
ABSTRACT 
 
 
LAIL, MARTY A. Synthesis and Reactivity of Ruthenium Alkyl and Aryl Complexes and 
Their Application towards Aromatic C-H Bond Activation and Olefin Hydroarylation. 
(Under the direction of T. Brent Gunnoe .) 
 

Herein we report on a Ru(II) system,  TpRu(CO)(NCMe)(Ph) {Tp = 

hydridotris(pyrazolyl)borate} that activates the C-H bonds of aromatic substrates towards 

addition across unsaturated C-C bonds. Details of the mechanism of catalysis were elucidated 

both experimentally and computationally. In addition, the potential for an assymmetric RuIII 

complex seemed a promising route towards a more reactive hydroarylation catalyst and 

encouraged us to explore single-electron oxidation sequences of the Ru(II) complexes 

TpRu(L)(L′)(R) (L = CO, L′ = NCMe, and R = Me or CH2CH2Ph; L = L′ = PMe3 and R = 

Me). The putative Ru(III) systems [TpRu(L)(L′)(R)][OTf] (OTf = trifluoromethanesulfonate) 

undergo reductive elimination through bond homolysis and returns to formal Ru(II) oxidation 

states. We also sought to synthesize a second generation of Ru(II) scorpionate complexes, 

TpRu(L)(L′)R {L = phosphine, L’ = phosphine or NCMe, R = Me or Ph} using phosphine 

ligands in place of CO which could activate C-H bonds and potentially serve as 

hydroarylation catalysts.  
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Chapter 1. Background and Mechanistic Discussions Pertaining to Aromatic C-H Bond 

Activation and C-C Bond Formation 

1.1 Rationale for Seeking Improvements in Current Synthetic Methodologies 

Aromatic C-H bond activation has been intensely studied by organometallic chemists 

for the past fifty years due to the abundance of aromatic substrates from naturally occurring 

feedstocks such as coal.1-10 Aromatic compounds are abundant in petroleum feedstocks and 

are plentiful starting materials that can be transformed into many useful compounds in both 

bulk and fine chemical markets. Catalytic manipulation of aromatic substrates can 

incorporate either heterogeneous or homogeneous catalysis.11,12 However, most commonly 

used synthetic strategies do not achieve aromatic functionalization by direct attack of an 

aromatic C-H bond by the active catalyst. 

For catalytic C-C bond formation involving aromatic substrates and homogeneous 

catalysis, it is often necessary to modify the aromatic substrate. In many cases the aromatic 

substrate is halogenated or otherwise "pre-functionalized" to effect subsequent 

transformations by way of non-C-H bond cleavage routes. Halides are useful in 

transformations of aromatics because the C-X (X = Cl, I, Br) bond is significantly weaker 

than the C-H bond. Some examples are the Heck, Stille, Suzuki, and Ullmann couplings, 

which use various Pd or Cu complexes as catalysts. The Heck reaction couples alkenes with 

aromatic halides or triflates and requires the assistance of a base.13 Stille coupling uses 

organostannanes as functional group sources that can be added to halogenated aromatics. 

These reactions produce stoichiometric quantities of undesirable tin byproduct.14 The Suzuki 

reaction employs organoboranes as functional group sources for substitution in halogenated 

aromatics.15 The Ullmann reaction uses Cu to reductively couple halogenated aromatic 
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substrates to produce biaryl compounds.16  Indirect methods of this type are ubiquitous in 

organic synthesis; however, they require formation of carbon-halide bonds that are often 

multi-step, low yielding procedures that lack atom economy and generate unwanted 

byproducts (Scheme 1.1). Although they have become increasingly important to fine 

chemical preparation, these features dramatically limit their broad application in 

pharmaceutical, agricultural, and commodity chemical arenas. 

 

 

Scheme 1.1. Direct and indirect functionalization of benzene. 
 

Alternatively, Friedel-Crafts catalysts provide routes for the formation of C-C bonds 

with aromatic substrates. For example, the most common Friedel-Crafts catalyst, AlCl3, can 

be used to hydrophenylate ethylene to produce ethylbenzene. The catalysis involves a co-

catalyst, HCl or HF, which generates H+ and [AlCl3X]- (X = F or Cl). H+ attacks the π 

electrons of ethylene producing CH3CH2
+, which complexes with [AlCl3X]-. 

[CH3CH2][AlCl3X] then attacks the π system of benzene in a traditional electrophilic 

aromatic substitution with production of H+. The transformation of olefins to alkylarenes is 

commonly referred to as olefin hydroarylation. Friedel-Crafts alkylation of benzene has 

several drawbacks. When α-olefins such as propene or 1-butene are used, there is no 
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selectivity for linear products due to the stability of higher substituted carbocations. In 

addition, a significant amount of AlCl3 is lost to catalyst degradation inherent in the process. 

For example, excess amounts of Lewis acid catalyst must be used with HF to effectively 

transform ethylene and benzene into ethylbenzene. This is  due to the formation of unwanted 

complexes with the catalyst such as "red oils" consisting of protonated alkylbenzeniums with 

metal-halide counterions and complexation with olefin oligomers.17 Another drawback is 

polyalkylation of benzene giving products which must be reprocessed in additional steps. 

Until recently, virtually all hydroarylation of linear α-olefins was carried out in industry by 

Friedel-Crafts alkylation using AlCl3 with HF.18 The poor selectivity and propensity for 

formation of polyalkylarenes is dealt with in industry by reprocessing the product mixtures 

via transalkylation.17 More recently, solid catalysts have been developed for large scale 

synthesis using  fixed bed reactors and substrates in the liquid phase that show enhanced 

selectivity.18 However, for small scale organic synthesis, Friedel-Crafts alkylation is rarely 

used due to the extremely poor selectivity. For example, the reaction of 1-hexene with 

benzene in the presence of AlCl3 produces 2- and 3- phenylhexanes without 1-

phenylhexane.19 In addition, 30% of the product mixture is di- and tri-substituted 

hexylbenzenes.19 The addition of 1-hexene to the product mixture results in continued 

substitution leading to 74% di- and tri-substituted hexylbenzenes. Where a linear 

alkylbenzene is desired, for example 1-phenylhexane, a multi-step synthesis using Friedel-

Crafts acylation followed by Clemmenson reduction is used.20  

The design of new catalysts to accomplish the selective, direct functionalization of 

aromatic C-H bonds would be useful. Such catalysts would require certain features. The 

catalyst must have the capability to activate and break aromatic C-H bonds. This will require 
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coordinative unsaturation of the catalyst in the ground state or access to an excited state. The 

catalyst must be able to selectively insert olefins into the M-aryl bond of the activated 

aromatic substrate in order to control regioselectivity of C-C bond formation. Ideally, the 

catalyst is well defined and suitable for detailed study and tuning to optimize performance. 

Finally, the catalyst should be functional group tolerant so that it can be used with a broad 

scope of substrates. 

1.2 Features of Organometallic Complexes for Synthetic Methodology  

 Coordination complexes that have metal–carbon (M-C) bonds are formally called 

organometallic complexes and differ from classic coordination complexes with exclusively 

inorganic ligands, also called Werner-type complexes.21 Examples of organometallic 

complexes include Mo(CO)6, (C6H6)Cr(CO)3, and Pt(C2H4)3 while Werner complexes 

include complexes such as K2[PtCl4], RuCl3(H2O)3, and [Co(NH3)4Cl2]+.21 Werner 

complexes feature bonding between a highly electropositive (or highly cationic) metal center 

and a ligand set composed of highly electronegative ligands. In comparison, bonding 

between a transition metal and carbon is more covalent because of the closer energy match 

between atomic orbitals. Of course, orbital energies vary across the transition metals and as a 

function of oxidation state, and it is no surprise that M-C bond polarities and strengths are 

also reported over a broad range. 

 Organometallic complexes generally obey the 18-electron rule.21 Transition metals 

have nine valence orbitals (s, p, and d orbitals), and the most stable electronic configuration 

for transition metal complexes is generally reached when the metal has a filled valence shell 

(i.e., filled bonding and non-bonding orbitals). This amounts to four filled σ symmetric 

molecular orbitals derived from metal s and p orbitals, two filled molecular orbitals derived 
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from the σ-symmetric d orbitals, and three filled atomic d orbitals derived from the π-

symmetric d orbitals. Organometallic complexes with 18 electrons are usually stable. 

However, an electronic or steric mismatch in the coordination sphere can lead to a species 

which is electronically unstable, such as a 16-electron complex, and these complexes are 

generally reactive with otherwise inert substrates such as hydrocarbons. 

 The preferred geometry of the metal center is based on electronic saturation and 

varies with oxidation state per the 18-electron rule. Using late transition metals as examples, 

d6 metal centers are electronically saturated in 6-coordinate geometries, d8 metals are 

electronically saturated in 5-coordinate geometries, and d10 metals are electronically 

saturated in 4-coordinate geometries. Of course there are many exceptions to these 

generalizations as a result of π-coordinating and π-donating ligands, but these too can usually 

be interpreted within reason of the aforementioned trends.  This condition has consequences 

with respect to access to a reactive, high-energy species (discussion does not include 

electronic excitations). For instance, the 6-coordinate d6 complex can lose a ligand by 

dissociation resulting in a 5-coordinate 16-electron fragment that is coordinatively and 

electronically unsaturated and likely reactive. However, association of a ligand prior to 

dissociation of a ligand is unlikely for d6 6-coordinate complexes because this leads to a 20-

electron species which is also coordinatively supersaturated. Thus the dissociative 

mechanism is more likely observed for d6 6-coordinate complexes. The dissociative 

mechanism can often be distinguished experimentally using kinetics (Scheme 1.2) 
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Scheme 1.2. Mechanism of dissociative substitution and rate laws. 
 

There are three other relevant means of obtaining reactive organometallic fragments. 

For d8 metals, 5-coordinate geometries provide the environment of electronic saturation. 

However, the most common d8 metals, PtII and PdII are often found in 4-coordinate 

geometries. This could be due in part to π-donation from ligands such as Cl- or O2CCH3
- 

(commonly found in d8 square planar complexes) which would stabilize the formally 16-

electron complexes. Access to a reactive species can occur in two ways for these four 

coordinate systems. First, a two-electron neutral ligand can associate to the coordinatively 

unsaturated environment resulting in an electronically unstable complex which may 

consequently lose a ligand to return to the electronically stable configuration. The associative 

mechanism can usually be distinguished by kinetics (Scheme 1.3). Alternatively, two 

monoanionic ligands can be added to the unsaturated complex at the expense of the metal 

oxidation state resulting in a d6 metal that prefers 6-coordinate geometry. Second, a π-donor 

(X-) can be abstracted from the coordination sphere resulting in a 14-electron cationic 

complex that has diminished stabilization from π-donor ligands and will likely be reactive.  
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Third, coordinative unsaturation could be induced by ligand sterics. Bulky ligands are often 

characterized by incorporation of sterically demanding functional groups such as tert-butyl,  

 

 

Scheme 1.3. Mechanism and rate law for associative substitution.  
 

triphenyl, or tricyclohexyl groups near the metal center. When a sterically demanding ligand 

comes in close contact to another ligand, one may dissociate resulting in an unstable 

electronic configuration. 

The ability to generate highly reactive species from stable transition metal complexes 

which react with hydrocarbons has important implications because hydrocarbons are 

notoriously inert due to their low acidity and high bond dissociation energies. Hydrocarbons 

are abundant (though nonrenewable) resources and the development of synthetic 

methodology to affect the practical direct functionalization of a C-H bond would be a major 

advance in organic chemistry. 

1.3 Historical Background of Transition Metal Mediated C-H Bond Activation 

 Methods of breaking C-H bonds without the involvement of transition metals include 

thermolysis at temperatures of 900-2000°C, reactions with radical species, Friedel-Crafts 

reactions and transformations that incorporate super-acids.22 These processes typically favor 

reaction of secondary and tertiary C-H bonds due to the stability of higher substituted carbon 

radicals or carbocations and are largely unselective for primary C-H bonds. In addition, such 

 
7 



 

methods usually do not allow any reasonable control or modulation of selectivity.  Metal-

mediated C-H bond activation has been studied over the past five decades as a means of 

controlling selectivity due to the potential for achieving greater selectivity at ambient 

reaction conditions.11,22-28 

Demonstration of metal-mediated activation of C-H bonds increased interest in the 

potential of metal centers to directly coordinate the C-H bonds of aromatic and alkane 

substrates. In the 70’s and early 80’s, evidence emerged for the direct interaction of metal 

centers with C-H bonds.29 Agostic bonding, where a hydrogen atom of a coordinated ligand 

favors proximity within bonding distance of the metal center, was discovered.30 In 1982, it 

was reported that IrI complexes react with RH (R = C6H5, CH3, C6H11) to produce IrIII 

systems from insertion of Ir into C-H bonds (Scheme 1.4).31,32 Metal insertion into C-H  

 

Scheme 1.4. Oxidative addition by IrI resulting in IrIII complexes. 
 

bonds is termed oxidative addition since the oxidation state of the metal is formally increased 

by +2 in the product (Scheme 1.5). Bergman and Moore contributed a key piece of evidence 

supporting the mechanism of oxidative addition with time-resolved infrared studies (TRIR) 

of oxidative-addition systems where they spectroscopically characterized the first  alkane C-

H σ-complexes.33-40 Additional evidence for C-H σ-complexes based in NMR spectroscopy 
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has been recently reported by Ball and coworkers.41-43 Since, numerous complexes, primarily 

based on metal centers in groups VI, VII, VIII, IX, and X, in low oxidation states  have been 

shown to be active for this type of C-H activation.9,11,34-47  

Other types of C-H activation by transition metals have been proposed. Bercaw, 

Wolczanski, Marks and others observed σ-bond metathesis with d0 metal centers and 1,2-

addition of C-H bonds across M-X bonds or M=X (X = N) bonds to give either M(R) and 

XH or M(R)(XH) products without formation of a M(R)(H)(X) species.44-51 Wayland and 

workers discovered Rh-porph (porph = porphyrin) complexes that activate C-H bonds via 

two metal-centered radicals which act in concert to form Rh(porph)R and Rh(porph)H 

complexes.52,53  Shilov and others discovered electrophilic C-H activations where highly 

reactive organometallic complexes are not isolated yet are most likely involved in C-H bond 

transformations.29 In general, C-H activations fall under one of five mechanisms presented in 

a recent review by Labinger and Bercaw (Scheme 1.5).23 However, a recent report proposes a 

mechanism of C-H activation that is intermediate between an oxidative-addition and an 

electrophilic pathway.54-56 This mechanism has been termed oxidative hydrogen migration 

and may indicate that C-H activation mechanisms are not entirely distinguishable. 

Regardless, all of the mechanisms fit Shilov’s classification of “true activations” because an 

M-C σ-bond is formed either as an intermediate or as a final product.  
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Scheme 1.5. C-H activation mechanisms. 
  
1.4 Comparison of σ-Bond Metathesis, Oxidative Addition, and Electrophilic C-H 

Activation. 

 For early transition metal complexes such as those of Sc, Y, and Zr, d0-electron 

counts prohibit C-H activation by an oxidative-addition pathway.  Yet  work by Bercaw and 

coworkers indicates that such metals are capable of activating C-H bonds.57 Importantly, with 

d0 metals, metal π-backbonding into a C-H σ* orbital is absent and does not contribute to the 

activation of the C-H bond. Due to the relative high energy of valence electrons of early 

transition metals, the chemistry of these systems is often dominated by high oxidation states  
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Scheme 1.6. Bonding interactions between early transition metals and C-H bonds. 
   

and most commonly formal d0 electron counts (Scheme 1.5). Thus, coordination of a C-H 

fragment involves only the donation of the C-H σ-bonding electrons into a vacant metal 

orbital (Scheme 1.6). A four-centered concerted transition state (Scheme 1.7) is often 

described for C-H activation via σ-bond metathesis. This transition state illustrates the 

coincidence of breaking two σ-bonds with the simultaneous formation of two new σ-bonds. 

Calculations for alkanes suggest that σ-bond metathesis is likely similar to electrophilic 

activation described below.10 The electrophilic metal accepts C-H σ-bonds as electron donors 

in a three centered two electron M(C-H) interaction preceding activation (σ-complex). A 

charged donor ligand acts as a base and removes a proton from the depleted C-H bond 

generating a new protonated ligand and a new M-C bond. The positioning of RH in the 
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transition state is not arbitrary. Experimental and computational evidence indicates that only 

the transition state with alkyls in both α-positions is a kinetically viable route for C-H  

activation (Scheme 1.7).49,58,59 This transition state allows for a directed proton exchange  

 

Scheme 1.7. Transition state for C-H activation by a σ-bond metathesis mechanism. 
 
with migration of H between the two α-positions. In fact, Crabtree and Siegbahn calculated a 

pathway for the classic "Shilov" electrophilic system that is best described as a σ-metathesis 

involving a four centered Pt-Cl-H-CH3 interaction.60 Specific calculations on methane C-H 

activation by lanthanides also describe a mechanism with electrophilic characteristics.61  

Although more commonly invoked for d0 systems, σ-bond metathesis might not be 

limited to such metal centers. For instance, Hartwig et al. have studied alkane borylation by 

WII and FeII complexes where photolysis of Cp*M(CO)nBcat (Cp* = C5Me5
-,  M = Fe or W, 

n = 3 or 2, cat = catecholate) in the presence of  C5H12 results in alkane borylation at the 

terminal carbon.62  In this system the empty p orbital on boron stabilizes the transition state 

by accepting electron density from the metal center and the migrating hydrogen is best 

described as a proton. There is a small amount of oxidative addition in the transition state, 

illustrating the difficulty in separating modes of C-H activation. However one key difference 

between σ-bond metathesis and electrophilic C-H activation is the effect of adding functional 

groups to the aromatic.63 This usually has little effect on σ-bond metathesis mechanisms but 

large effects for electrophilic activations.49 
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Early accounts of σ-bond metathesis by Watson indicate that lutetium and yttrium 

complexes of the type Cp*2MCH3 (Cp* = pentamethylcyclopentadienyl) undergo exchange 

reactions with either 13CH4 or CD4.64 Bercaw et al. reported the exchange of 13CH4 with 

Cp*2ScMe to yield CH4 and Cp2*Sc(13CH3) as well as a thorough investigation of the σ-bond 

metathesis mechanism in scandocene complexes.49 These complexes were found to activate 

dihydrogen, aryl and alkyl C-H bonds with rates that decrease as the s-character of the C-H 

bond decreases. Marks et al. observed C-H bond activation of methane and cyclopropane by 

a ring-strained thorium metallacycle. The thorium-based C-H activations exhibit substantial 

kinetic isotope effects, with kH/kD = 6.50  Kinetic isotope effects cover a broad range for σ-

bond metathesis mechanisms as scandocene systems show a kinetic isotope effect for the 

activation of benzene with kH/kD = 2.8.49 

The oxidative addition of C-H bonds involves the formation of metal-carbon and 

metal–hydride bonds accompanied by a formal +2 increase in the oxidation state of the metal 

center. The new M-C and M-H σ-bonds require four electrons with two electrons originating 

from the C-H bond and two electrons from the metal center. For this reason, oxidative 

addition has been referred to as the nucleophilic method of C-H activation, yet even the 

authors of the phrase admit that an oxidative addition mechanism may be unrecognizable if 

the oxidized Mn+2(R)(H) species is not isolable. The requirement of an available n+2 

oxidation state (n = initial oxidation state) limits oxidative addition reactions to metal centers 

that possess at least one lone pair of electrons. From a thermodynamic perspective, oxidative 

addition reactions are generally preferred for group 6 through 10 metals in low oxidation 

states. Scheme 1.8 depicts MO interactions for a C-H oxidative addition step. This C-H bond 
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breaking is aided by donation of C-H σ-bonding electrons to an empty σ-orbital on the metal. 

In addition, filled metal dπ orbitals donate electrons to unfilled C-H σ*-antibonding orbitals. 

C-H oxidative addition can occur in either intermolecularor intramolecular fashions (Scheme 

1.9). 

 

 

Scheme 1.8. Bonding interactions between late transition metals and C-H bonds. 
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Scheme 1.9. Intermolecular and intramolecular C-H activation by oxidative addition. 

 

Scheme 1.10. C-H oxidative addition involving the σ-complex.
 

           Highly electrophilic metal centers can activate C-H bonds towards deprotonation in a 

pathway often termed electrophilic substitution. There are two common modes of 

electrophilic substitution. In one mode, a metal coordinates to a C-H σ-bond, forming a σ-

complex in which the C-H bond is best described as CR3
δ--Hδ+ (Scheme 1.10). The polarized 

C-H bond is similar to the polarized H-H bond where an Hδ+-Hδ- σ-complex is formed with a 

metal resulting in production of M-H and H+.65,66 In the other type, a metal center coordinates 

to an aromatic π-system forming a Wheland intermediate which has a formal positive charge 

that resonates between multiple carbons (Scheme 1.11). However, Milstein et al. have 

 
15



 

demonstrated that aromatic C-H bonds can be activated via σ-complexes despite the presence 

of a π-system.67 It is often difficult to differentiate electrophilic and σ-bond metathesis  

 

Scheme 1.11. Comparison of a Wheland intermediate and a σ-complex, both  invoked as 
intermediates in aromatic C-H bond activation. 
mechanisms since they both create Hδ+. C-H activations that result in functionalized alkanes 

or aromatics without observable organometallic species are sometimes termed electrophilic 

C-H activations. A common feature is rapid reaction in polar reaction solvents that stabilize  
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Scheme 1.12.  Bonding interactions between electrophilic late transition metals and C-H 

bonds. 

 
charged intermediates. This mechanism is most commonly invoked for high-valent late 

transition metals that often possess low lying empty d-orbitals which can accept σ-electron 

donation from C-H σ-bonds. For very late transition metals, the ability to back-donate into C-

H σ* orbitals is diminished due to low energy filled dπ-orbitals (Scheme 1.12). Formation of 

an M(C-H) complex accompanied by lack of back donation gives rise to partial positive 

character, δ+ on hydrogen making it proton like and δ- on carbon giving it carbanion 

character (Scheme 1.13). The carbanion binds to the metal giving [H]+[M-CR3]- 

intermediates. Proton transfer can occur in an intra- or intermolecular fashion and completes 

the C-H activation. 
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Electrophilic activations by PdII, PtII, PtIV, HgII and TlIII have been reported.68 PtII was 

investigated as early as the late 60’s by Shilov for the exchange of hydrogen and deuterium 

 

Scheme 1.13.  Electrophilic activation of C-H bonds. 

 
between methane and solutions of deuterium oxide and monodeuteroacetic acid.69 Due to 

potential application toward methane conversion to methanol,  extensive effort has been 

directed toward discerning the mechanism of  the Shilov system (Scheme 1.14).10,22,27,70  Pd 

(II) has been investigated extensively for its high electrophilic reactivity with aromatic 

substrates.71 Hg(II) and Pt(II)  are also promising tools for selective alkane oxidations by 

electrophilic C-H activation routes.68,72 

 

 

Scheme 1.14. Possible mechanism of the Shilov system for alkane oxidation. 

 
Oxidative additions are often directly observed for low oxidation state systems. For 

example, RhI and IrI  provide isolable M(R)(H) complexes which are the products of 
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oxidative addition (Scheme 1.15).73,74 Oxidative additions clearly do not occur for d0 

systems. The mechanism of C-H activation is often more ambiguous for systems that have d-  

 

Scheme 1.15. Oxidative addition of C-H bonds of alkane and aromatic substrates by IrI and 
RhI.
 
Electrons but that are in higher oxidation states, e.g., IrIII, RuII. For example, 

[Cp*Ir(PMe3)(X)(CH3)]n+ (X = OTf, n = 0, X = CH2Cl2, n = 1)  reacts with C-H bonds of 

alkyl, ester, and aldehydic substrates to produce [Cp*Ir(PMe3)(X)(CH3)]n+ and CH4.11,38,75-78 

Two possible mechanisms are oxidative addition and σ-bond metathesis. Though oxidative 

addition for high valent Ir(III) seems unususal, evidence suggests that the transformation 

likely proceeds via this mechanism. For example, (Ph)3Si-H activation was studied for the 

system resulting in production of methane and surprisingly formation of a stable 

cyclometallated IrV complex (Scheme 1.16).  

 

Scheme 1.16. Oxidative addition by Ir(III) resulting in a stable Ir(V) complex. 
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Oxidative hydrogen migration is a mode of C-H activation that is somewhat 

intermittent between oxidative addition and σ-bond metathesis. Reminiscent of σ-bond 

metathesis, this mechanism involves metal assisted migration of hydrogen from a substrate 

C-H bond to a metal bound hydrocarbon fragment via a four-centered interaction. 

Importantly, during the migration, H comes within bonding proximity of the metal center 

giving the mechanism oxidative character. This mechanism can be viewed as one extreme of 

σ-metathesis where the migrating H comes particularly close to the metal center. However, 

there is no change in the oxidation state of the metal and the mechanism does not result in the 

addition of a C-H bond to the metal center (Scheme 1.17). 

 

Scheme 1.17. C-H activation by oxidative hydrogen migration. 

 
Central to the mechanisms of C-H activation is the σ-coordination of C-H bonds 

(Scheme 1.10). This is a transient intermediate whereby a C-H σ-bond donates electrons to 

the metal center while the metal center can donate d-electrons to the C-H σ∗-antibonding 

orbitals of the C-H σ-bond, if they are available. The σ-bond donation results in a three-

centered two electron coordinating interaction. Extensive donation of d-electrons by the 

metal is can assist cleavage the C-H bond. Evidence for the existence of σ-complexes has 

been observed, as mentioned earlier, by Bergman and coworkers33-40 using time-resolved 

infrared spectroscopy and by Ball et. al using NMR spectroscopy.41-43 Often evidence for the 
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intermediacy of a σ-complex is indicated in reports of scrambling of the alkyl and hydride 

positions in complexes such as Tp*RhLCH(Me)2D (L = CNCH2C(CH3)3.4,79-86 Starting with 

such complex, scrambling involves reductive coupling of CH(Me)2 and D followed by the 

microscopic reverse, oxidative cleavage,  at a rate that is faster than the rate of alkane 

dissociation. Though an overall inverse kinetic isotope effect is often reported for reductive 

eliminations, the source of the inverse kinetic isotope is often not clear unless multiple 

kinetic isotope effects for the system can be measured. Scheme 1.18 shows the reaction 

coordinate for two reductive elimination pathways and illustrates two sources of an overall 

inverse equilibrium kinetic isotope effect (Keq).  

 

Scheme 1.18. Sources of inverse kinetic isotope effects commonly observed for the reductive 
elimination of  alkanes from organometallic complexes. 
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1.5  Metal-Arene Bonding, Kinetic, and Thermodynamic  Treatment of Aromatic C-H 

Activation 

The mechanism of aromatic C-H activation can proceed by any of the pathways 

discussed above and depends on the features of the metal complex and aromatic substrate. 

Examples of aromatic activation are known for early and late transition metals. Accounts of 

phosphine ortho-metalation led to the proposition that aromatic π-bonds were required for C-

H activation.23,87  Though this was later proved incorrect, activation of aromatic C-H bonds is 

often favorable over alkane C-H bonds activation both kinetically and thermodynamically.88 

Aromatic C-H bond activation was one of the earliest reported hydrocarbon activations by a 

transition-metal (Ru).89,90 Thermodynamically, the metal-aryl bond is often stronger than the 

corresponding metal-alkyl bond because of both interactions between the metal and the π∗-

orbital of the aromatic ligand, and stronger σ-bonding between the metal and an sp2 

hybridized carbon (Scheme 1.19).9 For example, Cp*Rh(PMe3)(Ph)(H) requires heating to 

approximately 60°C for reductive elimination of benzene while Cp*Rh(PMe3)(Me)(H)  

 

 

Scheme 1.19. Metal-arene and metal-alkyl bonding interactions showing π-stabilization. 

 
undergoes reductive  elimination at -20°C.88 For some systems, coordination of the 

hydrocarbon, prior to C-H activation, is the rate determining step of the overall C-H bond 

cleavage. Coordination of aromatic substrates through π-bonds allows formation of 
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complexes that are typically lower in energy than the analogous alkane σ-complexes 

(Scheme 1.20). The aromatic π-system can also stabilize the formation of an arenium which 

precedes C-H bond breaking (1b in Scheme 1.20), whereas saturated hydrocarbons proceed 

through a high energy pentavalent transition state which is often the rate determining step for 

alkane C-H activation (2b in Scheme 1.20). However, an alternative electrophilic-type 

transition state not involving a π-bond stabilized “Wheland intermediate” has also been 

proposed for aromatic substrates.67,91-93 For instance, Milstein and workers isolated a Rh 

complex utilizing the pincer complex 1,3-bis(di-tert-butylphosphino)methylbenzene which 

contains an agostic Rh ipso-C-H bond (Scheme 1.21). An X-ray crystal structure reveals C-C 

bond distances in the ring to be equal within experimental error indicating the aromaticity of 

the ring is intact.67 Thus, aromatic C-H bonds can potentially be broken through Wheland 

type arenium species (electrophilic substitution) or agostic C-H bonds. Since both pathways 

generate acidic C-H moieties, experimental differentiation is often difficult. 
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Scheme 1.20. Thermodynamic and kinetic comparison of alkane and aromatic C-H oxidative 
addition.

