of February 2007 there are 

176 verified zeolite structures.40  The various structures are differentiated by their pore size 

and shape, channel dimensions, channel directions and wall compositions.  For alkyl arene 

synthetic applications, zeolites present fixed acid-catalyzing surfaces and a uniform 
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polymeric framework which owes to their high selectivity.41  Generally, these structures are 

comprised of tetrahedral Al/Si-O networks that form cages which can be assembled into 

superstructures forming larger super cages with channels that have pores > 2 nm.  

Attachment of the hexagonal faces of the cages form X- or Y-type cages, while attachment 

via the square faces make A-type cages (Figure 1.1).  The cages and channels provide a 

repetitive interspersion of cavities and tunnels that can select for substrate size and shape 

thus owing to their catalytic selectivity.42  

 

Figure 1.1. General composition and structure of zeolites Type A, X and Y. 

 

Tuning of zeolite structures is usually accomplished through the addition of various 

counterions during synthesis.  For example, replacement of Na ions with 

tetrabutylammonium, tetramethylammonium and tetrapropylammonium ions has led to the 

discovery of ZSM-11, offretite and ZSM-5 zeolite catalysts, respectively.  Mobil has 

successfully employed antimony-doped ZSM-5 in a liquid phase process at 300 °C and 45 

bar for the selective disproportionation of toluene to give up to 99% yield of para-xylene 

and benzene.  This process has become key in the chemical industry by yielding two high-

value products (para-xylene and benzene) from one lesser-value product (toluene).25  More 
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germane to the chemistry in this thesis, a form of ZSM-5 has also been used in a vapor-

phase reaction at 400 °C and 18 bar for the synthesis of EB with 98% ethylene conversion.  

This system has done much to eliminate the high volume of chlorinated and acid wastes 

generated in Friedel-Crafts reactions, however it still suffers from high rates of 

polyalkylation.   

Zeolite research is a fairly new field and has made in-roads in a few industrial 

applications.  Although zeolites have improved some synthetic efficiencies relative to FC 

systems, they still suffer from several drawbacks.  For instance, zeolites function by nearly 

the same mechanism as FC systems and in terms of alkyl benzene syntheses, they almost 

entirely select for branched alkyl benzenes, obviating their use for n-alkyl benzene 

synthesis. Similar to FC catalyzed EB synthesis, polyalkylation requires subsequent 

transalkylation steps to realize high yields of monoalkylated product.  Combine these 

selectivity issues with the demanding energetic operating conditions (heat and pressure) and 

zeolites still have significant attributes which can be improved upon. 

1.2.3 Transition Metal-mediated C-Caryl Coupling Reactions 

In the synthetic organic chemistry arena, current methods for the carbon bond 

formation of aromatic compounds rely on catalytic Heck coupling and Suzuki, Sonogashira, 

Stille, Negishi and related cross-coupling reactions.43-52  Such methodologies have granted 

chemists great utility in the laboratory by providing a high degree of selectivity and 

functional group tolerance with a broad range of substrates under mild reaction conditions.53  

These syntheses stemmed from earlier work with Fe, Co, Ni, and Cu coordination 
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complexes that elevated Pd-catalyzed reactions to be the most active and versatile coupling 

catalysts. 

  

 

Scheme 1.4. A.) First stoichiometric Heck-type reaction. B.) Proposed nucleophilic 
substitution mechanism for the oxidative addition of aryl halides to phosphopalladium 
complexes. C.) General mechanism for catalytic Mizoroki-Heck reaction. 

 

In roads into coupling reactions were first reported by R. F. Heck in 1968 with the 

report of the PdCl2 catalyzed stoichiometric coupling of ethylene and phenylmercuric 

chloride to yield styrene at room temperature as shown in Scheme 1.4a.54  The same reaction 

model was quickly and easily transferred to a wide variety of alkenes, dienes and alkynes 

bearing a host of common functional groups for which the chemistry showed remarkable 

tolerance.55, 56  Although these reactions required the introduction of reactive mercuric 

reagents and the stoichiometric consumption of Pd, it demonstrated the first successful 
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transition metal-mediated coupling reaction and served to open many new doors to modern 

coupling tools. 

A significant breakthrough for Heck occurred with the discovery that the addition of 

phosphine ligands to Pd(0) allowed for the facile oxidative addition of aryl halides.57, 58  A 

series of experiments indicated that electron-withdrawing groups on the aryl halide facilitate 

the net oxidative addition reaction.  The authors proposed the mechanism proceeded by way 

of a nucleophilic aromatic substitution and that the bond scission of the leaving group “X” is 

the rate determining step (Scheme 1.4b).57  Building on this work, Heck was able to 

establish the well-known catalytic Heck reaction with the addition of a base to regenerate 

the catalytically active species.59  Simultaneously, similar chemistry was investigated by 

Mizoroki leading to the currently accepted general catalytic cycle shown in Scheme 1.4c, 

termed the Mizoroki-Heck reaction.60  This chemistry has been demonstrated to couple a 

wide range of aryl and vinyl halides to substituted olefins, and, in the presence of bulky 

phosphine ligands and certain olefin substituents, typically directs for the trans product.  

Today, the Heck reaction has proven to be an incredibly useful tool and has been extended 

to carbonylations, aminations, esterifications, alkyne syntheses, intramolecular cyclizations 

and even asymmetric cyclizations.43, 61 

 Cross-coupling reactions are closely related to Heck-type reactions in that they 

typically incorporate the use of Pd(0) systems, often bearing various phosphine ligands, and 

aryl halide substrates for oxidative addition  However, they diverge from Heck-type 

reactions by using transmetallating agents, instead of olefins, to deliver various substrates.  
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Transmetallation reageants such as Cp2ZrClR (R = alkenyl, aryl or alkynyl) were first 

introduced by Negishi (Scheme 1.5a) and, shortly after, significantly improved upon by 

Stille with the use of organostannes.47, 62, 63  Relative to Zr agents, organostannes were more 

readily available, more user friendly and offered a wider variety of substrates.  From these 

initial catalyst systems, a plethora of valuable cross-coupling reactions have evolved, 

including the Miyaura-Suzuki reaction which uses arylborates to catalyze aryl-aryl 

couplings or aryl groups to conjugated dienes, often with high stereoisomeric purity, and the 

Negishi reaction which uses organozinc reagents for biaryl synthesis (Scheme 1.5b).44, 48  

Most of these reactions are air and water stable, exhibit excellent functional group tolerance, 

will not function with substrates possessing β–alkyl hydrogens (due to the propensity of the 

Pd systems to perform β–hydride elimination, as seen in the Heck reaction) and function by 

the same general mechanism as depicted in Scheme 1.5c. 

Coupling reactions have provided an abundance of new techniques for C-C bond 

formation for the organic chemist and the pharmaceutical industry.  However, these catalysts 

are not without their drawbacks.  For example, all the above mentioned coupling reactions 

suffer from the expense of Pd, the inability to breech the threshold of a high turnover 

catalyst (TON > 103), the stoichiometric use of transmetallation reagents (i.e., Sn or Zn 

halides, etc.), the generation of metal-containing or acid wastes and the requirement for 

halide functionalized aromatic reagents.  These prerequisites have large and direct energy 

burdens associated with the production, sequestration and disposal of all the participatory 

molecular components and thus preclude there application on a large industrial scale.64  In 
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addition, metal waste contaminants are a major concern, often inhibiting the use of cross-

coupling catalysts in the pharmaceutical and agriculture industries.  The inability of coupling 

reactions to fill the niche for large-scale, selective C-C bond formation steps trumpets the 

call for new catalytic technologies that can selectively activate C-H bonds for the direct 

functionalization of olefins. 

 

Scheme 1.5. A.) Early demonstration of transmetallation agent in cross-coupling reaction. 
B.) Cornerstone examples of cross-coupling reactions. C.) General mechanism for catalytic 
cross-coupling reactions. 

 

1.2.4 Emerging Role of Direct Olefin Hydroarylation Catalysts 

The aforementioned catalytic FC, zeolite and coupling methodologies have proven 

their worth for the formation of new C-C bonds using aromatic substrates, yet each of these 

reactions have substantial deficiencies and limitations.  However, the hydroarylation of 
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olefins via a transition metal mediated C-H activation pathway (see below) is one promising 

route that could require less kinetic energy, be atom-economical, and significantly mitigate 

excessive and harmful waste by-products.  Olefin hydroarylation is the addition of an 

aromatic C-H bond across an olefinic C=C bond (Scheme 1.6) and represents a distinct 

paradigm shift from transition metal systems that require carbon halide bonds (e.g., Heck 

reaction).  Although this appears to be the same overall reaction (Scheme 1.6) as FC and 

zeolite catalyzed aromatic alkylations using olefins, olefin hydroarylation catalysts can 

function by an entirely different mechanism offering opportunities to potentially overcome 

selectivity issues that are problematic for FC and zeolite catalysts.  For example, a new 

mechanism that does not require the formation of a carbocationic alkyl intermediate could 

prevent the formation of the thermodynamically preferred Markovnikov branched products 

and, in turn, select for the anti-Markovnikov linear products, often the more valuable alkyl 

arene commodity chemicals.   

 

Scheme 1.6. Hydroarylation of a monosubstituted olefin can yield two isomeric products. 

  

However, transition metal mediated olefin hydroarylation systems are not without 

there potential drawbacks.  Scheme 1.7 depicts a general catalytic cycle for the 

hydroarylations of olefin and the various side reactions that can compete with the desired 
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catalysis.  The catalytic cycle, shown in red, involves olefin coordination to the metal, 

subsequent olefin insertion into the metal-aryl bond, arene coordination and finally C-H 

activation to release the alkyl arene product and regenerate the catalyst.  If, however, olefin 

insertion is not sufficiently more rapid than olefin C-H activation metal-vinylation can 

compete with catalysis.  Following olefin insertion, irreversible β–hydride elimination will 

produce a metal hydride complex and result in catalyst decomposition.  Alternatively, 

kinetically facile olefin insertion could promote multiple insertions and lead to 

oligomerization or polymerization pathways, more common for highly electrophilic metals.  

Conversely, electron-rich metal systems which favor higher oxidation states can promote 

irreversible oxidative addition of a C-H bond.  All of these competitive pathways are 

expected to have energetic profiles comparable to those in the catalytic cycle, thus resulting 

in a narrow window for successful olefin hydroarylation catalysis. 

 

Scheme 1.7. General mechanism for metal-mediated olefin hydroarylation and potential 
competitive side reactions. 
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In the general catalytic cycle shown in Scheme 1.7 (red), the key steps are olefin 

coordination, olefin insertion and aromatic C-H activation.  The following sections will 

broadly survey pivotal examples from the literature that have contributed an understanding 

to these metal-assisted functions and then seek to put them in context of the challenges that 

befall metal-catalyzed olefin hydroarylation. 

1.3 Metal-Mediated C-H Activation 

The term “C-H bond activation” invokes the importance of “activating” or priming a 

C-H bond toward bond scission.  Generally, the term C-H activation refers to the direct 

interaction of a metal with both the carbon and hydrogen atoms of a C-H bond resulting in 

cleavage of the C-H bond.  Consequently, by this definition not all C-H bond breaking 

reactions that are initiated by metal complexes fall under the category of “C-H activation.”   

Activating a C-H bond means to excite it, thereby making a strong bond inherently 

weaker so that bond cleavage is more kinetically accessible.  The average strength of a sp
3 

bond is 90-100 kcal/mol and 105-120 kcal/mol for a sp
2 bond.  To break such bonds, 

without prior intervention (i.e., “activation”), requires excessive thermal, photolytic or 

radiolytic conditions to generate radical species that non-selectively form a multitude of 

products.65  The strength of a C-H bond results from its high and low lying σ* and σ 

orbitals, respectively.  This is partly due to the relatively similar Pauling electronegativities 

of C (χ = 2.5) and H (χ = 2.1) which contribute to sufficient atomic orbital overlap.  In 

addition, the similar χ values promote near full covalency making the C-H bond fairly non-

polar and, in turn, reducing the C-H bonds susceptibility to attack by other polar species, 
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such as strong electrophiles or nucleophiles.  Inducing a temporary dipole in a C-H bond is 

also somewhat challenging as the C-H valence electrons are few and quite localized, unlike 

a non-polar molecule such as I2, which has a high degree of polarizability.  Metals, on the 

other hand, possess d-orbitals which can interact with C-H bonds in unique ways to promote 

C-H “activation” and subsequent cleavage.  

1.3.1 σσσσ-Complexes: The “Activation” of a C-H Bond  

C-H activation most commonly commences with the coordination of a σ-C-H bond 

to the metal center.  If coordination results from an intermolecular interaction between a 

substrate and a metal it forms a structure called a σ-complex.66  Upon the formation of a σ-

complex, the coordinated substrate donates electron density from a filled C-H σ-orbital to an 

empty metal orbital.  The typical bonding scheme for a σ-complex is illustrated in Figure 

1.2.  The large ∆E between the filled C-H and the empty d-orbitals typically lends to poor 

overlap.  Thus, C-H adducts are typically very weakly bonded.  This bonding will be 

enhanced for more electrophilic metals as the σ-symmetric LUMO decreases in energy.  

Bond strength can also be slightly bolstered through π-backbonding from a filled d-orbital 

into the σ*-C-H orbital, which is of π-symmetry with respect to the M-(CH) bond axis.  

Electron rich metals will have π-symmetric HOMOs of higher energy and exhibit greater π-

basicity toward a σ*-C-H orbital resulting in stronger π-backbonding.   
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Figure 1.2. Molecular orbital diagram illustrating general bonding interactions between a 
η

2-C-H bond and metal d-orbitals (d electron count > 0). 

 

Definitive structural evidence of a σ-complex has yet to be found.  However, validity 

for their existence is well supported by sufficient structural data for the intramolecular 

variant of a σ-complex, an agostic bond.  Intramolecular interactions of C-H bonds with 

metals prior to a C-H activation event were first noted through crystal structures and 

spectroscopic data suggesting that unsaturated metal centers seemed to accommodate C-H 

bonds of ligands, often distorting the C-H bond (Figure 1.3).67-71  These were later 

established as 3-center-2-electron bonding modes in which the C-H bond donates electron 

density into an empty metal orbital and has since been termed agostic bonds by Green and 

Brookhart (Figure 1.4).70, 72  It is this well-established bonding mode that has helped to 
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propose the bonding structure of σ-complexes (Figure 1.2).  Crystallographic studies of 

stable agostic complexes have allowed for the direct measurement of M-H bond distances 

and more importantly have revealed lengthened C-H bond distances giving direct evidence 

of a metal “activating” a C-H bond, i.e., weakening it.  Today hundreds of complexes have 

been characterized with intramolecular agostic interactions.70 

 

 

Figure 1.3. Examples of characterized complexes bearing intramolecular agostic 
interactions (M-H-C) and the effects agostic bonding can have on structure and stability. 

 

The η
2-C-H coordination mode discussed above is the most commonly invoked 

form.  However, various other arrangements for alkane-metal complexation have been 

postulated (Figure 1.4).66  Based upon the abundant evidence that agostic bonds 
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preferentially adopt the η2-C,H mode (Section 1.3.1), it is most likely that the intermolecular 

η
2-C,H σ-complex is the most stable of the possible sigma-complexes shown in Figure 1.4.  

However, theoretical calculations and mechanistic evidence suggest a range of other 

possible coordination variants could exist (Figure 1.4).66   

 

Figure 1.4. Various coordination modes of a terminal alkane methyl group to a metal center. 

 

The isolation and full characterization of a C-H σ-complex has yet to be achieved 

but other, more stable σ-complexes consisting of a metal and either a borane or silane 

molecule have served as good models for C-H σ-complexes.  For example, the anionic 

nature of the BH4
- anion renders it more strongly coordinating than CH4, which has allowed 

the isolation of BH4
- σ-complexes stable enough to allow X-ray diffraction studies (Figure 

1.5).  The characterization of such structures can serve as analogy to the various C-H σ-

complex metal-coordination modes in order to better understand their bonding.  Girolami 

reported the synthesis of the (dmpe)2Ti(κ2
-H,H-BH4)2 {dmpe = 1,2 

bis(dimethylphosphino)ethane} complex with an unusually long Ti-Hb (Hb = bridging H 

between Ti and B) bond distance (2.06 Å) and only a slight shift (~110 cm-1) for the B-Hb 

stretch suggestive of weak coordination to Ti.73    Similarly, the characterization of 
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(PMe3)2Ti(κ2
-H,H-BH4)(η2

-B,H-BH4)2 demonstrated both κ2
-H,H and η2

-B,H coordination 

modes, while low temperature 1H NMR spectroscopic data provided strong evidence for a 

η
1
-H-BH4 ligand for a (dmpe)Fe(H)(BH4) complex and an X-ray diffraction study of the 

distorted tetrahedral complex, (MePPh2)3Cu(BH4) verified η
1
-H-BH4 binding.74-76  

Additionally, similar characterizations have been carried out with silane complexes.  For 

example, Mo(CO)(R2PC2H4PR2)2 (R = Ph or iBu) is the first reported silane complex 

bearing a metal coordinated η2
-Si,H moiety.77  More interestingly, a tautomeric equilibrium 

between the η2
-Si,H silane complex and a hydridosilyl complex was observed in solution by 

1H NMR spectroscopy, highlighting the likely dependence on σ-complex formation prior to 

Si-H activation, a reasonable analogy to C-H activation. 

 
Figure 1.5. Literature examples of metal-BH4 coordination modes derived from X-ray 
diffraction studies. 

 

Although a C-H σ-complex has never been isolated, there is a significant amount of 

spectroscopic data to account for their existence and approximate M-(CH) bond enthalpies.  

In the 1970’s, Perutz and Turner first used UV/vis spectroscopy to observe the coordination 

of methane upon flash photolysis to a unsaturated pentacarbonyl Cr complex.66  Immediately 
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following photolysis, a low energy absorption band appeared in the UV/vis spectra whose 

position was highly dependent upon the solvent matrix.  In the presence of methane an 

absorption at 489 nm was observed, hundreds of nanometers from the absorption maxima of 

related 18-electron complexes, providing evidence that unsaturated metals can coordinate 

hydrocarbons and form transient adducts.  Building on some of these techniques, Burkey 

measured the enthalpy of metal-alkane bonds by recording the acoustic waves generated 

following laser flash photolysis, reporting bond enthalpies of 10, 17 and 13 kcal/mol for 

M(CO)5(η2-C-H-heptane) (M = Cr, Mo and W, respectively) complexes.78, 79  These 

represent BDE’s similar to those observed for hydrogen bonding.   

However, following these studies the relationship between σ-complexes and C-H 

activation was not certain.  For reactions which perform facile C-H activation via an 

oxidative addition route it has been presumed that they require the coordination of an alkane 

C-H bond prior to C-H activation.  Observing these σ-complexes and measuring their bond 

enthalpies is quite challenging as these intermediates are short-lived and irreversibly 

undergo facile oxidative addition; however, ultrafast spectroscopic techniques can give 

measurements on the pico- and femtosecond time scale allowing access to the reaction 

processes that occur on time scales faster than the maximal rate of diffusion.  Since the 

emergence of this tool, various ultrafast IR techniques have been used to measure the 

enthalpies of more varied types of σ-complexes that readily undergo C-H activation upon 

alkane coordination, yielding measured BDE’s ranging from 10 to 20 kcal/mol.66  For 

example, using flash IR studies at low temperature, Bergman has captured evidence for Tp* 
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and Cp*Rh(CO)(alkane) σ-complexes.80  This experiment is the first of its kind to offer 

evidence for the existence of a σ-complex preceding transition metal-mediated C-H bond 

cleavage and supports various theoretical studies that σ-complexes lie on an energetic 

minima along the reaction coordinate for C-H activation.81-83  

Although the data collected from ultrafast IR studies is fairly definitive for the 

existence of a σ-complex, it is still a tool that relies on indirect observation of the σ-complex 

itself.  More recently, there have been found W, Re and Ir complexes that disfavored the 

product of C-H activation and expressed longer half-lived σ-complexes, proving useful for 

study.84-87  For example, CpRe(CO)2(n-heptane) has a half life of 40 s-1 at 25 °C.  This time 

scale offers the potential to use low temperature NMR spectroscopy to observe a σ-complex 

that lies on a C-H activation coordinate.  With this in mind, Ball and coworkers delivered 

UV/vis irradiation via fiber optics into an NMR sample of a saturated solution of 

CpRe(CO)3 in neat cyclopentene.88, 89  Following photolysis to dissociate a CO ligand, they 

were able to observe (in situ) ~ 20% conversion to a CpRe(CO)2(η2-C-H-cyclopentane) 

complex at -80 °C (Scheme 1.8).  This was possible since C-H activation of cyclopentane by 

the Re complex was disfavored, and the irreversible formation to decomposition products 

was slow enough to allow observation of the σ-complex.  The NMR data showed significant 

shielding of both the proton and carbon resonances (13C labeled isotope was used) and a 

weakened C-H coupling that suggested cyclopentane was coordinated via a η
2-C-H mode 

and was exchanging between the two methylene hydrogens.  This coordination mode was 
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further verified by studies with a similar complex, iPr-CpRe(CO)2(pentane), which also 

showed a slight preference for CH2 coordination versus CH3 coordination.90 

 

Scheme 1.8. Experiment for in situ NMR observation of CpRe(CO)2(η2-C-H-cyclopentane) 
complex. 

  

1.3.2 The Role of ππππ-Complexes in C-H Activation 

As initially described by Chatt and Duncanson in 1953,91 olefins and aromatics often 

coordinate to metals via π-bonding electrons in preference to the weakly donating σ-C-H 

bond.  In the η2-C,C coordination mode, strong coordination (relative to an η2-C,H metal-

ligand bond) results from sufficient overlap between the π-HOMO of the olefin and an 

empty σ-symmetric orbital on the metal yielding a metal-ligand σ-bond.  In addition, metals 

with filled d orbitals of π-symmetry can π-backbond to the olefin LUMO to form a metal-

ligand π-bond (Figure 1.6).   
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Figure 1.6. Molecular orbital diagram of general σ and π bonding schemes between a C=C 
bond and a metal d-orbitals (d electron count  > 0). 

 

Although somewhat rare, several examples of isolable complexes with η
2-C,C-

coordinated aromatic substrates are known.  The stability of metal-arene π-coordination 

accounts for the isolation of η2-C,C-coordinated aromatics, relative to more elusive C-H σ-

complexes.  The coordination of arenes via either a hexa-, tetra- or dihapto mode is usually 

dictated by steric interactions and an adherence to the 18-electron rule.  The η
6 and η

4 

coordination modes are quite common for nearly all the transition metals,92, 93 while those of 

η
2-coordination are typically only observed with some later transition metals {e.g., Cu(I), 

Ag(I), Ni(0), Pt(0), Ta(III), Nb(III), Rh(I),Ru(0), Ru(II), Os(II) and Re(I)}.94  The η2-C,C-

coordinated aromatics are fairly labile, but when coordinated to a metal can be quite 
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susceptible to various arene-functionalization reactions.  For example, when coordinated to 

an electron rich metal, the dihapto arenes are essentially dearomatized via appreciable π-

backbonding from the metal to the arene π* orbitals.  Harmon and coworkers have 

capitalized on this with several electron rich Os complexes.95  For example, Os(NH3)5(η2-

arene) (arene = benzene, phenol, naphthalene, anisole, aniline, pyrrole, furan, and thiophene 

for example) complexes promote nucleophilic additions about the arene, demonstrating 

regio- and stereoselective addition and intramolecular cyclizations in some cases.  

 

 

Scheme 1.9.  Structure of Cp*Rh(PMe3)(η2-phenanthrene) (left) and equilibrium between 
oxidative addition of benzene and naphthalene and η2-napthalene complex (right). 

 

For transition metals that are more notable for performing aromatic C-H activation, 

fewer η2-arene complexes have been directly observed.  Typically these systems are more 

electron-deficient than the stable Os(II) complexes described above and do not provide as 

sufficient thermal stabilization for the η
2-intermediates through M�L backbonding.  The 

first isolation and full characterization of an η2-arene complex that initiates C-H activation 
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was Cp*Rh(PMe3)(η2-phenanthrene) from the Jones group (Scheme 1.9).96  Extending 

studies with the parent Rh system to a 1:1 mixture of benzene and naphthalene demonstrated 

that an η
2-arene complex could compete with the product of  arene oxidative addition 

establishing a 1:1.35:2.7 equilibrium of the Cp*Rh(PMe3)(Ph)H, Cp*Rh(PMe3)(2-napthyl) 

and Cp*Rh(PMe3)(η2-napthalene) complexes (Scheme 1.9).  The preferred coordination of 

extended fused aromatics (phenanthrene > naphthalene > benzene) can likely be explained 

by simple Huckel calculations that predict that less overall resonance energy is sacrificed for 

the η2-coordination of arenes that initially possess more resonance energy.97   

However, proof for the existence of η2-arene complexes, even with systems that are 

known to perform aromatic C-H activation, is not prima facie evidence that they either 

initiate C-H activation or even lie on the reaction coordinate for aromatic C-H activation.  

Using Cp*Rh(PMe3)H2 to study kinetic H/D scrambling in aryl deuteride complexes, Jones 

and Feher were able to show that η2-arene formation occurs prior to oxidative addition.  In 

benzene, reductive elimination from Cp*Rh(PMe3)H2 releases H2 forming the putative 

Cp*Rh(PMe3) complex which performs oxidative addition of benzene to form 

Cp*Rh(PMe3)(Ph)H.98, 99  H/D exchange was observed for Cp*Rh(PMe3)(Ph-d5)H in which 

the hydride exchanges with all the positions around the arene ring suggesting that the 

equilibrium in Scheme 1.10 is occurring.  Based upon this equilibrium and the assumption 

that an η2-complex precedes oxidative addition, the equilibrium isotope effect (Keq) can be 

written consisting of the rates for reductive coupling and oxidative coupling (Scheme 1.10).  

Photolysis of Cp*Rh(PMe3)H2 in a 1:1 mixture of C6H6 and C6D6 gives a small normal kH/kD 
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of 1.05 as shown in reaction A in Scheme 1.11.  The lack of a kinetic isotope effect in the 

rate determining step of benzene C-H activation suggests that benzene coordination is likely 

the RDS.  This was confirmed by reaction of Cp*Rh(PMe3)H2 in 1,3,5 deuterobenzene in 

which, upon coordination of 1,3,5 deuterobenzene, the metal center has equal access to 

either a C-D or C-H bond allowing for the observation of a kH/kD of 1.4 for the C-H/D bond 

cleavage step (Scheme 1.10).  These two pivotal isotope studies showed that the RDS for 

benzene C-H activation by {Cp*Rh(PMe3)} is the coordination of benzene and, more 

importantly, the two different KIEs suggest the prerequisite formation of an η
2-arene 

complex is necessary in order for benzene C-H activation to occur with this complex. 

 

Scheme 1.10. Equilibrium between Cp*Rh(PMe3)(Ph)H, Cp*Rh(PMe3)(η2-benzene) and 
{Cp*Rh(PMe3)} + benzene used to study kinetic isotope effects resulting from H/D 
scrambling. 
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Scheme 1.11. Kinetic isotope effect studies of Cp*Rh(PMe3)H2 in A) a 1:1 mixture of C6H6 
and C6D6 to give a normal KIE and B) 1,3,5 deuterobenzene to give a primary KIE. 

 

Using the same Cp*Rh(PMe3)H2 system, Jones was also able to further show how 

the enthalpy gained from η
2-C=C arene coordination can promote C-H activation of a 

stronger sp
2 C-H bond over a weaker sp

3 bond.98  The unsaturated intermediate 

Cp*Rh(PMe3) was shown to exhibit a slight selectivity for benzene over propane C-H 

activation.  It was deduced that the more stable η
2-benzene intermediate, relative to the 

propane σ-complex, created a kinetic advantage for benzene over propane C-H bond 

scission.  This experiment is consistent with the fact that there are significantly more 

transition metal-mediated systems observed to conduct aromatic C-H activation as opposed 

to alkane C-H activation. 

1.3.3 Common Mechanisms and Notable Examples of C-H Activation 

From three decades of study there have arisen five generally accepted mechanisms 

for transition metal-mediated C-H activation, as highlighted by Labinger and Bercaw 
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(Scheme 1.12).100  These mechanisms are all consistent with Shilov’s definition of a “true” 

C-H activation which requires the C-H-containing compound to enter the coordination 

sphere of the metal complex and form a σ-metal-organyl prior to C-H activation.65  Hence, 

mechanisms which promote C-H cleavage by radical initiation via ligand-centered H atom 

abstraction, or those which activate a reagent that, in turn, induces C-H bond scission are not 

considered “true” metal-mediated C-H activation mechanisms and will thus not be further 

addressed.65  Additionally, 1,2-addition and metalloradical schemes (Scheme 1.12) will not 

be discussed as they bear no relation to the type of C-C bond forming catalysis examined in 

this Thesis.  On the contrary, studies of σ-bond metathesis, oxidative addition and 

electrophilic substitution reactions are more pertinent herein and have significantly 

contributed to a detailed understanding of metal-mediated C-C bond formations that proceed 

by way of C-H activation mechanisms.  Moreover, as these three mechanisms have been 

implicated as potential key steps in known olefin hydroarylation systems (see below), they 

deserve closer scrutiny. 
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Scheme 1.12. Most common formally recognized C-H activation mechanisms. 

 

1.3.3.1 Oxidative Addition 

C-H activation via oxidative addition (OA) is the insertion of a metal into a C-H 

bond.  From this, two new metal-ligand bonds are formed which requires four electrons, 

two from the C-H bond and two from the metal.  Hence, this process serves to oxidize the 

metal by two electrons.  OA of a C-H bond requires the metal have two vacant coordination 

sites that can allow for the formation of new metal hydride and metal hydrocarbyl groups 

and most typically occurs with low valent, electron-rich mid to late transition metals.  Thus, 

for OA to occur a metal must be coordinatively unsaturated and have an accessible Mn+2 

state.  OA is typically disfavored entropically.  However, the removal of the unsaturated, 

and fairly unstable, Mn complex via an OA pathway and the formation of strong metal-
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hydride and –hydrocarbyl bonds typically provide significant enthalpic gain to 

counterbalance the unfavorable entropic component.  The microscopic reverse of C-H OA 

results in extrusion of the hydride and hydrocarbyl ligands to reform the C-H bond and 

reduce the metal by two electrons, a process called reductive elimination. 

Early examples of OA were first observed with the addition of H2 and C-X bonds (X 

= halide) about metals and with the intramolecular C-H addition of aromatic groups to Pt, Pd 

and Ni metals in the 1960s. 101, 102  In 1972, Green released the first known data suggesting 

an OA pathway of a benzene C-H bond using Cp2W(H)2 to form the corresponding 

phenyltungsten hydride in ~ 80% yield (Figure 1.7).103  The first definitive reports of 

intermolecular OA of alkanes was reported by Bergman with a Cp*Ir(PMe3)(H)2 (Cp* = η5-

pentamethylcyclopentadienyl) complex which upon irradiation forms the putative 

unsaturated Cp*Ir(PMe3) complex that reacts with neopentane and cyclohexene as shown in 

Figure 1.7.104  At nearly the same time, Graham independently reported the OA of the same 

substrates with a Cp*Ir(CO)2 system following photolytic extrusion of a CO ligand.105  Later 

the author also reported OA of cyclohexane and even methane upon irradiation of 

TpRh(CO)2 to dissociate CO and activate the subsequent hydrocarbon (Figure 1.7).106  A 

few years later Bergman was able to demonstrate the quantitative C-H activation of ethylene 

epoxide by a Cp*Rh(PMe3)(H)2 complex under irradiation forming a metalated oxirane, 

notable due to the metal’s ability to selectively activate an alkyl C-H bond rather than 

initiating attack at a strained ring C-O bond (Figure 1.7).107  Since, a vast number of 

complexes that perform OA have been discovered, most of which contain Group 6-10 
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metals and rely on either reductive elimination or dissociation of neutral ligands (e.g., 

phosphines, CO or olefins) to generate electron-rich, coordinatively unsaturated 

intermediates.65 

 

Figure 1.7. Early example of C-H oxidative addition by Cp2W(H)2, Cp*Ir(CO)2,  
Cp*Ir(PMe3)(H)2, TpRh(CO)2 and Cp*Rh(PMe3)(H)2 complexes. 

 

 From a kinetic consideration, it is thought that OA addition is promoted by dπ-

backbonding into a σ* C-H orbital, weakening the bond (see above).  Computational studies 

(MINDO/SR-UHF method) for the OA addition of methane to Fe were able to map the 

formation of [Fe(CH4)]q (q = +1, 0 and -1) σ-complexes on the OA potential curves.  These 

studies revealed that a more negatively charged system favored the formation of σ-

complexes and subsequent OA, suggesting that C-H activation is promoted by an electron 

transfer to methane.108  Cundari has reported computations indicating an increased 

weakening of a coordinated methane C-H bond upon going from X = H to X = Cl for a 
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(PH3)2IrX complex.81  Analysis of the wave function for the intrinsic OA reaction coordinate 

indicated that σ-bond L�M donation is important for σ-complex formation (i.e., substrate 

coordination), but that M�L dπ-backbonding into the σ* C-H orbital is necessary for C-H 

bond cleavage.  In addition, thermodynamic treatment of methane C-H activation by 

(PH3)2IrX predicts an OA pathway to be entropically disfavored, while favorable enthalpic 

gain is determined by strong M-L bond formation (L = X, R, H, etc.).  It is typically the case 

that strong L�M σ-donors serve to stabilize the higher oxidation state of the metal. 

1.3.3.2 Electrophilic substitution 

  In an electrophilic substitution (ES) reaction, the carbon atom of a C-H bond 

performs a direct nucleophilic metallation to a high valent metal that acts as a strong 

electrophile.65, 100  ES is more common among late transition metals such as Au(III), Pd(II), 

Pt(II), Pt(IV) and Rh(III) that can act as soft electrophiles and have low-lying LUMOs that 

are more easily polarized.109  Like the other C-H activation mechanisms discussed in this 

section, an ES pathway is initiated by the dissociation of a ligand so that a C-H bond of a 

substrate may form a σ-complex with the unsaturated metal center.110  Coordination to the 

electrophilic metal weakens the C-H bond to facilitate the loss of a proton and generate an 

M-C bond.  The proton is scavenged intramolecularly by a basic moiety or ligand within the 

metal coordination sphere or intermolecularly by an external base. 

ES primarily differs from OA and SBM by reduced overlap between the low energy 

dπ metal orbitals and the σ* C-H orbital.  The strong C-H σ-donation dominates for the 



 37 

metal/C-H bond interaction and in turn imparts acidic character to the C-H bond, resulting in 

heterolytic C-H cleavage for an ES pathway.  This reaction has been noted to be similar to 

the well documented heterolytic cleavage of η2-H2 complexes that bear strongly electron-

withdrawing ligands.111   

For arenes, sufficient evidence supports the existence of a Wheland intermediate in 

this transformation making the reaction akin to the classical organic electrophilic aromatic 

substitution reaction (EAS) (Scheme 1.13).65  Several studies with substituted arenes, for 

example, have corroborated this hypothesis by showing that electron-donating substituents 

on the arene accelerate the electrophilic metallation step for the oxidative coupling of arenes 

by Pd(II) complexes.112-114  Similarly, a Hammett study of  the C-H activation of substituted 

benzenes by a Rh(III)Cl porphyrin complex was found to give a ρ value of -5.43 and yielded 

total regioselectivity for the arene para site, consistent with an EAS pathway.115  For 

alkanes, there is no evidence for an intermediate analogous to the Wheland structure 

postulated to exist for arenes.  A charged intermediate for alkanes involved in as ES 

pathway is expected to be much less stable in the absence of the charge delocalizing 

aromatic ring.  In which case, to more thoroughly describe an ES mechanism, it is helpful to 

term the electrophilic substitution of aromatic substrates as an EAS reaction, a form of ES, 

and relegate “ES” to the electrophilic substitution of alkanes. 
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Scheme 1.13. Electrophilic aromatic substitution (EAS) of benzene via a Wheland 
intermediate. 

 

The first example of a possible ES pathway for alkanes was with (H2O)2Pt(II)Cl2 

from Shilov and coworkers, which was shown to catalyze the production of methanol from 

methane (Scheme 1.14).116  The reaction helped jump-start the field of alkane oxidation but 

was not scalable as it consumes stoichiometric quantities of [PtIVCl6]-2 and irreversibly 

decomposes to Pt metal and [PtCl2]n oligomers.  It took, however, nearly three decades to 

determine that the C-H activation step is the rate determining step and likely operates by an 

ES pathway.100, 117  Periana reported improved success for alkane oxidation using Hg(II) 

salts in fuming sulphuric acid,118 proposing the same type of electrophilic C-H activation 

pathway found for the Shilov chemistry.100, 118  To date, the (bpym)PtCl2 {bpym = η2-(2,2’-

bipyrimidyl)} complex in fuming H2SO4 is the most active and most selective catalyst for 

methane to methanol conversion (Scheme 1.15).119  The mechanism is proposed to proceed 

through electrophilic C-H activation of methane, oxidation to an octahedral Pt(IV) by H2SO4 

followed by reductive elimination to release methyl bisulfate and regenerate the active 

catalyst.  The N meta to the coordinated N of bpym ligand can undergo protonation and 

provide enhanced π-acidity thus increasing the electrophilicity of the Pt center.  Since the C-

H bonds of the product MeOSO3H are more acidic than those of CH4, the enhanced 
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electrophilicity of Pt favors electrophilic substitution of CH4 over MeOSO3H with 100:1 

selectivity. 

 

Scheme 1.14. Shilov Pt(II) catalytic production of methanol from methane. 

 

 

Scheme 1.15.  Periana Pt(II)-catalyzed oxidation of methane via C-H activation pathway. 

 

Assignment of an ES pathway, however, is not always straightforward.  Although 

extensive studies with Pd(II) have shown several base-assisted intramolecular C-H 

activation reactions to most likely favor an ES pathway,120 there is still much debate on the 

true mechanism of many reported ES type systems with alkanes and arenes (EAS).  
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Considering ES requires proton loss, the solvent environment or intermolecular substrate 

basicities can have tremendous effects on selecting for an ES over an OA or SBM pathway; 

even for the well-studied Shilov ES system and related models there is some evidence of the 

formation of a Pt(IV) C-H OA product.65, 117, 121, 122  Ligand effects have been shown to have 

a significant effect on C-H activation mechanisms.  For example, several phosphine and N-

donor Pt(II)-ligated systems have been shown to conduct OA, likely due to strong σ-

donation from the ligands destabilizing the dπ-orbtials.121  In general, variations in oxidation 

states, ligand coordination spheres, and reaction environments often complicate the 

seemingly predictable C-H activation mechanism a complex will follow upon formation of a 

σ-complex.121 

1.3.3.3 σσσσ-bond Metathesis 

The activation of C-H bonds via SBM involves a concerted process with a four-

centered transition state.  In the transition state, the C-H bond is broken simultaneously with 

the formation of a new C-H bond.  That is, the hydrogen is transferred from one hydrocarbyl 

σ-complex to a hydrocarbyl ligand (Scheme 1.12).  In a variant, metal-hydride ligands can 

be involved, although such transformations are typically thermodynamically unfavorable 

and often possess relatively large activation barriers.  Also, the activation of bonds other 

than C-H units (e.g., H-H, Si-H) via SBM is known.  In contrast to OA, SBM can occur for 

metals with inaccessible n+2 oxidation states, most commonly d
0 early transition metals.  

SBM passes through a C-H σ-complex which consists of σ-donation to the metal and, in the 
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case of d0 metals, no π-backbonding into the C-H σ* orbitals due to the vacant dπ orbitals 

(Figure 1.8).  During C-H activation, SBM possesses little charge buildup, unlike ES.  

Consistent with this, Bercaw has shown that the rate of C-H activation for a SBM pathway 

increases with greater substrate s-character due to the non-directional orbitals which provide 

better overlap in the transition state, and hence, orbital stability.123  For example, with the 

reaction of Cp*2ScR + R’-H the rate of C-H activation decreases as follows: (R = R’ = H) 

>> (R = alkyl, R’ H) >> (R = alkyl, R’ = sp C-H) > (R = alkyl, R’ = sp
2 C-H) > (R = alkyl, 

R’ = sp
3 C-H).  Experimental studies reveal a large primary kinetic isotope effect (KIE) 

{kH/kD = 2.8 (2)}, negligible substituent effects for the C-H activation of various arenes and 

styrenes and little site-selectivity for the C-H activation of toluene.  Combined, this evidence 

supports a SBM pathway in which all the chemistry occurs predominantly between the 

atoms of the four-centered transition state with little perturbations to periphery atoms or 

bonds. 
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Figure 1.8. Molecular orbital diagram illustrating sole σ-bonding interaction between a η2-
C-H bond and empty metal d-orbitals. 

 

 Early SBM was demonstrated by Watson with the reversible C-H activation of  

methane by Cp*2MR (M = Lu or Y; R = H or CH3).124, 125  The d0 metals and measured 

primary kinetic isotope effects are consistent with a SBM mechanism.  Shortly after, Marks 

reported similar C-H activation of tetramethylsilane with a Cp*2Th(κ2-neopentyl) complex 

also exhibiting a large primary KIE.126   

In contrast to these early examples, emerging evidence suggests that SBM type 

reactions are not confined to high oxidation state d0 early transition metals, and rather could 

also be conducted by low valent, late metals thought to prefer OA type pathways.127, 128  For 

example, Hartwig reported that the methylation of a catecholborane by CpRu(PPh3)2Me 
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irreversibly forms CpRu(PPh3)2H.  Mechanistic investigations and kinetic isotope effect 

studies sufficiently ruled out an OA pathway and were consistent with a concerted four-

centered SBM type transition.129  The group later reported similar B-H activation with 

Cp*M(CO)2(Bcatecholate) (M = Fe or W) and that M-H bonding existed in the transition 

state, yet neither the unusual M(IV) states were located by computations.130  Musaev et al. 

computationally investigated the mechanism of chain termination by C-H activation of H2 

for Pd(II) and Ni(II) ethylene polymerization catalysts and found the OA/RE pathway to be 

energetically unfavorable in comparison to a SBM pathway.131-133 

Jia, Eisenstein et al. have conducted a controlled computational study of C-H 

activation by TpM(PH3)(η2-CH4)CH3 complexes (M = Fe, Ru and Os) and have shown that 

on going from Fe to Os there evolves a reaction continuum from a single four-centered 

transition state (SBM) to a two-step reaction that passes through an oxidative addition 

intermediate (Figure 1.9).128  Depending upon the metal center environment, strongly 

influenced by the ligand set, second row late transition metals tend to express varying 

amounts of SBM and OA character.  The authors note that the trajectory of the trans-annular 

hydrogen, relative to the metal during the transition, indicates metal-stabilization of the 

hydrogen during transfer.  Interestingly, this study suggests the potential subtleties between 

OA and SBM, lending credence to the difficulty that is sometimes encountered in 

differentiating the two pathways.   
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Figure 1.9 The relative free energies (kcal/mol) related to the metathesis process for 
TpM(PH3)(η2-CH4)CH3 systems.  

 

One such challenging example has been demonstrated by Bergman with the complex 

[Cp*(PMe3)Ir(Me)(CH2Cl2)][BAr4’] [BAr’4 = {tetrakis(3,5-trifluoromethyl)phenyl}borate] 

which performed C-H activation of alkanes at mild conditions.134  This reaction posed an 

interesting dilemma in determining the mechanism of C-H activation, SBM or OA (Scheme 

1.16).  Theoretical studies predicted an OA pathway,135 but this required the formation of an 

Ir(V) intermediate.  There is scant evidence for the existence of presumed unstable Ir(V) 

complexes relative to the numerous stable Ir(I) and Ir(III) complexes and,136 furthermore, no 

experimental evidence could be obtained for the existence of an 

[Cp*(PMe3)Ir(Me)(Me)H][BAr4’] intermediate upon C-H activation of methane.137, 138  

Considering the formation of an Ir(V) intermediate seemed unlikely, the authors postulated 

that a SBM pathway could be possible.  At the time, this served as a rare example for a SBM 

mechanism with a d
n (n > 0) metal.  However, several following experimental and 

computational studies indicated the OA/RE pathway was most likely.  The pinnacle of 
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which was the reported isolation of the Ir(V) complex [Cp*(PMe3)Ir{κ2-C,Si-

Si(Ph)2(C6H4)}H][BAr4’] from the ortho-phenyl C-H activation of triphenylsilane by 

[Cp*(PMe3)Ir(Me)(CH2Cl2)][BAr4’].139  The isolation and characterization of this species 

provided experimental evidence that an Ir(V) complex was accessible via a C-H activation 

pathway from an Ir(III) complex and, consistent with theoretical predications, that a OA/RE 

pathway is likely favored over a SBM pathway. 

 

Scheme 1.16. Possible pathways for C-H activation of methane by 
[Cp*(PMe3)Ir(Me)(CH2Cl2)][BAr4’]. 

 

Current evidence support the ideas that i) SBM is not always a perfectly symmetrical 

transition state in terms of geometry and charge, ii) SBM and OA pathways can be difficult 

to distinguish and iii) SBM and OA are related on a single continuum.  For instance, 

Bercaw’s original evidence for a concerted SBM transition state with Cp*2ScR systems (see 

above),123 in conjunction with computational studies of these systems by Goddard,140 

support the proposal for a concerted, predominantly nonpolar and symmetrical SBM 

transition state.  Yet, the authors of this seminal work stress that the transition state is only 
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“relatively nonpolar” and “relatively symmetrical” leaving room for the idea that a SBM 

transition state can bear at least some degree of polarity.  For transition metals with filled d 

orbitals there is evidence that they could conduct C-H activation by a SBM pathway and are 

not relegated to an OA pathway.  And finally, the study of methane C-H activation by Jia, 

Eisenstein et al. with TpM(PH3)(η2-CH4)CH3 complexes showed a change in mechanism 

upon metal center change (M = Fe, Ru and Os; see above) with intermediary character of 

SBM and OA for Ru.  From this, one can not discount the potential for a direct relationship 

between SBM and OA, and that they maybe merely perturbations of each other along a 

continuum which is affected by metal identity, oxidation state, ancillary ligand set and 

reaction environment.  It is thus no surprise that various terms, such as “meta-assisted σ-

bond metathesis”, “oxidative hydrogen migration”, “oxidatively added transition state” and 

“σ-complex assisted metathesis” have emerged to describe subtle, yet distinct, differences in 

recognized SBM type reactions that bear various geometric and electronic distinctions in 

their transition states.141   

Of particular note, and importance to this body of work, is oxidative hydrogen 

migration (OHM) introduced by Goddard and coworkers.142, 143  In this brand of SBM, the 

metal donates electron density to the transannular hydrogen that is transferred during the C-

H activation event, thus stabilizing the transition state.  This is accomplished through an 

oxidative process likely rendering a Mn+2 like state.  With OHM however, the transformation 

is concerted and no OA intermediate is formed.  Density Functional Theory (DFT) 

calculations on TpRu(CO)(η2-C6H6)(CH2CH2Ph), the purported intermediate in the 
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hydroarylation of olefins (see below),144 carried out by Oxgaard and Goddard have 

calculated a transition state bearing a close Ru-H contact (1.61 Å) but no Ru(IV) 

intermediate (Figure 1.10).142  A similar interaction for the known hydroarylation catalyst, 

an isoelectronic (acac)2Ir(η2-C6H6)(CH2CH2Ph) (acac = acetylacetonate) system, was also 

detected (Figure 1.10). The label ‘OHM’ aptly recognizes the likely electronic interaction 

between M and the trans-annular hydrogen; yet, the single transition state on the hydrogen-

exchange energy surface categorically qualifies OHM as a form of SBM consistent with the 

proposal that the two mechanism are related through a continuum.  

 

 

Figure 1.10 B3LYP/LACVP calculated transition state geometries for C-H activation of 
benzene by TpRu(CO)(η2-C6H6)(CH2CH2Ph) (left) and (acac)2Ir(η2-C6H6)(CH2CH2Ph) 
(right) to form σ-ligated ethyl benzene. 

 

1.4 Evolution of Olefin Hydroarylation Catalysts 

From a synthetic perspective, transition metal-mediated C-H activation is only useful 

when it is married with secondary functionalization steps.  In this context, the merger of C-H 
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activation and olefin insertion for catalytic olefin hydroarylation poses great synthetic 

potential (Scheme 1.7). 

Insertion chemistry is a key step in many catalytic cycles and has found extremely 

useful applications in many fine and industrial synthesis reactions, such as hydrogenation, 

hydroformylation, polymerization and hydrocyanation.145  In the case of alkenes, insertion 

reactions involve the insertion of an η
2-bound carbon-carbon π-bond into a M-X σ-bond 

(where X is typically H or C) to form a new M-C σ-bond.  The reaction exists in equilibrium 

with β–hydride elimination (if X = H), which is the microscopic reverse of olefin insertion 

(Scheme 1.17).  The favored direction in the equilibrium is mostly determined by the 

thermodynamic stability of the products, which is effected by the steric and electronic 

properties of the substituents on the olefin.   

 

Scheme 1.17. Reversible olefin insertion and β–hydride elimination (if X = H) coordinate 
with arbitrary M(L)X complex and ethylene. 

 

Insertion into M-H bonds, versus M-C bonds, is typically more kinetically facile.145  

A comparative study of M-hydrides versus similar M-alkyl η2-C2H4-complexes has revealed 
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insertion rates 106-108 times greater for metal-hydrides.146  Olefin insertion requires the 

olefin C=C and the M-X bonds be coplanar in order to allow for a lowest energy four-

centered concerted cyclic transition state (Scheme 1.17).147  The preferred olefin binding 

orientation is determined by minimized steric interactions between the olefin substituent and 

the metal complex ligands and by the most favorable M�L π-backbonding from either of 

the two orthogonal, symmetry-correct dπ-orbitals.  For most cases, the anti-planar 

conformer has an incorrect geometry for facile insertion into the M-X bond.  Studies with 

[Ir(cod)H2L2]PF6 (cod = 1,5-cyclooctadiene; L = tertiary phosphine) showed that insertion of 

a co-planar cod alkene arm into a Ir-H bond was 40 times faster than when the cod alkene 

arm was orientated anti-planar.148   

In addition to directing the geometry of olefin coordination, metal π-basicity can 

play a key role in effecting the kinetic barrier of olefin insertion.  An insertion reaction can 

be regarded as a nucleophilic attack of a metal-alkyl or –hydride on an electrophilic alkene 

(Scheme 1.18a).  While electron-withdrawing groups on the alkene can enhance their 

susceptibility to nucleophilic attack, they also lower the ground state energy of the alkene 

π*-orbital.  If coordinated to a π-basic metal, the lower π* energy could serve to improve 

orbital overlap and thus enhance M�L π-backbonding (Scheme 1.18b).  However, the 

insertion transition state geometry requires π-backbonding to be completely broken as the 

transition state does not possess correct orbital symmetry to support π-backbonding, thus 

contributing to an increased activation barrier for olefin insertion (Scheme 1.18c).149  In this 

regard, developing olefin hydroarylation catalysts from π-basic metals could pose 
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challenges,149 since such systems could act to increase the activation barrier for olefin 

insertion by participating in strong metal to olefin π-backbonding. 

 

Scheme 1.18. General considerations for olefin insertion: A) mechanism of insertion, B) 
effect of olefin electron density of backbonding and C) dπ-π* molecular orbital change 
during insertion step. 

 

 There are two broad outcomes that could ensue upon formation of an η2-olefin to a 

metal-aryl complex: oxidative coupling or olefin hydroarylation (Scheme 1.19).    There can 

be several caveats (e.g., reactions conditions, substrate concentrations, stability of inserted 

product, etc.) that can effect which mechanistic route a catalyst prefers, but the primary 

lynchpin depends upon the preferred pathway from the unsaturated inserted complex.  Upon 

insertion of an alkene into an M-R bond, olefin hydroarylation will be favored if aromatic 

(RH) coordination and C-H activation is more favorable than β–hydride elimination and 

dissociation of the olefin.  The development of highly efficient olefin hydroarylation 

systems is the aim of this thesis, in which case, the following literature survey will be 

focused specifically on olefin hydroarylation catalysis. 
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Scheme 1.19.  General depiction of a 1,2-insertion resulting in either an oxidative coupling 
or olefin hydroarylation pathway. 

 

1.4.1 Olefin Hydroarylation with Functionalized Substrates 

Over the last two decades, significant success has been achieved for the 

hydroarylation of olefins or aromatics using functionalized substrates.  The most common 

scenario is the use of electrophilic late transition metals to add a C-H bond of an electron-

rich arene across the double bond of an electron deficient olefin.  Early on in olefin 

hydroarylation catalysis, Tanaka reported the low catalytic activity of Rh(CO)(PMe3)2Cl at 

room temperature for the photochemical oxidative coupling between either methylacrylate, 

methyl methylacrylate or ethylene and benzene that was also accompanied by ~ 50% of the 

saturated olefin hydroarylation by-products (i.e., 3-phenylpropenoate, 2-methyl-3-

phenylpropenoate and ethyl benzene, respectively).150  This was a significant improvement 

upon similar reactivity for a Rh4(CO)12 catalyst, which requires a CO atmosphere and high 

temperatures and gives significant polymerization of methyl acrylate.151  The Hashmi group 

used a AuCl3 catalyst in acid media for the addition of an aromatic C-H bond of 1,2,3-

trimethoxybenzene across the double bond of methyl vinyl ketone (MVK) in near 
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quantitative yield at room temperature (Scheme 1.20).152  Capitalizing on the suspected 

electrophilic C-H activation pathway, they were also able to demonstrate similar C-H 

additions of bis-methoxybenzenes, azulenes and 2-methylfuran across the C=C bond of 

MVK.  Similarly, the He group was able to supplant the acid cocatalysts with three 

equivalents of AgOTf (OTf = trifluoromethanesulfonate) in 2.5 % AuCl3 catalyst mixtures 

to catalyze room temperature, bench-top hydroarylation reactions of MVK by various 

methyl and methoxy substituted arenes in high yields.153  The group could not discount the 

possibility of AuCl3 activating MVK by a Friedal-Crafts mechanism, but isotope studies and 

control experiments suggested an EAS type C-H activation pathway followed by olefin 

insertion and reductive elimination.  Moderate enantioselectivity was observed for the 

solventless hydroarylation with the ortho-C-H bond of phenol to the exo-position of 

norborene catalyzed by a dinuclear Ir complex [IrCl{(R)-(S)-PPFPPh2}]2 [(R)-(S)-PPFPPh2 

= (R)-1-{(S)-2-(diphenylphosphino)ferro-cenyl}ethyldiphenylphosphine] at 100 °C.154     

 

Scheme 1.20. Key examples from catalytic reports of olefin hydroarylation with activated 
substrates from the Hashmi and Fujiwara groups. 
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Some of the most successful alkyne hydroarylation reactions have been advanced by 

Fujiwara and coworkers with various Pd(II) and Pt(II) salts in acid media (Scheme 1.20).155, 

156  At room temperature, Pd(OAc)2 in triflouroacetic acid has been shown to 

regioselectively catalyze the C-H aryl addition of several different alkyl and methoxy 

substituted benzenes across the C≡C bond of ethyl propiolate giving the cis products in high 

yields.  Cationic Pd(II) complexes generated in situ have been implicated as the active 

species operating by an electrophilic C-H activation pathway.  Bulky substrates have not 

been shown to inhibit reactivity, while bulky phosphines retarded the reactivity of Pd(0) 

complexes and Pt(II) salts, but did aid in cleaner conversions with higher selectivities. 

Chelation-assisted olefin hydroarylation is a means by which a substituent on an 

aromatic bearing a lone pair coordinates to a metal center and forms a 5- or 6-membered 

metallacycle.  This specific coordination mode serves two main purposes: i) positions a C-H 

bond within close proximity to a metal center and ii) directs selective C-H activation to the 

position ortho of the chelating substitutent. 

In 1986, Lewis and Smith reported the first example of a catalytic system that 

employed chelation chemistry using a {(PhO)3P}3Ru{κ2-O,C-PhOP(OPh)2}Cl complex that 

possessed a 5-membered metallacycle through a phenoxide group of a phosphorus ligand.157  

Under ethylene pressure the system inserted ethylene into the ortho C-H bonds of the 

phenoxide subsitutents of the P(OPh)3 ligands and was hypothesized to rely on ortho-

metallation followed by reductive elimination to complete olefin hydroarylation.  In the 

presence of KOPh, as cocatalyst in phenol, the complex catalytically produced ~15 
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turnovers (TOs) of a 5:1 mixture of 2,6-diethylphenol and 2-phenol with 100% selectivity 

for the ortho-position of phenol.  A few years later cationic [Cp*2Zr(THF)Me][BPh4] was 

found to selectively catalyze the formation of ~ 40 TOs of 6-isopropyl-α-picoline at room 

temperature.158  The catalytic system required chelation via the N of α-picoline to direct 

ortho-metallation at the 6-position and a hydrogenolysis step to release the product. 

A major advancement in chelation-assisted chemistry was made by the Murai group 

using aromatic ketones to selectively direct olefin hydroarylation at the arene ortho-position 

with a wide variety of olefins and a series of versatile Ru-based catalysts.159-161  

RuH2(CO)(PPh3)3 and Ru(CO)2(PPh3)3 were most effective, while RuH2(PPh3)4 and 

Ru(CO)3(PPh,)2 were only moderately effective as catalysts or catalyst precursors.  The 

authors propose a general mechanism for the reaction of aryl ketones with substituted olefins 

whereby the RDS is a non-classical reductive elimination step in which a 1,2-shift occurs 

from the Ru-alkyl carbon to the ipso aryl carbon followed by an elimination step via 

reduction of Ru (Scheme 1.21).  
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Scheme 1.21. Mechanism of Murai chelation-assisted olefin hydroarylation.  The left 
dashed box displays the proposed two step reductive elimination sequence. 

 

The catalysis has shown a remarkable degree of tolerance and activity for aromatic 

ketone bearing substituents {e.g., NMe2, OMe, CH3, NEtC(O)CH3, OC(O)CH3, CF3, CN, 

CO2Me, F and OCF3}, olefinic substituents including alkyl, aryl and silyl groups and 

heteroaromatic ketones such as furan and thiophene, selecting for either the 2- or 3-position 

depending upon the location of the ketone.159, 162  Aromatic nitriles have been shown to 

direct insertion to both ortho-positions of the arene in high yield.163  Coordination to Ru by 

the nitrile π-bond is hypothesized to create the favorable chelation geometry that facilitates 

ortho-C-H activation.  The catalysis has also been extended to arenes bearing various ester, 

imine, imidate and aldehyde functionalities.  Ru3(CO)12, the poorest catalyst for the reaction 

of ketones with olefins, showed the highest reactivity for the insertion of vinylsilanes, 

ethylene, tert-butylethylene, and aromatic olefins into the ortho site of aromatic imines.164  

Unfortunately, the formation of the unsaturated coupling product (~ 0 -15%) competes with 
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desired olefin hydroarylation.  To prevent potential decarbonylation or hydroformylation 

with benzaldehyde substrates, a bulky aliphatic group in one ortho position of the arene 

protects the electrophilic aldehydic carbon and promotes hydroarylation of vinylsilanes.165 

Capitalizing on electronic and/or steric effects, the Murai systems have exhibited 

high degrees of selectivity for various substrates.  A methoxy or fluorine group in the meta-

position of acetophenone directs olefin insertion of vinylsilane to the 2-position, while a 

meta-CF3 group directs insertion to the 6-position.  It is thought that favorable electronic 

interactions with the lone pairs of the former direct insertion to the more sterically-hindered 

2-position.166  Electron-withdrawing groups in the 3- or 4-position of methyl ester benzenes 

direct olefin insertion to the 6-position ortho C-H bond.  High stereoselectivity for the syn-

addition of Ru-H about internal acetylenes has also proven quite successful.167 

The original Ru-based chelation-assisted paradigm has since been extended by 

several investigators to include a host of other substrates including aryl and acetyl pyridines 

and azobenzenes with similar Ru and Rh-based systems.168, 169  Asymmetric catalysis and 

application to natural product synthesis has also been reported.170  Success has also been 

garnered with solvent-less systems and even more economical large scale syntheses.161 

Within the scope of intramolecular olefin hydroarylation reactions, the close 

proximity of alkenes and alkynes tethered to aromatics has led to the novel production of 

many polycyclic molecules.  In most cases, transition metal complexes or salts {e.g. 

Pd(OAc)2, AuCl3, PtCl4 or RuCl3⋅xH2O} in concert with oxidizing co-catalysts perform 
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ring-closing reactions via hydroarylation of electron-rich aromatic C-H bonds across 

functionalized alkenes or alkynes.153, 155, 171-174  Very often these systems rely on chelation-

assistance to direct appropriate C-H activation and subsequent insertion.  Murai has heated 

Rh(PPh3)3Cl and Ru(CO)(PPh3)3(H)2 in THF to catalyze the cyclization of 1,5- and 1,6-

dienes containing pyridyl, imidazolyl, or oxazolyl rings to form 5- or 6-membered 

carbocycles in moderate yields (Scheme 1.22).175  Bergman and Ellman have shown 

[RhCl(coe)2]2 (coe = cyclooctene) in the presence of various bulky alkyl phosphines at high 

temperatures to carry out the annulation of heterocycles (Scheme 1.22).176  Screening of 

phosphines found PCy3 (Cy = cyclohexyl) to afford nearly 4 times greater reactivity for the 

intramolecular cyclization of alkenes tethered to imidazole moieties to give the 5-membered 

kinetic product.  Geminal substitution was found to favor the thermodynamic 6-membered 

ring, possibly due to the steric demands of the cyclic transformation from a quaternary 

center.  Murai later applied the same system to asymmetric catalysis with the use of 1,5-

dienylimidazoles in the presence of chiral phosphines to obtain the corresponding 5-

membered heterocycle in 75% yield with 82% ee.177  The highly useful Fujiwara catalysis 

with Pd(OAc)2 has also been extended to several electron-rich aromatics with tethered  

alkynes to yield a variety of coumarins and quinolinones bearing new 6-membered rings 

(Scheme 1.22).178, 179  In general, transition metal-catalyzed olefin hydroarylation has been 

applied to many other 5-membered heterocycles such as furans, thiophenes, indoles and 

imidazoles often with high degrees of regioselectivity.180-184 
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Scheme 1.22. Various intramolecular olefin hydroarylation cyclizations. 

 

1.4.2 Olefin Hydroarylation with Unactivated Substrates 

Within the realm of unactivated substrates there are far fewer known catalysts for 

olefin hydroarylation.  The Tilley group has used a {2-(2′-pyridyl)indolide}Pt(η2-C2H4)Cl 

complex with AgBF4 to catalyze the addition of a benzene C-H bond across the C=C bonds 

of norborene, cyclopentene and cyclohexene to form exo-phenylnorbornane and respective 

alkyl benzenes in moderate to high yields (Scheme 1.23).185  For the hydrophenylation of 2-

butene and propene, branched products were formed and no reaction was observed with 

ethylene.  The mechanism is not well understood, but in the absence of AgBF4 at higher 

temperatures in neat benzene experimental evidence suggests a C-H activation/olefin 

insertion mechanism over arene nucleophilic attack of a Pt activated-alkene complex.186  

However, the exclusive recovery of branched products for 2-butene and propene is 

suggestive of FC pathway.  Goldman has reported Rh(PMe3)(CO)Cl to conduct 

hydrophenylation of t-Bu and n-Pr terminal acetylenes at 50 °C under photolytic conditions 
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with high turnovers (Scheme 1.23).187  The reaction affords ~ a 4:1 ratio of 1,2 to 1,1 

insertion products.  Experimental evidence indicates the Ph-H moiety added across the 

acetylene results from the same molecule of benzene, suggestion a mechanism consisting of 

benzene OA across Rh, insertion of acetylene into the Rh-Ph bond predominantly in a syn-

orientation and then final reductive elimination of the alkene product.  

 

Scheme 1.23. Examples of intermolecular olefin hydroarylation with unactivated substrates. 

 

 Very recently, two Pt(II) systems, similar in structure and reactivity, emerged at the 

same time, (dmpp)Pt(η2-C2H4)Me {dtbpp = 3,5-dimethyl-2-(2-pyridyl)pyrrolide} from the 

Goldberg group and [(tbpy)Pt(Ph)(THF)][BAr′4] {tbpy = 4,4′-di-tert-butyl-2,2′-bipyridine; 

Ar′ = 3,5-(CF3)2C6H3} from our research group (Figure 1.11).188, 189  The former system 

bears the anionic dmpp ligand and is generated insitu upon reductive elimination of ethane 

from the 5-coordinate (dmpp)Pt(Me)3 complex under ethylene to form the active neutral 

Pt(II) complex; while with the latter, the active species is a cationic (tbpy)Pt(II) system.   

The tbpy complex exhibited approximately two-fold greater reactivity for the hydroarylation 

of ethylene, generating 65 TOs of ethyl benzene after 16 hours compared to 26 TOs of ethyl 

benzene in 17hrs for the dmpp complex.  For propylene, both complexes showed similar 
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selectivity for the formation of branched over linear propyl benzene (dmpp ~ 6:1; dtbp ~ 

3:1).  Additionally, heating monoalkylated benzenes under ethylene showed similar 

regioselectivity of meta and para over ortho for the formation of dialkyl benzenes (o:m:p = 

dmpp ~ 9:66:25 and dtbp ~ 1:52:47).  These results are similar to those reported by Tilset et 

al. for the stoichiometric C-H activation of toluene by a cationic Pt(II) diimine complex.190  

The formation of anti-Markovnikov products with α–olefins for both systems suggest a FC 

pathway is not operable, and the observed meta/para selectivity lends credence to either a 

SBM or OA mechanism for the C-H activation of benzene.  Interestingly, the primary 

deviation in the reactivities of the two systems is that the tbpy complex produces a 

significantly greater amount of diethyl benzene for the hydrophenylation of ethylene.  It is 

possible the higher electrophilicity of the cationic species makes ethyl benzene C-H 

activation more competitive with ethyl benzene dissociation leading to the dialkylation of 

benzene. 

 

 

Figure 1.11.  Examples of recently developed catalysts for the hydrophenylation of 
unactivated substrates. 
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 A major break through for olefin hydroarylation catalysts with unactivated substrates 

came with the report of an Ir(III) catalyst, [Ir(µ-acac-O,O,C
3)-(acac-O,O)(acac-C3)]2, from 

the Matsumoto and Periana groups (Figure 1.11).191-194  Upon heating the dimeric complex 

at 180 °C in benzene, under moderate ethylene pressure, an active (acac-O,O)2Ir(L)Ph (L = 

H2O, C2H4 or pyridine) catalyst forms producing 455 TOs of ethyl benzene in 3 hours 

{turnover frequency (TOF) = 0.0421 s−1}.  Testing the α–olefins propylene and hexylene led 

to decreased TOFs (0.011 s−1 and 0.0069 s−1, respectively) but showed a respective 3:2 and 

7:3 selectivity for the linear products.  Similar to the Pt systems discussed above, the Ir 

complex also exhibits a regioselectivity for meta and para over the ortho sites of monoalkyl 

benzenes suggesting that an electrophilic C-H activation pathway is likely not occurring.  

Extensive investigations into the mechanism of this reaction clearly indicate it does not 

operate via a FC pathway and that a SBM C-H activation scheme operates in concert with a 

rate determining olefin insertion step.143, 149 

 To date the most active catalyst within the scope of unactivated substrates is the 

TpRu(CO)(NCMe)Ph catalyst also developed in our lab (Figure 1.11).  It was found to 

catalyze the hydrophenylation of ethylene at 90 °C to produce 51 TOs of ethyl benzene after 

four hours with negligible amounts of styrene production (Table 1.1).144, 195  Testing the α-

olefins propylene and hexylene gave approximately 10 TOs in 10 hours with a 1.6:1 

selectivity for linear to branched products.  Considering this selectivity, in conjunction with 

the preferential insertion of ethylene at the meta and para sites of ethyl benzene, FC 

chemistry is not likely involved.  With heterocycles under ethylene pressure in either furan 
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or thiophene, the complex regioselectively forms 2-ethyl furan and 2-ethyl thiophene with 

17 and 3 TOs, respectively.196   

Table 1.1. Reactivity of TpRu(CO)(NCMe)Ph with various arenes and olefins. a mol 2-1 s-1;  
bTurnovers observed after 24 h are given in parentheses; cTrace quantities of 1,3- and 1,4-
diethylbenzene are also produced; d50 equiv based on 2, after 6 h; e24 h.; f120 °C in 
mesitylene. 

 

 

Compared to the Periana-Matsumoto Ir catalyst, the Ru system showed less substrate 

diversity.  For example, isobutylene showed no reactivity with TpRu(CO)(NCMe)Ph while 

the Ir system catalyzed a few TOs of t-butyl and isobutyl benzene.  Furthermore, with 

electron-deficient olefins, such as methyl acrylate, radical polymerization results for the Ru 

system, while 5 TOs of hydrophenylation about the α,β–unsaturated bond is observed for 
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Ir.193, 197  Similar results were reported for styrene.  Testing electron-rich olefins with Ru led 

to unwanted side reactions.  For example, ethyl vinyl sulfide was found to insert into the Ru-

Ph bond as expected, but then succumbed to a β–Sulfide elimination pathway, while 2,3 

dihydrofuran underwent initial C-H activation and a subsequent ring-opening step.  In 

general, the Ru catalytst suffered from a limited substrate scope and decomposition upon 

heating.  After 4 hours, the production of ethyl benzene markedly decreased, with only an 

extra 26 TOs produced after 20 more hours at 90 °C. 

1.5 Thesis Aims 

Transition metal catalysis has become an essential tool for the large and small scale 

production of organics, providing more efficient, or all-together novel, synthetic routes 

compared to former technologies.  Recently, significant research has contributed to our 

knowledge of the reactions transition metals can undergo.  Of these, C-H activation 

reactions are the most promising for the direct manipulation of the naturally abundant, yet 

relatively inert hydrocarbons.  The next step for the organometallic chemist is to implement 

these new findings into catalytic functionalization schemes that are economically viable.  

The focus of this thesis is to explore the structural perturbations of TpRu(CO)(NCMe)Ph 

that could lead to improved reactivity, longevity and substrate scope tolerance for olefin 

hydroarylation catalysis.  Discussed herein will be i) the study of the steric and electronic 

effects upon substitution of the ancillary CO ligand with various phosphines, ii) an extension 

to aliphatic C-H activation and new potential C-C bond forming reactions, iii) the 

exploration of new cationic Ru frameworks, iv) efforts to apply TpRu(CO)(NCMe)Ph 
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catalysis to surface-based chemistry and v) elucidation of low-yield potential catalyst 

contaminants in a common TpRu precursor. 
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2 Comparative Reactivity of TpRu(L)(NCMe)Ph (L = CO or PMe3):  Impact of 
Ancillary Ligand L on Activation of Carbon-Hydrogen Bonds including Catalytic 
Hydroarylation and Hydrovinylation of Ethylene 
 

2.1  Introduction 

As discussed in Chapter 1, it has been previously reported that TpRu(CO)(NCMe)R 

(R = Me or Ph) systems initiate stoichiometric C-H activation of aromatic substrates 

including benzene, ethyl benzene, furan and thiophene, and mechanistic studies of the C-H 

activation process are consistent with the pathway depicted in Scheme 2.1.1, 2  The reaction 

is initiated by the reversible dissociation of acetonitrile, which provides a site for benzene 

(or other aromatic) coordination, followed by reversible coordination of benzene and then C-

H activation to produce R-H and TpRu(CO)(NCMe)Ar (Ar = aryl).  Experimental studies 

have elucidated a primary intermolecular kinetic isotope effect of kH/kD = 2.5(5) for 

stoichiometric benzene activation by TpRu(CO)(NCMe)Me suggesting that the discrete C-H 

activation step is likely the rate determining step (RDS) for the overall C-H activation 

pathway (k3 in Scheme 2.1).3   

Density Functional Theory (DFT) calculations modeling the transition state for the 

C-H activation step by the (Tab)Ru(CO)(η2-C6H6)Me {Tab = [HB(-N=NH)3]-; Tab was 

originally used as a model of the full Tp ligand and has been shown to reproduce the 

structure and energetics of the full Tp model for C-H activation potential energy surfaces}4 

complex suggest an oxidative hydrogen migration (OHM) C-H activation type pathway 

(Figure 2.1), which is similar to the classic σ-bond metathesis but with a metal-hydrogen 

interaction in the transition state.3  Consistent with the mechanism of OHM discussed in 
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Chapter 1.3.3.3, in the calculated transition state the trans-annular hydrogen is roughly 

equidistant between the carbons (1.49 Å and 1.52 Å) and is 1.76 Å from Ru. 

