
ABSTRACT 
 

FENG, YUEE.  Synthesis and Reactivity of Ruthenium and Platinum Complexes with 
Non-Dative Heteroatomic Ligands:  Studies of Carbon-Hydrogen Bond Activation.  
(Under the direction of T. Brent Gunnoe.) 

Several ruthenium complexes with non-dative heteroatomic ligands were prepared 

and fully characterized, including TpRu(PMe3)2X (X = OH, OPh, OMe, SH; Tp = 

hydridotris(pyrazolyl)borate).  At elevated temperatures (90 ºC – 130 ºC), complexes of 

the type TpRu(PMe3)2X (X = OH, OPh, Me, Ph or NHPh) undergo regioselective H/D 

exchange with deuterated arenes.  In addition, for X = OH or NHPh, H/D exchange 

occurs at hydroxo and anilido ligands, respectively.  For X = OH, OPh, Me, Ph or NHPh, 

isotopic exchange occurs at the Tp 4-positions with only minimal deuterium 

incorporation at the Tp 3- or 5-positions.  TpRu(PMe3)2Cl, TpRu(PMe3)2OTf (OTf = 

trifluoromethanesulfonate) and TpRu(PMe3)2SH do not initiate H/D exchange in C6D6 

after extended periods of time at elevated temperatures.  Mechanistic studies indicate 

that the likely pathway for the H/D exchange involves ligand dissociation (PMe3 or 

NCMe), Ru-mediated activation of an aromatic C-D bond, and deuteration of basic 

heteroatomic ligand (hydroxo or anilido) or Tp positions via intermolecular D+ transfer. 

The Ru(II) complexes TpRu(PMe3)2OR (R = H or Ph) react with excess 

phenylacetylene at elevated temperatures to produce the phenylacetylide complex 

TpRu(PMe3)2(C≡CPh).  Kinetic studies indicate that the reaction of TpRu(PMe3)2OH 

and phenylacetylene likely proceeds through a pathway that involves TpRu(PMe3)2OTf as 

a catalyst.   The reaction of TpRu(PMe3)2OH with 1,4-cyclohexadiene at elevated 

temperature forms benzene and TpRu(PMe3)2H, while TpRu(PMe3)2OPh does not react 

with 1,4-cyclohexadiene even after 20 days at 85 °C.  The paramagnetic Ru(III) 



complex [TpRu(PMe3)2OH][OTf] is formed upon single-electron oxidation of 

TpRu(PMe3)2OH with AgOTf.  Reactivity studies suggest that [TpRu(PMe3)2OH][OTf] 

initiates reactions, including hydrogen atom abstraction, with C-H bonds that have bond 

dissociation energy ≤ 82 kcal/mol.  Experimentally, the O-H bond strength of the Ru(II) 

cation [TpRu(PMe3)2(OH2)[OTf] is estimated to be between 82 and 85 kcal/mol, while 

computational studies yield a BDE of 84 kcal/mol, which are in reasonable agreement 

with the observed reactivity of [TpRu(PMe3)2OH]+. 

The preparation of the monomeric octahedral platinum(IV) complex 

(NCN´)PtMe2NHPh (NCN´ = 2,6-bis{(3,5-dimethylpyrazol-1-yl)methyl}bromobenzene) 

was achieved through metathesis of platinum triflate complex with alkali metal amido 

complex.  This complex has been isolated and characterized by 1H NMR spectroscopy.    
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Chapter 1 

1.1 Importance and applications of late transition metal complexes with formally 

anionic or nondative heteroatomic ligands. 

Since the discovery of ferrocene in the early 1950s, fundamental interest in 

organometallic chemistry and well defined inorganic small molecules has grown 

dramatically.1-3  At the same time, applications of organometallic complexes in 

homogeneous chemical processes for the manufacture of both commodity and fine chemicals 

has developed rapidly.4-7  More than 60% of all chemical products and 90% of chemical 

processes are based on catalysis.  Although the majority of these process are based on 

heterogeneous catalysts, as understanding of the reactivity of organometallic systems has 

increased, important homogeneous processes have steadily emerged.4, 8, 9 

Researchers of single-site homogeneous catalysts have put substantial effort toward 

the understanding of complexes with metal-carbon and metal-hydrogen σ-bonds, and much is 

now known about these systems and their reactivity.  In addition, the chemistry of “classic” 

inorganic ligands (e.g., oxygen and nitrogen-donor ligands) is well developed for early and 

middle transition elements in relatively high oxidation states.  In contrast, study of late 

transition metal complexes possessing formally anionic or dianionic ″hard″ nitrogen or 

oxygen ligands (Chart 1.1) has lagged behind until relatively recently.10-17  Three important 

examples of applications of late transition metal complexes with non-dative heteroatomic 

ligands are briefly discussed below. 
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Chart 1. 1. Examples of formally anionic or dianionic heteroatomic ligands (ligand-based charge 
based on the ionic electron-counting scheme shown in parenthesis). 
 