 

 

 

Scheme 1.21. [PCPRh(CO)][OTf] shows a stabilized Rh C-H agostic interaction as a 
possible aromatic C-H activation mechanism. C-C bond distances in the ring are equivalent. 
 
1.6 Survey of Stoichiometric Aromatic C-H Activations 

Examples of metal-mediated aromatic C-H activation virtually span the series of 

transition elements. Some specific examples are given below with late transition metal 
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systems. In the van-Helden reaction, PdII couples aromatics to form biaryls.94 The reaction is 

thought to proceed by electrophilic substitution of an aromatic proton then disproportionation 

and finally aromatic coupling. An acetoxy group has been added to toluene by PdII.95 Carbon 

monoxide can be coupled to an aromatic in the presence of acetic acid and PdII to yield aryl 

acetyl esters.96,97 Aromatics can also be coupled to CO2 by PdII to give aryl carboxylic 

acids.98  

 Heating benzene solutions of Na2PtCl4 in the presence of an oxidant such as PtIV 

yields platinum-phenyl complexes. These reaction conditions are characteristic of the group 

of “Shilov-type” C-H activations, (see above).  The requirement of PtIV as a stoichiometric 

oxidant renders these systems impractical to scale up; however, recent advances include the 

use of more affordable oxidants and modification of the catalyst coordination sphere to 

improve the robustness in rigorously oxidizing environments. PtIV reacts with aromatics from 

a variety of parent complexes such as PtCl6
2-. Unlike PdII, the stable arylated PtIV products 

can be isolated. For example, heating  PtH2Cl6 in benzene in the presence a triflic acid/water 

mixture and SiO2NH3 yields [NH4][Pt(Ph)(Cl)4(NH3)] (Scheme 1.22).99-102 Decomposition of 

these complexes, under thermal conditions, yields biaryls and chloroaromatics, as well as PtII 

complexes. RhIII and IrIII precursors have been shown to generate Rh(I) and Ir(I) systems that 

initiate oxidative addition of aromatic C-H bonds. When Cp*Rh(PMe3)(H)(H) is photolyzed 

in C6H6, the product is Cp*Rh(PMe3)(Ph)(H).88 Similarly, Cp*Ir(PMe3)(H)(H) can be 

irradiated in the presence of C6H6 to give Cp*Ir(PMe3)(Ph)(H).103 These reactions are 

proposed to proceed by initial extrusion of dihydrogen to generate reactive Cp*MI(PMe3) (M 

= Rh, Ir) systems. 
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Scheme 1.22. Stable Pt(IV)-aryl complex.

1. 7 Catalytic Aromatic C-H Bond Activations Accompanied by Formation of New 

Carbon-Carbon Bonds 

1.7.1 Friedel-Crafts Catalysis 

As discussed above, Friedel-Crafts catalysts are frequently used for the alkylation of 

benzene and such processes have been scaled industrially for the production of ethylbenzene, 

cumene, xylenes, and detergent sulfonates by Dow Chemical, British Petroleum and other 

companies internationally. Although the overall reactions are identical, from a mechanistic 

perspective the Friedel-Crafts methodology differs dramatically from catalysis based on 

metal-mediated C-H activation. For Friedel-Crafts chemistry, an electrophilic substrate is 

generated by protonation of an alkene, and electrophilic attack on the aromatic substrate 

follows to give an arenium intermediate. Deprotonation of the arenium intermediate gives the 

product of olefin hydroarylation. Ethylation of benzene is carried out at 100°C and 15 psi 

C2H4 under typical conditions.17 Polyalkylated products are converted to the desired products 

in subsequent transalkylation reactions with benzene. The overall conversion for the 

ethylbenzene process is typically as high as 98%.17 For longer α-olefins, Markovnikov 

selectivity for branched products is characteristic of Friedel-Crafts mechanisms due to the 

stability of substituted carbocations.  
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Scheme 1.23 shows the general mechanism for Friedel-Crafts alkylation using 

ethylene.  In Friedel-Crafts catalysis, alkylbenzenes can be generated either by combining 

ethylene and benzene in the presence of AlCl3 and HX or by using chloroalkanes and  

 

Scheme 1.23. Mechanism of Friedel-Crafts catalysis. 

 
benzene in the presence of AlCl3 with the former being the more common method.17 Metal 

trihalides are complexed with halides from stronger acids in catalysis as conjugate bases, 

[MX4]-, that are thought to be part of the ion pair, [RCH2
+][MX4]-, operative for electrophilic 

attack on aromatic substrates.17 Both methods suffer from the subsequent alkylation of 

ethylbenzene to yield higher substituted benzenes. The acidic product mixture must be 

neutralized which decomposes AlCl3 rendering it unusable for subsequent catalysis. 

Homogeneous systems that function at lower temperatures with enhanced selectivity would 

greatly improve these syntheses in terms of waste generated, energy consumed, and efficient 

use of starting materials.18 

The alkylbenzene industry is economically significant. The ethylbenzene industry 

yielded an estimated 2001 production of 1 billion pounds. Sulphonated linear alkyl benzenes 

(LAS, made from C9 or longer chain linear alkyl benzenes) are used as starting material in the 

detergent industry for the production of domestic and industrial detergents. Demand for 

linear alkyl benzenes (LAB) is anticipated to continue to rise due to improved health care and 
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increased per capita income worldwide.104  Environmentally harmful byproducts of this 

method warrant concern about the future impact of this process. For example, potentially 

lethal H2F2 is used in combination with AlCl3 in the manufacture of LAB under carefully 

controlled conditions to get the highest yield of 2-phenylalkanes, which are desirable because 

they undergo facile biodegradation and are highly soluble in the product mix.104 Yields of 2-

phenylalkanes can be optimized via the benzene/olefin ratio and the benzene/HF ratio. 

Unfortunately, the yield is optimized by increasing the concentration of HF. In addition, the 

selectivity for 2-phenylalkanes only reaches 29-32% maximum by this process. Several 

limitations are present with these technologies. First is the complete lack of selectivity for 1-

phenylalkanes.  Second, the hazard of the production process increases as conditions are 

optimized. Third, selectivity for desired products, even under optimized conditions, is low. 

Fourth, H2F2 and AlCl3 are recovered from the process in ways which release harmful 

effluents into the environment. Efforts are underway to improve the current process.  Lewis 

acid catalysts on solid supports are growing in number and are accompanied by a multitude 

of new shape-selective zeolites and other alternative strategies reported in the literature and 

well summarized in a recent review by Corma and Garcia.17,18 However, where primary 

alkylbenzenes are desired, Friedel-Crafts methods are not effective.   

1.7.2 Solid State Catalysts 

 New technologies used in the commercial manufacture of ethylbenzene, cumene, and 

xylenes apply solid acids. In the Mobil-Badger process, the solid-supported acid H-ZSM-5 is 

used in a heterogeneous vapor-phase reaction at much higher temperatures and pressures 

(400-450°C, 225-450 psi) to produce ethylbenzene. The process yields more polyalkylated 

species than traditional Friedel-Crafts methods but avoids other issues with chlorinated waste 
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and use of HF. Other ZSM-5 zeolites have been shown by Union Carbide to give 

ethylbenzene via alkylation with ethanol.17,105 Cumene, traditionally produced via Friedel-

Crafts alkylation with propylene, benzene, AlCl3 and H2SO4 has recently been produced with 

zeolites by Lummus, Mobil-Badger, and Dow.17 Toluene disproportionation for the 

manufacture of para-xylene has been recently converted to a shape selective zeolite 

technology by Mobil.17 

 The mechanism of aromatic alkylation and transalkylation by solid state catalysts is 

thought to involve carbenium ions.106 The carbenium is generated by protonation of an 

alkene by a Brønsted acid site of the zeolite. Zeolites are Si/Al solid composites 

systematically interspersed with tunnels and surface cavities. Tunnel diameter and cavity 

depth are important factors in zeolite design and are optimized for specific transformations. 

For instance, MCM-22 and SSZ-25 are two different zeolites with two independent pore 

systems. One pore system is sinusoidal and 10-membered ring (MR) in size while the second 

system is a series of large 12 MR cavities (7.1 Å in diameter, 18.2 Å in height) connected by 

a single 10 MR window.106 The ratio of Si/Al varies between zeolites with specific blends 

being optimal for different processes. Both Lewis acidic and Brønsted acidic sites are present 

on the surface of the zeolite that can be modified during zeolite synthesis. Although solid-

state catalysts are promising tools for the improvement of aromatic-alkylation proceses 

(indeed many are already employed by industry), they do not represent a fundamental change 

in the mechanism of alkylation and are not able to selectively produce n-alkylbenzenes when 

desired. 
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1.7.3 Transition Metal-Mediated Aromatic C-H Activation with C-C Bond Formation 

1.7.3.1 Discussion of Transition Metal-Mediated Insertions 

An insertion is a process whereby substituents coordinated to a metal center may be 

combined to form new substituents. This is one advantage of using transition metals as 

catalysts. The two common classes of insertions are 1,1- and 1,2-insertions. These numbers 

correspond to the bonding arrangement in the newly formed substituent. For a 1,1-insertions, 

an η1-bound ligand such as CO is inserted between a metal center and a second ligand such 

as an alkyl or aryl ligand. For the specific case of CO, both the metal and R will be bonded to 

the same carbon atom resulting in formation of a new M-acyl. In contrast, if an olefin such as 

ethylene were to undergo a 1,2 insertion into a M-R bond, the resulting substituent  will show 

M bonded to C1 and R bonded to C2 or vice versa but not to the same carbon. A general rule 

is that η1-bound substituents undergo 1,1- insertion while η2-bound substituents undergo 1,2- 

insertion.21  

1.7.3.2 Survey of Catalytic 1,1-Insertions into M-Aryl Bonds 

Insertion of CO into a M-aryl bond results in formation of an aromatic aldehyde 

ligand. Similarly, when isocyanide is inserted into a M-aryl bond, the product is an imine 

ligand. Isocyanide (CNR) insertion into metal-aryl bonds has been demonstrated for Rh, Fe, 

and Ru complexes. Tanaka et al.used RhCl(CO)(PMe3)2 to make aldimines as shown in 

Scheme 1.24.107 Under photolytic conditions, Jones et al. catalyzed isocyanide insertions into 

benzene C-H bonds at room temperature using Fe(CNR)3(PMe3)2  (R= Me = methyl, tBu = 

tertbutyl, CH2CMe, Ph = phenyl, 2,6-xylyl)  
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Scheme 1.24. Rh catalyzed isocyanide insertion. 

 
 catalysts.108-113 RhCl(CNR)(PR’3) (R= Me, 2,6-xylyl, neopentyl and R’= Me, Et = ethyl, iPr 

= isopropyl) also inserts isocyanides into aromatic C-H bonds.114 Murai attempted acylation 

of imidazoles with ruthenium carbonyl with modest results, 23 turnovers at 160 °C and 20 

bars CO pressure.115 RhCl(CO)(PMe3)2 facilitates the carbonylation of aromatic C-H bonds 

of benzene by photolysis to give benzaldehyde.116 

1.7.3.3 General Mechanism of Transition Metal-Mediated 1,2 Insertions 

A key step in olefin hydroarylation is 1,2 insertion of alkenes into metal-aryl 

bonds.117,118 1,2-insertions begin with binding of an alkene or alkyne to a metal center in an 

η2-fashion. This interaction involves a σ-bonding interaction where electrons in a C=C π-

bonding orbital are donated to an empty orbital on the metal center. Metal-to-ligand π-

backbonding into the π* antibonding orbital also contributes to the metal-olefin bonding 

(Scheme 1.25). The π-bonding has an orientational preference and can contribute to an 

activation barrier to olefin rotation. 
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Scheme 1.25. Bonding interactions between a transition-metal and an η2-bound olefin.

 

For unsymmetric alkenes, insertions can be denoted by M-C-C connectivity to 

differentiate between the possible M-alkyl isomers (Scheme 1.26). The regioselectivity can 

depend on both steric and electronic influences. Unsymmetric internal alkenes are prochiral 

substrates, and enantioselective insertion into M-Ar bonds leads to the production of single 

enantiomer products. 
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Scheme 1.26.  1,2-insertions of asymmetric olefins can be distinguished as either 1,2- or 2,1- 
insertions with respect to the carbon bound to the metal and the carbon bound to the ligand. 
 

Before a 1,2-insertion can occur, the unsaturated substrate must be aligned colinear 

with the M-C bond. For example, using the three dimensions of Cartesian space specified by 

x,y, and z coordinates, if a metal-aryl bond lies along the y-axis, an alkene that is coordinated 

on the z-axis η2 parallel to the x axis must rotate by 90 °C and orient in the yz-plane prior to 

insertion into the metal-aryl bond. This has important implications for the transition metal 

coordination since dπ orbitals are often non-degenerate. For example, consider an 

asymmetric octahedral d6 system with the olefin coordination along the x-axis (Scheme 1.27). 

The energies of the dπ orbitals are non-degenerate in an asymmetric coordination sphere. The 

dxz and dyz orbitals are lower in energy because CO is coordinated on the z-axis has two sets 

of perpendicular π* orbitals. These are symmetry correct for accepting electron density from 

the metal dxz and dyz orbitals. The energy of the dxy orbital remains unaffected by 

backbonding with CO; however, the energy of the dxy orbital can be lowered by donation to 

the π* orbital on the olefin if the π* orbital is aligned in a symmetry correct fashion. The 

correct alignment requires the olefin to rotate parallel to the xy plane and is symmetry correct 

for 1,2-insertion. 
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Scheme 1.27.  Metal-based HOMO can be stabilized by π-backbonding with the olefin 
ligand if the olefin is oriented appropriately. 
 

Alkene insertions can be followed by several processes to generate new organic 

products. 1,2-insertion followed by β−hydride-elimination and dissociation of the organic 

ligand gives the product of oxidative coupling. A 1,2-insertion followed by substitution of 

hydrogen for the metal center gives the products of hydroarylation (Scheme 1.28). Ru, Rh, 

Pd, Ir, Pt, Au, Hg and Zr have been shown to facilitate these transformations. 

 

Scheme 1.28. 1,2-olefin insertion can result in olefin hydroarylation or oxidative coupling of 
an olefin with an aromatic substrate.
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1.7.3.4 Survey of Catalytic Hydroarylation of Olefins and Alkynes and Other Aromatic 

C-H Functionalizations. 

Ruthenium(III) chloride is known to catalyze the hydroarylation of functionalized 

olefins to aromatics and the oxidative coupling of olefins and aromatic substrates. The 

aromatic substrate scope includes chlorobenzene, benzene, toluene, anisole, p-xylene and 

naphthalene with methyl cinnamates, methyl propenoates, styrenes and hex-1-enylbenzenes 

formed from the reactions with methylacrylate, ethylene and H2C=CH(CF2)3CF3 in the 

presence of CO and O2.119 

 Using Rh4(CO)12,  ethylene, methyl acrylate, N,N-dimethyl acrylamide, N-methyl-N-

phenyl acrylamide, acrylic acid, 1-butene-3-one,dimethylfumarate, dimethyl maleate, maleic 

anhydride, N-phenylmaleimide, methylmethacrylate, methyl cinnamate and methyl crotonate 

were oxidatively coupled to benzene.8 Rh6(CO)16, Rh2(CO)4Cl2, and Rh(CO)2(acac) are also 

useful for  the oxidative coupling of benzene and ethylene.8  Rh(acac)(CO)2  and other 

similar Rh(I) and Rh(III) complexes were later studied by Matsumoto and workers for the 

oxidative coupling of benzene and ethylene using O2 or Cu(OAc)2 instead of CO as 

additives.120,121 RhCl(CO)(PMe3)2 was also found to catalyze the production of  methyl 

cinnamate  by photolysis from methyl acrylate and benzene.122 Rhodium also catalytically 

adds arene C-H bonds to alkynes including benzene or toluene to diphenylacetylene and 

benzene to 1-phenylpropyne and bis(p-tolyl)acetylene.123-125 Photolysis of a benzene solution 

of Rh(PMe3)2(CO)Cl catalyzes the hydroarylation of  n-propylacetylene while thermolysis of 

the same mixture gives hydroacetylation of  propylacetylene to form an enyne.5 Lim has 

shown that RhCl(PPh3)3 can activate the ortho C-H bond of the phenyl ring on 2-phenyl 

pyridines for addition across alkenes producing 10 turnovers in 22 hours at 100 °C .126 This 
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system also inserts alkenes into primary vinylic C-H bonds of 2-vinylpyridines.126 The same 

system also catalyzes ortho-alkenylation of 2-phenylpyridines by addition of  an ortho-C-H 

bond across alkynes.127 Various intramolecular olefin hydroarylations are catalyzed by 

(PPh3)3RhCl  and also by Rh complexes generated in situ from [RhCl(coe)2]2 (coe = 

cyclooctene).128-133 Rh4CO12 has also been shown to add C-H bonds of heteroaromatics such 

as furans, thiophene and N-methylpyrrole across diphenylacetylene.124   

Perhaps the most studied transition metal known to facilitate the oxidative coupling or 

hydroarylation of carbon-carbon multiple bonds is palladium. The oxidative coupling of 

aromatics to olefins is known in the Fujiwara reaction where the mechanism is thought to 

proceed by either initial electrophilic attack on the aromatic substrate followed by olefin 

insertion into a Pd-aryl bond or formation of a palladium hydride intermediate followed by 

olefin insertion and reductive elimination.134 Pd(OAc)2 (OAc = acetate) has been shown to 

catalyze the oxidative coupling of  benzene, toluene, anisole, naphthalene and 1,2-

dimethoxybenzene with acrylates, enones, cinnamates, acrylonitrile, enals and styrene.134-137 

Various additives, catalyst loading, and conditions have been used often with unique results 

for each specific system. For instance 7 mol% Pd(OAc)2 and styrene with 

heteropolyoxometalate acid, 1 atm O2, acetylacetonate, sodium acetate, and propionic acid  

heated to 90 °C produces cis-1,2-diphenylethene.135,136 Combining 10 mol% Pd(OAc)2 with 

10 mol% AgOAc, 50 atm of O2, and heating to 80 °C produces trans-1,2-diphenylethene. 

Pd(OAc)2 was also used for oxidative coupling of anilides and acrylates in acidic solutions. 

Coupling occurred at an ortho-carbon of the phenyl ring.138 Pd(OCOPh)2  is also known to 

couple aromatics and functionalized olefins.139 
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Pd(OAc2) has been used with AgOAc as an additive for the hydrophenylation of 

diphenylacetylene.140 A binuclear Pd catalyst, Pd2(p-tol)(μ-OH)(μ-dpfam) (tol = tolyl, dpfam  

= N,N’-bis[1-diphenyl-phosphino)phenyl]-formamidinate) selectively produces (E)-3-phenyl-

3-hexene  from 3-hexyne and benzene with B(n-Bu)3 used as an additive.141 The system also 

facilitates the hydroarylation of other symmetrical internal alkynes. Pd2(p-tol)(μ-OH)(μ-

dpfam) catalyzes the hydroarylation of 3-hexyne with monosubstituted aromatics such as 

toluene, anisole, methylbenzoate, and chlorobenzene.141 A Pd(II) complex with an N-

heterocyclic carbene ancillary ligand, (IPr)Pd(O2CCF3)2 (IPr = 1,3-bis(2,6-diisopropyl-

phenyl)imidazol-2-ylidene), catalyzes the hydroarylation of alkynes.142 Pd(OAc)2 has also 

been shown to catalyze the hydroarylation of alkynes over the largest scope of aromatic and 

alkyne substrates.140,143 For example, C-H bonds of p-xylene, naphthalene, functionalized 

mesitylenes and anisoles can be added across the alkyne functionality of ethylpropiolate and 

other alkynes. A phenyl substituted ethylpropiolate undergoes Pd(OAc)2 catalyzed 

intermolecular hydroarylation with electron-rich phenols to give coumarins.144 Coumarins are 

also formed by the Pd(OAc)2 catalyzed intramolecular hydroarylation of aryl 

alkynoates.143,145 

Pd(OAc)2 has also been shown to facilitate the hydroarylation of olefins and alkynes 

using C-H bonds of heteroaromatics. Pyrroles, furans, and indoles add across alkyne 

functionalities of substituted ethylpropiolates.146,147 Pyrroles and furans are regioselective for 

addition of the C-H bond α to the heteroatom while indole is selective for the 3-position. 

Oxidative couplings of methyl and ethyl acrylates, vinyl ketones and acrylonitrile  to the α-

position of furan and 2-substituted furans have also been reported for Pd(OAc)2 and 
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Pd(OCOPh)2 in the presence of various peroxy or benzoquinone oxidants using acids as 

solvents.137,139 Pd(PPh3)4 catalyzes the addition of furan, benzofuran, thiophene, 

benzothiophene, thiazole, and N-methylpyrrole to alkylidenecyclopropanes to give 2-allyl 

products.148,149 Pd(OAc)2 catalyzes the intramolecular hydroarylation of indoles with tethered 

alkene substituents.150 

Iridium is known to catalyze C-C bond formation between alkenes, alkynes and 

aromatic substrates. The C-H bond at the peri-position of various 4- or 5- substituted 1-

naphthols is added across internal alkynes when catalyzed by [IrCl(cod)]2 (cod = 

cyclooctadiene).151 The hydroarylation of ethylene and α-olefins was accomplished with the 

binuclear Ir(III) complexes [Ir(μ-acac-O,O,C3)-(acac-O,O)(acac-C3)]2 and [Ir(μ-acac-

O,O,C3)(acac-O,O)Cl]2.20,152,153 Ethylene, propylene, 1-hexene, isobutene and methyl 

acrylate undergo the addition of a benzene C-H bond to give mixtures of linear and branched 

products with a slight preference for the linear product. Computational studies were carried 

out for these systems suggesting a mechanism of olefin insertion and subsequent benzene C-

H activation.154,155 [Ir(μ-acac-O,O,C3)-(acac-O,O)(acac-C3)]2 was also studied with 

substituted aromatics. The hydroarylation of ethylene was accomplished with toluene, 

ethylbenzene, and chlorobenzene with mixtures of all three regioisomers being observed. The 

C-H bonds of phenol are also added across norbornene when catalyzed by a chiral Ir 

complex.156 [IrCl[(R)-(S)-PPFPPh2]]2 (PPFPPh2 = 

[(diphenyphosphino)ferrocenyl]ethyldiphenylphosphine) gives the norbornyl and dinorbornyl 

phenols where the hydroarylation is accomplished using C-H bonds in the ortho positions of 

the phenol. 
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Platinum has been used for the hydroarylation of olefins. [(C2H4)PtCl(μ-Cl)]2 adds C-

H bonds of aromatic substrates across norbornene, 2-butene, propylene, cyclopentene and 

cyclohexene to produce branched products.157 The reaction requires the addition of AgBF4, 

and the mechanism is not well understood. PtCl2 has been used for the hydrophenylation of 

diphenylacetylene using Ag(OAc) as a cocatalyst.140 PtCl4 catalyzes the intramolecular 

hydroarylation of arene tethered alkenes  to form new coumarins, chromenes, 

dihydroquinolines, and terpenoids.158-160 

AuCl3 is a useful compound for alkene and alkyne hydroarylation. Often Ag(I) is 

added as a cocatalyst. For example, the combination of AuCl3, AgSbF6, mesitylene, 

phenylacetylene, and nitromethane results in production of 1,1’-mesitylphenylethylene in 

high yield.161 The alkyne substrate scope includes methyl, chloro, and methoxy groups at the 

phenyl para-position, internal alkynes, and carboethoxyacetylene.   Anisole, p-xylene, 2-

bromo-mesitylene, 2,4,6-trimethylphenol, pentamethylbenzene, mesitylene and toluene can 

be used for the aromatic substrate. In some cases, BF3·OEt is used as a Lewis acid co-catalyst. 

AuCl3 also catalyzes the hydroarylation of methyl vinyl ketone by 1,2,3-trimethoxybenzene 

or azulenes.162 Reaction with azulene resulted in multiple hydroarylations while substituted 

azulenes gave only a single addition. Intramolecular hydroarylation is also catalyzed by 

AuCl3 where arylalkynoates or epoxide tethered aryl ethers are converted to coumarins or 

chromanols, respectively.163,164 Gold also catalyzes alkyne hydroarylation with 

heteroaromatic substrates.161 (PPh3)AuCl with AgSbF6 adds furan or 2-methylfuran to 

electron-deficient alkynes. 
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Hg(OTf)2·(TMU)3 (TMU = tetramethylurea) catalyzes the intramolecular 

hydroarylation of arene tethered alkynes.165 The method tolerates ether and amine 

functionality in the tether as well as alkyl substituents on the alkyne terminus. 

An early transition metal has also been shown to catalyze the hydroarylation of 

propene with the six-membered heterocycle α-picoline. Under propene pressure and in the 

presence of H2, [Cp2Zr(Me)(THF)]+ reacts with α-picoline to give an η2-picolyl bound by N 

and C followed by insertion of propene into the Zr-C bond and subsequent liberation of  

isopropylpicoline.166-175 

Another type of 1,2-olefin insertion followed by addition of an aromatic C-H bond 

across the olefin has been accomplished with Ru and aromatic ketones, aromatic esters, 

aromatic imines, aromatic nitriles and aromatic aldehydes.176 The catalysts are not limited to 

aromatic C-H bonds and also activate olefinic C-H bonds, but this will not be discussed 

here.176  These transformations are potentially aided by initial coordination of O or N 

electron lone pairs to Ru and are classified as chelation assisted hydroarylations.  A C-H 

bond ortho to the acyl group undergoes oxidative addition to Ru producing an aryl-hydride. 

An olefin or alkyne then binds η2 and can be inserted into the Ru-H bond followed by 

reductive elimination with the arene ligand to give the products of hydroarylation (Scheme 

1.29).  RuH2(CO)(PPh3)3 or Ru(CO)2(PPh3)3 catalyzes the hydroarylation of various olefins 

such as  ethene,  3,3’-dimethyl-1-butene, 2-vinylphenol, dimethylethoxyvinylsilane, and 

trimethylallylsilane with ortho-methylacetophenone. Heteroaromatic ketones also react with 

triethoxyvinylsilane in  
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Scheme 1.29. Mechanism of chelation assisted olefin hydroarylation. 
 

Ru catalyzed hydroarylations.177 3-Acetylthiophene is activated selectively at the 2-position. 

The aromatic substrate scope includes aromatic ketones with NMe2, OMe, CH3, 

NEtC(O)CH3 and OC(O)CH3 functionality on the ring as well as CF3, CN, CO2Me, F and 

OCF3 groups.178,179 The reactions do not stop at one addition always and a large amount of 

disubstituted ketone is produced.180 When meta-substituted phenylketones are used, C-H 

activation usually occurs at the less crowded ortho-position. However, in some cases, the 

substitution of a meta -CF3 for instance, activation occurs at the more crowded site indicating 

that the adjacent fluorine lone pairs might be involved.181 

 Internal alkynes also undergo Ru-catalyzed hydroarylation by aromatic ketones. 

RuH2(CO)(PPh3)3 catalyzes C-H addition of  α-tetralone, for example, to 1-(trimethylsilyl)-1-

propyne with high regio- and stereoselectivity towards net syn addition of the aromatic C-H 

bond across the C-C triple bond, (E/Z = 100%).182,183 
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 C-H bonds of aromatic esters can also be added across alkenes via chelation assisted 

hydroarylation.184,185 The ester must be modified with electron withdrawing substituents on 

the ring in order for a reaction to proceed. For instance, reaction of methylbenzoate with 

triethoxyvinylsilane in the presence of RuH2(CO)(PPh3)3 produces no new coupling product. 

However, introduction of CF3, CN or CO2Me groups ortho, meta or para to the ester 

functionality results in hydroarylation with higher yields being observed for meta substitution 

(CN = 83%, CO2Me = 66%). 

 Electron lone pairs on nitrogen can be used as well for chelation assisted 

hydroarylation. For instance, C-H bonds of ortho-substituted aldimines, modified with both 

electron withdrawing and electron donating groups, were added across triethoxyvinylsilane, 

ethylene, tert-butylethylene and aromatic olefins to give the coupled product with the new 

alkyl substituent at the ortho-position. Although RuH2(CO)(PPh3)3 also catalyzes this 

addition, Ru3CO12 shows the highest catalytic activity.186,187 

 RuH2(CO)(PPh3)3 catalyzes the addition of C-H bonds of aromatic nitriles across 

alkenes.188 The π-electrons of the nitrile triple bond are thought to position the ortho- C-H 

bond into position prior to activation. In the catalytic hydroarylation of triethoxyvinylsilane 

with cyanobenzene, the disubstituted cyanobenzene was produced in 97% yield. The 

stoichiometric reaction using 1 equivalent triethoxyvinylsilane gave 18% of the 1:1 adduct 

and 19% of the 1:2 adduct, suggesting that the 1:2 adduct was formed prior to dissociation of 

the 1:1 adduct. 