 

Scheme 2.1. Proposed pathway for benzene C-H activation by TpRu(L)(NCMe)R {L = CO 
or PMe3; R = Me or Ph; [Ru] = concentration of starting Ru complex TpRu(CO)(NCMe)R 
or TpRu(PMe3)(NCMe)R; “” = open coordination site} and rate law under pseudo first-
order conditions. 

 

 

Figure 2.1. B3LYP/SBK(d) calculated transition state for C-H activation of benzene by 
(Tab)Ru(CO)(η2-C6H6)Me (atoms of the Tab ligand are shown in wire frame for clarity) 
(left) with diagram showing respective internuclear distances (right).  
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In addition to the C-H activation step being the RDS for the overall benzene C-H 

activation pathway shown in Scheme 2.1, the event is also likely the RDS of the 

hydrophenylation of ethylene catalyzed by 1.  This assertion is based on the observation of a 

primary intermolecular kinetic isotope effect with kH/kD = 2.1(1) for the catalytic 

hydrophenylation reaction (C6D6 vs. C6H6).3  The transition state for this rate determining C-

H activation of benzene to produce ethyl benzene, like that for benzene C-H activation by 

(Tab)Ru(CO)(η2-C6H6)Me, was also determined to proceed by an OHM pathway.5, 6  The 

predicted oxidative character of the calculated OHM transition state for C-H activation by 

TpRu(L)R systems suggests that increasing metal-based electron density could enhance Ru-

H bonding in the transition state and facilitate the aromatic C-H activation step.  Although 

the following rationale might be overly simplistic,7 it is possible that by decreasing the 

activation barrier of metal-mediated aromatic C-H activation the overall rate of catalytic 

olefin hydroarylation could be increased.  Alterations to the ligand set offer a means to 

obtain an electron-rich metal that would more readily donate electron density to the 

activated hydrogen during the C-H activation process.  Ligand candidates would be more 

Lewis basic and express reduced π-acidity relative to CO.   

In addition, a new ligand candidate that acts electronically to facilitate C-H 

activation could also introduce a different steric profile (e.g., bulk, asymmetry, etc.) that 

could direct useful selectivity.  For instance, for the catalytic hydrophenylation of propene, 

TpRu(CO)(NCMe)Ph (1) expressed a mild selectivity for the formation of linear over 
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branched (1.6:1) propyl benzene.  Further enhancing selection for the alkyl arene products 

would be quite valuable, as discussed in Chapter 1. 

With these considerations in mind, the PMe3 ligand became the target ligand with the 

desired overall electron-donating character that should render a new, more electron-rich 

TpRu(L)(NCMe)R system.  It is also anticipated that the increased steric bulk of PMe3 

relative to CO will alter the linear to branched ratio for the hydrophenylation of α–olefins.  

Additionally, under catalytic conditions (90 °C, 25 psi C2H4) TpRu(CO)(NCMe)Ph (1) 

undergoes substantial decomposition after 4 hours.  It is possible the CO ligand plays a role 

in this decomposition by succumbing to migratory insertions or by bridging to form multi-

nuclear Ru products.  Thus, it is conceivable that CO/PMe3 substitution might enhance 

catalyst stability. 

2.2  Results 

2.2.1  Experimental and Computational Studies Concerning the Nature of C-H 
Activation by TpRu(L)(NCMe)R Systems. 

The hypothesis that increased metal-based electron density will facilitate the rate of 

C-H activation is based on the premise that C-H activation by TpRu(L)R systems occurs via 

an OHM transition state where the metal directly assists in the transfer of the hydrogen 

being activated.  However, the possibility can not be excluded that other metal-mediated C-

H activation mechanisms, such as oxidative addition or electrophilic substitution could be 

occurring.8-11  Thus, validation of this argument was sought with studies to probe the actual 

mode of C-H activation for these systems.   
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  Computational and experimental studies of the TpRu(L)R  mediated activation of 

C-H bonds on both model Tab-Ru [Tab = tris(azo)borate] and full Tp-Ru complexes have 

provided increasing evidence that the transformations traverse concerted σ-bond metathesis 

(SBM) pathways with oxidative character (OHM), rather than oxidative addition, which may 

proceed by a two-step process with a Ru(IV) intermediate.2, 11, 12, 13, 14  Experimentally 

differentiating SBM and OHM mechanisms would be difficult, and in fact whether or not 

such pathways constitute different mechanisms or a continuum of the same mechanism has 

been a matter of debate.15  Alternatively, an electrophilic aromatic substitution pathway, 

more commonly invoked for the activation of C-H bonds by highly electrophilic late and 

post transition metal systems,16-18 can be more easily differentiated by experiment from a 

SBM type pathway and could have significant repercussions on reactivity relative to SBM.  

For electrophilic aromatic substitution, the metal passes through a Wheland type 

intermediate serving as an electrophile to liberate H+, which is similar in some regards to the 

classic electrophilic aromatic substitution (EAS) of organic chemistry (see Chapter 1.3.3.2). 

2.2.1.1  Hammett Studies 
In order to further probe the nature of aromatic C-H activation by TpRu(L)R 

fragments, a combined experimental and computational Hammett study was initiated.  By 

varying donor ability of functionality para to the site of C-H activation, it was anticipated 

that a differentiation could be made between EAS and SBM/OHM or OA routes.  EAS 

involves electrophilic attack of Ru on the aromatic π-system and, thus, introduces positive 

charge in the aromatic ring, while the calculated SBM/OHM type route increases negative 
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charge density in the aromatic ring in the C-H activation transition state (Scheme 2.2).  

Substitution at the para site will influence the arene electronic environment and have 

opposite stabilizing effects on the separate pathways (e.g., positive charge on the arene will 

be stabilized by electron-donating functionality and vice versa). 

 

 

Scheme 2.2.  Differing mechanisms and charge distribution in aromatic ring for 
electrophilic aromatic substitution (EAS) and σ–bond metathesis (SBM) pathways. 

 

Computational studies, carried out by Dr. Tom Cundari of the University of North 

Texas, were used to study the arene C-H activation step from TpRu(L)(η2-C=C-C6H5X)Me 

to form TpRu(L)(η2-C-H-CH4)(p-X-C6H4)  where L = CO or PMe3 and X = CN, H, NH2, 

NO2, Br, Cl, F or OCH3 (Scheme 2.3).19  The computations were used to probe and quantify 

any effects the broad range of functionality could have on the Gibbs free energy of 

activation for C-H bond cleavage.  The calculated ∆G
╪ values can then be input into the 

Eyring equation to approximate the first-order rate constants for arene C-H activation. 
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Scheme 2.3. Reaction studied by computations to probe for Hammett effects on C-H 
activation pathway for the conversion of TpRu(L)(η2-C=C-C6H5X)Me to TpRu(L)(η2-C-H-
CH4)(p-X-C6H4). 

 

The resulting Hammett plots (Figure 2.2; versus σp) using the calculated ∆G
╪’s 

reveal positive ρ-values (ρ = 2.6 for L = CO and ρ = 3.2 for L = PMe3; R
2 = 0.97 for both 

plots).20  The calculations suggest that electron-withdrawing substituents on the arene para 

to the activated C-H bond reduce the activation barrier.  With an EAS pathway, electron-

donating groups X are expected to help stabilize the buildup of positive charge in the 

Wheland-type intermediate (Scheme 2.2) and facilitate C-H activation.  However, the 

Hammett plots show an inverse trend relative to the calculated ∆G
╪'s for TpRu(L)(η2-C=C-

C6H5X)Me.19  In addition, the calculated kmax/kmin ratios for TpRu(L)(η2-C=C-C6H5X)Me C-

H activation are ~5400 for L = CO and ~3500 for L = PMe3.  For the classic EAS processes, 

kmax/kmin for Hammett effects often span 4 to 7 orders of magnitude,21 suggesting that the 

reaction rates measured with TpRu(L)(η2-C=C-C6H5X)Me are less sensitive to the electron-

donating or withdrawing properties of the arene relative to EAS systems.  Thus, the 

calculations are inconsistent with an EAS pathway and suggest that a SBM type C-H 

activation pathway dominates.22  
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Figure 2.2. Hammett plots for arene C-H activation by TpRu(L)(η2-C=C-C6H5X)Me 
systems.  Left plot is for L = CO and right plot is for L = PMe3. 

 

Computational studies were also used to locate the geometric parameters of all the 

first-order transition states for arene C-H activation by TpRu(L)(η2-C=C-C6H5X)Me 

complexes.  The results indicate imaginary vibrational frequencies that correspond to the 

transfer of an arene hydrogen to the methyl substituent and that these frequencies are 

correlated with σp effects.  Also, there was little vibrational perturbation measured for the 

surrounding Ru-complex and, more importantly, no sign of dearomatization of the phenyl 

ring based on C-C bond distances was detected.  In general, these computations indicate the 

electron-donating and withdrawing abilities of X impact the transition state, but that the 

aromatic ring does not undergo any drastic geometric changes during the transition. 

Analysis of the transition states reveal the nearest M-H distances increase with the 

increased electron donating character of X (R2 = 0.98 for L = CO and R
2 = 0.90 for L = 

PMe3) and that the overall values of re(Ru-H) range from 1.592 Å to 1.677 Å, closely an 

OHM pathway has been proposed.23  The close M-H contacts provide a precedence for an 
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OHM pathway; however, it must be noted that a short distance alone is not prima facie 

evidence of a strong bond.13  

In an effort to probe “Hammett effects” TpRu(PMe3)(NCMe)Me (3) was reacted 

with a series of 2-substituted-1,3-dimethyl benzene reagents where the methyl groups are 

anticipated to protect the X  functionality (X = NH2, OMe, H, Br, or NO2) and direct C-H 

activation to the para position (Figure 2.3).  Activation of the arene meta sites is not likely 

as previous studies have shown TpRu(CO)(NCMe)R systems react only with the meta and 

para sites of toluene and ethyl benzene, but not with the sites ortho to the alkyl substituent.3  

Complex 3 does not react with the xylyl compounds when X is an electron-donating group 

(X = NH2 or OMe) or when X = H.  Rather, the formation of substantial quantities of NMR 

silent, and presumably paramagnetic, complexes as well as multiple diamagnetic 

TpRu(PMe3) complexes (1H NMR spectroscopy) is observed.  In contrast, when X is an 

electron-withdrawing group (X = NO2 or Br) the complexes TpRu(PMe3)(NCMe)(p-NO2-

C6H2Me2) (Figure 2.4) and TpRu(PMe3)(NCMe)(p-Br-C6H2Me2) (Figure 2.5) are produced 

in 48% and 33% yield by 1H NMR spectroscopy, respectively.   

 

 

Figure 2.3. Reaction of TpRu(PMe3)(NCMe)Me (3) with 2-substituted-1,3-dimethyl 
benzenes (X = NH2, OMe, H, Br, or NO2) 
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Figure 2.4. 1H NMR spectrum of TpRu(NCMe)(p-NO2-C6H2Me2) (C6D6). 

 

 

Figure 2.5. 1H NMR spectrum of TpRu(NCMe)(p-Br-C6H2Me2) (C6D6). 

 

An X-ray diffraction study of a single crystal of complex TpRu(NCMe)(p-NO2-

C6H2Me2) has confirmed its identity (Table 2.1 and Figure 2.6). The Ru-Cphenyl bond 

distance of 2.059(3) Å is statistically identical to the Ru-Cphenyl bond distance of 2.060(4) Å 

for TpRu(PMe3)(NCMe)Ph (see below).11  Thus, for complex TpRu(NCMe)(p-NO2-

C6H2Me2), the presence of the two methyl groups meta and the nitro group para to the Ru-
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Cphenyl bond has little impact on the metal-aryl bonding.  The plane formed by the NO2 group 

is approximately intermediate between perpendicular and parallel to the plane of the aryl 

ring with an O1-N8-C18-C17 dihedral angle of 52º. 

 

 

Figure 2.6.  ORTEP of TpRu(PMe3)(NCMe)(p-NO2-C6H2Me2) on right (30% probability 
with hydrogen atoms omitted).  Selected bond lengths (Å): Ru1-N7, 2.003(3); Ru1-C15, 
2.059(3); Ru1-P1, 2.268(1); Ru1-N1, 2.173(2); Ru1-N3, 2.076(2); Ru1-N5, 2.139(3); N7-
C10, 1.143(4); C15-C16, 1.401(4); C16-C17, 1.399(4); C17-C18, 1.385(5); C18-N8, 
1.460(4); N8-O2, 1.219(4); Selected bond angles (º): N7-Ru1-C15, 87.32(11); N7-Ru1-P1, 
93.42(8); C15-Ru1-P1, 93.22(9); O(1)-N(8)-O(2), 122.1(3); O(1)-N(8)-C(18), 119.2(3).  On 
the left is the view looking down the N8-C18-C15-Ru1 axis with the Tp ligand omitted for 
clarity. 

 

 

 

 

 

 

 

View down N8-C18-C15-Ru1 axis 
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Table 2.1. Selected Crystallographic Data Collection Parameters for 
TpRu(PMe3)(NCMe)(p-NO2-C6H2Me2), TpRu(PMe3)(NCMe)Ph (2), 
TpRu(PMe3)(NCMe)Me (3), TpRu(PMe3)(CNtBu)Ph (5), and TpRu(PMe3)(NCMe)Cl (11). 
  Complex - NO2 Complex 2 Complex 3 Complex 5 Complex 11 
empirical 
formula 

C22H30BN8O2PRu C20H27BN7PRu C15H25BN7PRu C23H33BN7PRu C14H22BClN7PRu 

formula wt 581.39 508.34 446.27 550.41 466.69 

crystal system monoclinic orthorhombic orthorhombic monoclinic monoclinic 

space group C2/c Pna21 Pbca P21 P21/c 

a, Å 40.204(3) 18.778(2) 14.0332(9) 9.8198(9) 18.9321(1) 

b, Å 8.5482(6) 9.446(1) 15.911(1) 13.2320(1) 13.6242(7) 

c ,Å 15.830(1) 13.149(1) 18.882(1) 11.0184(1) 15.8706(9) 

β, ° 103.744(1)   116.414(1) 90.602(1) 

V, (Å3) 5284.5(6) 2332.3(4) 4216.0(5) 1282.2(2) 4093.4(4) 

Z 8 4 8 2 8 

Dcalcd, g/cm3 1.462 1.448 1.406 1.426 1.515 

crystal size (mm) 0.04 x 0.06 x 0.40 0.16 x 0.20 x 0.27 0.30 x 0.36 x 0.38 0.05 x 0.20 x 0.38 0.24 x 0.38 x 0.40 

R1, wR2 {I>2(I)} 0.0528, 0.1326 0.0386, 0.0883 0.0337, 0.0815 0.0449, 0.1097 0.0403, 0.1035 

GOF 1.020 1.040 1.041 1.028 1.116 

 

Although 3 fails to undergo clean reaction with a broad range of 2-substituted meta-

xylyls impeding a direct comparison of calculated linear free energy correlations with 

experimentally determined rate constants, the reactivity of reagents that possess the bromide 

and nitro groups is consistent with the computational prediction that electron-deficient 

arenes should undergo more facile C-H activation and is also consistent with the model for 

C-H activation proposed herein (see Scheme 2.4 below). 

The computational and experimental studies described herein suggest SBM over 

EAS as the operational C-H activation mechanism for benzene C-H activation by 

TpRu(L)(L’)R systems.  However, the calculated positive ρ-values of 2.6 and 3.2 predict a 

greater electronic influence than the few examples reported for SBM reactions.24  This could 

be attributed to a lack of stabilizing solvent effects for the gas-phase calculations or suggest 
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that there is a slight deviation from the concerted transition state of SBM in which charge 

separation becomes more prevalent about the 4-centered atomic model.  Such charge 

buildup is consistent with a model in which coordination of the C-H bond increases its 

acidity, similar to coordination of dihydrogen,25 followed by an intramolecular proton 

transfer (Scheme 2.4).  Recent studies of arene C-H activation via 1,2-addition across Ru-X 

(X = OH, NHPh) bonds of related systems are also consistent with this working model.10, 11, 

26, 27  Superficially it may seem a semantic argument, but the IPT model provides a tool to 

more competently approach the design of low oxidation state, late transition metal catalysts 

for C-H activation.  The model simply states that enhancement of the basicity of the ligand 

receiving the activated hydrogen atom or the acidity of the C-H bond are likely to reduce the 

activation barrier for C-H bond cleavage. 

 

Scheme 2.4. Model of intramolecular proton transfer (IPT) for C-H activation of benzene by 
TpRu(L)R system. 

 

2.2.2  Stoichiometric Benzene C-H(D) Activation by TpRu(PMe3)(NCMe)R (R = Me or 
Ph).   

The Hammett studies suggest that C-H activation by TpRu(L)R systems proceeds by 

σ-bond metathesis with a Ru-H interaction in the transition state.  Thus, it is anticipated that 

more donating ancillary ligands would increase the rate of C-H activation by enhancing the 
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strength of the putative Ru-H bond in the transition state.  To test this hypothesis, the rates 

of C6D6 activation by TpRu(L)(NCMe)R (R = Me or Ph; L = CO or PMe3) were compared.  

The rate law for the proposed mechanism is depicted in Scheme 2.1 and is discussed in more 

detail below.  

Photolysis of the previously reported complex TpRu(PMe3)2Ph10 in NCMe cleanly 

produces TpRu(PMe3)(NCMe)Ph (2).11  Complex 2 is isolated in 75% yield, and 1H (Figure 

2.7) and 13C NMR spectra of 2 are consistent with an asymmetric complex.  A solid-state X-

ray diffraction study of 2 has confirmed its identity (Figure 2.8).  The structure reveals a 

pseudo-octahedral coordination sphere with a Ru-C(13) (ipso carbon of phenyl ligand) bond 

distance of 2.060(4) Å.  The structure of 2 is quite similar to that of TpRu(PMe3)2Ph with 

little change in the Ru-Cphenyl bond distance {2.068 (2) Å}.  The cyclic voltammogram of 2 

reveals a quasi-reversible Ru(IV/III) oxidation wave at 1.38 V and a reversible (if the scan is 

returned prior to the IV/III oxidation) Ru(III/II) oxidation wave at 0.30 V (versus NHE).  In 

contrast, the CO complex 1 exhibits an irreversible Ru(III/II) oxidation at 0.96 V.  Thus, as 

anticipated based on the well known relative donor properties of PMe3 vs. CO, complex 2 is 

more electron-rich than TpRu(CO)(NCMe)Ph (1). 

 

Scheme 2.5. Synthesis of TpRu(PMe3)(NCMe)Ph (2). 
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Figure 2.7. 1H NMR spectrum of TpRu(PMe3)(NCMe)Ph (2) (C6D6). 

 

 

Figure 2.8. ORTEP (30% probability) of TpRu(PMe3)(NCMe)Ph (2) (note: hydrogen atoms 
omitted for clarity).  Selected bond lengths (Å): Ru1-N7 2.005(3), Ru1-P1 2.279(1), Ru1-
C13 2.060(4), N7-C19 1.127(5), C13-C14 1.401(6), C13-C18 1.411(6).  Selected bond 
angles (º): Ru1-N7-C19 175.1(4), N7-C19-C20 178.6(5), C13-Ru1-N7 89.4(1), C13-Ru1-P1 
92.3(1), N7-Ru1-P1 92.6(1), N7-Ru1-N1 174.7(1). 
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At 70 °C, complex 2 reacts with C6D6 to produce C6H5D and 2-d5 (Scheme 2.6).  

After 72 hours, 1H NMR spectroscopy of this reaction reveals the absence of resonances due 

to the phenyl ligand of 2.  Incorporation of deuterium at the phenyl ligand was followed by 

monitoring the decrease of the resonance at 7.45 ppm (1H NMR) due to the ortho position of 

the phenyl ligand of 2 (Figure 2.9).  The rate of conversion of 2 to TpRu(PMe3)(NCMe)Ph-

d5 (2-d5) at 60 °C was monitored in triplicate by 1H NMR spectroscopy yielding a pseudo-

first order plot with a kobs of 4.2(1) x 10-5 s-1 (Figure 2.10).  Exchange of the perprotiophenyl 

ligand with perdeuterophenyl can also be observed by monitoring the meta and para phenyl 

resonances.  2H NMR spectroscopy of the product reveals the emergence of two single broad 

peaks centered at 7.25 and 7.20 ppm, nearly coincident with the reported 1H NMR chemical 

shifts of the protio-phenyl ligand of complex 2 (7.45, 7.27 and 7.20 ppm), consistent with 

the formation of the phenyl-d5 ligand of TpRu(PMe3)(NCMe)Ph-d5 (2-d5).11  Furthermore, 

heating 2-d5 in C6H6 and acquisition of 2H NMR spectra of the product reveals the 

reformation of perprotio-2.   

 

 

Scheme 2.6. Reaction of TpRu(PMe3)(NCMe)Ph (2) with C6D6 to form 
TpRu(PMe3)(NCMe)Ph-d5 (2-d5) and C6H5D and the reverse to form C6HD5. 
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Figure 2.9. 1H NMR spectra of TpRu(PMe3)(NCMe)Ph (2) on top and 
TpRu(PMe3)(NCMe)Ph-d5 (2-d5) on bottom. Two resonances of the phenyl ligand 
(demarked by vertical lines) disappear after sufficient heating. 

 

 

Figure 2.10. First order plot for benzene exchange of TpRu(PMe3)(NCMe)Ph (2) in C6D6 at 
60 °C.  The y-axis (ln [Ru]) is taken from the disappearance of phenyl resonances by 1H 
NMR spectroscopy. 

 

In addition to benzene C-H/D activation, H/D exchange at the Tp positions of the 

tris(pyrazolyl)borate ligand is also observed.  As previously reported,11 heating 

TpRu(PMe3)2X (X = Ph, Me, OPh, NHPh and OH) complexes in C6D6 results in isotopic 

exchange at the Tp 4-positions with only minimal deuterium incorporation at the Tp 3- or 5-

positions or PMe3 ligands.  Experimental studies suggest that the likely mechanism for the 

H/D exchange involves PMe3 ligand dissociation, Ru-mediated activation of an aromatic C-
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D bond, and deuteration of the Tp positions via net intermolecular D+ transfer.11  For 

complex 2, H/D exchange at all three positions of the pyrazolyl rings occurs in addition to 

phenyl exchange (Scheme 2.7), with the rates of exchange at all three 4-positions more rapid 

than those at the Tp 3/5-positions.  In the subset of H/D exchange reactions at the three 

unique Tp 4-positions and six unique 3/5-positions, the rates of exchange are not identical, 

and the minor differences are likely due to an electronic effect of the ligands trans to each 

pyrazolyl ring.  The resonance due to the 4-position of the pyrazolyl ring trans to the PMe3 

ligand can be readily identified due to long-range coupling between the hydrogen and 

phosphine ligand (6.10 ppm, dt with 5
JHP = 1 Hz).  This coupling pattern is quite common 

among many TpRu complexes bearing phosphine ligands.  At 60 ºC, the 4-position 

pyrazolyl trans to PMe3 undergoes H/D exchange less rapidly than those trans to NCMe and 

phenyl ligands {kobs = 7.5(5) x 10-6 s-1 versus kobs = 9.2(5) x 10-6 s-1 for the average of the 

pyrazolyl rings cis to PMe3}.  Comparing the calculated ∆G
‡’s from the rate constants for 2 

and TpRu(PMe3)(L)X systems (X = OH, Ph, Me, NHPh or OPh; L = NCMe or PMe3) 

indicate a decreasing rate of  H/D exchange at the Tp-4 positions in the following order : 2cis 

> 2trans > OHtrans > Phtrans > Metrans > NHPhtrans > OPhtrans. 
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Scheme 2.7. H/D exchange at Tp positions for TpRu(PMe3)(NCMe)Ph (2) after extended 
heating in C6D6 and ultimately resulting in the formation of TpRu(PMe3)(NCMe)Ph (2-d14). 

 

 In order to expand the understanding of the mechanism of C-H activation by 

TpRu(PMe3)(NCMe)R systems, the synthesis of TpRu(PMe3)(NCMe)Me (3) was pursued.  

From 3, the loss of methane gas can render C-H activation processes irreversible.  In 

addition, M-aryl and alkane is generally favored thermodynamically over M-alkyl and 

aromatic.28  Due to the irreversible nature of aromatic C-H activation, complex 3 allows for 

studies of stoichiometric aromatic C-H activation by TpRu(PMe3)(NCMe)Me (Scheme 2.8).  

 

s 

Scheme 2.8. Anticipated equilibrium between TpRu(PMe3)(NCMe)Me (3)/benzene and 
TpRu(PMe3)(NCMe)Ph (2)/methane illustrating the unfavorable microscopic reverse of 
benzene C-H activation. 
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The reaction of TpRu(PMe3)(NCMe)Ph (2) and triflic acid (HOTf) at room 

temperature affords TpRu(PMe3)(NCMe)OTf (4) (OTf = trifluoromethanesulfonate) in 97% 

yield (Scheme 2.9).  The 1H NMR spectrum of 4 is shown in Figure 2.7.  The addition of 

Me2Mg to a benzene solution of TpRu(PMe3)(NCMe)OTf (4) yields 

TpRu(PMe3)(NCMe)Me (3) at room temperature in 60% yield (Scheme 2.10).  In addition 

to multinuclear NMR spectroscopy (1H NMR, Figure 2.12) and elemental analysis, complex 

3 has been characterized by solid-state X-ray diffraction study (Figure 2.13).  The structure 

of 3 reveals a pseudo-octahedral coordination sphere with little deviation from the 

octahedral paradigm.  The Ru-Me bond distance of 2.129(3) Å is comparable to previously 

reported Ru-Me bond lengths including Tp*Ru(η4-cyclooctadiene)Me {Tp* = 

hydridotris(3,5-dimethylpyrazolyl)borate}, 2.159(4) Å,29 (R)Ru-

Ru(neomenthylcyclopentadienyl)(CO)(PPh3)Me, 2.165(16) Å,30 [(η6-

C6H6)Ru(Me)(PPh3)2][AlMe2Cl2], 2.124(9) Å,31 and [Ru(bpy)2(CO)Me][PF6] (bpy = 2,2-

bipyridine), 2.21(2) Å.32 

 

 

Scheme 2.9. Synthesis of TpRu(PMe3)(NCMe)OTf (4). 
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Figure 2.11. 1H NMR spectrum of TpRu(PMe3)(NCMe)OTf (4) (C6D6). {NOTE: NCMe 
and PMe3 resonances overlap at 1.18 ppm in C6D6; these resonances are separated in 
acetone-d6 (see section 2.5).} 

 

 

Scheme 2.10. Synthesis of TpRu(PMe3)(NCMe)Me (3). 

 

Figure 2.12. 1H NMR spectrum of TpRu(PMe3)(NCMe)Me (3) (C6D6). 

 

Ru-Me: 
3
JPH = 5 Hz 
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Figure 2.13. ORTEP of TpRu(PMe3)(NCMe)Me (3) (30% probability with hydrogen atoms 
omitted).  Selected bond lengths (Å): Ru1-N7, 1.989(2); Ru1-C10, 2.129(3); Ru1-P1, 
2.253(1); Ru1-N1, 2.170(2); Ru1-N3, 2.080(2); Ru1-N5, 2.135(2); N7-C11, 1.145(3); C11-
C12, 1.438(4); Selected bond angles (º): N7-Ru1-C10, 88.6(1); N7-Ru1-P1, 92.0(1); C10-
Ru1-P1, 91.0(1); N7-C11-C12, 179.2(3). 

 

Heating 3 in C6D6 in a sealed NMR tube produces 2-d5 in quantitative yield and 

CH3D  after approximately 24 hours at 70 °C (Scheme 2.11).  Heating 3 in a 1:1 molar ratio 

of C6D6 and C6H6 produces CH3D and CH4.  Since benzene activation by 3 is irreversible 

(i.e., complex 2 does not react with methane), the ratio of CH4 to CH3D provides the relative 

rates of reaction with C6H6 (kH) and C6D6 (kD).  Analysis of resonances due to methane 

(singlet ~ 0.16 ppm in 1H NMR spectrum) and methane-d1 (1:1:1 triplet at ~ 0.15 ppm with 

1
JHD = 2 Hz in 1H NMR spectrum) from a triplicate set of experiments using 1H NMR 

spectroscopy (Figure 2.14) reveals an average kH/kD = 2.7(1).  Thus, similar to 

stoichiometric benzene activation by TpRu(CO)(NCMe)Me, the intermolecular primary 

kinetic isotope effect for 3 is consistent with C-H(D) activation of coordinated benzene as 

the RDS.  Furthermore, the statistically identical primary kinetic isotope effects (KIEs) 
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measured for TpRu(CO)(NCMe)Me {kH/kD = 2.5(5)} and complex 3 suggest that benzene 

C-H(D) activation by TpRu(L)(η2-benzene)R (L = CO or PMe3) may have geometrically 

similar transition states, a conjecture supported by DFT calculations (vide infra).  

 

Scheme 2.11. Reaction of TpRu(PMe3)(NCMe)Me (3) in C6D6 to quantitatively produce 
TpRu(PMe3)(NCMe)Ph-d5 (2-d5) and CH3D. 

 

 

Figure 2.14. Sample 1H NMR spectrum showing resonances due to CH3D and CH4 resulting 
from reaction of TpRu(PMe3)(NCMe)Me (3) in a 1:1 mixture of C6H6 and C6D6. 

 

Because benzene C-H activation is suggested to involve acetonitrile dissociation by 

TpRu(L)(NCMe)R systems (Scheme 2.1), the lability of the acetonitrile ligand of 2 was 

gauged through degenerate ligand exchange with NCCD3 at 60 °C by monitoring the 
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disappearance of the resonance due to the acetonitrile ligand (2.31 ppm) through three half-

lives.  The emergence of a resonance due to free NCMe at 1.96 ppm is concomitant with the 

disappearance of the coordinated NCMe resonance.  Determination of the kobs for the 

NCMe/NCCD3 exchange from three separate experiments yielded an average pseudo-first 

order kobs of 1.5(1) x 10-4 s-1 (Figure 2.15), which is more rapid than the rate of benzene 

activation (see below). The rate of ligand exchange at 60 °C between coordinated NCMe 

and free NCCD3 is approximately 5 times more rapid for the PMe3 complex 2 than for 

TpRu(CO)(NCMe)Ph (1) {kobs = 3.2(2) x 10-5 s-1} at 70 °C. 

 

Figure 2.15. Sample first order plot for acetonitrile exchange of TpRu(PMe3)(NCMe)Ph (2)    
in NCCD3 at 60 °C.  The y-axis (ln [Ru-NCMe]) is taken from the disappearance of 
coordinated protio-NCMe by 1H NMR spectroscopy. 

 

In order to test the influence of acetonitrile dissociation on benzene C-H activation, 

the rate of C6D6 activation by 2 as a function of free acetonitrile concentration was 

determined.  Figure 2.16 shows a plot of kobs versus concentration of free acetonitrile.  Each 

kobs in the plot (Figure 2.16) is an average of at least three independent experiments.  The 
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plot in Figure 2.16 is consistent with the proposed mechanism and the corresponding rate 

law (Scheme 2.1).   

 

Figure 2.16. Plot of the kobs for C6D6 activation by TpRu(PMe3)(NCMe)Ph (2) versus 
concentration of free acetonitrile at 60 °C in C6D6.  Each data point (kobs) is an average of at 
least three experiments.  

 

As additional verification that acetonitrile dissociation is involved in benzene 

activation, TpRu(PMe3)(CNtBu)Ph (5) was independently synthesized in 75% isolated yield 

by heating 2 in benzene with 3 equivalents of t-butyl isonitrile (CNtBu) for 2 hours (Scheme 

2.12).  Isonitrile ligands are known to strongly coordinate and it was thus anticipated that 

CNtBu would be less labile than NCMe.  Complex 5 has been characterized by multi-

nuclear NMR spectroscopy (1H NMR, Figure 2.17), elemental analysis and a solid-state X-

ray diffraction study of a single crystal (Figure 2.18,), the latter revealing a pseudo-

octahedral coordination sphere.  The carbon-nitrogen bond distance of the isonitrile ligand is 

1.160(6) Å, slightly longer than the average C≡N triple bond length (1.15 Å) of free 

isonitrile, a likely reflection of decreased C≡N bond order due to π-backbonding.  Infrared 

spectroscopy of 3 reveals a υCN = 2031 cm-1, which is at lower energy relative to free t-butyl 
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isonitrile (υCN = 2140 cm-1) providing additional evidence that the ligand is participating in 

π-backbonding.   

 

Scheme 2.12. Synthesis of TpRu(PMe3)(CNtBu)Ph (5). 

 

 

Figure 2.17. 1H NMR spectrum of TpRu(PMe3)(CNtBu)Ph (5). {NOTE: CNtBu and PMe3 
resonances overlap at 1.18 ppm in C6D6.} 
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Figure 2.18. ORTEP of TpRu(PMe3)(CNtBu)Ph (5) (30% probability with hydrogen atoms 
omitted).  Selected bond lengths (Å): Ru1-C16 1.882(5), Ru1-P1 2.280(1), Ru1-C10 
2.065(4), N7-C16 1.160(6), N7-C17 1.451(7), C10-C11 1.401(6).  Selected bond angles (º): 
Ru1-C16-N7 177.3(4), C16-N7-C17 157.5(5), C16-Ru1-C10 87.3(2), C10-Ru1-P1 92.8(1), 
C16-Ru1-P1 92.1(1), C16-Ru1-N1 175.3(2). 

 

Taking into account the notion that the isonitrile ligand of 5 is more tightly 

coordinated than the acetonitrile ligand of 2, the lack of dissociation of isonitrile is expected 

to prevent formation of the supposed five-coordinate system {TpRu(PMe3)Ph} in the 

benzene C-H(D) activation pathway (Scheme 2.1).  Consistent with this proposal, heating 

complex 4 in C6D6 for 3 days at 60 °C results in no observable change by 1H NMR 

spectroscopy (Scheme 2.13). 
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Scheme 2.13. Heating TpRu(PMe3)(CNtBu)Ph (5) in results in no observation of benzene C-
D activation. 

 

Additional benzene activation experiments at various temperatures were conducted 

with TpRu(PMe3)(NCMe)Ph (2) in order to deconvolute ∆H
╪ and ∆S

╪ of the reaction.  The 

kobs values for C6D6 activation by 2 was determined at 50 °C, 60 °C, 70 °C and 80 °C.  The 

resulting Eyring plot (Figure 2.19) for the overall benzene C-H activation pathway reveals a 

good linear correlation (R2 = 0.99) over the 30 °C temperature range.  From the slope, the 

enthalpy of activation (∆H
╪) is calculated to be 26.6(2) kcal/mol while the entropy of 

activation (∆S
╪) is 5(3) eu.  The small entropic value has little impact on the overall reaction 

kinetics and is within the range where solvation effects can dominate.  Thus, the overall free 

energy of activation for benzene C-D activation by 2 is predominately composed of 

enthalpic character.  Similarly, Ir(O,O-acac)2(Me)(pyridine), a known catalyst for olefin 

hydroarylation, has a ∆H
╪ of 41.1(1) kcal/mol and a ∆S

╪ of 11.5(3) eu for benzene C-H 

activation.33  Complexes 1, 2 and the aforementioned Ir system are suspected to proceed 

through a similar reaction pathway.  It must be noted however, that these values for both 2 

and Ir(O,O-acac)2(Me)(pyridine) are derived from the kobs for the whole degenerate benzene 

exchange pathway and not from the single kC-Hact rate. 
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Figure 2.19. Eyring plot of C6D6 activation by TpRu(PMe3)(NCMe)Ph (2) (50 °C to 80 °C). 

 

2.2.3  Comparative Study of Benzene C-H Activation.   

In order to determine the impact of the ancillary ligand "L" on the overall rate of 

benzene C-H activation by TpRu(L)(NCMe)Ph (L = CO or PMe3), the reaction of 1 and 

C6D6 was compared with 2 and C6D6.  In addition to the formation of TpRu(CO)(NCMe)Ph-

d5 (1-d5) and C6H5D, the reaction of complex 1 and C6D6 at elevated temperatures in the 

absence of added NCMe results in partial decomposition of 1 to uncharacterized products.  

However, the addition of free NCMe suppresses the decomposition and allows reproducible 

kinetics for the nearly quantitative conversion of 1 and C6D6 to 1-d5 and C6H5D.  The rate of 

C6D6 activation was determined by independent reactions with 1, 1.5, 2, 3 and 4 equivalents 

of free NCMe with respect to complex 1 (Figure 2.20).  Each kobs in the plot (Figure 2.20) is 

an average of at least three independent experiments.  As with complex 2, the plot is 

consistent with the rate law in Scheme 2.1. 
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Figure 2.20. Plot of kobs for C6D6 activation by TpRu(CO)(NCMe)Ph (1) versus 
concentration of free NCMe at 60 °C.  Each data point (kobs) is an average of at least three 
experiments. 

 

 

  Table 2.2 displays the ratio of kobs values for C6D6 activation by complexes 1 and 2 

with the variable concentration of free acetonitrile extracted from Figure 2.16 and Figure 

2.20.  It must be noted, however, that the kobs values are a combination of all the rate 

constants and concentration terms from the rate equation in Scheme 2.1.  Nonetheless, the 

overall rate of benzene C-D activation by TpRu(L)(NCMe)Ph is approximately 2 to 3 times 

more rapid for L = PMe3 than for L = CO over the range of NCMe concentrations.  The 

difference in rate of benzene C-H activation represents a relatively small overall difference 

in the ∆G
╪.   
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Table 2.2. Comparison of kobs and ∆G
╪ values (60 °C; kcal/mol) for C6D6 activation by 

TpRu(CO)(NCMe)Ph (1) and TpRu(PMe3)(NCMe)Ph (2) with 1, 2 and 3 added equivalents 
of NCMe relative to Ru loading. 

Equivalents of NCMe  [NCMe], (M) 
kobs(2) / kobs(1) ∆G

╪ of (1) ∆G
╪ of (2) 

1 0.03 2.9 27.7(1) 27.0(1) 

2 0.07 2.8 28.0(1) 27.3(1) 

3 0.10 1.8 28.0(1) 27.6(1) 

 

2.2.4  Catalytic Hydrophenylation of Ethylene.   

Complex 1 has been previously reported to catalyze the hydroarylation of olefins as 

depicted in Scheme 2.14.1, 3  Using the mechanism in Scheme 2.14, the overall catalyst 

activity is determined by the rates of olefin coordination, olefin insertion into the Ru-aryl 

bond, aromatic coordination and aromatic C-H activation.  The latter step has been shown to 

be the likely RDS in both catalytic and stoichiometric benzene C-H activation by 

TpRu(L)(NCMe)R systems.3  Above, we disclosed data consistent with an increase in the 

overall rate of benzene C-H activation upon substitution of the CO ligand with PMe3.  Given 

that aromatic C-H activation is the proposed RDS in the catalytic hydrophenylation of 

ethylene, this suggests that TpRu(PMe3)(NCMe)Ph (2) might be a more active catalyst than 

TpRu(CO)(NCMe)Ph (1) for the hydroarylation of olefins. 
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Scheme 2.14. Catalytic hydroarylation of olefins (benzene and ethylene shown) using 
TpRu(L)(NCMe)Ph (L = CO or PMe3). 

 

Using complex 2 as catalyst (0.1 mol %), we explored the catalytic hydrophenylation 

of ethylene in benzene.  After analysis of various reaction conditions ranging from 25 psi to 

900 psi of ethylene and 60 °C to 180 °C, maximum production of ethylbenzene was 

achieved at 800 psi of ethylene at 180 °C (Table 2.3).  Under these conditions, 3.6 

equivalents of ethylbenzene and 2.5 equivalents of styrene (based on 2) are observed after 

12 hours.  For most reaction conditions, analysis of the catalyst mixture after heating 

revealed the near quantitative production (by 1H NMR spectroscopy) of the η3-allyl complex 

TpRu(PMe3)(η3-C4H7) (6) (see below for characterization details of complex 6).  Attempted 

catalysis with 1-hexene produced no alkyl benzene under variable conditions, whereas 

complex 1 produced a total of 11 turnovers of a 1.7:1 mixture of 1-phenylhexane and 2-

phenylhexane.  Thus, the PMe3 complex 2 is clearly a less efficient catalyst for the 

hydroarylation of olefins than is the CO complex 1. 
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Table 2.3. Hydrophenylation of ethylene by TpRu(PMe3)(NCMe)Ph (2) (0.1 mol %) in 
benzene after 12 hours.  Butenes were also detected for the reactions (see below). 

Temp. 

(C°°°°) 

C2H4 

(psi) 
Ethyl 

Benzene
a
 

 
Styrene

a
 

90 25 None None 

90 250 0.1 trace 

90 500 0.1 trace 

90 900 0.1 trace 

150 500 0.4 1.0 

150 800 0.4 1.2 

180 500 2.2 0.9 

180 800 3.6 2.5 
aGiven in TONs (turnover numbers) based on 2. 

 

2.2.5  Reaction of TpRu(L)(NCMe)Ph with Ethylene.   

Having observed the formation of the η
3-allyl complex TpRu(PMe3)(η3-C4H7) (6) 

during attempted hydrophenylation of ethylene, more details concerning the formation of 6 

were sought.  The reaction of 2 with ethylene (250 psi) in THF at 70 °C produces 6 in 92% 

isolated yield (Scheme 2.15).  Analyses of crude reaction mixtures by 1H NMR spectroscopy 

suggest that 6 is formed quantitatively from 2 and ethylene under these conditions (note: 

lower ethylene pressure of 80 psi results in a slightly reduced yield of 6, see below).  1H 

NMR spectroscopy reveals five unique resonances consistent with the formation of the η3-

allyl ligand (Figure 2.21).  Homonuclear decoupling experiments were employed to 

determine the coupling constants for the allyl protons also shown in Figure 2.21.  From the 

decoupling experiment, one coupling for the allyl resonance “c” could not be removed 

through irradiation and this coupling constant was assigned as a three bond coupling with 
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phosphorus (3
JPHc = 6.2 Hz).  Two-dimensional P-H Heteronuclear Shift Correlation (HSC) 

studies were carried out and verified that phosphorus is coupled with the allyl “c” resonance, 

but the poor resolution prevented extraction of a coupling constant from the HSC 

experiment.  Additionally, a single crystal X-ray diffraction study produced a structure that 

confirms the atom connectivity of 6; however, the structure suffers from disorder likely due 

to the orientation of the allyl ligand. 

 

Scheme 2.15. Synthesis of TpRu(PMe3)(η3-C4H7) (6). 

 

Figure 2.21. 1H NMR spectrum of TpRu(PMe3)(η3-C4H7) (6) (C6D6). Includes coupling 
constants for the η3-allyl ligand determined by homonuclear decoupling experiments. 

 

a b 
c d 

Me 



 111 

To explore the mechanism of formation of 6 high pressure J-Young NMR tubes were 

used to follow the in situ conversion of 2 and ethylene (80 psi) to 6 at 60 °C in THF-d8.  

During the conversion, the disappearance of 2, emergence and disappearance of three 

primary intermediates,34 and the ultimate formation of 6 was observed.  The formation of 6 

occurs with t1/2 ~ 41 hours in approximately 90% yield.  In contrast to higher pressures (i.e., 

250 psi) of ethylene (see above), minor decomposition (~ 10% to 15%) is observed during 

the reaction using 80 psi of ethylene.  Based on 1H NMR spectroscopy and independent 

preparation 7 and 8, the three primary intermediates are proposed to be TpRu(PMe3)(η2-

C2H4)Ph (7), TpRu(PMe3)(η2-C2H4)(η1-C2H3) (8) and TpRu(PMe3)(η2-

C2H4)(CH2CH2CH=CH2) (9) (Scheme 2.16).  TpRu(PMe3)(NCMe)(η1-C2H3) (10), which 

has been independently prepared and isolated, is also observed in very small amounts.  

Complex 7 has been separately prepared and isolated, while complex 8 has been 

independently generated and observed by 1H NMR spectroscopy, but not isolated (see below 

and Experimental Section).  The identity of 9 has not been confirmed by independent 

experiments (see below).  Figure 2.22 depicts plots of concentration versus time for all 

species observed in the conversion of 2 and ethylene to 6 from a single experiment.  

Repetition of the kinetic analysis reveals similar plots. 
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Scheme 2.16. Proposed mechanism for the formation of TpRu(PMe3)(η3-C4H7) (6) from the 
reaction of TpRu(PMe3)(NCMe)Ph (2) and ethylene.  Rate constants in units of s-1 (x 10-4). 

 

Figure 2.22. Plot of concentration versus time for all species observed in the conversion of 
TpRu(PMe3)(NCMe)Ph (2) and ethylene to TpRu(PMe3)(η3-C4H7) (6) including complex 2 
(black, squares), 6 (red, circles), TpRu(PMe3)(η2-C2H4)Ph (7) (blue, triangles), 
TpRu(PMe3)(η2-C2H4)(η1-C2H3) (8) (green, diamond) and TpRu(PMe3)(η2-
C2H4)(CH2CH2CH=CH2) (9) (orange, squares).  Data are from one experiment and were 
acquired at 60 ºC in THF-d8 under 80 psi of ethylene. 
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Scheme 2.16 depicts a proposed pathway for the conversion of 2 and ethylene to the 

allyl complex 6.  TpRu(PMe3)(η2-C2H4)Ph (7) is the first observed intermediate with 

resonances due to the coordinated ethylene (multiplets) at 3.15 and 2.77 ppm (THF-d8).  

Consistent with the assignment of this species, monitoring the conversion of 

TpRu(PMe3)(NCMe)(η1-C2H3) (10) and ethylene to the allyl complex 6 proceeds via 8 and 

9 but does not involve the formation of 7 (see below).  In addition, complex 7 has been 

independently prepared via photolysis of TpRu(PMe3)2Ph under an ethylene atmosphere and 

isolated in 35% yield (Scheme 2.17; 1H NMR, Figure 2.23); however, complex 7 

decomposes in various solvents at room temperature in the absence of excess ethylene, 

which precluded further characterization.  Ethylene C-H activation from 7 forms free 

benzene and the unobserved species TpRu(PMe3)(η1-C2H3).  Coordination of ethylene to 

TpRu(PMe3)(η1-C2H3) forms TpRu(PMe3)( η2-C2H4)(η1-C2H3) (8).  By 1H NMR 

spectroscopy, the formation of 8 is accompanied by the production of free benzene.  

Complex 8 exhibits resonances at 8.19, 5.57 and 4.40 ppm, assigned to the vinyl ligand, and 

two multiplets at 2.85 and 2.44 ppm assigned to the coordinated ethylene.  Insertion of 

ethylene into the Ru-vinyl bond of 8 and coordination of another equivalent of ethylene 

would produce complex 9.  Complex 9 is never present in large concentrations in the 

absence of multiple other Ru systems (later in the reaction, 9 is present in only low 

concentrations), and it has been neither isolated nor independently produced.  Thus, 

establishing the structure of 9 is difficult, and its identity is tentative.  Although it is 
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reasonable to suggest complex 9 as TpRu(PMe3)(η2-C2H4)(CH2CH2CH=CH2), all that can 

be confidently stated about 9 is that it is likely the precursor to the allyl complex 6. 

 

Scheme 2.17. Synthesis of TpRu(PMe3)(η2-C2H4)Ph (7). 

 

Figure 2.23. 1H NMR spectrum of TpRu(PMe3)(η2-C2H4)Ph (7) (C6D6). 

 

Using kinetic simulations (KINSIM/FITSIM software) rate constants for the 

individual steps for the conversion of 2 to 6 were determined.  The rate constant for the 

NCMe/ethylene ligand exchange {kobs = 1.9(4) x 10-4 s-1} from TpRu(PMe3)(NCMe)Ph (2) 

is statistically identical to the rate of NCMe/NCCD3 exchange for 2 {kobs =  1.5(1) x 10-4 s-1} 

discussed above (Figure 2.15), which supports a dissociative pathway for both 
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transformations.  Assuming that ethylene coordination to TpRu(PMe3)(η1-C2H3) is rapid, the 

rate of conversion of 7 to 8 provides the rate of Ru-mediated ethylene C-H activation, which 

is estimated to be kC2H4act = 1.1(1) x 10-4 s-1.  Ethylene insertion into the Ru-vinyl bond of 8 

forms TpRu(PMe3)(CH2CH2CH=CH2), which is presumed to form TpRu(PMe3)(η2-

ethylene)(CH2CH2CH=CH2) (9) upon coordination of ethylene.  Kinetic simulation suggests 

that ethylene insertion to form 9 occurs with kC2H4ins = 5.9(6) x 10-5 s-1.  The rate constant 

from kinetic simulation for ethylene insertion during the conversion of the vinyl complex 

TpRu(PMe3)(NCMe)(η1-C2H3) (10) and ethylene to 6 provides a check of kC2H4ins 

determined from the conversion of 2 and ethylene to 6, and this value is 5.7(6) x 10-5 s-1 (see 

below).  Dissociation of ethylene from 9 and rearrangement of the butenyl ligand 

"CH2CH2CH=CH2" likely leads to the formation of the allyl complex 6. 

  The η1-vinyl complex TpRu(PMe3)(NCMe)(η1-C2H3) (10) has been isolated in 66% 

yield upon reaction of TpRu(PMe3)(NCMe)OTf (4) and Mg(vinyl)2[diglyme]1.5 and has 

been characterized by 1H, 13C{1H} and 31P{1H} NMR spectroscopy as well as high 

resolution mass spectrometry (Scheme 2.18).  1H NMR spectroscopy of 10 shows 3 distinct 

downfield resonances (each ddd’s) at 8.83 ppm (vinyl hydrogen α to Ru), 6.62 ppm (β vinyl 

hydrogen trans to Ru) and 5.68 ppm (β vinyl hydrogen cis to Ru) (Figure 2.24).  All vinyl 

resonances are coupled to the phosphorous of the PMe3 ligand with 3.0, 1.7 and 1.1 Hz 

coupling constants, respectively.  Relative to complex 10, the 1H NMR spectrum of 

Mg(vinyl)2[diglyme]1.5 reveals resonances shifted significantly upfield.  Heating complex 10 

at 70 °C in C6D6 produces 2-d5 and C2H3D (1H NMR spectroscopy) (Scheme 2.19).  
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Additionally, reaction of 10 with HCl produces free C2H4 (1H NMR spectroscopy) and 

TpRu(PMe3)(NCMe)Cl (11) (Scheme 2.20).  In order to verify the identity of 11, this 

complex was independently synthesized by photolysis of TpRu(PPh3)(PMe3)Cl in NCMe 

and isolated in 92% yield (Scheme 2.21; 1H NMR, Figure 2.25).  A single-crystal solid-state 

X-ray diffraction study of 11 displays a structure which occupies a pseudo-octahedral 

coordination sphere (Figure 2.26,).  The Ru-N {2.006(3) Å} and N-C triple {1.130(4) Å} 

bond lengths of the acetonitrile ligand differ little from the corresponding bond length of 

complex 2, 2.005(3) Å and 1.127(5) Å respectively. 

 

Scheme 2.18.  Synthesis of TpRu(PMe3)(NCMe)(η1-C2H3) (10). 
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Figure 2.24. 1H NMR spectrum of TpRu(PMe3)(NCMe)(η1-C2H3) (10) (C6D6). (NOTE: 
contains excess diglyme between 3.0 and 3.5 ppm that could not be removed.) 

 

 

Scheme 2.19. Reaction of TpRu(PMe3)(NCMe)(η1-C2H3) (10) and C6D6 to form 
TpRu(PMe3)(NCMe)Ph (2-d5) and H2C=CHD. 

 

 

Scheme 2.20. Reaction of TpRu(PMe3)(NCMe)(η1-C2H3) (10) and HCl to form 
TpRu(PMe3)(NCMe)Cl (11) and ethylene. 

 

α to 

Ru 

β-trans 
to Ru 

β-cis 
to Ru 
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Scheme 2.21. Synthesis of TpRu(PMe3)(NCMe)Cl (11). 

 

Figure 2.25. 1H NMR spectrum of TpRu(PMe3)(NCMe)Cl (11) (C6D6). 

 

 

Figure 2.26. ORTEP of TpRu(PMe3)(NCMe)Cl (11) (30% probability with hydrogen atoms 
omitted).  Selected bond lengths (Å): Ru1-N7, 2.006(3); Ru1-Cl1, 2.432(1); Ru1-P1, 
2.278(1); Ru1-N1, 2.060(3); Ru1-N3, 2.071(3); Ru1-N5, 2.131(3); N7-C10, 1.130(4); C10-
C11, 1.450(5); Selected bond angles (deg): N(7)-Ru(1)-Cl(1), 88.59(9); N7-Ru1-P1, 
92.86(9); P(1)-Ru(1)-Cl(1), 92.20(4); N(7)-C(10)-C(11), 179.0(4). 
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Consistent with TpRu(PMe3)(η1-C2H3) being an intermediate in the conversion of 2 

and ethylene to TpRu(PMe3)(η3-C4H7) (6), heating complex 10 under 80 psi of ethylene at 

60 °C in THF-d8 (high pressure J-Young tube) results in complete conversion to complex 6 

with the observation of complexes 8 and 9 (Scheme 2.22).  Also, as would be expected, 

TpRu(PMe3)(η2-C2H4)Ph (7) is not observed.  Figure 2.27 displays a plot of concentration 

versus time for the species in the conversion of 10 to 6.  Simulation fits using 

KINSIM/FITSIM were used to extract rate constants for the individual steps.  Table 2.4 

compares the simulated rate constants for NCMe/ethylene exchange (kex), ethylene insertion 

into the Ru-vinyl bond of (8) (kins) and rearrangement of the butenyl ligand from 9 

(kisomerization) for the conversion of both complexes 2 and 10 to the allyl complex 6.  All three 

different rate constants are statistically identical for both independent conversion 

experiments helping to validate the proposed mechanism for the formation of 

TpRu(PMe3)(η3-C4H7) (6). 

 

Scheme 2.22. Proposed mechanism for the formation of TpRu(PMe3)(η3-C4H7) (6) from the 
reaction of TpRu(PMe3)(NCMe)(η1-C2H3) (10) and ethylene.  Rate constants in units of s-1 
(x 10-4). 
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Figure 2.27. Plot of concentration versus time for all species observed in the conversion of 
TpRu(PMe3)(NCMe)(η1-C2H3) (10) and ethylene to TpRu(PMe3)(η3-C4H7) (6) including 
complex 10 (carolina blue), 6 (red), TpRu(PMe3)(η2-C2H4)(η1-C2H3) (8) (green) and 
TpRu(PMe3)(η2-C2H4)(CH2CH2CH=CH2) (9) (orange).  Data acquired at 60 ºC in THF-d8 
under 80 psi of ethylene. 

 

Table 2.4. Comparison of simulated rates of NCMe/C2H4 exchange (kex), C2H4 insertion 
(kins) and butenyl ligand isomerization (kisomerization) for the independent conversions of 
TpRu(PMe3)(NCMe)Ph (2) and  TpRu(PMe3)(NCMe)(η1-C2H3) (10) to TpRu(PMe3)(η3-
C4H7) (6).  Rate constants in units of s-1 (x 10-4). 

Rate constant 2����6 10����6 

kexchange 0.6(3) 0.7(1) 

kinsertion 5.9(6) 5.7(6) 

kisomerization 0.15(1) 0.18(2) 

 

Similar to 2, during catalytic hydrophenylation of ethylene using complex 1, at 

prolonged reaction times and high ethylene pressures, the allyl complex TpRu(CO)(η3-

C4H7) (12) is formed.  At 250 psi of ethylene in THF at 70 °C, complex 1 is converted to 12 

in 98% isolated yield (Scheme 2.23; 1H NMR, Figure 2.28).  Monitoring the conversion of 1 

to 12 by 1H NMR spectroscopy in THF-d8 at 60 °C at 80 psi of ethylene (Figure 2.29) 
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reveals important differences from the conversion of the PMe3 complex 2 and ethylene to 6.  

Comparison of the pseudo-first order rates of disappearance of TpRu(CO)(NCMe)Ph (1) and 

TpRu(PMe3)(NCMe)Ph (2) under ethylene pressure (Figure 2.30), showed the rate of 

exchange of NCMe for C2H4 by complex 2 (kobs = 3.1 x 10-5 s-1) to be nearly 5-fold faster 

than that of complex 1 (kobs = 6.0 x 10-6 s-1).  This is consistent with the observed 5-fold rate 

difference for dissociation of the NCMe ligand of complex 2 and 1 in NCCD3, kobs = 1.55(4) 

x 10-4 s-1 and kobs = 3.2(2) x 10-5 s-1 (see above), respectively.  The reaction of 

TpRu(PMe3)(NCMe)Ph (2) and ethylene initially produces TpRu(PMe3)(η2-C2H4)Ph (7), 

which subsequently converts to TpRu(PMe3)(η2-C2H4)(η1-C2H3) (8) and free benzene.  In 

contrast, the reaction of TpRu(CO)(NCMe)Ph (1) and ethylene does not produce observable 

TpRu(CO)(η2-C2H4)Ph.  Rather, the first observed species by 1H NMR spectroscopy is 

assigned as TpRu(CO)(η2-C2H4)(CH2CH2Ph).  Consistent with this assignment, the reaction 

of previously reported TpRu(CO)(NCMe)(CH2CH2Ph)12 with ethylene (THF-d8) at 60 ºC 

produces the same presumed TpRu(CO)(η2-C2H4)(CH2CH2Ph) complex (followed by 

formation of the allyl complex 12).  The production of ethyl benzene (observed by 1H NMR 

spectroscopy and confirmed by GC/MS) occurs simultaneous to the conversion of 

TpRu(CO)(η2-C2H4)(CH2CH2Ph) to complex 12.  No evidence for the formation of free 

benzene is obtained.  The formation of TpRu(CO)(η3-C4H7) (12) is quantitative with t1/2 ~ 

34 hours, faster than the formation of TpRu(PMe3)(η3-C4H7) (6) from 2 with t1/2 ~ 41.5 

hours.  These observations are consistent with relatively rapid insertion of ethylene into the 

Ru-Ph bond of TpRu(CO)(η2-C2H4)Ph to form TpRu(CO)(CH2CH2Ph), which coordinates 
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ethylene to produce TpRu(CO)(η2-C2H4)(CH2CH2Ph).  Carbon-hydrogen bond activation of 

coordinated ethylene produces ethyl benzene and an unobserved Ru-vinyl complex, which 

rapidly converts in the presence of ethylene to the allyl complex 12 (Scheme 2.24).  

Simulation of the kinetic data reveals that the rate of ethylene C-H activation by 

TpRu(CO)(η2-C2H4)(CH2CH2Ph) is kC2H4act = 3.4(4) x 10-5 s-1 {assuming that the RDS for 

the formation of 12 from TpRu(CO)(η2-C2H4)(CH2CH2Ph) is ethylene C-H activation}.  In 

comparison, the rate of ethylene C-H activation by TpRu(PMe3)(η2-C2H4)Ph (7) is kC2H4act = 

1.1(1) x 10-4 s-1, which is approximately 3 times more rapid than the CO system.  Thus, the 

relative rates of olefin C-H activation are similar to the relative rates of overall benzene C-

H(D) activation by TpRu(CO)(Ph)(benzene) and TpRu(PMe3)(Ph)(benzene) systems with 

the PMe3 system initiating C-H activation ~ 3 times more rapidly than the CO complex (see 

Table 2.2). 

 

Scheme 2.23. Synthesis of TpRu(CO)(η3-C4H7) (12). 
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Figure 2.28. 1H NMR spectrum of TpRu(CO)(η3-C4H7) (12) (C6D6). Includes coupling 
constants for the η3-allyl ligand determined by homonuclear decoupling experiments. 

 

 

Scheme 2.24. Proposed pathway for conversion of TpRu(CO)(NCMe)Ph (1) and ethylene to 
the allyl complex TpRu(CO)(η3-C4H7) (12).   

 

a 

d c 
b 

Me 



 124 

 

Figure 2.29. Plot of concentration versus time for all species observed in the conversion of 
TpRu(CO)(NCMe)Ph (1) and ethylene to TpRu(CO)(η3-C4H7) (12) including complex 1 
(black, squares), TpRu(CO)(η2-C2H4)(CH2CH2Ph) (red, squares), ethylbenzene (blue, 
triangles) and complex 11 (green, circles).  Data are from one experiment and were acquired 
at 60 ºC in THF-d8 under 80 psi of ethylene. 

 

 

Figure 2.30. Pseudo-first order plot for the dissappearance of TpRu(CO)(NCMe)Ph (1) (▲) 
and TpRu(PMe3)(NCMe)Ph (2) (■) as they convert to TpRu(CO)(η3-C4H7)Ph (12) and 
TpRu(PMe3)(η3-C4H7)Ph (6), respectively. 

 

2.2.6  Catalytic Hydrovinylation of Ethylene.   

The formation of TpRu(L)(η3-C4H7) complexes requires C-H activation of ethylene 

and insertion of another ethylene molecule into a Ru-vinyl moiety.  Insertion opens a 
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coordination site to bind another ethylene molecule.  It is conceivable that reversible 

rearrangement of the allyl moiety of either 6 or 12 to the proposed butenyl ligand could 

coordinate a third η
2-bound ethylene and perform C-H activation to release butene, 

completing an olefin hydrovinylation pathway.  Alternatively, a third insertion of ethylene 

then followed by ethylene C-H activation could produce hexenes.  Scheme 2.25 illustrates a 

possible scenario for which either complex 6 or 12 could enter into a hydrovinylation cycle.   

 

Scheme 2.25. Potential hydrovinylation cycle for the production of butenes and hexenes by 
TpRu(L)(η3-C4H7) systems (L = CO or PMe3). 

 

The catalytic hydrovinylation of ethylene using allyl complex 6, was studied under 

variable conditions.  Complex 6 was placed under ethylene pressure in mesitylene, heated to 

180 °C and aliquots withdrawn for GC/MS analysis, which reveal mixtures of 1-butene, cis-

butene, trans-butene and various isomers of hexene (Table 2.5).  The three butene isomers 

were partially resolved (but not fully separated) by GC-MS and the approximate molar ratio 
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of 1-butene, cis-butene and trans-butene is 1:1:1, which is only marginally variable with 

reaction conditions.  Isomers of hexene were not separated by GC-MS.  The CO allyl 

complex TpRu(CO)(η3-C4H7) (12) also catalyzes ethylene hydrovinylation and 

oligomerization.  Consistent with the more rapid rate of ethylene insertion for CO versus 

PMe3 systems (see below), the CO allyl complex 12 results in the predominant formation of 

hexenes (relative to butenes).  Periana et al. have reported catalytic hydrovinylation of 

olefins by closely related Ir(III) systems.35, 36 

Table 2.5. Hydrovinylation catalysis results for TpRu(PMe3)(η3-C4H7) (6) and 
TpRu(CO)(η3-C4H7) (12).  Organic products were a mixture of various isomers. 

Catalyst C2H4 (psi) Temp (°°°°C) Butenes
a 

Hexenes
a 

6 150 180 0.4 0.6 

6 300 180 2.0 1.0 

6 600 180 4.4 2.3 

6 800 180 3.9 2.3 

12 600 180 0.9 5.5 

12 800 180 0.8 5.0 
aGiven in TONs based on 6 or 12. 

 

2.2.7  Computational Studies 

Computational studies were carried out by Dr. Tom Cundari at the University of 

North Texas and were employed to probe four transformations: i) catalytic hydrophenylation 

of ethylene by TpRu(L)(NCMe)Ph, ii) benzene C-H activation by TpRu(L)(NCMe)Ph, iii) 

ethylene insertion from TpRu(L)(η2-C2H4)Ph, and iv) ethylene C-H activation from 

TpRu(L)(η2-C2H4)Ph.   
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2.2.7.1  Comparison of Overall Catalytic Cycle for Hydrophenylation of Ethylene.   
The energetics of the steps anticipated to be involved in the catalytic 

hydrophenylation of ethylene were calculated for both TpRu(L)(NCMe)Ph (L = CO or 

PMe3) systems including transition states for ethylene insertion into the Ru-Ph bond and 

benzene C-H activation to form ethyl benzene (Scheme 2.26).  For each co-ligand, the 

highest energy species is calculated to be the transition state for benzene C-H activation 

starting from TpRu(L)(η2-benzene)(CH2CH2Ph).  From the starting complex 

TpRu(L)(NCMe)Ph, the overall reaction barrier is calculated to be 30.9 kcal/mol for L = 

CO, while the activation barrier is calculated to be higher at 40.1 kcal/mol for L = PMe3.  

Thus, the calculations indicate that the benzene C-H activation event by the Ru-phenethyl 

complex is the rate determining step for both CO and PMe3 co-ligands.  This result is 

consistent with the observation of intermolecular kinetic isotope effects for the catalytic 

hydrophenylation of ethylene by TpRu(CO)(NCMe)Ph {kH/kD = 2.1(1)}.45  In view of the 

more similar calculated C-H activation barriers for the less hindered TpRu(L)(benzene)Ph 

systems discussed in the following section, it is proposed that the larger difference in ∆G
╪ 

for benzene C-H activation by TpRu(L)(benzene)(CH2CH2Ph) systems is due primarily to 

steric hindrance between the CH2CH2Ph ligand and PMe3 (see below for a discussion on the 

possible influence of sterics on C-H activation).  If this were the case, it could be suggested 

that such steric perturbations could act to raise the ground state energies of all the calculated 

species within the catalytic cycle.  Interestingly, with exception to the {TpRu(L)Ph} 

unsaturated species, TpRu(PMe3)(NCMe)Ph (2) maintains a higher energy surface, relative 

to TpRu(CO)(NCMe)Ph (1), throughout the whole catalytic cycle. 
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Scheme 2.26. Calculated Gibbs free energy (kcal/mol; 298 K) for proposed steps in the 
catalytic hydrophenylation of ethylene by TpRu(L)(NCMe)Ph {L = CO (blue) and PMe3 
(red)}.  “” indicates an open coordination site. 

 

2.2.7.2  Comparison of Benzene C-H Activation.   
Benzene C-H activation by TpRu(L)Ph is a degenerate reaction and thus provides an 

opportunity to assess the intrinsic kinetic influence of L = PMe3 versus L = CO.  The first 

step in the proposed pathway for benzene activation is the loss of acetonitrile from 18-

electron TpRu(L)(NCMe)Ph.  This reaction is calculated to be endergonic by 15.8 kcal/mol 

for L = PMe3.  This is more favorable than acetonitrile loss for L = CO, which is endergonic 

by 17.3 kcal/mol (Scheme 2.27).  Although the calculated energetics for nitrile loss are 

ground state values, the trend is consistent with the dissociative ligand exchange of NCMe 

(with NCCD3 or ethylene) of the PMe3 complex 2 being more rapid than for the CO 

complex 1 (see above).  The strongly π-acidic CO may increase the Lewis acidity of 
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TpRu(CO)R relative to the more electron-rich TpRu(PMe3)R systems, and, hence render 

dissociation of the Lewis base NCMe less facile from 1. 

 

Scheme 2.27. Calculated Gibbs free energy (kcal/mol; 298 K) for benzene C-H activation 
by TpRu(L)(NCMe)Ph (L = CO, PMe3, CNH or PEt3).  “” indicates an open coordination 
site. 

Acetonitrile loss is followed by benzene coordination to the 16-electron 

intermediates TpRu(L)Ph.  While benzene ligation is calculated to be mildly exothermic 

(∆H is calculated to be negative), the introduction of an unfavorable entropy term makes the 

binding of benzene endergonic (∆G is calculated to be positive) by +10.2 kcal/mol for L = 

PMe3 and +7.9 kcal/mol for L = CO (Scheme 2.27).  An interesting dichotomy in structure 

is seen for the calculated benzene adducts, while the carbonyl complex is an η2-C=C adduct, 

the trimethylphosphine complex is an agostic η2-C-H adduct (Figure 2.31).  This may reflect 

a steric inhibition against η2-C=C coordination of benzene to the TpRu(PMe3)Ph fragment, 
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thus explaining the less favorable binding of benzene to TpRu(PMe3)Ph versus 

TpRu(CO)Ph, a difference of 2.3 kcal/mol. 

 

Figure 2.31. Calculated benzene adduct geometries of TpRu(L)(Ph)(C6H6) for L = CO (left) 
and L = PMe3 (right). Most hydrogen atoms are omitted for clarity. The Tp ligand is shown 
in wire frame. 

 

In order to compare steric versus electronic effects for benzene coordination and C-H 

activation, the energetics of these transformations were calculated for 

TpRu(C≡NH)(NCMe)Ph.  It is anticipated that the isonitrile complex will sterically 

resemble TpRu(CO)(NCMe)Ph (1) but will be more similar electronically to 

TpRu(PMe3)(NCMe)Ph (2) due to the strong σ-donor nature of the isonitrile ligand.  

Consistent with the hypothesis that the η
2-C-H coordination mode of 

TpRu(PMe3)(benzene)Ph results from steric influence of the phosphine ligand, the benzene 

ligand of TpRu(C≡NH)(benzene)Ph is calculated to be coordinated η2-C=C and is thus akin 

to the carbonyl congener.     
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For L = PMe3, the calculated benzene C-H activation barrier is 17.1 kcal/mol 

(relative to the benzene adduct).  Replacing the PMe3 ligand with carbon monoxide is 

calculated to lower the activation barrier by 1.6 kcal/mol to 15.5 kcal/mol (Scheme 2.27).  

Consistent with the small difference in calculated ∆G
╪'s, there is little difference in the 

calculated transition state geometries for benzene CH activation by TpRu(L)Ph as a function 

of L as is evident from Figure 2.32.  For the overall C-H activation of benzene starting from 

TpRu(L)(NCMe)Ph complexes, the calculations reveal that the ∆G
╪ for L = CO (40.7 

kcal/mol) is lower than PMe3 (43.1 kcal/mol) with ∆∆G
╪ = 2.4 kcal/mol. 

 

Figure 2.32. Comparison of calculated transition states for benzene C-H activation by 
TpRu(L)(benzene)Ph (L = CO, shown on left, or PMe3, shown on right). 

 

The calculated energetics of benzene C-H activation for the parent isonitrile system 

relative to the CO and PMe3 systems are revealing (Scheme 2.27).  Relative to the benzene 

adduct TpRu(C≡NH)(η2-benzene)Ph, the calculated activation barrier for benzene C-H 

activation is 15.0 kcal/mol, which is lower than either the CO (15.5 kcal/mol) and PMe3 
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(17.1 kcal/mol) systems.  Likewise, the calculated overall barrier for starting from 

TpRu(C≡NH)(NCMe)Ph (39.9 kcal/mol) is lower than the barriers calculated for the CO 

(40.7 kcal/mol) and PMe3 (43.1 kcal/mol) complexes.  These results suggest that, as 

anticipated, the electronic influence of ligand "L" of TpRu(L) systems on the activation 

barriers of benzene C-H activation is relatively small, with more electron-donating ligands 

reducing the free energy of activation (compare CO versus C≡NH systems).  However, these 

ligand electronic effects are small and are over-shadowed by the ligand steric influence (vis-

à-vis the PMe3 system) Thus, sterics can have a substantial influence on the overall 

energetics of both C-H activation and olefin hydroarylation.  Given the proposed role of 

sterics for C-H activation, the larger difference in calculated ∆G
╪'s for benzene C-H 

activation by the phenethyl complexes TpRu(L)(benzene)(CH2CH2Ph) (L = CO, PMe3; 

∆∆G
╪ = 6.5 kcal/mol, see Scheme 2.26) compared with benzene C-H activation  by 

TpRu(L)(benzene)Ph likely reflects the increased steric impact due to the sp
3-methylene 

group of the phenethyl ligand in place of the planar phenyl ring. 