Late transition metal complexes with non-dative heteroatomic ligands have been 

implicated in biologically and synthetically important catalytic transformations.  One 

important biological example is the lipoxygenases, which are found in both plants and 

animals as mononuclear, non-heme iron enzymes.  These enzymes catalyze the oxidative 

conversion of 1,4-diene-containing fatty acids to alkyl hydroperoxides (eq 1.1).18, 19  Studies 

have shown that the rate-determining step of the mechanism is hydrogen atom abstraction of 

the weak allylic C-H bond (~77 kcal/mol)20 to form a radical substrate which is subsequently 

trapped by dioxygen.21, 22  An Fe(III) hydroxide complex is believed to be the active species 

for the hydrogen atom abstraction, which is formally reduced to an Fe(II) water system upon 

hydrogen atom abstraction (eq 1.2).23   

 

 

The Wacker olefin oxidation process is one of the most important industrial synthetic 

processes involving late transition metal complexes with heteroatomic ligands (eq 1.3).24, 25  

The Wacker process is used to synthesize acetaldehyde from ethylene and dioxygen.  The 

mechanism for this process has been proposed as shown in Scheme 1.1, and a major debate 
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has taken place for more than 30 years concerning the key step of the mechanism by which 

the proposed β-hydroxyethyl intermediate is formed. It has been suggested that this step 

occurs by either 1) migratory insertion of a coordinated olefin into an M-X bond or 2) 

external nucleophilic attack of water at a coordinated olefin.26, 27  There is evidence favoring 

both of these routes, and “it is quite possible that both mechanisms operate and that reaction 

conditions determine which predominates,” summarized by Parshall.4  

 

 

Scheme 1. 1.  Proposed mechanisms for the Wacker oxidation process.  
 

Since the early 1990’s, late transition metal complexes with heteroatomic ligands 

have been thoroughly studied for the formation of aromatic carbon-heteroatom bonds to 

produce aryl amines, ethers and sulfides.15, 17, 28-35  Aromatic amines are commonly found in 

natural products, pharmaceuticals, xenographic and photographic materials as well as 

conducting polymers.36-39  Similarly, aryl ethers are commonly found in natural products 
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and biologically active compounds as well as polymeric materials.36, 37, 40  Aryl sulfides are 

valuable intermediates in organic synthesis of biologically and pharmaceutically active 

molecules, of organic materials, or intermediates to these molecules.41, 42  Transition metal 

catalyzed arylation reactions of amines, ethers, sulfides with aryl halides have been studied 

and a simplified reaction scheme for the Pd-catalyzed amination of aryl bromides is shown in 

Scheme 1.2.  Oxidative addition of the aryl bromide to LnPd(0) complex gives an 

intermediate Pd(II) complex.43  Net metathesis of amide (NHR-, derived from amine) for 

bromide gives the key aryl amido intermediate.15, 44, 45  This can reductively eliminate to 

produce the desired aniline derivative and regenerate the Pd(0) catalyst.46  Alternatively, in 

some instances, β-hydride elimination generates an imine, and the Pd(aryl) hydride complex.  

The latter reductively eliminates to produce arene side product and regenerate the Pd(0) 

catalyst.17, 28, 47  

 

Scheme 1. 2.  General mechanism for the palladium-catalyzed C-N bond formation reactions. 
 

Though the study of late transition metal complexes with heteroatomic ligands has 

grown during the last 20 years, the nature of the M-O bond in alkoxo and hydroxo complexes, 

and M-N bond in amido and imido complexes and scope of reactivity accessible with these 

systems are not fully understood/developed. 
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In the following sections of this chapter, discussion will focus on 1) the bonding of 

metal and anionic heteroatomic ligands, 2) synthetic routes for the late transition metal 

complexes with metal-oxygen and –nitrogen bonds, 3) general reactivity of these complexes, 

and 4) discussion of metal-mediated C-H activation. 

1.2 Bonding of late transition metal complexes with non-dative heteroatomic ligands.  

It was recognized as early as the 1980’s that the number of isolated and fully 

characterized transition metal complexes with amido, alkoxo, oxo, imido and related ligands 

is few compared to early and middle transition metals in relatively high oxidation states.13, 48, 

49  One common explanation of the relatively few late transition systems has been Hard-Soft 

Acid-Base (HSAB) theory.50, 51  According to this theory, a bonding mismatch between soft 

late transition metals and hard donor O- or N-based ligands should result in weak M-O or 

M-N bonds.50  These suggestions sparked several groups to explore relative binding 

energies of hydride, hydrocarbyl, hydroxo, alkoxo, amido and related ligands.  For example, 

Bryndza, Bercaw and co-workers have reported a systematic study of the relative bond 

energies of metal-heteroatom bonds (M-X) and their corresponding protic acids (H-X).52  In 

this widely cited study, a correlation was proposed between the relative bond strengths of 

M-X and H-X bonds: that is a strong H-X bond correlates to a strong M-X bond, and a 

relatively weak H-X bond correlates to a weak M-X bond (X= OR, NR2).  Since generally 

H-OR bonds are stronger than H-NR2 bonds, Bercaw et al. have made their contribution to 

the understanding of M-OR or M-NR2 complexes that M-OR bonds are generally stronger 

than M-NR2 bonds, which may explain why for the metal complexes with the same metal 

center, the complex with OR ligand is less reactive than that with NR2 ligand.  Importantly, 



6 

these and other studies have shown that M-OR and M-NR2 bonds for late transition metals 

can be relatively strong and are not inherently weak. 