 Aromatic C-H bonds of aromatic aldehydes can be added across olefin C=C bonds.189 

For instance, 2,4-ditertbutylbenzaldehyde reacts with triethoxyvinylsilane in the  presence of 

RuH2(CO)(PPh3)3 to produce 2,4,6-ditertbutyl-triethoxyethylsilylbenzaldehyde in 69% yield. 
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Steric and electronic manipulation of benzaldehyde may prevent Ru mediated aldehyde 

decarbonylation or olefin hydroacylation. The bulky tBu groups retard approach of Ru to the 

carbonyl carbon. In a related system, incorporation of an aldehyde based on a dihydropyran 

framework with O in a postion β to the formyl group decreases electrophilicity at the formyl 

carbon atom and prevents nucleophilic attack by Ru and formation of an acyl-hydride. 
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Chapter 2. Synthesis and Reactivity of a First Generation Ru(II) Hydroarylation 

Catalyst 

2.1 Introduction 

The functionalization of C-H bonds using transition metal complexes has received 

attention due to the ready availability of hydrocarbons and the potential of achieving unique 

chemical selectivities.11,22-28  The importance of compounds that possess aromatic groups 

renders the development of methods for catalytic C-H functionalization of aromatic 

compounds an area of significance.  For example, the production of alkyl arenes is performed 

on a large scale. 104,190 Simple σ-Lewis acid catalysts (typically in the presence of a Brønsted 

acid co-catalyst) can be used for the synthesis of alkyl arenes through activation of olefins 

toward electrophilic addition to arenes.191,192  Due to the formation of carbocationic 

intermediates, products with linear alkyl chains cannot be accessed with these traditional 

catalytic methods.  Linear alkyl arenes can be produced in low yields by Friedel-Crafts 

alkylation of arenes using 1-haloalkanes or by acylation of arenes followed by Clemmenson 

reduction of the carbonyl fragment.  Other methods for C-C bond forming reactions 

involving aromatic molecules include Heck, Ullmann, Suzuki, Stille, Negishi, and 

Sonogashira coupling as well as related transformations which typically incorporate aryl 

halides whose preparation often requires multi-step syntheses.193-201 While these 

methodologies have been widely incorporated for the synthesis of small organic molecules, 

C-C bond forming reactions of aromatic molecules that proceed with metal-mediated C-H 
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rather than C-X bond activation would expand the scope of available transformations and 

obviate the need for aryl halide syntheses. 

Significant recent advances in metal-mediated C-H activation using molecular 

catalysts have been reported for aromatic systems;26,202 however, such reactions are primarily 

limited to compounds that possess heteroatomic functionality tethered to the aromatic ring. It 

has been suggested that the heteroatomic functionality serves to guide C-H activation via 

precoordination followed by orthometallation.  For example, ruthenium-catalyzed C-H 

activations of aromatic ketones and subsequent C-C bond formation with alkenes or alkynes 

have been reported.177,180,182  However, a recent report by Goldman et al. suggests that C-H 

activation may precede any heteroatom coordination followed by trapping of the product via 

coordination of the heteroatom.203  Rhodium catalysts for the intramolecular addition of 

alkenes to heteroaromatic C-H bonds as well as intermolecular addition of olefins to aromatic 

ketones have also been reported.129,204,205 Low valent ruthenium systems have been 

demonstrated to catalyze carbonylation reactions of pyridylbenzenes and other 

heteroaromatics.115,206,207Analogous transformations of aromatic compounds that lack 

tethered functionality are more difficult to achieve.  Rhodium, palladium and ruthenium 

catalysts that convert aromatic compounds and olefins to styrenes in the presence of a 

sacrificial hydrogen reservoir have been reported.8,119,120,122,137  Pd or Pt systems can catalyze 

the electrophilic activation of aromatic C-H bonds followed by C-C coupling with alkynes or 

alkenes.137,143 Another strategy for aromatic C-H functionalization involves the formation of 

B-C coupled products.208-211  Most important here are recently reported Ir-catalyzed olefin 

hydroarylation reactions.20,152,212,213  Herein, we report on a Ru(II) system that activates the 
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C-H bonds of arenes towards addition across unsaturated C-C bonds.214 Details of the 

mechanism of catalysis were elucidated both experimentally and computationally. 

2.2. Results and Discussion   

2.2.1 Synthesis of TpRu(CO)(NCMe)Ph (1). 

 Ru3(CO)12 can be refluxed in formic acid to give aggregates of 

{Ru(CO)2(O2CH)}n.215 The formate complex can be used for the synthesis of the dimer 

[TpRu(CO)2]2 (Tp = hydridotris(pyrazolyl)borate) by treatment with KTp in stirring 

ethanol.216 The dimer can be oxidized with [Cp2Fe][PF6] in THF to give 

[TpRu(CO)2THF][PF6].217 Treatment of [TpRu(CO)2THF][PF6]with MeLi effectively 

replaces THF with the methyl nucleophile to give TpRu(CO)2Me with symmetric and 

asymmetric CO stretching modes of νCO = 2025 cm-1 and 1954 cm-1218. Me3NO is a strong 

oxidant and effectively oxidizes ligands that are sufficiently electrophilic, typically carbonyls 

with characteristic IR stretching frequencies of ~1960 cm-1 or lower. Thus, treatment of 

TpRu(CO)2Me with Me3NO in refluxing NCMe results in production of CO2 and formation 

of TpRu(CO)(NCMe)Me (7) (Scheme 2.1). 

 

Scheme 2.1. Synthesis of TpRu(CO)(NCMe)Me (7) 
 
 The potential for aromatic C-H bond activation by 7 was explored by dissolving the 

complex in C6D6 solutions followed by stirring or heating at temperatures ranging from room 

temperature to 90 °C. While the complex is robust in solution at room temperature, heating at 
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elevated temperatures results in the disappearance of all the peaks in the 1H NMR due to 

TpRu species.These observations suggest the formation of a paramagnetic complex(es) 

which has been confirmed by an Evans NMR experiment. The NMR silent system(s) can be 

isolated as a solid after workup, and heating of the solid in NCCD3 produces protio 

acetonitrile by 1H NMR. Synthesis of the paramagnetic complex in C6H6 results in the 

isolation of a solid which produces protio benzene when heated in C6D6.  

 When 7 is heated in an ~ 1:1 mixture of benzene and acetonitrile, a new diamagnetic 

complex is formed which can be isolated as a solid and has been characterized as 

TpRu(NCMe)(CO)Ph (1). Performing the reaction in the presence of NCMe allows allows 

the the reactive {TpRu(CO)(Ph)} fragment to be trapped to form complex 1. Heating 1 in the 

presence of PMe3 in THF results in the formation of TpRu(CO)(PMe3)Ph (33) (Scheme 

2.2).219 A 1H NMR spectrum of 1 is shown in Figure 2.1. 

 

Scheme 2.2.  Synthesis and reactivity of TpRu(CO)(NCMe)Ph (1). 
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Figure 2.1. 1H NMR spectrum of TpRu(CO)(NCMe)Ph (1). 

 
2.2.2 Catalytic Hydroarylation of Olefins.  

 At elevated temperatures, TpRu(CO)(NCMe)Ph (1) serves as a catalyst for the 

addition of arene C-H bonds across the C=C bond of olefins.  The results of several reactions 

are shown in Table 2.1.  For example, under 25 psi of ethylene pressure, 0.1 mol % of 1 in 

benzene (90 ºC) catalyzes the formation of ethylbenzene with 51 turnovers after 4 hours.  

With 0.1 mol % of 1, only trace quantities of 1,3- and 1,4-diethylbenzene are observed.  The 

use of 1 mol% 1 results in the formation of ethylbenzene, 1,3-diethylbenzene and 1,4-

diethylbenzene in a 54:2:1 ratio after 4 hours at 90 ºC.  After 4 hours, significant catalyst 

decomposition occurs, and the production of ethylbenzene ceases.  Evidence of styrene 

formation has not been obtained for catalytic reactions of ethylene and benzene using 0.1 or 1 

mol % of complex 1 at low pressures of ethylene. 
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Table 2.1.  Catalytic addition of arenes to unsaturated substrates (unless otherwise noted, 
reaction conditions are 90 ºC, 25 psi of gas, 0.1 mol% of 1, 4 hours). 

 
Arene Unsaturated 

Substrate 
TON TOFb Products 

benzene ethylene 51 3.5 x 10-3

 
benzene ethylenea 21 1.5 x 10-3

benzene propene 10 6.8 x 10-4

 
benzene 1-hexenec 11 5.0 x 10-4

benzened isobutylene No reaction No reaction No organic 
products 

ethylbenzene ethylene 11 7.6 x 10-4

benzened acetylenee trace styrene trace styrene 
 

a 1 mol % of 1.  b mol 1-1 sec-1.  c 50 equivalents based on 1.  d 24 hours.  e 10 psi  
 
 

The reaction of propene and benzene at 25 psi (90 ºC) yields a 1.6:1 ratio of linear 

propylbenzene to cumene with 10 turnovers after 4 hours. After four hours at 90 ºC the 

catalyst activity ceases. Approximately 1 eqivalent of trans-β-methyl-styrene is also 

produced.  In contrast to Lewis acid catalyzed Friedel-Crafts reactions, complex 1 is mildly 

selective for linear over branched alkyl benzene product.  The reaction of 1-hexene and 

benzene (90 ºC, 1 mol % of 1) results in the production of linear 1-phenylhexane, branched 

2-phenylhexane (1.7:1 ratio) and a nearly stoichometric amount of trans-1-phenylhex-1-ene. 
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(11 total turnovers after 6 hours).  The ratios of linear to branched products for reactions with 

propene and 1-hexene are nearly identical.  In contrast to an Ir(III) system that catalyzes 

similar reactions,213 evidence for the isomerization of 1-hexene to internal olefins has not 

been observed with complex 1. Accordingly, detectable quantities of 3-phenylhexane are not 

produced in the catalytic reactions of benzene with 1-hexene.  No reaction is observed when 

geminal dialkyl olefins are used.  For example, the combination of a 0.1 mol % of 1 in 

benzene with isobutylene does not yield new organic products after 24 hours at 90 ºC.  The 

reaction of benzene and acetylene with 1 mol % of 1 yields only trace quantities of styrene 

after 24 hours at 90 ºC.   

Complex 1 can also catalyze reactions of monoalkylated arenes.  For example, the 

combination of 0.1 mol % of 1 with ethylbenzene and ethylene results in the formation of 

1,3-diethylbenzene and 1,4-diethylbenzene.  No evidence for the formation of the ortho 

disbustituted product 1,2-diethylbenzene is observed.  The rate of conversion of ethylbenzene 

to diethylbenzenes is approximately 7 times slower than the rate of conversion of benzene to 

ethylbenzene.  For example after 2 h at 90 °C with 0.1 mol% of 1, 43 turnovers of benzene to 

ethylbenzene are observed. For the identical reaction in ethylbenzene, after 2 h a total of 

approximately 6 turnovers to 1,3- and 1,4-diethylbenzene are observed. 

TpRu(II) complexes catalyze radical polymerization reactions of electron deficient 

olefins (see Chapter 3).218 Thus, efficient catalytic hydroarylation reactions of electron 

deficient olefins (such as methylmethacrylate, styrene or acrylonitrile) are not possible due to 

radical polymerization side reactions.  Attempted hydrophenylation of methyl vinyl ketone 

resulted in a previously reported thermal cyclodimerization reaction.220 The reaction of 

complex 1 with ethyl vinyl ether and other electron-rich olefins results in the production of 
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new TpRu systems without observation of olefin hydroarylation products.  Thus, catalytic 

hydroarylation of electron-rich olefins is complicated by side reactions with ruthenium.221   

Simple Lewis acids are known to catalyze the net addition of arenes to olefins by 

activating the olefin toward carbocationic reactivity (i.e., electrophilic addition to the arene). 

191,192 However, the Ru-catalyzed reactions exhibit characteristics that are inconsistent with 

classic Friedel-Crafts chemistry.  The primary evidence against the TpRu(II) complex acting 

as a Friedel-Crafts catalyst is the mildly selective production of linear over branched 

products in the reactions of benzene with the α-olefins propene and 1-hexene.  In addition, 

Friedel-Crafts reactions typically produce 1,2-dialkyl products in addition to 1,3- and 1,4-

dialkyl benzenes.  TpRu(CO)(NCMe)Ph (1) does not produce 1,2-diethylbenzene in 

detectable quantity during the reaction of ethylene with benzene.  Presumably, the lack of 

formation of 1,2-diethylbenzene using complex 1 as catalyst is due to steric selectivity in the 

metal-mediated C-H activation step (see below) similar to that directly observed in 

stoichiometric aromatic C-H oxidative addition reactions.222  Heating (90 °C) a 1:1 molar 

mixture of 1,4-diethylbenzene and benzene in the presence of 1 does not result in the 

formation of ethylbenzene (after 24 hours) as is often observed for Friedel-Crafts catalysts.  

The relative rate of reaction of benzene versus monoalkylated benzene is contrary to 

observations made for most Lewis acid catalyzed Friedel-Crafts reactions.  For example, 

catalytic addition of C-H bonds to ethylene using 1 as catalyst is approximately 7 times more 

rapid for benzene than ethylbenzene.  Finally, attempted catalysis using RuCl3-trihydrate or 

TpRuII(CO)2Me fails to produce ethylbenzene.  If the reactions were proceeding by a Friedel-

Crafts mechanism, it might be anticipated that similar (or enhanced) reactivity would be 

observed for the Ru(III) chloride system.  The lack of activity for TpRuII(CO)2Me, the 
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immediate precursor to complex 1, indicates that minor amounts of impurities from 

commercial starting reagents are not responsible for the catalysis. 

2.2.3 Proposed Catalytic Cycle.   

A proposed catalytic cycle is shown in Scheme 2.1 using ethylene as the substrate.  

The first step in the proposed cycle involves dissociation of acetonitrile.  Heating a CDCl3 

solution of 1 in the presence of CD3CN results in a decrease in the intensity of the resonance 

(1H NMR) of the coordinated NCCH3 and the appearance of a singlet consistent with free 

NCCH3.  A kinetic study at 70 °C reveals first order decay in Ru with a  rate constant for 

NCMe dissociation of 3.2(2) x 10-5 (Figure 2.2). The ability of the acetonitrile ligand to 

 

Figure 2.2. Kinetic plot of acetonitrile exchange for 1 at 70 °C followed by 1H NMR 
spectroscopy. 

 
undergo exchange suggests that proposed ethylene/acetonitrile ligand exchange is feasible 

(Scheme 2.3).  The lack of catalysis for geminal disubstituted olefins (e.g., isobutylene) 

might be explained by steric inhibition of olefin coordination in this first step, a result 

consistent with the calculated geometry of the putative olefin adduct intermediate (vide 

infra).  Consistent with this notion, the rate of catalytic hydroarylation for α-olefins is slower 

than the rate for reaction with unsubstituted ethylene.   
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Scheme 2.3. Proposed catalytic cycle for the addition of benzene to olefins (ethylene shown).
 

Insertion of ethylene into the Ru-phenyl bond to give 2-ins provides a pathway for C-

C bond formation. Direct evidence for insertion has been obtained from the isolation of 

TpRu(CO)(NCMe)(CH2CH2Ph) (6) (see below).  For the putative complex 2 that precedes 

the insertion step, the presence of the strong π-acid CO likely results in a preferred olefin 

orientation in which the C=C bond is parallel to the Ru-phenyl bond.  In the proposed 
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orientation, which is supported by DFT calculations (vide infra), Ru-to-ligand π-backbonding 

is optimized (Scheme 2.4).  Thus, the preferred olefin orientation aligns the C=C bond for the 

insertion step.  Insertions of olefins into metal-aryl   bonds have significant precedent.  For 

example, the Heck reaction involves alkene insertion into Pd-aryl bonds as a key reaction 

step.193,194  In addition, ethylene insertion into Ru(II) phenyl bonds and Ru(II) catalyzed  

 

Scheme 2.4.  Orientation of the olefin C=C bond parallel to the Ru-Ph bond optimizes Ru-
ligand dπ back-bonding.
 
Heck reactions have been reported.223-226 For α-olefins, the regioselectivity of olefin insertion 

would determine the selectivity of branched versus linear alkyl arene products and the 

observed selectivity for linear over branched alkyl arenes suggests that path B in Scheme 2.5 

is slightly more favorable. 
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Scheme 2.5.  The regioselectivity of olefin insertion likely dictates the linear to branched 
selectivity for the hydrophenylation of α-olefins.   
 

A computational study by Oxgaard and Goddard suggests that the regioselectivity of 

α-olefin insertion for TpRu(CO)(Ph)(η2-H2C=C(H)Me) is controlled by steric interactions 

between the methyl group of the olefin and pyrazolyl rings.54  However, electronic 

differentiation between the substituted and unsubstituted carbons in the insertion transition 

state may be a significant factor for the regioselectivity of α-olefin insertion.  The linear-to-

branched ratio for the hydrophenylation of propene catalyzed by Ir(III) is nearly identical to 

that using complex 1 as catalyst.152 However, Heck reactions involving the insertion of α-

olefins with alkyl substituents as well as Ru-catalyzed Heck reactions that incorporate 

acrylates into Pd-Ph bonds are selective for "linear" insertions.225-227  The source of 

regioselectivity is not clear and is currently being studied in more detail. 

Ethylene insertion into the Ru-phenyl bond of TpRu(CO)(η2-H2C=CH2)(Ph) creates 

an open coordination site that can either bind the phenyl ring of CH2CH2Ph via π interactions 

with the metal center or ethylene to yield TpRu(CO)(η2-H2C=CH2)(CH2CH2Ph) (3).  At high 
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olefin concentrations, complex 3 is proposed as the catalyst resting state. Monitoring the rate 

of catalysis, while increasing the concentration of olefin, reveals that the rate of catalysis 

decreases linearly with increasing olefin concentration. Between 15 and 60 psi of ethylene 

the rate of catalytic addition of benzene to ethylene decreases with increasing ethylene 

pressure (Figure 2.3).  An analogous inverse dependence on ethylene pressure has been  

 

 

Figure 2.3.  Dependence of the rate of catalysis on ethylene pressure for the addition of 
benzene to ethylene (0.1 mol % of 1, 70 ºC). 

 

reported for Ir-catalyzed formation of ethylbenzene at high ethylene/benzene ratios.152  For 

catalytic reactions of 1-hexene/benzene using complex 1, at low 1-hexene concentrations the 

rate of catalysis increases with increasing concentration of 1-hexene; however, the reaction 

rate reaches an apex at approximately 80 equivalents (based on 1) of 1-hexene.  Beyond this 

point, increasing the concentration of 1-hexene results in a decrease in the rate of catalysis 

(Figure 2.4).  The inhibition of catalysis at higher concentrations of olefin suggests that olefin 
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dissociation is involved in the rate determining step and is consistent with complex 3 as the 

catalyst resting state. At lower concentrations of 1-hexene, the rate determining step is likely 

binding of an olefin corresponding to a direct dependence on olefin concentration. 

 

Figure 2.4. Dependence of rate of catalysis for addition of benzene to 1-hexene on 
concentration of 1-hexene (0.1 mol % of 1, 70 ºC).  

 

The final step of the proposed catalytic cycle is Ru-mediated C-H activation with release of 

alkylbenzene, and the inclusion of metal-mediated C-H activation is consistent with the 

assertion that the reaction proceeds via a non-Friedel Crafts mechanism.  Performing the 

catalytic addition of C6D6 to ethylene (C2H4) results in the formation of d5-PhCH2CH2D as 

indicated by 1H NMR spectroscopy and mass spectrometry.  For example, the 1H NMR 

spectrum of the catalyst solution after 12 hours at 70 ºC reveals a multiplet at 1.1 ppm due to 

the mono-deuterated methyl group of d6-ethylbenzene as well as a triplet of triplets (3JHH ~ 7 

Hz and 1JHD ~ 1 Hz) at 2.4 ppm due to methylene group (Figure 2.5). This indicates that a 

mechanism involving Ru-C bond homolysis is not likely since a primary radical should favor 

rearrangement to a carbon of higher substitution and thus incorporation of deuterium at the 

benzylic position. 
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Figure 2.5.  1H NMR of ethylbenzene methylene resonance. 

 
Additional evidence of the ability of {TpRu(CO)R} (R = alkyl) fragments to initiate 

arene C-H activation comes from the stoichiometric reaction of TpRu(CO)(NCMe)Me(7) 

with benzene.  In the presence of acetonitrile, the reaction of 7 with benzene produces 

TpRu(CO)(NCMe)Ph (1) and methane.  The formation of methane via C-H(D) activation of 

benzene is confirmed by the observation of CH3D in reactions performed in sealed NMR 

tubes using C6D6 (eq 2.1).  When 7 is heated in a 1:1 molar solution of C6H6:C6D6 production 

of both CH4 and CH3D are observed revealing a primary kinetic isotope effect of 2.5(5). The 

complex TpRu(PPh3)(NCMe)H has been reported to initiate H/D exchange between methane 

of deuterated solvents.228  The rate of conversion of 7 and benzene to complex 1 and 
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methane is inversely dependent on the concentration of acetonitrile. For instance, the addition 

of ten equivalents of acetonitrile suppresses the rate of disappearance of complex 7 in C6D6 

at 90 ºC (t1/2 ~ 80 minutes versus t1/2 ~ 15 minutes in the absence of added acetonitrile).   

Thus, access to the {TpRu(CO)Me} fragment is apparently necessary for benzene C-H 

activation (eq 2.1). 

 

 

Scheme 2.6.  The proposed pathway for benzene C-H activation by 
{TpRu(CO)(CH2CH2Ph)}.  
 

The catalyst resting state in the proposed cycle involves dissociation of ethylene from 

TpRu(CO)(η2-H2C=CH2)(CH2CH2Ph) (3) to yield the coordinatively unsaturated complex 2-

ins and ethylene (Scheme 2.6).  This intermediate can reversibly coordinate ethylene to form 
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3 or react with benzene to yield ethylbenzene and {TpRu(CO)(Ph)}(2-open).  The resulting 

rate law for these steps is shown in eq 2.2. If k-1[C2H4] > k2[benzene],  

 

then the reaction rate should exhibit a first-order dependence on benzene.  The catalytic 

reaction of ethylene in a 1:1 ratio of C6H6 and C6D6 reveals a kinetic isotope effect (KIE).  

The possible isotopic distributions of products and their molecular weights are shown in 

Scheme 2.7.  Comparison of the ratios of peaks due to MW 106/107 and 111/112 allows a  

 

Scheme 2.7.  The catalytic hydroarylation of ethylene (C2H4) in a 1:1 ratio of C6H6 and C6D6 
produces four possible isotopic distributions. 
 
determination of the KIE for the catalytic cycle. Both ratios reveal a kinetic selectivity for C-

H activation over C-D activation by 2.1(1). In addition, a statistically identical intermolecular 

kinetic isotope effect was determined for the stoichiometric conversion of 7 to 1 (kH/kD = 

2.5(5)) suggesting very similar transition states. An intermolecular KIE suggests that the 

highest energy intermediate, and thus the rate determining step, involves C-H activation. 

A control experiment revealed that a 1:1 mixture of C6H6/C6D6 in the presence of 1 

mol % of complex 1 (in the absence of ethylene) at 90 ºC undergoes isotopic scrambling of 

benzene. For example, after 2 hours the ratio of molecular weight 78/79 (C6H6/C6H5D) 
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decreased by 30%.  During the same time period, the ratio of C6D6/C6D5H undergoes an 

analogous change.  These results indicate that the Ru(II) phenyl complex 1 catalyzes isotopic 

scrambling between C6H6 and C6D6 (the abundance of other isotopomers also increases).  

However, monitoring the ratios of peaks due to molecular weights 78/79 (C6H6/C6H5D) and 

84/85 (C6D5H/C6D6) during the catalytic reaction reveals that isotope scrambling between 

C6H6 and C6D6 under ethylene pressure (25 psi) is negligible.  The significant reduction in 

the extent of isotopic scrambling between C6H6 and C6D6 in the presence of ethylene 

indicates that monitoring the molecular weights of ethylbenzene products under catalytic 

conditions provides a reliable method to approximate the KIE for the C-H activation step.   

The decrease in the rate of catalysis upon increasing pressure of ethylene suggests 

that reversible formation of complex 3 occurs during the catalytic reaction.  Thus, at higher 

concentrations of ethylene the rate of catalysis is suppressed by decreasing the amount of the 

coordinatively unsaturated system {TpRu(CO)(CH2CH2Ph)}(2-ins) present in solution.  In 

order to directly observe the product of insertion, an acetonitrile solution of (1) was heated to 

90 °C under 250 psi ethylene. A new complex was observed by 1H NMR consistent with 

TpRu(CO)(NCMe)(CH2CH2C6H5) (6) and to confirm the identity of the product, 6 was 

successfully synthesized by an independent route. The previously reported dicarbonyl 

complex [TpRu(CO)2(THF)][PF6] reacts with PhCH2CH2MgCl to yield  
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 TpRu(CO)2(CH2CH2Ph) (8) (eq 2.3). Complex 8 is characterized by νCO = 2025 cm-1 and 

1954 cm-1
 (IR spectrum), methylene resonances at 3.38 ppm and 1.93 ppm, and 1H/13C NMR 

spectra consistent with overall molecular Cs symmetry. 1H and 13C NMR spectra of 8 are 

shown in Figures 2.6 and 2.7.  

 

Figure 2.6. 1H NMR spectrum of TpRu(CO)2CH2CH2Ph (8). 
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Figure 2.7. 13C NMR spectrum of TpRu(CO)2CH2CH2C6H5 (8). 

Oxidative removal of a carbonyl ligand from complex 8 upon addition of Me3NO in 

refluxing acetonitrile yields the monocarbonyl product TpRu(CO)(NCMe)(CH2CH2Ph) (6) 

(eq 2.4).  The conversion of 8 to 6 is characterized by the disappearance of the symmetric  
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and asymmetric CO stretching absorptions due to 8 and the appearance of a single CO 

absorption at 1917 cm-1.  1H and 13C NMR spectra of 6 are shown in Figures 2.8 and 2.9. X-

ray quality crystals were grown via slow evaporation of a diethylether solution of 6. An 

ORTEP is shown in Figure 2.10. 

 

Figure 2.8. 1H NMR spectrum of TpRu(CO)(NCMe)(CH2CH2C6H5) (6). 
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Figure 2.9 13C spectrum of TpRu(CO)(NCMe)(CH2CH2C6H5) (6). 
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Figure 2.10. ORTEP of TpRu(CO)(NCMe)(CH2CH2Ph) (6) shown with ellipsoids at 30% 
probability. 

  
Dissociation of the labile NCMe of 6 results in a system which is proposed to activate 

C6H6 and give ethylbenzene and 1. Consistent with the proposed catalytic pathway (Scheme 

2.1), the reaction of complex 6 with C6D6 at 90 ºC results in the production of PhCH2CH2D 

and TpRu(CO)(NCMe)(Ph-d5) (1-d5) as determined by 1H NMR spectroscopy (eq 2.5). 

Incorporation of deuterium in ethylbenzene occurs at the terminal carbon, indicating that 

homolytic bond cleavage does not likely occur. In addition, the combination of 1 mol % of 6 

in benzene under 25 psi (90 ºC) results in the catalytic production of ethylbenzene. After two 

hours, 38 TO’s were observed. 
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The proposed reaction mechanism for the addition of benzene to ethylene involves 

the formation of the coordinatively unsaturated {TpRu(CO)(CH2CH2Ph)}(2-ins) system that 

would likely be susceptible to a β-hydride elimination reaction to produce TpRu(CO)(H)(η2-

styrene); however, styrene formation is not observed for catalytic hydrophenylation reactions 

of ethylene that incorporate 0.1 to 1 mol % of complex 1.  The lack of observation of styrene 

seemingly indicates that the β-hydride elimination is not kinetically competitive or that loss 

of styrene from TpRu(CO)(H)(η2-styrene) has a substantial activation barrier (i.e., β-hydride 

elimination is reversible).  Thus, we sought to explore the possibility of β-hydride 

elimination from the putative intermediate {TpRu(CO)(CH2CH2Ph)}(2-ins) using 

TpRu(CO)(NCMe)(CH2CH2Ph) (6).  Heating (90 ºC) a CDCl3 solution of 6 results in the 

quantitative production (by 1H NMR spectroscopy) of styrene and TpRu(CO)(NCMe)Cl (9) 

after 0.5 hours.  The formation of 9 likely occurs via β-hydride elimination to produce 

{TpRu(CO)(H)(η2-styrene)} followed by dissociation of styrene and conversion of the Ru-H  

 

 
67



 

 

Scheme 2.8.  Proposed reaction pathway for the thermolytic conversion of 
TpRu(CO)(NCMe)(CH2CH2Ph) (6) to TpRu(CO)(NCMe)Cl (9).
 

to a Ru-Cl bond upon reaction with CDCl3 (regardless of reaction order; Scheme 2.8).  The 

formation of CDHCl2 is observed by 1H NMR spectroscopy (a 1:1:1 triplet at ~ 5.3 ppm) 

during the transformation of complex 6 to 9 and styrene.  Unfortunately, attempts to prepare 

and isolate TpRu(CO)(H)(η2-styrene) have failed.  The conversion of complex 6 to complex 

9 indicates that β-hydride elimination is kinetically facile, and we attribute the lack of 

observation of styrene in catalytic ethylene hydrophenylation reactions to reversible β-

hydride elimination under catalytic conditions. There is precedent for reversible β-hydride 

elimination in Pd(II) and Ni(II) propene polymerization catalysts.229 Apparently electronics 

results in slow dissociation of styrene from TpRu(CO)(H)(η2-styrene) relative to reinsertion 

and benzene C-H activation. In CDCl3, the formation of a Ru-hydride is trapped by reaction 

with the chlorinated solvent.  The observation of trans-β-methylstyrene and trans-1-

 
68



 

phenylhex-1-ene during the hydrophenylation of propene and 1-hexene, respectively,  is 

likely attributable to more facile dissociation of the disubstituted olefin due to sterics 

(Scheme 2.9).   