To confirm the proposed role of steric influence of "L" on benzene C-H activation, 

we have calculated the energetics for TpRu(PEt3)(NCMe)Ph, which is electronically similar 

to 2 but sterically more imposing (Scheme 2.27).  Comparative studies by Tolman with 

Ni(CO)3L complexes reveal the A1 carbonyl stretching frequency for L = PEt3 to decrease 

by less than 3 wavenumbers (υ) relative to L = PMe3, whereas the cone angle increases by 

14° (132° vs. 118°).37  Consistent with the proposed impact of the steric profile of ancillary 

ligand "L," benzene C-H activation by TpRu(PEt3)(NCMe)Ph is calculated to have a higher 
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energy barrier than for the analogous PMe3 system.  From the benzene adduct 

TpRu(L)(benzene)Ph, the ∆G
╪ for benzene C-H activation is 19.4 kcal/mol for L = PEt3 

compared to 17.1 kcal/mol for L = PMe3.  Likewise, the overall activation barrier for 

benzene C-H activation starting from TpRu(PEt3)(NCMe)Ph (calculated ∆G
╪ = 45.3 

kcal/mol) is more substantial than the calculated overall barrier starting from 

TpRu(PMe3)(NCMe)Ph (calculated ∆G
╪ = 43.1 kcal/mol). 

2.2.7.3  Comparison of Ethylene C-H Activation and Ethylene Insertion.   
The reaction coordinates for C-H activation of ethylene by TpRu(L)(η2-C2H4)Ph 

were calculated for both L = CO and L = PMe3 (Scheme 2.28).  Unlike the benzene 

substrate, ethylene binds favorably to the 16-electron TpRu(L)(Ph) intermediate.  For L = 

PMe3, the calculated ethylene binding free energy (∆Gbind) is –4.1 kcal/mol.  Similar to the 

impact of CO/PMe3 substitution on relative affinities for NCMe coordination to TpRu(L)Ph, 

replacing PMe3 with CO results in an enhancement in C2H4 binding with ∆Gbind = -7.9 

kcal/mol.  Calculated activation barriers for ethylene C-H activation relative to the η
2-

ethylene adducts, ∆G
╪

act = 27.0 kcal/mol (L = PMe3) and 26.4 kcal/mol (L = CO), are high 

compared to benzene C-H activation, which are 17.1 and 15.5 kcal/mol, respectively.  Given 

the commensurate carbon-hydrogen BDEs for benzene (~113 kcal/mol)38 and ethylene 

(~111 kcal/mol),38 the greater C-H activation barriers for the latter partially reflect the 

greater thermodynamic stability of the TpRu(L)(η2-C2H4)Ph precursor versus the 

corresponding benzene adducts. Of course, one must consider the different driving forces for 

C-H bond scission for each spectator ligand.  As expected from the Hammond postulate, 
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there is a correlation between a higher kinetic barrier and less thermodynamic driving force. 

Calculated reaction free energies {TpRu(L)(η2-C2H4)Ph to TpRu(L)(η1-C2H3)(η2-C6H6)} 

are ∆Grxn = +14.8 kcal/mol (L = PMe3) and +12.4 kcal/mol (L = CO) (Scheme 2.28), while 

analogous reactions for benzene C-H activation are, of course, thermoneutral. 

 
Scheme 2.28. Calculated reaction coordinate for C-H activation of ethylene by TpRu(L)Ph 
for L = PMe3 (red) and L = CO (blue). The calculated free energies (in kcal/mol; 298 K) 
indicated for each stationary point are relative to separated ethylene and TpRu(L)Ph. 

 

In the active site of the ethylene C-H activation transition states there are structural 

distinctions that hint at differences engendered by the disparate electronic and steric 

demands of CO versus PMe3 (Figure 2.33).  A comparison of the calculated geometries for 

ethylene C-H activation, Figure 2.33, shows little difference in the Ru•••C distances of the 

four-center transition states, but a more noticeable shift in the position of the activated 

hydrogen: Cvy•••H = 1.55 Å (CO), 1.62 Å (PMe3) and Ru•••H = 1.67 Å (CO), 1.62 Å 
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(PMe3).  Perhaps the most intriguing difference in the transition state geometries is the 

observation that the PMe3 complex has a distinctly non-planar geometry active site with 

τ(Cvy•••H•••CPh•••Ru) = 16° versus 5° for L = CO complex.  This is unusual for four-

centered, C-H bond activation transition states and potentially suggests greater steric 

pressure from the PMe3 ancillary ligand versus CO.  From thermodynamic and kinetic 

considerations, the calculations imply a slightly more potent ethylene C-H activation system 

for TpRu(CO)(Ph) than TpRu(PMe3)(Ph), although the calculated magnitude of ∆∆G
╪ (~ 1 

kcal/mol) is small. 

 

 

Figure 2.33. Calculated bond lengths (Å) of active site in transition states for ethylene C-H 
activation (right) and ethylene insertion (left) by TpRu(L)(Ph) for L = CO (bottom) and L = 
PMe3 (top).   
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 Calculations on the reactions of ethylene and TpRu(L)Ph indicate kinetic and 

thermodynamic advantages for C=C insertion versus ethylene C-H bond activation.  This is 

not surprising given the former involves the investment of a C=C π-bond (BDE ~ 65 

kcal/mol)39, 40 while the latter requires scission of a strong, vinylic C-H bond (BDE ~ 111 

kcal/mol).38  What is more interesting are the calculated differences in the selectivity 

between these pathways engendered by alteration of the spectator ligand "L" from L = PMe3 

to L = CO.  Ethylene insertion by the PMe3 complex is calculated to be exergonic by 3.1 

kcal/mol relative to the ethylene adduct, while ethylene insertion for the CO complex is 

calculated to be exergonic by 5.6 kcal/mol (Scheme 2.28).  There is a substantial difference 

in the calculated ∆G
╪'s for ethylene insertion into the Ru-Ph bond of TpRu(L)(η2-C2H4)Ph, 

which are 17.8 kcal/mol (L = CO) and 23.9 kcal/mol (L = PMe3).  Thus, from TpRu(L)(η2-

C2H4)Ph systems, the calculated ∆∆G
╪ for ethylene insertion for L = CO vs. PMe3 is 6.1 

kcal/mol while the calculated ∆∆G
╪ for ethylene C-H activation (0.6 kcal/mol) and benzene 

C-H activation {1.6 kcal/mol; from TpRu(L)(benzene)Ph} are substantially smaller (Scheme 

2.27 and Scheme 2.28).  Thus, for TpRu(L)Ph systems, the calculations suggest that 

substitution of PMe3 for CO has a more dramatic impact on the rate of ethylene insertion 

than either the ethylene or benzene C-H activation steps.       

2.3  Discussion 

Previous experimental and computational studies of catalytic olefin hydroarylation 

by TpRu(CO)(NCMe)R complexes have indicated that the RDS for the catalytic cycle is the 

aromatic C-H activation step.3  Calculations suggest that the transition state for the aromatic 
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C-H activation may possess "oxidative" character and might be aided by the interaction 

between Ru and the hydrogen atom being activated.3, 5   Formal substitution of CO with 

PMe3 provides TpRu(PMe3)(NCMe)R complexes, which were anticipated to exhibit 

increased electron-density relative to TpRu(CO)(NCMe)R systems.  Consistent with the 

expected increase in Ru-based electron-density upon formal substitution of CO with PMe3, 

cyclic voltammetry reveals that the Ru(III/II) redox potentials for the PMe3 phenyl and 

methyl complexes 2 and 3 are 0.30 and 0.10 V (versus NHE), respectively, while the 

corresponding potentials for TpRu(CO)(NCMe)Ph and TpRu(CO)(NCMe)Me are 1.03 and 

0.95 V.1  Additionally, comparisons of experimental and simulated exchange rates of 

NCMe/NCCD3 and NCMe/C2H4 for both complexes 1 and 2 indicate slower rates of 

exchange for the more Lewis acidic metal center of complex 1.  Reactions of 

TpRu(L)(NCMe)Ph (L = CO or PMe3) with C6D6 reveal that overall benzene C-H(D) 

activation is approximately 2 to 3 times more rapid (depending on concentration of NCMe) 

when L = PMe3; however, calculations suggest that the ∆G
╪ for benzene C-H activation 

from TpRu(L)(benzene)Ph is actually lower for L = CO than L = PMe3, a prediction that is 

counter to experimental observations.  Regardless, both experimental results and 

calculations suggest that the difference in Gibbs free energy for benzene C-H activation by 

TpRu(L)(NCMe)Ph systems upon formal substitution of CO with PMe3 is small.  In 

addition, the calculated energetics are for gas-phase reactions.  Perhaps more important than 

a precise match of experimental and computational results, where the experimental 

difference in Gibbs free energy for the two reactions is likely < 1 kcal/mol, is that while 
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CO/PMe3 substitution influences the overall rate of benzene activation by 

TpRu(L)(benzene)Ph.  The impact is relatively minor with < 1 kcal/mol difference from 

experiment and only 2.4 kcal/mol difference (overall reaction) from calculations. 

Despite the increased facility of benzene C-H activation, the PMe3 complex 2 is a 

poor catalyst for the hydrophenylation of olefins relative to complex 1.  For example, at 90 

ºC and 25 psi of ethylene, 1 catalyzes the formation of ethyl benzene with approximately 50 

turnovers after 4 hours.  In contrast, optimal results for 2 yield only 3.6 turnovers of ethyl 

benzene production at 180 ºC and 800 psi of ethylene in 12 hours.  Furthermore, while 1 

catalyzes the hydrophenylation of α-olefins (e.g., 1-hexene), 2 shows no activity for the 

hydrophenylation of these substrates.  Closer scrutiny of the catalytic reactions using 2 

reveals complications.  Complex 2 reacts with ethylene to initiate olefin C-H activation to 

produce free benzene and a Ru-vinyl system, which converts to the η3-allyl complex 6 in the 

presence of excess ethylene (Scheme 2.16).  Likewise, the CO complex 1 reacts with 

ethylene to produce the η
3-allyl complex 12; however, in contrast to the pathway for the 

formation of the PMe3 allyl complex 6, the reaction of 1 with ethylene (in the absence of 

benzene) proceeds via ethylene coordination and relatively rapid olefin insertion, which is 

followed by ethylene C-H activation to produce free ethyl benzene and, ultimately, the η3-

allyl complex 12 (Scheme 2.24).  Calculations are consistent with the more rapid insertion 

of ethylene into the Ru-Ph bond of TpRu(CO)(η2-C2H4)Ph versus ethylene C-H activation 

with a calculated ∆G
╪ of 17.8 kcal/mol for ethylene insertion and a calculated ∆G

╪ of 26.4 

kcal/mol (∆∆G
╪ = 8.6 kcal/mol) for ethylene C-H activation.  In contrast, the calculated ∆G

╪ 
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values for TpRu(PMe3)(η2-C2H4)Ph suggest that the rates of ethylene insertion (calculated 

∆G
╪ of 23.9 kcal/mol) and ethylene C-H activation (calculated ∆G

╪ of 27.0 kcal/mol; ∆∆G
╪ 

= 3.1 kcal/mol) are likely to be more similar than for the CO system.  The relative impact of 

CO/PMe3 replacement on activation barriers to C-H activation from TpRu(L)(benzene)Ph or 

TpRu(L)(η2-C2H4)Ph are minor with calculated ∆∆G
╪'s of 1.6 kcal/mol and 0.6 kcal/mol, 

respectively (Scheme 2.27 and Scheme 2.28); however, the impact on ethylene insertion is 

calculated to be more substantial (Table 2.6).  And, while the PMe3 complex 

TpRu(PMe3)(NCMe)Ph (2) might be a more active catalyst for the hydrophenylation of 

ethylene, it is proposed that competitive C-H activation of ethylene (in competition with 

ethylene insertion) results in relatively rapid removal of the active catalyst via formation of 

the ally complex 6 (Scheme 2.29). 

Table 2.6. Comparison of overall calculated ∆G
╪ values (298 K, kcal/mol) for ethylene 

insertion, ethylene C-H activation of benzene C-H activation (all ∆G
╪ values are reported 

relative to TpRu(L)(NCMe)Ph starting complexes). 

Reaction CO PMe3 ∆∆∆∆∆∆∆∆G
╪

 

Ethylene Insertion 27.2 35.6 8.4 

Ethylene C-H Activation 35.8 38.7 2.9 

Benzene C-H Activation 40.7 43.1 2.4 
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Scheme 2.29. TpRu(L)(NCMe)Ph kinetic competition between olefin insertion and olefin 
C-H activation.  For L = CO, kins out competes kC-H.  For L = PMe3, kC-H becomes 
competitive with kins. 

 

 In addition to the decreased rate of ethylene insertion and, hence increased 

predilection toward ethylene C-H activation for the TpRu(PMe3) system, the DFT 

calculations reveal an important steric influence on activation barriers for C-H activation.  

For C-H activation of benzene by TpRu(L)(benzene)Ph (L = CO, PMe3, PEt3 or C≡NH), the 

DFT calculations suggest that the steric profile of ligand "L" is not inconsequential relative 

to electronic influence.  Thus, although the more electron-rich isonitrile system is calculated 

to have a lower activation barrier than the CO system, the PMe3 and PEt3 systems, which are 

more sterically encumbered systems, are calculated to have an activation barrier that is 

greater than the CO complex.  For the calculated energetics for benzene C-H activation by 

TpRu(L)(benzene)(CH2CH2Ph) (L = CO or PMe3), the sp
3 nature of the alkyl ligand 

(relative to planar sp
2 for phenyl) potentially exacerbates the steric influence of "L."  Hence, 
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the calculated ∆∆G
╪ for benzene C-H activation by TpRu(L)(benzene)Ph (L = CO or PMe3) 

is 1.6 kcal/mol, but the ∆∆G
╪ for benzene C-H activation by TpRu(L)(benzene)(CH2CH2Ph) 

(L = CO or PMe3) is more substantial at 6.5 kcal/mol. 

2.4  Conclusions 

The experimental and computational studies suggest that the impact on metal 

electron density upon substitution of "L" disproportionately impacts the rate of olefin 

insertion allowing olefin C-H activation to become competitive with desired olefin insertion.  

Therefore, in the absence of substantial changes in the ligand framework or metal 

identity/oxidation state, the most important considerations for increasing catalyst efficacy 

are maintaining a relatively rapid rate of olefin insertion, while controlling regioselectivity, 

with little impact on the activation barriers to C-H activation, relative to TpRu(CO)R 

systems.  Increasing catalyst longevity might be achieved by moving toward systems that do 

not possess the CO co-ligand, which can promote catalyst decomposition via the formation 

CO-bridged multi-nuclear complexes.  Such catalysts would incorporate ligands with overall 

donor ability similar to CO {e.g., P(OCH2)3CEt, PF3 or P(N-pyrrolyl)3} (see Chapters 3 and 

4) or combine an overall cationic metal system with more strongly donating ancillary 

ligands (see Chapter 6).  

2.5  Experimental Section 

General Methods. Unless otherwise noted, all synthetic procedures were performed 

under anaerobic conditions in a nitrogen-filled glovebox or by using standard Schlenk 

techniques. Glovebox purity was maintained by periodic nitrogen purges and was monitored 
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by an oxygen analyzer {O2 (g) < 15 ppm for all reactions}. Benzene, tetrahydrofuran and 

diethyl ether (stored over 4Å molecular sieves) were dried by distillation from 

sodium/benzophenone. Pentane was distilled over sodium. Acetonitrile and methanol were 

dried by distillation from CaH2. Hexanes, toluene (stored over 4Å molecular sieves) and 

methylene chloride were purified by passage through a column of activated alumina. 

Acetone-d6, benzene-d6, acetonitrile-d3, and chloroform-d1 were degassed with three freeze-

pump-thaw cycles and stored under a N2 atmosphere over 4 Å molecular sieves. 1H NMR 

spectra were recorded on a Varian Mercury 300 or 400 MHz spectrometer and 13C{1H} 

NMR (operating frequency 75 MHz) spectra on a Varian Mercury 300 MHz spectrometer. 

All 1H and 13C{1H} NMR spectra are referenced against residual proton signals (1H NMR) 

or the 13C resonances of the deuterated solvent (13C{1H} NMR). 19F{1H} NMR spectra were 

obtained on a Varian 300 MHz spectrometer (operating frequency 282 MHz) and referenced 

against an external standard of hexafluorobenzene (δ = -164.9). 31P{1H} NMR spectra were 

obtained on a Varian 400 MHz spectrometer and referenced against an external standard of 

H3PO4 (δ = 0). 2H NMR spectra were obtained on a Varian 500 MHz spectrometer 

(operating frequency 77 MHz).  Resonances due to the Tp ligand in 1H NMR spectra are 

listed by chemical shift and multiplicity only (all coupling constants for the Tp ligand are ~ 

2 Hz). IR spectra were acquired using a Mattson Genesis II FT-IR as thin films on a NaCl 

plate. Gas chromatography was performed on a Hewlett-Packard 5890 GC using a J&W 

DB-1701 capillary column (30 m x 0.25 mm with 0.25 µm film thickness) and a FID 

detector.  GC-MS was performed using a HP GCD EI system with a 30 m x 0.25 mm HP-5 
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column with 0.25 mm film thickness.  Electron ionizing (EI) mass spectrometry was carried 

out using a JEOL (Tokyo, Japan) HX110HF high resolution mass spectrometer at the North 

Carolina State University Mass Spectrometry Laboratory using perfluorokerosene ions as a 

reference standard.  Ethylene (99.5%) was received in a gas cylinder from MWSC High-

Purity Gases and used as received. All other reagents were used as purchased from 

commercial sources. The preparation, isolation, and characterization of 

TpRu(CO)(NCMe)Me,1 TpRu(CO)(NCMe)Ph (1),1 TpRu(PMe3)(NCMe)Ph (2),11 

TpRu(PMe3)2Ph ,10 TpRu(CO)(NCMe)(CH2CH2Ph),3 TpRu(PMe3)(PPh3)Cl41 and 

Mg(vinyl)2[diglyme]1.5
42 have been previously reported.  Elemental analyses were 

performed by Atlantic Microlabs, Inc. 

Reaction of Substituted m-xylene’s with TpRu(PMe3)(NCMe)Me (3).   For this study 

TpRu(PMe3)(NCMe)Me was reacted with 5 equivalents of either 2,6 dimethylnitrobenzene, 

2,6 dimethylbromobenzene, m-xylene, 2,6 dimethylanisole and 2,6 dimethylaniline.  Shown 

here is a representative experimental setup using m-xylene.  TpRu(PMe3)(NCMe)Me (3) 

(0.011 g, 0.033 mmol), five equivalents of m-xylene (0.020 mL, 0.165 mmol) and 

hexamethydisiloxane (0.004 mL, 0.054 mmol) in 0.4 mL THF-d8 was added to a screw cap 

NMR tube and heated at 60 °C in a temperature controlled oil bath.  1H NMR spectra were 

periodically acquired through 3 half-lives of TpRu(PMe3)(NCMe)Me (3) and the percent 

conversion to new products monitored by spectral integration.  The complexes 

TpRu(PMe3)(NCMe)(p-NO2-3,5-dimethylbenzene) and TpRu(PMe3)(NCMe)(p-Br-3,5-

dimethylbenzene) are observed to form in 48% and 33% yields, respectively. 
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TpRu(PMe3)(NCMe)(p-NO2-3,5-dimethylbenzene).  TpRu(PMe3)(NCMe)Me (0.208 

g, 0.466 mmol) was added to a mixture of 2,6 dimethylnitrobenzene (4 mL) and THF (2 mL) 

in a schlenk tube and the reaction was stirred for approximately 30 hours at 60 °C.  The deep 

red solution was dried to a film via an oil diffusion pump, dissolved in approximately 1 mL 

THF and applied to a 6” silica gel column constituted with 40% Et2O in hexanes.  The 

product was eluted and collected as the second band (red) using a gradient elution with 40% 

- 60% Et2O in hexanes.   The red elutant was dried to an orange solid in vacuo (0.091 g, 

33%).  1H NMR (C6D6, δ):  7.65, 7.60 (each 1H, each a d, Tp 3 or 5 positions) , 7.54 (1H, 

dd, JHP < 1 Hz, Tp 3 or 5 position) , 7.47, 7.18 (each 1H, each a d, Tp 3 or 5 positions), 7.18 

(1H, overlapping with solvent, Tp 3 or 5 position), 7.07 (2H, br s, ortho position of p-3,5 

dimethylnitrobenzene) 6.12 (1H, t, Tp 4 position), 6.00 (1H, dt, JHP < 1 Hz, Tp 4 position) 

5.96 (1H, t, Tp 4 position),  2.41 (6H, s, CH3’s of p-3,5 nitrobenzene), 0.97 (9H, d, 2
JHP = 

8.4 Hz, PCH3), 0.77 (3H, s, NCCH3).  13C{1H} NMR (C6D6, δ): 191.9 (d, 2
JCP = 13.4 Hz, 

ipso carbon of p-3,5 dimethylnitrobenzene), 148.4, 146.2 (ortho and para positions of p-3,5 

dimethylnitrobenzene), 144.5, 143.8, 143.3, 136.9, 136.2, 135.6 (Tp 3 and 5 positions), 

126.0 (meta positions of p-3,5 dimethylnitrobenzene), 120.5 (NCCH3), 107.0, 106.7, 106.6 

(Tp 4 positions), 20.6 (CH3 positions of p-3,5 dimethylnitrobenzene), 17.6 (d, 1
JCP = 25.7 

Hz, P(CH3)3), 3.6 (NCCH3).  31P{1H} NMR (C6D6, δ): 19.3 {P(CH3)3}.  Anal. Calcd for 

C22H30BN8O2PRu: C, 45.45; H, 5.20; N, 19.27.  Found: C, 45.79; H, 5.35; N, 18.86.   

TpRu(PMe3)(NCMe)(p-Br-3,5-dimethylbenzene).  TpRu(PMe3)(NCMe)Me (0.205 g, 

0.460 mmol) was added to a mixture of 2,6 dimethylbromobenzene (4 mL) and THF (2 mL) 



 145 

in a schlenk tube and the reaction was stirred for approximately 24 hours at 60 °C.  The 

brown solution was dried to a film via an oil diffusion pump, reconstituted in approximately 

1 mL THF and applied to a 6” silica gel column constituted with 40% Et2O in hexanes.  The 

product was eluted and collected as the second band (yellow) using a gradient elution with 

40% - 80% Et2O in hexanes.   The yellow elutant was dried to a light pink solid in vacuo 

(0.064 g, 23%).  1H NMR (C6D6, δ):  7.67, 7.63 (each 1H, each a d, Tp 3 or 5 positions) , 

7.57 (1H, dd, JHP < 1 Hz, Tp 3 or 5 position) , 7.50 (1H, d, Tp 3 or 5 positions), 7.31 (2H, 

overlapping d’s, Tp 3 or 5 position), 7.10 (2H, br s, ortho position of p-3,5 

dimethylbromobenzene) 6.13 (1H, t, Tp 4 position), 6.02 (1H, m, Tp 4 position) 5.98 (1H, t, 

Tp 4 position),  2.56 (6H, s, CH3’s of p-3,5 dimethylbromobenzene), 1.04 (9H, d, 2
JHP = 7.8 

Hz, PCH3), 0.77 (3H, s, NCCH3).  13C{1H} NMR (C6D6, δ): 176.8 (d, 2
JCP = 13.7 Hz, ipso 

carbon of p-3,5 dimethylbromobenzene), 145.3 (ortho position of p-3,5 

dimethylbromobenzene), 143.5, 142.9, 142.1, 135.8, 135.0, 134.4 (Tp 3 and 5 positions), 

133.1 (meta or para position of p-3,5 dimethylbromobenzene), 120.8 (NCCH3), 119.1 (meta 

or para position of p-3,5 dimethylbromobenzene), 105.8, 105.5, 105.5 (Tp 4 positions), 24.7 

(CH3 positions of p-3,5 dimethylbromobenzene), 16.8 (d, 1
JCP = 25.3 Hz, P(CH3)3), 2.7 

(NCCH3).  31P{1H} NMR (C6D6, δ): 20.2 {P(CH3)3}. EI MS: m/z (%) Mtheoretical: 615.0620, 

Msample = 615.0611 (σ = 1.5 ppm), [M+].}.   

TpRu(PMe3)(NCMe)Ph (2). TpRu(PMe3)2Ph (0.498 g, 0.92 mmol) was added to 

acetonitrile (~ 90 mL) in a 100 mL thick-walled pressure tube with a Teflon stopper to give 

a light yellow heterogeneous solution.  The mixture was irradiated with UV-Vis light, 
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generated by a 450W power supply (Mode #l7830, Ace Glass, Inc.) equipped with a water-

cooled 450W 5" arc IMMER UV-Vis lamp (Model #7825-34, Ace Glass, Inc.), while 

stirring for a total of 38 hours.  The solution was concentrated to ~ 5 mL under reduced 

pressure to produce a light beige precipitate.  Approximately 40 mL of methanol were added 

to the slurry to produce additional precipitate.  The precipitate was collected on a fine 

porosity frit and dried in vacuo (0.348 g, 0.64 mmol, 75%).  1H NMR (C6D6, δ): 7.69, 7.62 

(1H and each a dd, 4
JCH = 1 Hz, Tp 3 or 5 position), 7.59 (1H, ddd, 4

JCH ~ JHP = 1 Hz, Tp 3 

or 5 position), 7.53 (1H, d, Tp 3 or 5 position), 7.45 (2H, d, 3JHH = 8 Hz, ortho phenyl), 7.34 

(1H, d, Tp 3 or 5 position), 7.32 (1H, d, Tp 3 or 5 position), 7.27 (2H, t, 3
JHH = 8 Hz, meta 

phenyl), 7.20 (1H, tt, 3
JHH = 8 Hz, 5

JHH = 1 Hz, para phenyl), 6.15 (1H, t, Tp 4 position), 

6.01 (1H, dt, 5
JHP = 1 Hz, Tp 4 position), 5.94 (1H, t, Tp 4 position), 1.07 (9H, d, 2

JHP = 6 

Hz, P(CH3)3), 0.75 (3H, s, NCCH3).  13C{1H} NMR (C6D6, δ):  177.4 (d, 2
JCP = 13 Hz, ipso 

carbon of phenyl), 144.9, 142.7, 142.5, 141.6, 135.1, 134.5, 133.7 (Tp 3 and 5 positions and 

phenyl resonance), 125.2, 119.4, 118.4 (phenyl and NCMe), 105.3, 105.0, 104.9 (Tp 4 

positions), 16.4 (d, P(CH3)3, 1
JCP = 26 Hz), 2.2 (NCCH3).  31P{1H} NMR (acetone-d6, δ): 

21.7 (P(CH3)3).  CV (CH3CN, TBAH, 100 mV/s): E1/2 = 0.30 V {Ru(III/II)}, 1.38 V 

{Ru(IV/III), quasi-reversible}.  Anal. Calcd for C20H27BN7PRu: C, 47.16; H, 5.43; N, 19.26.  

Found: C, 47.37; H, 5.31; N, 19.29. 

TpRu(PMe3)(NCMe)OTf (4).  Complex 2 (0.260 g, 0.511 mmol) was added to benzene 

(35 mL) followed by the addition of triflic acid (47.6 µL, 0.54 mmol) and stirred for 1 hour 

at room temperature.  Any excess triflic acid was quenched with triethylamine.  Volatiles 
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were removed in vacuo, the dried solid dissolved in minimal toluene, and a light yellow 

solid was precipitated upon addition of approximately 40 mL of hexanes.  The precipitate 

was collected on a fine porosity frit and dried in vacuo (0.289 g, 0.497 mmol, 97%).  1H 

NMR (acetone-d6, δ):  7.97, 7.95, 7.88, 7.85, 7.67, 7.63 (each 1H, each a d, Tp 3 or 5 

position), 6.35 (1H, dt, Tp 4 position), 6.32, 6.24 (each 1H, each a t, Tp 4 position), 2.68 

(3H, s, NCCH3), 1.48 (9H, d, 2JHP = 9 Hz, P(CH3)3).  13C{1H} NMR (C6D6, δ): 145.4, 144.2, 

144.0 (d, JCP = 2 Hz, Tp 3 and 5 positions), 136.9, 136.3, 134.8 (Tp 3 and 5 positions), 124.5 

(NCCH3), 119.9 (q, 1
JCF = 319 Hz, Ru-O3SCF3), 106.8, 106.7 (3C total, 1:2 ratio, Tp 4 

positions), 15.3 (d, 1
JCP = 27 Hz, P(CH3)3), 3.1 (NCCH3).  31P{1H} NMR (C6D6, δ): 19.4 

(P(CH3)3).  19F{1H} NMR (acetone-d6, δ):  -76.9 (CF3).  HRMS (EI) calcd for 

C15H22BF3N7O3PRuS 581.0331, found 581.0323. 

TpRu(PMe3)(NCMe)Me (3).  TpRu(PMe3)(NCMe)OTf (4) (0.289 g, 0.497 mmol) was 

added to benzene (40 mL) to form a heterogeneous yellow mixture.  After addition of 

Me2Mg[THF]2 (0.099 g, 0.50 mmol), the reaction was stirred for 1 hour at room 

temperature.  The yellow heterogeneous mixture was filtered through Celite on a fine 

porosity frit.  The yellow filtrate was reduced under vacuum, a solid was precipitated upon 

addition of hexanes.  The light yellow solid was collected over a medium porosity frit and 

dried in vacuo (0.148 g, 0.332 mmol, 67%).  1H NMR (C6D6, δ):  7.89, 7.71 (each 1H, each 

a d, Tp 3 or 5 position), 7.63 (1H, dd, Tp 3 or 5 position), 7.6 (2H, m, overlapping Tp 3 or 5 

position), 7.55 (1H, dd, Tp 3 or 5 positions), 6.15 (2H, m, overlapping Tp 4 positions), 5.95 

(1H, t, Tp 4 position), 1.21 (9H, d, 2JHP = 8 Hz, P(CH3)3,), 0.87 (3H, s, NCCH3), 0.64 (3H, d, 
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3
JHP = 5 Hz, Ru-CH3).  13C{1H} NMR (C6D6, δ): 143.4, 141.9, 140.2, 135.4, 134.8, 134.3 

(Tp 3 and 5 positions), 118.4 (NCCH3), 105.6 (d, JCP = 2 Hz, Tp 4 position), 105.5, 105.2 

(Tp 4 positions), 17.1 (d, 1
JCP = 24 Hz, P(CH3)3), 3.4 (NCCH3), -6.5 (d, 2

JCP = 12 Hz, Ru-

CH3). 31P{1H} NMR (C6D6, δ): 21.6 (P(CH3)3).  CV (CH3CN, TBAH, 100mV/s): E1/2 = 0.10 

V {Ru(III/II)}, 1.29 V {Ru(IV/III), quasi-reversible}.  Anal. Calcd for C15H25BN7PRu: C, 

40.37; H, 5.65; N, 21.97.  Found: C, 40.67; H, 5.70; N, 21.71. 

TpRu(PMe3)(C≡≡≡≡NtBu)Ph (5).  Complex 2 (0.096 g, 0.19 mmol) and tert-butyl 

isocyanide (64 µL, 0.60 mmol) were added to benzene (15 mL), and the solution heated to 

reflux for 2 hours with stirring.  The volatiles were removed in vacuo, the solid dissolved in 

minimal toluene, and a white solid was precipitated upon addition of approximately 40 mL 

of hexanes.  The precipitate was collected on a fine porosity frit and dried in vacuo (0.077 g, 

0.14 mmol, 75%).  IR (thin film on NaCl plate): υCN = 2031 cm-1, υBH = 2478 cm-1.  1H NMR 

(C6D6, δ):  7.59, 7.55, 7.52 (each 1H, each a d, Tp 3 or 5 position), 7.50 (1H, m, Tp 3 or 5 

position), 7.47 (1H, d, Tp 3 or 5 position), 7.50 (1H, m, Tp 3 or 5 position), 7.44, 7.42 (each 

1H, each a d, phenyl positions), 7.37 (1H, d, Tp 3 or 5 position), 7.10-7.19 (phenyl 

resonances overlapping with solvent peak), 6.02, 5.99 (each 1H, each a t, Tp 4 positions), 

5.93 (1H, dt, Tp 4 position), 1.10 (9H, d, 2
JHP = 8.1 Hz, P(CH3)3), 1.09 (9H, s, CNC(CH3)3).  

13C{1H} NMR (C6D6, δ): 172.1 (d, 2JCP = 13 Hz, ipso carbon of phenyl), 144.0, 144.0, 143.9, 

143.1, 135.2, 135.0, 134.3 (Tp 3 and 5 positions and phenyl), 125.9, 120.5 (CNC(CH3)3 and 

phenyl), 105.6 (d, JCP = 2 Hz, Tp 4 position), 105.7, 105.5 (Tp 4 positions), 56.2 

(CNC(CH3)3), 32.3 (CNC(CH3)3), 18.3 (d, 1
JCP = 26.9 Hz, P(CH3)3).  31P{1H} NMR (C6D6, 
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δ): 15.9 (P(CH3)3).  Anal. Calcd for H33BC22N7PRu: C, 50.19; H, 6.04; N, 17.81.  Found: C, 

50.31; H, 6.20; N, 17.79. 

TpRu(PMe3)(η3-C4H7) (6).  Complex 2 (0.096 g, 0.19 mmol) was dissolved in THF (10 

mL), sealed in a 15 mL pressure reactor, purged with C2H4, pressurized to 250 psi with C2H4 

and heated to 85 °C for 24 hours.  The reaction mixture was filtered and the filtrate was 

dried in vacuo (0.077 g, 0.17 mmol, 92%).  1H NMR (C6D6, δ): 7.73, 7.66, 7.55, 7.49, 7.45, 

6.82 (each 1H, each a d, Tp 3 or 5 position), 6.06, 5.96, 5.77 (each 1H, each t, Tp 4 

position), 3.75 (1H, dddd, 3
Jcb = 9.6 Hz, 3Jcd = 9.6 Hz, 3JcP = 6.2 Hz, 3Jca = 6.3 Hz, "c"), 2.26 

(1H, dd, 2
Jab = 2.6 Hz, 3

Jac = 6.3 Hz, “a”), 2.03 (1H, dq, 3Jdc = 9.6 Hz, 3
JdMe = 6.0 Hz, “d”), 

1.66 (3H, d, 3
JdMe = 6.0, Me), 1.07 (1H, dd, 2

Jba = 2.1 Hz,  3
Jbc = 9.6 Hz,  “b”), 0.64 (9H, d, 

2
JHP = 8 Hz, P(CH3)3).  13C NMR (C6D6, δ):  146.7, 144.2, 140.7, 135.5, 135.2 (Tp 3 and 5 

positions), 106.0, 105.5, 105.3 (Tp 4 positions), 85.1 (d, 1JCH = 150 Hz, allyl), 50.6 (d, 1JCH = 

150 Hz, allyl), 30.5 (t, 1
JCH = 152 Hz, allyl), 19.8 (q, 1

JCH = 123 Hz, allyl methyl), 15.9 (dq, 

1
JCH = 127 Hz, 1

JCP = 26 Hz, P(CH3)3). 31P{1H} NMR (C6D6, δ): 27.6 (P(CH3)3). 31P 

Heteronuclear Multiple Bond Correlation (HMBC) NMR (C6D6): P couples with Ha, Hb and 

Hc.  31P selective decoupling at 1H δ = 0.61 ppm (C6D6): 27.6 (d, 3
JcP = 6.2 Hz, P(CH3)3).  

Anal. Calcd for C16H26BN6PRu: C, 43.16; H, 5.89; N, 18.87.  Found: C, 43.74; H, 5.96; N, 

18.69. 

TpRu(PMe3)(ηηηη2-C2H4)Ph (7).  TpRu(PMe3)2Ph (0.190 g, 0.350 mmol) was added to 

benzene (~ 40 mL) in a Schlenk flask with a tightly secured rubber septum, degassed and 

backfilled with ethylene.  While stirring, the mixture was irradiated using a 450W power 
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supply (Model #l7830, Ace Glass, Inc.) equipped with a water-cooled 450W 5 inch arc 

IMMER UV-vis lamp (Model #7825-34, Ace Glass, Inc.) for a total of 24 h until 75% of 

starting material had converted to 7.  Solvent was reduced, hexanes were added, and a white 

precipitate was collected on a fine porosity frit and dried in vacuo (0.060 g, 0.12 mmol, 

35%).  In various solvents, complex 7 slowly decomposes releasing free ethylene and 

forming unidentified product(s) preventing full characterization (e.g., clean elemental 

analysis is not feasible).  1H NMR (C6D6, δ):  7.53, 7.51, 7.43, 7.40, 7.13 (each 1H, each a d, 

Tp 3 or 5 position), 7.06 (d, Tp 3 or 5 position, partial overlap with phenyl resonances), 7.16 

(phenyl resonances overlapping with solvent peak), 6.95 (3H, m, phenyl positions), 6.00, 

5.86 (each 1H, each a t, Tp 4 positions), 5.82 (1H, dt, Tp 4 position), 3.24, 2.94 (each 2H, 

each a m, η2-C2H4) 0.70 (9H, d, 2JHP = 8.1 Hz, P(CH3)3).  13C{1H} NMR (C6D6, δ): 170.7 (d, 

JCP = 13 Hz, phenyl ipso carbon), 145.6, 144.2 (phenyl positions), 143.9, 140.7 (d, JCP = 2 

Hz, Tp 3 and 5 position), 135.4, 135.3, 134.7 (Tp 3 and 5 positions), 125.7, 121.1 (phenyl 

positions), 106.0 (d, JCP = 2 Hz, Tp 4 position), 105.8 (2C, d, JCP = 2 Hz, Tp 4 position), 62.1 

(2C, proton-coupled 13C NMR: t with 1
JCH = 158 Hz, η

2-C2H4) 15.7 (d, 1
JCP = 26.7 Hz, 

P(CH3)3).  31P{1H} NMR (C6D6, δ): 12.9 (P(CH3)3). 

TpRu(PMe3)(NCMe)(ηηηη1-C2H3) (10). TpRu(PMe3)(NCMe)OTf (0.203 g, 0.349 mmol) 

was added to benzene (35 mL) to form a heterogeneous yellow mixture.  After addition of 

Mg(vinyl)2[diglyme]1.5 (0.103 g, 0.368 mmol), the reaction was stirred for 2 hours at room 

temperature.  The orange heterogeneous mixture was reduced, pentane was added and the 

precipitate was removed via filtration over Celite on a fine porosity frit.  The orange filtrate 
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was reduced, more pentane was added, and mixture was filtered.  The orange filtrate was 

dried in vacuo to give an orange solid (0.106 g, 0.231 mmol, 66%).  1H NMR (C6D6, δ):  

8.83 (1H, ddd, 3
JHP = 3.0 Hz, 3

JHH = 18.2 Hz, 3
JHH = 11.0 Hz, Ru α-vinyl CH), 8.09, 7.70, 

7.63, 7.61 (each 1H,each a d, Tp 3 or 5 position), 7.58 (1H, m, Tp 3 or 5 position), 7.56 (1H, 

d, Tp 3 or 5 position), 6.62 (1H, ddd, 3
JHP = 1.7 Hz, 3

JHH = 4.6 Hz, 3
JHH = 11.0 Hz, Ru β-

vinyl CH), 6.16 (1H, t, Tp 4 positions), 6.09 (1H, dt, Tp 4 positions), 5.96 (1H, t, Tp 4 

position), 5.68 (1H, ddd, 3JHP = 1.1 Hz, 3JHH = 4.6 Hz, 3JHH = 18.2 Hz, Ru β-vinyl CH), 1.18 

(9H, d, 2
JHP = 8.4 Hz, P(CH3)3,), 0.86 (3H, s, NCCH3).  13C NMR (C6D6, δ): 177.1 (dddd, 

1
JCH = 125.3 Hz, 2JCP = 15.6 Hz, 2

JCH = 5.0 Hz, 2
JCH < 1 Hz (unresolved d), α-C of vinyl), 

143.8, 142.2, 141.3 (dt, 1
JCH = 181.7 - 187.5 Hz, 3JCH  =  2

JCH = 6.9 Hz, Tp 3 or 5 positions), 

135.7, 135.0, 134.2 (dt, 1
JCH = 184.7 - 185.8 Hz, triplets unresolved, Tp 3 or 5 positions), 

118.9 (q, 2
JCH = 9.5 Hz, NCCH3), 118.0 (dt, 1

JCH = 147.2 Hz, 3
JCP ≈ 2 Hz, β-C of vinyl), 

105.6 (dt, 1
JCH = 175.2 Hz, 2

JCH = 9.1 Hz, Tp 4 position), 105.3 (dt’s, overlapping Tp 4 

positions), 17.2 (dq {fine splitting also present}, 1JCH = 127.0 Hz, 1
JCP = 25.2 Hz, P(CH3)3), 

3.1 (q, 1
JCH = 135.9 Hz, NCCH3).  31P{1H} NMR (C6D6, δ): 19.2 (P(CH3)3).  HRMS (EI) 

calcd for C16H25BN7PRu 459.1045, found 459.1056. 

TpRu(PMe3)(NCMe)Cl (11).  TpRu(PMe3)(PPh3)Cl (0.493 g, 0.717 mmol) was added 

to acetonitrile (~ 40 mL) in a thick-walled pressure tube with a Teflon stopper to give a 

light-yellow heterogeneous solution.  While stirring, the mixture was irradiated using a 

450W power supply (Model #l7830, Ace Glass, Inc.) equipped with a water-cooled 450W 5 

inch arc IMMER UV-vis lamp (Model #7825-34, Ace Glass, Inc.) for a total of 24 h. The 
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solution was concentrated to 5 mL under reduced pressure to produce a yellow precipitate.  

Hexanes (40 mL) were added to the slurry to produce additional precipitate. The precipitate 

was collected on a fine porosity frit and dried in vacuo (0.306 g, 0.656 mmol, 92%).  1H 

NMR (CDCl3, δ): 8.02, (1H, s, Tp 3 or 5 position), 7.70 (total 2H, overlapping Tp 3 or 5 

position), 7.66 (total 2H, overlapping Tp 3 or 5 position), 7.33 (1H, s, Tp 3 or 5 positions), 

6.23 (1H, m, Tp 4 positions), 6.14 (total 2H, overlapping Tp 4 positions), 2.41 (3H, s, 

NCCH3), 1.44 (9H, d,  2JHP = 7.5 Hz, P(CH3)3).  13C{1H} NMR (acetone-d6, δ): 145.4, 145.3 

(Tp 3 and 5 positions), 142.5 (d, JCP = 2 Hz, Tp 3 or 5 positions), 136.4, 136.0, 134.7 (Tp 3 

and 5 positions), 123.1 (NCCH3), 106.5, 105.9 (Tp 4 positions),105.8 (d, JCP = 3 Hz, Tp 4 

position), 15.7 (d, 1
JCP = 27.3 Hz, P(CH3)3), 3.8 (NCCH3).  31P{1H} NMR (CDCl3, δ): 28.3 

(P(CH3)3). Anal. Calcd for RuClPN7C14BH22: C, 36.03; H, 4.75; N, 21.01.  Found: C, 36.65; 

H, 4.85; N, 20.80.  HRMS (FAB) calcd for C14H13BClN7PRu 467.0499, found 467.0494. 

TpRu(CO)(η3-C4H7) (12).  TpRu(CO)(NCMe)Me (0.113 g, 0.284 mmol) was dissolved 

in THF (5 mL), sealed in a 15 mL pressure reactor, briefly purged with C2H4, pressurized to 

250 psi with C2H4 and heated to 70 °C for 20 hours.  The volatiles were removed and the 

residue dried for 2 days in vacuo (0.111 g, 0.279 mmol, 98%). IR (thin film on NaCl plate): 

υCO = 1938 cm-1,  υBH = 2478 cm-1. 1H NMR (C6D6, δ): 7.62, 7.57, 7.50, 7.46, 7.32, 6.55 

(each 1H, each a d, Tp 3 or 5 position), 5.93, 5.88, 5.66 (each 1H, each a t, Tp 4 position), 

4.42 (1H, ddd, 3
JCB = 10.9 Hz, 3

JCD = 10.8 Hz, 3
JCA = 7.0 Hz, “C”), 2.90 (1H, dd, 3

JAC = 7.0 

Hz, 2
JAB = 2.8 Hz, “A”), 2.28 (1H, dq, 3

JDC = 10.8 Hz, 3
JDMe = 6.0 Hz, “D”), 1.62 (3H, d, 

3
JMeD = 6.0 Hz, Me),  1.45 (1H, dd, 3

JBA = 2.8 Hz, 3
JBC = 10.9 Hz, “B”). 13C{1H} NMR 
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(C6D6, δ): 207.8 (CO), 146.6, 143.6, 139.1, 135.6, 135.3, 135.2 (Tp 3 and 5 positions), 

106.5, 106.4, 105.6 (Tp 4 positions), 92.6, 56.8, 38.7 (allyl), 20.5 (allyl methyl). Anal. Calcd 

for C14H17BN6ORu: C, 42.33; H, 4.31; N, 21.16.  Found: C, 42.54; H, 4.35; N, 20.95. 

Isolation of TpRu(PMe3)(NCMe)Ph-d5 (2-d5).  Complex 2 (~ 0.080 g) was dissolved 

in C6D6 and heated in a sealed pressure tube at 60 °C in a temperature controlled oil bath for 

33 hours.  The reaction mixture was reduced to approximately 0.5 mL of C6D6, precipitation 

was induced with the addition of 10 mL MeOH, the resultant solid was collected over a frit 

and dried in vacuo. 1H NMR spectroscopy revealed the initial spectrum as previously 

reported for 2 except that the resonances due to the phenyl ligand were absent. 2H NMR 

spectroscopy revealed broad singlet resonances for the phenyl ligand and Tp-4 positions.  2H 

NMR (C6H6, δ): 7.25 and 7.10 (phenyl), 5.80 and 5.95 (Tp 4 positions). 

Reaction of TpRu(PMe3)(NCMe)(ηηηη1-C2H3) (10) with HCl.  TpRu(PMe3)(NCMe)(η1-

C2H3) (10) (0.009 g, 0.02 mmol) in C6D6 under Ar was sealed in a screw-cap NMR tube.  

HCl (1.0 M in Et2O, 0.019 mL, 0.019 mmol) was added, via microsyringe, and the 

immediate formation of yellow precipitate was observed.  1H NMR analysis revealed the 

presence of C2H4 (s, 5.25 ppm).  Removal of solvent and reconstitution in CDCl3 showed 

the complete conversion to TpRu(PMe3)(NCMe)Cl (11). 

Reaction of TpRu(PMe3)(NCMe)(ηηηη1-C2H3) (10) with C6D6.   To a screw-cap NMR 

tube was added TpRu(PMe3)(NCMe)(η1-C2H3) (10) (0.007 g, 0.01 mmol) in C6D6 (0.4 mL) 

and the sample heated at 70 °C.  After 10 hours, 1H NMR spectroscopy revealed the 
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complete conversion to TpRu(PMe3)(NCMe)Ph-d5 (2-d5) and the presence of  C2H3D 

(multiplet at 5.25 ppm) and a small amount of C2H4 (s, 5.25 ppm). 

Reaction of TpRu(PMe3)(NCMe)(ηηηη1-C2H3) (10) with Ethylene.  These reactions were 

performed in high pressure J-Young NMR tubes protected by a blast shield.  To a high 

pressure J-Young tube was added TpRu(PMe3)(NCMe)(η1-C2H3) (10) (0.007, 0.01 mmol) in 

C6D6 (0.4 mL).  The solution was pressurized to 80 psi with ethylene, and heated at 70 °C.  

Reaction progress was monitored periodically by 1H NMR spectroscopy.  After 28 hours, 

complete conversion to TpRu(PMe3)(η3-C4H7) (5) was observed by 1H NMR spectroscopy. 

Reaction of TpRu(PMe3)(C≡≡≡≡NtBu)Ph (4) with C6D6.  TpRu(PMe3)(C≡NtBu)Ph (5) 

(0.003 mg, 0.006 mmol) was dissolved in C6D6, sealed in a screw-cap NMR tube and heated 

at 60 °C.  No changes were observed by 1H NMR spectroscopy after 3 days. 

Catalytic Hydroarylation Reactions. A representative catalytic reaction is described. 

TpRu(PMe3)(NCMe)Ph (2) (0.012 g, 0.024 mmol) was dissolved in benzene (2.16 mL) and 

decane (0.014 mL, 0.072 mmol) was added as an internal standard.  The homogenous 

reaction mixture was placed in a pressure reactor, charged with 250 psi ethylene pressure 

and heated to 60 °C.  After 18 hours an aliquot of the reaction mixture (~1 µL) was analyzed 

by GC-FID. 

Catalytic Hydrovinylation Reactions. A representative catalytic reaction is described. 

TpRu(PMe3)(η3-C4H7) (6) (0.020 g, 0.045 mmol) was dissolved in THF (4 mL), sealed in a 

15 mL pressure reactor, briefly purged with C2H4, pressurized to 300 psi with C2H4 and 
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heated to 150 °C for 21 hours. After depressurization and under nitrogen, an aliquot was 

withdrawn from the reactor, methylcyclohexane was added as standard and the sample was 

analyzed by GC/MS. 

Kinetic Studies: Conversion of TpRu(PMe3)(NCMe)Ph (2) or 

TpRu(PMe3)(NCMe)(ηηηη1-C2H3) (10) and Ethylene to TpRu(PMe3)(η3-C4H7) (6).  These 

reactions were performed in high pressure J-Young NMR tubes protected by a blast shield.  

In separate NMR tubes and experiments, TpRu(PMe3)(NCMe)Ph (2) (0.019 g, 0.037 mmol) 

and TpRu(PMe3)(NCMe)(η1-C2H3) (10) (0.018, 0.039 mmol), each with a small crystal of 

hexamethylbenzene (as internal standard), were dissolved in THF-d8 (0.60 mL and 0.63 mL, 

respectively), placed in J-Young NMR tubes, pressurized to 80 psi with C2H4 and heated to 

60 °C.  Periodically, the reactions were analyzed by 1H NMR spectroscopy and 

concentrations of starting material, intermediates and products were determined.  Reactions 

were monitored through at least 90% conversion.  Rate constants given in the Results 

section are an average of two experiments and kinetic simulation using KINSIM/FITSIM 

software (errors are a result of simulated fits to kinetic plots, see Supporting Information).   

Kinetic Studies:  Conversion of TpRu(CO)(NCMe)Ph (1) and Ethylene to 

TpRu(CO)(η3-C4H7) (11).  These reactions were performed in high pressure J-Young NMR 

tubes protected by a blast shield.  TpRu(CO)(NCMe)Ph (1) (0.017 g, 0.037 mmol) and a 

small crystal of hexamethylbenzene (as internal standard) was dissolved in THF-d8 (0.60 

mL), placed in a J-Young NMR tube, pressurized to 80 psi with C2H4 and heated to 60 °C.  
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Periodically, the reactions were analyzed by 1H NMR spectroscopy and concentrations of 

starting material, intermediates and products were determined.  Reactions were monitored 

through at least 90% conversion.  Multiple experimental runs revealed reproducible results.  

The production of ethylbenzene was confirmed by GC-MS. 

Observation of TpRu(PMe3)(C2H4)(η1-C2H3) (8).  These reactions were performed in 

high pressure J-Young NMR tubes protected by a blast shield.  Complex 8 has not been 

isolated.  Evidence for the presence of 8 during the formation of allyl complex 6 is derived 

from 1H NMR spectroscopy from the separate reactions of TpRu(PMe3)(NCMe)Ph (2) and 

TpRu(PMe3)(NCMe)(n1-C2H3) (10) under 80 psi ethylene pressure in THF-d8 (see above).  

For both reactions, complex 8 is observed as a reaction intermediate by 1H NMR.  The 

following NMR data are taken from the reaction of 10 and ethylene to form 6:  1H NMR 

(THF-d8 δ):  8.19 (1H, ddd, 3
JHP = 5.7 Hz, 3

JHH = 18.0 Hz, 3
JHH = 10.8 Hz, Ru α-vinyl CH), 

7.84, 7.54, 7.04 (each 1H,each a d, Tp 3 or 5 position), 5.57 (1H, ddd, 3
JHP = 1.8 Hz, 3

JHH = 

3.3 Hz, 3JHH = 10.8 Hz, Ru β-vinyl CH), 4.40 (1H, dd, 3
JHH = 3.3 Hz, 3JHH = 18.0 Hz, Ru β-

vinyl CH), 2.85, 2.44 (each 2H, each a multiplet, C2H4), 1.03 (9H, d, 2
JHP = 7.8 Hz, 

P(CH3)3,).  NOTE:  The observation of only 3 of 9 Tp resonances is due to coincident 

overlap with other complexes. 

KIE Determination for Benzene Activation by TpRu(PMe3)(NCMe)Me (3). 

Individual samples of 3 (0.030 g, 0.067 mmol) in a 1:1 molar mixture of C6D6/C6H6 (359 

µL:360 µL) were prepared, placed in J-Young tubes and heated (70 °C) for approximately 
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4.5 hours (~3 half lives).  After one and three half-lives the samples were cooled to room 

temperature in a water bath, shaken and 1H NMR spectra (400 MHz) were acquired (pulse 

delay of 5 seconds) to measure the ratio of CH4 (δ = 0.16 ppm, s) to CH3D (δ = 0.15 ppm, 

1:1:1 t, 1JHD = 2 Hz). 

Kinetic Studies:  Rate of Acetonitrile Dissociation for TpRu(PMe3)(NCMe)Ph (2).  

A solution of 2 (0.016 g, 0.031 mmol) in 2.5 mL of CD3CN, with a small crystal of 

hexamethylbenzene as standard, was divided among 3 screw-cap NMR tubes.  The triplicate 

set was heated at 60 °C in a temperature regulated oil bath, 1H NMR spectra were 

periodically acquired through 3 half-lives (using a pulse delay of 10 seconds).  Acetonitrile 

dissociation was followed by integration of the decreasing resonance due to coordinated 

NCCH3 at 2.31 ppm relative to the standard hexamethylbenzene.   

Kinetic Studies:  Dependence of H/D Exchange by TpRu(PMe3)(NCMe)Ph (2) in 

C6D6 on Concentration of Free Acetonitrile.  A solution of 2 (0.033 g, 0.065 mmol) and 

either zero, one (3.4 µL, 0.07 mmol), two (6.8 µL, 0.13 mmol), or three (10.3 µL, 0.20 

mmol) equivalents of dry acetonitrile in 2 mL of C6D6 with a small crystal of 

hexamethylbenzene as standard was divided among 3 screw-cap NMR.  The set was heated 

at 60 °C in a temperature regulated oil bath.  1H NMR spectra were periodically acquired 

through 3 half-lives (using a pulse delay of 10 seconds).  H/D exchange was followed by 

integration of the decreasing phenyl resonance at 7.45 ppm relative to the standard 

hexamethylbenzene.  The kobs was determined from a linear plot of ln [2] versus time 

(sample kinetic plots are provided in the Supporting Information). 
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Kinetic Studies: Temperature Dependence of Catalytic H/D Exchange Rate by 

TpRu(PMe3)(NCMe)Ph in C6D6.  A solution of 2 (0.033 g, 0.065 mmol) in 2 mL of C6D6 

with a small crystal of hexamethylbenzene (standard) was divided among 4 screw-cap NMR 

tubes.  The mixtures were separately heated at 50 °C, 60 °C, 70 °C or 80 °C in a temperature 

regulated oil bath. 1H NMR spectra were periodically acquired through 3 half-lives (using a 

pulse delay of 10 seconds).  H/D exchange was followed by integration of the decreasing 

phenyl resonance at 7.45 ppm relative to the standard hexamethylbenzene.  

Computational Methods.  As full experimental ligand models were studied the MOE 

program43 and the MMFF9444 force field were initially used to identify the lowest energy 

conformations for subsequent refinement of geometries with DFT methods. All quantum 

calculations employed the Gaussian03 package.45 The B3LYP functional (Becke's three-

parameter hybrid functional46 using the LYP correlation functional containing both local and 

nonlocal terms of Lee, Yang, and Parr)47 and VWN (Slater local exchange functional48 plus 

the local correlation functional of Vosko, Wilk, and Nusair)49  were employed in 

conjunction with the Stevens (SBK) valence basis sets and effective core potentials for all 

heavy atoms and the –31G basis set for hydrogen. The SBK valence basis sets are valence 

triplet-zeta for ruthenium, and double-zeta for main group elements. The basis sets of main 

group elements are augmented with a d-polarization function: ξd = 0.8 for boron, carbon, 

nitrogen and oxygen and ξd = 0.55 for phosphorus. The SBK scheme utilizes a semi-core 

(46-electron core) approximation for ruthenium and a full core approximation for main 

group elements. All complexes modeled are closed-shell (diamagnetic) species and were 
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modeled within the restricted Kohn-Sham formalism. All systems were fully optimized 

without symmetry constraint and analytic calculations of the energy Hessian were performed 

to confirm species as minima or transition states and to obtain free energies (using unscaled 

vibrational frequencies) in the gas phase at 1 atm and 298.15 K.  
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3  Combined Experimental and Computational Study of 
TpRu{P(pyr)3}(NCMe)Me (pyr = N-pyrrolyl): Inter- and Intramolecular 
Activation of C-H Bonds and the Impact of Sterics on Catalytic Hydroarylation of 
Olefins 

3.1  Introduction 

This chapter investigates new variations of TpRuII(L)(NCMe)Ph {Tp = 

hydridotris(pyrazolyl)borate; L = CO, PMe3 or P(pyr)3} complexes as homogeneous 

catalysts for the hydroarylation of olefins.1-7  As previously discussed, TpRu(CO)(NCMe)Ph 

catalytically produces alkyl arenes from ethylene or simple α-olefins and arenes and is, to 

date, the most active homogenous catalyst known for the hydrophenylation of ethylene that 

proceeds through a metal-mediated C-H activation pathway.1-3  In order to better understand 

the factors that control the catalysis and in an effort to access improved systems, the work 

herein continues efforts to synthesize analogues of TpRu(CO)(NCMe)Ph by formally 

substituting CO with alternative neutral two-electron donating ligands.   

In Chapter 2, the chemistry of TpRu(PMe3)(NCMe)R (R = Me or Ph) was discussed 

including evidence for benzene C-H activation and catalytic hydroarylation and 

hydrovinylation cycles.8  Although the PMe3 complex proved to be a catalyst for the 

hydrophenylation of ethylene, its overall activity and longevity was poor.  However, this 

research marked a pivotal point for further studies of TpRu(II) olefin hydroarylation 

catalysts.  That is, mechanistic investigations suggested that more electron-deficient systems 

{i.e., similar to TpRu(CO)(NCMe)R} are likely to be optimal for successful olefin 

hydroarylation.  Along these lines, the synthesis of TpRu{P(pyr)3}(NCMe)R (pyr = N-

pyrrolyl; R = Me or Ph) complexes was targeted.   
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The tris-N-pyrrolyl phosphine ligand has been reported to have an overall donating 

ability similar to CO,9 and it was anticipated that TpRu{P(pyr)3}(NCMe)R systems would 

be electronically similar to TpRu(CO)(NCMe)R systems.  The notion that pyrrolyl groups 

would act as strong electron-withdrawing groups to enhance phosphine π-acidity and reduce 

overall donor ability was suggested by work with dithiocarbamates.10  As shown in Scheme 

3.1, alkyl substitutents on the nitrogen result in a donor NR2 moeity (resonance contributors 

A and B), whereas in the case of the pyrrolyl carbamate an aromatic delocalized resonance 

contributor (D) dominates acting to effectively withdraw electron density from the 

carbamate carbon.  Extending this concept to phosphines (Scheme 3.1) predicts that pyrrolyl 

aromaticity will attenuate N�P π-donation (E), the nitrogen will bear a partial positive 

charge (G and H) and the electronegativity of N will act to withdraw electron density 

culminating in a significantly electron-deficient P atom.9   

 

 

Scheme 3.1 Effects of aromaticity on charge delocalization in carbamates and pyrrolyl 
phosphines. 
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Experimental evidence is consistent with reduced P electron density for P(pyr)3 

relative to alkyl or other common aryl phosphines.  Whereas alkyl phosphines and even 

PPh3 undergo nucleophilic addition to MeI to form quaternary phosphonium salts,11, 12 

P(pyr)3 does not react with MeI.  Additionally, the analysis of υCO stretches by IR 

spectroscopy for transition metal carbonyl systems has been accepted as a reliable tool to 

gauge the donating effects of ancillary ligands.13  The nearly identical Tolman cone angles 

of PPh3 and P(pyr)3 (both ~ 145°) allow for direct comparison of donation ability of the PR3 

ligand that is predominantly void of ligand steric effects.14  By measuring the υCO stretches 

of RhCl(CO)(PR3-xR’x)2 (R = phenyl; R’ = pyrrolyl) complexes, Moloy and Petersen were 

able to show a steady increase of approximately 20 cm-1 in CO absorption energy for every 

substitution of a phenyl ring with a pyrrolyl group.  Additionally, with the experimentally 

determined υCO of 2024 cm-1 for RhCl(CO){P(pyr)3}2, they were also able to compare the 

L�M electron donating effects of the P(pyr)3 ligand against the series of Tolman Ni(CO)3L 

complexes in which L is an extensive range of phosphines with various steric and electronic 

effects.15  However, the Ni(CO)3{P(pyr)3} complex was not studied by Tolman and has yet 

to be synthesized, so Moloy and Petersen calculated the estimated difference between the 

υCO A1 bands of a series of known RhCl(CO)(PR3)2 and Ni(CO)3(PR3) complexes in order to 

extrapolate the theoretical  Ni(CO)3{P(pyr)3} υCO stretch.  They calculated it to be 2092 cm-

1, a drastic increase in absorption energy compared to the υCO of 2064 cm-1 for 

Ni(CO)3(PMe3),15 suggesting the P(pyr)3 ligand has overall weaker electron–donating 

properties relative to PMe3.  Thus, it was anticipated that substitution of PMe3 in 
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TpRu(PMe3)(NCMe)R with P(pyr)3 would provide a Ru complex with reduced electron 

density and perhaps a complex that approaches the electron density of TpRu(CO)(NCMe)R. 

Although, the P(pyr)3 ligand offers the potential to approach a complex 

electronically similar to TpRu(CO)(NCMe)Ph, the large steric bulk of the ligand may alter 

the reactivity profile of the TpRu systems.  The success of catalytic olefin hydroarylation by 

TpRu(L)(NCMe)R systems is dependent upon access to the metal (i.e., open-coordination 

site in an octahedral environment) through dissociation of the NCMe ligand.2, 8  The larger 

P(pyr)3 ligand may render substitution of linear NCMe with more sterically bulky ligands 

(e.g., olefins or aromatic substrates) less facile than TpRu(CO)(NCMe)R or 

TpRu(PMe3)(NCMe)R complexes.  However, if TpRu{P(pyr)3}(NCMe)R can efficiently 

coordinate substrates and enter into a catalytic olefin hydroarylation cycle, the P(pyr)3 steric 

bulk could act to control the regioselectivity of α-olefin insertion and, hence, control the 

regioselectivity of hydroarylation of α-olefins (i.e., linear to branched ratios of alkyl arenes) 

to a greater extent than that of TpRu(CO)(NCMe)Ph.  This is a substantial challenge for 

catalytic hydroarylation that has yet to be solved and would mark a significant advance over 

classical Freidel-Crafts type catalysis. 

Relative to most phosphines, the coordination of P(pyr)3 to transition metals has 

significantly less precedence.  The compound was first reported in 1957 by Issleib and 

Brack and initially garnered attention as π-isoelectronic alternative to the cyclopentadienyl 

moiety.16  Nearly all the examples of transition metal coordinated P(pyr)3 complexes are low 
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valent and predominantly confined to the group 8 metals with Cr, Mo, Co, Rh, Pd and Pt as 

the only outliers representing groups 6, 9 and 10.  In most cases the authors find the P(pyr)3 

advantageous as a ligand due to its steric similarity and yet reduced σ-donation character 

relative to the prevalent PPh3 compound.9, 17-20  Thus, TpRu{P(pyr)3}(NCMe)Ph was 

prepared to test the impact of reduced electron density {relative to TpRu(PMe3)(NCMe)Ph} 

and enhanced steric bulk {relative to TpRu(CO)(NCMe)Ph} for catalytic olefin 

hydroarylation. 

3.2 Results and Discussion 

3.2.1  Synthesis and Stoichiometric C-H Activation 

The previously reported complex TpRu(PPh3)2Cl reacts with tris-N-pyrrolyl 

phosphine at room temperature to produce TpRu{P(pyr)3}(PPh3)Cl (1) in 84% isolated yield 

(Scheme 3.2).  The 31P{1H} NMR spectrum of TpRu{P(pyr)3}(PPh3)Cl (1) shows two 

doublets (2
JPP = 40 Hz) at 37.8 ppm and 123.0 ppm due to the PPh3 and P(pyr)3 ligands, 

respectively.  The room temperature 1H NMR spectrum of 1 in Figure 3.1 shows C1 

symmetry and an interesting strong upfield shift of one Tp-4 resonance to 4.83 ppm.  The 

upfield chemical shift is potentially the result of close proximity of the Tp hydrogen atom to 

the aromatic shielding region of either a PPh3 phenyl or a P(pyr)3 pyrrolyl ring.     

 

Scheme 3.2. Synthesis of TpRu{P(pyr)3}(PPh3)Cl (1). 
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Figure 3.1. 1H NMR spectrum of TpRu{P(pyr)3}(PPh3)Cl (1) (CDCl3). 

 

The 1H NMR spectrum of 1 also exhibits significant broadening of the resonances 

due to the triphenylphosphine (7.48, 7.24 and 7.09 ppm) and tris-N-pyrrolyl phosphine 

ligands.  The line broadening is likely the result of hindered rotation of the P-N/P-C and Ru-

P bonds due to the presence of sterically bulky phosphine ligands.  At room temperature in 

the 1H NMR spectrum of 1, the hydrogen atoms of the coordinated P(pyr)3 appear as a single 

broad resonance at 6.04 ppm spanning a window of approximately 480 Hz (300 MHz 

spectrometer).  Variable temperature 1H NMR spectroscopy resulted in decoalescence at 

lower temperatures; however, at -60 ºC the slow exchange regime was not accessed and 

substantial line broadening was still present.  Thus, kinetic data was unable to be acquired 

for the fluxional process based in steric bulk of the PPh3 and P(pyr)3 ligands.  In contrast to 

Broadened 

PPh3 Ligand 

Broadened 

P(pyr)3 Ligand 
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the 1H NMR spectrum of 1, in the room temperature 13C{1H} NMR spectrum the 2,5- and 

3,4-pyrrolyl resonances are distinguishable and separate with only a slight broadening of the 

2,5 pyrrolyl resonance (Figure 3.2).  The reduced broadening in the 13C{1H} NMR is likely 

due faster exchange of the 2,5- and 3,5- pyrrolyl resonances relative to the smaller ∆υ for the 

13C{1H} NMR experiment (75 MHz) as compared to the 1H NMR experiment (300 MHz). 

This reduction in dynamic exchange between two 13C nuclei, coupled with the low 

magnetogyric ratio of the 13C atoms relative to all C atom, serves to effectively to mitigate 

the observed broadening on the 13C NMR time scale. 

 

 

Figure 3.2. 13C NMR spectrum of TpRu{P(pyr)3}(PPh3)Cl (1) (CDCl3). 

 

The reaction of 1 in a mixture of refluxing THF and acetonitrile produces 

TpRu{P(pyr)3}(NCMe)Cl (2) in 92% isolated yield (Scheme 3.3).  The 1H NMR spectrum 

of 2 shows the coordination of NCMe with a resonance at 2.35 ppm due to the methyl group 

Slight 
Broadening of 

2,5 Pyrrolyl 
Resonance 
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(Figure 3.3).  In addition, in the absence of the PPh3 ligand the line broadening of the 

resonances due to the P(pyr)3 ligand of TpRu{P(pyr)3}(PPh3)Cl (1) is not present.  

 

 

Scheme 3.3. Synthesis of TpRu{P(pyr)3}(NCMe)Cl (2). 

 

Figure 3.3. 1H NMR spectrum of TpRu{P(pyr)3}(NCMe)Cl (2) (CDCl3). 

 

The combination of 2 and AgOTf (OTf = trifluoromethanesulfonate) at room 

temperature yields the product of chloride/triflate metathesis TpRu{P(pyr)3}(NCMe)OTf (3) 

in 99% isolated yield (Scheme 3.4).  The 1H NMR spectrum of 3 shows retention of the 
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NCMe resonance (1.09 ppm) and a substantial rearrangement of Tp resonances, particularly 

a significant downfield shift of one Tp-3 or -5 resonance to 9.15 ppm (Figure 3.4).  This 

downfield shift has been previously observed with other TpRu(L)(L)(OTf) complexes.8  

Additionally, 3 exhibits a singlet at -76.5 ppm in the 19F{1H} NMR spectrum. However, 

complex 3 could not be isolated pure (NMR spectroscopy reveals minor amounts of 

impurities, Figure 3.4) and was taken to the next step and purified after methylation.   

 

 

Scheme 3.4. Synthesis of TpRu{P(pyr)3}(NCMe)OTf (3). 

 

Figure 3.4. 1H NMR spectrum of TpRu{P(pyr)3}(NCMe)OTf (3) (C6D6). 
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The addition of one equivalent of Me2Mg to 3 at room temperature gives 

TpRu{P(pyr)3}(NCMe)Me (4) in 79% isolated yield (Scheme 3.5).  Consistent with 

asymmetric resonance patterns observed in both the 1H and 13C{1H} NMR spectra for 

complexes 2 and 3, complex 4 also reveals 9 unique Tp resonances with an upfield doublet 

(3
JHP = 2 Hz) in the 1H NMR spectrum for the methyl ligand at 1.08 ppm (Figure 3.5).  

Cyclic voltammetry of 4 shows a reversible Ru(III/II) oxidation at E1/2 = 0.76 V (vs. NHE), 

which  suggests that complex 4 is slightly more electron-rich than TpRu(CO)(NCMe)Me 

{Ru(III/II), E1/2 = 0.95 V}1 and significantly less electron-rich than TpRu(PMe3)(NCMe)Me 

{Ru(III/II), E1/2 = 0.10 V}.8   

 

 

Scheme 3.5. Synthesis of TpRu{P(pyr)3}(NCMe)Me (4). 
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Figure 3.5. 1H NMR spectrum of TpRu{P(pyr)3}(NCMe)Me (4) (C6D6). 

 

Heating 4 to 60 °C in C6H6 results in intermolecular C-H activation of benzene to 

form TpRu{P(pyr)3}(NCMe)Ph (5) (Scheme 3.6).  In addition to complex 5, a brown 

precipitate that is NMR silent was also isolated from this reaction.  Dissolution in CDCl3 

showed a silent NMR spectrum with respect to Tp resonances, presumably due to the 

formation of a paramagnetic complex.  As displayed in Scheme 3.7, the conversion of 4 and 

C6D6 to 5-d5 was monitored in sealed NMR tubes revealing that 5-d5 is reproducibly formed 

in approximately 60% to 65% yield.  In the reaction in C6D6 to form 5-d5, complex 4 is 

consumed under pseudo first-order conditions at a rate of 1.15(1) x 10-4 s-1 at 60 °C.  

Additionally, both CH3D (1:1:1 triplet at 0.14 ppm) and CH4 (singlet at 0.16 ppm) (~ 2:1 

molar ratio by integration of resonances in the 1H NMR spectrum) production are observed 

Ru-Me: 
3
JHP = 2 Hz 
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by 1H NMR spectroscopy for reactions performed in sealed NMR tubes.  The formation of 

CH3D is consistent with intermolecular C-D activation of C6D6 by complex 4 (Scheme 3.7).  

The formation of CH4 is suggestive of either an intramolecular C-H activation of a pyrrolyl 

group (see below) or intermolecular C-H activation between two molecules of 4, thus 

liberating the methyl ligand as CH4 and rendering a species that presumably decomposes to 

the uncharacterized brown precipitate. 

 

 

Scheme 3.6. Synthesis of TpRu{P(pyr)3}(NCMe)Ph (5). 

 

 

Scheme 3.7. Reaction of TpRu{P(pyr)3}(NCMe)Me (4) and C6D6. 