 

 

 

Scheme 2.9.  Reversible β-hydride elimination (under catalytic conditions) explains the lack 
of observation of styrene.  The sterics of trans-β-methylstyrene and trans-1-phenylhex-1-ene 
makes dissociation competitive under catalytic condtions.
 
2.2.4 Fate of the catalyst.   

Despite efforts to discern the identity of the Ru species after termination of cataylsis, 

the structure of the resulting complex remains unknown.  Heating a benzene solution of 1 

(0.1 mol%) to 90 °C for 24 hrs in the presence of 25 psi ethylene resulted in the expected 

catalytic production of ethylbenzene.  A 1H NMR of the isolated solids reveals a complicated 

spectrum which appears to show multiple Tp-coordinated products (Figure 2.11). There are 

at least two sets of Tp 4 resonances. In addition, the methylene region contains at least four 
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new multiplets while the upfield region shows at least seven new resonances. Despite the 

complicated 1H NMR , the solid gives an IR spectrum with only one CO stretch at 1936 cm-1 

which is very similar to the CO stretch of 1.  Attempts at growing crystals of this complex 

were unsuccessful.  

 

Figure 2.11. 1H NMR with IR inset of the solid recovered after treatment of 0.1 mol% 1 with 
C6H6 and C2H4.  

 
2.2.5 Reactions of CpRu(PPh3)2Ph and (PCP)Ru(CO)Ph.   

In order to study the generality of the catalytic reactions as well as to learn more 

about the reaction details, we have begun to synthesize and explore the catalytic properties of 

closely related Ru(II) systems.  CpRu(PPh3)2Me (Cp = cyclopentadienyl) can be synthesized 
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from the reaction of CpRu(PPh3)2Cl and MeMgCl, and it has previously been reported that 

CpRu(PPh3)2Me undergoes an intramolecular C-H activation at 90 ºC to yield the 

orthometallated product CpRu(PPh3)(Κ2-P,C-Ph2PC6H4) and methane.230,231 CpRu(PPh3)2Me 

is isoelectronic with TpRu(CO)(NCMe)Me, and loss of phosphine from CpRu(PPh3)2Me 

complex provides the coordinatively unsaturated complex {CpRu(PPh3)Me} that is 

isoelectronic to the proposed TpRu(II) species that initiates arene C-H activation.  At 70 ºC, 

CpRu(PPh3)2Me reacts with benzene to yield the previously reported phenyl complex 

CpRu(PPh3)2Ph (10) and methane (eq 2.6).232 The formation of methane is confirmed by  

 

 

 

reaction with C6D6 in a sealed NMR tube (CH3D is observed as a 1:1:1 triplet at 0.15 ppm), 

and this reaction is analogous to the transformation observed for TpRu(CO)(NCMe)(Me) and 

benzene.  Dissolution of CpRu(PPh3)2(Ph) (10) in benzene under 25 psi of ethylene at 90 ºC 

results in the production of ethylbenzene; however, the reaction is not catalytic as only 0.12 

equivalents of ethylbenzene are produced per equivalent of ruthenium.  The formation of 

styrene in 31% yield is also observed for the CpRu(II) system (eq 2.7).  Styrene is likely 

formed by β-  
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hydride elimination from {CpRu(PPh3)(CH2CH2Ph)} to yield CpRu(PPh3)(H)(η2-styrene).  

The more facile release of styrene from the CpRu system compared with the TpRu system 

might be explained by the ability of Cp to undergo a ring slip to provide a pathway for 

associative ligand exchange.21 Thus, an η5 to η3 ring-slip provides an open coordination site 

for binding of ethylene (or phosphine), and subsequent dissociation of styrene is likely to be 

facile.233  These results suggest that future generations of catalysts will need to be designed to 

suppress either β-hydride elimination or subsequent olefin dissociation.  A benzene solution 

of 10 under 25 psi of propene at 70 ºC does not catalyze the production of propylbenzenes 

but does produce substoichiometric quantities of cumene and isopropylbenzene in an 

approximate 5:1 ratio . 

The reaction of (PCP)Ru(CO)(Cl) (PCP = 2,6-(CH2
tBu2)2C6H3) with PhLi allows the 

isolation of (PCP)Ru(CO)(Ph) (11) (eq 2.8).  We anticipated complex 11 as a potential 

catalyst for the hydroarylation reactions since it has similar features to complex 1.  For 

example, complex 11 possesses a tridentate (six-electron donating) monoanionic ligand (cf. 

the ligand Tp) as well as Ru-CO and Ru-Ph bonds.  In addition, an open coordination site for 

olefin binding is available since 11 is coordinatively and electronically unsaturated.  

Complex 11 differs from 1 in that the tridentate ligand is coordinated in a meridonal fashion 

(versus facial for the Tp ligand) and the metal center is a more proficient π-base (νCO = 1900 

cm-1 for 11 compared with 1935 cm-1 for 1).  A 0.5 mol% solution of 11 in benzene under 25 
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psi of ethylene pressure at temperatures from 90 ºC to 150 ºC failed to produce a detectable 

quantity of ethylbenzene; however, styrene was observed in 12% yield based on complex 11.   

 

 

 

2.2.6 Computational Studies.   

In concert with the experimental studies, the catalytic hydroarylation of ethylene has 

been studied at the B3LYP/SBK(d) level of theory by the Cundari group.  As a model of the 

full (trispyrazolyl)borate (Tp) ligand, the tris(azo)borate (Tab) ligand, [HB(-N=NH)3]-, was 

used.  In previous research, Tab was shown to reproduce the structure and energetics of the 

full Tp models for C-H activation potential energy surfaces.234  In addition, the parent nitrile 

HCN was substituted for acetonitrile.  The C-H activation event was broken down into three 

steps – benzene coordination (eq 2.9), activation of benzene with elimination of methane (eq 

2.10), and coordination of HCN to the resulting phenyl complex (eq 2.11).  Oxgaard and 

Goddard have recently communicated a computational study of the catalytic 

hydrophenylation of ethylene by TpRu(CO)(NCMe)(Ph) (2); in cases where Oxgaard and 

Goddard studied similar reactions, computed enthalpies were comparable to those obtained 

with the smaller model employing Tab and HCN instead of Tp and MeCN, respectively.54 
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Table 2.2.  B3LYP/CEP-31G(d) Calculated Free Energies (kcal/mol) for reactions 2.9 – 
2.12. 

Equation ΔG (kcal/mol)
2.9 16.1 
2.10 -6.6 
Barrier for 
2.10 

21.2 

2.11 -13.7 
2.12 -4.2 
 
2.2.6.1  Benzene C-H Activation.   

 The displacement of HCN by benzene (eq 2.10) is endergonic by 16.1 kcal/mol 

(Table 2.2).  Given a calculated free energy of binding of HCN to (Tab)Ru(Me)(CO) of 14.9 

kcal/mol, this corresponds to binding free energy to TabRu(Me)(CO) of +1.2 kcal/mol for 

benzene and is consistent with the anticipated weak binding of a π−heteroatomic system to a 

closed-shell, d6 ML5 fragment.  Subsequent C-H activation of benzene to produce methane 

and {(Tab)Ru(CO)(Ph)} (eq 2.10) is exergonic by 6.6 kcal/mol with a calculated free energy 

barrier of 21.2 kcal/mol.  The coordination of nitrile to {(Tab)Ru(CO)(Ph)} (eq 2.11) is 

favorable by –13.7 kcal/mol, and the overall transformation of (Tab)Ru(CO)(Me)(NCH) and 

benzene to (Tab)Ru(CO)(Ph)(NCH) and methane is eergonic by 4.2 kcal/mol (eq 2.12). 

2.2.6.2 Ethylene Insertion.  

 In the proposed catalytic cycle, the C-H activation of benzene produces 

TpRu(CO)(Ph), and binding of ethylene yields the putative intermediate TpRu(CO)(Ph)(η2-

ethylene).  Subsequent ethylene insertion provides a route for C-C bond formation, and these 
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reaction steps were also studied using DFT using the Tab model (Tab)Ru(CO)(Ph) (eqs 2.13 

and 2.14).  The free energy of ethylene binding to (Tab)Ru(CO)(Ph) (eq 2.13) is  

 

-10.4 kcal/mol.  Combining the calculated olefin binding free energies (eq 2.13) with the 

HCN dissociation energies (eq 2.11) yields a free energy for HCN/ethylene exchange of -3.3 

kcal/mol.  The more favorable coordination of ethylene is consistent with the suggestion that 

TpRu(CO)(CH2CH2Ph)(η2-ethylene) is the catalyst resting state.  The calculated ethylene 

insertion barrier (eq 2.14) is 18.6 kcal/mol, and the insertion process is exoergic by 5.5 

kcal/mol.  

2.2.6.3 Agostic Interactions.   

The β-phenethyl complex, (Tab)Ru(CO)(CH2CH2Ph), which is the product of 

ethylene insertion into TabRu(CO)Ph, has a weak π-interaction involving the phenyl 

substituent as evidenced by short distances between the ruthenium and ipso carbon (Ru-C = 

2.75 Å) as well as one of the ortho carbons (Ru-C = 2.61 Å).  This conformation leads to a 

Ru-Cα-Cβ-Cipso dihedral angle of –32°.  An alternative formation with this dihedral angle 

equal to 180° was constructed, and geometry optimized at the same level of theory, resulting 

in a β-agostic (RuH=1.93 Å; RuCβ = 2.44 Å; RuHCβ = 100°) interaction, which was 

calculated to be only 1.3 kcal/mol higher than the π-bonded conformation. 

2.2.6.4 β-Hydrogen Elimination.  

 The formation of (Tab)Ru(CO)(H)(styrene) by β-H elimination from the most stable 

conformation of (Tab)Ru(CO)(CH2CH2Ph) has a calculated small free energy barrier of 4.2 
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kcal/mol, and is exoergic by 2.9 kcal/mol.  Given the likely assumption that the β-agostic 

minimum is likely the immediate precursor to the β-hydride elimination pathway, the free 

energy barrier is reduced and the driving force enhanced by a calculated 1.3 kcal/mol energy 

difference between the π-coordinated and β-agostic forms of (Tab)Ru(CO)(CH2CH2Ph). 

2.2.6.5 Resting State.   

 The binding of ethylene to (Tab)Ru(CO)(CH2CH2Ph) to form the proposed resting 

state is close to thermoneutral, ΔG = +0.8 kcal/mol.  

2.2.6.6 Isolation of the Transition State for C-H Activation.   

Detailed studies of stoichiometric C-H activations by transition metal centers have 

revealed two common reaction pathways.  Oxidative addition reactions seemingly dominate 

the chemistry of late transition metal complexes in low oxidation states while σ-bond 

metathesis transformations occur when d0 elements initiate C-H activation.11,49,88,235-240 

Recent reports of Ir(III) systems that activate C-H bonds have prompted speculation on the 

mechanism of the C-H bond breaking step of late transition metal systems for which 

oxidative addition would yield a relatively high oxidation state.38,78,212,241-243  In order to 

assist efforts to differentiate between these two C-H activation pathways for catalysis using 

complex 1, DFT calculations have been employed for benzene C-H activation by the 

{TpRuII(CO)(Me)} fragment.  Oxidative addition to form the Ru(IV) complex 

{TpRuIV(CO)(CH2CH2Ph)(H)(Ph)} (followed by reductive elimination of ethylbenzene) or a 

σ-bond metathesis reaction with simultaneous C-H bond breaking and bond forming have 

been considered (Scheme 2.10).   
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Scheme 2.10.  Two possible mechanisms for Ru(II) mediated C-H activation are oxidative 
addition and σ-bond metathesis.

Several pathways were investigated for the C-H activation step including oxidative 

addition of a C-H bond to (Tab)Ru(CO)Me (a), oxidative addition of a methane C-H bond to 

(Tab)Ru(CO)(Ph) (b), and σ-bond metathesis of a C-H bond of benzene with the Ru-CH3 

bond of (Tab)Ru(CO)Me (c) (Scheme 2.11).  Several different  

 

 

Scheme 2.11.  Pathways for C-H activation investigated by DFT studies.
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starting geometries were investigated for each of the proposed transition states.  In all cases, 

the transition states collapsed to c (the σ-bond metathesis transition state).  The identity of 

the transition state was confirmed by calculation of the intrinsic reaction coordinate along the 

imaginary frequency, the primary motion of which corresponded to transfer of the 

transannular hydrogen from the methyl to the aryl carbon.  The transition state geometry for 

C-H σ-bond metathesis of benzene is depicted in Figure 2.12.  The transannular hydrogen is 

only slightly closer to the ipso carbon (1.49 Å) than the methyl carbon (1.52 Å).  As seen in 

other calculated σ-bond metathesis transition states the angle about the transannular 

hydrogen is very large (176°) leading to a short distance between the hydrogen being 

transferred and the metal.  The ruthenium carbon distances in the transition state (Ru—Cipso = 

2.23 Å; Ru—Cme = 2.31 Å) are only slightly longer (ca. 5 – 6%) than ground state bond 

lengths.  

 Although the calculations indicate that the pathway for benzene C-H activation does 

not involve an oxidative addition pathway (i.e., no Ru(IV) intermediate was found), the 

calculated distance between the Ru metal center and hydrogen (1.72 Å) in the C-H activation 

transition state is relatively short.  Closely related results have been reported from 

calculations to probe the mechanism of C-H activation for TpM(PH3)(Me) (M = Fe or Ru) 

complexes in which the authors suggested that the reaction pathway is intermediate between 

oxidative addition and σ-bond metathesis processes.60  Computational studies of methane 

activation by Pt(H2O)Cl2 indicate a similar four-center transition state with a Pt-H bond 

distance of 1.99 Å. 244  Calculations on the transition state of benzene C-H activation by 

(acac)2Ir(CH2CH2Ph) reveals an Ir-H bond distance of 1.58 Å, and Goddard et al. have 
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differentiated this transition state (in which there is a metal-hydrogen interaction) from a σ-

bond metathesis transition state using the label Oxidative Hydrogen Migration.55    

 

 

Figure 2.12.  B3LYP/SBK(d) calculated transition state for C-H activation of benzene by 
(Tab)Ru(Me)(CO) (atoms of the Tab ligand and all atoms of the phenyl group, except the 
ipso carbon,  are shown in wire frame for clarity). 

 

2.3 Summary and Conclusions 

TpRu(CO)(NCMe)Ph (1) catalyzes the hydroarylation of olefins through a pathway 

that likely involves olefin binding and insertion into the Ru-Ph bond followed by metal-

mediated C-H activation. Reactions that incorporate α-olefins are mildly selective for 

production of linear over branched alkyl benzene products. Although the yields are poor, the 

selectivity for the hydrophenylation of propene using CpRu(PPh3)2Ph (5:1 linear-to-branched 

ratio) indicates that ligand architecture can be used to control the regioselectivity of olefin 

insertion. For reactions that incorporate ethylene, β-hydride eliminations to ultimately yield 

free styrene are not competitive with hydrophenylation, and this observation is attributed to 

reversible β-hydride elimination under catalytic conditions. The reversibility is likely a result 
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of a relatively strong Ru-styrene bond due to the metal π-basicity with suppression of 

associate exchange due to the coordinative saturation of TpRu(CO)(H)(η2-styrene). In 

contrast, following insertion of an α-olefin into the Ru-Ph bond, β-hydride elimination and 

olefin dissociation are competitive with catalytic hydrophenylation of the olefin. The 

similarities between catalytic olefin hydrophenylation using TpRu(CO)(NCMe)Ph or Ir(III) 

phenyl complexes reported by Periana et al. are noteworthy, and computational/experimental 

studies indicate the likelihood of closely related reaction pathways including the C-H 

activation step.55,152,212 However, evidence for β-hydride elimination and olefin dissociation 

has not been obtained for the Ir(III) systems, whereas such reactions have been observed with 

the Ru(II) systems reported herein. Similar to our experimental results with Ru(II), 

calculations by Oxgaard and Goddard suggest that β-hydride elimination for Ir(III) is facile 

and reversible.55 DFT studies suggest that the C-H activation steps of the catalytic cycles do 

not proceed through a Ru(IV) oxidative addition intermediate, and the Tp ligand may deter 

processes that lead to seven-coordinate Ru(IV) systems.234 As previously discussed,49,245,246 

for C-H activations that proceed without an oxidative addition intermediate, a distinction can 

be made between σ-bond metathesis and electrophilic aromatic substitution. The calculated 

transition state for benzene C-H activation by {(Tab)Ru(CO)(CH3)} reveals that the 

hydrogen atom undergoing transfer to the methyl ligand is out of the aromatic plane (Figure 

2.6). The hydrogen atom is calculated to be 0.87 Å removed from the “best” plane of the 

aromatic ring with a H-C-Ru angle of 50.3°, and the “out-of-phase” transannular hydrogen 

could be indicative of a sp2 to sp3 rehybridization of the ipso carbon that would be consistent 

with an electrophilic substitution pathway. Alternatively, the out-of-plane hydrogen could 
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reflect progress along the reaction coordinate and incipient Ru-C bond formation with the 

arene. The distinction between oxidative addition, σ-bond metathesis, oxidative hydrogen 

migration, and electrophilic aromatic substitution could have important implications for 

reactivity, but distinct classification is not always possible nor necessarily pertinent. 

2.4 Experimental Section 

General Methods.  All procedures were performed under inert atmosphere of 

dinitrogen in a Vacuum Atmospheres glovebox or using standard Schlenk techniques. The 

glovebox atmosphere was maintained by periodic nitrogen purges and monitored by an 

oxygen analyzer {O2(g) < 15 ppm for all reactions}. Benzene, THF, and hexanes were 

purified by reflux over sodium followed by distillation. Pentane and methylene chloride were 

refluxed over P2O5 followed by distillation. Acetonitrile was dried over CaH2 and collected 

via distillation. Benzene-d6, CD2Cl2, CD3CN, and CDCl3 were degassed by three freeze-

pump-thaw cycles and stored over 4 Å molecular sieves. 1H and 13C NMR spectra were 

recorded on a Varian Mercury 400 MHz or a Varian Mercury 300 MHz spectrometer. 

Resonances due to the Tp ligand are listed by chemical shift and multiplicity only (all 

coupling constants for the Tp ligand are 2 Hz). Gas chromatography was performed on a 

Hewlett-Packard 5890 GC using either a J&W SE-30 or an HP-5 capillary column (30 m 

0.25 mm HP-5 column with 0.25 μm film thickness) and an FID detector. Chromatograms 

were produced using either a Hewlett-Packard 3396A integrator or Perkin-Elmer TotalChrom 

6.2 software. GC-MS was performed using a HP-GCD system with a 30 m 0.25 mm HP-5 

column with 0.25 μm film thickness. Lecture bottles of ethylene (99.5%) and propylene 

(99.0%), 1-hexene, and decane were obtained from Sigma Aldrich Chemical Co. and used as 
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received. Ethylene (99.5%) was also received in a gas cylinder from MWSC High-Purity 

Gases and used as received. All IR spectra were acquired using a Mattson Genesis II FTIR as 

thin films on KBr plates or as solutions. Pressure tube reactions were performed in either an 

ACG Lab-Crest glass pressure tube with Swagelock hardware or a Parr Instruments high 

pressure reactor. Cumene was obtained from Sigma Aldrich and dried over CaH2 prior to use. 

The preparation, isolation, and characterization of [TpRu(CO)2(THF)][PF6],217 

CpRu(PPh3)2(Me),231 CpRu(PPh3)2(Ph),232 and (PCP)Ru(CO)(OTf) have been previously 

reported.247 

TpRu(CO)(NCMe)Ph (1). TpRu(CO)(NCMe)Me(7) (0.538 g, 1.35 mmol) was 

dissolved in a mixture of benzene (16 mL) and acetonitrile (7 mL, 0.135 moles). The solution 

was heated in a screwcap pressure tube to 90 °C for approximately 40 hours. The volatiles 

were removed in vacuo, and the remaining solid was dissolved in a small amount of 

methylene chloride followed by precipitation with pentane. Collection of the resulting solid 

yielded a white powder in 68% yield that was pure by NMR spectroscopy. In order to obtain 

product pure by elemental analysis, the resulting solid was purified via flash chromatography 

through a plug of neutral alumina using methylene chloride as eluent. The product was 

collected, and the solvent volume was reduced to approximately 10 mL under reduced 

pressure. Precipitation with pentane yielded the pure product as a white solid. IR (KBr): νCO 

= 1935 cm-1, νCN = 2280 cm-1, νBH = 2484 cm-1. 1H NMR (CDCl3,δ): 7.78, 7.73, 7.67, 7.30, 

7.18 (1:2:1:1:1 integration, 6H total, each d, 2 Hz, Tp 3/ and 5 protons), 7.07 ( 2H, d, JHH = 7 

Hz, phenyl ortho protons), 6.96 (3H, overlapping multiplets, phenyl para and meta protons), 

6.26, 6.18, 6.08 (each 1H, t, 2 Hz, Tp 4 position), 2.29 (3H, s, Ru-NCCH3). 13C NMR 

(CDCl3, d): 205.4 (s, Ru-CO), 165.4 (s, phenyl ipso), 145.6, 142.6, 142.2, 141.8, 135.4, 
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134.9, 134.5, 125.8 (Tp 3/5 and phenyl carbons, resonance at 141.8 has approximately twice 

the intensity as other resonances indicating an overlap), 121.1 (s, Ru-NCCH3), 105.8, 105.5, 

105.3 (each a s, Tp 4), 4.3 (s, Ru-NCCH3). Anal. Calculated for C18H18BN7O1Ru: C, 46.97; 

H, 3.94; N, 21.30; Found: C, 46.68; H, 4.18; N, 21.17. 

TpRu(CO)(NCMe)Me (7). TpRu(CO)2Me (0.5239 g, 1.36 mmol) and Me3NO 

(0.2040 g, 2.72 mmol) were refluxed in approximately 25 mL of acetonitrile for 40 minutes. 

The solution was cooled to room temperature, neutral alumina (5 g) was added to the 

solution, and the volatiles were removed under reduced pressure. The green-yellow crude 

reaction mixture was flashed on a plug of neutral alumina using methylene chloride (~ 200 

mL). Volatiles were removed from the eluent, and the resulting solid was washed with 

hexanes to give a white solid. The solid was collected and dried under vacuum (0.3601 g, 

67% yield). In addition, the product can be recrystallized from methylene chloride/hexanes. 

IR (KBr): νCO = 1919 cm-1, νCN = 2278 cm-1, νBH = 2484 cm-1. 1H NMR (CD2Cl2, δ): 7.73 

(3H, overlapping d's, Tp CH 3 and 5 position), 7.71, 7.65, 7.46 (3H, 1:1:1 integration, Tp CH 

3 and 5 position), 6.29, 6.25, 6.15 (3H, 1:1:1 integration, each a t, Tp CH 4 position), 2.26 

(3H, s, Ru-NCCH3), 0.19 (3H, s, Ru-CH3). 13C{1H} NMR (CDCl3, d): 206.7 (CO), 143.4, 

142.3, 139.9, 135.3, 134.6 (Tp 3 or 5 position, one overlap), 121.7 (Ru-NCCH3), 105.6, 

105.3, 105.2 (Tp 4 position), 4.2 (Ru-NCCH3), -10.5 (Ru-CH3). CV (CH3CN, 100 mV/s): 

E1/2 = 0.95 V (RuIII/II). Anal. Calculated for C13H16BN7O1Ru: C, 39.21; H, 4.05; N, 24.62; 

Found: C, 39.36; H, 4.04; N, 24.74. 

TpRu(CO)2CH2CH2Ph (8).  A 50 mL round-bottom flask was charged with 0.375 g 

of [TpRu(CO)2THF][PF6] (0.643 mmol) and  25 mL of benzene to yield a heterogeneous 

slurry.  While stirring five equivalents of phenethylmagnesiumchloride (1.0 M in THF) were 
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added dropwise to the benzene solution.  Upon addition of phenethylmagnesiumchloride a 

homogeneous solution formed along with a color change from pale blue to honey gold.  

Analysis by IR spectroscopy revealed a change in CO absorption frequency from νCO = 2069 

cm-1 and 2006 cm-1 to νCO = 2025 cm-1 and 1954 cm-1.  Excess Grignard reagent was 

deactivated upon addition of distilled water.  The organic layer was separated from the 

aqueous layer.  The aqueous layer was then extracted with methylene chloride (3 x 50 mL).  

The organic fractions were combined, and the volatiles were removed under reduced pressure 

to yield a golden brown oil.  IR (THF): νCO = 2025, 1954 cm-1.  1H NMR (C6D6, δ):  7.36, 

7.32, 7.25, 7.22, 7.20, 7.18, 7.12 (11 H, overlapping d’s and t’s, Tp CH 3 and 5 position, Ru–

CH2CH2C6H5), 5.71 (1H, t, Tp CH 4 position), 5.68 (2H, t, Tp CH 4 position), 3.38 (2H, m, 

Ru-CH2CH2C6H5), 1.93 (2H, m,  Ru-CH2CH2C6H5).  13C{1H} NMR (C6D6, δ):  201.97 (CO), 

147.6 (ipso of phenyl), 143.6, 142.2, 135.0, 134.6, 128.5, 128.3, 122.5 (phenyl and Tp 3/5 

position), 106.2, 105.9 (Tp 4 position), 44.5 (Ru–CH2CH2C6H5), 18.8 (Ru–CH2CH2C6H5).  

TpRu(CO)(NCMe)CH2CH2Ph (6).  TpRu(CO)2CH2CH2Ph (3) was dissolved in 20 

mL of acetonitrile.  Based on quantitative conversion of [TpRu(CO)2(THF)][PF6] to complex 

3, one equivalent of Me3NO (0.643 mmol, .0480 g) was added to the solution.  The solution 

was refluxed for one hour.  IR spectroscopy revealed the disappearance of absorption at νCO 

= 2025 cm-1 and 1954 cm-1 and the appearance of a single CO absorption at νCO = 1917 cm-1.  

The volatiles were removed under reduced pressure to give a light yellow residue. The 

residue was dissolved in toluene and eluted on a column of neutral alumina. Two bands were 

observed, the first being dark yellow and the second being pale yellow. The second band was 

isolated. Toluene was removed by evacuation, yielding a pale yellow residue. Hexanes were 
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added to the residue. After stirring overnight, a white solid was isolated by vacuum filtration 

(0.153 g, 0.313 mmol, 17%).1H NMR (CDCl3, δ):  7.73, 7.67, 7.60, 7.54 (6H total in 1:3:1:1 

ratio, each a d, Tp CH 3/5 position), 7.34 (2H, d, 3JHH = 8 Hz phenyl ortho), 7.27 (2H, t, 3JHH 

= 8 Hz, phenyl meta), 7.13 (1H, t, 3JHH = 8 Hz, phenyl para), 6.24 (1H, t, Tp CH 4 position), 

6.20 (1H, t, Tp CH 4 position), 6.11 (1H, Tp CH 4 position), 3.03 (2H, m, Ru-CH2CH2C6H5), 

2.26 (3H, s, Ru-NCCH3), 1.55 (2H, m, Ru-CH2CH2C6H5).  13C{1H} NMR (CDCl3,δ): 207.0 

(Ru-CO), 149.5 (ipso of Ru-phenyl), 143.5, 142.1, 140.0, 135.4, 134.7, 134.6, 128.2 (ortho, 

meta, and para of phenyl, Tp 3 and 5 positions), 124.7 (Ru-NCCH3), 105.7, 105.4, 105.3 (Tp 

4 positions), 42.6 (Ru-CH2CH2Ph), 17.3 (Ru-CH2CH2-Ph), 4.3 (Ru-NCCH3). Anal. Calcd for 

C20H22BN7ORu: C 49.07, H 4.53, N 20.04. Found: C 49.00, H 4.59, N 20.13. 

TpRu(CO)(NCMe)Cl (9). TpRu(CO)(NCMe)Me (0.150g, 0.377 mmol) was 

dissolved in 30 mL of methylene chloride. HCl (0.377 mL, 1.0 M in diethyl ether, 0.377 

mmol) was added dropwise to the stirring solution at room temperature. Evolution of a gas 

was observed. An IR spectrum of the reaction solution revealed the disappearance of the CO 

absorption at 1919 cm-1 and the appearance of an absorption at 1968 cm-1. The volatiles 

were removed under reduced pressure to give a pale yellow solid. The solid was washed with 

10 mL of pentane and collected via vacuum filtration through a fine-porosity frit (0.111 g, 

0.265 mmol, 71%). 1H NMR (CDCl3, δ): 8.08, 7.74, 7.72, 7.68, 7.52 (each 1H, each a d, Tp 

CH 3/5 position), 6.33, 6.20, 6.16 (each 1H, each a t, Tp CH 4 position), 2.36 (3H, s, Ru-

NCCH3). 13C{1H} NMR (CDCl3, δ): 201.3 (Ru-CO), 145.1, 144.5, 141.8, 136.1, 135.8, 

134.9 (Tp 3 and 5 positions), 123.0 (Ru-NCCH3), 106.7, 106.6, 106.2 (Tp 4 positions), 4.5 

(Ru-NCCH3). Anal. Calcd for C12H13BClN7ORu(C5H12)0.15 (Note: A 1H NMR spectrum of 
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the analysis sample indicates the presence of pentane in a 1/6.7 molar ratio with complex 4: 

C 35.66, H 3.47, N 22.83. Found: C, 35.70, H, 3.29, N, 22.75. 