    

  Complex 5 has been isolated pure in 62% yield and characterized by 1H, 13C{1H} 

and 31P{1H} NMR spectroscopy, elemental analysis and a single crystal X-ray diffraction 

study (Figure 3.6 and Table 3.1).  The ORTEP of 5 reveals a Ru-P distance of 2.1894(7) Å, 

which is in good agreement with a Ru-P of 2.2022(5) Å for TpRu{P(pyr)3}(DMF)Cl 
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reported by the Slugovc group.18  The Ru-P bond distance of 5 is 0.120 Å shorter than the 

Ru-P distance of TpRu(PPh3)(DMF)Cl {2.309(1) Å }21 and 0.090 Å shorter than the Ru-P 

bond distance of TpRu(PMe3)(NCMe)Ph {2.279(1) Å}.22  The decreased Ru-P bond 

distance of the P(pyr)3 ligand of 5 compared to the corresponding bond distance of 

TpRu(PPh3)(DMF)Cl and TpRu(PMe3)(NCMe)Ph is likely a result of Ru-to-phosphine π-

back-bonding for the π-acidic tris-N-pyrrolyl phosphine ligand.  Additionally, the crystal 

structure of 5 reveals that the NCMe and phenyl ligands are canted slightly toward each 

other with a C10-Ru1-N7 bond of angle of 87.1(1)°.  The P1-Ru1-N7 bond angle is 

94.38(7)°, while the P1-Ru1-C10 bond angle is 93.40(8)°.   The increase in the P1-Ru1-C10 

and P1-Ru1-N7 bond angles to greater than 90° and the decrease of the angle between the 

phenyl and NCMe ligands to less than 90° is likely the result of the steric influence of the 

phosphine ligand, though the deformations from the ideal 90º octahedral geometry are not 

substantial (perhaps due to the counterbalance of sterics by the bulky Tp ligand).  
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Figure 3.6. ORTEP of TpRu{P(pyr)3}(NCMe)Ph (5) (50% probability with hydrogen atoms 
omitted).  Selected bond lengths (Å): Ru1-N7, 2.015(2); Ru1-C10, 2.071(3); Ru1-P1, 
2.1894(7); Ru1-N1, 2.130(2); Ru1-N3, 2.190(2); Ru1-N5, 2.086(2); N7-C16, 1.144(4); P1-
N8, 1.722(2); P1-N9, 1.730(2), P1-N10, 1.723(2); Selected bond angles (º): N7-Ru1-C10, 
87.1(1); N7-Ru1-P1, 94.38(7); C10-Ru1-P1, 93.40(8). 

 

Table 3.1. Selected crystallographic data for [TpRu{P(pyr)3}(NCMe)Ph (5)•CH2Cl2]and 
[TpRu{κ

2-P,C-P(pyr)2(NC4H3)}NCMe (6)•0.5C6H6]. 

  Complex 5 Complex 6 
empirical formula C30H32BCl2N10PRu C26H27BN10PRu 
formula wt 746.41 622.43 
crystal system orthorhombic monoclinic 
space group Pca21 P21/c 
a, Å 14.2295(4) 8.6486(4) 
b, Å 13.3202(4) 15.4071(7) 
c ,Å 17.0744(4) 21.9014(1) 

β, °  100.399(1) 
V, (Å3) 3236.3(2) 2870.4(2) 
Z 4 4 
Dcalcd, g/cm3

 1.532 1.440 
crystal size (mm) 0.44 × 0.22 × 0.04 0.10 x 0.16 x 0.50 
R1, wR2 {I>2(I)} 0.0306, 0.0717 0.0364, 0.0920 
GOF 1.081 1.031 
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1H NMR spectroscopy of 5 (in C6D6) at room temperature reveals broad resonances 

due to the pyrrolyl and phenyl fragments (7.18 ppm, 7.02 ppm, 6.29 ppm and 6.13 ppm) 

while eight of the Tp resonances and the NCMe resonance are well-resolved (Figure 3.7).  

The observation of broad resonances suggests hindered rotation of the phenyl and tris-N-

pyrrolyl phosphine ligands on the 1H NMR timescale, which is likely due to steric hindrance 

between the two ligands and is similar to the broadening observed with 

TpRu{P(pyr)3}(PPh3)Cl (Figure 3.1).  Figure 3.8 shows both a space filling model and a ball 

and stick diagram obtained from crystallographic data of TpRu{P(pyr)3}(NCMe)Ph (5).  

Although derived from complex 5 in the crystalline phase, the solid-state structure highlights 

the close contacts between a pyrrolyl ring of P(pyr)3 and the phenyl ligand ranging from 

3.273 Å to 3.796 Å.  Based on the average known bond distances of C-N, C-H and N-P 

bonds, the theoretically ideal bond angles resulting from either sp
2 or sp

3 geometries and the 

Ru1-P1 and Ru1-C10 bond distances from the crystallographic data of 5, the distances 

between a pyrrolyl ring of P(pyr)3 and the phenyl ligand can be calculated.  The right 

illustration in Figure 3.8 shows this contact to be ~1.1 Å between the hydrogens of the tris-

N-pyrrolyl and phenyl moieties (Figure 3.8).  These geometric considerations provide 

evidence to implicate steric perturbations as the cause of broadening of both the phenyl and 

P(pyr)3 resonances observed in the 1H NMR spectrum (Figure 3.7).   
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Figure 3.7. 1H NMR spectrum of TpRu{P(pyr)3}(NCMe)Ph (5) (C6D6). 

 

 

Figure 3.8. Cut-away views of Ru{P(pyr)3}Ph fragment of TpRu{P(pyr)3}(NCMe)Ph (5).  
Shown are the space filling model (left view) and ball and stick diagram (center view) with 
distances (Å) from nearest pyrrolyl 2-position carbon to ipso and meta carbons of phenyl 
ring (hydrogen atoms omitted for clarity; Ru = pink, C = grey, N = blue, P = orange). The 
right view displays a 2D rendition of the potential overlap between the phenyl and pyrrolyl 
ligands with distance in Å. 

 

Broadening of Pyrrolyl 

and Phenyl Resonances 
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Variable temperature NMR studies of 5 were conducted from 110 °C to -80 °C in an 

effort to extract ligand rotational barriers.  At low temperatures in CD2Cl2 multiple 

decoalescence points were observed as shown in Figure 3.9.  At -80 °C at least 10 new 

identifiable resonances emerge; however, the slow exchange regime was not accessed at -80 

°C, and specific assignment of resonances could not be made due to the broad nature of most 

resonances.  At elevated temperatures in C6D6, 1H NMR spectroscopy revealed a decrease in 

the linewidth of resonances (Figure 3.10).  At 70 °C, two resonances due to the pyrrolyl 

groups (6.30 and 6.13 ppm) are observed with the resonance at 6.30 ppm (2,5-pyrrolyl 

positions) less broadened than when at room temperature.  The observation of two 

resonances (1H NMR, 70 °C) due to the P(pyr)3 ligand is consistent with rapid Ru-P and P-

Npyr bond rotation relative to the 1H NMR time scale.  Unfortunately, the phenyl resonances 

cannot be fully elucidated; however, their sharpening relative to room temperature spectra is 

evident.  In addition, the improved resolution due to the increased ligand rotational 

frequency allows for the identification of all Tp resonances that were previously overlapping 

with broadened phenyl and P(pyr)3 resonances.   
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Figure 3.9. Variable temperature 1H NMR spectral stack plots of TpRu{P(pyr)3}(NCMe)Ph 
(5) from +25 °C to -80 °C in CD2Cl2. 
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Figure 3.10. Variable temperature 1H NMR spectral stack plots of 
TpRu{P(pyr)3}(NCMe)Ph (5) from +20 °C to +70 °C in C6D6. 

 

The addition of 5 equivalents of acetonitrile to the reaction of 4 and C6D6 suppresses 

the decomposition to the brown precipitate, but also slows the rate of formation of 5 at 60 

°C.  Under these conditions, after 17 hours only 6% conversion to 5 is observed (compared 

with complete consumption of complex 4 and ~ 63% conversion to 5 in 7.5 hours in the 

absence of NCMe); however, 12% conversion to a new complex identified as TpRu{κ
2-P,C-

P(pyr)2(NC4H3)}NCMe (6), the product of intramolecular C-H activation of a pyrrolyl 2-

position, was observed by 1H NMR spectroscopy.  It is presumed that the presence of free 

acetonitrile suppresses benzene/NCMe ligand exchange to form TpRu{P(pyr)3}(C6H6)Me, 

+70 °°°°C 

+60 °°°°C 

+20 °°°°C 

+40 °°°°C 
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which is likely the precursor to benzene C-H activation to form 5.  As a result, in the 

presence of free NCMe, intramolecular C-H activation of a pyrrolyl group competes with 

intermolecular C-H activation of benzene.  It is uncertain why the addition of free NCMe 

does not equally suppress the intramolecular C-H activation. 

Heating 4 to 100 °C in neat acetonitrile results in the formation of the cyclometalated 

species 6 in 62% isolated yield after approximately 3 days (Scheme 3.8).  In the 31P{1H} 

NMR spectrum, the resonance of the phosphine ligand of 6 appears at 74.2 ppm, which is 

shifted substantially upfield of the corresponding resonances for both 4 at 124.1 ppm and 5 

at 127.8 ppm.  This upfield chemical shift for the 31P{1H} resonance of 4 is consistent with 

the shielding often observed for 3- and 4-membered cyclometalated phosphine complexes.23, 

24  The room temperature 1H NMR spectrum of 6 shows the presence of 9 unique Tp 

resonances that are well resolved as opposed to the broadening observed in the room 

temperature 1H NMR of 6.  In addition, loss of symmetry of the phosphine ligand is 

observed with 5 observed resonances due to the cyclometalated tris-N-pyrrolyl phosphine 

ligand (Figure 3.11).  Seven pyrrolyl resonances would be expected but the lack of two is 

likely due to overlap that can be seen upon closer examination of the resonances.  The 

13C{1H} NMR spectrum of 6 is also consistent with an asymmetric tris-N-pyrrolyl 

phosphine ligand and reveals a downfield doublet at 148.8 ppm with a large 2JCP coupling of 

29 Hz due to the cyclometalated carbon.   
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Scheme 3.8. Synthesis of TpRu{κ

2-P,C-P(pyr)2(NC4H3)}NCMe (6). 

 
 

 
Figure 3.11. 1H NMR spectrum of TpRu{κ

2-P,C-P(pyr)2(NC4H3)}NCMe (6) (C6D6). 

 

A single crystal X-ray diffraction study (Figure 3.12 and Table 3.1) confirmed the 

formation of 6 and the presence of a four-membered cyclometalated ring formed from a 

pyrrolyl moiety.  To our knowledge, the only other example of a structurally characterized 

cyclometalated P(pyr)3 ligand is a reported hexarhodium-carbonyl cluster that bears a 5-

membered dimeric cyclic structure in which the pyrrolyl fragment bridges two metal 

Tp 3/5’s Tp 4’s Pyrrolyl 
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centers.25  A search of the Cambridge Structural Database reveals no 4-member 

organometallic cyclometalated phosphine pyrrolyl structures.  Geometric details of 6 reveal 

the anticipated strain as a result of the 4-membered Ru-P-N-C ring (Figure 3.13), 

particularly with the C(12)-Ru(1)-P(1) fragment with a bond angle of 66.67(7)°.  The ring 

strain is likely relieved through a degree of bond lengthening.  For example, the N(8)-C(12) 

bond of the ring is slightly longer {1.417(3) Å} compared to the non-cyclometalated  N-C 

bonds {e.g., N(9)-C(19), 1.375(4) Å; N(10)-C(23), 1.381(4) Å} of the tris-N-pyrrolyl 

phosphine ligand.  Likewise, the Ru-P bond {2.2119(7) Å} is also significantly longer than 

that of complex 5 {2.1894(7) Å}. 

 

 
Figure 3.12. ORTEP of TpRu{κ

2-P,C-P(pyr)2(NC4H3)}NCMe (6) (30% probability with 
hydrogen atoms omitted).  Selected bond lengths (Å): Ru1-N7, 2.027(2); Ru1-C12, 
2.064(3); Ru1-P1, 2.2119(7); Ru1-N1, 2.075(2); Ru1-N3, 2.105(2); Ru1-N5, 2.162(2); N7-
C10, 1.133(3); P1-N8, 1.674(2); P1-N9, 1.698(2), P1-N10, 1.725(2); N(8)-C(12), 1.417(3); 
N(9)-C(19), 1.375(4); N(10)-C(23), 1.381(4); C(12)-C(13), 1.370(4); C(22)-C(23), 1.353(4); 
C(18)-C(19), 1.350(5).  Selected bond angles (º): N(7)-Ru(1)-C(12), 93.18(9); N7-Ru1-P1, 
90.69(7); N(9)-P(1)-Ru(1), 124.24(8); N(10)-P(1)-Ru(1), 129.07(9); N(8)-P(1)-Ru(1), 
90.15(8); C12-Ru1-P1, 66.67(7);C(12)-N(8)-P(1), 98.8(2); N(8)-C(12)-Ru(1), 104.3(2). 

 



 186 

 

Figure 3.13.  Pictorial representation of bond angles (°) and bond lengths (Å) for the four-
membered ring of TpRu{κ

2-P,C-P(pyr)2(NC4H3)}NCMe (6). 

 

 The formation of 6 from 4 results from intramolecular C-H activation of a 2-position 

pyrrolyl C-H bond and elimination of methane.  Heating 4 in NCCD3 at 100 °C yields 

quantitative conversion to TpRu{κ
2-P,C-P(pyr)2(NC4H3)}NCCD3 (6-d3) and free CH4 in 

approximately 3 days.  CH3D, which resonates as a 1:1:1 triplet at ~ 0.16 ppm, was not 

observed by 1H NMR spectroscopy while the presence of the CH4 isotopomer was clear (a 

singlet at 0.2 ppm).  Thus, under these conditions the intramolecular C-H activation to 

produce 6 is substantially slower than the intermolecular benzene C-H activation in C6H6 to 

produce 4, which is complete after 7.5 hours at 60 °C in C6H6.   

In contrast to the methyl complex 4, heating the phenyl complex 

TpRu{P(pyr)3}(NCMe)Ph (5) in NCCD3 at 120 °C for 24 hours gives no visible sign of 

intramolecular C-H activation of a pyrrolyl group by 1H NMR spectroscopy (Scheme 3.2).  

The acetonitrile ligand of 5 readily undergoes degenerate exchange with NCCD3 at 60 °C 

with t1/2 ~ 80 minutes (by 1H NMR spectroscopy), and, thus, the coordinated NCMe is likely 

to be sufficiently labile at 120 °C to provide an open coordination site (if necessary).  

Additionally, the lability of the NCMe ligand of TpRu{P(pyr)3}(NCMe)Me (4) was verified 
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by following the degenerate exchange of the NCMe ligand in NCCD3 at 60 °C with kobs = 

1.47(2) x 10-4 s-1 (Figure 3.14).  The inability of the phenyl ligand to undergo intramolecular 

C-H activation with a pyrrolyl fragment at 120 °C suggests that elimination of benzene from 

5 via intramolecular C-H activation is thermodynamically unfavorable.  Consistent with this 

suggestion, heating complex 6 for 22 hrs at 80 °C in C6D6 in a NMR tube forms the phenyl 

complex 5 in 50% yield by 1H NMR spectroscopy (decomposition to NMR silent products 

accompanies the formation of 5).  The reversibility of the P(pyr)3 cyclometalation suggests 

that 5 might be a viable catalyst for the hydroarylation of olefins as previously studied for 

analogous TpRu(L)(NCMe)Ph (L = CO and PMe3) complexes (i.e., kinetically accessible 

cyclometalation should not inhibit catalysis since it is reversible).1-3, 8 
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Scheme 3.9. Schematic representation of the conversion of TpRu{P(pyr)3}(NCMe)Me (4) to 
TpRu{P(pyr)3}(NCMe)Ph (5) via intermolecular C-H activation of C6H6 and TpRu{κ

2-P,C-
P(pyr)2(NC4H3)}NCMe (6) via intramolecular C-H activation of a pyrrolyl moiety (note: 
square indicates vacant coordination site). 

 

 

Figure 3.14. Pseudo first order plot for acetonitrile exchange of TpRu{P(pyr)3}(NCMe)Me 
(4) in NCCD3 at 60 °C.  The y-axis [ln (Ru-NCMe)] is taken from the disappearance of 
coordinated protio-NCMe by 1H NMR spectroscopy. 
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3.2.2  Hydrophenylation of Ethylene 

TpRu{P(pyr)3}(NCMe)Ph (5) is an electronically similar  analogue and structural 

variant of the previously reported olefin hydroarylation catalyst TpRu(CO)(NCMe)Ph.1-3  

Given that 4 reacts with benzene to initiate relatively facile C-H activation, we probed the 

efficacy of 5 as a catalyst for the hydroarylation of ethylene.  In pressure reactors, conditions 

were explored from 90 °C to 180 °C and 25 psi to 700 psi of ethylene in benzene as shown 

in Table 3.2.  All reactions were analyzed by GC/MS and organic yields determined relative 

to an internal standard hexamethylbenzene. 

Table 3.2. Hydrophenylation of ethylene by TpRu{P(pyr)3}(NCMe)Ph (5). 

Ethylene 
(psi) 

Temp. 
(C) 

Time 
(hours) 

Ethyl 
Benzene

a
 Styrene

a
 

25 90 11 none none 
300 90 11 none none 
80 120 11 0.2 none 
250 120 11 <0.1 0.2 
15 150 11 none none 
25 150 11 trace none 
50 150 17 0.7 0.1 
50 150 5 days 0.9 0.1 
100 150 11 0.1  trace 
300 150 11 0.1 0.2 
500 150 16 0.1 0.1 
700 150 16 0.1 0.3 
100 180 10 0.9 0.2 
300 180 10 0.3 0.2 
500 180 16 1.2 0.7 
700 180 16 1.2 0.7 

a The mole of product per mole of catalyst 
 

The formation of ethyl benzene was not observed until 80 psi and 120 °C.  

Increasing the temperature resulted in a slight increase in the formation of ethyl benzene but 
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was also accompanied by the formation of styrene, likely resulting from a β–hydride 

elimination pathway from a Ru-CH2CH2Ph intermediate(s).  At 150 °C, increasing the 

pressure of ethylene beyond 50 psi resulted in decreased formation of ethyl benzene.  

Comparatively, results for the hydrophenylation of ethylene (25 psi) using 

TpRu(CO)(NCMe)Ph as catalyst yielded 51 TONs in 4 hours at 90 °C.2  The most 

successful production of ethyl benzene using 5 was nearly 1 TON at 180 °C and 100 psi 

ethylene in 10 hours.  In all cases, the catalyst solutions remained homogeneous; however, 

1H NMR spectral analysis of residual materials (non-volatiles) from catalysis failed to reveal 

the observation of 5 or any other potential intermediates in the proposed catalytic cycle for 

hydrophenylation of ethylene {i.e., TpRu{P(pyr)3}(η2-C2H4)R}.  Presumably, under 

catalytic conditions 5 decomposes to NMR silent materials.  Attempted catalysis at 60 ºC 

results in no reaction.  

Since 4 activates the C-H bonds of benzene and the electron density of Ru of 

TpRu{P(pyr)3}(NCMe)Ph (5) is quite similar to TpRu(CO)(NCMe)Ph {Ru(III/II) values of 

E1/2 = 0.76 V and E1/2 = 0.95, respectively}, the relatively poor catalyst performance of 5 

{compared to TpRu(CO)(NCMe)Ph} is possibly due to steric encumbrance as a result of the 

bulky tris-N-pyrrolyl phosphine ligand.  For catalytic hydrophenylation of ethylene using 

TpRu(L)(NCMe)Ph (L = CO or PMe3) systems, TpRu(L)(η2-C2H4)Ph complexes have been 

identified as key intermediates in catalytic sequences.2, 8  Evidence has been obtained for the 

formation of TpRu(CO)(η2-C2H4)Ph by subsequent trapping of the insertion product with 

NCMe to give TpRu(CO)(CH2CH2Ph)NCMe, while TpRu(PMe3)(η2-C2H4)Ph has been 
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directly observed in situ in benzene/ethylene mixtures as well as independently synthesized 

and characterized.8  In contrast, under the conditions that form TpRu(L)(η2-C2H4)Ph (L = 

CO or PMe3) systems, heating 5 to 60 ºC under ethylene pressure (80 psi) in THF-d8 does 

not result in the formation of TpRu{P(pyr)3}(η2-C2H4)Ph (Scheme 3.10).  Rather, after 5.5 

days of heating, complex 5 is observed along with 25% decomposition (relative to internal 

standard) to NMR silent species.  Thus, it is likely that TpRu{P(pyr)3} is unable to access 

the species TpRu{P(pyr)3}(η2-C2H4)(Ph), which would likely precede the olefin insertion 

step in the ethylene hydrophenylation catalytic cycle.  

 

Scheme 3.10. Attempted reaction of TpRu{P(pyr)3}(NCMe)Ph (5) with ethylene. 

 

3.2.3  Computational Studies 

Computational studies employing density functional theory and effective core 

potential methods were carried out by Dr. Thomas Cundari of the University of North Texas 

to address several issues pertinent to the catalytic hydroarylation chemistry of P(pyr)3-

ligated TpRu complexes including (i) thermodynamics of ethylene binding to 

TpRu{P(pyr)3}Ph, (ii) thermodynamics of cyclometalation of the pyrrolyl substituent in the 

2-position, in particular the relative competence of the TpRu{P(pyr)3}Ph and 
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TpRu{P(pyr)3}Me complexes for effecting this transformation, and (iii) kinetics and 

thermodynamics of C-H activation of benzene by the putative 16-electron active species 

TpRu{P(pyr)3}Me. 

3.2.3.1  Ethylene Binding to TpRu{P(pyr)3}Ph   

Previous experimental and computational studies have indicated that a key step in 

the hydroarylation chemistry of TpRu-based catalysts is the coordination of ethylene to the 

16-electron phenyl system TpRu(L)Ph.  In previous research, L = CO and PMe3 were 

investigated for the catalytic hydrophenylation of ethylene for model complexes.43  Herein, 

are compared the ethylene binding energetics of these Ru catalysts to the tris-N-pyrrolyl 

phosphine complex under current investigation using the full Tp ligand. The calculated 

binding enthalpies (free energies) of ethylene in kcal/mol using the B3LYP/CEP-31G(d) 

level of theory are as follows: TpRu(PMe3)(Ph)(η2-C2H4) = -18.8 (-4.1); TpRu(CO)(Ph)(η2-

C2H4) = -21.3 (-7.9); TpRu{P(pyr)3}(Ph)(η2-C2H4) = -14.3 (+1.0) (Scheme 3.11).  Thus, 

coordination of ethylene to TpRu{P(pyr)3}Ph is calculated to be less favorable by 8.9 

kcal/mol (∆G) relative to coordination to TpRu(CO)Ph and less favorable by 5.1 kcal/mol 

relative to coordination to TpRu(PMe3)Ph. 
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Scheme 3.11. Comparison of calculated Gibbs free energy changes upon coordination of 
ethylene to TpRu(L)(Ph) {L = CO, PMe3 or P(pyr)3} fragments to give TpRu(L)(Ph)(η2-
C2H4) (note: square indicates vacant coordination site). 

 

Several points in regards to the calculated ethylene binding energetics are germane in the 

present context.  First, it can be seen by comparing the binding energies of the PMe3 

complex with its more electron-deficient derivative, TpRu(CO)(Ph)(η2-C2H4), that a more π-

acidic L group enhances ethylene binding.  This enhancement is, of course, in the absence of 

significant steric factors, which previous research49 has shown to play a significant role in 

TpRu hydroarylation catalysis.  Second, the P(pyr)3 complex, which has been described50 as 

being electronically similar to CO in its π-acidity, has a calculated ethylene binding enthalpy 

(free energy) that is significantly higher than the values for the carbonyl complex by +7.0 

(+8.9) kcal/mol.  Hence, the steric impact of P(pyr)3 is prodigious, being ca. 9 kcal/mol 

(∆G) with respect to ethylene binding.  The greater steric impact of P(pyr)3 versus CO is 

attributed not only to the obviously larger cone angle arising from a tetrahedral phosphorus 

versus a linear CO moiety, but also P(pyr)3 will have a greater steric impact versus typical 

P(hydrocarbyl)3 phosphines due to the shorter M-P bond distance {ca. 0.1 Å for P(pyr)3 

versus PMe3 congeners in both solid-state and calculated structures} as a result of increased 
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π-backbonding. The cone angle is measured in the classic Tolman recipe15 on the 

assumption of a fixed metal-phosphorus bond distance. Simple geometric considerations 

imply that shortening the M-P distance will increase the solid angle subtended by the cone 

(Scheme 3.12).  Considering the Tolman derived cone angle for P(pyr)3 of 145° is based on 

an average M-P bond length of 2.28 Å, it would be expected that TpRu{P(pyr)3}(NCMe)Ph 

with a  Ru-P bond length of 2.1894(7) Å would thus exhibit a greater steric inhibitory effect 

for the binding of substrates (e.g., ethylene). 

 

Scheme 3.12. Schematic depiction of the effect of shortened M-P distance on cone angle 
(Θ) due to changes in bonding character. 

 

3.2.3.2  P(pyr)3 Cyclometalation 

Although cyclometalation reactions are well known for triarylphosphines,23, 26, 27 

examples for the P(pyr)3 ligand are rare.  An inspection of the Cambridge Structural 

Database (Version 1.9 with updates through May 2007)28 yields only one example of a 

cyclometalated P(pyr)3 complex, a hexarhodium-carbonyl cluster in which the pyrrolyl 
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group spans two Rh centers.25  What is particularly interesting in the present study is that 

cyclometalation is seen when the hydrocarbyl ligand is a methyl but not a phenyl.  To probe 

the possible causes of this reactivity dichotomy, we calculated the thermodynamics of 

cyclometalation of one pyrrolyl ring of P(pyr)3 at the 2-position for 

TpRu{P(pyr)3}(NCMe)R (R = Me and Ph).  While the cyclometalation is calculated to be 

exothermic for R = Me (∆H = -5.1 kcal/mol), the analogous reaction is endothermic for R = 

Ph (∆H = +4.0 kcal/mol; Scheme 3.13).  The extrusion of an equivalent of RH (methane or 

benzene) provides an entropic enhancement (in the gas phase) and makes both reactions 

exergonic, but again there is an obvious thermodynamic advantage for cyclometalation of 

the methyl (∆G = -15.7 kcal/mol) as compared to the phenyl (∆G = -10.1 kcal/mol) 

complex. The calculated thermodynamics for the cyclometalation by the phenyl and methyl 

complexes is commensurate with the difference in C-H bond energies of benzene (113 

kcal/mol) and methane (105 kcal/mol). 

 

Scheme 3.13. Comparison of calculated ∆H for intramolecular cyclometalation of P(pyr)3 
from TpRu{P(pyr)3}(NCMe)R for R = Me vs. Ph. 
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3.2.3.3  Benzene C-H Activation by TpRu{P(pyr)3}Me.   

Experimental mechanistic studies, augmented by computations, indicate that the 

catalytic cycle of olefin hydrophenylation by TpRu(L)(NCMe)R systems is initiated by the 

dissociation of NCMe and the coordination of a benzene to the resultant 16-electron 

TpRu(L)R active species.2, 8  The ligation mode of the benzene has been found to be either 

η
2-C=C or η

2-C-H, the latter being a hallmark of steric congestion about the ruthenium 

coordination sphere.8  The benzene adduct of TpRu{P(pyr)3}Me is calculated to be ligated 

to ruthenium in an η2-C-H fashion, Figure 3.15, supporting previous conclusions about the 

significant steric impact of P(pyr)3.  

 

Figure 3.15. Calculated benzene adduct geometry for the intermediate 
TpRu{P(pyr)3}(Me)(η2-C-H-C6H6). Hydrogen atoms omitted for clarity except for the 
agostic hydrogen of benzene. The Tp ligand is shown in wire frame. 
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For TpRu{P(pyr)3}(η2-C-H-C6H6)Me, the activation enthalpies (free energies) for 

the benzene C-H activation transition state are 11.4 (13.8) kcal/mol calculated relative to the 

benzene adduct. These barriers are competitive with calculated values for TpRu(CO)(η2-C-

H-C6H6)Me and TpRu(PMe3)(η2-C-H-C6H6)Me, which are 14.3 (14.9) kcal/mol and 10.6 

(10.9) kcal/mol, respectively, relative to their corresponding benzene adducts (Scheme 

3.14).  Note that both the benzene adducts for the carbonyl and trimethylphosphine 

complexes are calculated to be η
2-C=C, again reflecting the greater steric impact of the 

P(pyr)3.   Although it must be pointed out that η2-C=C and η2-C-H structures are expected 

to be both energetically very similar and separated by small kinetic barriers.  The 

calculations thus suggest that the olefin hydroarylation catalysis of the tris-N-pyrrolyl-

phosphine complexes is inhibited not by the benzene C-H activation portion of the cycle but 

rather the ethylene binding/insertion events. 

 

Scheme 3.14. Comparison of calculated ∆G╪ (298 K) for C-H activation of benzene by 
TpRu(L)(Me)(benzene) {L = CO, PMe3 or P(pyr)3} systems. 
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3.3  Summary and Conclusions 

The complex TpRu{P(pyr)3}(NCMe)Me (4) has been synthesized in an effort to 

increase our understanding of features that control the catalytic hydroarylation of olefins.  

Complex 4 stoichiometrically activates benzene to form TpRu{P(pyr)3}(NCMe)Ph (5), and 

in the absence of benzene initiates intramolecular C-H activation to yield the cyclometalated 

species TpRu{κ
2-P,C-P(pyr)2(NC4H3)}NCMe (6).  Consistent with the steric encroachment 

of the P(pyr)3 ligand on the octahedral face, attempted observation of a TpRu{P(pyr)3}(η2-

C2H4)Ph intermediate by 1H NMR spectroscopy under conditions where TpRu(L)(η2-

C2H4)Ph (L = CO or PMe3) systems form resulted in no evidence for ethylene coordination.  

Using TpRu{P(pyr)3}(NCMe)Ph (5) as catalyst, high temperatures and pressures are 

required to observe ethylene hydrophenylation, and then only in near stoichiometric 

amounts.  Based on experimental mechanistic studies and computational chemistry analyses 

of the reaction coordinate the overall catalytic hydroarylation is impaired by the steric bulk 

of the P(pyr)3 ligand. Moreover, in terms of catalytic hydroarylation, the P(pyr)3 has 

minimal effect on the benzene C-H activation portion of the cycle, but its steric bulk 

prevents facile coordination of ethylene and thus thwarts the C-C bond formation that is 

needed to make alkyl benzenes directly from benzene and olefins (Scheme 3.15).  Thus, 

comparative studies of catalytic hydrophenylation of olefins by TpRu(L)(NCMe)R systems 

{L = CO, PMe3 or P(pyr)3} suggest that in each case substitution of the ligand CO with 

either PMe3 or P(pyr)3 has a more dramatic impact on the olefin coordination/insertion step 

of the catalytic cycle than on the aromatic C-H activation reaction.8   For catalytic cycles that 
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involve the activation of C-H bonds, the C-H activation step is often considered the reaction 

that is most difficult and receives substantial attention.  In contrast, for the case of olefin 

hydroarylation by TpRu(L)(NCMe)R systems (those studied thus far), the olefin insertion 

step appears to dictate whether catalytic olefin hydroarylation is accessible. 

 

Scheme 3.15. Analysis of likely catalytic cycle for hydrophenylation of ethylene catalyzed 
by TpRu{P(pyr)3}(NCMe)Ph (5) based on experimental and computational studies (note: 
square indicates vacant coordination site). 

 

3.4  Experimental Section 

 General Methods. Unless otherwise noted, all synthetic procedures were performed 

under anaerobic conditions in a nitrogen-filled glovebox or by using standard Schlenk 

techniques. Glovebox purity was maintained by periodic nitrogen purges and was monitored 

by an oxygen analyzer {O2 (g) < 15 ppm for all reactions}.  Benzene and tetrahydrofuran 

were dried by distillation from sodium/benzophenone.  Pentane was distilled over sodium.  

Acetonitrile and methanol were dried by distillation from CaH2.  Hexanes were purified by 
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passage through a column of activated alumina. Tetrahydrofuran-d8, benzene-d6, 

acetonitrile-d3, methylene chloride-d2, toluene-d8 and chloroform-d1 were degassed with 

three freeze-pump-thaw cycles and stored under a dinitrogen atmosphere over 4 Å molecular 

sieves.  1H NMR spectra were recorded on a Varian Mercury 300 or 400 MHz spectrometer 

and 13C{1H} NMR (operating frequency 75 MHz) spectra on a Varian Mercury 300 MHz 

spectrometer.  All 1H and 13C{1H} NMR spectra are referenced against residual proton 

signals (1H NMR) or the 13C{1H} resonances of the deuterated solvent (13C{1H} NMR). 19F 

NMR spectra were obtained on a Varian 300 MHz spectrometer (operating frequency 282 

MHz) and referenced against an external standard of hexafluorobenzene (δ = -164.9).  

31P{1H} NMR spectra were obtained on a Varian 400 MHz spectrometer and referenced 

against an external standard of H3PO4 (δ = 0).  Resonances due to the Tp ligand in 1H NMR 

spectra are listed by chemical shift and multiplicity only (all coupling constants for the Tp 

ligand are ~ 2 Hz).  GC-MS was performed using a HP GCD EI system with a 30 m x 0.25 

mm HP-5 column with 0.25 mm film thickness.  Electron ionizing (EI) mass spectrometry 

was carried out using a JEOL (Tokyo, Japan) HX110HF high resolution mass spectrometer 

at the North Carolina State University Mass Spectrometry Laboratory using 

perfluorokerosene ions as a reference standard.  Ethylene (99.5%) was received in a gas 

cylinder from MWSC High-Purity Gases and used as received.  The preparation, isolation 

and characterization of TpRu(PPh3)2Cl,29 tris-N-pyrrolyl phosphine30 and Me2Mg31 have 

been previously reported.  All other reagents were used as purchased from commercial 

sources.  Elemental analyses were performed by Atlantic Microlabs, Inc. 
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TpRu{P(pyr)3}(PPh3)Cl (1). TpRu(PPh3)2Cl (1.562 g, 1.787 mmol) and tris-N-pyrrolyl 

phosphine (0.532 g, 2.323 mmol) were added to benzene (50 mL) to form a yellow 

heterogenous mixture,  and the mixture was stirred at room temperature for 3 hrs during 

which time it became homogenous.  The volume of the homogenous solution was reduced 

under vacuum to approximately 5 mL, and a solid was precipitated upon addition of MeOH.  

The light yellow solid was collected over a medium porosity frit, washed with 10 mL of 

MeOH and dried in vacuo (1.265 g, 1.505 mmol, 84%).  1H NMR (CDCl3, δ):  7.67, 7.64 

(each 1H, each a d, Tp 3 or 5 positions), 7.48 (7H, br m, triphenylphosphine ortho or meta 

positions and overlapping Tp 3 or 5 position), 7.39 (1H, d, Tp 3 or 5 position), 7.24 (3H, br 

m, triphenylphosphine para positions), 7.09 (6H, m, triphenylphosphine ortho or meta 

positions), 6.49 (1H, d, Tp 3 or 5 position), 6.04 (12H, very br m, overlapping pyrrolyl 

positions), 5.85 (1H, d, Tp 3 or 5 position), 5.79 (1H, m, Tp 4 position), 5.42 (1H, t, Tp 4 

position), 4.83 (1H, m, Tp 4 position).  13C{1H} NMR (CDCl3, δ): 146.9, 145.4, 143.9, 

136.4, 136.3, 134.5 (Tp 3 and 5 positions), 134.9 (d, JCP = 9 Hz, ortho or meta of 

triphenylphosphine), 133.7 (d, 1
JCP = 38 Hz, ipso of triphenylphosphine), 129.4 (unresolved 

br d, 4
JCP < 1 Hz, para of triphenylphosphine), 127.9 (d, JCP = 10 Hz, ortho or meta of 

triphenylphosphine), 123.9 (br d, pyrrolyl 2,5-positions), 112.1 (d, 3JCP = 6 Hz, pyrrolyl 3,4-

positions), 106.5, 106.4, 105.1 (Tp 4 positions).  31P{1H} NMR (CDCl3, δ): 123.0 {d, 2
JPP = 

40 Hz, P(pyr)3}, 37.8 {d, 2
JPP = 40 Hz, P(Ph)3}.  Anal. Calcd for C39H37BN9P2ClRu: C, 

55.69; H, 4.43; N, 14.99.  Found: C, 55.40; H, 4.48; N, 14.95. 
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TpRu{P(pyr)3}(NCMe)Cl (2).  TpRu{P(pyr)3}(PPh3)Cl (1) (1.193 g, 1.420 mmol) was 

dissolved in a 1:1.5 (v:v) mixture of acetonitrile (10 mL) and tetrahydrofuran (15 mL) and 

heated to reflux for 7 hours.  The reaction mixture was reduced under vacuum to 

approximately 5 mL, and a solid was precipitated upon addition of hexanes.  The light 

yellow solid was collected over a medium porosity frit, washed with 10 mL of pentane and 

dried in vacuo (0.818 g, 1.30 mmol, 92%).  1H NMR (CDCl3, δ):  8.17 (1H, d, Tp 3 or 5 

position), 7.71 (2H, overlapping Tp 3 or 5 positions), 7.68, 6.95, 6.68 (each 1H, each a d, Tp 

3 or 5 position), 6.36 (6H, m, overlapping Tp 4 position and pyrrolyl), 6.33 (1H, overlapping 

with pyrrolyl, Tp 4 position), 6.20 (6H, m, pyrrolyl), 6.00, 5.97 (each 1H, each a t, Tp 4 

positions), 2.35 (3H, s, NCCH3).  13C{1H} NMR (CDCl3, δ): 145.4, 144.5, 141.8, 134.6 (Tp 

3 and 5 positions), 136.2 (2C, overlapping Tp 3 and 5 positions), 123.8 (d, 2
JCP = 6 Hz, 

pyrrolyl 2,5-positions), 123.0 (NCCH3), 112.1 (d, 3
JCP = 6 Hz, pyrrolyl 3,4-positions) 106.8, 

106.7, 106.0 (Tp 4 positions), 4.7 (NCCH3).  31P{1H} NMR (CDCl3, δ): 123.3 {P(pyr)3}.  

TpRu{P(pyr)3}(NCMe)OTf (3).  To a solution of TpRu{P(pyr)3}(NCMe)Cl (3) (0.700 

g, 1.117 mmol) dissolved in tetrahydrofuran (50 mL), AgOTf (silver triflate) (0.301 g, 1.117 

mmol) was added. The round bottom flask was covered with aluminum foil, and the solution 

was stirred at room temperature for 15 hrs. The volume of the resultant heterogeneous 

mixture was reduced to approximately 20 mL under vacuum and filtered through a plug of 

Celite on a fine porosity frit (to remove a light purple solid). The volume of the yellow 

filtrate was reduced under vacuum, and a solid was precipitated upon addition of hexanes. 

The light yellow solid was collected over a medium porosity frit and dried in vacuo (0.849 
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g, contains free THF that could not be fully removed in vacuo). NMR spectroscopy of 3 

reveals minor amounts of impurities.  This complex was not purified and was taken to the 

next step (i.e., methylation to form 4) with the minor impurities. 1H NMR (C6D6, δ):  9.15, 

7.43, 7.34, 7.30, 6.96, 6.78 (each 1H, each a d, Tp 3 or 5 position), 6.53, 6.17 (each 6H, each 

a m, pyrrolyl positions), 6.12 (1H, dt, 3
JHH = 2, 5

JHP = 2 Hz, Tp 4 position trans to 

phosphine), 5.63 (2H, overlapping triplets due to Tp 4 positions), 1.09 (3H, s, NCCH3). 19F 

{1H} NMR (C6D6, δ): -76.5 (CF3). 13C{1H} NMR (C6D6, δ): 146.6, 145.6, 144.9, 137.3, 

137.2, 135.3 (Tp 3 and 5 positions), 124.2 (d, 2
JCP = 6 Hz, pyrrolyl 2,5-positions), 121.2 

(NCCH3), 113.3 (d, 3
JCP = 6 Hz, pyrrolyl 3,4-positions) 118.3 (q, 1

JCF = 318.8 Hz, Ru-

O3SCF3), 107.9, 107.7, 106.9 (Tp 4 positions), 2.8 (NCCH3). 31P{1H} NMR (C6D6, δ): 125.2 

{P(pyr)3}. EI MS: m/z (%) Mtheoretical: 734.0658, Msample = 734.0634 (σ=3.3 ppm), [M+]. 

TpRu{P(pyr)3}(NCMe)Me (4).  TpRu{P(pyr)3}(NCMe)OTf (3) (1.285 g, 1.750 mmol) 

was added to benzene (80 mL) to form a heterogeneous yellow mixture.  After addition of 

Me2Mg (0.100 g, 1.837 mmol), the solution was stirred for 1 hour at room temperature.  The 

volume of the resulting black heterogeneous mixture was reduced to approximately 40 mL 

and filtered through a plug of Celite on a fine porosity frit.  The volume of the yellow filtrate 

was reduced under vacuum, and a solid was precipitated upon addition of hexanes.  The 

light yellow solid was collected over a medium porosity frit and dried in vacuo (0.838 g, 

1.38 mmol, 79%).  1H NMR (C6D6, δ):  7.81, 7.58, 7.51, 7.45, 7.21, 7.06 (each 1H, each a d, 

Tp 3 or 5 positions), 6.51, 6.19 (each 6H, each a m, pyrrolyl positions) 6.08 (1H, dt, 3JHH = 2 

Hz, 5
JHP = 2 Hz, Tp 4 position trans to phosphine) 5.95, 5.69 (each 1H, each a t, Tp 4 
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positions),  1.08 (3H, d,  3JHP = 2 Hz, Ru-CH3,), 0.64 (3H, s, NCCH3).  13C{1H} NMR (C6D6, 

δ): 144.8, 143.0, 140.2, 136.1, 135.2, 134.8 (Tp 3 and 5 positions), 124.1 (d, 2
JCP = 5 Hz, 

pyrrolyl 2,5-positions), 122.2 (NCCH3), 111.8 (d, 3
JCP = 5 Hz, pyrrolyl 3,4-positions) 106.8, 

106.2, 105.9 (Tp 4 positions), 2.6 (NCCH3), -2.5 (d, 2
JCP = 15 Hz, Ru-CH3). 31P{1H} NMR 

(C6D6, δ): 124.1 {P(pyr)3}. CV (CH3CN, TBAH, 100mV/s): 1/2 = 0.76 V {Ru(III/II)}.  Anal. 

Calcd for C24H28BN10PRu: C, 48.09; H, 4.71; N, 23.37.  Found: C, 48.46; H, 4.89; N, 23.13. 

TpRu{P(pyr)3}(NCMe)Ph (5). TpRu{P(pyr)3}(NCMe)Me (4) (0.194 g, 0.323 mmol) 

was added to benzene (25 mL), and the solution was heated to reflux for 3 hrs.  The orange-

brown solution was filtered through a plug of silica, the filtrate volume reduced under 

vacuum, and a solid was precipitated upon addition of hexanes.  The off-white solid was 

collected over a medium porosity frit and dried in vacuo (0.132 g, 1.38 mmol, 62%).  1H 

NMR (room temperature, CD2Cl2, δ):  7.82, 7.78, 7.31, 7.20, 6.99, 6.38 (each 1H, each a d, 

Tp 3 or 5 position), 6.84 (3H, br phenyl resonances), 6.25-5.60 {overlapping resonances 

including Tp 4 positions at 6.14 (m) and 6.00 (t) and pyrrolyl and/or phenyl resonances at 

6.09 (m) and 5.96 (br s)}, 2.22 (3H, s, NCCH3).  13C{1H} NMR (CDCl3, δ): 167.4 (2
JCP = 17 

Hz, ipso carbon of phenyl), 145.4, 142.6, 142.3, 136.3, 134.8, 134.2 (Tp 3 and 5 positions), 

141.8 (phenyl position), 123.7 (br d, 2
JCP = 5 Hz pyrrolyl 2,5-positions), 121.8 (NCCH3), 

120.7 (phenyl position), 111.3 (d, 3
JCP = 6 Hz, pyrrolyl 3,4-positions) 106.3, 105.8, 105.2 

(Tp 4 positions), 4.8 (NCCH3).  (Note: A phenyl resonance in the 13C NMR spectrum is 

missing either due to line broadening from dynamic processes or coincidental overlap.)  
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31P{1H} NMR (C6D6, δ): 127.8 {P(pyr)3}.  Anal. Calcd for C29H30BN10PRu: C, 52.66; H, 

4.57; N, 21.18.  Found: C, 52.58; H, 4.65; N, 20.86. 

TpRu{κκκκ
2-P,C-P(pyr)2(NC4H3)}NCMe (6).  TpRu{P(pyr)3}(NCMe)Me (4) (0.081 g, 

0.135 mmol) and acetonitrile (40 mL) were combined in a thick-walled pressure tube, sealed 

with a Teflon cap and heated at 100 °C for 75 hrs.  The resultant mixture was filtered 

through a fine frit to remove precipitate, the filtrate reduced to approximately 1 mL and a 

solid was precipitated upon addition of hexanes.  The light yellow solid was collected over a 

medium porosity frit and dried in vacuo (0.049 g, 0.083 mmol, 62%).   1H NMR (C6D6, δ):  

8.09, 7.63, 7.58 (4H, 1:1:2 ratio, each a d, Tp 3 or 5 position), 7.40, 7.38, 6.92, 6.83, 6.75, 

6.49 (10H total, each a m, pyrrolyl and two Tp 3 or 5 positions) 6.20 (2H, overlapping m, Tp 

4 positions) 6.10, 6.08 (3H total, each a m, overlapping pyrrolyl positions), 5.52 (1H, t, Tp 4 

position),  0.49 (3H, s, NCCH3).  13C{1H} NMR (C6D6, δ): 148.8 (d, 2
JCP = 29 Hz, Ru-C) 

145.2, 144.1, 143.5, 135.7, 135.2, 135.1 (Tp 3 and 5 positions), 124.3 (2C, d, 2
JCP = 9 Hz, 

pyrrolyl 2,5-positions), 123.1 (2C, d, 2
JCP = 7 Hz, pyrrolyl 2,5-positions),122.6 (NCCH3), 

121.0, 118.1 (d, JCP = 9 Hz, cyclometalated pyrrolyl positions) 115.4 (d, JCP = 10 Hz, 

cyclometalated pyrrolyl position), 112.8 (d, 3
JCP = 7 Hz, pyrrolyl 3,4-positions), 112.1 (d, 

3
JCP = 6 Hz, pyrrolyl 3,4-positions), 106.4, 106.1, 105.9 (Tp 4 positions), 2.5 (NCCH3). 

31P{1H} NMR (C6D6, δ): 74.2 {P(pyr)2pyr}.  EI MS: m/z (%) Mtheoretical: 584.1060, Msample = 

584.1071 (σ = 1.9 ppm), [M+].  Anal. Calcd for C23H24BN10PRu: C, 47.35; H, 4.15; N, 

24.01.  Found: C, 47.97; H, 4.32; N, 23.21.  Note: A 1H NMR spectrum of the analysis 

sample prior to shipping revealed 0.1 equivalents of THF and 0.05 equivalents of hexane per 
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equivalent of 6.  When the presence of residual solvent is taken into account, the calcd data 

are:  C, 47.85; H, 4.32; N, 23.54.  Extend drying (5 days) under dynamics vacuum did not 

remove the residual THF and hexane.  See supplemental information for corresponding 1H 

NMR spectrum. 

Conversion of TpRu{P(pyr)3}(NCMe)Me (4) and C6D6 to 

TpRu{P(pyr)3}(NCMe)Ph-d5 (5-d5) by 1H NMR spectroscopy.  A solution of 4 (0.039 g, 

0.064 mmol) in 2.0 mL of C6D6, with a small crystal of hexamethylbenzene as internal 

standard, was divided among 3 screw-cap NMR tubes.  The triplicate set was heated at 60 

°C in a temperature regulated oil bath, 1H NMR spectra were periodically acquired through 

3 half-lives (using a pulse delay of 5 seconds).  The disappearance of 4 was followed by 

integration of the decreasing resonance due to the Ru-CH3 at 1.08 ppm and the formation of 

5 was followed by the increasing resonances due to two Tp 3 or 5 protons at 7.26 and 6.86 

ppm relative to the standard hexamethylbenzene. 

Kinetic Studies:  Rate of Acetonitrile Dissociation for TpRu{P(pyr)3}(NCMe)Me 

(4).  A solution of 4 (0.017 g, 0.058 mmol) in 2.4 mL of NCCH3 (46.0 mmol) with 1.0 uL 

(0.005 mmol) of hexamethyldisiloxane, as internal standard, was divided among 3 screw-

cap NMR tubes.  The triplicate set was heated at 60 °C in a temperature regulated oil bath, 

1H NMR spectra were periodically acquired through 3 half-lives (using a pulse delay of 5 

seconds).  Acetonitrile dissociation was followed by integration of the decreasing resonance 

due to coordinated NCCH3 at 2.25 ppm relative to the standard hexamethyldisiloxane.   
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Reaction of TpRu{P(pyr)3}(NCMe)Ph (5) with Ethylene. TpRu{P(pyr)3}(NCMe)Ph 

(5) (0.016 g, 0.03 mmol), with a small crystal of hexamethylbenzene as internal standard, 

was dissolved in THF-d8 (0.4 mL), placed in a J-Young NMR tube, pressurized to 80 psi 

with C2H4, and heated to 60 °C. The reaction was regularly analyzed by 1H NMR 

spectroscopy to analyze for potential C2H4 coordination and subsequent TpRu{P(pyr)3}(η3-

C4H7) formation. After 5.5 days of heating, the reaction mixture consisted of the starting 

material 5 (~75% versus internal standard hexamethylbenzene) and presumably ~25% NMR 

silent and paramagnetic materials. 

Computational Methods.  As full experimental ligand models were studied, the MOE 

program32 and the MMFF9433 force field were initially used to identify the lowest energy 

conformations for subsequent refinement of geometries with DFT methods. All quantum 

calculations employed the Gaussian03 package.34 The B3LYP functional (Becke's three-

parameter hybrid functional35 using the LYP correlation functional containing both local and 

nonlocal terms of Lee, Yang, and Parr)36 and VWN (Slater local exchange functional37 plus 

the local correlation functional of Vosko, Wilk, and Nusair)38 were employed in conjunction 

with the Stevens (SBK) valence basis sets and effective core potentials for all heavy atoms 

and the –31G basis set for hydrogen. The SBK valence basis sets are valence triplet-zeta for 

ruthenium, and double-zeta for main group elements. The basis sets of main group elements 

are augmented with a d-polarization function: ξd = 0.8 for boron, carbon, nitrogen and 

oxygen and ξd = 0.55 for phosphorus. The SBK scheme utilizes a semi-core (46-electron 

core) approximation for ruthenium and a full core approximation for main group elements. 
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All complexes modeled are closed-shell (diamagnetic) species and were modeled within the 

restricted Kohn-Sham formalism. All systems were fully optimized without symmetry 

constraint and analytic calculations of the energy Hessian were performed to confirm 

species as minima or transition states and to obtain enthalpies and free energies (using 

unscaled vibrational frequencies) in the gas phase at 1 atm and 298.15 K. 
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4 Aromatic C-H Activation and Catalytic Hydrophenylation of Ethylene by 
TpRu{P(OCH2)3CEt}(NCMe)Ph 

4.1  Introduction 

This chapter builds upon the conclusions presented in Chapters 2 and 3 and 

introduces a new member to the TpRuII(L)(NCMe)Ph {Tp = hydridotris(pyrazolyl)borate; L 

= CO, PMe3 or P(pyr)3} series of olefin hydroarylation catalysts.1-9  TpRu(CO)(NCMe)Ph 

is, to date, the most active homogenous catalyst for the hydrophenylation of ethylene that 

functions via a metal-mediated C-H activation pathway.1-3  It was determined that the rate 

determining step (RDS) for catalytic hydrophenylation of ethylene by TpRu(CO)(NCMe)Ph 

is the C-H activation step.  Combined experimental and computational studies suggest that 

aromatic C-H activation by TpRu(L)R systems proceeds via a σ-bond metathesis type 

reaction which possesses oxidative character at the Ru center.  It was hypothesized that a 

more electron rich metal center would lower the activation barrier of aromatic C-H 

activation and accelerate the catalytic hydroarylation of olefins.  

In order to probe the influence of L on TpRu(L)(NCMe)Ph catalysis, the PMe3 

ligand, with a larger cone angle and stronger σ-donating ability than CO, and the P(pyr)3 

ligand, with comparable overall electron donating ability to CO but a substantially larger 

cone angle, were studied  (Table 4.1).  As anticipated, TpRu(PMe3)(NCMe)Ph was found to 

increase the rate of benzene C-H activation.9  However, under catalytic ethylene 

hydrophenylation conditions ethylene C-H activation competed with desired ethylene 

insertion, thus halting catalysis. Concluding that a more electron deficient system was 

required to allow facile olefin insertion (relative to olefin C-H activation), 
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TpRu{P(pyr)3}(NCMe)Ph was synthesized to mimic the electronic character of the CO 

system but also to introduce a bulky steric profile which might afford advantageous 

selectivity for α–olefin insertion.  Experimental studies of ethylene hydrophenylation with 

TpRu{P(pyr)3}(NCMe)Ph revealed that the large steric bulk of the P(pyr)3 ligand retards 

ethylene coordination, blocking entry to a catalytic hydroarylation cycle.8  After these 

studies, it became clear that there was a fine balance that must be struck in order to access a 

catalytic olefin hydroarylation cycle with TpRu(L)Ph systems: a ligand “L” would be 

required that provides overall weak electron-donating character similar to CO and a steric 

profile less than that of the P(pyr)3 ligand. 

 

Table 4.1. Comparison of cone angle and Ru(III/II) redox potentials for CO, P(pyr)3 and 
PMe3 ligands upon coordination to {TpRu(NCMe)Ph}. aSee reference 10. bSee reference 27. 

 

 

The bicyclic phosphite 4-ethyl-2,6,7-trioxa-1-phosphabicyclo[2.2.2]-octane 

{P(OCH2)3CEt} with a cone angle of 101° (Tolman Recipe),10 first prepared by Verkade et 

al.,11, 12 offers a ligand with a smaller steric profile than P(pyr)3.  Also, P(OCH2)3CEt is 

anticipated to be less donating than PMe3 but more strongly donating than P(pyr)3.   Hence, 

it was expected that TpRu{P(OCH2)3CEt}(NCMe)Ph would be more electron-rich than 
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TpRu{P(pyr)3}(NCMe)Ph and TpRu(CO)(NCMe)Ph but less electron-rich than 

TpRu(PMe3)(NCMe)Ph.  Thus, TpRu{P(OCH2)3CEt}(NCMe)Ph was prepared and studied 

for catalytic olefin hydroarylation. 

P(OCH2)3CEt is easily prepared through a room temperature trans-esterification 

reaction between 2-hydroxymethyl-2-methyl-1,3-propanediol and trimethylphosphite to 

form the bicyclic phosphite and methanol.13    Extensive studies concerning the structure and 

metal-coordination affinities of a series of polycyclic phosphites and acyclic phosphites have 

been carried out by Verkade et al.11, 12, 14-16  X-ray diffraction studies of metal-coordinated 

bicyclic phosphites have shown significant geometric perturbations compared to their 

acyclic counterparts.  Most notably, upon metal coordination caged structures undergo bond 

angle deviations from the ideal geometries of acyclic structures resulting in what has been 

termed the “hinge” effect.  For instance, as shown in Figure 4.1, upon coordination of a 

phosphite molecule (acyclic or polycyclic) to a metal, the OPO angle increases to conform 

more ideally to tetrahedrality, relative to the trigonal pyramidal geometry of free phosphite.  

The POC angle then adjusts to the position with the least strain.  However, for a polycyclic 

phosphite, the caged structure enforces rigid constraint so that as the OPO angle increases, 

the POC angle concomitantly is forced to decrease from ideal tetrahedral geometry.14  These 

geometric changes have important implications on the electronic character of the P atom and 

its overall electron-donating ability when coordinated to a metal.  The decrease in POC bond 

angles in a caged phosphite reduces p orbital overlap between the O and P orbitals thus 

decreasing O-P π-bonding.  This reduction in overlap causes the O atoms to adopt more sp
3–
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like character and places more positive charge on P through loss of π-delocalization.  

Ultimately, the basicity of the P atom is reduced making it a weaker σ-donor.   

 

 

Figure 4.1.  Comparison of acyclic (top) and bicyclic (bottom) phosphite geometry changes 
upon metal coordination. 

 

Consistent with this reduction in P basicity, studies comparing phenol hydrogen 

bonding to P(OCH2)3CEt and P(OMe)3 reveal that the OH stretching frequency (infrared 

spectroscopy) decreases less for P(OCH2)3CEt compared to P(OMe)3 (∆∆υOH = 80 cm-1).  

This reduction in P proton affinity for P(OCH2)3CEt is due to the higher positive charge on 

P resulting from reduced P-O π-bonding.14  Finally, dipole measurements show that the 

dipole moment shifts from 1.83 debye for P(OMe)3 to 4.13 debye for P(OCH2)3CEt, 

reflecting the greater positive charge on the P atom.17   

 Experiments comparing the υCO absorptions (A1 band) of Ni(CO)3L complexes have 

also helped to characterize the overall donor ability of P(OCH2)3CEt.  For Ni(CO)3L, the 

absorption energies for L = P(OEt)3, P(OMe)3 and P(OCH2)3CEt are 2076 cm-1, 2079 cm-1  

and 2087 cm-1, respectively.10  These data indicate that the υCO for Ni(CO)3{P(OCH2)3CEt} 
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increases relative to the acyclic phosphite systems, which is consistent with a reduction in 

overall donor ability for P(OCH2)3CEt  versus P(OR)3 ligands.  Verkade et al. have posited 

that the significant increase in absorption energy is likely due not only to inductive effects 

from the P(OCH2)3CEt hinge effect, but that the reduced O�P π-donation also acts to 

increase the π-acceptor ability of the P π* orbitals, thus increasing the overall π-acidity of 

P(OCH2)3CEt as a metal ligand.14   

For TpRu(L)(NCMe)R systems, intramolecular C-H activation of the ligand L to 

give cyclometalated species can disrupt catalysis.  As discussed in Chapter 3, upon heating 

in NCMe TpRu{P(pyr)3}(NCMe)Me undergoes cyclometalation of the P(pyr)3 ligand to 

release CH4 and form TpRu{κ
2-P,C-P(pyr)2(NC4H3)}NCMe.  For this system, however, the 

cyclometalation is reversible and thus is likely not responsible for inhibition of catalysis, but 

could compete with substrate coordination and reactivity.  For the P(OCH2)3CEt ligand, 

cyclometalation is unlikely due to the constrained geometry that results from the bicyclic 

structure. 

Based upon previous studies, the P(OCH2)3CEt ligand has what is expected to be an 

amenable steric profile and a reasonably weak overall electron donating character to warrant 

its investigation in the series of TpRu(L)(NCMe)R systems.  In an effort to more precisely 

delineate the effects of the ancillary ligand "L" on Ru-mediated olefin hydroarylation 

activity, TpRu{P(OCH2)3CEt}(NCMe)Ph has been prepared and its reactivity studied.   
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4.2  Results and Discussion 

4.2.1 Synthesis of TpRu{P(OCH2)3CEt}(NCMe)Ph 

TpRu{P(OCH2)3CEt}(NCMe)Ph (4) was synthesized in four steps from the known 

complex TpRu(PPh3)2Cl.18  Refluxing TpRu(PPh3)2Cl in benzene with a slight excess of 

P(OCH2)3CEt for 3 hours gives TpRu{P(OCH2)3CEt}(PPh3)Cl (1) in 93% isolated yield 

(Scheme 4.1).  The 31P{1H} NMR spectrum of complex 1 reveals two doublets (130.6 and 

46.0 ppm) with 2
JPP = 57 Hz while the 1H NMR spectrum (Figure 4.2) displays resonances 

consistent with an asymmetric complex including 9 unique Tp resonances.  In addition to a 

downfield shift of ~ 0.2 ppm, the methylene resonances for the P(OCH2)3CEt ligand exhibit 

an increase in 3
JHP (1.8 Hz to 5.0 Hz) upon coordination to Ru.  This trend is also observed 

for the 2JHP coupling of PMe3 in the 1H NMR spectra for the complexes discussed in Chapter 

2, with increases in 2
JHP from 2.7 Hz for free PMe3 to 2

JHP of 6 Hz to 9 Hz upon Ru 

coordination.   

 

Scheme 4.1. Synthesis of TpRu{P(OCH2)3CEt}(PPh3)Cl (1). 
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Figure 4.2. 1H NMR spectrum of TpRu{P(OCH2)3CEt}(PPh3)Cl (1) (CDCl3). 

 

An X-ray diffraction study of a single crystal has confirmed the identity of 1 (Figure 

4.3, Table 4.2).  The structure of 1 reveals a pseudo-octahedral coordination sphere with the 

Ru-P(1) bond of PPh3 {2.351(1) Å} elongated relative to the Ru-P(2) bond of P(OCH2)3CEt 

{2.202(1) Å}.  A search of the Cambridge Structural Database (CSD) produced fewer than 

50 transition metal structures with P(OCH2)3CR (R = Me or Et) ligands, and only a single 

metal system bearing both a tris(pyrazolyl)borate ligand and a P(OCH2)3CR ligand, 

[Tp'W(CO){P(OCH2)3CEt}(η2-MeC≡CMe)][BF4] {Tp' = hydridotris(3,5-

dimethylpyrazolyl)borate}.19  The most similar system to complex 1 that has been 

structurally characterized is Cp*Ru{P(OCH2)3CEt}2Cl (Cp* = η
5-C5Me5), reported by 

Nolan et al., which has Ru-P bond distances {2.250(9) and 2.212(9) Å} comparable to 

complex 1.20 
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Figure 4.3. ORTEP of TpRu(PPh3){P(OCH2)3CEt}Cl (1) (30% probability with hydrogen 
atoms omitted).  Selected bond lengths (Å): Ru1-Cl1, 2.412(1); Ru1-P1, 2.351(1); Ru1-P2, 
2.202(1); Ru1-N1, 2.092(3); Ru1-N3, 2.152(3); Ru1-N5, 2.139(3); P2-O1, 1.610(2); P2-O2, 
1.611(2); P2-O3, 1.595(2); Selected bond angles (º): P2-Ru1-P1, 94.71(3); P2-Ru1-Cl1, 
87.45(3); P1-Ru1-Cl1, 97.67(3). 

 

Table 4.2. Selected Crystallographic Data for TpRu(PPh3){P(OCH2)3CEt}Cl (1) and 
TpRu(PPh3){P(OCH2)3CEt}OTf (2). 

  Complex 1 Complex 2 
empirical formula C33H36BClN6O3P2Ru C35H38BCl2F3N6O6P2RuS 

formula wt 773.95 972.49 
crystal system tetragonal monoclinic 
space group P41212 P21/c 
a, Å 13.8513(5) 15.8186(8) 
b, Å 13.8513(5) 14.9763(8) 
c ,Å 36.173(2) 18.0713(9) 

β, °  104.532(1) 
V, (Å3) 6940.0(5) 4144.2(4) 
Z 8 4 
Dcalcd, g/cm3

 1.481 1.559 
crystal size (mm) 0.26 × 0.36 × 0.48 0.26 x 0.40 x 0.68 
R1, wR2 {I>2(I)} 0.0324, 0.0765 0.0354, 0.1055 
GOF 1.213 1.068 
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Metathesis reactions that involve direct loss of chloride from TpRu-Cl systems in 

exchange for hydrocarbyl groups are often challenging and give low yields.  For TpRu 

systems, in many cases Ru/Cl hydrocarbyl metatheses result in no reaction or decomposition 

to multiple products.  Thus, chloride/triflate metathesis to provide a more labile, anionic 

ligand was sought.  Complex 1 reacts with silver triflate at room temperature to form 

TpRu(PPh3){P(OCH2)3CEt}OTf (2) (OTf = trifluoromethanesulfonate) in 98% isolated 

yield (Scheme 4.2).  The two resonances in the 31P{1H} NMR spectrum of 2 (129.6 and 43.7 

ppm, 2
JPP = 56 Hz) shift slightly upfield compared to complex 1, and the 19F{1H} NMR 

spectrum of 2 reveals a singlet at -76.2 ppm due to the triflate ligand.  The 1H NMR 

spectrum (Figure 4.4) confirms that C1 symmetry was maintained for 2 and shows the 

P(OCH2)3CEt methylene resonances change from the doublet observed for 1 into a 

complicated multiplet pattern.  This is likely the result of second order effects with 

methylene protons and long range coupling with the PPh3 phosphorus.   

 

Scheme 4.2. Synthesis of TpRu{P(OCH2)3CEt}(PPh3)OTf (2). 
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Figure 4.4. 1H NMR spectrum of TpRu{P(OCH2)3CEt}(PPh3)OTf (2) (acetone-d6). (NOTE: 
Sample contains a significant amount of Et2O that could not be removed upon extensive 
drying.) 

 

Taken from a single crystal X-ray diffraction study, Figure 4.5 (Table 4.2) shows a 

pseudo-octahedral geometry for complex 2 with the triflate ligand coordinated η1 through an 

oxygen atom.  The Ru-P bond lengths are similar to those of complex 1 with the Ru-P(1) 

bond distance {2.364(1) Å} of the PPh3 ligand of complex 2 elongated relative to the Ru-

P(2) bond distance {2.212(1) Å} of the phosphite ligand.  Comparing the Ru-N(1) bond 

length {2.092(3) Å} of the Tp arm trans to the Cl ligand for 1 reveals a trans effect with this 

Ru-N bond 0.05 Å shorter than the average {2.146(4) Å} of the two other Ru-N bonds, 

which are trans to the P-donor ligands.  The effect is enhanced in complex 2 with the Ru-

N(1) bond length {2.061(2) Å} of the pyrazolyl ring trans to the triflate ligand 0.08 Å 

shorter than the average Ru-N bond lengths {2.143(3} Å} trans to P-donor ligands.                                                                                                                                                            
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Figure 4.5. ORTEP of TpRu(PPh3){P(OCH2)3CEt}OTf (2) (30% probability with hydrogen 
atoms omitted).  Selected bond lengths (Å): Ru1-O4, 2.158(1); Ru1-P1, 2.364(1); Ru1-P2, 
2.212(1); Ru1-N1, 2.061(2); Ru1-N3, 2.133(2); Ru1-N5, 2.153(2); P2-O1, 1.607(2); P2-O2, 
1.597(2); P2-O3, 1.606(2); S1- O4, 1.457(2); S1-O5, 1.428(2); S1-O6, 1.427(2).  Selected 
bond angles (º): P2-Ru1-P1, 93.36(2); P2-Ru1-O4, 90.69(4); P1-Ru1-O4, 92.63(4); S1-O4-
Ru1, 146.8(9). 

 

Treating complex 2 with Ph2Mg results in triflate/phenyl metathesis to form 

TpRu(PPh3){P(OCH2)3CEt}Ph (3) in 83% isolated yield (Scheme 4.3).  The 1H NMR 

spectrum of 3 (Figure 4.6) shows that the phosphite methylenes are shifted upfield relative 

to those of complex 2.  The resonances due to the phenyl ligand are obscured due to overlap 

with the PPh3 resonances; however, the 13C{1H} NMR spectrum clearly shows four new 

resonances at 165.7 ppm, 148.4 ppm, 125.3 ppm and 120.9 ppm which are consistent with 

previously characterized Ru-Ph moieties (see experimental sections of Chapters 2 and 3).  
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Most telling is the ipso resonance at 165.7 ppm that resonates as a dd due to coupling with 

the two inequivalent phosphorus atoms (2
JCP = 19 Hz and 2

JCP = 11 Hz).   

 

Scheme 4.3. Synthesis of TpRu{P(OCH2)3CEt}(PPh3)Ph (3). 

 

Figure 4.6. 1H NMR spectrum of TpRu{P(OCH2)3CEt}(PPh3)Ph (3) (C6D6). 

 

The PPh3 ligand of 3 can be exchanged for NCMe in approximately 2 hours via 

photolysis in neat NCMe to give TpRu{P(OCH2)3CEt}(NCMe)Ph (4) as a white solid in 

84% isolated yield (Scheme 4.4).  Previously, photolysis has been employed to drive 

PPh3/NCMe exchange for the synthesis of TpRu(PMe3)(NCMe)Cl and PMe3/NCMe 
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exchange for the synthesis of TpRu(PMe3)(NCMe)Ph.9  However, these reactions required 

10 to 20 times longer exposure times, respectively, under photolytic conditions.  The 1H 

NMR spectrum of TpRu{P(OCH2)3CEt}(NCMe)Ph (4) (Figure 4.7) contains nine 

resonances due to the Tp ligand, three aryl resonances for the phenyl ortho, meta and para 

protons and a singlet at 0.67 ppm for coordinated NCMe.  Furthermore, the PPh3 resonances 

in the 1H NMR spectrum are absent and only one singlet (132.8 ppm) appears in the 31P 

{1H} NMR spectrum of complex 4.  It is also interesting to note that the phosphite 

methylene resonances in the 1H NMR spectrum now appear as a single multiplet as opposed 

to a “doublet of multiplets” observed for complexes 2 and 3.  Figure 4.8 displays the cyclic 

voltammagram of complex 4 with a Ru(III/II) redox couple at E1/2 = 0.54 V (vs. NHE). 

 

Scheme 4.4. Synthesis of TpRu{P(OCH2)3CEt}(NCMe)Ph (4). 
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Figure 4.7. 1H NMR spectrum of TpRu{P(OCH2)3CEt}(NCMe)Ph (4) (C6D6). 

 

 

Figure 4.8. Cyclic voltammagram of TpRu{P(OCH2)3CEt}(NCMe)Ph (4) in NCMe [right 
couple; E1/2 for 4 {Ru(III/II)} = 0.54 V vs. NHE] with tetrabutylammonium 
hexafluorophosphate as electrolyte and bis(cyclopentadienyl)cobaltocenium 
hexafluorophosphate as internal standard (left couple; -0.78 V vs. NHE). 

 

Phenyl 
ortho 

Phenyl 
para 

Phenyl 
meta 
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4.2.2  Stoichiometric Benzene Activation 

TpRu(L)(NCMe)Me {L = CO, PMe3 or P(pyr)3} complexes have been reported to 

initiate C-D bond activation of C6D6 at elevated temperatures to form TpRu(L)(NCMe)Ph-d5 

and CH3D.8, 9  Likewise, TpRu(L)(NCMe)Ph (L = CO or PMe3) systems activate C6D6 to 

release C6H5D and form TpRu(L)(NCMe)Ph-d5.9   Similarly, heating 4 in C6D6 results in the 

activation of a benzene-d6 C-D bond to form TpRu{P(OCH2)3CEt}(NCMe)Ph-d5 (4-d5) and 

C6H5D (Scheme 4.5).  Monitoring the activation of benzene-d6 by 4 in neat C6D6 using 1H 

NMR spectroscopy reveals the disappearance of the phenyl resonances at 7.75 ppm, 7.34 

ppm and 7.20 ppm along with approximately 25% decomposition to NMR silent species 

(determined relative to an internal standard).  For C6D6 activation by TpRu(CO)(NCMe)Ph, 

it was demonstrated that the addition of free NCMe suppresses decomposition to give 

quantitative conversion to TpRu(CO)(NCMe)Ph-d5 along with reproducible kinetics.9   

Similarly, the addition of NCMe to the reaction of 4 and C6D6 also inhibits decomposition.  

For example, heating 4 at 60 °C in C6D6 with one equivalent of NCMe (based on 4) 

produces 4-d5 and C6H5D with no evidence of decomposition versus an internal standard 

(hexamethylbenzene).   Heating a triplicate set of 4 in C6D6 with one equivalent of NCMe at 

60 °C results in quantitative formation of TpRu{P(OCH2)3CEt}(NCMe)Ph-d5 (4-d5) with a 

kobs of 1.20(2) x 10-5 s-1 taken from pseudo-first order kinetic plots (see Figure 4.9 for a 

representative plot).  Additionally, in the same time period degenerate Ru-Ph/C6D6  had 

progressed through three half-lives, 1H NMR spectroscopy also reveals H/D exchange at the 

Tp 3/5 (22%) and Tp 4 (32%) pyrazolyl resonances.  Similar H/D exchange at the pyrazolyl 
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postitions has been previously observed for TpRu(L)(L')X systems where L = L' = PMe3 and 

X = OH, OPh, Ph, Me or NHPh, or  L = PMe3 , L' = NCMe and X = Ph (see Chapter 2).21  

 

Scheme 4.5. C-H activation of C6D6 by TpRu{P(OCH2)3CEt}(NCMe)Ph (4) at 60 °C to 
form TpRu{P(OCH2)3CEt}(NCMe)Ph-d5 (4-d5) and C6H5D. 