(PCP)Ru(CO)Ph (11).  In a 100 mL round bottom flask, (PCP)Ru(CO)OTf (3) 

(0.1619 g, 0.2409 mmol) was dissolved in approximately 50 mL of THF.  Phenyllithium 

(0.265 mmol, 1.8 M in ether) was added drop wise using a microsyringe.  Upon addition of 

phenyllithium a change in color from orange to dark red was observed.  The volatiles were 

removed under reduced pressure, and the resulting solid was dissolved in approximately 30 

mL of cyclopentane.  After filtration through a fine porosity frit the volatiles were removed 

under reduced pressure.  The resulting dark red solid was dried in vacuo and collected 

(0.0663 g, 0.1105 mmol, 46%).  IR (solution cell THF): νCO = 1900 cm-1.  1H NMR (CD2Cl2, 

δ): 7.46 (1H, d, 3JHH = 8 Hz, Ph o-position), 7.22 (2H, d, 3JHH = 8 Hz, PCP 3 and 5 position), 

7.02 (1H, t, 3JHH = 8 Hz, PCP 4), 6.58 (1H, d, 3JHH = 8 Hz, Ph o-position), 6.50 (1H, t, 3JHH = 

8 Hz, Ph m- or p-position), 6.37 (1H, t, 3JHH = 7 Hz, Ph m or p position), 6.19 (1H, t, 3JHH = 8 

Hz, Ph m or p position), 3.74 (2H, dt, 2JHH = 17 Hz, JPH = 8 Hz, P-CH2), 3.55 (2H, dt, 2JHH = 

17 Hz, JPH = 9 Hz, CH2), 1.03-0.976 (36H, m, PCP tBu).  13C{1H} NMR(C6D6, δ):  208.9 (t, 

2JPC = 9 Hz, CO), 192.0 (t, 2JPC = 6 Hz, RuC), 157.4 (t, 2JPC = 10 Hz, Ph ipso), 151.9 (vt, N = 

10 Hz, PCP Ar or Ph), 146.0, 140.7,125.9, 125.0 (each a s, each a PCP or Ph with one 

overlap), 121.0 (vt, N = 16 Hz, PCP Ar or Ph), 119.4 (s, PCP or Ph), 38.2 (vt, N = 15 Hz, 

PC), 37.7 (vt, N = 20 Hz, CH2), 36.6 (vt, N = 14 Hz, PC), 31.3, 29.4 (each a vt, N = 5 Hz, 

CH3).  31P{1H} NMR (C6D6, δ): 77.4.  Anal. Calcd for C31H48OP2Ru(1/3-C5H10) (Note: 0.33 

equivalents of cyclopentane were observed by 1H NMR spectroscopy in the analysis sample): 

C 62.86, H 8.30.  Found: C, 63.01, H, 8.10. 
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Catalytic Reactions. A representative catalytic reaction is described. 

TpRu(CO)(NCMe)Ph (1) (0.021 g, 0.046 mmol) was dissolved in 4.1 mL (0.0456 mol) of 

benzene. To the homogeneous solution was added decane (0.269 mL, 1.38 mmol) as an 

internal standard. The solution was placed in a thick-walled glass reaction vessel and charged 

with 25 psi of ethylene pressure. The tube was then placed in an oil bath heated to 90 °C. 

Periodically the tube was removed from the oil bath and plunged into an ice bath. A 0.1 mL 

aliquot of the reaction solution was removed under a purge of dinitrogen, and the tube was 

quickly returned to the oil bath and ethylene pressure was restored. Samples (1 μL) were 

removed from the aliquot and analyzed by GC-FID. With application of the appropriate 

correction factor (determined from regression plots of at least three sets of standard samples), 

the peak areas of the sample injection were used with the internal standard to calculate 

product yields. 

Determination of Kinetic Isotope Effect. TpRu(CO)(NCMe)Ph (1) (0.0511 g, 0.111 

mmol) was dissolved in an equimolar solution of C6H6 (0.49 mL, 5.5 mmol) and C6D6 (0.53 

mL, 5.5 mmol). The solution was placed in a glass thick-walled pressure tube and placed 

under 25 psi ethylene. The pressurized tube was placed in an oil bath heated to 90 °C. After 2 

h, the pressure tube was removed from the oil bath and plunged into an ice bath. Aliquots 

were removed under a purge of dinitrogen and analyzed by GC/MS. Triplicate comparisons 

of the scaled isotopic abundance of fragment 111 to 112 (adjusted to account for 

fragmentation) were used to determine the kinetic isotope effect of 2.1(1). Repeating these 

experiments demonstrated reproducibility. 

Kinetic Study of Catalytic Reactions. A sample determination of the rate of the 

formation of ethylbenzene catalyzed by TpRu(CO)(NCMe)Ph (1) at 70 °C is given. A stock 
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solution consisting of 0.069 g (0.149 mmol) of TpRu(CO)(NCMe)Ph (1) in 13.33 mL (0.149 

mol) of benzene was made. Decane (0.087 mL, 0.45 mmol) was added as an internal 

standard. Stock solution (2.0 mL) was added to a thick-walled glass pressure tube. The tube 

was placed under 15 psi ethylene pressure and heated to 70 °C in an oil bath. Periodically, 

the tube was removed from the oil bath and plunged into an ice bath. An aliquot of the 

solution was removed under a purge of dinitrogen, and the tube was placed under ethylene 

pressure and quickly returned to the oil bath. The aliquot was analyzed in triplicate by 

GC/FID. 

TpRu(CO)(NCMe)Me in C6D6. Under nitrogen atmosphere, a screw-cap NMR tube 

was loaded with 0.020 g (0.050 mmol) of TpRu(CO)(NCMe)(Me)(7) in 0.5 mL of C6D6. The 

tube was placed in an oil bath heated to 90 °C. After 1 h of heating, the tube was removed 

from the bath and allowed to cool to room temperature. A 1H NMR spectrum was acquired 

revealing the production of CH3D (0.14 ppm, 1:1:1 triplet) and TpRu(CO)(NCMe)Ph-d5 in a. 

Reaction of TpRu(CO)(NCMe)Ph with Ethylene in Acetonitrile. An acetonitrile 

solution (35 mL) of TpRu(CO)(NCMe)Ph (1) (0.118 g, 0.256 mmol) was placed under 250 

psi of ethylene. The solution was heated to 90 °C for a period of 6 h. The volatiles were 

removed under reduced pressure, leaving a yellow residue. A portion of the residue was 

dissolved in C6D6, and a 1H NMR spectrum was acquired. The spectrum revealed two 

diamagnetic TpRu complexes including approximately 50% of 

TpRu(CO)(NCMe)CH2CH2Ph (6). The second product is observed only at high ethylene 

pressures and remains uncharacterized. 

Conversion of CpRu(PPh3)2Me to CpRu(PPh3)2Ph. A thick-walled screw-cap 

pressure tube was charged with 0.204g of CpRu(PPh3)2Me (0.280 mmol) and 15 mL of 
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benzene. The tube was placed in an oil bath and heated to 70 °C for 48 h. The reaction vessel 

was removed from the oil bath, cooled to room temperature, and purged into an inert 

atmosphere glovebox. The volatiles were removed under reduced pressure, leaving a dark 

amber residue. Washing of the residue with hexanes resulted in the formation of solid that 

was collected via vacuum filtration. Analysis of the solid by 1H NMR spectroscopy revealed 

clean formation of CpRu(PPh3)2Ph(10). 

Computational Methods.  Quantum calculations were carried out using the Gaussian 98 

package.248  The B3LYP hybrid functional was employed for all calculations.249  Heavy 

atoms were described with the Stevens relativistic effective core potentials (ECPs) and 

valence basis sets (VBSs).250,251  The valence basis sets of main group elements were 

augments with a d polarization function.  This ECP/VBS combination, termed SBK(d), has 

been validated for the calculation of a wide variety of transition metal properties in previous 

studies.252,253  As a model of the full (tris-pyrazolyl)borate (Tp) ligand, the tris(azo)borate 

(Tab) ligand, [HB(-N=NH)3]-, was used.  In previous research, Tab was shown to faithfully 

reproduce the structure and energetics of the full Tp models for C-H activation potential 

energy surfaces.234 

All stationary points were fully optimized without symmetry constraint.  Several 

conformations of the different ligands were investigated by torsion about the appropriate 

metal-ligand bond lengths; the lowest energy conformers found are used in the analyses 

given below.  The energy Hessian was calculated at all stationary points to characterize them 

as minima (no imaginary frequencies) or transition states (one and only one imaginary 

frequency).  The quoted energies include zero point, enthalpy, and entropic corrections 
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determined from unscaled vibrational frequencies calculated at the B3LYP/SBK(d) level of 

theory.  All energetic determinations were done at 298.15 K and 1 atmosphere. 

Chapter 3. Investigation of Olefinic Functional Group Tolerance by First Generation 

Hydroarylation Catalysts TpRu(CO)(NCMe)R (R = Me or Ph) 

3.1 Introduction 

To be used effectively in practical organic synthesis, organometallic reagents will 

likely encounter environments which are rich in functionality. Functional group tolerance, 

therefore, is a highly valuable characteristic often sought in organometallic catalysts. For 

example, the Grubbs olefin metathesis catalysts are tolerant of many functional groups and 

are now commonly used by synthetic organic chemists. The importance of this methodology 

earned the inventors the 2005 Nobel Prize in chemistry. Organometallic reagents which 

catalyze transformations involving C-H activation are being explored for functional group 

tolerance. A recent example of a successful catalyst is RhCl(COE)2 (COE = cyclooctadiene) 

which catalyzes a chiral imine directed C-H activation in a densely functionalized 

environment during the synthesis of the anti-HIV agent lithospermic acid.254 

 The ruthenium complex Ru(H)2(CO)(PPh3)3 has been shown to be a highly efficient 

catalyst for the chelation assisted hydroarylation of olefins. This methodology is effective for 

intermolecular hydroarylation of functionalized and unfunctionalized olefins. For example, 

aromatic and heteroaromatic ketones are added across ethylene, 3,3-dimethylbut-1-ene, 3-

ortho-tolylprop-1-ene,3-dimethylethoxysilylprop-1-ene, 4-trimethylsilylbut-1-ene, and 1,1 

disubstituted olefins.176 The methodology is also tolerant of electron donating and 

withdrawing functional groups on the aromatic substrate such as NMe2, Me, CF3, OMe, 

N(CH2CH3)COCH3, CF3, CN, CO2CH3, OCF3 and F which are meta to the ketone 
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functionality.176 One drawback to this methodology is that the aromatic substrate must 

include a heteroatomic functional group with lone pairs which can be used in a dative 

bonding interaction with Ru. We sought to explore the functional group tolerance of non-

chelation assisted olefin hydroarylation using TpRu(CO)(NCMe)Ph (1) in the presence of the 

electron-rich olefins ethylvinylether, ethylvinylsulfide, and 2,3-dihydrofuran  as well as 

electron-poor olefins styrene, methylvinlyketone, and methylmethacrylate. 

3.2 Reactivity with Electron-Rich Olefins 

3.2.1 Results 

 Treatment of TpRu(CO)(NCMe)Ph (1) with the electron-rich olefins ethyl vinyl 

sulfide or 2,3-dihydrofuran results in transformations that involve stoichiometric C-S and C-

H/C-O bond cleavage, respectively. Heating a solution of 1 in neat ethyl vinyl sulfide at 100 

ºC for 2 h leads to the isolation of the dimeric species [TpRu(CO)(μ-SEt)]2 (34) (Scheme 

3.1).  NMR spectroscopy indicates that 34 is formed in ~ 80% yield (see below).  The IR 

 

Scheme 3.1. Formation of the RuII dimer 34 upon reaction of 1 with ethylvinylsulfide. 
 
 
spectrum of 34 reveals νCO = 1929 cm−1 (νCO = 1938 cm−1 for 1), and 1H and 13C NMR spectra 

are consistent with the presence of a mirror plane of symmetry.  A single-crystal X-ray 

diffraction study of 34 has confirmed its identity (Figure 3.1).10 The structure reveals two  
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Figure 3.1.  ORTEP of [TpRu(CO)(SCH2CH2)]2 (34). 

 
 
pseudo-octahedral RuII fragments bridged by two μ-SEt fragments in which the two Ru 

moieties are symmetry equivalent.  Other Ru binuclear species with similar bridging "SR" 

fragments have been reported.255  In addition to 34, analysis of crude reaction mixtures 

reveals the formation of a second uncharacterized product that is NMR silent but exhibits νCO 

= 1964 cm−1.    Consistent with the ~ 80% yield of 34 (by 1H NMR), the estimated yield of 

this uncharacterized complex based on IR spectroscopy is 15 - 20%.  A qualitative Evans 

NMR experiment has confirmed the presence of paramagnetic material in the crude reaction 

mixture.   

 Monitoring the reaction of 1 and excess ethyl vinyl sulfide in C6D6 by 1H NMR 

spectroscopy (80 ºC for 18 hours) reveals that complex 34 is formed (approximately 80% 

yield) along with styrene.  The production of styrene has been confirmed by both GC-FID 
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and 1H NMR spectroscopy including the addition of an authentic sample of styrene to the 

NMR solution and reveals a metal-mediated C-C bond formation between the phenyl group 

of 1 and the vinyl group of ethyl vinyl sulfide. 

Observation of C-S bond cleavage upon reaction of 1 with ethyl vinyl sulfide 

prompted us to study reactions with ethyl vinyl ether and 2,3-dihydrofuran.  Reaction of 1 

and ethyl vinyl ether results in an intractable mixture of products; however, heating a 2,3-

dihydrofuran solution of 1 to 80 ºC allows isolation of a complex characterized as 

TpRu(CO)(NCMe)(C≡CCH2CH2OH) (35).  Complex 35 is isolated in 28% yield while 

monitoring the reaction by 1H NMR spectroscopy indicates production of 35 in 

approximately 65% yield along with a second uncharacterized product.  Diagnostic features 

in the 1H NMR spectrum of 35 include a broad singlet at 6.13 ppm assigned to the hydroxy 

group (νOH = 3336 cm-1 in the IR spectrum of 35), two sets of doublet of doublets at 4.55 and 

4.36 ppm (each 1H) due to the diastereotopic methylene group α to the hydroxy, and a 

multiplet at 2.38 ppm (2H) assigned as overlapping resonances due to the diastereotopic 

methylene group that is β to the hydroxy group.  Homonuclear decoupling experiments 

confirm the assignment of the resonances due to the methylene groups. Consistent with the 

assignment of the resonance at 6.13 ppm as a hydroxy, the addition of D2O to 35 in C6D6 

results in the disappearance of this resonance in the 1H NMR spectrum after approximately 4 

hours at room temperature.  The 13C NMR spectrum of 35 reveals singlets at 236.8, 200.6 

and 179.8 assigned as α-acetylide, CO and β-acetylide carbons, respectively.  In addition, 

triplets are observed at 76.9 ppm (1JCH = 148 Hz) and 26.7 ppm (1JCH = 132 Hz) due to the 

methylene carbons. 
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3.2.2 Discussion 

Due to its importance for hydrodesulfurization processes as well as for synthetic 

organic chemistry, there has been substantial interest in metal-mediated activation of C-S 

bonds.256-258 The activation of C-S bonds of heteroaromatic systems and allylic sulfides by 

several transition metal systems has been reported;258-263 however, observation of C-S bond 

activation of vinyl sulfides is less common.264-266 A possible mechanism for the formation of 

34 includes coordination of ethyl vinyl sulfide to the RuII center followed by olefin insertion, 

β-SEt elimination, and dissociation of styrene as shown in Path B of Scheme 3.2.  An 

alternative pathway is C-S oxidative addition to produce a RuIV intermediate and subsequent 

C-C reductive elimination of the vinyl and phenyl groups to produce styrene (Path A, 

Scheme 3.2).  Since the C-S bond cleavage is limited to vinyl sulfide (see below), we suggest 

that Path B is most likely to be operative. 

The scope of the Ru-mediated carbon-sulfur bond cleavage was probed by heating 1 

with diethyl sulfide, ethyl phenyl sulfide or diphenyl sulfide in C6D6.  These reactions lead to 

the formation of NMR silent ruthenium products with no apparent reaction with the sulfide 

reagents.  It is likely that the paramagnetic ruthenium complex(es) formed in these 

experiments are identical to those found upon thermal decomposition of 1 in the absence of 

the sulfide reagents.214  Thus, complex 1 fails to cleanly react with C-S bonds of alkyl or aryl 

substituents, and, in the absence of a vinyl-sulfur bond, 1 apparently does not react with the 

sulfide.  These results indicate that the presence of an olefinic moiety is likely integral to the 

C-S bond cleavage to produce 34 and suggest that the mechanism shown in Path B of  
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Scheme 3.2. Two mechanisms could explain generation of 34 and styrene from the reaction 
of 1 and ethylvinylsulfide. Path A involves the oxidative addition of a C-S bond followed by 
reductive elimination of styrene while Path B suggests olefin insertion into the Ru-Ph bond 
followed by β-SCH2CH3 elimination and formation of styrene.
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Scheme 3.2 is perhaps more viable than a pathway that invokes initial C-S oxidative addition.  

Although well-defined examples are limited, precedent for β-elimination of "XR" (X = O or 

S) groups exists.261,267-271 

The production of benzene from the reaction of 1 and 2,3-dihydrofuran has been 

detected by NMR tube experiments, and a plausible reaction pathway is shown in Scheme 

3.3.  We suggest initial coordination of 2,3-dihydrofuran via ligand exchange with 

acetonitrile, net C-H activation at the 2-position of 2,3-dihydrofuran (based on ultimate 

coordination of the 2-position carbon of 2,3-dihydrofuran to Ru in the final product 35, ring  

 

Scheme 3.3. Mechanism of 2,3-dihydrofuran ring-opening mediated by 
TpRu(CO)(NCMe)Ph (1). 
 

opening of the furyl intermediate to form a formally Ru(IV) vinylidene, and proton transfer to 

complete the formation of complex 35.  It is possible that an acid impurity (protic or Lewis 

acid) may coordinate to the 2,3-dihydrofuran oxygen and assist the C-O bond cleavage and 

ring opening of the heterocycle. 
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  We previously reported that TpRu(CO)(NCMe)R systems can activate the C-H bonds 

of aromatic substrates such as benzene, furan and thiophene.56,214,272 We cannot, at this point, 

discount the possibility of C-H activation at the 3-position of 2,3-dihydrofuran followed by 

isomerization of Ru to the 2-position, a pathway that would be consistent with the 

regioselectivity of C-H activation of furan and thiophene by TpRu(CO)(NCMe)Me at the more 

electrophilic 2-position.272  Oxophilic zirconium has been reported to react with 2,3-

dihydrofuran to initiate ring opening with the product being a zirconium alkoxide with a 

terminal olefinic group.273   Caulton et al. have reported the ability of unsaturated Ru(II) 

systems to isomerize electron-rich olefins to carbene ligands.274 

  Catalytic hydroarylation of olefins (and related substrates) requires that 

aromatic C-H activation and olefin insertion must be competitive with various possible side 

reactions.  Extension of previously observed RuII-catalyzed hydroarylation of ethylene and 

α-olefins to electron-rich olefins is not possible, and the results reported herein provide a 

rationalization.  For ethyl vinyl sulfide, apparently facile C-S bond cleavage competes with 

benzene C-H activation in a step that likely occurs after olefin insertion into the Ru-phenyl 

bond of complex 1.  For 2,3-dihydrofuran, C-H activation (likely at the 2-position) 

apparently competes with insertion of the C=C bond into the Ru-Ph bond.  These results 

indicate that two closely related substrates (i.e., olefins with π-electron donating groups) 

react in divergent pathways.  Thus, the identity of the π-donating group ("SR" or "OR") 

possibly alters the predilection toward olefin C-H activation versus olefin insertion. 
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3.3 Reactivity with Electron-Poor Olefins 

3.3.1 Results 

 The combination of TpRu(CO)(NCMe)R {R =Me(7) or Ph (1)} and electron-

deficient olefins at elevated temperatures results in radical polymerization reactions.218 

Styrene was polymerized with complex 7 as catalyst in benzene at 90 °C (eq 3.1). For 

example, heating a benzene solution of 7 with 500 equivalents of styrene results in the  

 

isolation of polystyrene after precipitation using MeOH. GPC analysis of the polymer 

isolated after 72 h of reaction reveals Mw/Mn = 2.6. Both 1H and 13C NMR spectroscopy are 

consistent with atactic polymer. Control reactions, in which styrene was heated under 

identical conditions in benzene in the absence of 7, did not yield polystyrene. In addition, 

TpRu(CO)2Me, the synthetic precursor to 7, does not initiate styrene polymerization. Thus, 

the Ru(II) complex TpRu(CO)(NCMe)Me (7) likely initiates the styrene polymerization. 

Variation of the [styrene]/[7] ratio reveals that lower catalyst loading increases polymer 

molecular weight; however, the relationship is not linear. 

Given the presence of the Ru-methyl bond of complex 7, the Ru(III/II) potential of 

0.95 V (versus NHE), and the lability of the acetonitrile ligand of 7, we questioned whether 

the styrene polymerization occurs via a radical mechanism or if the polystyrene forms via 

olefin binding and insertion into Ru-alkyl bonds (Scheme 3.4). Other Ru(II) systems that 

catalyze atom transfer radical polymerization exhibit Ru(III/II) potentials in the range 0.42-

0.55 V versus SCE (using a potential for SCE of 0.24 V versus NHE, the potentials of the 
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Ru(III/II) couples are 0.66-0.79 V vs NHE).275 Thus, single electron oxidation of complex 7 

is more difficult than other Ru(II) systems that initiate radical polymerization via conversion 

to Ru(III). Brookhart et al. have reported the synthesis of Ru(II) methyl-ethylene complexes  

 

Scheme 3.4. Olefin polymerization involving TpRu(CO)(NCMe)Me (7) could occur via 
radical or insertion mechanisms. d 
 
that possess diketiminoylpyridine ligands for which ethylene polymerization reactions do not 

occur at temperatures up to 70 °C (at 80 °C the slow formation of 1-butene was noted).276 In 

contrast, the Ru(II) complex (Pybox)RuCl2(ethylene) (Pybox = 2,6-bis[4S-isopropyl-2-

oxazolin-2-yl]pyridine) has been reported to polymerize ethylene in the presence of 500 

equivalents of methylaluminoxane, and HRuCl(PPh3) polymerizes ethylene and butadiene. 

277,278 The mechanisms of these transformations are uncertain. In addition, Flood et al. have 

reported that the Rh(III) complex [CnRh(Me)(OH)(H2O)]+ (Cn) 1,4,7- trimethyl-1,4,7-

triazacyclononane) slowly polymerizes ethylene.279 It has been speculated that the presence 
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of a facially coordinating triazacyclononane ligand (Cn) for the Rh(III) system (versus the 

meridonal coordination of the Brookhart diketiminoylpyridine Ru(II) complex) might play an 

important role in the ability of the Rh(III) system to catalyze ethylene insertion reactions.276 

Given the presence of the facially coordinating Tp ligand in complex 7 and the 

isostructural/isoelectronic relationship of 7 with [CnRh(Me)(OH)(H2O)]+, the possibility of 

insertion polymerization reactions seemed feasible. Although the formation of atactic 

polystyrene is consistent with radical polymerization, it is also potentially consistent with an 

olefin insertion mechanism in which the polymer stereochemistry would be determined by 

the facial selectivity of olefin binding.280 Fragments of the type {TpRu(CO)R} might be 

expected to exhibit poor stereoselectivity for olefin coordination since closely related 

{TpRe(CO)(L)} systems exhibit low diastereoselectivity for η2-aromatic binding.281,282  

The kinetics of chain transfer for radical polymerization of styrene in the presence of 

various chain transfer reagents have been determined.283 Reactions of complex 7 with 500 

equivalents of styrene in benzene in the presence of 0, 1, 2, 3, or 4 equivalents of cumene 

(based on catalyst concentration) were performed (90 °C). Styrene and catalyst 

concentrations were kept constant in these reactions. The resulting polymer molecular 

weights decreased with increasing concentration of cumene. These results are consistent with 

a radical polymerization mechanism. 

Transition metal-mediated radical polymerization reactions can often be controlled 

via the addition of alkylhalides. Such additives can serve to initiate the polymerization 

reaction upon metal abstraction of the halogen, and the reversible formation of radicals in 

such systems keeps the concentration of active radical species low and can afford living 

polymerizations. Styrene polymerizations were performed in the presence of carbon 
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tetrachloride or methyl dichloroacetate (2 equiv based on complex 7). The polymer 

molecular weights are lower than for reactions in the absence of alkylhalide, and the Mn does 

not increase linearly with reaction time. Similar observations have been made for other 

Ru(II)-catalyzed radical polymerizations in the absence of a metal cocatalyst (see below), as 

has been observed with other Ru-based radical polymerizations of olefins.284-287 For both 

initiators, the Mw/Mn ratio is approximately 2.2 after 72 h of polymerization.  

Similar to styrene, the combination of 1 mol % of complex 7 with 

methylmethacrylate (MMA) and 2 equiv (based on 7) of carbon tetrachloride or methyl 

dichloroacetate results in the formation of poly-MMA. Consistent with other Ru(II) radical 

polymerization systems, the conversion of MMA is more rapid than analogous 

polymerizations of styrene. After 48 h of reaction, GPC analysis of the poly-MMA indicates 

Mw/Mn = 1.9 for reactions with carbon tetrachloride and 2.7 for methyl dichloroacetate. 

Similar to the styrene polymerizations, Mn does not increase linearly with reaction time. The 

addition of Al(OiPr)3 (4 equiv based on catalyst) to the polymerization of MMA does not 

significantly impact polymerization rate, polydispersity, or Mn versus reaction time. The 

conversion rates of MMA polymerization in the presence of carbon tetrachloride and 2 equiv 

of Al(Oi-Pr)3 are almost identical to that in the absence of aluminum cocatalyst. In addition, 

after 48 hours the Mw/Mn is 1.8 (cf. 1.9 in the absence of the aluminum reagent). As 

mentioned earlier, 7 reacts with benzene to yield TpRu(CO)(Ph)(NCMe) (1) and methane,214 

and the combination of 1 with styrene in benzene at 90 °C results in the production of 

polystyrene. However, the reaction of TpRu(CO)(NCMe)Me in neat styrene also yields 

polystyrene. Thus, conversion of the Ru(II) methyl complex to TpRu(CO)(NCMe)Ph (1) is 

not necessary for polymerization.  
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3.3.2 Investigation of RuIII-C Bond Homolysis 

Reductive elimination of an organic molecule from a transition metal complex is the 

product forming step in many catalytic cycles. Distinct mechanisms exist for the reductive 

elimination of metal-carbon bonds such as direct C-C elimination from a single metal center, 

bimolecular C-C elimination from two metal centers, and initial metal-carbon bond 

homolysis (Scheme 3.5). When two metal centers are involved, both intra- and 

intermolecular processes have been reported, with the former pathway being observed more 

frequently.288-291 Examples of less common intermolecular pathways include C-C elimination 

from Mn carbonyl complexes, H-H elimination from HCo(CO)4, H-H and C-H elimination 

from osmium carbonyl complexes, elimination of aldehydes from mixtures of alkyl and 

hydride complexes that possess carbonyl ligands, and the elimination of dienes from metal-

vinyl complexes.292-300 Oxidative addition, the microscopic reverse of reductive elimination, 

has also been reported to occur across two metal centers by both intra- and intermolecular 

pathways.301,302 Homolytic metal-carbon bond cleavage can also induce the elimination of 

alkyl or aryl groups and results in a formal one electron reduction of the metal center.303-306 

 

Scheme 3.5. Reductive elimination of metal-carbon bonds.
 

Complexes of the type TpRu(CO)(NCMe)R {Tp = hydridotris(pyrazolyl)borate; R = 

Me (7) or phenyl (1)} serve as catalyst precursors for the hydroarylation of olefins;56,214,272 

however treatment with electron-deficient olefins results in radical polymerization 
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reactions.218 At the point of our initial report, the mechanism of initiation of polymerization 

was not clear. The potential for an asymmetric RuIII complex with a labile NCMe ligand 

resulting in an electrophilic 15-electron fragment seemed a promising route towards a more 

reactive hydroarylation catalyst and encouraged us to explore single-electron oxidation 

sequences of the Ru(II) complexes TpRu(L)(L′)(R) (L = CO, L′ = NCMe, and R = Me or 

CH2CH2Ph; L = L′ = PMe3 and R = Me). The putative Ru(III) systems 

[TpRu(L)(L′)(R)][OTf] (OTf = trifluoromethanesulfonate) undergo reductive elimination 

through Ru-C bond homolysis to return to formal Ru(II) oxidation states. 

3.3.3 Single Electron Oxidation of TpRu(CO)(NCMe)R (R = Me or CH2CH2Ph) and 

TpRu(PMe3)2Me 

Treatment of TpRu(CO)(NCMe)Me (7) with 1 equiv of AgOTf in methylene chloride 

results in the quantitative formation (by 1H NMR spectroscopy) of TpRu(CO)(NCMe)OTf 

(12) within 10 min at room temperature (eq 3.2). Complex 12 is isolated in 60% yield after 

workup and has been characterized by 1H and 13C NMR spectroscopy, IR spectroscopy (νCO 

= 1993 cm-1), and elemental analysis. The overall reaction sequence involves formation of  

 

Ag (s) via a single-electron transfer from 7 and net loss of a methyl ligand from the putative 

Ru(III) intermediate [TpRu(CO)(Me)(NCMe)][OTf] (13). In addition to complex 12, 

performing the reaction in a gas-tight NMR tube as a CD2Cl2 solution reveals the formation 

of CH3D and ethane in a 1:9.4 molar ratio (1H NMR spectroscopy). A singlet at 0.9 ppm due 
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to production of ethane is observed in the 1H NMR spectrum, while a multiplet (0.15 ppm) of 

1:1:1 integration is observed due to the presence of CH3D. GC-MS analysis of the headspace 

from this reaction confirms the formation of CH3D and ethane. A similar reaction is observed 

in toluene-d8 with the molar ratio of CH3D to ethane in solution favoring CH3D (1.8:1 ratio 

of CH3D to CH3CH3). Thus, the production of methane, relative to ethane, is increased for 

reaction in toluene versus reaction in methylene chloride. In the presence of 4 equiv of the 

radical trap 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO), oxidation of 

TpRu(CO)(NCMe)Me in CD2Cl2 yields 12 without observation of ethane or methane. 

Finally, a kinetic isotope effect of 5.9(7) is observed  when 7 is oxidized with AgOTf in a 1:1 

molar mixture of toluene and toluene-d8 as determined by integration of the resonances due 

to CH4 and CH3D in the 1H NMR spectra. 

Similar to the Ru(II) methyl complex 7, the reaction of 

TpRu(CO)(NCMe)(CH2CH2Ph) (6) with AgOTf produces complex 12 in a transformation 

that is complete within 5 min at room temperature (eq 3.3). The reaction also produces 

ethylbenzene, 1,4-diphenylbutane, and styrene. Although deuterium incorporation into 

ethylbenzene is a possibility, 1H NMR spectroscopy does not allow a definitive 

determination whether deuterium is present. Using GC-FID, the molar ratio of 1,4-

diphenylbutane:styrene: ethylbenzene was determined to be 4.0:1.0:1.3. 
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To probe the influence of the ancillary ligand set on the redox activity, we explored 

the oxidation of a complex of the type TpRuL2R. TpRu(PMe3)2Me (14) is synthesized by 

heating a solution of TpRu(PMe3)2Cl (15) with Me2Mg (Scheme 3.6), and the oxidation of 14 

with AgOTf in CD2Cl2 produces CH3D, ethane, and TpRu(PMe3)2OTf (16). The molar ratio 

of CH3D to ethane in solution is approximately 1:10. Combining 14 with AgOTf in toluene-

d8 produces complex 16 as well as CH3D and ethane in an approximate 1.6:1 molar ratio. The 

molar ratios of methane and ethane upon oxidation of TpRu(PMe3)2Me in CD2Cl2 or toluene-

d8 are almost identical to those observed for analogous oxidations of TpRu(CO)(NCMe)Me 

(7). 
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Scheme 3.6. Synthesis and oxidation of TpRu(PMe3)2Me. 
 
3.3.4 Discussion 

One potential mechanism for the observed RuIII/II elimination sequences is formation 

of free radicals via RuIII-R bond homolysis. The formation of CH3D after the oxidation of 

TpRu(CO)(NCMe)Me (7) or TpRu(PMe3)2Me (14) in CD2Cl2 is consistent with a pathway 

involving free radicals. The C-H bond dissociation enthalpy (BDE) of CH2Cl2 is 

approximately 100 kcal/mol, while the C-H BDE of methane is approximately 105 

kcal/mol.307 Thus, the formation of methane from methyl radical and methylene chloride is 

thermodynamically favorable. The formation of ethane likely results from C-C coupling of 

two methyl species, which is apparently in kinetic competition with hydrogen atom 

abstraction from solvent by methyl radical. Transformations that generate methyl radical 

should exhibit increased production of methane in solvents with weaker C-H bonds. Indeed, 

the oxidation of 7 or 14 in toluene-d8 (BDE of benzylic C-H bond approximately 88 

kcal/mol) yields increased production of methane relative to ethane compared with reactions 

in methylene chloride. The nearly identical molar ratios of CH3D: ethane for the oxidation of 
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either 7 or 14 in CD2Cl2 or toluene-d8 suggests that organic products are formed from a 

common intermediate, and these data are consistent with the formation of methyl radical for 

both systems. In addition, the sequestration of methyl radical prior to hydrogen atom 

abstraction upon addition of TEMPO to the reaction of 7 and AgOTf is consistent with the 

intermediacy of methyl radical. 

 The reaction of TpRu(CO)(NCMe)Me with [Cp2Fe][PF6] at 80 °C produces a single 

Ru(II) complex, ferrocene, ethane, and CH3D. These results are analogous to the reaction 

with AgOTf, suggesting that inner-sphere electron transfer upon reaction with AgOTf to 

produce Ag-R with subsequent Ag-C bond homolysis is an unlikely reaction pathway. Cyclic 

voltammetry experiments indicate a quasi-reversible oxidation of TpRu(CO)(NCMe)Me (7) 

at 0.95 V (vs NHE).218 Similar analyses of TpRu(CO)(NCMe)(CH2CH2Ph) (6) and 

TpRu(PMe3)2Me (14) reveal quasi-reversible oxidation waves at E1/2 = 1.02 and 0.25 V, 

respectively. For the oxidation of complex 6, the formation of ethylbenzene and styrene is 

also consistent with the generation of alkyl radical. Thus, the formation of ethylbenzene 

radical can produce 1,4-diphenylbutane through C-C coupling, a 1:1 ratio of styrene and 

ethylbenzene through intermolecular hydrogen atom transfer, and ethylbenzene or 

C6H5CH2CH3D through hydrogen or deuterium atom abstraction from the solvent (Scheme 

3.7). 
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Scheme 3.7. Radical reaction pathways involving formation of ethylbenzene radical.
 

In support of the experimental studies, B3LYP/SBK(d) calculations were carried out 

to determine Ru-CH3 BDEs on full models of the methyl radical, neutral 

TpRuII(CO)(NCMe)(Me), and {TpRuI(CO)(NCMe)} complexes as well as the cationic 

[TpRuIII(CO)(NCMe)(Me)]+ and [TpRuII(CO)(NCMe)]+ complexes. Calculations were 

performed by Professor Tom Cundari’s group (University of North Texas).  In general, there 

are no major differences in the geometries of the corresponding neutral and cationic 

complexes. For example, the calculated RuII-Me and RuIII-Me bond lengths of 

TpRuII(CO)(NCMe)(Me) and [TpRuIII(CO)(NCMe)(Me)]+ were 2.15 and 2.14 Å, 

respectively. On the basis of available ionic radii in the literature for RuII and RuIII, it is 

expected that bond lengths involving RuIII will be approximately 0.06 Å shorter than similar 

bonds involving RuII, yet the calculated ΔRuIII/II-CH3 bond length difference is only 0.01 Å, 

which likely implies that the RuIII-Me bond is weaker than the RuII-Me bond. This 

supposition is further supported by the Mulliken bond orbital population (BOP), which yields 

a value of 0.45 for the RuII-Me bond and 0.36 for the RuIII Me bond. The DFT-derived BOPs 

thus suggest that the metal-alkyl bond in the RuIII complex is weaker than that in the 
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corresponding RuII complex. Calculated Ru-Me homolytic BDEs reveal a substantial 

decrease of 25.4 kcal/mol upon oxidation from RuII (48.6 kcal/mol) to RuIII (23.2 kcal/mol) 

(Figure 3.2). This decrease in BDE is mirrored by the calculated ionization potentials (IPs) 

 

Figure 3.2. Calculated bond dissociation energies for Ru-Cmethyl bond of 
[TpRu(CO)(NCMe)(Me)]n (n = 0 or 1). 

 

shown in the thermochemical cycle where the difference between the IPs of d6-RuII-Me (6.3 

eV) and d7-RuI (5.2 eV) is 1.1 eV, which is 25.4 kcal/mol (Figure 3.3). Hence, the 

calculations support the notion that the decrease in Ru-Me BDEs arises from weakening of 

the Ru-C bond upon oxidation of Ru from +2 to +3 as well as stabilization of the product, 

i.e., its return to a d6 configuration upon homolytic Ru-C bond scission for the RuIII complex. 

 

Figure 3.3. BSLYP/SBK(d)-calculated Ru-CH3 BDEs and IPs for 
[TpRuIII(CO)(NCMe)(Me)]+ and TpRuII(CO)(NCMe)(Me). 

 
Understanding metal-ligand bond energies and the factors that dictate them is crucial 

to the rational development of synthetic methodologies as well as understanding some 
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biological processes.308-311 Particularly relevant to single-site organometallic catalysts are the 

BDEs of metal-alkyl bonds. At room temperature, the Ru-alkyl complexes 

TpRu(CO)(NCMe)R (R = Me or CH2CH2Ph) and TpRu(PMe3)2Me exhibit no evidence of 

decomposition after at least one week in solution at room temperature. In contrast, single- 

electron oxidation to yield the cationic RuIII complexes [TpRu(L)(L′)(R)][OTf] results in 

rapid Ru-R bond homolysis at room temperature. For all three TpRuIII alkyl complexes 

studied, the formation of organic products and TpRu(L)(L′)OTf through bond homolysis 

occurs within at least 5 min at room temperature. This observation places an upper limit on 

the half-life for the reactions of approximately 1 min. Thus, kobs ≥ 1.1 x 10-2 s-1, which 

corresponds to ΔG‡ ≤ 20 kcal/mol at 298 K. Since Ru-C bond homolysis is likely the rate 

determining step or precedes the rate-determining step in the conversion of 

[TpRu(L)(L′)(R)][OTf] to TpRu(L)(L′)(OTf), it is anticipated that the BDEs of the Ru-C 

bonds will be similar to the magnitude of the free energy of activation. Therefore, the rapid 

conversions from RuIII to RuII indicate that the Ru-C alkyl BDEs of the RuIII complexes 

[TpRu(L)(L′)(R)][OTf] are likely to be near 20 kcal/mol and represent a series of relatively 

weak metal-alkyl bonds. This estimation is consistent with the calculated Ru-C BDE of 23.2 

kcal/mol for [TpRuIII(CO)(NCMe)(Me)]+. Riordan and Halpern have reported that porphyrin 

Fe(III) alkyl BDEs range from 15 to 31 kcal/mol, and related studies have been performed on 

Co(III) systems.303,304 The Ru-C BDE of a RuIV porphyrin bis-ethyl complex has been 

estimated at 21.7 (1.5) kcal/mol.305 Oxidation of CpRu(PR3)(CO)(Me) systems yields 

methane and Ru(II) products.312  
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 The apparently weak RuIII-Calkyl bonds at the Ru(III) oxidation state of these TpRu 

systems are consistent with the observation of radical-initiated polymerization reactions. 

Thus, single-electron oxidation of TpRu(CO)(NCMe)R by electron-deficient olefins, 

regardless of whether the electron transfer is thermodynamically favored, would provide 

rapid access to radical species and initiate radical-based olefin polymerization (Figure 3.4). 

This result is key to the development of future generations of hydroarylation catalysts, as any 

 

 

Figure 3.4. Thermodynamically disfavored oxidation of RuII-alkyl can result in RuIII-Calkyl 
bond homolysis. 
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substrate that can oxidize the TpRu(L)(L′)R systems would likely lead to decomposition 

through Ru-C bond homolysis.  

A potential contributing factor to the decrease in BDEs upon oxidation to Ru(III) is 

the driving force to return to a d6 electronic configuration. A comprehensive study of closely 

related pseudo-octahedral Cp*Fe(dppe)X complexes (Cp* = pentamethylcyclopentadienyl;  

dppe = 1,2-bis(diphenylphosphino)ethane; X = halide, H, or Me) BDEs has revealed that 

oxidation from Fe(II) to Fe(III) also decreases homolytic BDEs by 9-17 kcal/mol.306 For the 

Ru-Me systems discussed herein, the calculated change in homolytic BDE upon oxidation 

from d6 to d5 is 25.4 kcal/mol, while the change is approximately 9 kcal/mol for the 

Cp*Fe(dppe)CH3. Thus, decrease in BDEs for metal-ligand bonds may be general for d6 to d5 

oxidations of octahedral or pseudooctahedral complexes. Tilset and coworkers have reported 

the propensity of CpRuL2X (L = 2-electron neutral donor, X = H or Me) to yield radical 

species upon oxidation 312-315 while  oxidation of RuII-Me porphyrins has also resulted in the 

rapid loss of methyl radical.316 FeIII alkyl complexes also undergo homolytic bond cleavage 

to produce alkyl radicals.  Only a handful of isolable RuIII alkyls are known.317-319 Caulton et 

al. recently reported the stable PNPRuMe2 (PNP = (tBu2PCH2SiMe2)2N-), which is stabilized 

by a combination of the bulky pincer ligand, low coordination number, and redox-active 

amide functionality.320 

 The predisposition of RuIII alkyl or hydride complexes towards bond homolysis has 

been used constructively in some intermolecular reactions.321 For instance the organometallic 

complexes Ru(Me)2(η6-C6Me6)PR3 (R3 = Ph3, Ph2Me, Me2Ph, Me3, Et3) activate aromatic C-

H bonds to produce CH4 and the corresponding aryl complexes.321 Under thermal conditions, 
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reactions with the RuII complexes require temperatures from 85-100 °C. However, oxidation 

of the complexes with [Cp2Fe]+ results in rapid conversion to the corresponding Ru-aryl 

species and methane at room temperature.321 The potential generation of an electrophilic 

{TpRuIII} complex seemed a promising route to an improved hydroarylation catalyst, 

especially in light of the intermolecular kinetic isotope effect that is observed under catalytic 

conditions indicating that C-H bond activation is the rate determining step in the catalytic 

cycle.   Unfortunately, oxidation of TpRu(L)(L’)R { L = CO and L’ =  NCMe and R = Me 

(7), L = CO and L’ = NCMe and R = CH2CH2Ph (6), or L = L’ = PMe3 and R = Me (14)} 

results in loss of the alkyl ligand via formation  of alkyl radicals. 

3.4 Experimental Section 

General Methods. All procedures were performed under an atmosphere of dry 

dinitrogen in a Vacuum Atmospheres glovebox or using standard Schlenk techniques. The 

glovebox atmosphere was maintained by periodic nitrogen purges and monitored by an 

oxygen analyzer {O2(g) < 15 ppm for all reactions}. Toluene and hexanes were purified by 

reflux over sodium/benzophenoneketyl followed by distillation under a dinitrogen 

atmosphere. Pentane and methylene chloride were refluxed over P2O5, followed by 

distillation under a dinitrogen atmosphere. Toluene-d8, CD2Cl2, and CDCl3 were degassed by 

three freeze-pump-thaw cycles and stored over 4 Å molecular sieves. 1H and 13C NMR 

measurements were performed on either a Varian Mercury 300 or a 400 MHz spectrometer 

and were referenced against tetramethylsilane using residual proton signals (1H NMR) or the 

13C resonances of the deuterated solvent (13C NMR). Resonances due to the Tp ligand are 

reported by chemical shift and multiplicity only (all coupling constants are 2 Hz). All 31P 

NMR spectra were recorded on a Varian Mercury instrument operating at a frequency of 161 
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MHz with 85% phosphoric acid (0 ppm) as external standard. 19F NMR spectra were 

recorded on a Varian Mercury instrument operating at a frequency of 376.5 MHz with C6F6 

(-163 ppm) as internal standard. Cyclic voltammograms were recorded in a standard three-

electrode cell from -2.00 V 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 internal standard. Gas chromatography was performed on a Hewlett-

Packard 5890 GC using either an HP-5 capillary column (30 m x 0.25 mm with 0.25 μm film 

thickness) or a J&W Scientific DB-1 capillary column (30 m x 0.25 mm with 1.00 μm film 

thickness) equipped with a FID detector. Chromatograms were produced using Perkin-Elmer 

TotalChrom 6.2 software. GC-MS was performed using an HP GCD system with a 30 m x 

0.25 mm HP-5 column withm0.25 μm film thickness. Ethylbenzene, styrene, 1,4-

diphenylbutane, and decane were obtained from Sigma Aldrich Chemical Co. and used as 

received. Methane (99.5%) and ethane (99.5%) were received in gas lecture bottles from 

MWSC High-Purity Gases and used as received. All IR spectra were acquired using a 

Mattson Genesis II FTIR as thin films on KBr plates or as solutions. Gel permeation 

chromatography (GPC) analyses of polymer molecular weights was performed on a Jasco 

system comprised of a PU-1580 HPLC pump, a RI-1530 refractive index detector, and a 

Borwin-GPC control system. The molecular weight was calibrated with polystyrene 

standards. Two PL-Gel mixed columns were used for analysis with chloroform at a flow rate 

of 1.0 mL/min. Styrene was either purified by passage over a column of activated alumina 
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under a dinitrogen atmosphere or used as received from Sigma Aldrich. Methyl methacrylate 

was purified via passage through a plug of alumina and vacuum distilled twice over CaH2. 

Ethyl vinyl sulfide, diethyl sulfide, diphenyl sulfide, ethyl phenyl sulfide and 2,3-

dihydrofuran were obtained from Sigma Aldrich and used as received.  The preparation, 

isolation, and characterization of TpRu(CO)(NCMe)Me (7), TpRu(PMe3)2Cl (15), and 

TpRu(PMe3)2OTf (16) have been previously reported.214,322  

TpRu(CO)(NCMe)OTf (12). TpRu(CO)(NCMe)Me (7) (0.314g, 0.79 mmol) was 

dissolved in 50 mL of methylene chloride in a dry Schlenk flask. To this solution was added 

AgOTf (0.200 g, 0.78 mmol), and the resulting mixture was stirred at room temperature for 1 

h. Completion of the reaction occurred within 5 min, as indicated by a shift in νCO from 1919 

to 1993 cm-1 in the IR spectra. The solution was filtered through a plug of Celite. The 

volatiles were removed from the filtrate under reduced pressure, and the subsequent residue 

was washed with pentane. The resulting pale yellow solid was dried in vacuo and isolated in 

60% yield (0.250 g). IR (KBr):νCO = 1993 cm-1, νBH ) 2504 cm-1. 1H NMR (CDCl3, δ): 8.04, 

7.79, 7.76, 7.71, 7.67, 7.43 (each 1H, each a d, Tp 3 or 5 position), 6.40 (1H, t, Tp 4 

position), 6.23 (2H, overlapping t’s, Tp 4 position), 2.47 (3H, s, Ru-NCCH3). 13C NMR 

(CDCl3, δ):199.8 (s, Ru-CO), 145.7, 145.3, 142.0, 137.2, 136.3, 135.3, (each a s, Tp 3 or 5 

position), 124.5 (s, Ru-NCMe), 119.1 {q (due to low signal-to-noise, only the inner lines of 

the expected quartet were observed), 1JCF = 317 Hz, Ru-O3SCF3}, 107.3,107.0, 106.6 (each a 

s, Tp 4 position), 3.9 (s, Ru-NCCH3). 19F NMR (CDCl3, δ): -78.6 (s, Ru-O3SCF3). Anal. 

Calcd for C13H13 BF3N7O4Ru: C, 29.34; H, 2.46; N, 18.42. Found: C, 29.58; H, 2.52; N, 

18.33.  
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TpRu(PMe3)2Me (14). TpRu(PMe3)2Cl (0.187 g, 3.7 mmol) and toluene (~50 mL) 

were combined in a round-bottom flask to give a homogeneous yellow solution. To this 

solution was added Me2Mg (0.024 g, 4.4 mmol), and the mixture was heated to reflux for 6 h. 

The dark yellow solution was passed through a plug of Celite with a copious amount of 

diethyl ether to give a yellow filtrate. The volatiles were removed from the filtrate under 

reduced pressure. The white solid that remained was recrystallized by dissolving in 1 mL of 

methylene chloride followed by addition of 10 mL of methanol. The precipitate was collected 

by vacuum filtration and dried in vacuo (0.041g, 23%). 1H NMR (CDCl3, δ): 7.71, 7.60, 

7.59, 7.55 (6H total,1:2:2:1 integration, each a d, Tp 3 or 5 position), 6.15, 6.08 (3H total, 1:2 

integration, each a t, Tp 4 position), 1.22 (18H, vt, P(CH3)3, N ) 8 Hz), -0.30 (3H, t, 3JHP = 4 

Hz, Ru-CH3). 13C NMR (CDCl3, δ): 143.5, 141.7, 134.6, 134.5 (each a s, Tp 3 or 5 position), 

104.4, 104.3 (each a s, Tp 4 position), 19.5 (vt, P(CH3)3, N = 25 Hz), - 9.6 (t, Ru-CH3, 2JCP = 

11 Hz). CV (CH3CN, 100 mV/s): E1/2 = 0.25 V (quasi-reversible). Anal. Calcd. for 

C16H31BN6P2Ru: C, 39.93; H, 6.49; N, 17.46. Found: C, 40.21; H, 6.48; N, 16.65. 

[TpRu(CO)(μ-SEt)]2 (2).  A pressure tube charged with TpRu(CO)(NCMe)Ph (1) 

(0.300 g, 0.65 mmol) and ethyl vinyl sulfide (3.3 mL, 32 mmol) was heated at 100 °C for 2 h.  

During this time the solution turned dark orange.  The mixture was allowed to cool to room 

temperature and hexanes (~ 1 mL) were added.  The pale yellow precipitate was collected by 

vacuum filtration and dried in vacuo (0.067 g, 24%).  Single crystals for the X-ray diffraction 

study were grown by slow diffusion of hexanes into a methylene chloride solution of 

complex 2.  1H NMR (CDCl3, δ):  9.34, 7.85, 7.63, 7.58 (12H total, 2:2:4:4 integration, each 

a d, Tp 3 or 5 position CH), 6.53, 6.16 (6H total, 2:4 integration, each a t, Tp 4 position CH), 
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2.48 (2H, m, SCHHCH3), 2.33 (2H, m, SCHHCH3), 0.47 (6H, t, J = 8 Hz, SCH2CH3).  13C 

NMR (CDCl3, δ):  207.6 (RuCO), 143.4, 143.2, 135.7, 135.2 (Tp 3 or 5 position), 105.9 (Tp 

4 position, coincidental overlap), 28.9 (SCH2CH3), 17.9 (SCH2CH3).  IR (cm-1): νCO = 1929, 

νBH = 2482. 

TpRu(CO)(ΝCMe)(C≡CCH2CH2OH)  (3).  A pressure tube charged with 1 (0.340 

g, 0.740 mmol) and 2,3-dihydrofuran (3.0 mL, 39 mmol) was heated to 80 ˚C for 72 h.  The 

dark brown solution was allowed to cool to room temperature, and the volatiles were 

removed in vacuo.  The dark residue was dissolved in methylene chloride and passed through 

a column of silica gel.  The initial yellow band was collected, and the volatiles were removed 

in vacuo.  The yellow solid was collected and dried (0.094 g, 28 %).  1H NMR (C6D6, δ):  

8.17, 7.66, 7.51, 7.40, 7.36, 7.22 (6H total, 1:1:1:1:1:1 integration, each a d, Tp 3 or 5 

position CH), 6.13 (1H, br s, OH), 6.00, 5.87, 5.83 (3H total, 1:1:1 integration, each a t, Tp 4 

position CH), 4.55 (1H, m, CH2CHHOH), 4.36 (1H, m, CH2CHHOH), 2.38 (2H, m, 

CH2CH2OH), 1.63 (3H, s, NCCH3).  13C NMR (C6D6, δ):  236.8 (RuC≡C), 200.6 (RuCO), 

179.8 (RuC≡C), 146.5, 144.8, 139.1, 135.4, 134.9, 134.8 (each a dt, 1JCH = 181-191 Hz, 

2,3JCH = 7 Hz, Tp 3 or 5 position), 120.1 (RuN≡CCH3) 106.3, 106.2, 105.2 (each a dt, 1JCH = 

176 Hz, 2JCH = 9 Hz, Tp 4 position), 76.9 (t, 1JCH = 148 Hz, CH2CH2OH), 26.7 (t, 1JCH = 132 

Hz, CH2CH2OH), 22.3 (q, 1JCH = 129 Hz, RuN≡CCH3). IR (cm-1): νCO = 1916 cm-1, νBH = 

2481, νOH = 3336.  Anal. Calcd. (Found) for C17H27BN7O2Ru:  C, 42.49 (42.36); H, 4.01 

(4.01); N, 21.68 (21.36). 

Oxidation of TpRu(L)(L′)Me (L = L′ = PMe3 or L =CO and L′= NCMe). A 

sample reaction is given. A screwcap NMR tube was charged with TpRu(CO)(Me)(NCMe) 
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(0.020 g, 0.05 mmol). The solid was dissolved in 0.5 mL of CD2Cl2, and a 1H NMR spectrum 

was recorded. The NMR tube was purged into a glovebox, and AgOTf (0.013 g, 0.05 mmol) 

was added. Upon addition of AgOTf, conversion of the colorless homogeneous solution to a 

honey-colored solution with gray precipitate was observed. A 1H NMR spectrum was 

recorded after 5 min of reaction time. In addition to resonances due to the production of 

TpRu(CO)(NCMe)(OTf) (1), the production of CH3D was indicated by a multiplet at 0.15 

ppm along with a singlet due to ethane at 0.9 ppm. The molar ratio of CH3D and ethane in 

solution was determined by integration of these resonances. The assignment of the resonance 

due to ethane was confirmed by 1H NMR spectroscopy upon bubbling commercially 

purchased ethane through the solution. In addition, the production of ethane and CH3D was 

confirmed by sampling of the reaction headspace and analysis by GC-MS. 

Oxidation of TpRu(CO)(NCMe)(CH2CH2C6H5). A screwcap NMR tube was 

charged with TpRu(CO)(NCMe)(CH2CH2C6H5) (0.005 g, 0.01 mmol) and 0.5 mL of CD2Cl2 

to give a homogeneous solution. A 1H NMR spectrum was recorded. The addition of 1 equiv 

of AgOTf resulted in the formation of a gray precipitate. A 1H NMR spectrum was recorded 

after 5 min of reaction time. The only observable TpRu system was complex 12. The 

production of ethylbenzene, styrene, and 1,4-diphenylbutane was determined by 1H NMR 

spectroscopy (confirmed by comparison to the 1H NMR spectra of commercially available 

materials) and GC-FID. Deuterium incorporation into the methyl group of ethylbenzene is 

possible; however, it does not occur to an extent that allows observation by 1H NMR 

spectroscopy. The production of styrene was indicated by resonances in the 1H NMR 

spectrum at 6.25 ppm (dd, styrene α), 5.76 ppm (dd, styrene β), and 4.94 ppm (dd, styrene 

β). The production of 1,4-diphenylbutane was confirmed by resonances at 2.65 ppm {m, 
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(PhCH2CH2)2} and 1.67 ppm {m, (PhCH2CH2)2}. The quantities of ethylbenzene, 1,4- 

diphenylbutane, and styrene were determined using GC-FID upon comparison to the added 

internal standard decane (after linear regression analysis of three sets of standards for each 

compound). The production of ethylbenzene, styrene, and 1,4-diphenylbutane was also 

confirmed by GC-MS analysis.  

Determination of Kinetic Isotope Effect. TpRu(NCMe)(CO)Me (7) (0.050 g, 0.12 

mmol) was added to a screwcap NMR tube. Toluene (0.26 mL, 2.4 mmol) and toluene-d8 

(0.25 mL, 2.4 mmol) were added to the tube to give a homogeneous solution. A 1H NMR 

spectrum was recorded. AgOTf (0.032 g, 0.12 mmol) was added to the tube without mixing 

of the AgOTf with the toluene solution. The tube was sealed and then inverted to produce Ag 

(s). A 1H NMR spectrum was recorded after 10 min of reaction time. The production of CH4 

was observed as a singlet at 0.17 ppm with a resonance due to CH3D (1:1:1 triplet) at 0.15 

ppm. Integration of the resonances due to CH4 and CH3D from four separate reactions 

revealed a kinetic isotope effect of 5.9(7). 

Computational Methods. Quantum mechanical calculations were performed using 

Gaussian98.248 The calculations employed density functional theory (DFT),323 in particular 

the B3LYP hybrid functional.249,324-326 Ruthenium and main group elements were described 

with the Stevens (CEP-31G) relativistic effective core potentials (ECPs) and valence basis 

sets (VBSs).250,251 The valence basis sets of main group elements (carbon, nitrogen, oxygen) 

were augmented with a d polarization function with an exponent of 0.8, and no polarization 

function was used on the boron. This combination of ECPs and VBSs, termed SBK(d), has 

been employed for calculations on a wide selection of transition metal complexes, including 

Ru scorpionates. 56,234,247,272 All stationary points for the models investigated were fully 
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optimized to minima (i.e., no imaginary frequencies) without symmetry constraints. Open-

shell molecules were calculated within the unrestricted Kohn-Sham formalism. All reported 

energetics include zero-point and enthalpic corrections calculated using vibrational 

frequencies determined at the B3LYP/SBK(d) level of theory. 