 

Figure 4.9. Representative pseudo-first order plot of the rate of C6D6 activation by 
TpRu{P(OCH2)3CEt}(NCMe)Ph (4).  Data were acquired by monitoring the disappearance 
of the phenyl ortho resonance at 7.75 ppm of complex 4 by 1H NMR spectroscopy. 

 

 Mechanistic studies have indicated that C-H activation by TpRu(L)(NCMe)Ph (L = 

CO or PMe3) systems likely proceeds by the pathway shown in Scheme 4.6, as discussed in 

Chapters 2 and 3.2, 3, 9, 22  Initial NCMe dissociation generates the unsaturated complex 

TpRu(L)Ph, and benzene coordination through either an η
1-C-H or η

2-C=C bond is 



 228 

followed by C-H activation to yield TpRu{P(OCH2)3CEt}(NCMe)Ph-d5 (4-d5) upon 

coordination of NCMe.  Kinetic studies for TpRu(L)(NCMe)Me (L = PMe3 or CO) are 

consistent with this mechanism.2, 9   

 

Scheme 4.6. Proposed pathway for benzene C-D(H) activation by TpRu(L)(NCMe)Ph (L = 
CO, P{OCH2}3CEt or PMe3) {"□" indicates a vacant coordination site; [Ru] = 
TpRu(L)(NCMe)Ph}. 

 

Computational studies suggest the transition state for benzene C-H activation by 

TpRu(L)(C6H6)R complexes possess oxidative character (Figure 4.10), and kinetic studies 

indicate this step is likely the RDS for the multi-step aromatic C-H activation sequence.2, 23-

25  In which case, the overall kC-Hact seems to be dependent upon metal electron density.  For 

example, substitution of the π-acidic CO ligand of TpRu(CO)(NCMe)Ph with the more 

electron donating PMe3 to give TpRu(PMe3)(NCMe)Ph increases the overall rate of benzene 

C-H activation.9  The Ru-based electron density can be approximated by cyclic voltammetry 
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and hence be used as a tool to predict the overall rate of benzene C-H activation.  The 

Ru(III/II) redox potential of 0.54 V for TpRu{P(OCH2)3CEt}(NCMe)Ph (4) suggests 

benzene C-H activation will be at a rate intermediate between TpRu(CO)(NCMe)Ph and 

TpRu(PMe3)(NCMe)Ph.  Table 4.3 shows the rates of overall benzene C-H(D) activation 

and the Ru(III/II) potentials for the four TpRu(L)(NCMe)Ph complexes that have been 

studied {due to competitive decomposition, a rate constant for the L = P(pyr)3 system could 

not be determined}.  Despite the fact that there are a number of factors that contribute to the 

kobs values for overall benzene C-H activation (see Scheme 4.6), including multiple 

elementary reactions as well as the Ru(III/II) potentials, a plot of kobs versus Ru(III/II) 

potential gives a linear correlation with an R2 of 0.97 (Figure 4.11).  Although the data set is 

limited, this trend is consistent with the proposal that increased metal electron density 

facilitates the overall rate of benzene C-H activation, and the linear relationship suggests 

that d6/d5 redox potentials might be used as a predictor for the overall rate of aromatic C-H 

activation by TpRu(L)(NCMe)R catalysts and, potentially, for closely related d6 complexes 

of Ru(II) and other transition metal systems. 

 

Figure 4.10. Model of σ-bond metathesis type transition state for benzene C-H activation by 
TpRu(L)(R) {L = CO, PMe3 or P(pyr)3} systems based on computational and experimental 
studies. 
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Table 4.3. Ru(III/II) redox potentials and rate constants for benzene C-H(D) activation by 
TpRu(L)(NCMe)Ph {L = PMe3, P(OCH2)3CEt, P(pyr)3 or CO}. 

L Ru(III/II) (V)a kobs  (10-5 s-1)b 

PMe3 0.29 1.36(4) 

P(OCH2)3CEt 0.54 1.20(2) 

P(pyr)3 0.82 --- 

CO 1.03 0.462(3) 
a versus NHE; b 60 °C in C6D6 with one equivalent of NCMe. 

 

 

Figure 4.11. Plot of Ru(III/II) potentials (versus NHE) versus kobs values for benzene (C6D6) 
C-D activation by TpRu(L)(NCMe)Ph {L = PMe3, P(OCH2)3CEt and CO} with R2 = 0.97. 

 

4.2.3 Catalytic Hydrophenylation of Ethylene by TpRu{P(OCH2)3CEt}(NCMe)Ph (4) 

Extensive investigations into the mechanism of olefin hydroarylation mechanism for 

all three systems, TpRu(L)(NCMe)Ph {L = CO, PMe3 and P(pyr)3}, suggest the catalytic 

pathway shown in Scheme 4.7.2, 3, 9  Initiated by NCMe dissociation from 

TpRu(L)(NCMe)Ph, TpRu(L)Ph coordinates and mediates ethylene insertion into the Ru-Ph 

bond.  Subsequent benzene coordination and C-H activation produces ethyl benzene and 

regenerates the coordinatively unsaturated TpRu(L)Ph complex to complete the catalytic 
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cycle.  For TpRu(CO)(NCMe)Ph, kinetic isotope effects are consistent with the C-H 

activation event as the overall rate determining step for ethylene hydrophenylation.2  Most 

salient to these mechanisitic studies is that the energetics of the two key steps, olefin 

insertion and benzene C-H activation, must be balanced in order for the catalytic pathway to 

proceed and avoid unwanted side reactions.  For example, irreversible β–hydride 

elimination, irreversible C-H oxidative addition, olefinic C-H activation and multiple 

insertions of olefin leading to oligomerization or polymerization of olefin can compete with 

the desired catalysis (see Chapter 1).   

 

 

Scheme 4.7. Proposed pathway for ethylene hydroarylation by TpRu(L)(NCMe)Ph {L = 
CO, P(pyr)3, P(OCH2)3CEt or PMe3} ("□" indicates a vacant coordination site). 

 

TpRu(L)(NCMe)Ph {L = CO, PMe3 and P(pyr)3} systems catalyze the 

hydrophenylation of ethylene (see Chapters 2 and 3),1, 8, 9 and studies of these complexes 
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have helped to delineate the electronic and steric parameters that optimize catalysis.8, 9  Of 

the three systems, TpRu(CO)(NCMe)Ph was found to be the most active catalyst for the 

hydrophenylation of ethylene, yielding 55 TONs (turnover numbers) of ethyl benzene in 4 

hours at 90 °C.  Supplanting the CO ligand with PMe3 increases the overall rate of benzene 

C-H activation (see Chapter 2) by TpRu(L)(NCMe)Ph (L = CO or PMe3);9 however, the 

more electron rich metal center of TpRu(PMe3)(NCMe)Ph also serves to increase the 

activation barrier to olefin insertion allowing for the emergence of a competitive ethylene C-

H activation route that irreversibly shunts the active catalyst from the olefin hydroarylation 

cycle.9  The complex TpRu{P(pyr)3}(NCMe)Ph provides a less electron-rich metal center 

than TpRu(PMe3)(NCMe)Ph (Table 4.3).  However, the steric bulk of the P(pyr)3 (145° cone 

angle) ligand thwarts catalysis by preventing ethylene coordination (Chapter 3).8  The 

reduced cone angle (101° cone angle)10 of the P(OCH2)3CEt ligand, versus P(pyr)3, was 

anticipated to allow more facile olefin coordination while the moderate π-acidity of the 

phosphite was expected to bias the kinetics toward olefin insertion over olefin C-H 

activation.  

 Heating TpRu{P(OCH2)3CEt}(NCMe)Ph (4) in benzene under ethylene pressure 

results in the catalytic production of ethyl benzene.  Testing the reactivity from 10 psi to 

1000 psi of ethylene and temperatures from 60 °C to 105 °C (note: 10 psi reactions were 

performed at 90 ºC and below) revealed optimal conditions for catalysis.  Representative 

catalytic TOs (turnovers) after 28 hours are shown in Figure 4.12.  A maximum activity of 

approximately 10 TOs was achieved at 90 °C and 10 psi of ethylene.  Catalytic trials carried 
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out at 60 °C (not shown in Figure 4.12) gave less than 2 TOs after 28 hours.  Increasing the 

temperature to 105 °C results in an initial increase in the rate of ethyl benzene production, 

but overall nearly the same TOs after 28 hours as reactions at lower temperatures.  Figure 

4.13 shows the general rates of catalysis for 4 in benzene at 25 psi of ethylene at 75 °C, 90 

°C and 105 °C.  All reactions at these conditions yield a total of approximately 8 TOs of 

ethyl benzene.  For reactions at temperatures greater than 90 °C, catalysis is halted after 

approximately 28 hours of reaction. Increasing the pressure of ethylene decreases the overall 

production of ethyl benzene (Figure 4.12), suggesting that the rate of catalysis is inversely 

dependent upon olefin concentration. The same trend has been observed for catalytic olefin 

hydroarylation by TpRu(CO)(NCMe)Ph in which it was proposed that TpRu(CO)(η2-

C2H4)CH2CH2Ph was the catalytic resting state for ethylene hydrophenylation.1, 2 Increasing 

the ethylene pressure inhibited catalysis by TpRu(CO)(NCMe)Ph and upon reaching higher 

ethylene pressures up to 250 psi, the formation of butyl benzenes was observed. The same 

trend has been documented for an olefin hydroarylation catalyst [Ir(µ-acac-O,O’,C3)(acac-

O,O’)(acac-C3)]2 (acac = acetylacetonato), which is proposed to proceed by a similar 

pathway as shown in Scheme 4.7.26 
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Figure 4.12. Select catalytic experiments for ethylene hydrophenylation using 
TpRu{P(OCH2)3CEt}(NCMe)Ph (4) at 75 °C, 90 °C and 105 °C and 10 psi, 25 psi, 50 psi 
and 350 psi of C2H4.  Ethyl benzene production is given in TOs relative to complex 4 after 
28 hours of reaction. 

 

Figure 4.13. Comparison of catalytic hydrophenylation of ethylene by 
TpRu{P(OCH2)3CEt}(NCMe)Ph (4) at 75 °C, 90 °C and 105 °C and 25 psi of C2H4.  Ethyl 
benzene production is given in TOs relative to complex 4.  Continued monitoring of the 
reaction at 75 °C yielded a total of approximately 8 TONs after 51 hours at which time 
catalysis ceases (not shown). 

  

As discussed in Chapter 2, for the hydrophenylation of ethylene by 

TpRu(L)(NCMe)Ph systems, ethylene C-H activation can compete with ethylene insertion, 

and, for TpRu(PMe3)(NCMe)Ph, this reaction is the predominant route for catalyst 

decomposition under most conditions.9  Ethylene C-H activation from TpRu(L)(η2-C2H4)R 
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(L = CO or PMe3; R = Ph or CH2CH2Ph) ultimately leads to the formation of η
3-allyl 

complexes of the form TpRu(L)(η3-C3H4Me).  Scheme 4.8 illustrates the proposed pathway 

for ethylene C-H activation and allyl formation.  Based predominantly on 1H NMR 

spectroscopy studies, ethylene C-H activation initially forms an unsaturated Ru-vinyl 

species and the coordination of a second equivalent of ethylene followed by insertion into 

the Ru-vinyl bond leads to the η3-allyl complex upon subsequent isomerization.9   

 

Scheme 4.8. Upon dissociation of NCMe from TpRu(L)(NCMe)R {L = CO,  P(OCH2)3CEt 
or PMe3; R = Me or Ph} and coordination of ethylene, ethylene C-H activation by 
TpRu(L)(η2-C2H4)R leads to the formation of TpRu(L)(η3-C3H4Me) ("□" indicates a vacant 
coordination site). 

 

Similar to TpRu(PMe3)(NCMe)Ph, for complex 4, recovery of the Ru system after 

cessation of catalysis reveals nearly quantitative conversion to TpRu{P(OCH2)3CEt}(η3-

C3H4Me) (5) by 1H NMR spectroscopy (Figure 4.14).  Verification of the identity of 

complex 5 was obtained through independent synthesis by heating (70 °C) 4 in THF under 

250 psi of C2H4 for 20 hours (Scheme 4.9), the same conditions for which both 
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TpRu(CO)(η3-C3H4Me) and TpRu(PMe3)(η3-C3H4Me) were synthesized and isolated.  

Complex 5 was isolated in 67% yield and has been fully characterized.  1H NMR 

spectroscopy (Figure 4.14) reveals that the five resonances due to the allyl ligand of 5 are 

nearly coincident in chemical shift (δ) and coupling constants (J) to those for TpRu(CO)(η3-

C3H4Me) and TpRu(PMe3)(η3-C3H4Me) (see Table 4.4 for comparison of coupling 

constants).9  Thus, for complex 4, catalytic hydrophenylation of ethylene is observed, but C-

H activation of ethylene ultimately competes with the rate of catalysis and serves to remove 

Ru from the catalytic cycle. 

 

Scheme 4.9. Synthesis of TpRu{P(OCH2)3CEt}(η3-C3H4Me) (5). 
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Figure 4.14. 1H NMR spectrum of TpRu{P(OCH2)3CEt}(η3-C3H4Me) (5) (CDCl3). 

 

Table 4.4. Comparison of H-H coupling constants for allyl ligands of TpRu(L)(η3-C3H4Me) 
{L = CO, PMe3 or P(OCH2)3CEt} complexes. 

 

4.2.4  Computational Studies of Ethylene Hydrophenylation   

A theoretical study of catalytic ethylene hydrophenylation and pertinent side 

reactions by TpRu{P(OCH2)3CEt}(NCMe)Ph was undertaken in order to provide additional 

insight.  Computational studies (gas phase) were carried out by Dr. Tom Cundari at the 

University of North Texas using density functional and effective core potential methods {the 

B3LYP/CEP-31G(d) level of theory} at 298.15 K.  The various reactions studied 

A 
D 

B 
C 

Me 
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computationally are ethylene C-H activation, ethylene oligomerization, Ru-allyl formation 

and β-hydride elimination from a Ru-phenethyl species as shown in Scheme 4.10. 

 

Scheme 4.10. Depiction of the catalytic cycle for ethylene hydrophenylation and 
competitive side reactions. 

 

4.2.5  Catalytic Cycle for the Hydrophenylation of Ethylene 

  In accord with the overall catalytic cycle suggested in previous experimental and 

computational studies (see Chapters 2 and 3),2, 3, 9 the energetics of all steps involved in the 

hydrophenylation of ethylene catalyzed by TpRu{P(OCH2)3CEt}(NCMe)Ph (4) were 

calculated and are summarized in Scheme 4.11.  
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Scheme 4.11. Calculated Gibbs free energies (kcal/mol) for steps in the hydrophenylation of 
ethylene catalyzed by TpRu(L)(NCMe)Ph (4) {L = P(OCH2)3CEt; "□" indicates a vacant 
coordination site; the transition state of dissociation of NCMe from complex 4 has not been 
calculated}. 

  

The first step in the catalytic cycle is dissociation of the NCMe ligand from the 18-

electron catalyst precursor TpRu{P(OCH2)3CEt}(NCMe)Ph (4) to form an active 16-

electron species TpRu{P(OCH2)3CEt}Ph, which is calculated to have an unfavorable ∆G of 

16.1 kcal/mol.  Ignoring the sterically bulky P(pyr)3 system, a correlation of the binding 

energy of NCMe with the electronic impact of the ancillary "L" ligand of 

TpRu(L)(NCMe)Ph complexes is apparent.  More strongly, donating ligands “L” result in 

weaker coordination of NCMe.  Figure 4.15 shows a plot of the Ru(III/II) redox potentials of 

TpRu(L)(NCMe)Ph {L = CO, P(OCH2)3CEt and PMe3} versus the calculated ∆G of 

dissociation of NCMe from TpRu(L)(NCMe)Ph.  The TpRu(CO)(NCMe)Ph complex, 
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which has the most positive Ru(III/II) potential (1.02 V versus NHE), also has the highest 

calculated coordination energy of NCMe (17.3 kcal/mol).  The dissociation of NCMe from 

complex 4 (E1/2 = 0.54 V) is calculated to be less endergonic at 16.1 kcal/mol (versus the CO 

congener), while the dissociation of NCMe from TpRu(PMe3)(NCMe)Ph (E1/2 = 0.29 V) is 

least endergonic (15.8 kcal/mol) among the three complexes.  The plot of ∆G for NCMe 

dissociation versus Ru(III/II) redox potenials in Figure 4.15 highlights an electronic impact 

of L identities on NCMe dissociation; that is weaker donating ligands contribute to a higher 

electrophilic metal character. 

 

Figure 4.15. Plot of ∆G for NCMe dissociation from TpRu(L)(NCMe)Ph {L = CO, 
P(OCH2)3CEt and PMe3} to form TpRu(L)Ph versus respective Ru(III/II) redox potenials. 

 

Coordination of ethylene to the unsaturated species B leads to the η2-C2H4 complex 

C.  The process B + C2H4 � C is calculated to be exergonic by 6.1 kcal/mol.  In Chapter 3 

it was reported that TpRu{P(pyr)3}(NCMe)Ph does not coordinate ethylene, an experimental 

observation that is consistent with calculations that reveal the coordination of ethylene to the 

sixteen-electron system TpRu{P(pyr)3}Ph is endergonic (by about 1 kcal/mol).8  The 



 241 

contrasting affinity to coordinate ethylene for the phosphite system versus the P(pyr)3 

complex probably results from the prodigious steric effect of the bulky  P(pyr)3.  The cone 

angle of P(pyr)3 ligand is 145o,27 which is much larger than that of P(OCH2)3CEt (101o).  

Additionally, these calculated results are in accord with the experimental observations that 

the ethylene hydrophenylation catalyzed by TpRu(L)(NCMe)Ph  occurs at low olefin 

pressure {between 10 psi and 25 psi for L = CO or P(OCH2)3CEt}, whereas ethylene 

hydrophenylation catalyzed by TpRu{P(pyr)3}(NCMe)Ph occurs only at higher olefin 

pressure (> 100 psi) and, even then, with minimal catalytic turnovers.8 

The η2-C2H4 complex C proceeds through a four-member-ring transition state TS1 

for olefin insertion to form intermediate D, which possesses a κ2-CH2CH2Ph ligand.  The 

transition state TS1 is similar to that of the insertion step in many olefin polymerization 

processes, and the calculated ∆G
╪ for olefin insertion into the phenyl ligand of C is 19.9 

kcal/mol.  The calculated change in Gibbs free energy from the coordinatively unsaturated 

species B to TS1 is only 13.8 kcal/mol, and starting from complex 4, the calculated change 

in Gibbs free energy to TS1 is 29.9 kcal/mol. 

The olefin insertion step leads to an intermediate D, which is a β-phenethyl (Ru-

CH2CH2Ph) complex.  The most stable calculated conformer of intermediate D displays π-

coordination of the phenyl to the ruthenium.  A similar conformational ground state has been 

independently calculated by Oxgaard and Goddard for TpRu(CO)(η2-C=C-CH2CH2C6H5),24 

the analogous intermediate for TpRu(CO)(NCMe)Ph in the proposed olefin hydroarylation 
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cycle shown in Scheme 4.7 and Scheme 4.11.  Complex D is calculated to be 8.9 kcal/mol 

lower in energy than the sixteen-electron complex B, and the phenyl-to-Ru π-coordination in 

D likely serves to stabilize what would otherwise be an electronically unsaturated complex.  

The dihapto-coordination of benzene to D forms intermediate E.  In Chapter 2 it was shown 

that TpRu(L)(C6H6)R complexes are calculated to have an interesting dichotomy in the 

benzene coordination mode (η2-C=C vs. η
2-C−H) due to the steric effects of coligand L, 

although the relative differences in free energies between them are very small.8, 9  The 

intermediate E with ligands PMe3 and P(pyr)3 are η2-C−H (agostic) adducts, while E with 

the smaller ligands P(OCH2)3CEt and CO is calculated to have an η2-C=C coordination. 

The benzene C−H activation step transforms E to give the final products, ethyl 

benzene and active species B, through a SBM/OHM transition state TS2.2, 23-25 The 

calculated free energy of TS2 is the highest species along the overall potential energy 

surface. Therefore, the calculations suggest that benzene C−H activation is the RDS in the 

overall catalytic cycle using complex 4.  Experimental and computational studies of catalytic 

ethylene hydrophenylation catalyzed by TpRu(CO)(NCMe)Ph are consistent with benzene 

C-H activation as the rate-determining step.2   

The calculated activation free energy (relative to E) for TS2 is 37.4 kcal/mol 

(relative to 4), lower than that for L = PMe3 (40.1 kcal/mol),9 but substantially higher than 

that for L = CO (30.9 kcal/mol).9 As shown in Figure 4.16, a significant geometric 

difference in the three transition states is the orientation of the benzyl group of the phenethyl 
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moiety. In the transition state for L = CO, the benzyl group is located proximal to the CO 

ligand. However, in transition states for L = P(OCH2)3CEt and PMe3, the benzyl groups 

rotate to a distal orientation relative to ligand L, a conformation likely due to steric repulsion 

from both L and Tp ligands. The calculated CCH2CH2Ph···H and CPh···H distances are different 

in magnitude for the different L ligands (Figure 4.16) but the relative position of these 

transition states along their respective reaction coordinates is similar, as suggested by ratios 

of bond distances for CCH2CH2Ph···H/CPh···H, ~1.03–1.05 for all three coligands. Interestingly, 

the L = CO TS, which has the most electron deficient metal center, also has the longest 

Ru···H distance among the three transition states (1.64 Å versus 1.58 Å for the PMe3 and 

phosphite substituted transition states, Figure 4.16). This observation is consistent with 

increased metal-hydride interaction in the transition state, the primary differentiating factor 

of OHM form SBM. The Ru-C bond distances in the TS for the CO complex are also 

elongated relative to the PMe3 and P(OCH2)3CEt systems; however, the magnitude of the 

difference for the calculated Ru-C bond distances is less than for the relative Ru-H bonds.  
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Figure 4.16. Comparison of calculated transition states for the benzene C−H activation step 
leading to ethyl benzene by TpRu(L)(benzene)CH2CH2Ph {L = P(OCH2)3CEt, PMe3 and in 
CO}.  The Tp ligands are shown in wireframe for clarity. 

 

4.2.6  Olefin C−−−−H activation and formation of TpRu{P(OCH2)3CEt}(ηηηη3-C4H7) (5)  

As shown in Scheme 4.8 and Scheme 4.10, a primary side reaction that can compete 

with catalytic ethylene hydrophenylation is ethylene C−H activation to ultimately produce 

TpRu{P(OCH2)3CEt}(η3-C4H7) (5).  Similar to benzene C-H activation, ethylene C−H 

activation is calculated to proceed through a σ-bond metathesis/oxidative hydrogen 

migration transition state (TS3 in Scheme 4.12) to form the Ru-vinyl intermediate F.  

C2H4 linker 
parallel and 
proximal to 
CO ligand 

C2H4 linkers both 
nearly parallel and 
distal from ligand L  

L = PMe3 L = P(OCH2)3CEt 

L = CO 
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Relative to the ethylene adduct C, the calculated activation free energy for the ethylene C−H 

activation step (27.3 kcal/mol) is considerably higher than that calculated for the ethylene 

insertion step (19.9 kcal/mol), which is consistent with the observation of several catalytic 

turnovers for ethyl benzene production before conversion to the allyl complex 5 (even if the 

calculated values do not coincide with experimentally determined relative rates).  Ethylene 

C-H activation to give the Ru-vinyl complex F is calculated to be endergonic with ∆G = 

13.0 kcal/mol, which, given the similar bond dissociation energies of benzene C-H bonds (~ 

110 kcal/mol)28 and vinylic C−H bonds (~ 111 kcal/mol),28 likely reflects the difference in 

binding energies of η2-ethylene (C) versus η2-benzene (F).  It might be anticipated that the 

intermediate F will easily revert to the η2-C2H4 complex C through benzene C−H activation 

by the vinyl complex in a benzene solution with low ethylene concentration. 

 

Scheme 4.12. Calculated Gibbs free energy (kcal/mol) for the ethylene C−H activation and 
ethylene insertion from TpRu(L)(η2-C2H4)Ph {L = P(OCH2)3CEt }. 
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For catalytic hydrophenylation by TpRu(L)(NCMe)Ph where L = PMe3 or 

P(OCH2)3CEt, we have experimental evidence that the formation of TpRu(L)(η3-C4H7) 

complexes is the major pathway for catalyst decomposition.  We have proposed that the allyl 

complexes are formed via an initial ethylene C-H activation step followed by an ethylene 

insertion and a consequent isomerization of the but-3-enyl ligand as shown in Scheme 4.8.  

The potential energy surface for conversion of complex 4 to the allyl complex 5 was 

calculated (Scheme 4.13).  As discussed above (see Scheme 4.12), intermediate F forms 

from ethylene C−H activation and can undergo benzene/ethylene exchange to form the 

thermodynamically more stable η
2-C2H4 complex H.  The benzene/ethylene ligand 

exchange is calculated to be exergonic by approximately 16 kcal/mol.  The ensuing ethylene 

insertion step involves a four-member-ring transition state TS4 with a calculated activation 

free energy of 17.4 kcal/mol (relative to H).  This insertion leads to but-3-enyl complex I, 

which is calculated to possess a β-H agostic interaction with the C−H bond elongated to 1.2 

Å (Figure 4.17, top). Subsequently, I can undergo a nearly barrier-free β-H elimination 

reaction (the calculated activation energy is 0.8 kcal/mol for TS5 relative to I) to yield a 

hydride-butadiene complex J1 with a ∆G of −9.2 kcal/mol.  Rotation of the butadiene ligand 

in J1 leads to isomer J2, which is 1 kcal/mol lower in free energy than J1 (Figure 4.17, 

bottom).  The final allyl product K is proposed to form by hydrogen transfer from metal to 

butadiene through transition state TS6.  This hydrogen transfer step is also calculated to be 

kinetically and thermodynamically feasible with an activation free energy of 8.3 kcal/mol 

and a reaction free energy of −12.0 kcal/mol.  Another possible hydrogen transfer pathway 
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from the remote end of butadiene initiated directly from J1 was also examined.  The located 

transition state is shown in Scheme 4.13 as TS7. This transition state is calculated to have a 

substantially larger barrier of ~ 47 kcal/mol relative to J1 and thus likely not accessed. 

 

Scheme 4.13. Calculated Gibbs free energies (kcal/mol) for the formation of TpRu(L)(η3-
C4H7) (5) {L = P(OCH2)3CEt; "□" indicates a vacant coordination site}. 
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Figure 4.17. Optimized structures for intermediates I, J1 and J2. The Tp ligands are shown 
in wireframe for clarity. 

 

4.3  Conclusions 

TpRu{P(OCH2)3CEt}(NCMe)Ph (4) has demonstrated reactivity that is consistent 

with an emerging picture of catalysis by TpRu(L)(NCMe)Ph systems.  Complex 4 performs 

ββββ-H agostic 
interaction 

Isomerization 
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stoichiometric benzene C-H activation at a rate intermediate of the systems 

TpRu(CO)(NCMe)Ph and TpRu(PMe3)(NCMe)Ph, a trend that likely reflects the overall 

electron-donating ability of the ligands L.  Additionally, relative to the reactivity studies of 

the previously reported TpRu{P(pyr)3}(NCMe)Ph complex (Chapter 3), catalysis with 

TpRu{P(OCH2)3CEt}(NCMe)Ph (4) highlights the importance for TpRu(L)R systems that 

the ligand L bear moderate to small steric profile with a cone angle < 145°.  The reactivity 

of complex 4 has been extended to ethylene hydrophenylation to yield moderate turnovers of 

ethyl benzene.  Catalyst activity is ultimately halted by competitive ethylene C-H activation 

that leads to the irreversible formation of TpRu{P(OCH2)3CEt}(η3-C4H7) (5).  These results 

coupled with previous conclusions concerning the activity of TpRu(L)(NCMe)Ph {L = CO, 

P(pyr)3 and PMe3} systems help solidify a set of guidelines for viable hydroarylation 

catalysts of the form TpRu(L)(NCMe)R in which the ligand L can be used to control the 

efficiency of substrate coordination and the rate of aromatic C-H activation, thus, ultimately 

dictating the success for such systems to perform high yields of catalytic olefin 

hydroarylation.  The ligand "L" must possess reduced steric bulk (< 145°), and the d6/d5 

redox potential should be near 1.0 V versus NHE.  The impact of reduced electron density 

{i.e., more electron deficient than TpRu(CO)(NCMe)R systems} for this class of complexes 

will be further discussed in Chapter 6.  

4.4  Experimental Section 

General Methods. Unless otherwise noted, all synthetic procedures were performed 

under anaerobic conditions in a nitrogen-filled glovebox or by using standard Schlenk 



 250 

techniques. Glovebox purity was maintained by periodic nitrogen purges and was monitored 

by an oxygen analyzer {O2 < 15 ppm for all reactions}.  Benzene and tetrahydrofuran 

(stored over 4Å molecular sieves) were dried by distillation from sodium/benzophenone.  

Pentane was distilled over sodium. Acetonitrile and methanol were dried by distillation from 

CaH2.  Hexanes were purified by passage through a column of activated alumina.  Acetone-

d6, benzene-d6 and chloroform-d1 were degassed with three freeze-pump-thaw cycles and 

stored under a dinitrogen atmosphere over 4 Å molecular sieves.  1H and 13C{1H} NMR 

spectra were recorded on a Varian Mercury 300 or 400 MHz spectrometer.  All 1H and 

13C{1H} NMR spectra were referenced against residual proton signals (1H NMR) or the 

13C{1H} resonances of the deuterated solvent (13C{1H} NMR). 19F{1H} NMR spectra were 

obtained on a Varian 300 MHz spectrometer and referenced against an external standard of 

hexafluorobenzene (δ = -164.9 ppm).  31P{1H} NMR spectra were obtained on a Varian 300 

or 400 MHz spectrometer and referenced against an external standard of H3PO4 (δ = 0). 

Resonances due to the Tp ligand are listed by chemical shift and multiplicity only (all 

coupling constants for the Tp ligand are approximately 2 Hz).  Electrochemical experiments 

were performed under a nitrogen atmosphere using a BAS Epsilon Potentiostat. Cyclic 

voltammograms were recorded in CH3CN using a standard three electrode cell from -2.00 to 

+2.00 V with a glassy carbon working electrode and tetrabutylammonium 

hexafluorophosphate as electrolyte. Tetrabutylammonium hexafluorophosphate was dried 

under dynamic vacuum at 110 °C for 48 h prior to use. All potentials are reported versus 

NHE (normal hydrogen electrode) using cobaltocenium hexafluorophosphate as the internal 
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standard.  GC-MS was performed using a HP GCD system with a 30 m x 0.25 mm HP-5 

column with 0.25 mm film thickness. Ethylene (99.5%) was used as received from MWSC 

High-Purity Gases.  TpRu(PPh3)2Cl,18  Ph2Mg[THF]2
29 and P(OCH2)3CEt11 were prepared 

according to published procedures.  All other reagents were used as purchased from 

commercial sources.   

TpRu{P(OCH2)3CEt}(PPh3)Cl (1).  TpRu(PPh3)2Cl (1.226 g, 1.403 mmol) and 

P(OCH2)3CEt (0.250 g, 1.540 mmol) were heated to reflux in benzene (50 mL) for 3 hours.  

The solvent was removed in vacuo, the residual material dissolved in minimal THF, and a 

light yellow solid was precipitated with the addition of approximately 30 mLs of hexanes.  

The precipitate was collected on a fine porosity frit, washed with hexanes and dried in vacuo 

(1.004 g, 1.628 mmol, 93%).  X-ray quality crystals were grown by slow evaporation from a 

solution of 1 in CH2Cl2 layered with hexanes.  1H NMR (CDCl3, δ):  8.15, 7.64, 7.61, 7.51, 

6.84, 6.73 (each 1H, each a d, Tp 3 or 5 positions), 7.37 – 7.15 (15 H, overlapping 

resonances, P(C6H5)3), 6.08 (1H, m, Tp 4 position), 5.77, 5.73 (each 1H, each a m, Tp 4 

positions), 4.05 {6H, d, 3
JHP = 5 Hz, P(OCH2)3CEt}, 1.13 {2H, q, 3

JHH = 7.8 Hz, 

P(OCH2)3CCH2CH3}, 0.76 {3H, t, 3
JHH = 7.8 Hz, P(OCH2)3CCH2CH3}.  13C{1H} NMR 

(CDCl3, δ): 148.0, 145.2, 144.0, 136.2, 135.6, 134.5 (Tp 3 and 5 positions), 135.1 (d, JCP = 9 

Hz, ortho or meta of triphenylphosphine), 133.9 (d, 1
JCP = 18 Hz, ipso of 

triphenylphosphine), 128.9 (para of triphenylphosphine), 127.2 (d, JCP = 9 Hz, ortho or meta 

of triphenylphosphine), 105.5, 105.1, 104.9 (Tp 4 positions), 73.9 {d, 2
JCP = 7 Hz, 

P(OCH2)3CEt}, 35.0 {d, 3
JCP = 31 Hz, P(OCH2)3CEt}, 23.7 {P(OCH2)3CCH2CH3}, 7.3 
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{P(OCH2)3CCH2CH3}.  31P{1H} NMR (CDCl3, δ): 130.6 {d, 2
JPP = 57 Hz, P(OCH2)3CEt}, 

46.0 (d, 2
JPP = 57 Hz, PPh3).  EI MS: m/z (%) Mtheoretical: 774.1160, Msample = 774.1146 (σ = 

2.8 ppm), [M+]. 

TpRu{P(OCH2)3CEt}(PPh3)OTf (2).  To a solution of TpRu{P(OCH2)3CEt}(PPh3)Cl 

(1) (0.442 g, 0.572 mmol) in THF (60 mL) was added AgOTf (0.154 g, 0.600 mmol).  The 

mixture was stirred for 20 hours at room temperature in a reaction vessel wrapped in 

aluminum foil.  The yellow heterogenous mixture was filtered through Celite on a fine 

porosity frit.  The volume of yellow filtrate was reduced under vacuum, a solid was 

precipitated with the addition of hexanes, and the light yellow solid was collected via 

vacuum filtration through a medium porosity frit and dried in vacuo (0.496 g, 0.559 mmol, 

98%).  X-ray quality crystals were grown by slow evaporation from a solution of 2 in 

CH2Cl2 layered with hexanes.  1H NMR (acetone-d6, δ):  8.13, 8.05, 7.62, 6.80 (each 1H, 

each a d, Tp 3 or 5 positions), 7.93 (2H, overlapping resonances, Tp 3 or 5 positions), 7.49 – 

7.15 (15 H, overlapping resonances, P(C6H5)3),  6.27, 6.12, 6.09 (each 1H, each a m, Tp 4 

positions), 4.20 {6H, m,  P(OCH2)3CEt}, 1.26 {2H, q, 3JHH = 7.5 Hz, P(OCH2)3CCH2CH3}, 

0.80 {3H, t, 3
JHH = 7.5 Hz, P(OCH2)3CCH2CH3}.   13C{1H} NMR (acetone-d6, δ): 150.7, 

147.0, 144.3, 139.4, 137.4, 136.7 (Tp 3 and 5 positions), 135.5 (d, JCP = 9 Hz, ortho or meta 

of triphenylphosphine), 133.9 (d, 1
JCP = 43 Hz, ipso of triphenylphosphine), 131.0 (d, 4

JCP = 

2 Hz, para of triphenylphosphine), 128.9 (d, JCP = 9 Hz, ortho or meta of 

triphenylphosphine), 122.6 (q, 1
JCF = 322 Hz, Ru-O3SCF3), 107.6, 106.8, 106.7 (Tp 4 

positions), 75.3 {d, 2
JCP = 7 Hz, P(OCH2)3CEt}, 36.1 {d, 3

JCP = 32 Hz, P(OCH2)3CEt}, 23.6 
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{P(OCH2)3CCH2CH3}, 7.3 {P(OCH2)3CCH2CH3}.  19F {1H} NMR (acetone-d6, δ): -76.2 

(CF3).   31P{1H} NMR (acetone-d6, δ): 129.6 {d, 2
JPP = 56 Hz, P(OCH2)3CEt}, 43.7 (d, 2

JPP 

= 56 Hz, PPh3).  Anal. Calcd for C34H36BN6P2O6SF3Ru {NOTE: repeated efforts to dry this 

sample, including heating in vacuo after stirring/sonication in a variety of solvents (e.g., 

methylene chloride, pentane and diethyl ether), did not remove residual solvent.  Thus, 0.30 

equivalents of THF, 0.15 equivalents of Et2O and 0.05 equivalents of dichloromethane 

(observed and quantified by 1H NMR spectroscopy) are included in elemental analysis 

calculations}: C, 46.57; H, 4.36; N, 9.09.  Found: C, 46.61; H, 4.55; N, 8.74. 

TpRu{P(OCH2)3CEt}(PPh3)Ph (3).  A solution of TpRu{P(OCH2)3CEt}(PPh3)OTf (2) 

(0.477 g, 0.538 mmol) and Ph2Mg[THF]2 (0.182, 0.564 mmol) in THF (50 mL) was stirred 

at room temperature.  After 16 hours the THF was removed in vacuo, and the solid was 

dissolved in C6H6 (3mL).   The resultant mixture was filtered over a plug of silica, and a 

yellow filtrate was collected with successive THF washes.  The filtrate was reduced in vacuo 

to ~2 mL, and a light yellow solid was precipitated upon the addition of hexanes.  The solid 

was collected over a fine porosity frit, washed with pentane and dried in vacuo (0.363 g, 

0.446 mmol, 83%). 1H NMR (C6D6, δ):  7.90 (1H, d, Tp 3 or 5 position), 7.65 – 7.60 (7H, 

overlapping resonances, Tp 3 or 5 positions and phenyl), 7.31 – 6.97 (18H, overlapping 

resonances, P(C6H5)3 and phenyl), 6.04, 5.92, 5.64 (each 1H, each a m, Tp 4 positions), 3.38 

{6H, m, P(OCH2)3CEt}, 0.12 {2H, q, 3JHH = 6.7 Hz, P(OCH2)3CCH2CH3}, 0.04 {3H, t, 3JHH 

= 6.7 Hz, P(OCH2)3CCH2CH3}.  13C{1H} NMR (C6D6, δ): 165.7 (dd, 2JCP = 19 Hz, 2JCP = 11 

Hz, ipso of phenyl), 148.4 (phenyl), 147.8, 146.7, 146.6, 137.6, 137.1, 135.2 (Tp 3 and 5 
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positions), 135.4 (d, JCP = 9 Hz, ortho or meta of triphenylphosphine), 134.6 (d, 1
JCP = 19 

Hz, ipso of triphenylphosphine), 127.7 (d, JCP = 9 Hz, ortho or meta of triphenylphosphine), 

125.3, 120.9 (phenyl resonances), 105.8, 105.0, 104.8 (Tp 4 positions), 73.4 {d, 2JCP = 8 Hz, 

P(OCH2)3CEt}, 34.1 {d, 2
JCP = 31 Hz, P(OCH2)3CEt}, 23.5 {P(OCH2)3CCH2CH3}, 7.1 

{P(OCH2)3CCH2CH3}, {Note: the resonance due to the para positions of triphenylphosphine 

likely overlaps with the C6D6 resonance}.  31P{1H} NMR (C6D6, δ): 131.0 {d, 2
JPP = 58 Hz, 

P(OCH2)3CEt}, 53.8 (d, 2
JPP = 58 Hz, PPh3). Anal. Calcd for C39H41BN6P2O3Ru {NOTE: 

repeated efforts to dry this sample, including heating in vacuo after stirring/sonication in a 

variety of solvents (e.g., methylene chloride, pentane and diethyl ether), did not remove 

residual solvent.  Thus, 0.11 equivalents of THF and 0.14 equivalents of hexanes (observed 

and quantified by 1H NMR spectroscopy) are included in elemental analysis calculations}: 

C, 57.90; H, 5.29; N, 10.05.  Found: C, 57.82; H, 5.36; N, 9.91.   

TpRu{P(OCH2)3CEt}(NCMe)Ph (4).  TpRu{P(OCH2)3CEt}(PPh3)Ph (3) (0.128 g, 

0.158 mmol) was added to acetonitrile (~ 20 mL) in a thick-walled pressure tube with a 

Teflon stopper to give a light-yellow solution.  While stirring the mixture was irradiated 

using a 450W power supply (Ace Glass, Inc.) equipped with a water-cooled 450W 5 inch 

arc IMMER UV-vis lamp (Ace Glass, Inc.) for a total of 2 hours.  The solvent was removed 

under reduced pressure, and the resulting solid was dissolved in 1 mL THF.  Hexanes (20 

mL) were added to form a precipitate which was collected on a fine porosity frit and dried in 

vacuo (0.078 g, 0.132 mmol, 84%).  1H NMR (C6D6, δ):  8.31, 8.07, 7.67 (each 1H, each a d, 

Tp 3 or 5 positions), 7.75 (2H, dd, 3
JHH = 8.1 Hz and 

4
JHH = 1.5 Hz, ortho of phenyl), 7.60 
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(2H, overlapping Tp 3 or 5 positions), 7.36 (1H, Tp 3 or 5 position, partial overlap with 

phenyl), 7.34 (2H, t, 3
JHH = 7.2 Hz, meta of phenyl), 7.20 (1H, tt, 3

JHH = 7.2 Hz and 
4
JHH = 

1.5 Hz, para of phenyl), 6.26 (1H, t, Tp 4 position), 6.04, 6.03 (each 2H, each a m, 

overlapping resonances, Tp 4 positions), 3.68 {6H, m, P(OCH2)3CEt}, 0.67 (3H, NCMe), 

0.20 {2H, q, 3
JHH = 7.5 Hz, P(OCH2)3CCH2CH3}, 0.03 {3H, t, 3

JHH = 7.5 Hz, 

P(OCH2)3CCH2CH3}.  13C{1H} NMR (C6D6, δ): 170.8 (d, 2
JCP = 19 Hz, ipso of phenyl), 

147.5 (phenyl), 144.3, 143.4, 142.9, 135.5, 134.8, 134.2 (Tp 3 and 5 positions), 125.7, 120.6 

(phenyl resonances), 120.1 (NCMe), 105.6, 105.5, 105.2 (Tp 4 positions), 73.5 {d, 2
JCP = 8 

Hz, P(OCH2)3CEt}, 34.7 {d, 2
JCP = 30 Hz, P(OCH2)3CEt}, 23.6 {P(OCH2)3CCH2CH3}, 7.2 

{P(OCH2)3CCH2CH3}, 2.9 (NCCH3).  31P{1H} NMR (C6D6, δ): 132.8 {P(OCH2)3CEt}.  

Anal. Calcd for C23H29BN7PO3Ru  {NOTE: repeated efforts to dry this sample, including 

heating in vacuo after stirring/sonication in a variety of solvents (e.g., methylene chloride, 

pentane and diethyl ether), did not remove residual solvent.  Thus, 0.04 equivalents of Et2O 

(observed and quantified by 1H NMR spectroscopy) are included in elemental analysis 

calculations}: C, 46.57; H, 4.96; N, 16.41.  Found: C, 47.12; H, 4.95; N, 16.39.  CV 

(CH3CN, TBAH, 100mV/s): E1/2 = 0.55 V {Ru(III/II), reversible}. 

TpRu{P(OCH2)3CEt}(η3-C3H4Me) (5).  TpRu{P(OCH2)3CEt}(NCMe)Ph (4) (0.051 g, 

0.087 mmol) was dissolved in THF (6 mL), sealed in a 15 mL stainless steel pressure 

reactor, pressurized to 250 psi with C2H4 and heated to 70 °C for 20 hours.  The volatiles 

were removed in vacuo, the residue dissolved in Et2O (~0.5 mL) and washed through a short 

plug of silica with a 1:1 mixture of Et2O and hexanes.  The resultant yellow filtrate was 
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dried in vacuo (0.034 g, 0.058 mmol, 67%).   1H NMR (C6D6, δ): 8.17, 8.08, 7.69, 7.64, 

7.49, 6.87 (each 1H, each a d, Tp 3 or 5 position), 6.18, 6.11 (each 1H, each a t, Tp 4 

position), 5.78 (1H, m, Tp 4 position), 4.84 (1H, m, “C”), 3.44 {6H, d, 3
JHP = 4.8 Hz, 

P(OCH2)3CEt}, 2.99 (1H, dd, 2JAB < 1 Hz, 3JAC = 6.9 Hz, “A”), 2.32 (1H, dq, 3JDC = 11.0 Hz, 

3
JDMe = 5.5 Hz, , “D”), 2.01 (3H, d, 3

JMeD = 5.7 Hz, Me),  1.39 (1H, dd, 2
JBA < 1 Hz, 3

JBC = 

11.1 Hz, “B”), 0.12 {2H, q, 3
JHH = 7.8 Hz, P(OCH2)3CCH2CH3}, - 0.04 {3H, t, 3

JHH = 6.9 

Hz, P(OCH2)3CCH2CH3} {Note: See Chart 2 below for Ru-η3-allyl proton labeling}.  

13C{1H} NMR (C6D6, δ): 146.7, 144.5, 138.8, 135.2 (Tp 3 and 5 positions), 135.0 (2C, 

overlapping Tp 3 and 5 positions), 105.6 (Tp 4 position), 105.4 (2C, overlapping Tp 4 

positions), 86.7, 53.4, 33.3 (allyl), 73.7 {d, 2
JCP = 8 Hz, P(OCH2)3CEt}, 34.6 {d, 2

JCP = 31 

Hz, P(OCH2)3CEt}, 23.4 {P(OCH2)3CCH2CH3}, 19.4 (allyl methyl), 7.1 

{P(OCH2)3CCH2CH3}.  31P{1H} NMR (CDCl3, δ): 140.6 {P(OCH2)3CEt}.  Anal. Calcd for 

C19H28BN6PO3Ru {NOTE: repeated efforts to dry this sample, including heating in vacuo 

after stirring/sonication in a variety of solvents (e.g., methylene chloride, pentane and 

diethyl ether), did not remove residual solvent.  Thus, 0.17 equivalents of hexanes (observed 

and quantified by 1H NMR spectroscopy) are included in elemental analysis calculations}: 

C, 44.04; H, 5.61; N, 15.39.  Found: C, 44.21; H, 5.57; N, 15.36. 

 

Chart 2.  Allyl coupling diagram for TpRu{P(OCH2)3CEt}(η3-C3H4Me) (5). 
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Catalytic Hydroarylation Reactions. A representative catalytic reaction is described. 

TpRu{P(OCH2)3CEt}(NCMe)Ph (4) (0.013 g, 0.022 mmol) was dissolved in 2 mL of a 

stock solution of 0.1% hexamethylbenzene (HMB; internal standard) in benzene (0.145 g, 

0.895 mmol HMB in 80.0 mL benzene).  The homogenous reaction mixture was placed in a 

stainless steel pressure reactor and charged with 50 psi ethylene pressure and heated to 90 

°C.  After 4, 12 and 28 hours, the reaction was analyzed by GC-FID and the peak areas of 

the sample injection were used with the internal standard to calculate product yields.  

Ethylbenzene production was quantified using linear regression analysis of gas 

chromatograms. A set of five known standards were prepared consisting of 1:1, 2:1, 3:1, 4:1 

and 5:1 molar ratios of ethylbenzene to hexamethylbenzene in benzene.  A plot of the peak 

area ratios versus molar ratios gave a linear regression fit.  The slope and correlation 

coefficient for ethylbenzene were 0.656 and 0.985, respectively. 

Kinetic Studies:  Rate Determination for Activation of C6D6 by 

TpRu{P(OCH2)3CEt}(NCMe)Ph (4).  A solution of 4 (0.039 g, 0.065 mmol), 1 equivalent 

of acetonitrile (3.4 µL, 0.07 mmol) and a small crystal of hexamethylbenzene as standard in 

2 mL of C6D6 (22.6 mmol) was equally divided and transferred to three screw-cap NMR 

tubes.  The set was heated to 60 °C in a temperature regulated oil bath.  1H NMR spectra 

were periodically acquired through 3 half-lives (using a pulse delay of 5 seconds).  Relative 

to the internal standard hexamethylbenzene, the rates of Ru-Ph/Ru-Ph-d5 exchange were 

followed by integration of the phenyl ortho resonance at 7.75 ppm.  In addition, the rates of 
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H/D exchange for the Tp 3/5 and the Tp 4 pyrazolyls were monitored by the resonances at 

8.07 ppm and 6.26 ppm, respectively. 

Computational Methods.  All calculations employed the Gaussian03 package.30 The 

B3LYP functional (Becke's three-parameter hybrid functional31 using the LYP correlation 

functional containing both local and nonlocal terms of Lee, Yang, and Parr)32 and VWN 

(Slater local exchange functional33 plus the local correlation functional of Vosko, Wilk, and 

Nusair)34  were employed in conjunction with the Stevens (SBK) valence basis sets and 

effective core potentials for all heavy atoms and the –31G basis set for hydrogen. The SBK 

valence basis sets are valence triplet-zeta for ruthenium, and double-zeta for main group 

elements. The basis sets of main group elements are augmented with a d-polarization 

function: ξd = 0.8 for boron, carbon, nitrogen and oxygen and ξd = 0.55 for phosphorus. The 

SBK scheme utilizes a semi-core (46-electron core) approximation for ruthenium and a full 

core approximation for main group elements. All complexes modeled are closed-shell 

(diamagnetic) species and were modeled within the restricted Kohn-Sham formalism. All 

systems were fully optimized without symmetry constraint and analytic calculations of the 

energy Hessian were performed to confirm species as minima or transition states and to 

obtain enthalpies and free energies (using unscaled vibrational frequencies) in the gas phase 

at 1 atm and 298.15 K. 
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5 Activation of sp3 Carbon-Hydrogen Bonds by TpRu(PMe3)(NCR)Me and 
Subsequent Metal-Mediated C-C and C-N Bond Formation  

5.1 Introduction 

Catalytic activation and functionalization of C-H bonds remains one of the foremost 

challenges in the field of homogeneous catalysis.1-5  Chapters 2 through 4 focus on the 

catalytic  activation of aromatic C-H bonds.6-10  The majority of transition metal systems that 

initiate clean C-H activation are selectively active for sp
2 hybrid C-H bonds (e.g., aromatic 

substrates).  In comparison, fewer systems have been found to manipulate the C-H bonds of 

alkanes.  Yet, saturated alkanes constitute a large portion of petroleum feedstocks, and 

functionalized alkanes, such as alcohols, nitriles, and haloalkanes, are commonly used as 

precursors in the chemical industry.  Employing transition metals systems to catalytically 

and selectively activate the sp
3 C-H bonds of these alkane reservoirs could provide for the 

more efficient production of small molecules. 

Chapter 1 addressed some of the primary challenges for transition metal mediated C-

H activation of saturated alkanes.  The inherent obstacle in aliphatic metal-mediated C-H 

activation lies in the low polarity of the C-H bond and in the inability of the C-H bond to 

strongly coordinate to metals.  Low energy C-H σ orbitals only weakly donate to a metal 

center, while high energy C-H σ* orbitals act as poor π-acids for metals thus resulting in 

weak metal-alkane bonds (usually < 20 kcal/mol).  This chapter is focused on investigating 

the added challenges, and in some cases benefits, functionality on alkanes presents for the 

selective activation of sp
3 C-H bonds.  Functional groups on alkanes can compete for metal-

coordination or can be more reactive than the inert C-H bonds and as a result perturb desired 
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C-H activation.  Conversely, functionality can facilitate C-H activation by polarizing the C-

H bond and/or provide a coordination mode that precedes C-H activation. 

The motivation behind C-H activation studies is to couple the activation of relatively 

inert molecules with functionalization steps to render valuable commodity chemicals.  Some 

success has been achieved incorporating metal-mediated alkane C-H activation mechanisms 

into catalytic systems that facilitate reactions ranging from alkylborylations11-15 to 

carbonylations16 to dehydrogenations.17, 18  But, understanding the key challenges that 

inhibit alkane C-H activation is critical if new catalysts are to be developed to meet the need 

for direct alkane transformations. 

5.1.1 Challenges of Alkane C-H Activation 

A significant problem activating C-H bonds of functionalized substrates via metal-

mediated pathways arises if the functional group out competes the C-H bond for metal 

coordination.  For instance, the strong σ-donating N of acetonitrile results in the 

enthalpically more favorable η1-N-coordination mode over the weak C-H bond coordination 

mode (Scheme 5.1) and can inhibit C-H activation.  It is anticipated that C-H coordination 

will never thermodynamically compete with heteroatom coordination.  However, in terms of 

C-H activation, heteroatom coordination is only problematic if it renders the C-H 

coordination mode kinetically inaccessible.   
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Scheme 5.1. Favorable binding of nitrile via η
1-N is expected to out-compete η

2
-C-H 

coordination and thus inhibit metal-mediated C-H activation of nitriles. 

 

Hartwig and Goldman have explored this thermodynamic preference for the N-H 

activation of ammonia by Ir-pincer systems (Scheme 5.2).19  As illustrated in the top portion 

of Scheme 5.2, the (PCP)Ir [PCP = η3-C6H3-2,6-(CH2P(tBu)2}2] complex strongly favors η1-

N-coordination of ammonia such that reductive cleavage of the hydride and amido ligands to 

form the η1-NH3 complex is irreversible.  This is likely due to thermodynamic stabilization 

incurred through donation of the ammonia lone pair to the electrophilic metal center.20  On 

the contrary, the more electron rich Ir system bearing an aliphatic analog of PCP disfavors 

coordination of the electron rich NH3 ligand (Scheme 5.2).  In turn, the more electron rich 

system favors the oxidative addition product, the Ir amido.  Since, coordination of η1-NH3 is 

not the most thermodynamically stable species, formation of the η
2-N-H σ-coordination 

intermediate is kinetically accessible.  Although this example deals with N-H activation, it 

highlights the key interplay between preferred metal coordination modes that selects for X-

H (X = N or C) activation and metal identity. 
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Scheme 5.2. Comparison of preferred ammonia coordination modes for electron-deficient 
and electron-rich Ir-pincer complexes. 

 

In addition to competition between functional group and C-H bond coordination, the 

functional groups of alkyl substrates can also react with the metal in preference to C-H bond 

activation.  In the case of haloalkanes, halide groups can disrupt C-H activation via C-X 

activation (X = halide, BDE ~ 55 – 80 kcal/mol).21  It is thus no surprise that a substantial 

number of examples of selective metal activation of C-X bonds, in preference to C-H bonds, 

are observed for late transition metals.22, 23  An exception to this trend is the chemistry of 

Tp*Rh(CNCH2CMe3){η
2-PhN=C=NCH2C(CH3)2} {Tp* = tris-(3,5-dimethyl-

pyrazolyl)borate}, which upon irradiation in 1-chloropentane exclusively activates a C-H 

bond of the terminal chloropentane methyl to form Tp*Rh{CH2(CH2)4Cl}H (Scheme 5.3).24  

If substrate coordination prior to C-Cl or C-H oxidation occurs, the selectivity is likely 

attributable to the electron-rich d8 Rh(I) metal repelling the lone pairs of Cl in contrast to 

stabilizing M�L π-backbonding into a C-H σ* orbital achieved through C-H bond 

coordination. 
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Scheme 5.3. Selective C-H bond activation over C-Cl bond activation by a Tp*Rh complex. 

 

5.1.2 Stoichiometric C-H Activation of Functionalized Alkanes 

Despite the challenging nature of C-H activation substrates with functional groups, 

several systems have been discovered that can selectively mediate such reactions.  Most of 

the known systems are based on low valent electron-rich metal complexes.  For instance, 

early work by Yoshida and coworkers built on the known basicity of Pt(0) complexes 

bearing coordinated acetylenes by employing (diphos)Pt(η2-C,C-cyclohexyne) (diphos = 

Ph2PCH2CH2PPh2) to facilitate the C-H activation of weak acids.25  As shown in Scheme 

5.4A, refluxing the Pt(0) complex with nitromethane, acetone, phenyl methyl ketone or 

benzylnitrile results in the formation of the analogous 

(diphos)Pt(hydrocarbyl)(cyclohexenyl) complexes.  The mechanism is not fully understood 

but likely occurs through C-H oxidative addition followed by H-transfer to the cyclohexyne 

ligand via alkyne insertion into the Pt-H bond.   

Preliminary studies by Jesson and colleagues indicate that upon reductive 

elimination of naphthalene, (dmpe)2M(Np)H complexes (dmpe = dimethylphosphino; M = 

Fe, Ru and Os; Np = 2-naphthyl) form electron-rich complexes.26-28  In addition to other 
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substrates, the putative (dmpe)2Fe intermediate initiates C-H activation of acetonitrile 

(Scheme 5.4B) to form trans-(dmpe)2Fe(CH2CN)H at room temperature.  The analogous 

reaction with (dmpe)2Ru(Np)H in acetonitrile required heating for ~22 hours at 60° C to 

reach completion, but formed the cis-isomer.  Studies with (dmpe)2Os(Np)H showed no 

reactivity with acetonitrile after days of extended heating.   

Building on alkyne cyclodimerization studies by Cp*2Ln (Ln = La or Ce) complexes, 

Teuben et al. tested the reactivity of these complexes with acetonitrile.29  A room 

temperature reaction of the lanthanoid complexes with acetonitrile proceeded through what 

is believed to be a σ-bond metathesis pathway to release bis(trimethylsilyl)methane and 

form the bridging dimeric complexes (Scheme 5.4C).  This represents a novel reaction for 

Group 3 lanthanoids which typically favor nitrile insertion into metal-hydride or –

hydrocarbyl moieties.   

 

Scheme 5.4. Early reported examples of selective alkane C-H activation by various low 
valent systems. 
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5.2 Results and Discussion 

Herein, initial studies of stoichiometric sp
3 C-H bond activation by 

TpRu(PMe3)(NCR)Me (R = Me or C6F5) are reported, including: (i) a range of sp
3 bonds 

that undergo C-H activation, (ii) stoichiometric conversion of activated substrate into 

functionalized organic product and (iii) an explanation of substrate scope for C-H activation. 

5.2.1 Reaction of TpRu(PMe3)(NCMe)Me (1) with Acetonitrile 

Mechanistic studies suggest that aromatic C-H activation by TpRu(L)(NCMe)Me {L 

= CO or PMe3} to release methane and produce TpRu(L)(NCMe)Ar {Ar = aryl) involves 

dissociation of NCMe, coordination of the aromatic substrate, and subsequent C-H 

activation of the substrate.6, 7, 9, 30  Heating the previously synthesized complex7 

TpRu(PMe3)(NCMe)Me (1) at 60 ºC in neat CH3CN results in C-H activation of acetonitrile 

to release methane and produce TpRu(PMe3)(NCMe)(CH2CN) (2) in 82% yield (Scheme 

5.5).  TpRu(PMe3)(NCMe)(CH2CN) (2) has been fully characterized by NMR spectroscopy, 

a single X-ray diffraction study and elemental analysis.  The 1H NMR spectrum of 2 clearly 

shows the anticipated C1 symmetry with nine Tp resonances.   In addition, a doublet of 

doublets for the diastereotopic cyanomethyl protons with substantial “roofing” is observed at 

0.97 ppm (Figure 5.1).   

 

Scheme 5.5. Synthesis of TpRu(PMe3)(NCMe)(CH2CN) (2).   



 269 

 

Figure 5.1.  1H NMR spectrum of TpRu(PMe3)(NCMe)(CH2CN) (2) (CDCl3). 

 

 An X-ray diffraction study of 2 (Figure 5.2 and Table 5.1) by Dr. Jeffrey Petersen of 

West Virginia University revealed the complex to have crystallized in the monoclinic P21/c 

space group.  The refined structure showed a fairly regular TpRu complex, but most 

interestingly confirmed the presence of the diastereotopic cyanomethyl hydrogens.  The 

idealized positions for the cyanomethyl hydrogen atoms were included as fixed 

contributions using a riding model with isotropic temperature factors set at 1.5 times that of 

the adjacent non-hydrogen atom and then optimized by a rigid rotating group refinement 

with idealized tetrahedral angles. 



 270 

 

Figure 5.2. ORTEP of TpRu(PMe3)(NCMe)(CH2CN) (2) (30% probability with hydrogen 
atoms omitted).  Selected bond lengths (Å): Ru1-N7, 2.002(3); Ru1-C12, 2.139(3); Ru1-P1, 
2.271(1); Ru1-N1, 2.075(2); Ru1-N3, 2.133(2); Ru1-N5, 2.136(2); N7-C10, 1.122(4); N8-
C13, 1.140(5); Selected bond angles (º): N7-Ru1-C12, 90.32(12); N7-Ru1-P1, 92.41(8); 
C12-Ru1-P1, 92.61(9); Ru1-C12-C13, 115.6(3). 

 

Table 5.1.  Selected Crystallographic Data for TpRu(PMe3)(NCMe)(CH2CN) (2), 
TpRu(PMe3)[κ2-N,N-{NHC(CH3)}2C(CN)] (3), TpRu(PMe3){қ2-O,N-N(O)C(H)(NO2)} (4) 
and TpRu(PMe3){κ2-O,N-OC(Me)C(H)C(C6F5)NH} (10). 

  Complex 2 Complex 3 Complex 4 Complex 10 
empirical formula C16H24BN8PRu C18H27BN9PRu C13H20BN8O3PRu C22H24BF5N7OPRu 

formula wt 471.27 512.34 479.20 640.32 
crystal system monoclinic monoclinic monoclinic monoclinic 
space group P 21/c P21/n P21/n P n 
a, Å 15.8783(8) 11.962(1) 9.9578(2) 7.7573(2) 
b, Å 7.9132(4) 13.118(1) 16.2448(4) 8.0434(2) 
c ,Å 33.938(2) 14.966(1) 11.6602(3) 20.4513(5) 

β, ° 92.817(1) 95.873(2) 92.351(1) 97.316(1) 
V, (Å3) 4259.1(4) 4144.2(4) 1884.59(8) 1265.67(5) 
Z 8 4 4 2 
Dcalcd, g/cm3

 1.470 1.457 1.689 1.680 
crystal size (mm) 0.22 x 0.38 x 0.42 0.18 x 0.24 x 0.40 0.17 × 0.10 × 0.02 0.18 × 0.10 × 0.10 
R1, wR2 {I>2(I)} 0.0394, 0.0981 0.0338, 0.0897 0.024, 0.033 0.031, 0.027 
GOF 1.166 1.055 1.09 1.15 

 



 271 

The formation of 2 is quantitative by 1H NMR spectroscopy (>95% relative to 

internal standard).  Reactions of 1 with CD3CN in sealed NMR tubes reveal the formation of 

CH3D (1:1:1 triplet at ~ 0.15 ppm) and TpRu(PMe3)(NCCD3)(CD2CN) (2-d5).  In multiple 

experiments, complex 1 was heated at 60 °C in NCCD3, and conversion of 1 to 2-d5 was 

followed by 1H NMR spectroscopy yielding an average first-order kobs of  1.82(3) x 10-5 s-1 

(Figure 5.3).  As discussed in Chapter 2, the kobs for NCMe/NCCD3 exchange with 

TpRu(PMe3)(NCMe)Ph to form TpRu(PMe3)(NCCD3)Ph is 1.5(1) x 10-4 s-1, and C-H 

activation of NCMe by TpRu(PMe3)(NCMe)Ph was not observed.  Although  

TpRu(PMe3)(NCMe)Ph and complex 1 cannot be directly compared, the nearly 8-fold 

greater rate of NCMe/NCCD3 exchange for TpRu(PMe3)(NCMe)Ph than the rate of C-H 

activation of NCCD3 by 1 indicates the overall rate of NCMe C-H activation is likely not 

determined by the rate of NCMe ligand dissociation.   

Based upon studies of benzene C-H activation by TpRu(L)(NCMe)R systems,7, 8 the 

rate determining step for the conversion of 1 to 2 is expected to be the C-H activation event.  

Heating 1 in a 1:1 mixture of NCCD3 and NCCH3 results in the formation of CH3D and 

CH4.  Integration of the resonances due to CH4/CH3D (1H NMR) reveals a primary kinetic 

isotope effect with kH/kD = 2.0(2).  The approximately two-fold faster rate of C-H vs. C-D 

activation is similar to the previously reported KIEs for benzene C-H/D activation by 1 

{kH/kD = 2.7(1)} and TpRu(CO)(NCMe)Me {kH/kD = 2.5(5)} and is consistent with rate 

determining C-H activation.7, 31 
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Figure 5.3. Pseudo-first order plot of the rate of conversion of complex 1 and NCCD3 to 
TpRu(PMe3)(NCCD3)(CD2CN) (2-d5) at 60 °C. 

 

5.2.2  C-H Activation Attempts with TpRu(PMe3)(NCMe)(CH2CN) (2) 

Even though the nitrile ligand of 2 is labile upon heating at 60 °C in C6D6, complex 2 

does not initiate benzene C-H(D) activation (Scheme 5.6).  Rather, continued heating at 60 

°C results in decomposition to multiple undetermined complexes after 20 hours with neither 

observation of the previously reported TpRu(PMe3)(NCMe)Ph-d5 complex nor H/D 

exchange between benzene and the cyanomethyl ligand.32 Furthermore, attempts at 

degenerate C-H(D) activation of NCCD3 by TpRu(PMe3)(NCMe)(CH2CN) (2) to yield 

TpRu(PMe3)(NCCD3)(CD2CN) (2-d5) results in no observable reaction by 1H NMR 

spectroscopy after 15 hours at 100 ºC (Scheme 5.7).  These results suggest that replacing the 

methyl ligand of 1 with the less basic cyanomethyl ligand of 2 increases the ∆G
╪ for C-H 

activation. 
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Scheme 5.6. Attempted degenerate C-D activation of C6D6 by 
TpRu(PMe3)(NCMe)(CH2CN) (2) leading to unidentified decomposition products. 

 

 

Scheme 5.7. Attempted degenerate C-D activation of NCCD3 by 
TpRu(PMe3)(NCMe)(CH2CN) (2). 

 

These results are consistent with Jones et al.’s report that the presence of a metal 

alkyl bearing a terminal cyano group for Tp*Rh(L){(CH2)nCN}H {L = CNCH2CMe3, n = 1, 

2, 3 and 4} complexes may provide ground state stabilization relative to analogous alkyl 

ligands and thus contribute to the overall activation barrier to C-H activation.33  

Tp*Rh(L)(R)H (R = Me, n-propyl, n-butyl and n-pentyl) complexes in the presence of 

benzene have been shown to undergo facile reductive elimination at room temperature and 

then activate benzene to form Tp*Rh(L)(Ph)H.34  As shown in Scheme 5.8 comparing the 

relative rates of the two reactions shows that the presence of a terminal cyano group on the 

Rh-alkyl ligand significantly acts to attenuate the reactivity of the Rh-hydrocarbyl ligand 

toward reductive elimination with the hydride.  The near proximity of the cyano group to 

Rh-CH2 for Tp*Rh(L)(CH2CN)H nearly halts reductive coupling completely.  Furthermore, 
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for Tp*Rh(L){(CH)4CN}H, with the cyano group distanced from the Rh-methylene group 

by 3-methylene units, still acts to mitigate the rate of reductive elimination by nearly two-

fold.  The Jones group hypothesized that inductive effects from the cyano group act to 

perturb reactivity by increasing the Rh-C bond strength.  Similarly, the lack of observation 

of C-H activation by TpRu(PMe3)(NCMe)(CH2CN) (2), could be, in part, due to the 

electron-withdrawing cyano group lowering the ground state energy of the Ru-C bond, thus 

raising the energy required to reach the C-H activation transition state.  It is important to 

note, however, that the selectivity of alkylnitrile C-H activation is not entirely dependent on 

ground state effects.  Jones et al. used competition experiments between alkylnitriles and 

their corresponding unsubstituted alkanes to elucidate a kinetic effect.  They found that a C-

H bond close to a cyano group experienced an increased kinetic barrier to oxidative addition, 

despite the enthalpy gained from Rh-(CH2)nCN formation.  
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Scheme 5.8. Comparative Rh-alkyl versus Rh-alkylnitrile reductive elimination rates for 
Tp*Rh(L)(R)H complexes {R = Me, n-propyl, n-butyl and n-pentyl or (CH2)nCN where n = 
1, 2, 3 and 4}. 

 

5.2.3  Reactions with TpRu(PMe3)(NCMe)(CH2CN) (2) 

Heating 2 at 180 °C for 20 hours in NCMe forms TpRu(PMe3)[κ2-N,N-

{NHC(CH3)}2C(CN)] (3) in 51% isolated yield (Scheme 5.9).  The 1H NMR spectrum of 3 

is consistent with mirror symmetry.  The resonances for the N-H groups appear as a broad 

singlet at 6.13 ppm (Figure 5.4).  The structure of 3 was verified by a single crystal X-ray 

diffraction study (Figure 5.5 and Table 5.1).  The hexanuclear backbone of the 

[{NHC(Me)}2C(CN)] ligand exhibits C-C bond lengths of 1.434(3) Å and 1.430(3) Å and 

C-N bond lengths 1.293(3) Å and 1.299(3) Å.  These distances are longer than typical C=C 

and C=N bond lengths of 1.34 Å and 1.27 Å and shorter than typical C-C and C-N bond 

lengths of 1.54 Å and 1.47 Å, respectively, consistent with a delocalized 6-membered 

metalacycle.  The same ligand has been previously reported for a {κ2-N,N-4-methyl-N-(2-



 276 

pyridylmethyl)benzenesulfonamidentate}2CoIII[[{NHC(Me)}2C(CN)] complex and a 

FeIII[[{NHC(Me)}2C(CN)]3 complex.35, 36  Similar to 3, both cases report identical planar 

ligand structures and analogous C-C and C-N bond distances owing to the delocalization 

between the bidentate ligand and metal.  However, unlike the formation of 3, both syntheses 

require the presence of a strong base to facilitate the net addition of three acetonitrile ligands 

to form the bis-amidenatate ligand.  This synthesis is akin to the Thorpe-Ziegler reaction, 

which is a base-assisted deprotonation of aliphatic amines that drives self-condensation to 

form enamines. 

 

Scheme 5.9.  Synthesis of TpRu(PMe3)[κ2-N,N-{NHC(CH3)}2C(CN)] (3). 

 

 

Figure 5.4. 1H NMR spectrum of TpRu(PMe3)[κ2-N,N-{NHC(CH3)}2C(CN)] (3) (C6D6). 
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Figure 5.5. ORTEP of TpRu(PMe3)[κ2-N,N-{NHC(CH3)}2C(CN)] (3) (30% probability 
with hydrogen atoms omitted).  Selected bond lengths (Å): Ru1-P1, 2.265(1); Ru1-N1, 
2.143(2); Ru1-N3, 2.086(2); Ru1-N5, 2.083(2); Ru(1)-N(8), 2.020(2); Ru1-N7, 2.034(2); 
N7-C13, 1.293(3); C(13)-C(14), 1.434(3); C(14)-C(15), 1.430(3); N(8)-C(15), 1.299(3); 
Selected bond angles (º): N(8)-Ru(1)-N(7), 88.49(8); N(7)-C(13)-C(14), 122.9(2); C(15)-
C(14)-C(13), 126.2(2). 

 

The formation of 3 results from the net insertion of two equivalents of NCMe into 

the Ru-CH2CN bond and tautomerization of the cyanomethylene protons.  To understand the 

means of formation of the metallacycle in 3, various reactions were carried out (Scheme 

5.10). Heating TpRu(PMe3)(NCMe)(CH2CN) (2) to 180 °C in NCCD3 forms 

TpRu(PMe3)[κ2-N,N-{NDC(CD3)}2C(CN)] (3-d8) as revealed by the absence of the 

metallacycle methyls and NH resonances at 2.02 ppm and 6.13 ppm, respectively, in the 1H 

NMR spectrum (Figure 5.6).  Conversely, heating TpRu(PMe3)(NCCD3)(CD2CN) (2-d5) in 

NCCH3 at 180 °C yields all-protio 3.  Heating TpRu(PMe3)[κ2-N,N-{NDC(CD3)}2C(CN)] 

(3-d8) in NCCH3 at 180 °C results in selective H/D exchange to form TpRu(PMe3)[κ2-N,N-

{NHC(CD3)}2C(CN)] (3-d6).  These results make it difficult to monitor the original source 

of the various fragments in the metallacycle of 3 but provide important clues to a plausible 

mechanism.  As noted above, the formation of the bidentate ligand of 3 is the result of the 



 278 

combination of three equivalents of acetonitrile minus one proton to methane formation.  A 

possible mechanism is presented in Scheme 5.11.  A net 1,2-insertion of acetonitrile into the 

Ru-cyanomethyl moiety is followed by a proton transfer.  The formation of a 4-membered 

metalacycle provides a route to coordination and insertion of a second equivalent of 

acetonitrile, and after another proton transfer complex 3 is formed. 

 

 

Scheme 5.10.  Reaction of TpRu(PMe3)(NCMe)(CH2CN) (2) in NCCD3 to form 
TpRu(PMe3)[κ2-N,N-{NDC(CD3)}2C(CN)] (3-d8) (a),  TpRu(PMe3)(NCCD3)(CD2CN) (2-
d5) in NCCH3 to form TpRu(PMe3)[κ2-N,N-{NHC(CH3)}2C(CN)] (3) (b) and  
TpRu(PMe3)[κ2-N,N-{NDC(CD3)}2C(CN)] (3-d8) in NCCH3 to form TpRu(PMe3)[κ2-N,N-
{NHC(CD3)}2C(CN)] (3-d6) (c). 
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Figure 5.6. 1H NMR spectrum of TpRu(PMe3)[κ2-N,N-{NDC(CD3)}2C(CN)] (3-d8) (C6D6). 

 

 

Scheme 5.11.  Possible mechanism for the formation of TpRu(PMe3)[κ2-N,N-
{NHC(CH3)}2C(CN)] (3) from TpRu(PMe3)(NCMe)(CH2CN) (2) and NCMe.  [Ru] = 
TpRu(PMe)3. 

 

5.2.4 Reaction of TpRu(PMe3)(NCMe)Me (1) with Nitromethane 

Refluxing 1 in nitromethane for 3 hours results in the formation of TpRu(PMe3){κ
2-

O,N-N(O)C(H)(NO2)} (4) in 64% isolated yield, CH4 production and the stoichiometric 

formation of propionamide (Scheme 5.12).  The 1H NMR spectrum in Figure 5.7 is 

No N-H 
resonance 

No CH3 
resonance 
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consistent with a C1 symmetric complex with a downfield singlet at 8.75 ppm integrating for 

one proton, consistent with the expectation that the metallacycle proton likely bears acidic 

character.  Additionally, the composition of 4 was verified by high resolution electron 

ionization mass spectrometry (EI MS) and a single crystal X-ray diffraction study.  

Geometric details of the X-ray diffraction data are provided in Figure 5.8 and Table 5.1.  

The planarity of the N2O3CH ligand, bond distances of the N8-C10-N7-O1 backbone 

{1.370(3) Å, 1.344(3) Å and 1.313(2) Å} and Ru1-N8-C10-N7-O1-Ru1 ligand bond angles 

{114.7(1)°, 115.8(2)°, 118.5(2)° and 111.2(1)°, respectively} are consistent with a 

conjugated 5-membered metallacycle.  Interestingly, the terminal N7-O2 {1.255(2) Å} and 

N8-O3 {1.262(2) Å} bonds are slightly longer than an average N=O bond (1.15 Å), 

consistent with an increased degree of delocalization into the metallacycle, yet the internal 

metallacycle N7-O1 bond experiences even greater elongation {1.313(2) Å} likely due to its 

additional bonding to Ru. 

 

 

Scheme 5.12. Synthesis of TpRu(PMe3){κ
2-O,N-N(O)C(H)(NO2)} (4). 
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Figure 5.7. 1H NMR spectrum of TpRu(PMe3){κ
2-O,N-N(O)C(H)(NO2)} (4) (CDCl3). 

 

 

Figure 5.8.  ORTEP of TpRu(PMe3){κ
2-O,N-N(O)C(H)(NO2)} (4) (50% probability with 

hydrogen atoms omitted). Selected bond lengths (Å): Ru1-N8, 1.941(2); Ru1-O1, 2.068(1); 
Ru1-P1, 2.306(1); Ru1-N1, 2.118(2); Ru1-N3, 2.109(2); Ru1-N5, 2.073(2); N7-O1, 
1.313(2); N7-O2, 1.255(2); N7-C10, 1.344(3); N8-C10, 1.370(3); N8-O3, 1.262(2); Selected 
bond angles (º): P1-Ru1-O1, 91.36(4); P1-Ru1-N8, 91.06(5); P1-Ru1-N3, 90.65(5); O1-
Ru1-N1, 89.64(6); O1-Ru1-N8, 79.64(6); Ru1-O1-N7, 111.20(11); O1-N7-C10, 118.54(17); 
N7-C10-N8, 115.82(18); Ru1-N8-C10, 114.67(14). 
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The formation of 4 likely proceeds via initial dissociative loss of the NCMe ligand, 

coordination and metal-mediated C-H activation of nitromethane to release methane and 

form unsaturated {TpRu(PMe3)(CH2NO2)}, followed by reaction with additional MeNO2 to 

produce 4 and propionamide (Scheme 5.13).  Following the conversion of 1 to 4 by 1H 

NMR spectroscopy in MeNO2-d3 reveals the formation of 4, CH3D and one equivalent 

(based on 1) of free NCMe with no observation of reaction intermediates.  In addition, when 

the reaction is conducted in MeNO2-d3, resonances in the 1H NMR spectrum due to the 

propionamide are absent suggesting that it is formed from MeNO2.   The release of one 

equivalent of NCMe in the 1H NMR spectrum suggests that portions of the nitrile ligand are 

not incorporated into 4.  Finally, the observation of CH3D (1:1:1 triplet at 0.16 ppm) is 

consistent with the proposed initial C-H(D) activation of nitromethane to form the 

unobserved complex {TpRu(PMe3)(CH2NO2)}.  Formation of 4 and propionamide requires 

the consumption of three additional equivalents of nitromethane (with an atom balance of 1 

+ 4 MeNO2 � 4 + propionamide + “H3NO4”).  Other than propionamide and NCMe, there 

was no detection of additional free organic substrates formed.  Whether propionamide 

formation is a result of a concomitant extrusion process during the formation of 4 or is due 

to a separate metal-mediated pathway is unknown; however, stoichiometric production of 

propionamide relative to the formation of 4 (1H NMR) is suggestive of the former.   
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Scheme 5.13.  Proposed pathway for TpRu(PMe3){қ2-O,N-N(O)C(H)(NO2)} (4) formation 
from TpRu(PMe3)(NCMe)Me (1) and MeNO2 (square indicates open coordination site). 

 

Limited examples of well-defined nitromethane C-H activation mediated by 

transition metals have been reported.  Most similar to complex 1 is the report from the 

Goldman group of a bidentate O,O-ligated nitromethanate hydride complex (PCP)Ir(H)(κ2-

O,O-NO2CH2) {PCP = κ3-2,6-(tBu2PCH2)2C6H3}.  Treating (PCP)IrH2 with norbornene to 

generate the active (PCP)IrI intermediate and norbornane promotes C-H activation of 

nitromethane and results in the formation of the Ir-nitromethanate complex (Scheme 5.14).37  

Unlike the reaction of 1 and nitromethane, (PCP)Ir undergoes oxidative addition of 

nitromethane to form nitromethanate and hydride ligands.  During the formation of 4 from 1, 

there was no observation of an upfield hydride by 1H NMR spectroscopy, consistent with 

previous studies that TpRu(L)(NCMe)Me (L = CO or PMe3) C-H activation proceeds via a 

σ-bond metathesis pathway.7, 8, 38 

 



 284 

 

Scheme 5.14.  C-H Activation of nitromethane by (PCP)IrH2. 

 

5.2.5 Reaction of TpRu(PMe3)(NCMe)Me (1) with Acetone 

Heating 1 at 80 °C for 24 hours in acetone in the presence of 5 equivalents of NCMe 

results in the formation of TpRu(PMe3){κ2-O,N-OC(Me)C(H)C(Me)NH} (5), which is 

isolated in 61% isolated yield (Scheme 5.15).  Complex 5 was characterized by elemental 

analysis and NMR spectroscopy.  The 1H NMR spectrum shown in Figure 5.9 is consistent 

with an asymmetric complex, broadened N-H resonance at 6.44 ppm and a metallacycle C-H 

proton resonating at 4.92 ppm exhibiting long range coupling with P (5
JHP = 2 Hz).  A 

crystal structure could not be obtained; however, an analogous reaction to form complex 10 

supported the proposed connectivity of 5 (see below). 

 

 

Scheme 5.15. Synthesis of TpRu(PMe3){κ2-O,N-OC(Me)C(H)C(Me)NH} (5). 
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Figure 5.9. 1H NMR spectrum of TpRu(PMe3){κ2-O,N-OC(Me)C(H)C(Me)NH} (5) (C6D6). 

 

Monitoring the formation of 5 by 1H NMR spectroscopy in multiple experiments at 

60 ºC in acetone-d6 reveals the emergence and disappearance of a Ru intermediate and the 

production of CH3D (1:1:1 triplet at 0.15 ppm) simultaneous with the formation of the Ru 

intermediate.  Unfortunately, the formation of 5 from 1 is not quantitative (~50% conversion 

to 5) and is accompanied by the formation of an unidentified precipitate, which complicates 

a full kinetic analysis.  However, following the decreases in resonance intensity of complex 

1, relative to an internal standard, reveals an average first-order kobs of  8.7(2) x 10-5 s-1 for 

the disappearance of 1 (Figure 5.10).  Due to the decomposition observed in the reaction and 

the potential for decomposition pathways that are competitive with acetone C-H activation, 

the recorded kobs cannot be assumed to be the rate of C-H activation.  Nonetheless, it is 

worth noting that it is similar to rates of C-H activation for other TpRu(L)R systems.7, 8, 10, 38, 

39  Therefore, it is proposed that the most likely pathway for the formation of 5 involves 

initial C-H activation of coordinated acetone to release methane and produce the unsaturated 
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complex {TpRu(PMe3)(CH2C(O)CH3)}, which likely coordinates NCMe to form 

TpRu(PMe3)(NCMe){CH2C(O)CH3} (6) (Scheme 5.16).  Although complex 6 has been 

neither isolated nor fully characterized it is proposed to be a viable (albeit not definitive) 

intermediate in the formation of 6.  Ultimately, complex 6 likely converts to complex 5 via 

intramolecular C-C bond formation and tautomerization.  The formation of 5 possibly 

proceeds via similar mechanistic steps proposed for the formation of TpRu(PMe3)[κ2-N,N-

{NHC(CH3)}2C(CN)] (3), shown in Scheme 5.11.   Following intramolecular C-H activation 

to produce 6 and release CH4, 6 could analogously conduct intramolecular nucleophilic 

attack on the electrophilic carbon of a coordinated acetonitrile ligand, perform subsequent 

N/C-H tautomerization and cyclize to form 5 (Scheme 5.17). 

 

Figure 5.10.  Pseudo first-order plot showing the rate of C-H activation of acetone by 
TpRu(PMe3)(NCMe)Me (1) to form the presumed {TpRu(PMe3)(CH2C(O)CH3)} 
intermediate. 
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Scheme 5.16. Proposed pathway for TpRu(PMe3){κ2-O,N-OC(Me)C(H)C(Me)NH} (5) 
formation from TpRu(PMe3)(NCMe)Me (1) and acetone.  Note: the coordination mode of 
acetone has not been determined. 

 

 

Scheme 5.17.  Possible mechanism for the formation of TpRu(PMe3){κ2-O,N-
OC(Me)C(H)C(Me)NH} (5) from TpRu(PMe3)(NCMe)Me (1) and acetone.  [Ru] = 
TpRu(PMe)3. 

 

5.2.6 Reaction of TpRu(PMe3)(NCC6F5)Me (9) with Acetone 

To determine whether the acetone C-H activation and subsequent C-C coupling 

could be extended to nitriles with varying electronic properties, TpRu(PMe3)(NCC6F5)Me 
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(9) was targeted.  Synthesis of 9 starts from the previously synthesized and reported 

TpRu(PMe3)(NCMe)Cl complex (Scheme 5.18).7  Synthesis of TpRu(PMe3)(NCC6F5)Cl (7) 

was accomplished by a NCMe/NCC6F5 ligand exchange reaction (83% isolated yield).  

Complex 7 was fully characterized, including elemental analysis, and its 1H NMR spectrum 

is shown in Figure 5.11.   Reaction of 7 with AgOTf results in Cl/OTF metathesis to form 8 

in 96% isolated yield.  Full characterization of 8 was carried out including high resolution EI 

MS and NMR spectroscopy.  The 1H NMR spectrum of 8 is shown in Figure 5.12 and the 

19F{1H} NMR spectrum in Figure 5.13 shows a singlet for the OTF ligand (-76.3 ppm) and 

ortho, para and meta resonances for the NCC6F5 ligand at -131.2 ppm, -143.6 ppm and -

157.8 ppm, respectively  Finally, TpRu(PMe3)(NCC6F5)Me (9) was synthesized in 61% 

isolated yield from 8 with the use of half an equivalent of Me2Mg.  A representative 1H 

NMR spectrum is shown in Figure 5.14, which clearly shows C1 symmetry for the Tp 

resonances and an upfield Ru-Me doublet at 0.81 ppm coupling to P (3
JHP = 4 Hz).  The 

presence of the pentafluorobenzonitrile ligand was verified using 19F{1H} NMR 

spectroscopy which displays three resonances at -135.5, -151.1 and -159.8 for the ortho, 

para and meta resonances, respectively. 
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Scheme 5.18.  Synthesis of TpRu(PMe3)(NCC6F5)Cl (7), TpRu(PMe3)(NCC6F5)OTf (8) and 
TpRu(PMe3)(NCC6F5)Me (9) from previously reported TpRu(PMe3)(NCMe)Cl. 

 

 

Figure 5.11.  1H NMR spectrum of TpRu(PMe3)(NCC6F5)Cl (7) (CDCl3). 
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Figure 5.12.  1H NMR spectrum of TpRu(PMe3)(NCC6F5)OTf (8) (C6D6). 

 

 

Figure 5.13. 19F{1H} NMR spectrum of TpRu(PMe3)(NCC6F5)OTf (8) (C6D6). 
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Figure 5.14.  1H NMR spectrum of TpRu(PMe3)(NCC6F5)Me (9) (C6D6). 

 

Similar to 1, heating 9 in neat acetone at 100 ºC results in a 77% yield of 

TpRu(PMe3){κ2-O,N-OC(Me)C(H)C(C6F5)NH} (10) after 20 hours (Scheme 5.19).  The 1H 

NMR spectrum of 10 (Figure 5.15) reveals features similar to 5 with a broad singlet at 6.90 

ppm for the NH unit and a doublet (3
JPH = 2 Hz) at 4.95 ppm for the methine proton.  The 

19F{1H} NMR spectrum confirmed the presence of the perfluorophenyl ring revealing three 

resonances shifted slightly upfield (-141.0 ppm, -155.4 ppm and -161.1 ppm) relative to the 

coordinated pentafluorobenzonitrile ligands for complexes 7, 8 and 9.  In addition to full 

characterization, including elemental analysis, a crystal structure was obtained from a single 

crystal X-ray diffraction study of 10 (Figure 5.16 and Table 5.1).  The structure displays a 

planar 6-membered metalacycle composed of the anionic enamido ligand with the 

perfluorophenyl substituent oriented approximately perpendicular to the metalacycle plane.   
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Scheme 5.19. Synthesis of TpRu(PMe3){κ2-O,N-OC(Me)C(H)C(C6F5)NH} (10). 

 

Figure 5.15.  1H NMR spectrum of TpRu(PMe3){κ2-O,N-OC(Me)C(H)C(C6F5)NH} (10) 
(C6D6). 

 

Figure 5.16.  ORTEP of TpRu(PMe3){κ2-O,N-OC(Me)C(H)C(C6F5)NH} (10) (50% 
probability with hydrogen atoms omitted). Selected bond lengths (Å): Ru1-N7, 2.014(1); 
Ru1-O1, 2.057(1); Ru1-P1, 2.267(1); N7-C13, 1.308(2); C13-C12, 1.405(3); C13-C14, 
1.502(2); C12-C11, 1.397(3); C11-O1, 1.275(2); Selected bond angles (º): P1-Ru1-O1, 
90.20(4); P1-Ru1-N7, 91.44(4); O1-Ru1-N7, 91.31(5); Ru1-O1-C11, 124.4(1); O1-C11-
C12, 127.2(2); C11-C12-C13, 126.0(2); C12-C13-N7, 125.2(2); C13-N7-Ru, 125.8(1).  
Selected torsion angle (°): C12-C13-C14-C19, 90.2(3). 
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Heating 9 in (CD3)2C(O) at 100 °C results in the formation of CH3D (1:1:1 triplet at 

0.15 ppm) and clean conversion to 8 without observation of reaction intermediates.  This 

result contrasts with the analogous reaction of 1 and (CD3)2C(O) to form 5 in which 

complex 6 is observed as an intermediate.  The lack of observation of 

TpRu(PMe3)(NCC6F5){CD2C(O)CD3} could result from more rapid intramolecular 

cyclization due to the strong electron-withdrawing ability of the C6F5 moiety.  The presence 

of the perfluorophenyl substituent is consistent with the pathway and mechanism proposed 

in Scheme 5.16 and Scheme 5.17, respectively, indicating that the metalacycles formed in 

both complexes 5 and 10 result from a metal-mediated acetonate nucleophilic attack on the 

electrophilic carbon of either nitrile ligands. 

5.2.7 Formation of Free Organics via sp3 C-H Activation 

Having established that 1 and 9 can mediate sp
3 C-H activation of functionalized 

substrates as well as subsequent C-C or C-N bond formation, demonstration of the release of 

a functionalized organic compound from the metal center was sought as an indicator of 

possible opportunities for catalyst development.  The addition of one equivalent of 

pyridinium chloride to a solution of 5 in NCCD3 immediately produces a new complex by 

1H NMR spectroscopy, which is presumed to be TpRu(PMe3)(Cl){κ1-N-

OC(Me)C(H)C(Me)NH2}.  Figure 5.17 shows the spectrum immediately following the 

addition of the pyridinium salt which reveals one new complex and three broadened 

resonances at 1.8, 2.0 and 4.8 ppm near where one would expect the methyl and methine 

resonances of acetyacetonamine to occur.  The Tp resonances are also broadened.  Heating 
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the reaction at 60 °C results in the formation of free acetylacetonamine (verified by 1H NMR 

spectroscopy and GC/MS) in 86% yield, free pyridine, TpRu(PMe3)(NCCD3)Cl (verified by 

previous synthesis and characterization),7 and a second complex, which is assigned as 

TpRu(PMe3)(pyridine)Cl  (Scheme 5.20).  Removing NCCD3 in vacuo and reconstituting in 

CDCl3 allowed confirmation of acetylacetonamine production (5.00, 2.00 and 1.89 ppm) and 

two new Tp complexes in equilibrium as shown in Figure 5.18.  The overall transformation 

from 1 and acetone is a metal-mediated aldol-type reaction between acetone and acetonitrile. 

 

Figure 5.17.  1H NMR spectrum of the presumed species TpRu(PMe3)(Cl){κ1-N-
OC(Me)C(H)C(Me)NH2} immediately following the addition of pyridinium chloride to a 
solution of TpRu(PMe3){κ2-O,N-OC(Me)C(H)C(Me)NH} (5) (NCCD3). 
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Scheme 5.20.  Proposed formation of acetylacetonamine from the reaction of 
TpRu(PMe3){κ2-O,N-OC(Me)C(H)C(Me)NH} (5) and pyridinium chloride. 

 

Figure 5.18. 1H NMR spectrum of free acetylacetonamine and the equilibrium of 
TpRu(PMe3)(NCCD3)Cl and TpRu(PMe3)(pyridine)Cl (CDCl3).   

 

5.2.8 Attempted sp3 C-H Activation of Other Substrates 

Attempted C-H activation of THF-d8 by complex 1 results in decomposition to 

multiple Ru products without formation of CH3D after 25 hours at 60 ºC.  Hydrocarbon C-

H/D activation was also attempted without success.  For example, heating 1 in cyclohexane-
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Equilibrium 
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d12 up to 60 ºC results in decomposition to multiple intractable products without observation 

of CH3D.  In contrast to the presence of cyano, acyl and nitro functionality, which appear to 

facilitate Ru-mediated C-H activation, the incorporation of chloride prevents C-H activation.  

For example, heating 1 at 60 ºC in either dicholoromethane-d2 or chloroform-d1 results in 

quantitative formation of TpRu(PMe3)(NCMe)Cl.7  

5.2.9 Computational Studies 

TpRu(PMe3)(NCMe)Me (1) initiates C-H activation of aromatic sp
2 C-H bonds, 

olefin sp
2 C-H bonds as well as sp

3 C-H bonds of acetonitrile, acetone and nitromethane.  

There are likely two key events in the overall C-H activation reactions: (i) coordination of 

the substrate being activated via ligand exchange with NCMe and (ii) the C-H bond scission 

step.  Thus, the failure of 1 to cleanly activate cyclohexane and THF could be due to the 

inability to coordinate these compounds (in competition with NCMe) and/or inherently high 

activation barriers for the C-H activation step of substrates with sp
3 hybrid C-H bonds that 

do not possess electron-withdrawing groups (e.g., nitro, cyano or acyl).  To assess the source 

of the substrate selectivity for several representative substrates, density functional theory 

studies were carried out by Dr. Tom Cundari at the Center for Advanced Scientific 

Computing and Modeling (CASCaM) at North Texas University (Scheme 5.21). 
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Scheme 5.21.  Calculated energetics (enthalpy, kcal/mol) for most favorable alkane 
coordination, C-H bond coordination and overall C-H activation by TpRu(PMe3)(NCMe)Me 
(1) {[Ru] = TpRu(PMe3); “” indicates open coordination site}.  ∆H values are relative to 
the ground state enthalpy of complex 1.  

 

Scheme 5.21 depicts the results of calculations for coordination and activation of 

acetonitrile, nitromethane, acetone, tetrahydrofuran and cyclohexene by complex 1.  First, in 

order to address the source of substrate selectivity for C-H activation, the competition 

between C-H bond coordination was contrasted with more favorable substrate heteroatom 

coordination modes.  On the left of Scheme 5.21, via displacement of NCMe, the most 

stable coordination ground states for all substrates were η
1-coordination modes (with the 

exception of η
2-C,H-coordination for cyclohexane).  The three substrates with the lowest 

ground state enthalpies for heteroatom coordination, acetone, nitromethane and acetonitrile, 
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are also the only ones observed to undergo C-H activation.  Although the more favorable 

coordination modes are not geometrically correct for substrate C-H activation, the lower 

enthalpies of these three substrates likely facilitate overall C-H activation by merely 

bringing the substrates in closer proximity to Ru more frequently, as an equilibrium would 

establish, thus increasing the statistical probability that C-H activation will occur. With the 

exception of cyclohexane, all the calculated ground states were lower in enthalpy than the C-

H coordination modes for all substrates (right portion of Scheme 5.21) The ∆H values for 

NCMe η2-C-H coordination of “RH” range from 24.4 to 25.6 kcal/mol. 

The calculated ∆H
╪ values from the C-H adducts to the transition state for C-H 

activation are shown on the right of Scheme 5.21.  The three lowest enthalpic transition state 

values (∆H
╪) for the discrete C-H activation step are for nitromethane, acetonitrile and 

acetone.  These enthalpic activation values likely reflect the acidity of these substrates and 

are probably fairly independent of the enthalpic ground state energy of the C-H coordinated 

preceding C-H activation.  Additionally, cyclohexane and THF which have higher pKa 

values are calculated to have greater ∆H
╪ values and, consistently, are not observed to 

undergo C-H activation by 1.  Comparing the overall ∆H
╪ values to the enthalpic ground 

state energy of 1 suggests the same relationship between acidity and the C-H activation 

barrier.   

The three substrates with the lowest ∆H for heteroatom coordination are also the 

substrates calculated to have the lowest ∆H
╪ values for C-H activation.  So while the 

relationship between activation barriers to C-H cleavage and acidity correlate with 
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experimental results, favorable heteroatom coordination reflects the same trend and thus, at 

this point, cannot be discounted.  Therefore, in short, the computational results suggest that 

the combined effects of ground state substrate coordination and substrate C-H bond acidity 

(weaker bonds) in the transition state both contribute to substrate selectivity by 1.   

5.3 Conclusions 

The results reported herein demonstrate that TpRu(PMe3)R can activate sp
3 C-H 

bonds and mediate subsequent C-C/C-N bond-forming reactions, including one example of 

release of a new organic compound.  The three most likely critical steps involved in C-H 

activation are depicted in Scheme 5.22.  First, as suggested by the computational data, the 

ground state stabilization of coordinated substrates is lowered for substrates bearing 

heteroatomic functionality.  To an extent, overall improved substrate coordination, albeit via 

modes not geometrically favorable for C-H activation, seems to increase the propensity for 

alkane C-H activation.   Secondly, increasing the basicity of the receiving ligand X should 

facilitate the Ru-mediated C-H activation, and vice versa.  For example, the C-H activation 

of acetonitrile by 1 proceeds smoothly at 60 ºC (Scheme 5.5); however, for 

TpRu(PMe3)(NCMe)CH2CN (2), where CH2CN is less basic than Me, no evidence of 

degenerate C-H(D) activation of NCCD3 could be found at temperatures up to 100 ºC 

(Scheme 5.7).  Lastly, experimental and computational data trend with a relationship 

between the observed substrate C-H activation and the acidity of the hydrogen that is 

transferred. 
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Scheme 5.22.  Model C-H activation pathway of R-H (R-H = NCMe, MeNO2, Me2CO, 
C6H12 and C4H8O) by TpRu(PMe3)(NCMe)X {X = Me (1) or CH2CN (2)} highlighting key 
steps which help dictate alkane C-H activation. 

 

Combining the results of these studies with the C-H activation studies of substituted 

aromatics by TpRu(L)R (L = CO or PMe3) systems as discussed in Chapter 2.2.1.3 help 

build a picture of Ru-mediated C-H activation as a whole.  The Hammett study discussed in 

Chapter 2 suggests aromatic C-H activation proceeds via a SBM-type transition state in 

which the activated H bears protic character.38  To compensate for this protic character, the 

electron-rich metal back-donates electron density from a filled dπ orbital to the activated 

hydrogen and forms a Ru-H bonding interaction in the transition state.  For both aromatic 

and alkyl C-H activation, this transformation results in oxidative character in the transition 

state and fits the OHM paradigm proposed by Goddard, Periana and Oxgaard.40-42  Thus, the 

formal oxidation state of Ru in the transition state is perhaps best considered as Ru(IV).  

Stated succinctly, the metal coordinates the C-H bond and activates it toward a “metal-

assisted” intramolecular proton transfer to a basic hydrocarbyl ligand (X in Scheme 5.22).  
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In which case, C-H activation by TpRu(L) system should be facilitated by: i) more acidic C-

H bonds, ii) more basic receiving ligands “X” and iii) increased electron density at the metal 

center. 

5.4 Experimental Section 

General Methods. Unless otherwise noted, all synthetic procedures were performed 

under anaerobic conditions in a nitrogen-filled glovebox or by using standard Schlenk 

techniques. Glovebox purity was maintained by periodic nitrogen purges and was monitored 

by an oxygen analyzer {O2 (g) < 15 ppm for all reactions}. Benzene, tetrahydrofuran, 

diethyl ether (stored over 4Å molecular sieves) were dried by distillation from 

sodium/benzophenone.  Pentane was distilled over sodium. Acetonitrile and nitromethane 

were dried by distillation from CaH2. Hexanes and methylene chloride (stored over 4Å 

molecular sieves) were purified by passage through a column of activated alumina.  Organic 

impurities were removed from acetone by mixing with a AgNO3 solution, followed by the 

addition of a NaOH solution, filtration and then drying over anhydrous CaSO4.43  The 

purified acetone was then distilled from CaSO4, stored under a N2 atmosphere, redistilled 

from CaSO4 in a glovebox and stored over 4Å molecular sieves.  Acetone-d6 was distilled 

from CaSO4 then degassed with three freeze-pump-thaw cycles and stored under a N2 

atmosphere over 4Å molecular sieves.  Benzene-d6, acetonitrile-d3, and chloroform-d1 were 

degassed with three freeze-pump-thaw cycles and stored under a N2 atmosphere over 4Å 

molecular sieves. 1H NMR and 13C{1H} NMR spectra were recorded on a Varian Mercury 

300 or 400 MHz spectrometer (operating frequency 75 and 100 MHz, respectively for 13C 



 302 

NMR acquisitions). All 1H and 13C{1H} NMR spectra are referenced against residual proton 

signals (1H NMR) or the 13C{1H} resonances of the deuterated solvent (13C{1H} NMR). 

19F{1H} NMR spectra were obtained on a Varian 300 MHz or 400 MHz spectrometer 

(operating frequency 282 or 377 MHz) and referenced against an external standard of 

hexafluorobenzene (δ = -164.9). 31P{1H} NMR spectra were obtained on a Varian 400 MHz 

spectrometer and referenced against an external standard of H3PO4 (δ = 0). Resonances due 

to the Tp ligand in 1H NMR spectra are listed by chemical shift and multiplicity only (all 

coupling constants for the Tp ligand are ~ 2 Hz unless otherwise noted).  GC-MS was 

performed using a HP GCD EI system with a 30 m x 0.25 mm HP-5 column with 0.25 mm 

film thickness.  All other reagents were used as purchased from commercial sources.  

Pyridinium chloride was prepared from stoichiometric addition of 1M HCl in dioxane to a 

solution of pyridine in hexanes.  The resultant precipitate was collected via vacuum 

filtration, washed with hexanes, dried in vacuo and stored in a glovebox.  The preparation, 

isolation, and characterization of Me2Mg,44 TpRu(PMe3)(NCMe)Me (1)7 and 

TpRu(PMe3)(NCMe)Cl7 have been previously reported.  Elemental analyses were 

performed by Atlantic Microlabs, Inc. 

TpRu(PMe3)(NCMe)(CH2CN) (2).  TpRu(PMe3)(NCMe)Me (1) (0.091 g, 0.20 

mmol) was dissolved in acetonitrile (15 mL) and heated to reflux for 20 hours.  The volatiles 

were removed in vacuo, the resulting solid dissolved in minimal toluene, and an off-white 

solid was precipitated upon addition of approximately 25 mL of pentane.  The precipitate 

was collected via vacuum filtration on a fine porosity frit and dried in vacuo (0.079 g, 0.17 
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mmol, 82%).  1H NMR (CDCl3, δ):  7.71, 7.69, 7.65, 7.64, 7.51, 7.29 (each 1H, each a d, Tp 

3 or 5 positions), 6.22 (1H, m due to coupling with P, Tp 4 position), 6.18, 6.09 (each 1H, 

each a t, Tp 4 positions), 2.43 (3H, s, NCCH3), 1.32 {9H, d, 2
JHP = 8 Hz, P(CH3)3}, 0.97 

(2H, 2 overlapping dd’s, 2
JHH = 15 Hz, 3

JHP = 4 Hz, diastereotopic CH2).  13C{1H} NMR 

(CDCl3, δ): 142.5, 142.4, 140.4, 135.5, 135.0, 134.4 (each a d, JCP = 2 Hz, Tp 3 and 5 

positions), 120.2 (NCCH3), 105.5, 105.3, 105.2 (Tp 4 positions), 94.7 (CH2CN), 16.1 {d, 

1
JCP = 26 Hz, P(CH3)3}, 5.0 (NCCH3), -15.9 (d, 2

JCP = 9 Hz, CH2CN).  31P{1H} NMR 

(CDCl3, δ): 21.1 {P(CH3)3}.  Anal. Calcd for C15H25BN7PRu: C, 40.78; H, 5.13; N, 23.78.  

Found: C, 40.75; H, 5.20; N, 23.59. 

TpRu(PMe3)[κ2-N,N-{NHC(CH3)}2C(CN)] (3).  TpRu(PMe3)(NCMe)(CH2CN) (2) 

(0.059 g, 0.125 mmol) was dissolved in acetonitrile (10 mL), placed in a pressure reactor, 

charged with 500 psi nitrogen pressure and heated to 180 °C for 20 hours.  The volatiles 

were removed in vacuo, and the resulting solid was dried.  The dried solid was dissolved in 

minimal C6H6 and applied to a plug of neutral silica.  After washing the silica plug with 20 

mL of C6H6, the product was collected using 5% THF (v/v) in C6H6.  The yellow eluent was 

collected, and the volume was reduced in vacuo to approximately 1 mL.  Upon addition of 

pentane, a yellow precipitate formed, which was collected via vacuum filtration through a 

fine porosity frit.  The solid was washed with pentane and dried in vacuo (0.015g, 0.003 

mol, 51%).  1H NMR (C6D6, δ):  7.62, 7.03 (each 2H, each a d, Tp 3 or 5 positions), 7.48, 

7.22 (each 1H, each a m due to coupling with phosphorus, Tp 3 or 5 position), 6.13 (2H, br 

s, NH), 6.01 (1H, m due to coupling with phosphorus, Tp 4 position), 5.98 (2H, dt, 5
JCP < 1 
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Hz, Tp 4 positions), 2.02 (6H, s, {N,N-N(H)C(CH3)C(CN)C(CH3)N(H)}), 0.74 {9H, d, 2
JHP 

= 9 Hz, P(CH3)3}.  13C{1H} NMR (C6D6, δ):  163.3 {NC(Me)C}, 141.9 (2C, d, JPC = 5 Hz, 

Tp 3 or 5 positions), 140.9 (d, JPC = 5 Hz, Tp 3 or 5 position), 136.1 (2C, Tp 3 or 5 

positions), 134.1 (Tp 3 or 5 position), 125.8 (C≡N), 106.3, 106.2, 106.1 (Tp 4 positions), 

76.2 {NC(Me)C}, 28.5 {N,N-N(H)C(CH3)C(CN)C(CH3)N(H)}, 15.7 {d, 1
JCP = 25 Hz, 

P(CH3)3}.  31P{1H} NMR (C6D6, δ): 25.2 {P(CH3)3}.  Anal. Calcd for C18H28BN9PRu: C, 

42.20; H, 5.31; N, 24.61.  Found: C, 42.94; H, 5.39; N, 23.88. 

TpRu(PMe3){κ2-O,N-N(O)C(H)(NO2)} (4).  The complex TpRu(PMe3)(NCMe)Me 

(1) (0.067 g, 0.150 mmol) was added to nitromethane (10 mL), and the solution was heated 

to reflux for 3 hours.  The volatiles were removed in vacuo, and the dried solid was 

dissolved in minimal benzene.  The solution was added to a silica plug, washed with 

approximately 20 mL of benzene, and the filtrate was discarded.  The product was collected 

by washing the silica plug with neat THF.  The filtrate was dried in vacuo to a brown solid 

(0.046 g, 0.096 mmol, 64%).  1H NMR (CDCl3, δ):  8.75 (1H, N2O3CH), 7.96, 7.94, 7.76, 

7.68, 6.91 (each 1H, each a d, Tp 3 or 5 positions), 7.56 (1H, m due to coupling with 

phosphorus, Tp 3 or 5 position), 6.36, 6.28 (each 1H, each a t, Tp 4 positions), 6.11 (1H, m 

due to coupling with phosphorus, Tp 4 position), 1.16 {9H, d, 2
JHP = 9 Hz, P(CH3)3}.  

13C{1H} NMR (CDCl3, δ): 145.4, 144.9, 143.9, 136.3, 136.2, 135.1 (Tp 3 and 5 positions), 

139.4 (N2O3CH), 106.8, 106.6 (Tp 4 positions), 105.9 (d, 4
JPC = 2 Hz, Tp 4 position), 13.4 

{d, 1
JCP = 30 Hz, P(CH3)3}. 31P{1H} NMR (CDCl3, δ): 13.6 {P(CH3)3}.  EI MS: m/z (%)EI 
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MS: m/z (%) Mtheoretical: 480.0, Msample = 480.1 (σ = 1.4 ppm), [M+]; Mtheoretical: 315.0, Msample 

= 315.0, [TpRu]+. 

TpRu(PMe3){κ2-O,N-OC(Me)C(H)C(Me)NH} (5).  The complex 

TpRu(PMe3)(NCMe)Me (1) (0.205 g, 0.460 mmol) and acetonitrile (0.12 mL, 2.3 mmol) 

were combined with 10 mL of acetone in a pressure tube and heated to 80 °C for 24 hours.  

The volatiles were removed in vacuo.  The resulting solid was dissolved in minimal Et2O, 

applied to a plug of Grade 1 neutral alumina, and the product was collected by washing the 

plug with 30% Et2O (v/v) in hexanes.  The yellow filtrate was dried in vacuo to a film 

(0.136 g, 0.279 mol, 61%).  1H NMR (C6D6, δ):  7.67 (3H, overlapping resonances, Tp 3 or 

5 positions), 7.60, 7.56, 7.02 (each 1H, each a d, Tp 3 or 5 positions), 6.44 (1H, br s, NH), 

6.02 (2H, overlapping resonances, Tp 4 positions), 5.99 (1H, t, Tp 4 position), 4.92 {1H, d, 

5
JHP = 2 Hz, κ2-O,N-OC(Me)C(H)C(Me)NH}, 2.00 {3H, κ2-O,N-OC(CH3)C(H)C(Me)NH}, 

1.64 {3H, κ2-O,N-OC(Me)C(H)C(CH3)NH}, 1.01 {9H, d, 2
JHP = 8 Hz, P(CH3)3}.  13C{1H} 

NMR (C6D6, δ): 177.1 {κ2-O,N-OC(Me)C(H)C(Me)NH}, 163.3 {κ2-O,N-

OC(Me)C(H)C(Me)NH}, 143.1, 142.7, 141.3, 136.3, 135.5, 133.9 (Tp 3 and 5 positions), 

106.2, 105.9 (each a d, JCP = 5 Hz, Tp 4 position), 106.0 (Tp 4 position), 94.6 {d, 4
JCP = 6 

Hz, κ2-O,N-OC(Me)C(H)C(Me)NH}, 27.9, 27.7 {κ2-O,N-OC(CH3)C(H)C(CH3)NH} 15.4 

{d, 1
JCP = 24 Hz, P(CH3)3}.  31P{1H} NMR (C6D6, δ): 28.3 {P(CH3)3}.  Anal. Calcd for 

C17H27BN7PRuO: C, 41.82; H, 5.57; N, 20.08.  Found: C, 42.64; H, 5.80; N, 20.09. 

TpRu(PMe3)(NCC6F5)Cl (7).  The complex TpRu(PMe3)(NCMe)Cl (0.077 g, 0.17 

mmol) and pentafluorobenzonitrile (0.208 ml, 1.70 mmol) were added to benzene (20 mL), 
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and the solution was heated to reflux for 9 hours.  The volatiles were reduced in vacuo, and 

an orange solid was precipitated upon addition of approximately 25 mL of pentane.  The 

precipitate was collected on a fine porosity frit and dried in vacuo (0.085 g, 0.14 mmol, 

83%).  1H NMR (CDCl3, δ):  8.04, 7.80, 7.66, 7.39 (each 1H, each a d, Tp 3 or 5 positions), 

7.71 (2H, overlapping Tp 3 or 5 position), 6.27 (1H, m due to coupling with phosphorus, Tp 

4 position), 6.21, 6.17 (each 1H, each a t, Tp 4 positions), 1.46 {9H, d, 2
JHP = 9 Hz, 

P(CH3)3}.  13C{1H} NMR (CDCl3, δ): 148.8, (dm, 1
JCF = 259, NCC6F5), 144.05 (dm, 1

JCF = 

264, NCC6F5), 143.8, 134.2 (each a d, JPC = 2 Hz, Tp 3 and 5 positions), 143.1, 141.4, 135.9, 

135.5 (Tp 3 and 5 positions), 137.9 (dm, 1
JCF = 260, NCC6F5), 106.9 (m, NCC6F5), 106.0, 

105.8, 105.7 (Tp 4 positions), 91.7 (m, ipso of NCC6F5), 15.3 {d, 1
JCP = 28 Hz, P(CH3)3}.  

31P{1H} NMR (CDCl3, δ): 14.7 {P(CH3)3}.  19F{1H} NMR (CDCl3, δ):  -130.9 (2F, dm, 3JFF 

= 20 Hz, ortho NCC6F5), -142.6 (1F, tm, 3
JFF = 20 Hz, para NCC6F5), -156.5 (2F, m, meta 

NCC6F5).  Anal. Calcd for C15H25BN7PRu (NOTE: data include 0.2 equivalents of free 

THF, which was observed and integrated by 1H NMR spectroscopy of the sample sent for 

analysis): C, 37.48; H, 3.26; N, 15.53.  Found: C, 38.02; H, 3.45; N, 15.12. 

TpRu(PMe3)(NCC6F5)OTf (8).  The complex TpRu(PMe3)(NCC6F5)Cl (0.857 g, 

1.38 mmol) and silver triflate (0.374 g, 1.46 mmol) were added to benzene (50 mL) and 

stirred for 5 hours at room temperature.  The reaction mixture was passed through a plug of 

Celite over a coarse porosity frit.  The filtrate was collected, and the solvent volume was 

reduced in vacuo.  A yellow solid was precipitated upon addition of approximately 25 mL of 

hexanes.  The precipitate was collected on a fine porosity frit via vacuum filtration and dried 
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in vacuo (0.970 g, 1.32 mmol, 96%).  1H NMR (C6D6, δ):  8.89, 7.64, 7.38, 7.12 (each 1H, 

each a d, Tp 3 or 5 positions), 7.45 (2H, overlapping resonances, Tp 3 or 5 positions), 6.10 

5.88, 5.86 (each 1H, each a t, Tp 4 position), 1.26 {9H, d, 2
JHP = 10 Hz, P(CH3)3}.  13C{1H} 

NMR (C6D6, δ): 149.3 (dm, 1
JCF = 257, NCC6F5), 144.8, 144.2, 143.7, 137.2, 136.5, 135.0 

(each a d, Tp 3 or 5 position), 144.6 (dm, 1
JCF = 245, NCC6F5), 137.9 (dm, 1

JCF = 257, 

NCC6F5), 119.8 (q, 1
JCF = 318 Hz, Ru-O3SCF3), 111.1 (NCC6F5), 107.0 (2C, overlapping 

resonances, Tp 4 positions), 106.9 (Tp 4 position), 91.4 (m, ipso of NCC6F5), 14.8 {d, 1JCP = 

28 Hz, P(CH3)3}.  31P{1H} NMR (C6D6, δ): 16.0 {P(CH3)3}. 19F{1H} NMR (C6D6, δ):  -76.3 

(CF3), -131.2 (2F, dm, 3JFF = 22 Hz, ortho NCC6F5), -143.6 (1F, tt, 3JFF = 22 Hz, 4JFF = 5 Hz, 

para NCC6F5), -157.8 (2F, m, meta NCC6F5).  Mtheoretical: 733.0025, Msample = 733.0015 (σ = 

1.4 ppm), [M+]; Mtheoretical: 540.0, Msample = 540.0, [TpRu(PMe3)(CO3SF3)+]; Mtheoretical: 

464.0, Msample = 464.0, [TpRu(CO3SF3)]+. 

TpRu(PMe3)(NCC6F5)Me (9).  To a homogenous solution of 

TpRu(PMe3)(NCC6F5)OTf (0.334 g, 0.457 mmol) in benzene (20 mL), a solution of Me2Mg 

(0.013g, 0.228 mmol, in 10 mL of benzene with 10 drops of THF) was added dropwise.  

Upon addition of Me2Mg solution, a color change to a deep red/violet was observed.  After 1 

hour of stirring at room temperature, the volatiles were reduced in vacuo to approximately 5 

mL, and the solution was filtered through a plug of Celite over silica that was pre-treated 

with triethylamine.  The substrates were washed with benzene (containing a few drops of 

triethylamine), and a deep red eluent was collected.  The volatiles were removed in vacuo.  

The resultant film was reconstituted in pentane and then slowly dried in vacuo yielding a 
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deep violet solid (0.168 g, 0.28 mmol, 61%).  1H NMR (C6D6, δ):  7.99, 7.70, 7.63, 7.50 

(each 1H, each a d, Tp 3 or 5 positions), 7.56 (2H, overlapping Tp 3 or 5 position), 6.15 (1H, 

m due to coupling with phosphorus, Tp 4 position), 6.13, 5.95 (each 1H, each a t, Tp 4 

positions), 1.20 {9H, d, 2
JHP = 8 Hz, P(CH3)3}, 0.81 (3H, d, 3

JHP = 4 Hz, Ru-CH3).  13C{1H} 

NMR (C6D6, δ): 148.5 (dm, 1
JCF = 245, NCC6F5), 143.0, 141.8, 140.2, 135.8, 135.1, 134.5 

(each a d, Tp 3 or 5 position), 141.9 (dm, 1
JCF = 249, NCC6F5), 138.3 (dm, 1

JCF = 257, 

NCC6F5), 105.9, 105.7, 105.6 (Tp 4 positions), 102.3 (NCC6F5), 93.5 (m, ipso of NCC6F5), 

16.2 {d, 1
JCP = 26 Hz, P(CH3)3}, -4.5 (d, 2

JCP = 11 Hz, Ru-CH3).  31P{1H} NMR (C6D6, δ): 

16.9 {P(CH3)3}.  19F{1H} NMR (C6D6, δ):  -135.5 (2F, dm, 3
JFF = 20 Hz, ortho NCC6F5), -

151.1 (1F, t, 3JFF = 22 Hz, para NCC6F5), -159.8 (2F, m, meta NCC6F5). 

TpRu(PMe3){κ2-O,N-OC(Me)C(H)C(C6F5)NH} (10).  The complex 

TpRu(PMe3)(NCMe)Me (1) (0.156 g, 0.261 mmol) was combined with 15 mL of acetone in 

a thick-walled glass pressure tube and heated to 100 °C for 20 hours.  The volatiles were 

removed in vacuo, the resulting solid was dissolved in minimal dichloromethane, applied to 

a plug of Grade 1 neutral alumina, and the product was collected by washing the plug with 

30% Et2O in hexanes.  The orange-yellow filtrate was dried in vacuo (0.129 g, 0.201 mol, 

77%).  1H NMR (C6D6, δ):  7.84, 7.66, 7.64, 7.61, 7.10 (each 1H, each a d, Tp 3 or 5 

positions), 7.55 (1H, m due to coupling with phosphorus, Tp 3 or 5 position), 6.90 (1H, br s, 

NH) 6.11 (1H, m due to coupling with P, Tp 4 position), 6.02, 5.95 (each 1H, each a t, Tp 4 

positions), 4.95 {1H, d, 5
JHP = 2 Hz, κ2-O,N-OC(Me)C(H)C(C6F5)NH}, 1.94 {3H, κ2-O,N-

OC(Me)C(H)C(C6F5)NH}, 1.09 {9H, d, 2
JHP = 8 Hz, P(CH3)3}.  13C{1H} NMR (C6D6, δ): 
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178.3 {κ2-O,N-OC(Me)C(H)C(C6F5)NH}, 150.8 {κ2-O,N-OC(Me)C(H)C(C6F5)NH}, 144.0 

(dm, 1
JCF = 242 Hz, NCC6F5), 143.0, 142.8, 141.5, 136.6, 135.9, 134.2 (Tp 3 and 5 

positions), 138.0 (dm, 1
JCF = 249 Hz, NCC6F5), 118.0 (NCC6F5), 106.4, 106.0 (Tp 4 

position), 106.2 (d, 4
JPC = 2 Hz, Tp 4 position), 96.3 {κ2-O,N-OC(Me)C(H)C(C6F5)NH}, 

90.8 (m, ipso of NCC6F5), 28.0 {κ2-O,N-OC(Me)C(H)C(C6F5)NH}, 15.4 {d, 1
JCP = 25 Hz, 

P(CH3)3}.  (NOTE: one set of NCC6F5 resonances could not be located in the 13C NMR 

spectrum likely due to overlap with Tp resonances.)  31P{1H} NMR (C6D6, δ): 26.5 

{P(CH3)3}.   19F{1H} NMR (C6D6, δ):  -141.0 (2F, m, ortho NCC6F5), -155.4 (1F, t, 3
JFF = 

21 Hz, para NCC6F5), -161.1 (2F, m, meta NCC6F5). Anal. Calcd for C22H24BN7PRuF5O: C, 

41.27; H, 3.78; N, 15.31.  Found: C, 42.13; H, 3.96; N, 15.13. 

Kinetic Studies:  Rate of C-D activation of NCCD3 by TpRu(PMe3)(NCMe)Me 

(1).  A solution of TpRu(PMe3)(NCMe)Me (1) (0.021 g, 0.047 mmol) in 1.5 mL of CD3CN 

(28.7 mmol), with a small crystal of hexamethylbenzene as internal standard, was evenly 

divided into 3 screw-cap NMR tubes.  The triplicate set was heated at 70 °C in a temperature 

regulated oil bath, and 1H NMR spectra were periodically acquired through 3 half-lives 

(using a pulse delay of 5 seconds for data acquisition).  The rate of C-D activation was 

followed by integration of the decreasing resonance due to the Ru-Me doublet at -0.19 ppm 

relative to the standard hexamethylbenzene.  By 1H NMR, TpRu(PMe3)(NCMe)Me (1) was 

observed to cleanly convert to TpRu(PMe3)(NCCD3)(CH2CN) (2) without observation of 

intermediates. 
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Kinetic Studies:  KIE Determination for Acetonitrile Activation by 

TpRu(PMe3)(NCMe)Me (1).  A solution of TpRu(PMe3)(NCMe)Me (1) (0.032 g, 0.071 

mmol) in 2.0 mL of a 1:1 molar mixture of NCMe/NCCD3 (1000 µL:999 µL) was equally 

divided into 3 screw-cap NMR tubes and heated (70 °C) for approximately 10 hours (~1 

half-life).  The samples were cooled to room temperature in a water bath, shaken and 1H 

NMR spectra (300 MHz) were acquired (pulse delay of 5 seconds) to measure the ratio of 

CH4
 
(δ = 0.18 ppm, s) to CH3D (δ = 0.17 ppm, 1:1:1 t, 1JHD = 2 Hz).  

Kinetic Studies: Rate of conversion to TpRu(PMe3){κ2-O,N-

OC(Me)C(H)C(Me)NH} (4) from TpRu(PMe3)(NCMe)Me (1).  A solution of 

TpRu(PMe3)(NCMe)Me (1) (0.033 g, 0.074 mmol) in 1.35 mL of (CD3)2CO (18.3 mmol), 

with a small crystal of hexamethylbenzene as internal standard, was divided among 3 screw-

cap NMR tubes.  The triplicate set was heated at 60 °C in a temperature regulated oil bath, 

and 1H NMR spectra were periodically acquired through 3 half-lives (using a pulse delay of 

5 seconds).  The concentration of TpRu(PMe3)(NCMe)Me (1), 

TpRu(PMe3)(NCMe){CH2C(O)CH3} (6) and TpRu(PMe3){κ2-O,N-OC(Me)C(H)C(Me)NH} 

(5) were followed by integration of the decreasing resonances at -0.11, 8.16 and 7.25 ppm, 

respectively, relative to the standard hexamethylbenzene.  

Reaction of TpRu(PMe3){κ2-O,N-OC(Me)C(H)C(Me)NH} (5) with pyridinium 

chloride.  Pyridinium chloride (0.003g, 0.022mmol) was added to a solution of 

TpRu(PMe3){κ2-O,N-OC(Me)C(H)C(Me)NH} (5) (0.011g, 0.021 mmol), mesitylene (0.003 

mL, 0.022 mmol) as standard and NCCD3 (~500 uL) in an NMR tube.  An immediate 1H 
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NMR spectrum revealed broadening of all resonances associated with complex 5.  After 

heating the reaction at 60 °C for 10 hours, 86% yield of 4-amino-3-penten-2-one, 

TpRu(PMe3)(NCCD3)Cl and free pyridine were observed by 1H NMR spectroscopy.  

GC/MS further verified the presence of 4-amino-3-penten-2-one. 

Computational Methods.  As full experimental ligand models were studied the 

MOE program45 and the MMFF9446 force field were initially used to identify the lowest 

energy conformations for subsequent refinement of geometries with DFT methods. All 

quantum calculations employed the Gaussian03 package.47 

The B3LYP functional (Becke’s three-parameter hybrid functional48 using the LYP 

correlation functional containing both local and nonlocal terms of Lee, Yang, and Parr)49 

and VWN (Slater local exchange functional50 plus the local correlation functional of Vosko, 

Wilk, and Nusair)51  were employed in conjunction with the Stevens (SBK) valence basis 

sets and effective core potentials for all heavy atoms and the –31G basis set for hydrogen. 

The SBK valence basis sets are valence triplet-zeta for ruthenium, and double-zeta for main 

group elements. The basis sets of main group elements are augmented with a d-polarization 

function: ξd = 0.8 for boron, carbon, nitrogen and oxygen and ξd = 0.55 for phosphorus. The 

SBK scheme utilizes a semi-core (46-electron core) approximation for ruthenium and a full 

core approximation for main group elements.  

All complexes modeled are closed-shell (diamagnetic) species and were modeled 

within the restricted Kohn-Sham formalism. All systems were fully optimized without 

symmetry constraint and analytic calculations of the energy Hessian were performed to 
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confirm species as minima or transition states and to obtain free energies (using unscaled 

vibrational frequencies) in the gas phase at 1 atm and 298.15 K. 

Table S1.  Computed Enthalpic and Energetic Data 

Name Stoichiometry H G Comment Hrel Grel 

nitrile C15H25BN7PRu -272.0724 -272.1603 TpRu(PMe3)(Me)(NCMe) 

tppme C13H22BN6Pru -249.0938 -249.1704 TpRu(PMe3)(Me)  

 RH Substrate     

ch4 CH4 -8.0100 -8.0312 Methane   

mecn C2H3N -22.9353 -22.9640 Acetonitrile   

meno2 CH3NO2 -49.1579 -49.1911 Nitromethane   

acetone C3H6O -36.4444 -36.4793 Acetone   

cyh C6H12 -40.9479 -40.9819 Cyclohexane   

thf C4H8O -43.2505 -43.2849 THF   

 M←X Adducts of  RH    

meh_r C14H26BNPRu -257.1081 -257.191203 Agostic Methane Adduct 24.5 22.8 

mecn_r2 C15H25BN7PRu -272.0724 -272.1603 κ1-N Adduct 0.0 0.0 

no2_r2 C14H25BN7O2PRu -298.2806 -298.3705 κ1-O Adduct 9.1 10.6 

acetone_r2 C16H28BN6OPRu -285.5605 -285.6512 κ1-O Adduct 13.1 15.3 

cyh_r2 C19H34BN6PRu -290.0459 -290.1396 Agostic CyH Adduct 24.5 24.2 

thf_r2 C17H30BN6OPRu -292.3647 -292.4544 κ1-O Adduct 14.4 16.8 

 Agostic RH Adduct    

meh_r C14H26BNPRu -257.1081 -257.191203 Agostic Methane Adduct 24.5 22.8 

mecn_r C15H25BN7PRu -272.0316 -272.1200 Agostic MeCN Adduct 25.6 25.3 

no2_r C14H25BN7O2PRu -298.2563 -298.3460 Agostic MeNO2 Adduct 24.3 26.0 

acetone_r C16H28BN6OPRu -285.5417 -285.6348 Agostic Acetone Adduct 24.9 25.6 

cyh_r C19H34BN6PRu -290.0459 -290.139594 Agostic CyH Adduct 24.5 24.2 

thf_r C17H30BN6OPRu -292.3477 -292.439548 Agostic THF Adduct 25.1 26.1 

 TSs for Activation of RH ννννi   

mets C14H26BNPRu -257.0812 -257.1623 393i 41.3 40.9 

mecnts C15H25BN7PRu -272.0158 -272.1003 704i 35.5 37.7 

no2ts C14H25BN7O2PRu -298.2448 -298.3320 722i 31.5 34.7 

acetonets C16H28BN6OPRu -285.5180 -285.6064 575i 39.8 43.4 

cyts C19H34BN6PRu -290.0117 -290.1018 394i 45.9 47.9 

thfts C17H30BN6OPRu -292.3201 -292.4081 188i 42.4 45.9 

 Ru-CH2X Of RH C-H Bond Activation   

ch2cn C14H21BN7PRu -264.0557 -264.1349 η3 4.2 9.7 

ch2no2 C13H21BN7O2PRu -290.2890 -290.3701 η3 -2.5 4.5 

ch2come-b C15H24BN6OPRu -277.5638 -277.6452 η3 4.8 12.8 

cy C18H30BN6PRu -282.0273 -282.1142 κ1-C 29.9 33.9 
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ru-thf C16H26BN6OPRu -284.3427 -284.4261 κ1-C 21.9 28.3 

 

Notes 

• H (298.15 K) and G (298.15 K) are given in atomic units and are calculated as 

described above in Computational Methods. 

• Hrel and Grel are the relative calculated enthalpies and free energies, respectively, and 

are quoted in kcal/mol.  The values are calculated relative to 

TpRu(PMe3)(Me)(NCMe) + RH (i.e., separated reactants). 

• νi is the imaginary frequencies of the transition states and are given in cm-1.  The 

remaining species are all minima on their respective potential energy surfaces. 
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6 The Synthesis of Electron-deficient Complexes for Olefin Hydroarylation 

6.1 Introduction 

Studies of TpRu(L)(NCMe)R {L = CO, P(pyr)3, P(OCH2)3CEt and PMe3; R = Me or 

Ph} systems have helped to determine the steric and electronic impact of L on olefin 

hydroarylation catalysis.  Excessive steric bulk of L (cone angle > 145°) was found to inhibit 

olefin coordination and impede entry into the catalytic cycle.  Generally, ligands L that 

increase the electron density of the metal center accelerate the rate of benzene C-H 

activation, but also act to increase the activation barrier to olefin insertion.  This results in 

olefin C-H activation competing with olefin insertion leading to facile catalyst 

decomposition.  In an effort to find an olefin hydroarylation catalyst superior to 

TpRu(CO)(NCMe)Ph, a new system will require ligands that are less bulky than P(pyr)3 to 

allow access to the metal center.  However, in order to achieve selectivity for the 

hydroarylation of α–olefins, the ligand L will likely need to possess a more substantial steric 

profile than CO.  In this regard the TpRu(L)(NCMe)Ph framework is limiting.  Since L 

should be electronically similar to CO, larger than CO, but smaller than P(pyr)3,  the choices 

for L are few.  In addition, using the TpRu(L)(NCMe)Ph framework, the effect of the 

ligands that are more donating than CO have been probed, but catalysis with a Ru(II) 

complex that is less electron rich than TpRu(CO)(NCMe)Ph has yet to be tested.  Yet, here 

again, the TpRu(L)(NCMe)Ph motif is limited. 

If the Tp ligand where replaced with a tripodal, neutral 6-electron donor ligand, such 

as Ep {tris(pyrazolyl)ethane}, this would create a cationic Ru(II) complex, 
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[EpRu(L)(NCMe)R][A-] (A- = non-coordinating anion).  By nature of their cationic metal 

centers and less donating Ep ligand (relative to Tp), these systems would be inherently more 

electrophilic than Tp analogs.  Thus, syntheses of a series of [EpRu(L)(NCMe)R][A-] 

complexes using the same, or similar, ligands L as the TpRu(L)(NCMe)Ph family could 

allow for the discovery of complexes as, or more, electrophilic than TpRu(CO)(NCMe)Ph.  

In addition, [EpRu(L)(NCMe)R][A-] complexes may permit more strongly donating ligands 

L that give an overall electron density similar to TpRu(CO)(NCMe)R complexes.  

6.1.1 Previously Synthesized Precursors 

Research conducted in the Gunnoe Lab by Dr. Karl Pittard explored the synthesis of 

Mp {tris(pyrazolyl)methane} precursors with attempts to synthesize [MpRu(L)(L’)R][A-] 

{L = PPh3, PMe3, P(OMe)3 or CO; L’ = NCMe, THF or PPh3; R = Me or Ph} complexes 

and test them as catalysts for olefin hydroarylation.1  A few complexes of note that served as 

potential access points to the desired hydroarylation catalysts were synthesized and are 

shown in Figure 6.1.  [MpRu(PPh3)(CO)Cl][BAr’4] [BAr’4 = {tetrakis(3,5-

trifluoromethyl)phenyl}borate] was made and characterized by NMR and IR spectroscopy, 

but the complex proved to be unreactive toward common Grignard or Li alkylating reagents.  

Replacing the CO ligand with NCMe gave [MpRu(PPh3)(NCMe)Cl][BAr’4], which did  

show reactivity with alkylating reagents.  But the formation of multiple products and the 

suspicion that the electrophilic carbon of NCMe was succumbing to attack, as opposed to 

the metal center, halted further pursuit of this route.  NMR spectroscopic data supported the 

synthesis of [MpRu(PPh3)2Me][BAr’4].  Heating this complex in C6D6 results in benzene C-
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D activation, but ortho-metalation of a PPh3 ligand eventually led to a cyclometalated 

product.  Unwanted intramolecular C-H activation of ancillary ligands can compete with 

intermolecular substrate C-H activation as observed with TpRu{P(pyr)3}(NCMe)Me 

discussed in Chapter 3.  Thus, the use of bulky ancillary ligands with reactive C-H 

functionalities that can come in contact with the metal inner-sphere should be avoided.  

Also, neutral MpRu(PR3)Cl2 (R = Me or OMe) systems were prepared but exhibited poor 

solubility preventing further alkylation or Cl- anion removal.   

 

Figure 6.1. Previously synthesized precursors for MpRu systems active for olefin 
hydroarylation. 

 

 Investigations into the syntheses of [MpRu(L)(L’)R][A-] complexes led to the 

conclusion that poor solubility of  neutral precursors precluded further reactivity and that the 

Mp apical hydrogen could express reasonable acidic character in the presence of strong 

bases or nucleophiles.  However, Ep complexes would be devoid of the acidic hydrogen and 

potentially have enhanced solubility in organic solvents.  [EpRu(PPh3)(PMe3)Cl][BAr’4] and 

EpRu(PMe3)Cl2 were successfully prepared.  However, to date, chemistry with the Ep 

family of complexes has yet to be advanced.  The remainder of this chapter is focused on 
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efforts to develop the chemistry of [EpRu(L)(L’)R][A-] {L = PMe3, P(OCH2)3CEt, or CO; 

L’ = NCMe or THF; R = Me or Ph; A- = non-coordinating anion} systems. 

 

6.2 Results and Discussion 

6.2.1 Work Toward a Cationic EpRu(PMe3)R Complex 

Initial work to develop a cationic [EpRu(PMe3)(L’)R][A-] complex was pursued 

from the previously reported EpRu(PMe3)Cl2  complex.1  This complex is sparingly soluble 

in MeNO2 and DMSO (while in soluble in all other common organic solvents tested) and 

reactions in these solvents with NaBAr’4 or AgOTf (OTf = trifluoromethanesulfonate) were 

carried out in effort to access cationic species.  However, no reactivity was observed, even 

upon heating and EpRu(PMe3)Cl2 was abandoned as an entry point to the desired 

[EpRu(PMe3)(L’)Cl][A-] catalyst precursors. 

EpRu(PPh3)Cl2 was heated in MeNO2 to dissolve the complex.  Upon cooling to 

room temperature, AgOTf was added, and the solution was stirred overnight to give near 

quantitative conversion to the complex [EpRu(PPh3)(X)Cl][OTf] (1) or EpRu(PPh3)(Cl)OTf 

(Scheme 6.1).  1H, 31P{1H} and 19F{1H} NMR spectroscopy of 1 (Figure 6.2, Figure 6.3 and 

Figure 6.4, respectively) are consistent with a C1 complex bearing a single PPh3 ligand and 

the presence of a OTf moiety.  It could not be definitively determined if the OTf group 

existed as an un coordinated anion or a coordinated ligand.  However, the 1H NMR spectrum 

of 1 reveals an unexplained doublet of quartets and triplet at 2.75 ppm and 1.05 ppm, that 
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integrate for 2 and 3 protons respectively, and for the time being was assumed to be the 

result of a reaction with solvent and thus labeled “X”.  Further efforts to probe the source of 

these resonances failed to reveal the identity of this assumed neutral-coordinating ligand, yet 

the reaction to produce 1 proved to be readily reproducible.  The addition of Ph2Mg to 

complex 1 in THF at room temperature resulted in an immediate color change, however 1H 

NMR spectroscopy revealed decomposition to NMR silent materials.  No further alkylations 

of 1 were pursued. 

 

Scheme 6.1. Synthesis of [EpRu(PPh3)(X)Cl][OTf] (1). 

 

 

 

Figure 6.2. 1H NMR spectrum of [EpRu(PPh3)(X)Cl][OTf] (1) (DMSO-d6). 
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Figure 6.3. 31P{1H} NMR spectrum of [EpRu(PPh3)(X)Cl][OTf] (1) (DMSO-d6). 

 

Figure 6.4. 19F{1H} NMR spectrum of [EpRu(PPh3)(X)Cl][OTf] (1) (DMSO-d6). 

 

 Heating 1 (80 °C) with 2 equivalents of PMe3 in CH2Cl2 for ~18 hours results in the 

formation of [EpRu(PPh3)(PMe3)Cl][OTf] (2) in 38% isolated yield (Scheme 6.2).  1H and 

19F{1H} NMR spectroscopy of 2 (Figure 6.5 and Figure 6.6, respectively) are consistent 

with coordination of PMe3 and an uncoordinated OTf counterion.  The 31P{1H} NMR 

spectrum (Figure 6.7) shows 2 doublets with a 2
JPP = 36 Hz, indicating coordination of both 

phosphines.  The Mp analog of this complex has been previously reported.1   
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Scheme 6.2. Synthesis of [EpRu(PPh3)(PMe3)Cl][OTf] (2). 

 

 

Figure 6.5. 1H NMR spectrum of [EpRu(PPh3)(PMe3)Cl][OTf] (2) (DMSO-d6). 

 

 

Figure 6.6. 19F{1H} NMR spectrum of [EpRu(PPh3)(PMe3)Cl][OTf] (2) (DMSO-d6). 
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Figure 6.7. 31P{1H} NMR spectrum of [EpRu(PPh3)(PMe3)Cl][OTf] (2) (DMSO-d6). 

 

Heating complex 2 in DMSO at 120 °C was found to cleanly displace the PPh3 

ligand and form [EpRu(DMSO)(PMe3)Cl][OTf] (3) (Scheme 6.3).  The 1H NMR (Figure 

6.8) and 31P{1H} NMR spectra (not shown) are consistent with the absence of the PPh3 

ligand, while the 19F{1H} spectrum (not shown) shows a single resonance for the OTf group.  

The 1H NMR spectrum shows two singlets (2.64 ppm and 2.54 ppm) that each 

approximately integrate for 3 protons, consistent with coordinated DMSO; however, the 

possibility cannot be discounted that these are contaminant resonances and the product is in 

fact EpRu(PMe3)(OTf)Cl.  Similarly, heating 2 in NCMe cleanly converts to what was 

suspected to be [EpRu(NCMe)(PMe3)Cl][OTf] (4) with an upfield singlet in the 1H NMR 

spectrum consistent with coordinated NCMe.  Unfortunately, both complexes 3 and 4 

possess ligands (DMSO and NCMe) that bear electrophilic or acidic sites that can 

potentially out compete with the metal center for reaction with nucleophiles (see above with 

Mp complexes).  Consistently, reacting 4 with Me2Mg led to the initial formation of 

multiple products (by 1H NMR) and precipitation to unidentified materials.  The actual 
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source of decomposition was not determined and further investigations into the alkylation of 

both 3 and 4 with different reagents and conditions are warranted. 

 

Scheme 6.3. Synthesis of [EpRu(DMSO)(PMe3)Cl][OTf] (3). 

 

 

Figure 6.8. 1H NMR spectrum of [EpRu(DMSO)(PMe3)Cl][OTf] (3) (DMSO-d6). 
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6.2.2 Synthesis and Comparative Reactivity of [EpRu(CO)(NCMe)Ph][A-] Complexes 

The (Ep/Mp)Ru(PPh3)Cl2 precursors have served as the dominant entry points into 

targeted cationic Ru(II) systems in this, and in previous,1 work.  It was thought that a new 

starting point from the known Ru(COD)(NCMe)2Cl2
2 (COD = 1,5 cyclooctadiene) complex 

might provide a viable entry point into [EpRu(L)(L’)R][A-] systems.  Refluxing 

Ru(COD)(NCMe)2Cl2 with one equivalent of NaBAr’4 in NCMe for ~5 hours gives 

quantitative conversion to [Ru(COD)(NCMe)3Cl][BAr’4] (5) (Scheme 6.4; Figure 6.9).  

Heating 5 with one equivalent of Ep forms [EpRu(COD)Cl][BAr’4] (6) in 67% yield 

(Scheme 6.4).  The 1H NMR spectrum of 6 shows Cs symmetry for the COD and Ep ligands 

with highly coincidental overlap for the Ep 3 and 5 positions (Figure 6.10).  The 

diastereotopic COD methylene protons of 6 create four complicated multiplets from 2.98 

ppm to 2.27 ppm.  It should be noted that the synthesis of 6 is highly sensitive to other Ru 

contaminants (potentially NMR silent) that can cause marked decrease in yield and make 

purification of 6 troublesome.  It is critical that the starting precursor Ru(COD)(NCMe)2Cl2 

be pure before synthesizing 5.  This was a reoccurring problem in the synthesis of 6. 

 

 

Scheme 6.4. Synthesis of [Ru(COD)(NCMe)3Cl][BAr’4] (5) and [EpRu(COD)Cl][BAr’4] 
(6). 
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Figure 6.9. 1H NMR spectrum of [Ru(COD)(NCMe)3Cl][BAr’4] (5) (CDCl3). 

 

Figure 6.10. 1H NMR spectrum of [EpRu(COD)Cl][BAr’4] (6) (CDCl3). 
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 Complex 6 was observed to decompose to NMR silent materials when reacted with 

Ph2Mg.  Attempts to perform Cl/OTf metathesis from 6 with AgOTf or TlOTf resulted in no 

reaction, even upon heating.  The use of [Na][BPh4] for Cl ligand removal gave 

decomposition to NMR silent materials upon heating.  On the contrary, at room temperature 

complex 6 readily reacts with Me2Mg to form [EpRu(COD)Me][BAr’4] (7) in 92% yield 

(Scheme 6.5).  A recent search of the published literature reveals that, other than 

[EpRu(PPh3)2Me][BAr’4] (see above), 7 is the first known Ru(II)-Me complex bearing a 

neutral tris(pyrazolyl) alkane ligand.  The Ru-Me is evident in the 1H NMR spectrum of 7 

(Figure 6.11) at 1.53 ppm along with clear Cs symmetry of the Ep pyrazolyls, which were 

observed to overlap in the 1H NMR spectrum of 6 (Figure 6.10).  Additionally, the COD 

resonances of 7 are more definitive and the olefinic COD resonances shift upfield, relative to 

6, by nearly 1 ppm.  Compared to TpRu(L)(NCMe)Me systems, which have methyl 

resonances between  1.0 and 0.0 ppm, the Ru-Me is shifted downfield, potentially reflective 

of the more electrophilic metal center.3-5  

 

 

Scheme 6.5. Synthesis of [EpRu(COD)Me][BAr’4] (7). 
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Figure 6.11. 1H NMR spectrum of [EpRu(COD)Me][BAr’4] (7) (CDCl3). 