Chapter 4. Synthesis and Reactivity of TpRu(PR3)(L)X Complexes: Toward Second 

Generation {TpRu} Hydroarylation Catalysts 

4.1 Introduction 

 An appealing characteristic of homogeneous catalysts is the possibility of steric and 

electronic tuning via alteration of the ancillary ligands. Subtle differences between ligands 

can impart dramatic changes in reactivity. For instance, analogies have been drawn between 

Cp and Tp, both of which are six-electron donors, monoanionic, and facially coordinating. In 

contrast, several comparisons note steric and electronic differences.234,327-329 Wilkinson’s 

complex reacts with both [Tl][C5H5] and KTp to produce CpRu(PPh3)2Cl330-332 and 

TpRu(PPh3)2Cl (17)333 respectively, which similarly have a labile PPh3 ligand. However, 

these systems also exhibit differences in reactivity such as the conditions for exchange of the 

Cl ligand with alkyl nucleophiles. For example, Stone reports the synthesis of 

CpRu(PPh3)2Me331 by treatment of CpRu(PPh3)2Cl with MeLi at room temperature while we 

have been unable to synthesize the Tp analog despite an extensive survey of methyl 

nucleophiles and reaction conditions. However, we have found that TpRu(PMe3)2Me (14)  

can be synthesized by treatment of TpRu(PMe3)2Cl (15) with Me2Mg in refluxing benzene 

while isolation of CpRu(PMe3)2Me is yet to be reported.334 Another example includes recent 

work in the arena of dinitrogen activation, where Chirik et. al report  that hydrogenation of 

N2 using zirconocenes is sensitive to modification of a single cyclopentadienyl position. For 
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instance, using Me3Cp ligands results in side on coordination of N2 followed by 

hydrogenation while use of Me4Cp ligands results in end on N2 coordination then loss of N2 

instead of hydrogenation.335 

 TpRu(CO)(NCMe)R {R = Me (7), or Ph (1)} is an effective catalyst precursor for the 

hydroarylation of ethylene as well as unfunctionalized α-olefins. However, improvements in 

the performance of the catalyst in several areas are needed for practical and fundamental 

purposes. Specifically, the number of catalytic turnovers for the conversion of benzene and 

ethylene to ethylbenzene is ~ 75,  for α-olefins, the anti-Markovnikov selectivity of the 

catalyst is moderate (1.6:1.0), and the longevity of the catalyst is limited to approximately  

4.0 h under typical catalytic conditions with decomposition observed by 1H NMR in C6D6 at 

90 °C. In addition, increased activity is desirable.  Improvements can be potentially accessed 

by modification of the ligand set based on theoretical predictions and empirical findings. 

Experimental and computational evidence suggest a mechanism of olefin hydroarylation 

mediated by {TpRu(CO)(Ph)} (see above).54,56,155 General features of the mechanism include 

dissociation of a labile ligand to give the 16-electron  fragment {TpRu(CO)Ph}, olefin 

binding and insertion into the Ru-Cipso bond, and C-H activation of benzene to produce 

alkylbenzene. Based on these features, we sought to synthesize similar scorpionate 

complexes that could activate C-H bonds and potentially serve as hydroarylation catalysts 

using phosphine ligands in place of CO (Scheme 4.1). 
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Scheme 4.1. Modification of the coordination sphere of the first generation Ru 
hydroarylation catalyst provides a basis for second generation systems. 
 

Phosphine ligands possess some similarities to CO. Qualitative MO diagrams that 

highlight similarities between CO and generic PR3 are shown in Figures 4.1 and 4.2, 

respectively. Both ligands donate two electrons to the metal from σ-symmetric HOMOs, are 

charge neutral, and are able to accept some degree of electron donation from RuII by virtue of  
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Figure 4.1. Qualitative MO diagram of CO showing low-lying antibonding orbitals of π-
symmetry localized on carbon. 
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Figure 4.2. Qualitative MO diagram of a generic PR3 ligand showing antibonding σ* orbitals 
which vary in energy with R. 

 
 
low lying anti-bonding orbitals of π-symmetry, depending on the identity of R. Numerical 

Hartree-Fock atomic orbital energies (HFAOE)  can be used to predict the character of the 

antibonding MO’s.336 For example, where R = Cl (2p, HFAOE = -0.5064 a.u.) or F (2p, 

HFAOE = -0.7300 a.u.), σ* orbitals (eg in Figure 4.2) are primarily phosphorous based (3p, 

HFAOE = -0.3506 a.u.) and can overlap well with filled metal dπ orbitals. However, the 

valence orbitals of carbon (2p, HFAOE = -0.4069 a.u.) are much closer in energy to 

phosphorous; thus, R = CH3 results in antibonding orbitals which are less phosphorous based 

and less effective in metal back-bonding.   
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There are differences between CO and phosphines that could also impact catalytic 

olefin hydroarylation. CO is linear and sterically unencumbered. Figure 4.3 depicts spatial 

quadrants (A,B,C,D) for the likely transition state of olefin insertion into the Ru-Ph bond of 

TpRu(CO)(Ph)(η2-olefin).54 Examination of the steric environments of C1 and C2 reveal that 

substitution at C2 is disfavored in quadrant B due to the presence of a pyrazolyl ring and 

phenyl β-hydrogens.54 However, the selectivity (1.6:1) is mild and is likely due to less 

congested quadrants C and D. Replacement of CO with PR3 should accentuate the observed 

steric bias, making both C and D significantly more crowded, to the point that C is no longer 

accessible for an R group on C2. 

 

 
Figure 4.3. Transition state for olefin insertion viewed along the C1-Ru-N bond axis. R 
groups are superimposed in each quadrant to illustrate steric crowdedness. 

 
 A comparison of carbonyl and phosphine ligands also reveals differences in π-acidity. 

CO uses π* antibonding orbitals to accept electron donation from the metal while phosphines 

use σ* antibonding orbitals. Overlap with metal dπ orbitals should be different between the 

two and certainly is where σ* orbitals are less phosphorous based. Thus with a few 

exceptions, phosphines are poorer π-acids than CO and overall more strongly donating. In 
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contrast to CO, phosphine π-acidity can be tuned by varying R. The energies of the P-R σ∗ 

antibonding orbitals decrease as the σ bonding orbitals decrease. The orbitals become better 

matched in energy with metal dπ orbitals as they decrease in energy, and can become 

increasingly more π-acidic depending on the amount of phosphorous character. 

Trispyrrolylphosphine ligands are reported to be as strong or stronger than CO in π-

acidity.337,338 This is rationalized by three resonance forms of the pyrrolyl fragment in which 

two of the structures result in a positive charge on nitrogen that induces an electron 

withdrawing effect on phosphorous.338 Trichlorophosphine is comparable to CO in π-acidity 

while trimethylphosphine is certainly much worse. Thus a broad range of electronic 

properties can be explored using TpRu(PR3)(L)R′  (R = Me, OMe, Cl, NC4H4 (Pyr), L = PR3, 

PPh3, NCMe, R′ = Me, Ph) complexes for olefin hydroarylation. 

Scheme 4.2 shows the proposed mechanism for the hydroarylation of olefins based on 

the first generation system TpRu(CO)(NCMe)Ph (1). Replacing CO (and potentially other 

ligands) with a phosphine(s) will likely affect every step in the mechanism. For instance Step 

A is the dissociation of a labile ligand from 1a. At 70 °C, NCMe dissociates from 1 with kobs 

= 3.2(2) x 10-3, or ΔG‡ = 24.1 kcal/mol.  The lability of NCMe in 1 is likely aided by the 

localization of π* antibonding orbitals on carbon and the presence of a strong π-acid (CO) in 

the coordination sphere.  ΔG‡ could increase upon going from CO to a phosphine ligand 

depending on the properties of the phosphine. Poorer π-acidic phosphines should result in a 

less labile NCMe ligand. Alternatively, phosphines such as tris-3,4-dicarboethoxy-N-pyrrolyl 

phosphine or trifluorophosphine could result in a more labile NCMe ligand due to both 

enhanced π-acidity and reduced σ-donation by the phosphine.  
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Scheme 4.2. Proposed mechanism for Ru-mediated olefin hydroarylation. 
 
 

Dissociation of NCMe from 1a does not appear to be problematic for 

unfunctionalized olefin hydroarylation so far as we can tell. No products are observed which 

would indicate incorporation of NCMe. Dissociation of NCMe from 1 has been observed and 

likely proceeds by a dissociative mechanism. NCMe exchange for the closely related 
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TpRu(NCMe)(CO)Me (7) in CDCl3 is independent of the concentration of NCCD3. 

However, because the structure(s) of the Ru decomposition product(s) are not yet known, the 

possibility of a non-innocent NCMe ligand is a valid consideration. One way of probing this 

point is to replace NCMe. Phosphine dissociation is a common route for generation of 

coordinatively unsaturated organometallic species,339 thus replacement of NCMe with a 

phosphine may result in a reactive hydroarylation catalyst. 

Changing both CO and NCMe simultaneously will also have a range of effects on 

Step A depending on the identity of the substituted ligands. Assuming that CO is replaced 

with a less π-acidic phosphine, replacing NCMe with stronger σ-donors or stronger π-acids 

such as triphenylphosphine will result in a ligand that is more strongly bound to Ru. 

However, the increased steric profile of L could result in a ligand which is labile due to 

unfavorable steric interactions. As the cone angle (θ) of the phosphine gets smaller, steric 

conflicts should be relieved. Thus phosphines such as trimethylphosphine (118°) or 

trimethylphosphite (107°) will likely be less labile than triphenylphosphine (145°).339 In 

contrast, replacing CO with a more π-acidic phosphine should have a different effect on 

replacement of NCMe. In the presence of a π-acidic phosphine such as PCl3 orPF3, 

replacement of NCMe with PPh3 or PMe3 may have little electronic significance due to the 

relatively poor π-acidity of these type phosphines. However the bulkier sterics of the 

phosphines compared to NCMe, especially when combined with substitution of another 

phosphine for CO, may result in a system with a labile phosphine ligand. 

Step B is binding of an olefin to the coordinatively unsaturated 16-electron complex 

1b. Replacing CO with phosphine ligands should have a dramatic effect on step B due to the 
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sterics of  any phosphine compared to the sterics of CO. CO is linear and has a negligible 

cone angle while phosphines have cone angles ranging from 87° to 212°.339  The increased 

sterics could have positive and negative effects on olefin binding. The positive effect is that 

the diastereomer involving one orientation of an α-olefin could be highly favored over the 

other diastereomer resulting in high regioselectivity. A potential negative effect would be 

that the increased steric bulk of the phosphine ligand could inhibit olefin binding. Olefin 

binding does not appear to be problematic in olefin hydroarylation with 1 and ethylene based 

on the observed inverse dependence in the rate of catalysis verses olefin concentration. In 

contrast, the rate of NCMe binding to 1b is significantly faster than 1-hexene binding and 

only in an 80:1 excess does the concentration of 1-hexene become large enough to compete 

with NCMe. The electronic effect of replacing CO with a phosphine in Step B will depend on 

the phosphine and could dictate the orientation of the olefin. The antibonding orbitals 

involved in phosphine π-acidity differ from CO. Rather than two orthogonal π* antibonding 

orbitals, phosphines have three σ* antibonding orbitals which are C3 symmetric. A strongly 

π-acidic phosphine will still favor olefin coordination in an orientation that most effectively 

lowers the energy of the metal-based HOMO as discussed earlier. However, a phosphine 

which is a weak π-acid may not be a big influence on olefin orientation which could result in 

a symmetry mismatch in the insertion step. 

Step C is insertion of the olefin into the Ru-C bond. This step should be sensitive to 

the electronic differences between CO and a phosphine ligand. From a qualitative 

perspective, strong π-acids will draw electron density from the metal center resulting in 

slightly weaker bonding between the metal and the phenyl ligand. Weaker π-acids draw less 
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electron density from the metal center, and have little to no diminishing effects on the Ru-Ph 

bond strength. Olefin insertion into the Ru-Cipso bond will have a higher activation barrier if 

there is more electron density between Ru and phenyl ligand. Thus, replacement of CO with  

a weakly π-acidic phosphine, such as PMe3, will likely result in an increased barrier to olefin 

insertion, while incorporation of a π-acid such as PCl3 may not significantly alter the barrier 

to olefin insertion. Incorporation of strongly π-acidic phosphines such as PF3, 

trispyrrolylphosphine, or tris-3,4-dicarboethoxypyrrolylphosphine may result in a lowering of 

the activation barrier for olefin insertion, possibly leading to multiple insertions. One probe 

for electron density at the metal center is cyclic voltammetry. The RuIII/II redox potential for 

the hydroarylation catalyst TpRu(NCMe)(CO)Ph (1) is 1.025 V (vs. cobaltocenium 

hexafluorophosphate, SHE) and can be used to evaluate the relative electron richness of 

TpRu(PR3)(L)Ph type complexes. The range of effective potentials for hydroarylation 

catalysts is not known but might be discerned with the synthesis of new electronically diverse 

complexes. 

Step D is benzene binding to the coordinatively unsaturated intermediate 1d. This 

step will likely be affected if CO is replaced with a phosphine. Depending on the size of the 

olefin, replacing CO with a phosphine that has a large cone angle such as 

tritertbutylphosphine (182°) or trimesitylphosphine (212°) might result in a crowded 

coordination environment that makes binding of benzene more difficult.339 

Trimethylphosphine (118°) and trimethylphosphite (107°) have smaller cone angles and may 

be less problematic. Complex 1e in Scheme 4.2 is not directly observed for L = CO. 

However, kinetic studies indicate that coordination of an olefin to 1d becomes competitive 
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with benzene coordination even at low concentrations of ethylene. For instance, the rate of 

catalysis decreases between 15 psi and 25 psi ethylene indicating that the rate of coordination 

of benzene is much slower than the rate of olefin coordination. The lower limit for ethylene 

concentration in this regime has not been determined. In addition, substitution of a phosphine 

for CO could change the solubility properties of the new complex. A substitution which 

makes the complex less soluble in aromatic substrates will likely be detrimental to olefin 

hydroarylation. 

Step E is C-H bond activation. Phosphine substitution for CO will likely affect step E 

based on the oxidative hydrogen migration mechanism. In the transition state for this 

mechanism, hydrogen migrates from an aryl carbon to an alkyl carbon within bonding 

proximity of the metal. Thus there is an oxidative component with respect to the metal center 

in the transition state and the energy should be lowered by increasing electron density at the 

metal center. In contrast, the energy of the transition state should be raised by reducing 

electron density at the metal center. Phosphines which are strong σ-donors and poor π-acids 

should lower the barrier to C-H bond activation while phosphines which are strong π-acids 

should increase ΔG‡.  Increasing the transition state energy for C-H activation could result in 

accumulation of 1e, a species which has not yet been observed. Alternatively, benzene 

binding is likely reversible and olefins are probably better ligands which could lead to 1g.  

Another possibility is that lowering the barrier to C-H activation will result in unproductive 

C-H bond breaking such as olefin C-H cleavage.  

Step F is β-elimination, which occurs at competitive rates for linear α-olefins but 

does not result in the production of styrene when ethylene is used. Substituting a phosphine 

 
131



 

for CO could result in an increase in the rate of β-elimination for all olefins due to sterics. 

Ethylene hydroarylation by 1 does not lead to production of styrene due to the slow 

dissociation of styrene. However, α-olefin hydroarylation does result in production of an 

unsaturated product because the rate of dissociation of the product is faster than reinsertion. 

With the more crowded steric environment resulting from a phosphine, the off rate for all 

styrenes could be faster.   

Step G is olefin binding to 1c. This step is not a productive step in hydroarylation and 

is likely the catalyst resting state at high concentrations of olefin. For example, the rate of 

catalysis decreases linearly from 15-60 psi ethylene. Exchanging a phosphine for CO should 

impact this step depending on the sterics and electronics of the phosphine. Compared to CO, 

the sterics of the phosphine should disfavor olefin binding. Considering electronics, a 

strongly σ-donating phosphine that is a poor π-acid should increase the electron density at 

the metal center. This should favor binding of an olefin due to the π* antibonding orbitals on 

the olefin which can accept electron donation from a metal center and lower the energy of the 

HOMO. A more π-acidic phosphine should result in a less electron rich metal center which is 

less prone to back-donate to an olefin. 

4.2 Results and Discussion 

4.2.1 Complexes of the type TpRu(PR3)2R′ 

TpRu(PPh3)2Cl (17) is a useful starting material for the synthesis of other 

bisphosphine and mixed phosphine complexes.322,333 Using the method reported earlier by 

our group,322 TpRu(PMe3)2Cl (15) and TpRu{P(OMe)3}2Cl (18) are synthesized by refluxing  
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Figure 4.4. 1H NMR spectrum of TpRu(PMe3)2Cl. Tp 4 and P-CH3 regions are enlarged to 
show splitting. 
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5 equivalents phosphine with 17 in refluxing toluene (48 hours). A 1H NMR of 15 is shown 

in Figure 4.4. Though 17 has not been found to react cleanly with alkyl or aryl nucleophiles, 

15 and 18 both react with R2Mg (R = Me or Ph) in refluxing benzene to give the desired Ru-

alkyl or aryl products (Scheme 4.3).  TpRu(PMe3)2Me (14) and TpRu(PMe3)2Ph (21) have  

 

 

Scheme 4.3. Synthesis of alkyl and aryl complexes from TpRu(PR3)2Cl. 
 
been fully characterized by 1H, 13C, and 31P spectroscopy, elemental analysis, cyclic 

voltammetry and X-ray crystallography. Figures 4.5 and 4.6 show ORTEPs of 14 and  

 

Figure 4.5. Ortep of TpRu(PMe)3)2Me (14). Ellipsoids shown at 30% probability. 
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Figure 4.6.  Ortep diagram of TpRu(PMe3)2Ph (21). Ellipsoids are shown at 30% probability. 

 

 

Figure 4.7. Ortep diagram of TpRu(PMe3)2I (28), isolated, inadvertently, during the 
synthesis of  21. Ellipsoids are shown at 30% probability. 

 
21. In the course of discerning details, for the synthesis of 21, an undesired product, 

TpRu(PPh3)(PMe3)I (28), was isolated due to the presence of an impurity, [Mg(THF)6][I2]. 

An ORTEP of TpRu(PMe3)(PPh3)I is shown in Figure 4.7.  

TpRu{P(OMe)3}2Me (22) has also been isolated and characterized.  Figures 4.8 and 

4.9 show 1H and 31P NMR data for 22. Combining 18 with Ph2Mg in aromatic solvents over 
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a broad range of thermal conditions results in the production of multiple {TpRu} complexes 

by 1H NMR spectroscopy.  

Following an NMR tube prepared with 17, 2 equivalents of PPyr3, and C6D6 by 1H 

and 31P NMR spectroscopy shows conversion to a single product consistent with 

TpRu(PPyr3)2Cl. However, efforts to scale up and isolate this complex have not been 

successful. 

 

 

Figure 4.8.  1H NMR spectrum of TpRu{P(OMe)3}2Me (22). 

 

 
136



 

 
Figure 4.9. 31P NMR spectrum of TpRu{P(OMe)3}2Me (22). 

 
To probe benzene C-H activation, TpRu(PMe3)2Me (14) and TpRu{P(OMe)3}2Me 

(22) were separately heated in C6D6 and monitored by 1H NMR. The J-Young tube solutions 

were heated in baths ranging from 90 °C to 180 °C. After days of heating at 180 °C, a second 

product was observed in the spectrum of 14. However, this product is inconsistent with 

TpRu(PMe3)2C6D5 (21-d5) as determined by the emergence of a new resonance due to 

coordinated PMe3 at 0.89 ppm (authentic 21 resonance is 0.95 ppm) and new Tp 3 and 5 

resonances. The new resonance is a triplet reminiscent of a bis-PMe3 complex with Cs 

symmetry. No change was observed in 22 despite prolonged heating at 180 °C. 

Failure to convert 14 to 21 by thermolysis could be due to several possible factors. 

The most likely inhibition is competition between benzene-d6 and free PMe3 (Scheme 4.4). 
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One possibility is that the intermediate, {TpRu(PMe)3Me}, binds free PMe3 before C6D6. 

Alternatively, C-D bond activation could also have a high energy barrier and free PMe3 could 

displace benzene-d6 from {TpRu(PMe3)(η2-C6D6)Me} before CH3D is liberated. Another 

possibility is that initial dissociation of PMe3 is slow. To probe this, the rate of PMe3 

exchange was measured for 14 in the presence of P(CD3) { 1H NMR, 80 °C,  kobs = 2.3(1) x 

10-5s-1}.340 This rate indicates that dissociation of PMe3 is not sufficiently slow (even at 80 

°C) to account for the sluggishness of the conversion of 14 to 21-d5 under thermal conditions. 

PMe3 exchange was also observed for 21 in an analogous manner. The rate of exchange {kobs 

= 4.9(3) x 10-5s-1, 80 °C} is faster than for 14.340 

 

Scheme 4.4. Potential mechanism of aromatic C-D bond activation by TpRu(PMe3)2Me (14). 
 

When a C6D6 solution of 14 is photolyzed for 2 hours, 14 is completely converted to 

TpRu(PMe3)2C6D5 (21-d5) and CH3D (1H NMR). Production of CH3D is easily discerned by 

the emergence of a new resonance (1:1:1 triplet) at 0.17 ppm corresponding to CH3D (Figure 

4.10).  Photolysis of a 1:1 mixture of C6H6:C6D6 results in production of 21, CH4, and CH3D. 

If the above reaction is conducted in the presence of the radical trap 2,2,6,6-

tetramethylpiperidine 1-oxyl (TEMPO, 2 equivalents), production of CH3D is still observed. 
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Thus formation of CH3D and TpRu(PMe3)2C6D5 does not likely involve radical species. The 

discrepancy between rates of thermal and photolytic C-H activation could indicate that the 

photo-induced excited state is not accessible under thermal conditions. 

 

Figure 4.10. 1H NMR spectrum showing the products and reactants of photolysis of 
TpRu(PMe3)2Me (14) in C6D6. Photolysis results in production of CH3D and 21-d5. 

 
No change occurs in the 1H NMR spectrum of 22 in C6D6 despite prolonged heating 

at high temperature.  Upon photolysis of 22 in C6D6, production of CH3D is observed after 1 

hour (~10% conversion). The reaction is complete by 1H NMR spectroscopy after 26 hours 

(t1/2 = ~ 7 h). In addition to the production of CH3D, multiple {TpRu} products are observed 

at the completion of photolysis. 

Based on the observed PMe3 exchange in 21 and 22 as well as the aromatic C-H 

activation reactivity observed for 14 and 22, it is possible that 14, 21, and 22 could function 
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as olefin hydroarylation catalysts. To test this hypothesis, benzene solutions (0.1 mol % 

based on Ru) of 14, 21, and 22 were loaded into reactors, pressurized with ethylene and 

heated. An extensive survey of temperatures and pressures were examined.  At 180 °C and 

300 psi ethylene, production of ethylbenzene by 21 is observed (2 equivalents, 24 h). To 

examine the potential for hydroarylation of α-olefins under photolytic conditions, a C6H6 

solution of 21 (0.1mol % based on Ru) was loaded with 5 equiv of 1-hexene and photolyzed. 

The production of phenylhexane was not observed. 

 TpRu(PMe3)2Ph is much less active as an olefin hydroarylation catalyst compared to 

TpRu(CO)(NCMe)Ph. Reasons for this could be numerous (see above). C-H activation could 

be slower than for 1. However, before C-H activation can occur, it is necessary to access the 

{TpRu(PMe3)Ph}. Here, coordination of free PMe3 could be problematic in several ways. 

First, competitive binding of free PMe3 over benzene could favor PMe3 since PMe3 is 

anticipated to be a better ligand than benzene. Second, dissociation of PMe3 from 

TpRu(PMe3)2Ph (21) is likely problematic. Comparing ΔG‡ for NCMe dissociation from 1 

(24.1 kcal/mol) with PMe3 dissociation from 21 (27.7 kcal/mol) reveals ΔΔG‡ = 3.6 kcal/mol.  

From a qualitative MO perspective, NCMe is a neutral, 2-electron, donor with low 

lying π*-antibonding orbitals. However, the antibonding orbitals are localized on carbon and 

likely accept little electron donation from the metal. Thus NCMe is a relatively hard donor 

and Hard Soft Acid Base (HSAB) theory can be used to explain the observed dissociation 

from {TpRu(CO)Ph)}. In addition, for TpRu(CO)(NCMe)Ph, electron density at the metal 

center  is removed by CO, further accentuating deficiencies in π-backbonding between Ru 

and NCMe. PMe3 has σ*-antibonding orbitals, though it is uncertain whether they are located 
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on P or C. σ*-Antibonding orbitals localized on phosphorous might make it a better match 

with Ru as a soft base, but if the σ* orbitals are on C, then it is likely a very poor π-acid. The 

lone pair on phosphorous used for σ-donation should be closer in energy to Ru than nitrogen, 

resulting in a more stable Ru-P bond. Electron density at the metal center of TpRu(PMe3)2Ph 

is likely greater than TpRu(CO)(NCMe)Ph because CO is a stronger π-acid than PMe3. 

 

Figure 4.11. Comparison of RuIII/II redox potentials of 1 and 21. 
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Indeed, cyclic voltammograms of 1 and 21 show RuIII/II redox potentials of 1.025 V and 

0.348 V (vs. NHE, TBAH, NCMe), respectively, indicating that 21 is much more electron 

rich (Figure 4.11). Thus, we sought more facile access to TpRu(PR3)R by incorporation of 

bulkier phosphines to probe whether or not sterics can be used to impart ligand dissociation 

in TpRu(PR3)(L)R’ ( R = Me, OMe, Cl, Pyr, R’ = Me or Ph) systems. 

4.2.2 Complexes of the type TpRu(PPh3)(PR3)R′ (R = Me, OMe, Pyr, Cl) R’ = Cl, Me, 

Ph 

Complexes of the type TpRu(PPh3)(PR3)X (R = Me, OMe, Cl, Pyr,  X = Cl, Me, Ph) 

incorporate triphenylphosphine, which is a bulky ligand (cone angle = 145 °C)339 The 

combined steric bulk of PPh3 and Tp could result in dissociation of PPh3. Stirring 

TpRu(PPh3)2Cl (17) in the presence of 5 equiv PMe3 at room temperature produces a single 

Ru product, TpRu(PPh3)(PMe3)Cl (23) (Scheme 4.5) .341,342 Treatment of 

TpRu(PPh3)(PMe3)Cl with Me2Mg  at room temperature produces TpRu(PPh3)(PMe3)Me 

(24). Figures 4.12 and 4.13 show 1H and 31P NMR spectra of 24 highlighting the upfield 

region (1H NMR) which shows the resonance for the methyl ligand is a triplet due to the 

 

 

Scheme 4.5. Synthesis of TpRu(PPH3)(PR3)Cl complexes and their reactivity with dialkyl or 
diaryl magnesium. 
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Figure 4.12.1H NMR spectrum of TpRu(PMe3)(PPh3)Me (24).  

 

 

Figure 4.13. 31P NMR spectrum of TpRu(PPh3)(PMe3)Me (24). 
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equivalent coupling with the two phosphine ligands. When 23 is treated with Ph2Mg in 

benzene, TpRu(PPh3)(PMe3)Ph (19) is formed. 1H NMR and 31P NMR spectera of 19 are 

shown in Figures 4.14 and 4.15.  

 

Figure 4.14. 1H NMR spectrum of TpRu(PPh3)(PMe3)Ph (19). 

 

 
 

Figure 4.15. 31P NMR spectrum of TpRu(PPh3)(PMe3)Ph (19) 
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 Similarly, 17 can be stirred in the presence of 5 equiv P(OMe)3 to produce a single 

product, TpRu(PPh3){P(OMe)3}Cl (25) (Scheme 4.5). 1H and 31P spectra for 25 are shown in 

Figures 4.16 and 4.17. Treatment of 25 with Me2Mg in stirring benzene at room temperature 

produces TpRu(PPh3)(P(OMe)3)Me (26). A 1H spectrum of 26 is shown in Figures 4.18. 

 

 

Figure 4.16. 1H NMR spectrum of TpRu(P(OMe)3)(PPh3)Cl (25). 
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Figure 4.17. 31P NMR spectrum of TpRu{P(OMe)3}(PPh3)Cl (25). 

 

Figure 4.18. 1H NMR spectrum of TpRu{P(OMe)3}(PPh3)Me (26). 
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TpRu(PPh3)(PCl3)Cl (27) is synthesized by stirring 17 in the presence of 5 equiv PCl3 

(Scheme 4.5). 1H and 31P NMR spectra of 27 are shown in Figures 4.19 and 4.20. Treatment 

of 27 with Me2Mg results in attack at a P-Cl bound instead of ruthenium as indicated by new 

methyl resonances (doublets) in the 1H spectrum with 2JHP = 8 Hz. PPy3 also displaces one 

equivalent PPh3 from 17 to produce TpRu(PPh3)(PPyr3)Cl (29) (Scheme 4.5). 1H and 31P 

NMR spectra of 29 are shown in Figures 4.21 and 4.22. Attempts to substitute Me or Ph 

nucleophiles for the chloride ligand of 29 were unsuccessful.    

 

 

Figure 4.19. 1H NMR spectrum of TpRu(PCl3)(PPh3)Cl (27). 
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Figure 4.20. 31P NMR spectrum of TpRu(PCl3)(PPh3)Cl (27). 

 

 
 

Figure 4.21. 1H NMR Spectrum of TpRu(PPyr3)(PPh3)Cl (29).  
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Figure 4.22. 31P NMR spectrum of  TpRu(PPyr3)(PPh3)Cl (29). 