 

 A single crystal X-ray diffraction study of 7 shows a pseudo octahedral complex and 

verifies the assignment (Figure 6.12 and Table 6.1; BAr’4 anion omitted for clarity).  The 

COD C=C bonds {1.389(6) Å and 1.379(6) Å} are lengthened by ~0.04 Å relative to the 

average C=C bond length of 1.34 Å.6  A search of the literature reveals only one related Tp-

based complex, (κ3-N,N,H-Tp*)Ru(COD)Me {Tp* = hydridotris(3,5-

dimethylpyrazolyl)borate}, which has statistically identical COD C=C bond distances of 

1.389(6) Å and 1.376(6) Å.7  The Ru-Me bond of 7 is 2.179(4) Å, which is longer than both 

the Ru-Me bonds of (κ3-N,N,H-Tp*)Ru(COD)Me {2.159(4) Å} and 

TpRu(PMe3)(NCMe)Me {2.129(3) Å}.4  On the other hand, the Ru-Me {2.21(2) Å} of the 

cationic complex [Ru(bpy)2(CO)Me][PF6] (bpy = 2,2-bipyridine) is longer than those of the 
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above Tp complexes and even that of 7.8  Although this is a small cohort of complexes, the 

observed Ru-Me bond distances suggests that the overall bond distances of Ru-C bonds for 

cationic Ru(II) complexes might be longer than those of neutral Ru(II) complexes (i.e., more 

electrophilic metal centers might exhibit longer M-C σ-bonds). 

 

Figure 6.12. ORTEP of [EpRu(COD)Me][BAr’4] (7) (30% probability with hydrogen atoms 
and BAr’4 anion omitted for clarity).  Selected bond lengths (Å): Ru1-C16, 2.182(4); Ru1-
C17, 2.160(4); Ru1-C13, 2.188(4); Ru1-C20, 2.166(4); Ru1-C12, 2.179(4); Ru1-N1, 
2.121(3); Ru1-N3, 2.248(3); Ru1-N5, 2.095(3); C16-C17, 1.389(6); C13-C20, 1.379(6); 
C10-C11, 1.525(6); Selected bond angles (º): (C16-C17 bisect)-Ru1-C12, 94.3(2); (C13-C20 
bisect)-Ru1-C12, 96.8(2); N5-Ru1-C12, 82.8(2); N1-Ru1-C12, 81.9(2), N5-Ru1-N1, 
85.0(1); N5-Ru1-N3, 81.0(1); N1-Ru1-N3, 78.9(1). 
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Table 6.1. Selected crystallographic data for [EpRu(COD)Me][BAr’4] (7) and κ2-
C(pz)4Ru(PMe3)2Cl2 (23). 

  Complex 7 Complex 23 
empirical formula C52H39BF24N6Ru C19H30Cl2N8P2Ru 
formula wt 1315.77 604.42 
crystal system monoclinic monoclinic 
space group P21/n P21/n 
a, Å 14.417(1) 10.7314(7) 
b, Å 20.919(2) 16.806(1) 
c ,Å 18.126(2) 14.949(1) 

β,J ° 94.008(2) 96.476(1) 
V, (Å3) 5453.7(8) 2678.8(3) 
Z 4 4 
Dcalcd, g/cm3

 1.603 1.499 
crystal size (mm) 0.14 x 0.32 x 0.44 0.12 x 0.14 x 0.60 
R1, wR2 {I>2(I)} 0.0573, 0.1500 0.0402, 0.1103 
GOF 1.030 1.046 

 

It appears the COD ligand of 7 bears a reasonable degree of steric bulk, forcing the 

Ru-Me ligand ~8° out of the octahedron toward the Ep pyrazolyls.  Alternatively, the Ep 

ligand might not coordinate to Ru as tightly as Tp thus allowing more room for the adjacent 

ligands to spread out. This would be reflected in longer Ru-Npz (pz = pyrazolyl) bond 

distances than those of Tp.  The average Ru-Npz for 13 different Tp complexes is 2.12(4) Å 

[the 13 complexes are: TpRu(PMe3)(CNtBu)Ph,4 TpRu(PMe3)(N2O3CH),9 

TpRu(PMe3)(N3C6H8),9 TpRu(PMe3)(NCMe)CH2CN,9 TpRu(PMe3)(NCMe)(p-C6H4-

NO2),10 TpRu(PMe3)(NCMe)Cl,4 TpRu(PMe3)(NCMe)Me,4 TpRu(PMe3)(NOC10F5H5),9 

TpRu(PPh3){P(OCH2)3CEt}Cl,11 TpRu(PPh3)(P(OCH2)3CEt)OTf,11 TpRu(PPh3)(PF3)Cl, 

TpRu(NCMe){κ2-P,C-P(NC4H3)(NC4H4)2},3 TpRu{P(pyr)3}(NCMe)Ph)3].  The average 

Ru-Npz for 7 is 2.15(8) Å, a value well within the deviation of bond distances for the Tp 
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complexes.  Comparing the average Npz-Ru-Npz angle of 86(2)° for the above 13 Tp 

complexes reveals that the Npz-Ru-Npz angle of 7 {82(3)°} is statistically identical.  Since 

neither the Ru-Npz bond distances nor Npz-Ru-Npz bond angles from Tp to Ep change 

significantly, the deviation of the Ru-Me ligand from octahedral geometry for 7 is likely due 

to overt steric pressure from the COD ligand. 

If the COD ligand of 7 is thermally labile, it is possible it could be used as a 

precursor to an active olefin hydroarylation catalyst.  Heating (90 °C to 120 °C) 7 in 

benzene with 10% THF (to aid in solubility) under ethylene pressure (atmospheric to 25 psi) 

showed no production of ethyl benzene by GC analysis after 16 hours (Scheme 6.6).  The 1H 

NMR spectrum of the recovered reaction mixture showed only large, broadened resonances 

with no resonances consistent with an EpRu complex. 

 

 

Scheme 6.6.  Attempted ethylene hydrophenylation with [EpRu(COD)Me][BAr’4] (7). 

 

It is unclear whether the lack of catalysis by 7 is due to poor COD lability preventing 

access to an active, unsaturated species or if catalysis is inaccessible due to a large activation 

barrier of the step(s) in the catalytic cycle.  Chapters 2 and 5 present data that C-H activation 
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of benzene by TpRu(L)(C6H6)R complexes occurs via an OHM pathway in which the 

increased basicity of the carbon receiving the hydrogen acts to enhance the C-H activation 

step.  TpRu(PMe3)(NCMe)Me has been shown to readily react with strong acids (HCl or 

HOTf) to form CH4 and the putative [TpRu(PMe3)(NCMe)]+ complex.4  Interestingly, 

adding one equivalent of HCl or HOTf to 7 showed absolutely no reaction with 7 (1H 

NMR).  The cationic Ru(II) metal center would be expected to inductively reduce the 

basicity of the Me, which is consistent with the downfield shift of the Me in the 1H NMR 

spectrum of 7 (Figure 6.11).  As opposed to, or in addition to, poor COD lability, the 

reduced basicity of the Ru-Me of 7 could inhibit access to a C-H activation mediated olefin 

hydroarylation pathway. 

Attempts were made to replace the COD ligand with potentially more labile 

monodentate ligands.  Heating 7 with PMe3 to 100 °C in toluene for 24 hours results in 

complete loss of COD and the formation of [(κ2-N,N-Ep)Ru(PMe3)3Me][BAr’4] (8) in 41% 

isolated yield (Scheme 6.7).  The 1H NMR spectrum (Figure 6.13) suggests a complex with 

Cs symmetry bearing three coordinated PMe3 ligands.  It is unclear if the Me ligand is still 

present, but if so, it is presumably overlapping with the large PMe3 resonances or the signal 

is significantly attenuated due to the coupling with the three P atoms.  In either case, the 1H 

NMR spectrum of 8 is most consistent with the displacement of one Ep arm by a strongly σ-

donating PMe3 ligand.  The upfield region of the 1H NMR spectrum shows a virtual triplet 

(1.33 ppm) for the symmetry equivalent cis-PMe3 groups and a doublet for the PMe3 ligand 

trans to the methyl ligand (1.11 ppm).  The 31P{1H} spectrum of 8 supports this assignment 



 335 

with a doublet at 8.0 ppm (2
JPP = 22 Hz) for the cis-PMe3 ligands and a triplet at -18.4 ppm 

(2
JPP = 22 Hz) for the PMe3 ligand trans to the methyl ligand.  In order to enter into a 

catalytic olefin hydroarylation cycle, dissociation of a ligand from the 18 electron complex 8 

is required.  Pursuit of 8 as an active hydroarylation catalyst was abandoned since the strong 

σ-donor PMe3 ligands possessing some π-acidic character are likely not to going to be very 

labile.  For example, the complex [TpRu(NCMe)3][PF6] bears much structural similarity to 8 

and has been shown to have a high activation barrier for NCMe/NCCD3 exchange with a kobs 

of 1.2 x 10-8 s-1.12 

 

 

Scheme 6.7. Synthesis of [(κ2-N-N-Ep)Ru(PMe3)3Me][BAr’4] (8). 
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Figure 6.13. 1H NMR spectrum of [(κ2-N-N-Ep)Ru(PMe3)3Me][BAr’4] (8) (CDCl3). 

 

 The synthesis of 7 established the potential for hydrocarbyl addition to a [EpRu][A-] 

system, but the COD ligand perturbed efforts to supplant it with an ancillary ligand (L) and a 

labile ligand (L’).  Thus, efforts were made to replace the COD ligand of 6 with L and L’ 

prior to the addition of a hydrocarbyl group.  Heating 6 to high temperatures (>100 °C) with 

either NCMe or PMe3 was required to observe ligand exchange with COD, but resulted in 

the formation of multiple products.  Placing 6 under high ethylene pressure and heating to 

90 °C resulted in no reaction after 14 hours.  Further heating the same reaction to 110 °C for 

18 hours led to formation of a dark yellow solution which, with the exception of BAr’4 

resonances, was completely NMR silent (1H NMR).  However, heating 6 under ~175 psi CO 

in a steel pressure reactor forms [EpRu(CO)2Cl][BAr’4] (9) in 97% isolated yield (Scheme 
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6.8).  IR spectroscopy of 9 shows two strong CO absorptions at 2093 cm-1 and 2041 cm-1 

consistent with asymmetric and symmetric stretches of a cis-dicarbonyl arrangement.  The 

1H NMR spectrum (Figure 6.14) shows the complete absence of the COD ligand and 

resonance shifts to a new Cs symmetric complex.  However, the spectroscopic data do not 

rigorously exclude the possibility that the reaction of 6 and CO could form [(κ2-N-N-

Ep)Ru(CO)3Cl][BAr’4] as opposed to 9. 

 

Scheme 6.8. Synthesis of [EpRu(CO)2Cl][BAr’4] (9). 

 

 

Figure 6.14. 1H NMR spectrum of [EpRu(CO)2Cl][BAr’4] (9) (CDCl3; contains some free 
COD and hexanes). 
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 The reaction of 9 and Me2Mg at room temperature results in the formation of NMR 

silent materials (1H NMR), while a similar reaction with MeLi showed no reactivity.  

Refluxing 9 in C6H6 with 1 equivalent of Ph2Mg exhibits promising reactivity, forming a 

new complex consistent with [EpRu(CO)2Ph][BAr’4] (10) in ~70% isolated yield (Scheme 

6.9).  IR spectroscopy shows two absorptions at 2065 cm-1 and 2007 cm-1 for the two CO 

stretches, a nearly 30 cm-1 shift to lower energy for both absorptions relative to 9.  Similarly, 

comparing the CO absorptions for TpRu(CO)2Cl (2074 cm-1 and 2012 cm-1)13 and 

TpRu(CO)2Ph (2041 cm-1 and 1973 cm-1)14 reflects approximately the same degree of shift 

to lower energy.  Purification of 10 proved challenging as it seemed to decompose to 

multiple products when in contact with silica.  A representative 1H NMR spectrum of 10 

(Figure 6.15) shows shifted Ep 4 position resonances, but most of the resonances due to the 

Ep 3,5 positions overlap with the BAr’4 ortho resonance.  Most suggestive of the formation 

of 10 are the new multiplets at 7.04 ppm and 6.75 ppm, which integrate for 3 and 2 protons, 

respectively, consistent with a new phenyl ligand.  However, the current assignment of 10 is 

tentative and more sufficient spectroscopic data are needed. 

 

 

Scheme 6.9. Synthesis of [EpRu(CO)2Ph][BAr’4] (10). 
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Figure 6.15. 1H NMR spectrum of [EpRu(CO)2Ph][BAr’4] (10) (CDCl3). 

 

 At this point, the assignments of [EpRu(CO)2Cl][BAr’4] (9) and 

[EpRu(CO)2Ph][BAr’4] (10) are tentative, as discussed above.  However, the reaction of 10 

with one equivalent of Me3NO in NCMe at room temperature forms 

[EpRu(CO)(NCMe)Ph][BAr’4] (11) (Scheme 6.10).  The reagent Me3NO has been shown to 

react with the electrophilic carbon of metal carbonyls to form CO2 and Me3N and create a 

vacant metal coordination site.  For example, the Gunnoe group has previously reported that 

the reaction of TpRu(CO)2Me with Me3NO forms the putative complex TpRu(CO)Me 

which is then trapped by NCMe to form TpRu(CO)(NCMe)Me.5  IR spectroscopy of 11 

shows a single CO absorption at 1975 cm-1 consistent with a single carbonyl ligand.  The 1H 
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NMR spectrum of 11 (Figure 6.16) suggests the formation of a C1 symmetric complex with 

8 Ep resonances (presumably one is overlapping with a BAr’4 resonances) and a new singlet 

at 2.39 ppm that integrates for 3 protons, consistent with coordinated NCMe.  Additionally, 

the same phenyl resonance pattern in the 1H NMR spectrum of 10 appears in the 1H NMR 

spectrum of 11 as two multiplets at 7.01 ppm and 6.87 ppm.  Cylic Voltammetry of 11 

shows an irreversible oxidation Ru(III/II) potnetial at 1.65 V (vs. NHE) (Figure 6.17). 

 

Scheme 6.10. Synthesis of [EpRu(CO)(NCMe)Ph][BAr’4] (11). 

 

 

Figure 6.16. 1H NMR spectrum of [EpRu(CO)(NCMe)Ph][BAr’4] (11) (CDCl3). 

 

NCMe 

Ep-Me 

Phenyl 
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Figure 6.17. Cyclic voltammagram of [EpRu(CO)(NCMe)Ph][BAr’4] (11) (right).  Th redox 
wave on the left is due to the reference [Cp2Co][PF6] (0.78 V vs. NHE). 

 

 

The assignment of 11 is provides increased confidence in the assignments of both 

complexes 9 and 10.  Above, it was discussed that the structure of 9 could actually be [(κ2-

N-N-Ep)Ru(CO)3Cl][BAr’4]; however, if this were the case, then it would be expected that 

11 is actually [(κ2-N,N-Ep)Ru(CO)2(NCMe)][BAr’4] and would have both a symmetric and 

anti-symmetric stretches in its IR spectrum.  Rather, there is only a single CO absorption for 

11, lending credence to the structural assignments of 9 and 10, [EpRu(CO)2Cl][BAr’4] and 

[EpRu(CO)2Ph][BAr’4], respectively.  Additionally, the phenyl and Ep resonances in the 1H 

NMR spectrum of 10 are not easily distinguishable, where as those of 11 are clearly 

identifiable. 

 [EpRu(CO)(NCMe)Ph][BAr’4] (11) is the first complex synthesized to fit the 

proposed [EpRu(L)(L’)R][A-] structure that was sought to test for olefin hydroarylation 

catalysis.  The first step in the proposed olefin hydroarylation cycle (see Chapter 2) is a 

unimolecular process and is initiated by the dissociation of NCMe to allow for olefin 
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coordination. To first test if the NCMe ligand of 11 is labile, 11 was heated in NCCD3 at 60 

°C and the reaction rate of NCCD3/NCMe degenerate exchange was monitored by 1H NMR 

spectroscopy.  By following the disappearance of the NCMe ligand at 2.39 ppm (relative to 

an internal standard) the rate of exchange was found to be kobs ~ 1.5 x 10-6 s-1 which is 

approximately equal to an activation barrier of 28.5 kcal/mol.  Testing the analogous 

NCMe/NCCD3 exchange for TpRu(CO)(NCMe)Ph at 70 °C gives a kobs = 3.2(2) x 10-5 s-1 

which equates to an NCMe/NCCD3 exchange activation barrier of 27.2(1) kcal/mol.  

Although this degenerate exchange experiment with 11 was only a single NMR tube 

experiment, it suggests that the NCMe ligand TpRu(CO)(NCMe)Ph is more labile than that 

of 11.  Similarly, testing the complexes TpRu(PMe3)(NCMe)Ph and 

TpRu{P(pyr)3}(NCMe)Me for NCMe/NCCD3 exchange at 60 °C results in kobs rates nearly 

100 times faster than that of 11 {1.56(4) x 10-4 s-1 and 1.47(2) x 10-4 s-1, respectively}. 

   To determine if 11 could serve as an active olefin hydroarylation catalyst it was 

tested for ethylene hydrophenylation.  A 0.1% solution of 11 in benzene was heated at 90 °C 

under 25 psi of ethylene.  After 8 hours GC analysis showed the formation of 1.7 TO of 

ethyl benzene (relative to an internal standard).  Heating for 10 more hours at 110 °C 

resulted in the formation of 1.2 more equivalents of ethyl benzene.  1H NMR analysis of 11 

after reaction showed only BAr’4 resonances.  Presumably, 11 decomposes to NMR silent 

materials.  Complex 11 has poor solubility in benzene and often appears as an immiscible oil 

in benzene.  Considering that miscibility in benzene could be an impediment to catalysis, the 

same ethylene hydrophenylation experiment was conducted with the addition of 10% THF, 
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as THF has been observed to aid the miscibility of 11 in benzene.  However, GC analysis of 

the reaction mixture after ~20 hours at 110 °C shows the same total production of ethyl 

benzene (2.9 TO) as in the absence of THF.   

 Consistent with the observed immiscibility of 11 in benzene, the formation of oils for 

[EpRu][BAr’4] systems has been commonly observed in our lab.  Thus, it was thought that 

exchanging the BAr’4
- anion for BPh4

- might serve to improve the solubility of 

[EpRu(CO)(NCMe)Ph][A-].  Initial attempts to directly exchange the BAr’4
- anion of 11 

with BPh4
- resulted in multiple products, and it was determined that a whole new synthetic 

route was required.  Similar to the synthesis of 5, refluxing Ru(COD)(NCMe)2Cl2 in NCMe 

with one equivalent of NaBPh4 gives [Ru(COD)(NCMe)3Cl][BPh4] (12) in 87% yield 

(Scheme 6.11).  By 1H NMR spectroscopy (Figure 6.18), 12 is similar to 5, but exhibits 

decreased solubility in some solvents (e.g., Et2O).  Heating 12 with one equivalent of Ep at 

80 °C forms [EpRu(COD)Cl][BPh4] (13) in 75% isolated yield (Scheme 6.11).  Complex 13 

was characterized by 1H NMR and 13C NMR spectroscopy.  The 1H NMR spectrum of 13 

(Figure 6.19) more clearly shows the COD methylene resonances, relative to 

[EpRu(COD)Cl][BAr’4]  (6), and interestingly shows a significant upfield shift in the Ep 

methyl resonance.  However, this can most likely be attributed to solvent effects, as this shift 

is not observed when a 1H NMR spectrum of 13 is acquired in acetone-d6.  Complex 13 is 

soluble in THF and insoluble in Et2O, thus allowing for convenient isolation and 

purification.  Due to these properties, synthesis of 13 is achieved with higher purity and 

isolated yield than the BAr’4
s analog 6. 
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Scheme 6.11. Synthesis of [Ru(COD)(NCMe)3Cl][BPh4] (12) and [EpRu(COD)Cl][BPh4] 
(13). 

 

 

Figure 6.18. 1H NMR spectrum of [Ru(COD)(NCMe)3Cl][BPh4] (12) (CDCl3). 
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Figure 6.19. 1H NMR spectrum of [EpRu(COD)Cl][BPh4] (13) (CDCl3). 

 

 Heating 13 under high CO pressure (~175 psi) gives [EpRu(CO)2Cl][BPh4] (14) in 

75% isolated yield (Scheme 6.12).  IR spectroscopy shows two new CO stretches at 2086 

cm-1 and 2038 cm-1, similar to 9.  The Ep 1H NMR resonances of 14 overlap with the 

resonances due to the para protons of the BPh4
- anion (Figure 6.20).  However, the 13C{1H} 

NMR spectrum shows expected Cs symmetry with all the Ep resonances resonating in the 

expected spectral regions (see Experimental Section). 
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Scheme 6.12. Synthesis of [EpRu(CO)2Cl][BPh4] (14), [EpRu(CO)2Ph][BPh4] (15) and 
[EpRu(CO)(NCMe)Ph][BPh4] (16). 

 

Figure 6.20. 1H NMR spectrum of [EpRu(CO)2Cl][BPh4] (14) (acetone-d6). 

 

 [EpRu(CO)2Ph][BPh4] (15) is synthesized from 14 and Ph2Mg by the same method 

as the BAr’4
- analog 10, but in refluxing THF with an isolated yield of 66% (Scheme 6.12).  

IR and 1H and 13C{1H} NMR spectroscopy of 15 are consistent with the structural 

assignment of 15.  However, as with 14, significant overlap in the 1H NMR spectrum 

(Figure 6.21) of the Ep and BPh4
- resonances convolute the assignment of resonances.  Once 
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again, the 13C{1H} NMR spectrum serves to verify the structure of 15 (see Experimental 

Section). 

 

Figure 6.21. 1H NMR spectrum of [EpRu(CO)2Ph][BPh4] (15) (acetone-d6). 

 

 Removal of one CO ligand of complex 15 with Me3NO forms the putative complex 

[EpRu(CO)Ph][BPh4], which can then be readily trapped with NCMe to form 

[EpRu(CO)(NCMe)Ph][BPh4] (16) in 80% isolated yield (Scheme 6.12). The 1H NMR 

spectrum of 16 shows a new C1 symmetric complex with phenyl resonances at 6.97 ppm and 

6.81 ppm and a new resonance at 1.98 ppm due to coordinated NCMe.  The Ep-methyl 

resonance appears at 1.65 ppm, an upfield shift relative to [EpRu(CO)(NCMe)Ph][BAr’4] 

(11), which resonates at 3.03 ppm.  This shift is consistent with what is believed to be 

solvent effects in CDCl3 with the [EpRu(L)(L’)R][BPh4] series of complexes (see above). 
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Figure 6.22. 1H NMR spectrum of [EpRu(CO)(NCMe)Ph][BPh4] (16) (CDCl3). 

 

Complex 16 was tested for ethylene hydrophenylation activity by heating in benzene 

under 25 psi of C2H4.  Using GC analysis, only 2 TO of ethyl benzene were detected 

(relative to an internal standard) after 14 hours at 120 °C.  Heating further resulted in no 

more production of ethyl benzene.  The complex did not exhibit enhanced solubility relative 

to 11.  Unlike 11, which formed an oil in benzene, 16 remained as a solid in benzene at 

room temperature.  It is not known if the complex becomes soluble under the olefin 

hydroarylation conditions (120 °C, 25 psi C2H4).  However, these results are similar to the 

catalytic activity of complex 11.  It can be inferred that exchanging the BAr’4
- anion with 

BPh4
- had little impact on the overall catalyst activity of 11. 

The observed catalytic activity of 11 and 16 serves as the first synthesized olefin 

hydroarylation catalysts of the [EpRu(L)(L’)R][A-] paradigm.  These two complexes are 

NCMe 

Ep-Me 

Phenyl 



 349 

quite similar in structure to TpRu(CO)(NCMe)Ph, but are less soluble in benzene and are 

significantly more electron deficient, as evidenced by the positive oxidation potential (1.65 

V) of [EpRu(CO)(NCMe)Ph][BAr’4] (16).  As discussed in Chapters 2 through 4, making 

TpRu(L)(NCMe)Ph more electron rich can have drastic implications on catalyst reactivity.  

Equally so, the effect on catalytic activity for complexes significantly more electron 

deficient than TpRu(CO)(NCMe)Ph, like 11 and 16, could also be quite drastic.  However, 

at this point, the effect is unknown.  

One thing is clear though, complexes 11 and 16 express significantly diminished 

catalysis for ethylene hydrophenylation relative to TpRu(CO)(NCMe)Ph.  The poor 

reactivity could simply be due to low catalyst activity for the olefin insertion or C-H 

activation steps.  Alternatively, the catalyst could be moderately active for these steps, but 

reduced solubility inhibits overall catalysis; or rather, the unsaturated [EpRu(CO)Ph][A-] 

intermediate is active, but the higher barrier to NCMe dissociation, relative to 

TpRu(L)(NCMe)R {L = CO, PMe3 or P(pyr)3; R = Me or Ph}, perturbs access to this 

system.  To delineate which of these potential explanations is responsible for reduced 

catalysis and the role metal electron density plays, more complexes as, or more, electron 

deficient than TpRu(CO)(NCMe)Ph must be synthesized. 

6.2.3 Impetus for Synthesizing Cationic EpRu{P(OCH2)3CEt}R Complexes 

TpRu(CO)(NCMe)Ph has been shown to be the most effective olefin hydroarylation 

catalyst to date.  Chapters 2 through 4 discussed the electronic effects of changing the 

ancillary ligand “L”.  Based upon the π-acidity of various phosphines (L), an electronic 
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effect, and ultimately catalyst activity, can be approximated for new TpRu(L)(NCMe)Ph 

complexes.  From this, efforts are underway to synthesize a TpRu(L)(NCMe)Ph complex 

with similar π-acidity as the CO complex.  However, what is not known is the degree to 

which exchanging Tp for Ep causes the metal center to become more electron deficient.  

Complexes 11 and 16 provide systems with reduced electron density relative to 

TpRu(CO)(NCMe)Ph, but the irreversible oxidation wave (Figure 6.17) in the cyclic 

voltammagram of [EpRu(CO)(NCMe)Ph][BAr’4] (16) prevents a direct comparison to the 

reversible wave of TpRu(CO)(NCMe)Ph (1.03 V).  Without knowing the exact electronic 

effect of Ep, it is difficult to gauge which ancillary ligand “L” might be most appropriate for 

a new [EpRu(L)(L’)R][A-] complex, vis à vis a complex with E1/2 ~ 1.0 V for Ru(III/II).  It 

is desirable to predict which ancillary ligand L would best match with Ep to render an 

[EpRu(L)(L’)R][A-] complex with a Ru(III/II) redox potential near 1.0 V. 

The synthesis of [EpRu(PPh3)(PMe3)Cl][OTf] (2) allowed an opportunity to roughly 

estimate the electronic perturbation that occurs at the Ru metal center upon transitioning 

from a neutral TpRu(II) complex to a cationic [EpRu(II)][A-] complex.  Using cyclic 

voltammetry, the Ru(III/II) redox potentials of 2 and the previously synthesized complex 

TpRu(PPh3)(PMe3)Cl15 can be compared in order to approximate the impact of Tp/Ep 

exchange.  Figure 6.23 shows the cyclic voltammagrams of TpRu(PPh3)(PMe3)Cl and 

[EpRu(PPh3)(PMe3)Cl][OTf] (2), both exhibit reversible Ru(III/II) redox potentials with E1/2 

values of 0.76 V and 1.13 V (vs. NHE), respectively.  Thus, the estimation that exchanging 

Tp for Ep, for a given complex in which all other ligands are the same, has a net positive 



 351 

change on the Ru(III/II) potential of ~0.37 V.  Similarly, Fujisawa and coworkers have used 

cyclic voltammetry to compare the quasi-reversible redox potentials of TpiPrCu(NCMe) 

{TpiPr = hydridotris(3,5-isopropylpyrazolyl)borate} and [MpiPrCu(NCMe)][PF6] {MpiPr = 

tris(3,5-isopropylpyrazolyl)methane}.16  Interestingly, they found that upon exchanging 

TpiPr for MpiPr the aniodic potential (Epa) increased 0.41 V (vs. NHE) and the cathodic 

potential (Epc) increased 0.32 V (vs. NHE), similar to the above result of 0.37 V for the 

reversible redox potentials. 

 

Figure 6.23. Cyclic Voltammagrams of TpRu(PPh3)(PMe3)Cl (left) and 
[EpRu(PPh3)(PMe3)Cl][OTf] (2) (right).  Left wave in each voltammogram is [Cp2Co][PF6] 
standard referenced to 0.78 V vs. NHE. 

 

 Currently, the electronic impact of L on the Ru metal center for the series of 

TpRu(L)(NCMe)Ph {L = PMe3, P(OCH2)3CEt, P(pyr)3 and CO} has been mapped and, 

coupled with the estimated Tp � Ep electronic perturbation of ~ +0.37 V, can be used to 

predict the electron density of Ru for the series of [EpRu(L)(NCMe)Ph][A-] {L = PMe3, 

P(OCH2)3CEt, P(pyr)3 and CO; A- = non-coordinating anion} complexes (Figure 6.24). 

TpRu(PPh3)(PMe3)Cl [EpRu(PPh3)(PMe3)Cl][OTf] (2) 
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Using this predictor tool, it could be estimated that the [EpRu(L)(NCMe)Ph][A-] complexes 

where L = P(OCH2)3CEt and P(pyr)3 with estimated E1/2 values for the Ru(III/II) redox 

potentials of 0.92 V and 1.19 V respectively, offer the two most likely candidates to mimic 

the electron density of the known active TpRu(CO)(NCMe)Ph olefin hydroarylation 

catalyst.  Considering the steric bulk of the P(pyr)3 ligand was determined to inhibit 

sufficient substrate coordination under ethylene hydrophenylation conditions, the synthesis 

of [EpRu{P(OCH2)3CEt}(NCMe)Ph][A-] was pursued. 

 

Figure 6.24.  The top row of complexes shows the measured E1/2 values for the Ru(III/II) 
redox potentials (vs. NHE) of the TpRu(L)(NCMe)Ph series {L = PMe3, P(OCH2)3CEt, 
P(pyr)3 and CO}, while the bottom row shows the predicted E1/2 values for the analogous 
cationic Ep complexes. 

 

 Refluxing EpRu(PPh3)Cl2 in MeNO2 with one equivalent of P(OCH2)3CEt gives 

[EpRu(PPh3){P(OCH2)3CEt}Cl][Cl] (17) in 97% yield (Scheme 6.13).  Figure 6.25 displays 

the 1H NMR spectrum of 17 with expected C1 symmetry and the phosphite methylene 
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doublet at 4.18 ppm with a 3
JHP of 4.2 Hz along with the respective phosphite ethyl 

resonances at 1.16 ppm and 0.72 ppm. 

 

Scheme 6.13. Synthesis of [EpRu(PPh3){P(OCH2)3CEt}Cl][Cl] (17). 

 

 

Figure 6.25. 1H NMR spectrum of [EpRu(PPh3){P(OCH2)3CEt}Cl][Cl] (17) (DMSO-d6). 

 

Complex 17 exhibits limited solubility in solvents that are less polar than MeNO2 

(e.g., THF) thus limiting efforts toward further alkylation.  However, the addition of one 

equivalent of NaBAr’4 to 17 in THF at room temperature immediately affords full solubility 

of 17.  After stirring overnight, [EpRu(PPh3){P(OCH2)3CEt}Cl][BAr’4] (18) was formed in 

96% yield (Scheme 6.14).  The 1H NMR spectrum of 18 shows retention of the PPh3 and 
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P(OCH2)3CEt resonances, but also shows the emergence of the BAr’4 ortho resonances at 

7.67 ppm (Figure 6.26; the BAr’4 para resonances overlap with those of PPh3), consistent 

with the singlet observed in the 19F{1H} NMR spectrum (Figure 6.28).  The 31P{1H} NMR 

spectrum of 18 shows two doublets with the same 2
JPP coupling of 61 Hz for both the 

phosphite and triphenylphosphine resonances (Figure 6.27). 

 

 

Scheme 6.14. Synthesis of  [EpRu(PPh3){P(OCH2)3CEt}Cl][BAr’4] (18). 

 

 

Figure 6.26. 1H NMR spectrum of [EpRu(PPh3){P(OCH2)3CEt}Cl][BAr’4] (18) (NCMe-
d3). 
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Figure 6.27. 31P{1H} NMR spectrum of [EpRu(PPh3){P(OCH2)3CEt}Cl][BAr’4] (18) 
(NCMe-d3). 

 

Figure 6.28. 19F{1H} NMR spectrum of [EpRu(PPh3){P(OCH2)3CEt}Cl][BAr’4] (18) 
(NCMe-d3). 

 

 Heating 18 in NCMe for extending periods of time up to 120 °C results in the 

formation of multiple complexes, however no free PPh3 is observed by 31P{1H} NMR 

spectroscopy.  Attempted alkylation of 18 with Me2Mg in either Et2O, THF or toluene at 

room temperature, and at reflux, results in no reaction by 1H NMR spectroscopy.  Finally, 

alkylation of Ru could be promoted by replacement of the Cl ligand with a solvent ligand to 

form a dicationic complex.  Heating complex 18 at 100 °C with one equivalent of NaBAr’4 

in THF results in no observed reaction after 16 hours. 
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 As mixed phosphine ligand sets for various cationic Ru complexes have not proved 

to be useful precursors for accessing the previously discussed phosphine based EpRu 

systems, a new approach with a phosphine/CO mixed ligand set was attempted.  Heating 

EpRu(PPh3)Cl2 with one equivalent of NaBAr’4 in MeNO2 under high CO pressure (~175 

psi) affords [EpRu(PPh3)(CO)Cl][BAr’4] (19) in 94% yield (Scheme 6.15).  The 1H NMR 

spectrum of 19 cleanly shows one new C1 symmetric complex with BAr’4 resonances 

(Figure 6.29).  Additionally IR spectroscopy revealed a strong CO absorption at 1997 cm-1.  

Complex 19 is highly soluble in many common organic solvents and Ru phenylation was 

attempted in THF with Ph2Mg.  However, heating up to 80 °C resulted in no observable 

reaction by 1H NMR spectroscopy. 

 

Scheme 6.15. Synthesis of [EpRu(PPh3)(CO)Cl][BAr’4] (19). 
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Figure 6.29. 1H NMR spectrum of [EpRu(PPh3)(CO)Cl][BAr’4] (19) (CDCl3). 

 

 It was found that the PPh3 ligand of 19 could slowly be exchanged with 

P(OCH2)3CEt by heating 19 with five equivalents of P(OCH2)3CEt in CH2Cl2 at 100 °C for 

2 days to form [EpRu{P(OCH2)3CEt}(CO)Cl][BAr’4] (20) in ~ 69% yield (Scheme 6.16).  

IR spectroscopy revealed an approximate 33 cm-1 shift from the υCO absorption of 19 (1997 

cm-1) to 2030 cm-1 for 20, suggestive that 20 might be more electron deficient than 19.  The 

1H NMR spectrum of 20 reveals a new complex with phosphite resonances at 4.39 ppm, 

2.98 ppm and 0.85 ppm (Figure 6.30).  However, the recovered solid contains free PPh3, 

P(OCH2)3CEt and a few unknown impurities.  Attempts to use solubility and washes over 

silica were unsuccessful at removing these impurities. 
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Scheme 6.16. Synthesis of [EpRu{P(OCH2)3CEt}(CO)Cl][BAr’4] (20). 

 

Figure 6.30. 1H NMR spectrum of [EpRu{P(OCH2)3CEt}(CO)Cl][BAr’4] (20) (CDCl3). 

  

Efforts to alkylate impure 20 were met with inconclusive results.  Whereas heating 

20 with Ph2Mg in THF up to 80 °C results in no reaction, a room temperature reaction with 

Me2Mg in THF gave decomposition to NMR silent products (1H NMR).  Similarly, the 

reaction of 20 with PhLi at room temperature gives in an immediate color change, but 1H 

NMR spectroscopy revealed complete decomposition.  Considering these mixed results, the 

fact that the reaction of [EpRu(CO)2Cl][BAr’4] (9) with Ph2Mg was successful and that 
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P(OCH2)3CEt is similar to CO in terms of sterics and π-acidity, it is plausible to suggest that 

the metathesis of the Cl ligand of 20 with a hydrocarbyl group is potentially accessible via 

similar types of methodologies and thus deserves further attention.  Finally, efforts to 

replace the Cl ligand of 20 with a more labile OTf ligand using AgOTf resulted in no 

reaction, and extended heating only aided in the slow decomposition of complex 20 (1H 

NMR). 

6.2.4 Tetra(pyrazolyl)methane: Improving the Solubility of Ep 

One of the issues encountered in preparing both MpRu and EpRu complexes is that 

these complexes often exhibit poor solubility.  Replacing the hydrogen of Mp or Me of Ep 

with a more polar functional group, such as pyrazolyl, could help improve solubility.  The 

ligand C(pz)4 (pz = pyrazolyl) has been previously reported,17 but little utilized for metal 

complexation.  In fact, a search of the literature reveals only 14 known metal complexes 

bearing the C(pz)4 ligand, and these are all Mo(II), Pt(IV) and Pd(II) complexes.  With 

intentions to improve the solubility of the EpRu(L)Cl2 family of complexes, chemistry with 

C(pz)4 was explored. 

It was found that if NCS (N-chlorosuccinimide) was added to the putative 

[Li][C(pz)3] ion pair, formed from the treatment of Mp with MeLi, the C(pz)4 molecule was 

formed in ~45% yield (Scheme 6.17).  The 1H NMR spectrum of 21 (Figure 6.31) shows 

predominant formation of a new molecule bearing only pyrazolyl resonances and the 

presence of an impurity in 20% abundance.  The published preparation of C(pz)4 occurs by 

addition of pyrazoles to CCl4 to give a 20% isolated yield.17  Accounting for the % yield to 
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produce Mp, the synthesis of C(pz)4 herein results in an overall yield of ~40%; however, as 

noted, this product is not pure. 

 

Scheme 6.17. Synthesis of C(pz)4 (21). 

 

 

Figure 6.31. 1H NMR spectrum of C(pz)4 (21). 

 

 Refluxing Ru(PPh3)3Cl218 with C(pz)4 forms {κ3-C(pz)4}Ru(PPh3)Cl2 (22) in 97% 

isolated yield (Scheme 6.18).  Despite the large amount of impurity in the starting C(pz)4 

material, this procedure affords 22 with only one minor impurity.  The 1H NMR spectrum 

(Figure 6.32) of 22 shows a new complex with Cs symmetry for the κ3-coordinated arms and 

three pyrazolyl resonances consistent with an uncoordinated pyrazolyl fragment.  The 

resonances of the uncoordinated pyrazolyl each have a 3
JHH < 1 Hz, as opposed to the 

coordinated pyrazolyl arms each with a 3JHH ~ 2 Hz.  Most importantly, 22 is readily soluble 
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in several organic solvents (e.g., THF and CHCl3) due to the free pyrazolyl arm.  On the 

contrary, EpRu(PPh3)Cl2 has poor solubility in  less polar organic solvents, requiring DMF, 

DMSO or MeNO2 for solvation.  This can be problematic as these solvents are often 

incompatible with alkylating agents reagents (e.g., RMgX). 

 

Figure 6.32. 1H NMR spectrum of {κ3-C(pz)4}Ru(PPh3)Cl2 (22); contains some free PPh3 
(CDCl3). 

 

Scheme 6.18. Synthesis of {κ3-C(pz)4}Ru(PPh3)Cl2 (22). 

 

 Heating 22 with excess PMe3 affords {κ2-C(pz)4}Ru(PMe3)2Cl2 (23) in 72% isolated 

yield (Scheme 6.19).  1H (Figure 6.33) and 13C{1H} NMR spectroscopic analyses of 23 are 

both consistent with a C2v symmetric complex showing 6 unique C(pz)4 resonances and a 
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single virtual triplet for the two PMe3 ligands.  As with 22, complex 23 also possesses 

favorable solubility in low to moderately polar solvents.  A single crystal X-ray diffraction 

study of 23 confirmed the structural assignment.  Figure 6.34 shows an ORTEP drawing of 

23 which has pseudo-octahedral geometry.  The chlorine atoms are arranged in a cis-

geometry and the PMe3 ligands in a trans-geometry, while the central carbon of the C(pz)4 

ligand has a fairly symmetric tetrahedral geometry.  Interestingly, the 6-membered CN4Ru 

ring arranges in a pseudo-chair formation, yet the N-Ru-N bond angle maintains near 

octahedral arrangement at 89.59(9)°. 

 

Scheme 6.19. Synthesis of {κ2-C(pz)4}Ru(PMe3)2Cl2 (23). 

 

Figure 6.33. 1H NMR spectrum of {κ2-C(pz)4}Ru(PMe3)2Cl2 (23) (CDCl3). 
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Figure 6.34.  ORTEP of {κ2-C(pz)4}Ru(PMe3)2Cl2 (23) (30% probability with hydrogen 
atoms omitted). Selected bond lengths (Å): Ru1-P1, 2.349(1); Ru1-P2, 2.344(1); Ru1-Cl1, 
2.434(1); Ru1-Cl2, 2.436(1); Ru1-N1, 2.058(3); Ru1-N3, 2.066(2); Ru1-N5, 2.095(3); N2-
C13, 1.453(3); N4-C13, 1.452(4); N5-C13, 1.454(4); N7-C13, 1.445(4); Selected bond 
angles (º): Cl1-Ru1-Cl2, 90.12(5); N1-Ru1-P2, 95.52(8); N3-Ru1-P2, 95.59(8); N1-Ru1-P1, 
88.92(8); N3-Ru1-P1, 90.13(8); N1-Ru1-N3, 89.59(9). 

 

 Attempts to alkylate 23 with Me2Mg via Cl/Me metathesis resulted in no observed 

reaction, even in refluxing THF after 8 hours.  However, removal of the Cl atom of 23 with 

treatment of NaBAr’4 in CH2Cl2 at 100 °C results in complete conversion to [{κ3-

C(pz)4}Ru(PMe3)2Cl][BAr’4] (24) in 94% isolated yield (Scheme 6.20).  The 1H NMR 

spectrum of 24 (Figure 6.35) shows a Cs symmetric complex with a total of 9 Ep resonances 

and the retention of the virtual triplet for the PMe3 ligands.  Conversion of 23 to 24 requires 

a rearrangement of the PMe3 ligands from a trans to a cis configuration.  Consistent with 

this, the width of the virtual triplet was observed to increase from N = 6.3 Hz for 23 to N = 

8.7 Hz for 24.  Similarly, the previously reported complex TpRu(PMe3)2Cl, with the PMe3 

ligands orientated in a cis configuration, has a N = 10 Hz in the 1H NMR spectrum.19  
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Additionally a single crystal X-ray Diffraction study of 24 confirmed connectivity of the Ru 

cation, unfortunately the CF3 groups of the BAr’4 anion possessed too much disorder, 

obviating full refinement.  The unrefined structure of 24 is shown in Figure 6.36. 

 

Scheme 6.20. Synthesis of [{κ3-C(pz)4}Ru(PMe3)2Cl][BAr’4] (24). 

 

 

Figure 6.35. 1H NMR spectrum of [{κ3-C(pz)4}Ru(PMe3)2Cl][BAr’4] (24) (CDCl3). 
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Figure 6.36. Ball and stick figure of [{κ3-C(pz)4}Ru(PMe3)2Cl][BAr’4] (24) unrefined 
structure (BAr’4 anion omitted for clarity). 

 

 Reaction of 24 with Ph2Mg gave no observed reaction by 1H NMR spectroscopy 

after extended reflux in THF or toluene.  Alternatively, reaction of 24 with Me2Mg resulted 

in complete decomposition to NMR silent materials at room temperature.  Refluxing 24 with 

AgOTf gave quantitative conversion to a new complex, expected to be [{κ3-

C(pz)4}Ru(PMe3)2OTf][BAr’4], and the formation of a precipitate.  Following filtration to 

remove the precipitate, the 19F{1H} NMR spectrum showed two resonances at -64.9 ppm 

and -81.2 ppm consistent with BAr’4 and OTf, respectively.  The 1H NMR spectrum 

revealed that all the resonances had shifted relative to 24, but only slightly (< 0.4 ppm).  

Previous successful Cl/OTf metathesis reactions with TpRu complexes have shown drastic 

changes in the chemical shifts of Tp resonances.3, 4  Whereas unsuccessful Cl/OTf 

metathesis reactions with TpRu complexes (not reported) only show minor chemical shift 

changes in the 1H NMR spectra and sometime partial recovery of the RuCl starting material.  

In these cases, AgOTf has been suspected to coordinate to Ru-Cl to form a Ru-Cl-AgOTf 

adduct and cause minor deviations in the shifts of resonances, but not actually promote the 
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Cl/OTf metathesis.  Similarily, it is unclear if the reaction of 24 and AgOTf forms [{κ3-

C(pz)4}Ru(PMe3)2OTf][BAr’4] or [{κ3-C(pz)4}Ru(PMe3)2(Cl-AgOTf)][BAr’4].  The 

reaction of the potential [{κ3-C(pz)4}Ru(PMe3)2OTf][BAr’4] complex with Me2Mg at room 

temperature resulted in an overall decrease in the amount of complex present by 1H NMR 

spectroscopy and the emergence of a small amount of complex 24, an outcome consistent 

with the formation of [{κ3-C(pz)4}Ru(PMe3)2(Cl-AgOTf)][BAr’4] due to incomplete Cl/OTf 

metathesis (Scheme 6.21). 

 

Scheme 6.21. Suspected outcome of the reaction between [κ3-C(pz)4Ru(PMe3)2Cl][BAr’4] 
(24) and AgOTf and then subsequent treatment with Me2Mg. 

 

6.3 Conclusions 

The research discussed herein addresses some of the synthetic challenges for cationic 

tripodal Ru(L)(L’)R complexes.  The transition from Mp based to Ep based complexes did 

not enhance solubility of the complexes to any significant extent but did effectively 

eliminated the concern for adverse reactivity that could result with the acidic character of the 

Mp apical hydrogen.  Conversion of Ep neutral complexes to cationic complexes with the 

use of AgOTf, NaBAr’4 and NaBPh4 served to greatly improve solubility in common, low-
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polarity solvents.  Replacement of either a PPh3 or COD ligand with CO served as an 

important entry point to new precursors and active catalysts.  Finally, where replacement of 

the Mp H with Me to form Ep failed to improve solubility, replacement with pyrazole 

greatly improved solubility for neutral Ru complexes. 

This work also presents the first examples of octahedral Ru(II) complexes (11 and 

16) that are more electron deficient than TpRu(CO)(NCMe)Ph.  The irreversibility of the 

strongly positive oxidative potential for 11 negated a direct comparison of it to the reversible 

redox potentials of TpRu(L)(NCMe)Ph {L = CO, P(pyr)3, P(OCH2)3CEt and PMe3}.  

However, it is suspected that significant electron deficiencies of 11 and 16 are responsible 

for the diminished olefin hydroarylation catalytic activity.  It is unclear at this point whether 

the electron deficient metal center has a greater impact on the rate of NCMe dissociation, C-

H activation or another step in the olefin hydroarylation mechanism.  Investigation of this 

mechanism could enhance our overall understanding of the olefin hydroarylation mechanism 

investigated in Chapters 2 through 4.  Nonetheless, the data herein suggests that a successful 

cationic tripodal Ru(L)(L’)R complex will have a Ru(III/II) redox potential near 1 V.  With 

the current understanding of these systems and their known ligand effects, 

[EpRu{P(OCH2)3CEt}(NCMe)Ph][A-] will likely have the appropriate steric and electronic 

environment to make it a viable olefin hydroarylation catalyst. 

6.4 Experimental Section 

General Methods. Unless otherwise noted, all synthetic procedures were performed 

under anaerobic conditions in a nitrogen-filled glovebox or by using standard Schlenk 
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techniques. Glovebox purity was maintained by periodic nitrogen purges and was monitored 

by an oxygen analyzer {O2 < 15 ppm for all reactions}.  Benzene, toluene and 

tetrahydrofuran (stored over 4Å molecular sieves) were dried by distillation from 

sodium/benzophenone.  Pentane was distilled over sodium.  DMSO, DMF, MeNO2, CHCl3, 

acetonitrile and methanol were dried by distillation from CaH2.  DCM and Hexanes were 

purified by passage through a column of activated alumina.  Acetone-d6, benzene-d6, 

DMSO-d6, and chloroform-d1 were degassed with three freeze-pump-thaw cycles and stored 

under a dinitrogen atmosphere over 4 Å molecular sieves.  1H and 13C NMR spectra were 

recorded on a Varian Mercury 300 or 400 MHz spectrometer.  All 1H and 13C NMR spectra 

were referenced against residual proton signals (1H NMR) or the 13C resonances of the 

deuterated solvent (13C NMR). 19F NMR spectra were obtained on a Varian 300 MHz 

spectrometer and referenced against an external standard of hexafluorobenzene (δ = -164.9 

ppm).  31P NMR spectra were obtained on a Varian 300 or 400 MHz spectrometer and 

referenced against an external standard of H3PO4 (δ = 0). Resonances due to the Tp, Ep and 

C(pz)4 ligands are listed by chemical shift and multiplicity only (all coupling constants for 

the these ligands are approximately 2 - 3 Hz). All IR spectra were acquired using a Mattson 

Genesis II FTIR as thin films on KBr plates or as solutions.  Electrochemical experiments 

were performed under a nitrogen atmosphere using a BAS Epsilon Potentiostat. Cyclic 

voltammograms were recorded in CH3CN using a standard three electrode cell from -2.00 to 

+2.00 V with a glassy carbon working electrode and tetrabutylammonium 

hexafluorophosphate as electrolyte. Tetrabutylammonium hexafluorophosphate was dried 
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under dynamic vacuum at 110 °C for 48 h prior to use. All potentials are reported versus 

NHE (normal hydrogen electrode) using cobaltocenium hexafluorophosphate as the internal 

standard.  GC-MS was performed using a HP GCD system with a 30 m x 0.25 mm HP-5 

column with 0.25 mm film thickness.  Ethylene (99.5%) was used as received from MWSC 

High-Purity Gases.  EpRu(PMe3)Cl2,
1

 Ru(COD)(NCMe)2Cl2,2 Ep,20 Me2Mg,21 

Ph2Mg[THF]2,21 NaBAr’4
22 and P(OCH2)3CEt23 were prepared according to published 

procedures.  All other reagents were used as purchased from commercial sources.   

[EpRu(PPh3)(Solvent)Cl][OTf] (1).  EpRu(PPh3)Cl2 (0.072 g, 0.109 mmol) was 

refluxed in MeNO2 until the complex was fully dissolved and then let cool to room 

temperature.  Under low light conditions, AgOTf (0.030 g, 0.115 mmol) was added to the 

reaction flask, covered in foil and let stir overnight at room temperature.  After ~20 hours 

white precipitate was observed to form.  The reaction was filtered through a bed of Celite on 

a frit, the yellow filtrate collected and the filtrate reduced to dryness.  The yellow residue 

was reconstituted to a slurry in THF and then hexanes were added to aid precipitation.  The 

yellow solid was collected over a fine porosity frit, washed with hexanes and then dried in 

vacuo (0.074 g, ~87%).  1H NMR (DMSO-d6, δ):  8.72, 8.20, 6.96, 6.85 (each 1H, each a d, 

Ep 3 or 5 positions), 8.63 (2H, overlapping resonances, Ep 3 or 5 positions), 7.49 – 7.23 {15 

H, overlapping resonances, P(C6H5)3},  6.73, 6.42, 6.24 (each 1H, each a m, Tp 4 positions), 

3.45 (3H, s, Ep methyl), 2.75 (2H, dq, 3
JHH = 7.8 Hz, J = 3.0 Hz, unknown “solvent” 

resonance), 1.02 (3H, t, 3
JHH = 7.5 Hz, unknown “solvent” resonance).  19F{1H} NMR 

(DMSO-d6, δ): -76.0 (CF3).  31P{1H} NMR (DMSO-d6, δ): 48.3 (PPh3). 
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[EpRu(PPh3)(PMe3)Cl][OTf] (2).  [EpRu(PPh3)(Solvent)Cl][OTf] (1) (0.473 g, 0.557 

mmol) and PMe3 (0.104 mL, 1.170 mmol) was heated at 80 °C in DCM in a pressure tube 

for 18 hours.  Reduced solvent to ~1 mL and added ~ 25 mL THF to precipitate a solid.  

Collected beige solid over a fine porosity frit, washed with copious THF and then pentane 

and dried in vacuo (0.153 g, 38%).  1H NMR (DMSO-d6, δ):  8.23 (1H, d, Ep 3 or 5 

position), 8.61, 6.67 (6H, overlapping resonances, Ep 3 or 5 positions), 7.61 – 7.37 {15 H, 

overlapping resonances, P(C6H5)3},  6.32, 6.07, 5.85 (each 1H, each a m, Tp 4 positions), 

3.32 (3H, s, Ep methyl), 1.13 {9H, d, 2JHP = 9.0 Hz, P(CH3)3}.  19F{1H} NMR (DMSO-d6, δ): 

-75.6 (CF3).  31P{1H} NMR (DMSO-d6, δ): 47.8 (d, 2
JPP = 36 Hz, PPh3), 11.2 (d, 2

JPP = 36 

Hz, PMe3).  CV (CH3CN, TBAH, 100mV/s): E1/2 = 1.13 V {Ru(III/II), reversible}. 

[EpRu(DMSO)(PMe3)Cl][OTf] (3).  [EpRu(PPh3)(PMe3)Cl][OTf] (2).  (0.165 g, 0.194 

mmol) was heated at 120 °C in DMSO in a pressure tube for 20 hours.  DMSO was removed 

in vacuo with heating and the white residue reconstituted in ~10 mL THF.  Approximately 

20 mL hexanes was added to the mixture and the resultant solid was then quickly collected 

over fine porosity frit.  The white solid was washed with hexanes and dried in vacuo (0.094 

g, ~80%).  1H NMR (DMSO-d6, δ):  8.82, 8.70, 8.65, 8.23, 8.17, 8.12 (each 1H, each a d, Ep 

3 or 5 positions), 6.72 (1H, m, Tp 4 position), 6.67 (2H, overlapping resonances, Tp 4 

positions), 3.45 (3H, s, Ep methyl), 2.64, 2.54 {each 3H, each a s, O=S(CH3)2},1.42 {9H, d, 

2
JHP = 10.0 Hz, P(CH3)3}.  19F{1H} NMR (DMSO-d6, δ): -76.0 (CF3).  31P{1H} NMR 

(DMSO-d6, δ): 12.5 (PMe3). 
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[Ru(COD)(NCMe)3Cl][BAr’4] (5).  Refluxing Ru(COD)(NCMe)2Cl2 (0.134 g, 0.367 

mmol) NaBAr’4 (0.332 g, 0.374 mmol) in NCMe for 5 hours.  Once the reaction had cooled 

to room temperature, it was filtered through a bed of Celite on a medium porosity frit.  The 

filtrate was dried in vacuo, reconstituted in Et2O and then dried in vacuo again (0.434 g, 

99%).  1H NMR (CDCl3, δ):  7.70 (8H, m, ortho BAr’4), 7.55 (4H, s, para BAr’4), 4.59, 4.25 

(each 2H, each m, olefinic Hs of COD), 2.65 (6H, s, 2 NCMe), 2.37 (4H, m, methylene Hs 

of COD), 2.21 (3H, s, NCMe), 2.07 (4H, m, methylene Hs of COD). 

[EpRu(COD)Cl][BAr’4] (6).  [Ru(COD)(NCMe)3Cl][BAr’4] (5) (0.434 g, 0.365 mmol) 

and Ep (0.083 g, 0.366 mmol) were heated in THF in a glass pressure tube at 80 °C for 6 

hours.  The reaction was reduced to ~2 mL and ~5 mL C6H6 was added and then the mixture 

was washed over ~1” of silica on a medium porosity frit.  The silica bed was washed with 

~40 mL C6H6, the elutant discarded and then the product eluted with THF.  The filtrate was 

dried in vacuo, reconstituted in Et2O and dried in vacuo again (0.318 g, 67%).  1H NMR 

(CDCl3, δ):  8.35 (2H, m, overlapping resonances, Ep 3 and 5 positions), 7.80 (4H, m, 

overlapping resonances, Ep 3 and 5 positions), 7.70 (8H, m, ortho BAr’4), 7.52 (4H, s, para 

BAr’4), 6.53 (2H, t, Ep 4 positions), 6.38 (1H, t, Ep 4 position), 4.97, 4.17 (each 2H, each m, 

olefinic Hs of COD), 3.00 (3H, s, Ep methyl), 2.98 – 2.31 (8H, complicated multiplets, 

methylene Hs of COD). 

[EpRu(COD)Me][BAr’4] (7).  [EpRu(COD)Cl][BAr’4] (6) (0.165 g, 0.127 mmol) and 

The frit was washed with Et2O, the elutant discarded and the product eluted with THF.  The 

filtrate was dried in vacuo, reconstituted in Et2O and dried in vacuo again (0.149 g, 92%).  
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1H NMR (CDCl3, δ):  8.56, 7.76 (each 1H, each a d, Ep 3 or 5 positions), 7.71 (8H, m, ortho 

BAr’4), 7.52 (4H, s, para BAr’4), 7.67, 7.41 (each 2H, each a d, Ep 3 or 5 positions), 6.53 

(1H, t, Ep 4 position), 6.39 (2H, t, Ep 4 positions), 3.46, 3.32 (each 2H, each m, olefinic Hs 

of COD), 2.95 (3H, s, Ep methyl), 2.63, 2.08 (each 4H, each a m, methylene Hs of COD), 

1.53 (3H, s, Ru-CH3).  13C NMR (CDCl3, δ):  162.9 (1:1:1:1 q, 1
JCB = 49 Hz, ipso BAr’4), 

146.6, 143.7, 130.6, 129.7 (Ep 3 or 5 positions), 135.0 (meta BAr’4),  129.2 (q, 1JCF = 32 Hz, 

CF3 BAr’4), 126.5 (ortho BAr’4), 122.9 (para BAr’4), 109.1, 109.0 (Ep 4 positions), 85.1, 

77.5 (olefinic Cs of COD), 82.8 {(pyrazolyl3)CMe}, 29.8, 29.5 (methylene Cs of COD), 

23.2 (Ep methyl), 14.2 (Ru-CH3). 

[(κ2-N,N-Ep)Ru(PMe3)3Me][BAr’4] (8).  [EpRu(COD)Me][BAr’4] (7) (0.050 g, 0.039 

mmol) and PMe3 (0.018 mL, 0.195) in 15 mL of toluene were heated at 100 °C for 24 hours.  

The reaction was dried in vacuo, the residue reconstituted in Et2O and the mixture added to a 

layer (~1/2”) of silica on a medium porosity frit.  The frit was washed with benzene, the 

elutant discarded and the product eluted with THF.  The filtrate was dried in vacuo, 

reconstituted in Et2O and dried in vacuo again (0.022 g, 41%).  1H NMR (CDCl3, δ):  7.98, 

7.59 (each 2H, each a d, Ep 3 or 5 positions of coordinated pyrazolyls), 7.69 (>8H, m, ortho 

BAr’4; presumably a 3 or 5 position is overlapping), 7.52 (4H, s, para BAr’4), 7.41 (1H, d, 

Ep 3 or 5 position of uncoordinated pyrazolyl; the other 3 or 5 position is presumably 

overlapping with ortho BAr’4 resonance), 6.36 (2H, t, Ep 4 positions of coordinated 

pyrazolyls), 6.32 (1H, m, Ep 4 position of uncoordinated pyrazolyl), 3.29 (3H, s, Ep methyl), 

1.33 {18H, vt, N = 8.4 Hz, cis-P{CH3}3 groups}, 1.11 {9H, d, 2
JPH = 6 Hz, trans-P(CH3)3}, 



 373 

(The Ru-CH3 resonance could not be located and is presumed to overlap with the PMe3 

resonances).  31P{1H} NMR (CDCl3, δ): 8.0 (d, 2JPP = 22 Hz, cis-PMe3 groups), -18.4 (t, 2JPP 

= 22 Hz, trans-PMe3). 

[EpRu(CO)2Cl][BAr’4] (9).  [EpRu(COD)Cl][BAr’4] (6) (0.139 g, 0.107 mmol) was 

dissolved in ~9 mL THF and added to a high pressure steel reactor.  The reactor was 

connected to a high pressure line, gently purged with CO and then pressurized to ~175 psi 

with CO.  After heating at 80 °C for 8 hours, the reaction was dried in vacuo, reconstituted 

in Et2O and dried in vacuo again (0.129 g, 97%).  IR (solution cell DCM): υCO = 2093 cm-1 

and 2041 cm-1.  1H NMR (CDCl3, δ):  8.26, 7.77 (each 1H, each a d, Ep 3 or 5 positions), 

7.79, 7.62 (each 2H, each a d, Ep 3 or 5 positions), 7.69 (8H, m, ortho BAr’4), 7.52 (4H, s, 

para BAr’4), 6.24 (2H, t, Ep 4 positions), 6.33 (1H, t, Ep 4 position), 2.94 (3H, s, Ep 

methyl). 

[EpRu(CO)2Ph][BAr’4] (10).   [EpRu(CO)2Cl][BAr’4] (9) (0.068 g, 0.055 mmol) and 

Ph2Mg(THF)2 (0.020 g, 0.060 mmol) were refluxed in ~20 mL C6H6 with 0.5 mL THF (for 

solubility).  After 1.5 hours, reaction was dried to a solid in vacuo and reconstituted in ~2 

mL Et2O.  Approximately 8 mL of hexanes was added to form a cloudy mixture which was 

then filtered over a bed of packed Celite on a medium porosity frit.  The product was eluted 

with Et2O and then dried in vacuo (0.061 g, < 80%; product contains impurities).  IR 

(solution cell, CDCl3): υCO = 2065 cm-1 and 2007 cm-1.  1H NMR (CDCl3, δ):  7.96 (1H, d, 

Ep 3 or 5 position), 7.70 (ortho BAr’4 presumably overlapping with Ep 3 or 5 positions), 
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7.51 (para BAr’4), 7.04 (3H, m, phenyl), 6.75 (2H, m, phenyl), 6.49 (2H, t, Ep 4 positions), 

6.44 (1H, t, Ep 4 position), 2.92 (3H, s, Ep methyl). 

[EpRu(CO)(NCMe)Ph][BAr’4] (11).  [EpRu(CO)2(Ph)][BAr’4] (10) (0.107 g, 0.081 

mmol) and Me3NO (0.006 g, 0.081 mmol) were stirred in ~10 mL NCMe overnight.  After, 

the reaction was dried to a solid in vacuo, reconstituted in ~2 mL Et2O and washed over a 

plug of silica (1/2”) on a medium porosity frit.  The silica was washed with Et2O, the elutant 

discarded and the product eluted with THF.  The solution was dried in vacuo, reconstituted 

in Et2O and dried in vacuo again (0.047 g, 43%).  IR (solution cell, Et2O): υCO = 1975 cm-1.  

1H NMR (CDCl3, δ):  7.96, 7.83, 7.73, 7.56, 7.47 (each 1H, each a d, Ep 3 or 5 positions), 

7.70 (ortho BAr’4 presumably overlapping with a Ep 3 or 5 position), 7.52 (para BAr’4), 

7.01 (3H, m, phenyl), 6.87 (2H, m, phenyl), 6.44, 6.41, 6.36 (each 1H, each a t, Ep 4 

positions), 3.03 (3H, s, Ep methyl), 2.39 (3H, s, NCCH3).  CV (CH3CN, TBAH, 1 V/s): Eox 

= 1.65 V {Ru(III/II), irreversible}. 

[Ru(COD)(NCMe)3Cl][BPh4] (12).  Refluxing Ru(COD)(NCMe)2Cl2 (0.145 g, 0.397 

mmol) NaBPh4 (0.332 g, 0.374 mmol) in NCMe for 9 hours.  Once the reaction had cooled 

to room temperature, it was filtered through a bed of Celite on a medium porosity frit.  Some 

solid persisted on the baseline of the Celite bed and was discarded.  The filtrate was dried in 

vacuo, reconstituted in THF/DCM mixture (~1:1) and then dried in vacuo again (0.239 g, 

87%).  1H NMR (CDCl3, δ):  7.48 (8H, m, ortho BPh4), 7.06 (8H, m, meta BPh4), 6.89 (4H, 

s, para BPh4), 4.46, 4.27 (each 2H, each m, olefinic Hs of COD), 2.36 (4H, m, methylene 

Hs of COD), 2.05 (4H, m, methylene Hs of COD), 1.94 (6H, s, 2 NCMe),1.49 or 1.42 (3H, 



 375 

s, NCMe; there is an extra singlet present and it is unclear which one is associated with 

complex 12).  NOTE: 1H NMR spectrum contains excess free NCMe. 

[EpRu(COD)Cl][BPh4] (13).  [Ru(COD)(NCMe)3Cl][BPh4] (12) (0.534 g, 0.775 

mmol) and Ep (0.179 g, 0.783 mmol) were heated in THF (~30 mL) in a glass pressure tube 

at 80 °C for 10 hours.  The heterogenous reaction mixture was cooled to room temperature 

and filtered over a bed of Celite on a medium porosity frit.  The filtrate was reduced in 

vacuo (~5 mL) and a yellow was precipitated upon the addition of Et2O (~20 mL).  The 

solid was collected over a frit, washed with Et2O and dried in vacuo (0.463 g, 75%).  1H 

NMR (CDCl3, δ):  8.17, 7.31 (each 1H, each a d, Ep 3 and 5 positions), 7.63, 7.36 (each 2H, 

each a d, Ep 3 and 5 positions), 7.57 (8H, m, ortho BPh4), 7.04 (8H, m, meta BPh4), 6.86 

(4H, s, para BPh4), 6.37 (3H, m, overlapping resonances, Ep 4 positions), 4.87, 4.08 (each 

2H, each m, olefinic Hs of COD), 2.90, 2.59, 2.44, 2.28 (each 2H, each a m, methylene Hs 

of COD), 1.55 (3H, s, Ep methyl).  13C NMR (acetone-d6, δ): 165.0 (1:1:1:1 q, 1
JCB = 49 Hz, 

ipso BPh4), 150.3, 147.1, 136.2, 133,2 (Ep 3 or 5 positions), 137.1 (meta BPh4),  126.1 

(1:1:1:1 q, 1
JCB = 3 Hz, ortho BPh4), 122.3 (para BPh’4), 109.6, 109.0 (Ep 4 positions), 

97.4, 90.15 (olefinic Cs of COD), 84.8 {(pyrazolyl3)CMe}, 30.3, 30.2 (methylene Cs of 

COD), 22.8 (Ep methyl). 

[EpRu(CO)2Cl][BPh4] (14).  [EpRu(COD)Cl][BPh4] (13) (0.174 g, 0.219 mmol) was 

dissolved in ~9 mL THF and added to a high pressure steel reactor.  The reactor was 

connected to a high pressure line, gently purged with CO and then pressurized to ~175 psi 

with CO.  After heating at 80 °C for 22 hours, the reaction was reduced in vacuo to ~2 mL 
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and light orange solid was precipitated with Et2O.  The solid was collected over a fine 

porosity frit, washed with Et2O and then dried in vacuo (0.121 g, 75%).  IR (solution cell, 

acetone-d6): υCO = 2086 cm-1 and 2038 cm-1.  1H NMR (acetone-d6, δ):  8.78, 8.60 (each 1H, 

each a d, Ep 3 or 5 positions), 8.76, 8.40 (each 2H, each a d, Ep 3 or 5 positions), 7.34 (8H, 

m, ortho BPh4), 6.92 (8H, m, meta BPh4), 6.77 (4H, s, para BPh4), 6.82, 6.81 (overlapping 

resonances with para BPh4, Ep 4 positions), 3.78 (3H, s, Ep methyl).  13C NMR (acetone-d6, 

δ): 194.0, (CO), 165.0 (1:1:1:1 q, 1JCB = 50 Hz, ipso BPh4), 150.8, 147.7, 135.4, 134.7 (Ep 3 

or 5 positions), 137.1 (meta BPh4),  126.1 (1:1:1:1 q, 1
JCB = 3 Hz, ortho BPh4), 122.3 (para 

BPh’4), 109.9, 109.5 (Ep 4 positions), 85.9 {(pyrazolyl3)CMe}, 21.5 (Ep methyl). 

[EpRu(CO)2Ph][BPh4] (15).  [EpRu(CO)2Cl][BPh4] (14) (0.158 g, 0.212 mmol) and 

Ph2Mg(THF)2 (0.076 g, 0.234 mmol) were refluxed ~20 mL THF.  After 7 hours, the 

reaction mixture was reduced to ~2 mL in vacuo and  ~10 mL Et2O was added forming a 

precipitate.  The mixture was added over a bed of Celite on a medium porosity frit and 

washed with 1:1 Et2O and DCM mixture.  The filtrate was reduced in vacuo and a solid 

precipitated with the addition of ~15 mL Et2O.  The solid was collected over a fine porosity 

frit, washed with Et2O and then dried in vacuo (0.110 g, 66%).  IR (solution cell, DCM): υCO 

= 2061 cm-1 and 2001 cm-1.  1H NMR (acetone-d6, δ):  8.65, 7.82 (each 2H, each a d, Ep 3 or 

5 positions), 8.60, 8.53 (each 1H, each a d, Ep 3 or 5 positions), 7.36 (8H, m, ortho BPh4), 

6.92 (8H, m, meta BPh4), 6.77 (4H, s, para BPh4), 6.98 (overlapping resonances with ortho 

BPh4, phenyl positions), 6.69 (1H, t, Ep 4 position), 6.67 (2H, t, Ep 4 positions), 3.67 (3H, s, 

Ep methyl).  13C NMR (acetone-d6, δ): 190.0, (CO), 165.0 (1:1:1:1 q, 1
JCB = 49 Hz, ipso 
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BPh4), 150.9, 148.4, 134.4, 133.8 (Ep 3 or 5 positions), 148.6, 141.8, 128.4, 124.5 (phenyl), 

137.1 (meta BPh4),  126.1 (1:1:1:1 q, 1
JCB = 3 Hz, ortho BPh4), 122.4 (para BPh’4), 109.3, 

109.2 (Ep 4 positions), 85.8 {(pyrazolyl3)CMe}, 22.3 (Ep methyl). 

 [EpRu(CO)(NCMe)Ph][BPh4] (16).  [EpRu(CO)2(Ph)][BPh4] (15) (0.019 g, 0.024 

mmol) and Me3NO (0.002 g, 0.025 mmol) were stirred in ~10 mL NCMe.  After 4 hours, 

the reaction was dried to a solid in vacuo, reconstituted in ~2 mL THF and washed over a 

layer of silica (1/8”) on Celite (3/8”) in a medium porosity frit.  The Celite/silica was 

washed with THF, the elutant discarded and the product eluted with THF.  The solution was 

dried in vacuo to give a light yellow solid (0.015 g, 80%).  1H NMR (CDCl3, δ):  7.80, 7.42, 

7.39, 7.30 (each 1H, each a d, Ep 3 or 5 positions), 7.59 (8H, ortho BPh4), 7.40 (2H, m, Ep 2 

or 5 positions), 7.03 (8H, m, meta BPh4), 6.97 (m, phenyl), 6.87 (4H, s, para BPh4), 6.81 (m, 

phenyl), 6.33 (1H, m, Ep 4 position), 6.27 (2H, m, Ep 4 positions), 1.98 (3H, s, NCCH3), 

1.65 (3H, s, Ep methyl). 

[EpRu(PPh3){P(OCH2)3CEt}Cl][Cl] (17).  EpRu(PPh3)Cl2 (0.197 g, 0.297 mmol) and 

P(OCH2)3CEt (0.051 g, 0.311 mmol) were refluxed in MeNO2 for 1.5 hours.  The solvent 

was removed in vacuo and the residue reconstituted to a slurry in ~10 mL THF.  Hexanes 

were added to fully aid in precipitation, the resultant yellow solid was collected over a fine 

porosity frit, washed pentane and dried in vacuo (0.238 g, 97%).  1H NMR (DMSO-d6, δ):  

8.68, 8.62, 8.53, 8.15, 6.82, 6.51 (each 1H, each d, Ep 3 or 5 positions), 7.45 – 7.23 {15 H, 

overlapping resonances, P(C6H5)3},  6.60, (1H, m, Tp 4 position), 6.27 (2H, overlapping 

resonances, Tp 4 positions), 4.18 {6H, d, 3
JHP = 4.2 Hz, P(OCH2)3CEt}, 3.42 (3H, s, Ep 
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methyl), 1.16 {2H, q, 3
JHH = 7.8 Hz, P(OCH2)3CCH2CH3}, 0.72 {3H, t, 3

JHH = 7.7 Hz, 

P(OCH2)3CCH2CH3}. 

[EpRu(PPh3){P(OCH2)3CEt}Cl][BAr’4] (18).  [EpRu(PPh3){P(OCH2)3CEt}Cl][Cl] 

(17) (0.132 g, 0.160 mmol) and NaBAr’4 (0.143 g, 0.162 mmol) were stirred in THF 

overnight.  Removed solvent in vacuo, reconstituted in minimal Et2O, dried to solid and then 

repeated.  Dried light yellow solid in vacuo (0.255 g, 96%).  1H NMR (NCMe-d3, δ):  8.23 

(3H, overlapping resonances, Ep 3 or 5 positions), 8.14, 6.95, 6.10 (each 1H, each d, Ep 3 or 

5 positions), 7.67 (8H, m, ortho BAr’4), 7.44 – 7.27 {19H, overlapping resonances, P(C6H5)3 

and para BAr’4}, 6.47, 6.13, 6.06 (each 1H, each a m, Tp 4 positions), 4.15 {6H, m, 

P(OCH2)3CEt}, 3.31 (3H, s, Ep methyl), 1.18 {2H, q, 3JHH = 7.8 Hz, P(OCH2)3CCH2CH3}, 

0.75 {3H, t, 3
JHH = 7.7 Hz, P(OCH2)3CCH2CH3}.  19F{1H} NMR (NCMe-d3, δ): -61.4 

{BAr’4-(CF3)8}.  31P{1H} NMR (NCMe-d3, δ): 131.6 {d, 2JPP = 61 Hz, P(OCH2)3CEt}, 44.9 

(d, 2JPP = 60 Hz, PPh3).  

[EpRu(PPh3)(CO)Cl][BAr’4] (19).  EpRu(PPh3)Cl2 (0.307 g, 0.463 mmol) and 

NaBAr’4 (0.414 g, 0.467 mmol) were heated to 80 °C in ~ 8 mL MeNO2 in a pressure 

reactor under ~175 psi CO.  After 24 hours the reaction mixture was dried to a light yellow 

residue.  The residue was reconstituted in THF and filtered through a bed of Celite on a 

medium porosity frit.  The filtrate was dried, reconstituted in Et2O and dried to a solid in 

vacuo (0.660 g, 94%).  IR (solution cell CDCl3): υCO = 1997 cm-1.  1H NMR (CDCl3, δ):  

8.24, 7.86, 7.82, 7.78, 6.87, 6.21 (each 1H, each a d, Ep 3 or 5 positions), 7.71 (8H, m, ortho 

BAr’4), 7.52 – 7.35 {19H, overlapping resonances, P(C6H5)3 and para BAr’4}, 6.51, 6.18, 
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5.96 (each 1H, each a m, Tp 4 positions), 2.87 (3H, s, Ep methyl).  19F{1H} NMR (DMSO-

d6, δ): -76.0 (CF3).  31P{1H} NMR (CDCl3, δ): 42.2 (PPh3). 

[EpRu{P(OCH2)3CEt}(CO)Cl][BAr’4] (20).  [EpRu(PPh3)(CO)Cl][BAr’4] (19) (0.064 

g, 0.042 mmol) and P(OCH2)3CEt (0.034 g, 0.209 mmol) were heated to 100 °C in DCM in 

a pressure tube for 2 days.  The solvent was removed in vacuo, the residue reconstituted in 

minimal Et2O and applied to a plug of silica (~3/4”) on a medium porosity frit.  The plug 

was washed with copious Et2O, the elutant discarded and the product eluted with MeNO2.  

The filtrate was dried, reconstituted in Et2O and dried to a solid in vacuo {0.041 g, ~69%; 

product contains some free P(OCH2)3CEt, free PPh3 and unknown impurities}.  IR (solution 

cell CDCl3): υCO = 2030 cm-1.  1H NMR (CDCl3, δ):  8.31, 8.21, 7.47, 7.44, 7.42, 7.39 (each 

1H, each a d, Ep 3 or 5 positions), 7.69 (8H, m, ortho BAr’4), 7.50 {4H, s, para BAr’4}, 

6.56, 6.49, 6.21 (each 1H, each a m, Tp 4 positions), 4.39 {6H, d, 3
JHP = 4.8 Hz, 

P(OCH2)3CEt}, 2.98 (3H, s, Ep methyl), 1.29 {2H, q, 3JHH = 7.8 Hz, P(OCH2)3CCH2CH3}, 

0.85 {3H, t, 3
JHH = 7.7 Hz, P(OCH2)3CCH2CH3}.  31P{1H} NMR (CDCl3, δ): 124.3 

{P(OCH2)3CEt}. 

C(pz)4 (21).  Mp (0.394 g, 1.841 mmol) was added to ~40 mL THF in a 100 mL Schlenk 

flask, cooled to -78 °C and 1.6 M solution of MeLi (1.21 mL, 1.930 mmol) was added 

dropwise.  After 15 minutes with stirring, the reaction was let warm to room temperature, 

stirred for 1 hour and then cooled back down to -78 °C.  Freshly recrystrallized NCS (0.258 

g, 1.930 mmol) dissolved in ~10 mL THF was added dropwise and then the reaction was let 
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to slowly warm to room temperature overnight.  The yellow, heterogenous reaction mixture 

was then opened to air, filtered over a bed of Celite on a medium porosity frit and the frit 

was washed with THF.  The elutant was dried in vacuo, dissolved in minimal CHCl3 and 

extracted with Et2O from water.  Aqueous layer was extracted 3 times with Et2O, the organic 

layers combined and then washed with brine.  The organic fraction was dried over Na2SO4, 

filtered and dried in vacuo.  The residue was dissolved in minimal DCM, added to a silica on 

a medium porosity frit, the product eluted with Et2O and dried in vacuo {0.284 g, contains ~ 

20% of another RC(pz)3 impurity}.  1H NMR (CDCl3, δ):  7.70 (4H, d, 3JHH = 1.7 Hz, C(pz)4 

3 or 5 position}, 7.58 (4H, d, 3JHH = 2.7 Hz, C(pz)4 3 or 5 position}, 6.41 (4H, dd, 3JHH = 2.7 

Hz, 3JHH = 1.7 Hz, C(pz)4 4 positions}. 

{κ3-C(pz)4}Ru(PPh3)Cl2 (22).  Ru(PPh3)3Cl2 (1.108 g, 0.924 mmol) and C(pz)4 (0.276 

g, 1.109 mmol; contains impurity) were refluxed in toluene.  After 10 hours, the reaction 

was reduced in vacuo to ~ 10 mL and 40 mL hexanes were added to precipitate a brown 

solid.  The solid was collected over a fine porosity frit, washed with hexanes and dried in 

vacuo (0.644 g, 97%).  1H NMR (CDCl3, δ): 8.65, 8.29 (each 1H, each a d, coordinated pz 3 

or 5 positions), 8.74, 8.17 (each 1H, each a d, J < 1 Hz, uncoordinated pz 3 or 5 positions), 

7.84, 7.28 (15H total, each a m, PPh3), 6.95 (1H, m, coordinated pz 4 position), 6.88, 6.75 

(each 2H, each a d, coordinated pz 3 or 5 positions), 6.53 (1H, m, J < 1 Hz, uncoordinated 

pz 4 position), 5.91 (2H, t, coordinated pz 4 positions). 

{κ2-C(pz)4}Ru(PMe3)2Cl2 (23).  {κ3-C(pz)4}Ru(PPh3)Cl2 (22) (0.288 g, 0.402 mmol) 

and PMe3 (0.104 mL, 1.118 mmol) were heated in ~25 mL toluene at 80 °C in a glass 
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pressure tube.  After 7 hours, the reaction was dried in vacuo, reconstituted in minimal THF 

and then a brown solid was precipitated upon the addition of ~40 mL hexanes.  The solid 

was collected over a fine porosity frit, washed with hexanes and dried in vacuo (0.175 g, 

72%).  1H NMR (CDCl3, δ): 9.09, 7.79 (each 2H, each a d, J < 1 Hz, pz positions), 6.88, 

6.29 (each 2H, each a d, pz positions), 6.45, 6.44 (each 2H, each a dd, pz positions), 1.05 

[18H, vt, N = 6.3 Hz, {P(CH3)3}2].  13C{1H} NMR (CDCl3, δ): 152.0, 144.0, 136.8, 130.5 

(pz 3 or 5 positions), 109.5, 108.8 (pz 4 positions), 12.4 [vt, N = 24 Hz, {P(CH3)3}2]. 

[{κ3-C(pz)4}Ru(PMe3)2Cl][BAr’4] (24).  {κ2-C(pz)4}Ru(PMe3)2Cl2 (23) (0.051 g, 0.085 

mmol) and NaBAr’4 (0.075 g, 0.085 mmol) were heated in ~10 mL DCM at 100 °C in a 

glass pressure tube.  After 3 hours, the reaction was reduced to ~ 1 mL in vacuo and filtered 

over a bed of Celite on a medium porosity frit.  The filtrate was dried, reconstituted in Et2O 

and dried to a solid in vacuo (0.114 g, 94%).  1H NMR (CDCl3, δ): 8.36, 8.33 (each 2H, 

each a d, coordinated pz 3 or 5 positions), 8.17, 5.62 (each 1H, each a d, coordinated pz 3 or 

5 positions), 8.11, 7.54 (each 1H, each a d, J < 1 Hz, uncoordinated pz 3 or 5 positions), 

6.80 (1H, dd, J < 1 Hz, uncoordinated pz 4 position), 6.51 (2H, t, coordinated pz 4 position), 

6.14 (1H, t, coordinated pz 4 position) 1.45 [18H, vt, N = 8.7 Hz, {P(CH3)3}2]. 
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7 Applying Homogenous Catalysis to a Heterogenous Paradigm 

7.1 Introduction 

Homogenous and heterogenous catalysts offer inherent advantages and 

disadvantages depending upon the application.  One of the advantages of homogenous 

systems is the ability to tune selectivity, which is often more challenging to achieve with 

heterogenous systems.  Due to their recoverability, stability and longevity, heterogenous 

catalysts dominate industrial catalysis.  Merging the optimal features of homogenous and 

heterogenous catalysts could afford a robust system with high selectivity.  For instance 

attaching a selective homogenous catalyst to a solid support could aid in its recovery and 

stability while still affording the desired selectivity.   

 It is proposed that tethering TpRu(L)(NCMe)Ph systems to the surface of a 

nanoparticle could offer a few distinct advantages over the homogenous analog.  The bulk 

and mass of the nanoparticles would cause it to exist as a precipitate in solution, allowing 

the catalyst to be recovered by filtration.  But in terms of selectivity, tethered-

TpRu(L)(NCMe)Ph would act like a homogenous system to carry out the hydroarylation of 

olefins.  For example, for reactions with α–olefins, tethered-TpRu(L)(NCMe)Ph could 

introduce anti-Markovnikov selectivity to the heterogenous system.  And finally, the use of a 

tethered-TpRu(L)(NCMe)Ph systems might increase catalyst longevity.  

TpRu(CO)(NCMe)Ph was observed to decompose upon extended heating under 

hydroarylation conditions (90 °C, 25 psi C2H4, > 4 hours) by a pathway that is suspected to 

involve the formation of multi-nuclear Ru systems.1  Anchoring the catalyst to a surface 
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could inhibit this decomposition.  To test these hypotheses, we selected 

TpRu(CO)(NCMe)Ph as an initial target system. 

 An initial challenge in grafting TpRu(CO)(NCMe)Ph to a nanoparticle is the ability 

to control uniformity of particle size and shape prior to attachment.  Particle uniformity is 

necessary for reliable and reproducible chemistry with the nanoparticles and for efficient 

recovery of the system.  Recent advances have been made toward the selective 

morphological control of mesoporous silica nanoparticles (MSN) that give well-formed 

spherical silica-oxide frameworks.2, 3  Extensive research with the fine tuning of surfactant 

micelle-templated methodologies has lead to the ability to control MSN size, shape and pore 

dimensions making MSNs viable candidates for a TpRu(CO)(NCMe)Ph support system.   

A secondary challenge in the attachment of TpRu(CO)(NCMe)Ph to a nanoparticle 

surface is the selective attachment of the complex without adverse side reactions.  Here also, 

MSN systems present a particular advantage.  In the last few years reliable methodologies 

been devised that allow for the synthesis of MSNs that bear certain functional groups.4  

Capitalizing on the incorporation of these functionalities into the silica-oxide framework, 

they can be used to carry out a selective reaction to aid in the tethering of a complex.  

Several examples of these types of functionalized MSNs have recently emerged and have 

shown specific reactivity as bifunctional catalysts that express cooperative catalytic 

activity.5-7 
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Until a recent report, the merger of the uniform MSNs with a homogenous catalyst 

has scant precedence in the literature.  The Wenbin Lin research group has successfully 

carried out the attachment of a known homogenous asymmetric hydrogenation catalyst to a 

MSN.8  The group has shown that chiral RuCl2-diphosphine-diamine complexes tethered to 

a MSN can catalyze the asymmetric hydrogenation of aryl ketones to chiral secondary 

alcohols and also racemic aryl aldehydes to chiral primary alcohols.  For nearly all 

substrates tested, solid-supported catalyst activity was as good, or better, than the 

homogenous analogs and in some cases even showed improved entantioselectivity.  Solid-

supported catalysts could be recovered by centrifugation and recycled up to five times 

before product conversions began to decrease.  Extending such advantages to the 

TpRu(CO)(NCMe)Ph olefin hydroarylation catalyst would be highly desirable. 

 To accomplish this goal, the synthesis of TpaRu(CO)(NCMe)Ph {Tpa = allyl-

tris(pyrazolyl)borate} was pursued.  The allyl group serves as the tethering-point which can 

react with a functional group on the surface of a MSN.  Independently, thiol functionalized 

mesoporous silica nanoparticles (SMSN) were synthesized by the Lin group of Iowa State 

University and Ames National Lab.  The thiol group serves as the reactive moiety which is 

used to tether TpaRu(CO)(NCMe)Ph to the MSN (mesoporous silica nanoparticle) surface.  

Herein, the synthesis and catalytic experimentation of MSN-TpaRu(CO)(NCMe)Ph carried 

out in collaboration with the Lin group are described. 
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7.2 Results and Discussion 

7.2.1 Synthesis of TpaRu(CO)(NCMe)Ph 

Synthesis of the target complex TpaRu(CO)(NCMe)Ph was pursued by a similar 

synthetic route employed for TpRu(CO)(NCMe)Me.9  In the first step, the known 

carboxylato polymer catena-[Ru(COOH)(CO)2] is reacted with [K][Tpa] to give 

[TpaRu(CO)2]2 (1) in 42% yield (Scheme 7.1).  IR spectroscopy of 1 shows two strong CO 

absorptions at 2018 cm-1 and 1936 cm-1 and one medium absorption at 1972 cm-1, all within 

8 wavenumbers of the CO absorptions of the originally reported [TpRu(CO)2]2 complex.10  

The 1H NMR spectrum of 1 (Figure 7.1) shows three broad singlets for the Tp resonances 

due to dynamic processes at room temperature.  The three olefinic multiplets for the allyl 

group are observed at 6.26 ppm, 5.35 ppm and 5.21 ppm and the methylene group is at 2.56 

ppm. 

 

Scheme 7.1. Synthesis of [TpaRu(CO)2]2 (1). 
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Figure 7.1. 1H NMR spectrum of [TpaRu(CO)2]2 (1) (acetone-d6). 

 

 Reacting 1 with two equivalents of [Cp2Fe][PF6] in THF serves to oxidize the dimer 

and cause Ru-Ru bond scission forming the putative complex [TpaRu(CO)2][PF6], which is 

then quenched with the coordination of a solvent THF molecule to form 

[TpaRu(CO)2(THF)][PF6] (2) in 86% isolated yield (Scheme 7.2).  IR spectroscopy shows 

two CO absorptions at 2085 cm-1 and 2034 cm-1 while the 1H NMR spectrum is consistent 

with a Cs symmetric complex (Figure 7.2).  Complex 2 is isolated as a grey solid that has 

poor solubility, even in acetone-d6. 
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Scheme 7.2. Synthesis of [TpaRu(CO)2(THF)][PF6] (2). 

 

 

Figure 7.2. 1H NMR spectrum of [TpaRu(CO)2(THF)][PF6] (2); contains impurities at 8.17 
ppm and 6.52 ppm (acetone-d6). 

 

 Complex 2 readily reacts with both phenyl nucleophiles of Ph2Mg[THF]2 at room 

temperature to afford TpaRu(CO)2Ph (3) in 80% isolated yield (Scheme 7.3).  Consistent 

with the conversion of a cationic to neutral species, the IR spectrum of 3 shows two lower 

energy CO absorptions, relative to those of 2, at 2035 cm-1 and 1967 cm-1.  The 1H NMR 

spectrum of 3 shows retention of a Cs symmetric complex and a new singlet at 6.87 ppm for 

the phenyl resonances, integrating for a total of five protons (Figure 7.3). 
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Scheme 7.3. Synthesis of TpaRu(CO)2Ph (3). 

 

 

Figure 7.3. 1H NMR spectrum of TpaRu(CO)2Ph (3) (acetone-d6). 

 

 Final conversion to TpaRu(CO)(NCMe)Ph (4) is accomplished by refluxing 3 in 

NCMe with one equivalent of Me3NO.  Oxidative removal of one carbonyl ligand forms the 

unsaturated, putative complex TpaRu(CO)Ph, which readily coordinates NCMe to form 4 in 

92% isolated yield (Scheme 7.4).  An IR spectrum of 4 shows a single CO absorption at 

1937 cm-1, compared to 1935 cm-1 for TpRu(CO)(NCMe)Ph.9  1H NMR spectroscopy of 4 
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indicates a complex with C1 symmetry and a new singlet at 2.32 ppm for coordinated NCMe 

which integrates for three protons.  The singlet for the phenyl resonances in 3 are observed 

to decoalese to three unique multiplets in the 1H NMR spectrum of 4.  The 13C{1H} NMR 

spectrum is also consistent with C1 symmetry and new ipso, ortho, meta and para phenyl 

resonances. 

 

Scheme 7.4. Synthesis of TpaRu(CO)(NCMe)Ph (4). 

 

Figure 7.4.  1H NMR spectrum of TpaRu(CO)(NCMe)Ph (4) (CDCl3). 
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 At this stage, complex 4 is prepared for attachment to the surface of the MSN, but 

first, it had to be checked that 4 could catalyze olefin hydroarylation.  In a J-Young NMR 

tube, a 0.2 M solution of 4 in benzene was pressurized to 25 psi of ethylene and heated at 90 

°C (Scheme 7.5).  After 4 hours, 1H NMR spectroscopy indicated the presence of 

predominantly one new product, by Tp-3/5 resonances (which were transformed to singlets), 

representing ~ 40% of the original amount of starting complex 4 (relative to an internal 

standard).  The Tp-4 resonances of 4 are ~ 30% as intense as the Tp-3/5 resonances, 

consistent with previously studied Tp C-D/H exchange pathways which favor H/D exchange 

at the Tp-4 positions in C6D6.11   New allyl resonances are also present, although diminished 

in intensity.  Most important is the observation of two multiplets at 2.45 ppm and 1.08 ppm 

consistent with the formation of EtPh-d6.  Using an internal standard, the benzyl resonance 

at 2.45 pm integrated for ~5 TO relative to catalyst 4.  This represents a significant decrease 

in activity compared to the catalytic production of EtPh reported for TpRu(CO)(NCMe)Ph;9 

however, the original reaction with TpRu(CO)(NCMe)Ph was carried out in a high pressure 

reactor, performed on a larger scale and the products were analyzed more accurately by GC.  

The decreased catalysis of 4 could also be due to side-reactions involving the allyl group 

that compete with catalysis.  The presence of the allyl group of one complex could act to 

compete with ethylene or benzene for coordination to an unsaturated site of another complex 

and thus slow reactivity.  Additionally, the allyl group could also participate in olefin 

insertion or C-H activation pathways and deviate complex 4 from the ethylene 

hydrophenylation pathway.  However, for the proposed MSN-supported catalyst these side 
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reactions are irrelevant, since coordination of the allyl fragment of 4 to the surface of a MSN 

particle would remove the allyl group from possible unwanted side-reactions.  What is key is 

that complex 4 exhibits catalytic activity for the production of EtPh.   

 

Scheme 7.5. Hydrophenylation of ethylene by TpaRu(CO)(NCMe)Ph (4). 

 

7.2.2 Attachment of TpaRu(CO)(NCMe)Ph (4) to MSN Surface 

Synthesis of the thiol functionalized mesoporous silica nanoparticles (SMSN) and 

subsequent attachment of complex 4 to the surface to make MSN-4 was carried out by the 

Lin group (Scheme 7.6).  Synthesis of SMSN has been well established and begins with the 

self assembly of micelles by heating cetyltrimethylammonium bromide (CTAB) with NaOH 

in water at 80 oC for 30 min.  At this point a pH of 12.3 is obtained and 

tetraethylorthosilicate (TEOS) and 3-mercaptopropyltrimethoxysilane (MP-TMS) are added 

which through H-bonding and electrostatic interactions congregate around the surface of the 

micelle.  Continued heating results in the base-catalyzed co-condensation of TEOS and MP-

TMS to form a silica oxide framework.  Acid treatment is then used to remove the CTAB 

surfactants, protonate the thiol functional groups and form SMSN.  The choice of surfactant, 

functionalized trimethoxysilane, relative amount of TEOS and reaction conditions 
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predominantly dictate the ultimate morphology of the MSN, including, size, shape, 

periodicity and pore size.4, 12 

 

Scheme 7.6.  Synthesis of SMSN and MSN-4 including TEM micrograph12 of SMSN.  
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SMSN has been characterized by nitrogen adsorption-desorption surface analysis 

{Branauer-Emmett-Teller (BET) isotherms and Barrett-Joyner-Halenda (BJH) pore size 

distributions}, transmission electron microscopy (TEM), and powder X-ray diffraction 

(XRD) spectroscopy.12  Hexagonally packed mesoporous channels are observed in the TEM 

micrograph (Scheme 7.6).  To determine the surface concentration of thiol functional 

groups, SMSN was reacted with 2,2’-dipyridyl disulfide to from pyridyldithio-derivitized 

MSN and free 2-pyridothione.  UV/Vis spectroscopy can then be used to calculate the [2-

pyridothione] which directly reflects the number of SH functional groups on the SMSN.  It 

was determined that there were 0.139 mmol of SH groups on the surface of one gram of 

SMSN. 

To attach complex 4 to the SMSN surface, the two components were refluxed in 

CHCl3 with azoisobutylnitrile (AIBN), as a radical initiator, for 24 hours to form MSN-4 

(Scheme 7.6).  Following workup, the same, above-described reaction with 2,2’-dipyridyl 

disulfide was used to determine the remaining surface concentration of thiol groups.  It was 

found that 0.107 mmol of thiol groups were still available in one gram of 

TpaRu(CO)(NCMe)Ph-MSN, which means 0.030 mmol TpaRu(CO)(NCMe)Ph (4) was 

tethered to one gram of MSN-4.  Data from powder XRD, BET isotherms (Figure 7.5) and 

BJH pore size distribution (Figure 7.5) showed that MSN-4 has typical MSN high surface 

area, narrow pore size distribution and ordered hexagonal pore structure.  The surface area 

(SBET = 586 m2/g) and pore diameter (DBJH = 23.0 Å) were measured using N2 

adsorption/desorption measurements.  These values represent a significant decrease from the 
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surface area (999 m2/g)12 and pore diameter (25.8 Å)12 for SMSN and are consistent with 

attachment of TpaRu(CO)(NCMe)Ph (4) to the SMSN surface to form MSN-4.  Figure 7.6 

shows an IR spectrum of MSN-4 (KBr pellet) with large broadened absorptions.  A broad 

absorption at 1991 cm-1 is consistent with a CO absorption for a Ru-based carbonyl, as the 

reagents and solvents used for SMSN and MSN-4 synthesis do not contain functional 

groups that could have absorptions in this region.  However, the CO stretch for MSN-4 is 54 

cm-1 higher in energy than the absorption for complex 4, which may indicate a substantial 

and undesirable change in the primary Ru coordination sphere. 

 

 

Figure 7.5. BET isotherms (left) and BJH pore size distributions (right) of MSN-4. 
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Figure 7.6. IR spectrum of MSN-4. 

 

7.2.3 Reactivity Evaluation of MSN-4 

To test MSN-4 for ethylene hydrophenylation activity, 0.014% (based on Ru content 

relative to benzene) of MSN-4 was heated in benzene at 90 °C with 25 psi of C2H4 for 4 

hours.  GC analysis showed no indication of ethyl benzene production relative to an internal 

standard.  Further increasing the temperature up to 160 °C for long durations (>12 hours) 

gave no indication of ethyl benzene production by GC.  Exploring higher pressures of C2H4 

up to 140 psi at 140 °C also failed to facilitate catalysis. 

Determining the source of poor catalyst reactivity for MSN-4 is quite challenging at 

this point.  Detailed spectroscopic analysis, such as NMR spectroscopy, that can be used to 

analyze the state and purity of TpRu(CO)(NCMe)Ph trumps that which is available for 

MSN-4 analysis.  The successful synthesis and assignment of SMSN has been established 

and the thiol groups and the SMSN as a whole are robust in refluxing chloroform.  Chemical 

assay of the MSN-4 indicates there is a decrease in available SH sites leading to the likely 



 398 

assumption that the desired thiolation of the propene tether of complex 4 occurred.  

However, considering that there was an excess of complex 4 (1.4 equivalents) relative to 

available thiol groups (1 equivalent) and that a majority of the thiol sites on the starting 

SMSN material remain, then there was either incomplete reaction of SMSN and complex 4 

or significant decomposition of 4.  Nonetheless surface area and pore diameter 

measurements (N2 adsorption/desorption experiments) are consistent with a surface 

population of SMSN by a new substance, complex 4.  It would be desirable to significantly 

increase the amount of grafted 4 to a single nanoparticle.  Current calculations suggest there 

is only 0.03 mmol of 4 on 1 gram of SMSN.  If this is correct, then in order to run an olefin 

hydroarylation experiment with the same catalyst loading (0.1%) as the results published for 

TpRu(CO)(NCMe)Ph,9 1 gram of MSN-4 per 1 mL of benzene would be required. Using 

0.1% catalyst loading for MSN-4 is logistically impossible, hence why the above ethylene 

hydrophenylation experiment with MSN-4 was carried out with such low catalyst loadings.  

It is unclear if the lack of observed reactivity is due to MSN-4 inactivity or if low catalyst 

loadings merely prevented adequate measurement of ethyl benzene.  

IR spectroscopic analysis of MSN-4 (υCO = 1991 cm-1) shows a strong shift to higher 

energy relative to complex 4.  This data point is disconcerting and suggests significant 

alteration of the TpaRu(CO)(NCMe)Ph (4) ligand motif.  It is unlikely that tethering 

complex 4 to the SMSN surface via the allyl group could inductively withdraw enough 

electron density from the Ru metal center to shift the CO stretch nearly 54 cm-1.  However, it 

is conceivable that the metal center of complex 4 is altered by unwanted side reactions with 
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chloroform or AIBN.  To test this, TpRu(CO)(NCMe)Ph was heated at 60 °C with 3 

equivalents of AIBN in CDCl3 in an NMR tube.  After 16 hours, no change was observed in 

the resonances of TpRu(CO)(NCMe)Ph by 1H NMR spectroscopy.  Complex 4 and 

chloroform/AIBN thus likely do not lead to competitive decomposition.  It also is possible 

that the metal center of complex 4 could react with free thiol groups or the silica-oxide 

surface of the MSN.  Direct metal center reaction of 4 with these functionalities could act to 

reduce the π-basicity of Ru and thus greatly increase the CO stretching frequency of MSN-

4.  The propensity for alkane thiol groups to react with complex 4 under extended, vigorous 

thermolytic conditions (24 hours, refluxing CHCl3) should be tested.   

7.3 Conclusions 

The grafting of TpaRu(CO)(NCMe)Ph (4) to SMSN to form mesoporous silica 

nanoparticles bearing the Ru catalyst (MSN-4) represents a newly burgeoning horizon for 

the olefin hydroarylation catalysts discussed in this Thesis. The ability to merge the 

structural integrity and facile recoverability of heterogenous systems with the selectivity of 

homogenous systems could lead to greater efficiencies for applied catalysis.   

While the synthesis of 4 and SMSN are established, the primary challenge now lies 

in tethering 4 to the SMSN surface via hydrothiolation of the allyl group of 4 by the SH 

moiety of SMSN.  A synthetic procedure needs to be adopted that eliminates competitive 

side reactions with the overall ligand architecture of 4 and concomitantly maximizes the 4 to 

SMSN ratio.  In addition, the surface functionality of the MSN needs to be carefully 

considered vis à vis compatibility with the Ru center.  The current synthetic strategy for 
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MSN-4 will have to be re-evaluated to ensure the ligand motif of 4 is retained.  If the thiol 

functionality proves to adversely react with 4, it is possible a new synthetic strategy will be 

necessary.  This could be accomplished one of two ways (Scheme 7.7): a) A precursor to 4 

could be tethered to SMSN and then be altered to fit the final TpRu(CO)(NCMe)Ph 

paradigm.  b) A siloxy-tether could be employed in place of the allyl group allowing the 

direct coordination of a catalyst to a MSN surface, thus by passing the use of thiol tethers.  

This strategy has proven effective for the tethering of RuCl2-diphosphine-diamine 

complexes to MSNs.8 

 

 

Scheme 7.7.  Alternative synthetic routes to tether TpRu(CO)(NCMe)Ph to an MSN surface. 

 

7.4 Experimental Procedure 

General Methods. Unless otherwise noted, all synthetic procedures were performed 

under anaerobic conditions in a nitrogen-filled glovebox or by using standard Schlenk 
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techniques.  Glovebox purity was maintained by periodic nitrogen purges and was 

monitored by an oxygen analyzer {O2 < 15 ppm for all reactions}.  Benzene and 

tetrahydrofuran (stored over 4Å molecular sieves) were dried by distillation from 

sodium/benzophenone.  Pentane was distilled over sodium.  Acetonitrile and methanol were 

dried by distillation from CaH2.  Hexanes were purified by passage through a column of 

activated alumina.  Acetone-d6 and chloroform-d1 were degassed with three freeze-pump-

thaw cycles and stored under a dinitrogen atmosphere over 4 Å molecular sieves.  1H and 

13C NMR spectra were recorded on a Varian Mercury 300 or 400 MHz spectrometer.  All 1H 

and 13C NMR spectra were referenced against residual proton signals (1H NMR) or the 13C 

resonances of the deuterated solvent (13C NMR). Resonances due to Tp are listed by 

chemical shift and multiplicity only (all coupling constants for this ligand are approximately 

2 - 3 Hz).  All IR spectra were acquired using a Mattson Genesis II FTIR as thin films on 

KBr plates, as KBr pellets or as solutions.  GC-MS was performed using a HP GCD system 

with a 30 m x 0.25 mm HP-5 column with 0.25 mm film thickness.  Powder XRD 

experiments were performed on a Scintag XDS 2000 diffractometer using a Cu KR radiation 

source. Low angle diffraction with a 2θ range of 1 to 10° was used to investigate the long-

range order of the materials.  The surface area and pore diameter were measured using N2 

adsorption/desorption measurements in a Micromeritics ASAP 2000 BET surface analyzer 

system. Ethylene (99.5%) was used as received from MWSC High-Purity Gases.  

Ph2Mg[THF]2,13 catena-[Ru(COOH)(CO)2]14 and [K][Tpa]15 were prepared according to 

published procedures.  All other reagents were used as purchased from commercial sources.   
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[TpaRu(CO)2]2 (1).   [Ru(COOH)(CO)2] (0.341 g, 1.68o mmol) and [K][Tpa] (0.501 

g, 1.714 mmol) were added to ~ 10 mL MeOH, the slurry turned yellow and stirred at room 

temperature.  After 10 hours, the mixture was reduced in vacuo to ~ 5 mL and then the 

yellow solid collects over a fine porosity frit.  The solid was washed with cold MeOH and 

then dried in vacuo (0.580 g, 42%). IR (film): υCO = 2018 cm-1, 1972 cm-1 and 1936 cm-1.  

1H NMR (acetone-d6, δ):  7.85 (6H, s, Tp 5 positions), 7.41 (6H, br s, Tp 3 positions), 6.26 

(1H, m, CH allyl), 6.07 (6H, s, Tp 4 positions), 5.35, 5.21 (each 2H, each a m, =CH2 allyl), 

2.56 (4H, m, CH2 allyl). 

[TpaRu(CO)2(THF)][PF6] (2).  [TpaRu(CO)2]2 (1) (0.964 g, 1.173 mmol) and 

[Cp2Fe][PF6] (0.777g, 2.347 mmol) were stirred in ~50 mL THF at room temperature.  After 

18 hours, reduced in vacuo to ~10 mL and hexanes (~40 mL) were added to precipitate a 

grey solid.  The solid was collected over a fine porosity frit, copiously washed with Et2O to 

remove ferrocene and dried in vacuo (0.634, 86%).  IR (film): υCO = 2085 cm-1 and 2034 cm-

1.  1H NMR (acetone-d6, δ):  8.50, 8.31 (each 2H, each a d, Tp 3 or 5 positions), 8.25, 8.06 

(each 1H, each a d, Tp 3 or 5 positions), 6.64 (2H, t, Tp 4 positions), 6.46 (1H, t, Tp 4 

position), 6.32 (1H, m, CH allyl), 5.47, 5.27 (each 2H, each a m, =CH2 allyl), 3.90 (4H, m, 

THF), 2.76 (2H, m, CH2 allyl).  NOTE: the THF 3,4-position protons are overlapping with 

the acetone-d6 resonance.  19F{1H} NMR (acetone-d6, δ): -75.2 (d, 1JPF = 707 Hz, PF6). 

 TpaRu(CO)2Ph (3).  [TpaRu(CO)2(THF)][PF6] (2)  (634 g, 1.009 mmol) and 

Ph2Mg[THF]2 (0.166 g, 0.515 mmol) were stirred in benzene at room temperature.  After 4 

hours, the reaction mixture was reduced in vacuo to ~5 mL and filterd through a bed of 
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Celite on a fine porosity frit.  The filtrate was reduced to ~2 mL and pentane was added to 

precipitate a yellow solid.  The yellow solid was collected over a fine porosity frit, washed 

with pentane and dried in vacuo (0.394 g, 80%).  IR (film): υCO = 2035 cm-1 and 1967 cm-1.  

1H NMR (acetone-d6, δ):  8.07, 7.33 (each 2H, each a d, Tp 3 or 5 positions), 8.03 (2H, 

overlapping resonances, Tp 3 or 5 positions), 6.87 (5H, s, phenyl), 6.35 (1H, t, Tp 4 

position), 6.31 (2H, t, Tp 4 positions), 6.36 (1H, m, overlapping with Tp 4 resonance, CH 

allyl), 5.45 (1H, ddt, 2
Jbc = 2.2 Hz, 3

Jac = 16.8 Hz, 4
Jc(CH2) = 1.9 Hz, cis Hc), 5.24 (1H, ddt, 

2
Jbc = 2.2 Hz, 3Jab = 10.2 Hz, 4Jb(CH2) = 1.7 Hz, trans Hc), 2.73 (2H, m, CH2 allyl). 

 TpaRu(CO)(NCMe)Ph (4).  TpaRu(CO)2Ph (3) (0.271 g, 0.555 mmol) and Me3NO 

(0.043 g, 0.566 mmol) were refluxed in ~30 mL NCMe.  After 9 hours, the reaction mixture 

was dried to a solid in vacuo and the residue reconstituted in minimal benzene.  The solution 

was passed through a plug of silica (~1/2”) on a medium porosity frit.  The yellow filtrate 

was dried in vacuo, reconstituted in Et2O and dried again (0.258 g, 92%).  IR (film): υCO = 

1937 cm-1.  1H NMR (CDCl3, δ):  7.86 (2H, d, coincident Tp 3 or 5 positions) 7.81, 7.77, 

7.27, 7.17 (each 1H, each a d, Tp 3 or 5 positions), 7.06 (2H, m, ortho phenyl), 6.95 (3H, m, 

overlapping meta and para phenyl), 6.36 (1H, m, CH allyl), 6.26, 6.16, 6.08 ( each 1H, each 

a t, Tp 4 positions), 5.41 (1H, ddt, 2Jbc = 2.2 Hz, 3Jac = 17.2 Hz, cis Hc), 5.25 (1H, ddt, 2Jbc = 

2.2 Hz, 3
Jab = 10.0 Hz, trans Hc), 2.63 (2H, m, CH2 allyl), 2.32 (3H, s, NCCH3).  13C NMR 

(CDCl3, δ): 206.6 (CO), 165.8 (ipso phenyl), 146.4 (phenyl or Tp 3 or 5 position), 142.9, 

142.8 (Tp 3 or 5 positions), 142.6 (ortho or meta phenyl), 138.6 (phenyl or Tp 3 or 5 

position), 134.2, 133.6, 133.4 (Tp 3 or 5 positions), 126.8 (ortho or meta phenyl), 122.2, 
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117.6 (allyl CH=CH2), 122.1 (NCCH3),  106.3, 105.8, 105.5 (Tp 4 positions), 1.8 (NCCH3).  

NOTE: allyl methylene resonances absent likely due to B quadrapolar coupling. 

Thiol Functionalized Mesoporous Silica Nanoparticle (SMSN).  A mixture of 

cetyltrimethylammonium bromide (CTAB, 2.00 g, 5.49 mmol), 2.0 M of aqueous NaOH (7 

mL, 14 mmol) and water (480 mL, 26.67 mol) was heated at 80 oC.  After 30 min, into this 

clear solution, tetraethylorthosilicate (10 mL, 51.40 mmol) and 3-

mercaptopropyltrimethoxysilane (0.196 g, 1.0 mmol) were added rapidly via injection with 

vigorous stirring.  Within few minutes, a white solid precipitate was observed. After 2 hours, 

the solid was separated by hot filtration, washed with copious amount of methanol and dried 

under vacuum overnight.  The surfactant (CTAB) was removed by acid extraction at 60 oC 

with vigorous stirring by placing 1.0 gram of the solid in 100 mL methanol and 1.0 mL 

concentrated hydrochloride acid.  After 6 hours, the resulted surfactant-removed solid MSN 

was collected by hot filtration, washed with copious amount of water and methanol and 

dried at 90 oC under vacuum overnight.  

 TpaRu(CO)(NCMe)Ph-MSN (MSN-4).  SMSN (1.0 g) was heated at 120 oC under 

high vacuum overnight.  The then activated SMSN was stirred in 20 mL refluxing dried 

chloroform with 100mg TpaRu(CO)(NCMe)Ph (4) and 100mg AIBN.  After 24 hours, the 

solid was separated by hot filtration and washed with copious chloroform and methanol 

before it was dried at 90 oC under high vacuum overnight.   
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8 Chlorination of Boron on a Ruthenium Coordinated 
Hydridotris(pyrazolyl)borate Ligand: A Caveat for the Use of TpRu(PPh3)2Cl 

8.1 Introduction 

Since the first report of the Tp {Tp = hydridotris(pyrazolyl)borate} ligand in 1967 by 

Trofimenko,1 poly(pyrazolyl)borates have been widely incorporated into inorganic and 

organometallic complexes.2-6  The early perception that the Tp ligand was simply a 

cyclopentadienyl mimic was soon replaced by the realization that the Tp scaffold offers 

substantial versatility and features that are distinct from cyclopentadienyl ligands.7  Over 

180 Tp derivatives have been produced with significant attention dedicated toward the 

introduction of functional groups on the pyrazolyl moieties (Scheme 8.1).  Modification of 

the substituents on boron has received comparatively less attention, in part due to its remote 

location from the usual point of interest, the metal center.   

 

Scheme 8.1. Diagram representing most known variants of poly(pyrazolyl)borates. 
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  The complex TpRu(PPh3)2Cl has proven to be a valuable starting material and entry 

point to ruthenium tris(pyrazolyl)borate chemistry.5, 8-12  Although the published synthesis of 

this key intermediate is generally reliable,13 it is reported herein that this synthesis is 

typically attended by the formation of a minor and readily separable side product, 

ClTpRu(PPh3)2H (1) {ClTp = chlorotris(pyrazolyl)borate}. Boron-chlorination has been 

observed within poly(methimazolyl)borate chemistry,14-16 but complex 1 is only the second 

example of a cleanly isolated and fully characterized pyrazolyl-borate complex with a Cl-B 

bond.  The previous example of such a system was recently reported by Slugovc et al. 

(discussed below).17  In addition, based on an X-ray diffraction study and elemental 

analysis, Harman et al. have reported the generation of an approximate 1:1 mixture of TpMo 

and ClTpMo complexes from the reaction of MoCl5, KTp and nitric oxide.18 Given (i) the 

persistent concern that trace impurities can obscure the true nature of catalytic processes 

thereby complicating their informed development, (ii) the generally reactive nature of metal 

hydride complexes, and (iii) the widespread use and synthetic versatility and utility of 

TpRu(PPh3)2Cl, disclosure of the formation and characterization of this impurity seemed 

important as a caveat for the use of  TpRu(PPh3)2Cl as a synthon. 

8.2 Results and Discussion 

8.2.1  Synthesis and Characterization of ClTpRu(PPh3)2H (1) 

The complex TpRu(PPh3)2Cl is synthesized at room temperature upon reaction of 

KTp with RuCl2(PPh3)3 in dichlormethane.13  Upon standard precipitation of TpRu(PPh3)2Cl 

with ethanol, the filtrate is typically discarded.  However, solvent removal and 
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recrystallization of the filtrate residue from dichloromethane and hexanes provides 

ClTpRu(PPh3)2H (1) in 4% isolated yield.  The 1H NMR spectrum of 1 is consistent with this 

structural assignment showing expected Cs symmetry and the presence of a hydride ligand 

as a triplet at –13.75 ppm with  2
JPH = 27 Hz, which is typical of a fac-RuHP2 arrangement 

(Figure 8.1).19  Additionally, IR spectroscopy reveals a broad absorption at 1959 cm-1 

suggestive of a Ru-hydride stretch (common metal-hydrides occur between 1900 – 2250 cm-

1).19  Finally, a significant change in the local metal center environment upon transformation 

from a Ru-Cl to a Ru-H moiety is reflected by 31P{1H} NMR spectroscopy.  The 31P{1H} 

spectra reveal a significant downfield shift from the TpRu(PPh3)2Cl phosphorus resonance at 

42.9 ppm to 67.1 ppm for complex 1.  11B NMR spectroscopy revealed a downfield shift to 

1.31 ppm for complex 1 versus the reported 11B resonance at -3.67 ppm for 

TpRu(PPh3)2Cl.13   
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Figure 8.1. 1H NMR spectrum of ClTpRu(PPh3)2H (1) (CDCl3). 

 

An X-ray diffraction study of 1 afforded the molecular structure (Table 8.1 and 

Figure 8.2).  The hydride atom position was obtained from a difference map and was 

allowed to refine isotropically giving a Ru-H distance of 1.52(2) Å, an unremarkable metric 

for a neutral octahedral ruthenium(II) hydride complex.20  The Ru-P1 and Ru-P2 distances 

of 2.2909(4) Å and 2.289(1) Å, respectively, are slightly shorter than those reported for the 

complex TpRu(PPh3)2Cl {2.332(3) Å and 2.349(3) Å}.13  The BN3 pyramid of 1 is nearly 

tetrahedral (sum of N–B–N angles = 328.1°; 3-angle sum of tetrahedron = 328.5°), whereas 

the same sum of N-B-N angles for the Tp ligand in TpRu(PPh3)2Cl is 322.9°.  

 

2
JPH = 27 Hz 
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Figure 8.2. ORTEP of ClTpRu(PPh3)2H (1) (50% displacement ellipsoids, carbon-bound 
hydrogen atoms omitted).  Selected bond lengths (Å): Ru1-H1m, 1.52(2); Ru1-P1, 
2.2909(4); Ru1-P2, 2.289(1);Ru1-N1, 2.130(1); Ru1-N3, 2.171(1); Ru1-N5, 2.203(1); N2-
B1, 1.543(2); N4-B1, 1.533(2); N6-B1, 1.534(2), B1-Cl1, 1.838(2). Selected bond angles 
(º): N7-Ru1-C10, 87.1(1); N7-Ru1-P1, 94.38(7); C10-Ru1-P1, 93.40(8); P1-Ru1-P2, 
98.32(1). 

 

 

Table 8.1. Selected Crystallographic Data for ClTpRu(PPh3)2H (1) and ClTpRu(PPh3)2Cl (2). 

  Complex 1 Complex 2 
empirical formula C45H40BClN6P2Ru C45H39BCl2N6P2Ru 

formula wt 874.12 908.54 
crystal system monoclinic monoclinic 
space group P 21/c P 21/n 

a, Å 17.6883(4) 10.2969(1) 
b, Å 12.2903(3) 23.6386(2) 
c ,Å 18.8918(4) 16.8964(1) 

β, ° 107.9956(8) 90.705(1) 
V, (Å3) 3906.1(1) 4112.35(6) 

Z 4 4 
Dcalcd, g/cm3

 1.486 1.467 
crystal size (mm) 0.30 × 0.22 × 0.16 0.35 × 0.27 × 0.12 
R1, wR2 {I>2(I)} 0.038, 0.048 0.030, 0.068 

GOF 1.37 1.05 
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8.2.2  Synthesis and Characterization of ClTpRu(PPh3)2Cl (2) 

In refluxing chloroform, complex 1 converts to ClTpRu(PPh3)2Cl (2) over 4 hours.  

Complex 2 was purified over silica to give a 60% isolated yield (Scheme 8.2).  Complex 2 

can also be synthesized from 1 and dichloromethane in similar yield, but this route requires 

extended heating (18 hours) at 100 °C in a sealed pressure tube. Figure 8.3 show the 1H 

NMR spectrum of 2, which is the same resonance pattern as 1 with the exception that no 

hydride resonance is detected to -40 ppm.  In addition, IR spectroscopy gives no suggestion 

of an absorption consistent with a Ru-H stretch. 11B NMR spectroscopy gave a singlet at 

1.13 ppm for 2, a negligible change from the 11B resonance of 1 (1.31 ppm).  The 31P{1H} 

NMR spectrum of 2 shows a singlet at 41.7 ppm, similar to the chemical shift of 

TpRu(PPh3)2Cl (42.9 ppm).  This pattern of 31P shifts suggests that the presence of the ClTp 

ligand has little effect on the metal center's electronics relative to the parent Tp ligand, and, 

as anticipated, the Ru center’s most inner coordination sphere more dramatically influences 

31P NMR chemical shift. 

 

 

Scheme 8.2. Synthesis of ClTpRu(PPh3)2Cl (2). 
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Figure 8.3. 1H NMR spectrum of ClTpRu(PPh3)2Cl (2) (CDCl3). 

 

A solid-state X-ray diffraction study of a single crystal of complex 2 has confirmed 

its molecular structure (Table 8.1 and Figure 8.4).  Upon replacement of the hydride ligand 

of 1 with Cl, the Ru-P bond distances lengthen to 2.3632(5) Å and 2.3721(5) Å (versus 

2.2909(4) Å and 2.289(1) Å for 1), returning to bond distances similar to those of 

TpRu(PPh3)2Cl {2.332(3) Å and 2.349(3) Å}.13  However, relative to TpRu(PPh3)2Cl, the 

BN3 pyramid of 2 retains the same tetrahedral geometry (sum of N–B–N angles = 327.1°) 

observed with complex 1.  It is difficult to draw conclusions based upon the geometry 

change of three complexes, but it is interesting to note that BN3 pyramid for the Cl-B 

complexes 1 and 2 maintains a similar geometry, in contrast to the H-B complex 

TpRu(PPh3)2Cl.  From a steric consideration, this is opposite what one would expect in 

which the larger Cl atom would “push” the B-N bonds farther away, not allow them to draw 
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closer to it.  One plausible hypothesis could be that the bulky PPh3 ligands force the 

pyrazolyl arms to push closer together thus causing the boron to slightly deviate from true 

tetrahedral geometry.  This in turn would increase the s-character in the B-N bonds and the 

p-character in the B-H bond (Figure 8.5).  However, it is also possible that the more efficient 

overlap of the Cl sp
3 bond and the B sp

3 bond could resist the hybridization change at B and 

favor the expected tetrahedral geometry, despite the steric repulsion of the PPh3 ligands.  

Essentially, the difference in geometry at boron could be the result of a subtle 

thermodynamic balance between the most favorable bonding at boron versus the most 

favorable steric coordination sphere for the complex. 

 

Figure 8.4. ORTEP of ClTpRu(PPh3)2Cl (2) (50% displacement ellipsoids, carbon-bound 
hydrogen atoms omitted).  Selected bond lengths (Å): Ru-Cl, 2.4115(5); Ru-P1, 2.3632(5); 
Ru-P2, 2.3721(5); Ru-N1, 2.100(2); Ru-N3, 2.143(2); Ru-N5, 2.112(2); N2-B1, 1.534(3); 
N4-B1, 1.533(3); N6-B1, 1.531(3), B1-Cl1, 1.841(3).  Selected bond angles (º): P2-Ru-Cl1, 
98.78(2); N3-Ru-Cl1, 86.59(5); N5-Ru-Cl1, 85.20(5); P1-Ru-P2, 101.75(2); N6-B1-Cl2, 
109.9(2). 
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Figure 8.5. Geometry change and hybridization of atomic orbitals of Boron for 
TpRu(PPh3)2Cl and complexes 1 and 2. 

 

8.2.3  Origin of ClTpRu(PPh3)2H (1) and ClTpRu(PPh3)2Cl (2). 

Heating complex 1 in CDCl3 at 60 °C results in the quantitative formation of 

ClTpRu(PPh3)2Cl (2) along with the observation of CDHCl2 (1:1:1 triplet at 5.29 ppm, 2JDH = 

1 Hz) and a small amount of CH2Cl2 (molar ratio of CDHCl2 to CH2Cl2 is approximately 

7.6:1; Scheme 8.3).  The origin of CH2Cl2 is not clear, but it is possible that it arises from 

protio CHCl3 impurity in the CDCl3.  A relatively minor amount of CHCl3 impurity could 

give rise to an inflated ratio of CH2Cl2/CDCl3 if the reaction of 1 with protio CHCl3 exhibits 

a large primary kinetic isotope effect (i.e., kH/kD > 1).  However, no further investigations 

were carried out to probe this discrepancy.  Efforts from Dr. Anthony Hill’s group 

(Australian National University) to independently synthesize 2 from TpRu(PPh3)2Cl and N-

chlorosuccinimide (NCS) failed, resulting in only an uncharacterized green material devoid 

of 31P NMR signals other than free PPh3.21   
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Scheme 8.3. Reaction of ClTpRu(PPh3)2H (1) with chloroform to make ClTpRu(PPh3)2Cl (2) 
and various methylene chloride isotopomers. 

 

Complex 1 is isolated in low yield (< 5% isolated yield) from the reaction of 

RuCl2(PPh3)3 and KTp.  In order to determine the amount of 1 produced during the synthesis 

of TpRu(PPh3)2Cl, the conversion of KTp and RuCl2(PPh3)3 was monitored by 1H NMR 

spectroscopy over a 24 hour period.  The NMR spectrum of the product mixture reveals 

predominate formation of TpRu(PPh3)2Cl, the formation of ClTpRu(PPh3)2H (1) in 

approximately 8% yield (Scheme 8.4), and another unidentified complex in low yield  (< 

5%).  The latter complex is not ClTpRu(PPh3)2Cl (2).   

 

 

Scheme 8.4. Insitu reaction of RuCl2(PPh3)3 and KTp. 
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Experiments were performed in an effort to determine whether complex 1 forms 

from TpRu(PPh3)2Cl or from a competitive side reaction en route to formation of 

TpRu(PPh3)2Cl.  Stirring spectroscopically pure TpRu(PPh3)2Cl in dichloromethane and one 

additional equivalent of KTp for 24 hours at room temperature (the conditions for the 

synthesis of complex 1) does not result in the production of detectable quantities (by 1H and 

31P NMR spectroscopy) of either complex 1 or 2.  However, after 24 hours disappearance of 

TpRu(PPh3)2Cl and the emergence of several new pyrazolyl resonances are observed by 1H 

NMR spectroscopy, none of which correspond to the known complex Tp2Ru.22  Heating 

TpRu(PPh3)2Cl in dichloromethane at 80 °C for 24 hours results in no observable change by 

1H NMR spectroscopy.  Therefore, the possibility that TpRu(PPh3)2Cl is a precursor to 1 

may be excluded.  Since residual HCl from the preparation of RuCl2(PPh3)3 is a possible 

contaminant, we explored the possibility of an acid-catalyzed reaction that converted 

TpRu(PPh3)2Cl to 1.  TpRu(PPh3)2Cl was heated in CDCl3 at 60 °C for 30 hours in the 

presence of one equivalent of HCl, which did not yield detectable quantities of either 1 or 2.  

Thus, consistent with the proposal from the Slugovc group that the formation of chloro{κ
3-

(N,N,N)-chlorotris(pyrazolyl)borate}{κ
2-(C,C)-1-(2,4,6-trimethylphenyl)-3-(4,6-

dimethylphenyl-2-methylidene)-4,5-dihydroimidazol-2-ylidene}ruthenium (3) likely 

proceeds via a Ru-Cl/B-H metathesis prior to κ3-coordination of Tp (see below),17 it seems 

most likely that the formation of 1 is the result of a side reaction during the formation of 

TpRu(PPh3)2Cl before the TpRu cage becomes fully closed (i.e., κ3-coordination) and 

chemically robust.  
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To our knowledge, complex 3 is the only other pyrazolyl-borate complex bearing a 

Cl-B bond that has been fully characterized.17  Complex 3 was isolated in 13% yield as a by-

product from the reaction of a Ru(II) dichloride precursor with KTp after stirring in DCM 

for 16 hours (Scheme 8.5), which resulted in a mixture of compounds by 1H NMR 

spectroscopy.  A comparison of the structures of 1 and 3 reveal, within precision limits, 

identical B-Cl bond lengths {1.839(2) Å for 3 and 1.838(2) Å for 1} and similar Tp Ru-N 

bond distances of {average Ru-N bond distances is 2.176(2) Å for 3 and 2.168(1) Å for 1}.   

 

Scheme 8.5. Synthesis of Chloro{κ
3(N,N,N)-chlorotris(pyrazolyl)borate}{κ

2(C,C)-1-(2,4,6-
trimethylphenyl)-3-(4,6-dimethylphenyl-2-methylidene)-4,5-dihydroimidazol-2-
ylidene}ruthenium (3). 

 

In addition to structural similarities between 1 and 3, the formation of 1 may occur 

by a pathway similar to 3.  The formation of 3 has been proposed to occur by B-H/Cl bond 

metathesis via κ2-N,B-H coordination (Scheme 8.6), followed by hydride transfer to Ru and 

subsequent B-Cl bond formation.17  Similar to the proposed formation of 3, our experiments 

indicate that 1 does not form from TpRu(PPh3)2Cl, but likely forms from an intermediate 

that precedes TpRu(PPh3)2Cl formation.  Therefore the H/Cl metathesis between Ru-Cl and 

B-H potentially occurs when the Tp ligand is coordinated in a chelation mode other than the 
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final κ3-N,N,N coordination where intramolecular B-H coordination is inaccessible due to 

geometrical constraints (Scheme 8.6).  In a κ3-coordination mode, the boron is prevented 

from accessing a planar geometry to accommodate the B(pyrazolyl)3 group (Scheme 8.6).  

As a result, the hydricity of the B-H unit is reduced and κ3-N,N,N-Tp is rarely observed to 

transfer a hydride, even in the presence of electrophilic substrates.  In a lesser-chelated mode 

(i.e., κ1 or κ2), the Tp ligand is more likely to have the flexibility to allow an intramolecular 

hydride transfer via a metal-mediated fashion as indicated by Scheme 8.6.  On the other 

hand, where intramolecular B-H coordination is inaccessible from a κ3-N,N,N coordination 

mode, intermolecular H/Cl metathesis is feasible from a Tp κ3-N,N,N complex.  However, 

this pathway seems less likely since, i) TpRu(PPh3)2Cl does not react with itself upon 

heating and ii) κ3-TpRu(PPh3)2Cl is a stable 18-electron saturated system. 
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Scheme 8.6.  Potential Tp coordination modes to an octahedral metal center where L can be 
a labile ligand. 

 

 Based upon the above geometric considerations, experimental evidence to suggest 

H/Cl metathesis occurs from the intermediates of TpRu(PPh3)2Cl synthesis and the proposed 

mechanism of formation for 3,17 potential pathways for the formation of 1 are shown in 

Scheme 8.7.  The proposed mechanism are by no means definitive and lack all the potential 

equilibria between various coordinated Tp complexes, but nonetheless present feasible 

routes that are consistent with the experimental observations.  The two most probable 

pathways are labeled A and B.  These primarily differ by whether B-H activation occurs 
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when one or two pyrazolyl groups are bound to the Ru.  Route A seems to be a more viable 

route for the synthesis of 1 as it allows more flexibility for the trisubstituted boron group, 

formed following Ru-H formation, to react with Cl. 

 

Scheme 8.7. Proposed mechanism for the competitive formation of TpRu(PPh3)2Cl and 
ClTpRu(PPh3)2H (1). 

 

8.2.4  Precedence for B-H Activation of Chelating Ligands 

Outside the parent Tp complex there are examples of B-H activation with Tp-like 

ligands.  Interesting examples have been reported with the tris(methimazolyl)borate class of 

chelates where B–H activation processes are implicit in the formation of metallaboratranes 
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(Scheme 8.8).23   In this case, the methyimazolyl (mt) ligands are too bulky to allow κ3
-fac-

coordination and mer-coordination would force an unsaturated metal center.  Rather, 

formation of the B-H coordinated complex [RuH(CO)(PPh3){κ
3-S,S,B-H-HB(mt)3}], shown 

in Scheme 8.8, is the most stable coordination geometry.  This complex allows the 

observation of a B-H agostic bond.  Upon thermolysis, H2 is released from 

[RuH(CO)(PPh3){κ
3-S,S,B-H-HB(mt)3}] to form a new metallaboratrane.  This reaction 

likely occurs through the addition of the B-H agostic bond to Ru followed by subsequent 

reductive elimination.  Elimination of H2 was shown to be irreversible, but the B-H bond 

scission step is likely reversible as evidenced by similar cases where migration of the 

hydrogen between boron and the metal center are reversible.23-26   

 

Scheme 8.8. Metallaboratrane formation via B–H activation. 

 

The reaction of Fe(CO)2{κ
4-S,S,S,B-B(mtBu)3} (mtBu = N-tert-butyl-

mercaptoimidazolyl) with CH3X (X = Cl or Br) has been shown to rupture the Fe→B dative 

bond and perform a net 1,2-addition of two halogen atoms across the Fe-B bond to provide 

FeCl{κ
3-S,S,S-Cl-B(mtBu)3} (Scheme 8.9).27  Although the exact mechanism is unknown at 

this time, the ability to add a halogen substituent to boron represents a potential method for 
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tuning the chemistry of pseudo-tetrahedral complexes of this type.28  While, 

dihydridobis(pyrazolyl)borate metal complexes with sterically demanding groups at the 3- 

and 5-positions of pyrazolyl rings have demonstrated the ability to agostically coordinate 

and activate one of the B-H bonds,1, 2, 29  a precedence for metallaboratrane formation with 

pyrazolyl-based ligands has yet to be found. 

 

Scheme 8.9. Reaction of Fe(CO)2{κ
4-S,S,S,B-B(mtBu)3} metallaboratrane with CH3X (X =Cl 

or Br) to form FeCl{κ
3-S,S,S-Cl-B(mtBu)3}. 

 

8.3 Conclusions 

The complex TpRu(PPh3)2Cl is a catalyst for the transformation of terminal alkynes 

and hydrazines to nitriles30 and is a well known and frequently used precursor to a variety of 

other complexes.5, 8-12  Using published procedures, the complex ClTpRu(PPh3)2H (1) is 

reproducibly formed in low yield during the synthesis of TpRu(PPh3)2Cl.  The mechanism 

by which 1 forms is currently unknown; however, experimental data suggest it occurs as a 

side reaction from an intermediate during the formation of TpRu(PPh3)2Cl, likely prior to 

κ
3-Tp cage closure.  Considering the known reactivity of metal hydrides, the possible 

presence of 1 in samples of TpRu(PPh3)2Cl should be borne in mind given its wide use.  For 
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example, the purification of TpRu(PPh3)2Cl via precipitation using ethanol is essential, and 

since 1 is more soluble than TpRu(PPh3)2Cl and typically remains in the filtrate after 

isolation of TpRu(PPh3)2Cl, it would be imprudent to over harvest the liquor during 

precipitation/crystallization sequences.   

It should perhaps be noted that when characterizing Tp complexes it is very rare for 

11B NMR spectra to be measured,31 and the typical broadness of the 1H NMR resonance for 

the BH group often results in it not being identified.  It is therefore possible that 

unrecognized XTp (X = halogen) complexes might be more widespread than previously 

considered, especially when reacting KTp {and related tris(pyrazolyl)borates} with metal 

halides and characterization is limited to common NMR spectroscopy (1H, 13C or 31P) and/or 

mass spectrometry.  The elemental analysis and mass spectrometry data for 1 would not 

differentiate it from TpRu(PPh3)2Cl.  Alternatively, the utilization of 11B NMR spectroscopy 

allows the observation of significant chemical shifts upon substitution of the boron hydride 

with other functional groups.  This suggests that 11B NMR measurements should be more 

commonly employed when characterizing Tp and related systems.  Additionally, the use of 

X-ray crystallography for reactions between pyrazolyl-borate salts and substrates with 

metal-halide bonds may be prudent.    

8.4 Experimental Section 

General Methods. Unless otherwise noted, all synthetic procedures were performed 

under anaerobic conditions in a nitrogen-filled glovebox or by using standard Schlenk 

techniques. Glovebox purity was maintained by periodic nitrogen purges and was monitored 
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by an oxygen analyzer {O2 (g) < 15 ppm for all reactions}. Tetrahydrofuran (stored over 4Å 

molecular sieves) was dried by distillation from sodium/benzophenone.  Hexanes (stored 

over 4Å molecular sieves) and methylene chloride were purified by passage through a 

column of activated alumina and degassed prior to use. Chloroform-d1 and benzene-d6 were 

degassed with three freeze-pump-thaw cycles and stored under a N2 atmosphere over 4 Å 

molecular sieves. 1H NMR spectra were recorded on a Varian Mercury 300 or 400 MHz 

spectrometer and 13C NMR (operating frequency 75 MHz) spectra on a Varian Mercury 300 

MHz spectrometer. All 1H and 13C{1H} NMR spectra are referenced against residual proton 

signals (1H NMR) or the 13C resonances of the deuterated solvent (13C NMR).  31P{1H} and 

11B NMR spectra were obtained on a Varian 400 MHz spectrometer and referenced against 

an external standard of H3PO4 (δ = 0) and BF3•Et2O (δ = 0), respectively.  Resonances due 

to the Tp ligand in 1H NMR spectra are listed by chemical shift and multiplicity only (all 

coupling constants for the Tp ligand are ~ 2 Hz). IR spectra were acquired using a Mattson 

Genesis II FT-IR as thin films on NaCl.  The preparation, isolation, and characterization of 

RuCl2(PPh3)3
1 and TpRu(PPh3)2Cl13 have been previously reported.  All other reagents were 

used as purchased from commercial sources.  Elemental analyses were performed by 

Atlantic Microlabs, Inc. 

ClTpRu(PPh3)2H (1).  The previously reported synthetic procedure for TpRu(PPh3)2Cl 

(12.6 g, 0.013 mol) was followed.13  Following the collection of TpRu(PPh3)2Cl via vacuum 

filtration, slow evaporation from the dichloromethane/hexanes filtrate (under an atmosphere 

of dinitrogen) results in the formation of dark yellow crystals.  The solid crystalline material 
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was collected after 3 days and dried in vacuo (0.377 g, 4.2 %).  The filtrate was evaporated 

to dryness, and analysis by 1H NMR spectroscopy revealed only residual amounts of 

complex 1.  IR (NaCl): υRu-H = 1959 cm-1.  1H NMR (CDCl3, δ):  8.19, 7.85, 6.85, 6.48 (6H 

total, 1:2:2:1 integration, each a d, Tp 3 or 5 positions), 7.16, 7.00 (30H total, each a broad 

multiplet, 2 PPh3), 5.83, 5.20 (3H total, 1:2 integration, each a t, Tp 4 position), -13.75 (1H, 

t, 2
JPH = 27 Hz).  13C{1H} NMR (CDCl3, δ): 147.7, 146.1 (Tp 3 and 5 positions), 138.6 (vt, 

JCP = 12.8 Hz, ipso PPh3),134.0 (t, JCP = 4.7 Hz, PPh3), 128.4 (s, PPh3), 127.5 (t, JCP = 4.7 

Hz, PPh3), 104.6, 104.4 (Tp 4 positions) {NOTE: one set of Tp 3 or 5 position carbons could 

not be located in the 13C{1H} NMR potentially due to coincidental overlap}. 31P{1H} NMR 

(CDCl3, δ): 67.1 (PPh3). 11B NMR (CDCl3, δ): 1.31 {ClB(C3N2H3)3}. Anal. Calcd for 

C45H40BN6P2ClRu: C, 61.83; H, 4.61; N, 9.61.  Found: C, 61.54; H, 4.68; N, 9.58.  

ClTpRu(PPh3)2Cl (2).  ClTpRu(PPh3)2H (1) (0.064 g, 0.073 mmol) was heated to reflux 

in CHCl3 (~8 mL). After 4 hours the solution volume was dried and the residue reconstituted 

in approximately 1 mL of dichloromethane.  The solution was then passed through a 1" plug 

of silica and the product eluted with Et2O.  The resultant yellow band was collected and 

dried to a solid in vacuo (0.040 g, 60%).  Alternatively, this reaction can be performed by 

heating 1 in dichloromethane in a sealed pressure tube at 100 °C for 18 hours with 

approximately the same isolated yield following the workup over silica described above. 1H 

NMR (CDCl3, δ):  8.04, 7.92, 7.34, 6.95 (6H total, 1:2:1:2 integration, each d, Tp 3 or 5 

position), 7.18, 7.04 (30H total, each a broad multiplet, 2 PPh3), 5.69 (2H, m, Tp 4 position), 

5.19 (1H, t, Tp 4 position). 13C{1H} NMR (CDCl3, δ): 150.1, 146.7 (Tp 3 and 5 positions), 
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135.2 (vt, JCP = 17.6 Hz, ipso PPh3), 134.9, 134.8 (Tp 3 and 5 positions), 134.0 (t, JCP = 4.5 

Hz, PPh3),  129.0 (s, PPh3), 127.5 (t, JCP = 4.4 Hz, PPh3), 105.2, 104.9 (Tp 4 positions). 

31P{1H} NMR (CDCl3, δ): 41.7 (PPh3).11B NMR (CDCl3, δ): 1.13 {ClB(C3N2H3)3}. Anal. 

Calcd for C45H39BN6P2Cl2Ru: C, 59.49; H, 4.33; N, 9.25. Found: C, 59.55; H, 4.47; N, 9.14.  
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9 Summary 
A series of second generation TpRu(L)(NCMe)R {L = PMe3, P(OCH2)3CEt or 

P(pyr)3; pyr = pyrollyl; R = Me or Ph} complexes were synthesized to compare olefin 

hydroarylation activity versus TpRu(CO)(NCMe)Ph.  It was found that by increasing the 

electron donating ability of the ancillary ligand L, the rate of aromatic C-H activation could 

be increased.  Experimental and computational studies indicated that mechanism of C-H 

activation proceeds by a concerted sigma-bond metathesis pathway which can be facilitated 

by increasing the acidity of the C-H hydrogen or the basicity of the ligand receiving the 

hydrogen.  Additionally, the transition state also possesses a significant amount of oxidative 

character.  Consistent with experimental measurements, increasing the metal electron 

density through ancillary ligand effects facilitates metal access to a n+2 oxidation state, thus 

increasing the rate of C-H activation.  This more facile access to a C-H activation pathway 

also proved to be advantageous for the activation of the sp
3 bonds of acetonitrile, acetone 

and nitromethane by the more electron rich system TpRu(PMe3)(NCMe)Me.  Consistent 

with Hammett studies of aromatic C-H activation, it was found that C-H activation is 

promoted increased basicity of the ligand receiving the hydrogen and substrate acidity.   

The C-H activation event of the olefin hydroarylation cycle has been previously 

shown to be the RDS.  Despite the ability of TpRu(L)(NCMe)Ph systems bearing stronger 

donating ligands to accelerate the rate of benzene C-H activation, these systems exhibit 

decreased catalytic activity for ethylene hydrophenylation.  With the PMe3 and 

P(OCH2)3CEt systems, decomposition to the TpRu(L)(η3-C4H7) analogs occurs via an olefin 
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C-H activation pathway.  Ultimately, increasing metal electron density through ancillary 

ligand effects acts to raise the activation barrier to ethylene insertion allowing ethylene C-H 

activation to become competitive with ethylene insertion leading to TpRu(L)(η3-C4H7) 

formation.  Additionally, studies with the P(pyr)3 ligand show it is electronically similar to 

CO, but its large steric bulk inhibits sufficient substrate coordination and perturbs entry into 

a catalytic ethylene hydrophenylation cycle.   

A series of cationic [EpRu(L)(L’)R][A-] and [C(pz)4Ru(L)(L’)R][A-] complexes 

were synthesized in order to access systems that are inherently less electron rich than 

TpRu(CO)(NCMe)Ph but can accommodate phosphine ligands with more steric bulk than 

CO.  Increasing the bulk of the ancillary ligand could help improve selectivity for the 

synthesis of linear alkyl arenes.  While no phosphine bearing cationic complexes that could 

serve as catalysts {based on the EpRu(L)(L’)R paradigm} have been synthesized to date, the 

complexes [EpRu(CO)(NCMe)Ph][A-] (A- = BAr’4 or BPh4) were made and found to 

catalyze 2 – 3 turnovers of ethyl benzene.  The complexes are speculated to be too electron 

deficient, relative to TpRu(CO)(NCMe)Ph, and through either poor NCMe ligand 

dissociation or a high barrier to C-H activation, are not readily accessing the olefin 

hydroarylation catalytic cycle.  The conclusions from these studies suggest that a more 

successful Ru olefin hydroarylation catalyst will likely exhibit a reversible Ru(III/II) redox 

potential near 1 V and bear an ancillary ligand with a cone angle less than 145°. 

TpRu(CO)(NCMe)Ph was observed to decompose upon extended heating through a 

suspected decomposition pathway.  Attaching this complex to a surface might attenuate this 
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decomposition and provide the added benefit of catalyst recovery due to heterogenous 

properties.  Hence, TpaRu(CO)(NCMe)Ph {Tpa = allyl-tris(pyrazolyl)borate} was 

synthesized with the intention to tether it to the surface of mesoporous silica nanoparticles 

(MSN) in collaboration with another research group. was developed.  Catalytic studies of the 

first prototype showed no activity for ethylene hydrophenylation.  IR spectroscopy of 

TpRu(CO)(NCMe)Ph-MSN suggests the Ru ligand structure was adversely altered by the 

MSN attachment process.  New synthetic schemes for TpRu(CO)(NCMe)Ph-MSN are 

required that subvert potential unwanted side-reactions of the thiol surface groups with the 

metal center.  A likely scenario is the use of a different tether functionality or the tethering 

of a more stable Ru precursor prior to conversion to the final TpRu(CO)(NCMe)Ph 

construct. 

Finally, the detection and isolation of ClTpRu(PPh3)2H from the known synthesis of 

TpRu(PPh3)2Cl is reported.  The presence of this low yield contaminant that bears a reactive 

hydride from a routine and common synthesis serves as an important warning for catalyst 

synthesis.  Low concentration contaminants that might not be detectable by common NMR 

spectroscopy (e.g., 1H and 13C) can serve as the active catalyst and not the expected higher 

concentration complex.  ClTpRu(PPh3)2H was found to react with CH2Cl2 and CHCl3 to form 

ClTpRu(PPh3)2Cl.  Both complexes were characterized with single crystal X-ray diffraction 

studies and 11B NMR spectroscopy.  The use of these characterization tools can help further 

determine the purity of TpRu(PPh3)2Cl, suggesting that extensive characterization with as 

many spectroscopic tools as possible should be more routine. 