 
 TpRu(PPh3)(PMe3)Me (24) and TpRu(PPh3)(PMe3)Ph (19) have been used in 

preliminary studies to probe  aromatic C-H bond activation and olefin hydroarylation. To 

probe stoichiometric benzene C-H activation, 24 was dissolved in C6D6 and heated to 90 °C. 

Monitoring by 1H NMR spectroscopy reveals that 24 is partially transformed into a new 

complex after 29 h. Neither the the identity of this complex nor the production of CH3D has 

been conclusively discerned.  Photolysis of 24 in C6D6 produces CH4 and CH3D in a 2:1 ratio 

by 1H NMR spectroscopy. CH4 likely comes from C-H activation of a phenyl C-H bond in 

the ortho-position of P(C6H5)3. It has been  previously reported that CpRu(PPh3)2R  {R = 

Me, CH2C(CH3)3} undergoes orthometallation to give the metallacycle.231,232 A benzene 

solution of 24 (0.1 mol % based on Ru) was loaded into a reactor and pressurized with 
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ethylene (300 psi). Ethylbenzene was not observed despite heating to 180 °C for 24 h (300 

psi). Similarly, 19 was dissolved in C6H6 (0.1 mol% of Ru) and heated to 200 °C with 500 

psi ethylene. The production of ethylbenzene was not detected by GC-FID. 

 There are likely several reasons for the failure of 24 and 19 to produce alkylbenzene 

when subjected to olefin hydroarylation conditions. The dissociation of PPh3 from 24 or 19 

has not been studied. However, heating 24 in C6D6 apparently fails to produce 

TpRu(PPh3)(PMe3)(C6D5).One possible reason for this could involve C-H bond activation of 

P(C6H5)3. C-H bonds ortho to phosphorous are known to be activated in similar ruthenium 

systems resulting in isolable metallocyles.231,232,343  

The role of electron density in catalytic olefin hydroarylation is only beginning to be 

understood and more experimental evidence is needed before its importance is discerned. 

The electronic properties of 24 and 19 have not been determined. However, an analogy 

drawn between TpRu(PMe3)2Cl (15) and TpRu(PPh3)(PMe3)Cl (23) indicates that 

substitution of of PPh3 for PMe3 results in a more electron poor system.  However, compared 

to TpRu(NCMe)(CO)Me (7) (0.95 V), 24 is expected to be more electron rich than its CO/ 

NCMe analog due to stronger σ-bonding between ruthenium and phosphorous. This is likely 

true since P(OMe)3 is a stronger π-acid than PMe3 and TpRu(P(OMe)3)(PPh3)Me has a 

RuIII/II couple of 0.527 V. Unfortunately, it seems that both σ- and π-effects may work 

against 24; strong σ-bonding by both phosphines bond them strongly to Ru while the π-

acidity of PPh3 make it even less appropriate for dissociation. The robustness of 

TpRu(PR3)2R’ systems even after extensive heating in refluxing benzene may provide a 

means for olefin hydroarylation at higher temperatures (> 200°C, 300 psi). However, the 
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Figure 4.23. RuIII/II redox potentials for complexes related to first and second generation 
complexes. 

 

electron richness of 24 could lower the Gibb’s free energy of C-H bond activation as 

predicted (vide infra) and contribute to activation of P(C6H5)3. Additionally, competing side 

reactions such as olefin C-H activation could become problematic. Lemkuhl and coworkers 

have reported that for the closely related system CpRu(PPh3)2CH2C(CH3)3, olefin C-H 

activation is highly favorable  even under mild reaction conditions (70 °C).232,343 

Replacing CO with a phosphine should diminish π-backbonding by the metal and 

contribute to a more electron rich metal. The oxidative hydrogen migration transition state 

for aromatic C-H activation by {TpRu(CO)(CH2CH2C6H5) calculated by Goddard54,155 and 

Cundari56 indicates that the energy of the transition state could be lowered by increasing the 

electron richness of the metal center. This could equate to a more active hydroarylation 

catalyst. However, electron rich systems with two phosphine ligands are problematic. 

Replacing only the CO ligand in 1 with a phosphine ligand via synthesis of 
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TpRu(PR3)(NCMe)R′ systems where R = Me, OMe, Cl, or Pyr, R′ = Me, Ph might provide a 

complex with a labile NCMe ligand that can be directly compared to TpRu(CO)(NCMe)(Ph) 

(1). The report of TpRu(PPh3)(NCMe)Cl by Jia et al. gave us reason to believe that an alkyl 

or aryl analog could be produced.344 

4.2.3 Complexes of the type TpRu(PR3)(NCMe)(R′), (R = Me, OMe, Pyr, R′ = Me, Cl) 

Refluxing TpRu(PPh3)(PMe3)Cl (23) for 30 minutes in a mixture of NCMe and THF (~1:1) 

results in a solution color change (yellow to pale yellow) which coincides with formation of a  

new Ru complex (Scheme 4.6). The complex is isolable as a white solid and has been 

characterized spectroscopically. 1H and 31P NMR are shown in Figures 4.24 and 4.25. 

Resonances in the 31P NMR indicate that the product is [TpRu(NCMe)(PMe3)(PPh3)][Cl] 

(31) rather than the desired product. When TpRu(PPh3)(PPyr3)Cl (29) is subjected to 

identical conditions, a new product is formed. 1H and 31P NMR indicate that the new product 

is the target complex TpRu(NCMe)(PPyr3)Cl (30). NMR spectra for 30 are shown in Figures 

4.26 and 4.27.  
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Scheme 4.6. Reactivity of TpRu(PPh3)(PR3)Cl complexes with NCMe. 
 
 

 

Figure 4.24. 1H NMR Spectrum of [TpRu(NCMe)(PMe3)(PPh3)][Cl] (31). 
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Figure 4.25. 31P NMR spectrum of [TpRu(NCMe)(PMe3)(PPh3)][Cl] (31). 

 
Complexes 31 and 30 are potential precursors for Me or Ph analogs which could be 

useful as hydroarylation catalysts. Complex 31 could possibly react with RLi (R = Me, Ph) to  

 

Figure 4.26. 1H NMR spectrum of TpRu(NCMe)(PPyr3)Cl (30). 
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Figure 4.27. 31P NMR spectrum of TpRu(NCMe)(PPyr3)Cl (30). 

 
give LiCl and an initial Ru product with a Me or Ph counterion that might decompose to a 

target complex, TpRu(NCMe)(PR′3)R (R′ = Me, Ph, R = Me, Ph).  It is also possible that 31 

could form an initial product such as [TpRu(PPh3)(PMe3)(NCMe)][Me] which would 

decompose to TpRu(PPh3)(PMe3)Me (24). Preliminary studies with 31 and PhLi have not 

resulted in the isolation of the target complex. For instance, when 31 is added to C6H6 a 

heterogeneous solution is made which changes color upon addition of PhLi and produces a 

white precipitate. Separation of the precipitate and examination of all reaction parts by NMR 

spectroscopy does not result in isolation of a recognizable product.  

Complex 30 was studied extensively with a broad range of Me and Ph nucleophiles 

and reaction conditions. Stirring 30 in the presence of Me2Mg or Me3Al did not result in the 

production of TpRu(PPyr3)(NCMe)Me despite thermal reaction conditions from -78 °C to 

refluxing C6H6. For both reagents, the reaction solution changed colors but did not afford 
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isolation of the target complex. Treatment of 30 with the phenyl nucleophiles Ph2Mg, PhLi, 

PhMgCl, and LiCuPh2 also resulted in no reaction. 

Treatment of TpRu(PPyr3)(NCMe)Cl with AgOTf in refluxing THF results in the 

formation of a pink precipitate. Filtration of the precipitate and workup of the filtrate results 

in a white solid which appears to be TpRu(PPyr3)(NCMe)OTf (31). 1H, 31P, and 19F NMR 

spectra are shown in Figures 4.28, 4.29, and 4.30. Complex 31 could be a useful precursor 

for TpRu(PPyr3)(NCMe)R (R = Me, Ph) and future studies are warranted. 

 

Figure 4.28. 1H NMR spectrum of the crude reaction mixture from synthesis of 
TpRu(PPyr3)(NCMe)OTf (32). 
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Figure 4.29. 31P NMR spectrum of the crude reaction mixture from synthesis of 
TpRu(PPyr3)(NCMe)OTf (32). 

 

 
 
Figure 4.30. 19F NMR spectrum of the crude reaction mixture from synthesis of 
TpRu(PPyr3)(NCMe)OTf (32). 

 
 
 
4.3 Experimental 

General Methods.  All procedures were performed under an inert atmosphere in 

either a nitrogen-filled glovebox or using standard Schlenk techniques.  The glovebox 

atmosphere was maintained by periodic nitrogen purges and monitored by an oxygen 

analyzer {O2(g) < 15 ppm for all reactions}.  Toluene and hexanes were purified by reflux 

over sodium followed by distillation.  Diethyl ether was purged with nitrogen and stored over 
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4Å molecular sieves. Acetonitrile was purified by passage through a column of activated 

alumina followed by distillation from CaH2.  Benzene-d6 was degassed by three freeze-

pump-thaw cycles and stored over 4Å molecular sieves.  1H and 13C NMR spectra were 

recorded on a Varian Mercury 400 MHz or a Varian Mercury 300 MHz spectrometer.  

Resonances due to the Tp ligand are listed by chemical shift and multiplicity only (all 

coupling constants for pyrazolyl rings are approximately 2 Hz).  All 1H and 13C NMR spectra 

were referenced against tetramethylsilane using resonances due to the residual protons in the 

deuterated solvents or the 13C resonances of the deuterated solvents. 31P NMR spectra were 

obtained on a Varian Mercury 400 MHz spectrometer (operating frequency 161 MHz) and 

referenced against external 85% H3PO4.  19F NMR spectra were obtained on a Varian 

Mercury 400 MHz spectrometer (operating frequency 376.5 MHz with C6F6 (-163 ppm) as 

internal standard). Unless otherwise noted, NMR spectra were acquired at room temperature.  

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 V 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 ferrocene or 

cobaltocenium hexafluorophosphate as internal standard.  Elemental analyses were 

performed by Atlantic Microlabs, Inc.  Unless otherwise noted, all other reagents were used 

as purchased from commercial sources. TpRu(PPh3)2Cl (17), TpRu(PMe3)2Cl (15), and 

TpRu(PMe3)(PPh3)Cl (23) were prepared according to literature reports.322,333,341 The 

synthesis of P(Pyr)3 was carried out according to the preparation reported in the literature.337 
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TpRu(PMe3)2(Me) (14). Method A. TpRu(PMe3)2Cl (0.187 g, 3.7 mmol) and 

toluene (~50 mL) were combined in a round-bottom flask to give a homogeneous yellow 

solution. To this solution was added Me2Mg (0.024 g, 4.4 mmol), and the mixture was heated 

to reflux for 6 h. The dark yellow solution was passed through a plug of Celite with a copious 

amount of diethyl ether to give a yellow filtrate. The volatiles were removed from the filtrate 

under reduced pressure. The white solid that remained was recrystallized by dissolving in 1 

mL of methylene chloride followed by addition of 10 mL of methanol. The precipitate was 

collected by vacuum filtration and dried in vacuo (0.041g, 23%). 1H NMR (CDCl3, δ): 7.71, 

7.60, 7.59, 7.55 (6H total,1:2:2:1 integration, each a d, Tp 3 or 5 position), 6.15, 6.08 (3H 

total, 1:2 integration, each a t, Tp 4 position), 1.22 (18H, vt, P(CH3)3, N = 8 Hz), -0.30 (3H, t, 

3JHP = 4 Hz, Ru-CH3). 13C NMR (CDCl3, δ): 143.5, 141.7, 134.6, 134.5 (each a s, Tp 3 or 5 

position), 104.4, 104.3 (each a s, Tp 4 position), 19.5 (vt, P(CH3)3, N = 25 Hz), - 9.6 (t, Ru-

CH3, 2JCP = 11 Hz). CV (CH3CN, 100 mV/s): E1/2 = 0.25 V (quasi-reversible). X-ray quality 

crystals were grown by slow evaporation of a diethylether solution. Anal. Calcd. for 

C16H31BN6P2Ru: C, 39.93; H, 6.49; N, 17.46. Found: C, 40.21; H, 6.48; N, 16.65. 

TpRu(PMe3)2(Me) (14). Method B. In an N2 glovebox atmosphere, TpRu(PMe3)2Cl 

(0.57 g, 1.14 mmol) was dissolved in 100 mL toluene and treated with 1.5 equiv Me2Mg 

(0.09 g). The solution was refluxed for 4 h then cooled to room temperature and checked for 

completion by 1H NMR. MeOH (~5 mL) was added to deactivate the Grignard product and 

excess Me2Mg. All volatiles were removed by vacuum resulting in a residue which was 

reconstituted with benzene. The solution was passed over a short column of neutral alumina. 

A sludge of brown salts accumulated on the alumina surface and a golden band was eluted 

with copious benzene. Benzene was removed by vacuum followed by addition of MeOH to 
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the residue, resulting in a precipitate which was collected with a fine frit. 1H NMR revealed 

this to be clean product (0.140 g, 25%).  

TpRu(PMe3)2Ph (21) Method A. To a solution of TpRu(PMe3)2Cl (0.498 g, 0.99 

mmol) in 150 mL of benzene was added Ph2Mg (0.353 g, 1.98 mmol).  The resulting solution 

was heated to reflux for approximately 30 minutes.  After allowing the solution to cool to 

room temperature, the volatiles were removed under reduced pressure.  The residue was 

extracted with hexanes (3 × 100 mL) and vacuum filtered through a fine porosity frit.  

Volatiles were removed from the filtrate in vacuo, the residue was dissolved in 50 mL of 

CH3CN and was stirred for 10 minutes.  The solution was concentrated and the resulting 

solid collected by vacuum filtration (0.151 g, 0.28 mmol, 28%).  1H NMR (CD3CN, δ): 7.81, 

7.74, 7.65, 7.19 (6H, 1:2:1:2 integration, each a d, Tp CH 3 or 5), 6.89 (2H, t, 3JHH = 4 Hz, 

phenyl-meta), 6.59 (3H, m, overlap of phenyl ortho and para positions), 6.23, 6.12 (3H, 1:2 

integration, each a t, Tp CH 4), 1.04 (18H, vt, N = 8 Hz, P(CH3)3).  13C{1H} NMR (benzene-

d6, δ): 146.9, 144.3, 143.9, 135.0 (Tp 3 or 5 position), 175.6 (phenyl-ipso), 134.8, 124.8, 

119.6 (phenyl ortho, meta and para positions), 105.2, 105.1 (Tp 4 position), 20.4 (vt, N = 27 

Hz, P(CH3)3).  31P{1H} NMR (benzene-d6, δ): 14.2 (s, PMe3). X-ray quality crystals were 

grown by the slow evaporation of a diethylether solution. CV (CH3CN, 100 mV/s): E1/2 = 

0.35 V (quasi-reversible). Anal. Calculated for C21H33BN6P2Ru: C, 46.42; H, 6.12; N, 15.47; 

Found: C, 46.23; H, 6.14; N, 15.26. 

TpRu(PMe3)2Ph (21) Method B. TpRu(PMe3)2Cl (0.474 g, 0.94 mmol) was 

dissolved in benzene. Diphenylmagnesium (1.5 equiv, 0.251 g) was added to the solution 

followed by reflux for 8 h during which time, the reaction was periodically monitored by 1H 
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NMR. Upon completion, the reaction was cooled to room temperature followed by addition 

of ~ 5 mL MeOH to quench the Grignard product and any excess Ph2Mg. All volatiles were 

removed rendering a brown residue which was reconstituted with benzene. The solution was 

flashed on a plug of neutral alumina and washed with benzene (~30 mL) then taken to 

dryness. MeOH was added to the remaining residue resulting in precipitation of the faint 

yellow product which was collected by filtration on a fine frit (0.150 g, 25%).  

TpRu(PMe)(PPh3)Me (24). In a round bottom flask, TpRu(PPh3)(PMe3)Cl (0.396g, 

0.58 mmol) was dissolved in 75 mL benzene. Dimethylmagnesium ( 2 equiv, 0.063 g) was 

added to the yellow solution and stirred resulting in a color change to amber over the course 

of 12 h. The reaction was monitored by 1H NMR until completion. The entire mixture was 

filtered over a celite plug followed by evacuation of the filtrate until dry. Hexanes was added 

to the residue resulting in eventual formation of an off white precipitate after stirring for 3 h. 

The solid product was collected on a fine porosity frit (0.255 g) in 66% yield.  1H NMR 

(C6D6, δ): 7.77, 7.67 (each 1H, each a d, Tp CH 3 or 5), 7.55 (8H, m, overlapping P(C6H5) 

and Tp CH 3 or 5 positions) 6.98 (9H, m, overlapping P(C6H5) resonances), 6.57, 6.21 (each 

1H, each a d,Tp CH 3 or 5 position), 5.91, 5.76, 5.71 (each 1H, each a t, Tp CH 4 positions), 

0.96 (9H, d, 2JPH = 7 Hz, P(CH3), 0.71 (3H, vt, Ru-CH3). 31P{1H} NMR (benzene-d6, δ): 94.7 

(d, 2JPP = 37 Hz) 13.1 (d, 2JPP = 39 Hz). 

TpRu(PMe3)(PPh3)Ph (19). TpRu(PMe3)(PPh3)Cl (0.256 g, 0.37 mmol) was added 

to a round bottom flask and solubilized in benzene (100 mL). Ph2Mg (0.3842 g, 2.15 mmol) 

was added to the solution and stirred for 12 h. Monitoring the crude mixture by 1H NMR 

revealed complete conversion to a new complex. The solution was passed over a plug of 

celite and washed with 20 mL benzene. Evacuation of volatiles from the filtrate resulted in a 
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residue which was stirred in hexanes overnight. The resulting tan precipitate was isolated on 

a fine porosity frit. 1H NMR (C6D6, δ): 8.61 (1H, d, Tp CH 3 or 5), 7.85 (6H, t,  3JHH = 8 Hz, 

P(C6H5)3-meta position, 7.49 , 7.44, 7.40 (1H each, each a d, Tp CH 3 or 5 position), 7.16 

(m, overlap of Ru-C6H6 ortho, meta, para positions and C6D6 protio impurity, integration is 

6H), 6.97 (10H, m, overlapping Tp CH 3 or 5 position, P(C6H5)3-ortho and para positions), 

5.89 (1H, dt, 3JHH = 2 Hz, 5JPH = 1.1 Hz,  Tp CH 4 position), 5.70 (1H, dt, 3JHH = 2 Hz, 5JPH = 

1.1 Hz,  Tp CH 4 position), 5.66 (1H, d, Tp CH 3 or 5 position), 5.38 (1H, t, Tp CH 4 

position)  1.16 (9H, d, 2JHP = 8 Hz, P(CH3)3). 31P{1H} NMR (C6D6, δ): 55.0 (d, 2JPP = 34 Hz), 

57.1 (d, 2JPP = 34 Hz). 

[TpRu(PMe3)(PPh3)(NCMe)][Cl] (31). TpRu(PMe3)(PPh3)Cl (0.090 g, 0.13 mmol) 

was combined with acetonitrile (50 mL) in a round bottom flask fitted with a reflux 

condenser. The solution was refluxed for 30 min. An immediate color change was observed 

from yellow to pale yellow. The solution was cooled to room temperature and flashed over a 

plug of celite. All volatiles were removed by evacuation rendering a white residue. The 

residue was stirred in diethylether  for 1 h resulting in a white precipitate which was collected 

on a fine porosity frit (0.060g, 63%). 1H NMR (C6D6, δ): 7.96, 7.92, 7.79,7.72 (1H each, 

each a d, Tp CH 3 or 5 position), 7.38 (3H, m, P(C6H5)3), 7.30 (6H, m, P(C6H5)3), 7.145 ( 

11H, m, overlapping Tp CH 3 or 5 position, P(C6H5)3),and protio C6D6 impurity), 6.64 (1H, 

d, Tp CH 3 or 5 position), 6.28, 6.13, 5.95 (1H each, each a t, Tp CH 4 position), 2.31 (3H, s, 

NCCH3), 1.04 (9H, d, 2JPH = 8 Hz, P(CH3)3). 31P NMR (C6D6, δ): 46.9 (d, 2JPP = 31 Hz), 7.1 

(d, 2JPP = 31 Hz).   
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TpRu{P(OMe)3}2Me (22).  TpRu{P(OMe)3}2Cl (0.425 g, 0.71 mmol) was dissolved 

in 50 mL toluene. Dimethylmagnesium (.050 g, 0.91 mmol) was added and the solution was 

refluxed for 8 h. Monitoring the crude reaction by 1H NMR reveled complete conversion. 

MeOH (5 mL) was added to the solution to quench the Grignard product and excess Me2Mg. 

Volatiles were removed by vacuum and the remaining residue was reconstituted in benzene 

(50 mls). The solution was passed over a short column of neutral alumina and washed with 

20 mL benzene. Benzene was removed from the eluant by vacuum. Hexanes was added to 

the residue resulting in formation of a precipitate after stirring for 1 h. 1H NMR (C6D6, δ): 

8.17, 8.13, 7.61, 7.53 (6H, 1:2:1:2 integration, d, Tp CH 3 or 5 positions), 6.050, 5.979 (3H, 

1:2 integration, t, Tp CH 4 positions), 3.160 (18H, vt, N = 10 Hz, Ru-(P(OCH3)3)2,  0.689 

(3H, t, 3JPH = 2 Hz, Ru-CH3) 31P{1H}NMR (C6D6, δ): 157.2 (s, P(OCH3)). 

TpRu(P(OMe)3)(PPh3)Cl (25). In the N2 atmosphere of a glovebox, a round bottom 

flask was loaded with TpRu(PPh3)2Cl (0.519 g, 0.59 mmol) and benzene (100 mL). 

Trimethylphosphite (0.3507 mL, 2.97 mmol) was added via syringe to the solution and 

stirred for 11 h. The progress of the reaction was followed by 1H NMR spectroscopy. Upon 

completion, all volatiles were removed by vacuum followed by addition of hexanes. A white 

precipitate formed and was isolated on a fine porosity frit. The solid was found to be the 

product (0.311 g) in 71% yield. 1H NMR (C6D6, δ): 8.46 (1H, d, Tp CH 3 or 5 position), 7.75 

(7H, m, overlapping Tp CH 3 or 5 position and P(C6H5)3-meta position), 7.52, 7.45, 7.38 ( 

1H each, each a d, Tp CH 3 or 5 positions), 7.00 (9H, m, overlapping P(C6H5)3-ortho and 

para positions), 6.91 (1H, d, Tp CH 3 or 5 position), 5.95, 5.67, 5.59 (1H each, each a t, Tp 
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CH 4 positions) 3.17 (9H, d, 3JPH = 10 Hz, P(OCH3)3). 31P{1H} NMR (C6D6, δ): 146.0 (d, 

2JPP = 55 Hz), 46.7 (d, 2JPP = 55 Hz). 

TpRu(P(OMe)3)(PPh3)Me (26). A round bottom flask was loaded with 

TpRu(P(OMe)3)(PPh3)Cl (0.085 g, 0.01 mmol) and 50 mL benzene. Excess 

dimethylmagnesium (0.031 g, 0.58 mmol) was added to the solution and stirred for 1 h at 

room temperature. Monitoring an aliquot from the reaction solution by 1H NMR revealed 

completion of the reaction. Methanol (5 mL) was added to the solution to quench excess 

Me2Mg and the Grignard product. Volatiles were then removed by evacuation and the 

subsequent residue was reconstituted in benzene. The solution was passed down a short 

column of neutral alumina followed by benzene (20 mL). Benzene was removed by vacuum 

and the remaining residue was stirred in hexanes for 1 h resulting in a tan precipitate which 

was collected on a fine porosity frit and found to be the product (40 mg, 49%). 1H NMR 

(C6D6, δ): 8.19, 7.75, 7.59 (1H each, each a d, Tp CH 3 or 5 position), 7.50 (7H, m, 

overlapping Tp CH 3 or 5 position and P(C6H5)3-meta resonances), 7.21 (1H, d, Tp CH 3 or 

5 position), 7.01 (9H, m, overlapping P(C6H5)3-ortho and para resonances), 5.98, 5.95, 5.90 

(1H each, each a t, Tp CH 4 positions), 5.71 (1H, d, Tp CH 3 or 5 position), 3.04 (9H, d, 

3JPH = 10 Hz, P(OCH3)3), 0.60 (3H, vt, N= 5 Hz, Ru-CH3). 31P NMR 151.0 (d, 2JPP = 68 

Hz), 61.6 (d, 2JPP = 66 Hz). CV (CH3CN, 100 mV/s): E1/2 = 0.53 V (irreversible). 

TpRu(PCl3)(PPh3)Cl (27). A round bottom flask and stir bar was loaded with 

TpRu(PPh3)2Cl (0.511 g, 0.58 mmol) and benzene (75 mL). PCl3 (0.255 mL, 2.9 mmol) was 

added to the solution by syringe resulting in a slight color change from pale yellow to golden. 

The solution was stirred at room temperature for 24 h. 1H NMR on an aliquot from the 

reaction mixture revealed completion. All volatiles were removed by vacuum resulting in a 
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yellow solid. The solid was stirred in hexanes and collected on a fine porosity frit (0.306 g, 

70%). 1H NMR (C6D6,δ): 8.47 (1H, d, Tp CH 3 or 5 position), 7.88 (6H, m, P(C6H5)3-meta 

position), 7.37, 7.35, 7.28, 7.11 (1H each, each a d, Tp CH 3 or 5 position), 6.95 (9H, m, 

overlapping P(C6H5)3-ortho and para positions), 6.24 (1H, d, Tp CH 3 or 5 position), 5.85, 

5.64, 5.38 (1H each, each a t, Tp CH 4 positions). 31P NMR (C6D6, δ): 124.9 (d, 2JPP = 49 

Hz), 40.4 (d, 2JPP = 49 Hz). 

TpRu(PPyr3)(PPh3)Cl (29). In the N2 atmosphere of a glovebox, TpRu(PPh3)2Cl 

(1.0475 g, 1.20 mmol) and P(NC2H4)3 (0.330 g, 1.4 mmol) was dissolved in 100 mL benzene 

and stirred for 12 h at room temperature. The progress of the reaction was monitored 

periodically by 1H NMR. Upon completion, benzene was removed by vacuum resulting in a 

residue. Methanol was added to the residue resulting in a pale yellow precipitate which was 

isolated by filtration with a fine frit and found to be the product (0.694 g, 69%). 1H NMR 

(C6D6, δ): 7.48, 7.31 (1H each, each a d, Tp CH 3 or 5 position), 5.68, 5.65, 5.33 (1H each, 

each a t, Tp CH 4 positions) 5.17 (1H, d, Tp CH 3 or 5 position). 31P NMR (C6D6, δ): 121.6 

(d, 2JPP = 42 Hz), 37.8 (d, 2JPP = 42 Hz). CV (CH3CN, 100 mV/s): E1/2 = 1.23 V (quasi-

reversible). 

TpRu(PPyr3)(NCMe)Cl (30). A 250 mL round bottom flask was loaded with 0.300 

g (0.36 mmol) TpRu(PPyr3)(PPh3)Cl and a 1:1 mixture of THF:NCMe (150 mL). The flask 

was fitted with a condenser and heated to reflux for 3 h. A color change was observed from 

yellow to pale yellow. The solution was then cooled to room temperature followed by 

evacuation of all volatiles. The remaining residue was stirred in hexanes for 2 h resulting in 

formation of a pale yellow precipitate which was isolated on a fine porosity frit (0.176 g, 
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80%). 1H NMR (C6D6, δ): 8.54, 7.49 (1H each, each a d, Tp CH 3 or 5 position), 7.40 (3H, 

m, overlapping Tp 3 or 5 positions), 6.85 (1H, d, Tp CH 3 or 5 position), 6.72 (6H, m, 

P(NC2H4)3), 6.15 (7H, m, overlapping Tp CH 4 position and P(NC4H4)3, 5.76, 5.64 (1H each, 

each a t, Tp CH 4 position), 0.69 (3H, s, NCCH3). 31P NMR (C6D6, δ): 123.3 (s, Ru-

P(NC4H4)3.CV (CH3CN, 100 mV/s): E1/2 = 1.18 V (quasi-reversible). 

TpRu(PPyr3)(NCMe)OTf (32). TpRu(PPy3)(NCMe)Cl (0.176 g, 0.28 mmol) and 

AgOTf (0.073 g, 0.28 mmol) were loaded into a Schlenk flask under N2 atmosphere. The 

flask was moved to a Schlenk line where 60 mL freshly distilled THF was canula transferred 

to the flask yielding a homogeneous solution. The solution was heated for 15 min coinciding 

with a change in the solution from homogeneous yellow to heterogeneous pink. NMR spectra 

(1H, 31P, 19F) of the crude reaction mixture revealed formation of a new product consistent 

with TpRu(PPyr3)(NCMe)OTf. The solution was eluted on a column of neutral alumina and 

washed with THF. All volatiles were removed from the filtrate by vacuum followed by 

canula addition of hexanes to the residue. Stirring over the course of 1 h resulted in formation 

of a white precipitate which was collected on a fine porosity frit. 31P{1H}NMR (C6D6, δ): 

124.7 (s, Ru-P(Pyr)3). 19F{1H}(C6D6, δ): -75.5 (s, Ru-OSO2CF3). 
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