Since HSAB theory has not been fully accepted to explain the scarcity of late 

transition metal systems with non-dative heteroatomic ligands, a molecular-orbital approach 

has been used to explain the bonding of late transition metal with nitrogen or oxygen atoms, 

based on the observation that late transition metals in low oxidation states often have filled 

d-orbitals.48, 49  Mayer suggested that the combination of a filled dπ set of orbitals and a 

π-donating ligand results in “π-conflict, a bonding scenario in which π and π* metal-ligand 

combinations are both occupied”, which was used to rationalize the lack of late transition 

metal complexes with terminal oxo ligands.  Hence, the combination of an oxo ligand or 

related π-donor and a filled metal dπ set of orbitals results in an occupied π* (metal-oxo 

anti-bonding) molecular orbital.48  This destabilizes terminal oxo complexes of the late 

transition metals in low oxidation states and has been used to explain the predilection toward 

bridging μ-oxo compounds.  Similarly, terminal alkoxo ligands are also destabilized 

relatively to systems with empty dπ orbitals, with the result that late metal-oxygen bonds can 

be quite polar and readily dissociate OR-.48 

Caulton has contributed to this theory by suggesting that the filled π-symmetry 

orbitals of the heteroatom of late transition metal M-X complexes can either stabilize the 

complex if there is an empty d-orbital or undergo a filled/filled repulsion with a filled metal 

d-orbital, resulting in a higher energy π-orbital (Figure 1.1).  This results in a relatively 

reactive electron pair, explaining nucleophilic and basic reactivity commonly observed with 
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such systems.49  Extrapolated completely, this description suggests that the “π-conflict” is a 

destabilizing interaction and, hence, stronger π-donors would most substantially destabilized. 

 

Figure 1. 1. According to p-π/d-π repulsion theory, the reactivity of late transition metal M-NR2 or 
M-OR bonds is caused by the unfavorable π-symmetry interaction of the filled metal d-orbitals and the 
filled lone pairs on the ligand. 

 

While the “π-conflict” scenario satisfactorily explains several characteristics, 

examples of reactivity that are not fully rationalized by this description exist.  For example, 

the relative bond energies of several early transition metal complexes with alkoxo and amido 

ligands have been determined, and it has been delineated that alkoxo/aryloxo ligands are 

thermally favored over corresponding amido ligands.53-55  For example, Marks and 

coworkers have studied metal-ligand bond enthalpies exhibited by electropositive transition 

elements such as zirconium and hafnium, and noticed that the metal-ligand bond enthalpy of 

OH (115 and 118 kcal/mol for Zr-OH of Cp′2Zr(OH)2) is larger than that of NH2 (100 

kcal/mol for Zr-NH2 of Cp′2Zr(NH2)H) (Cp′ = η5-Me2C5).54    This trend is the same as that 

observed for late transition metals with filled dπ manifolds, even though pπ/dπ interactions 

result in filled π* orbitals for the late transition metal systems.  If “π-conflict” were truly 

destabilizing, one might expect opposite trends.  In addition, no studies have detemined the 

magnitude of the pπ/dπ repulsion and the extent of destabilization of the π* combination. The 
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stabilization energy from π-bonding between early transition metals and alkylamido ligands 

has been estimated to be less than 10 kcal/mol.56  It has been suggested that the 

destabilization energy of pπ/dπ repulsion is no more than 1-2 kcal/mol.57  Another example 

that pπ/dπ repulsion theory could not explain is that in the nickel system, there was not a 

large difference between equilibrium constants for an aniline containing a 

para-dimethylamino group (a resonance π-donor) and on with a meta-dimethylamino group 

(in which the π-donation should be greatly attenuated) (see new page). 

Holland, Andersen and Bergman have sought to model M-X (X = amido, alkoxo, 

hydroxo, etc.) bonding by considering the strong ground-state polarization of late transition 

metal heteroatom bonds.  To do so, they applied Drago’s E-C theory without any π 

components, and thus this “σ-only theory” gives a different view of the late-transition-metal 

bonding to X.  In this viewpoint, rather than a destabilizing scenario, “π-conflict” cancels 

the influence of π-interactions.  Since metals are less electronegative than N and O, M-X 

bonds are polar, concentrating negative charge on the metal-bound atom.  The bond energy 

in polar bonds is increased by a Coulomb contribution, and this stabilization increases with 

greater electronegativity difference.  Thus, alkoxo ligands can be favored (i.e., stronger 

bonds) over alkyl/amido ligands due to the greater electronegativity of O versus N.  

Moreover, electron-withdrawing substituents on the heteroatomic ligand stabilizes the 

negative charge and enhances M-X polar bonding.57   

Bergman and coworkers have studied equilibria of Ni(II)-amido, alkoxo, and aryloxo 

complexes through exchange of the amido ligand of Cp*Ni(PEt3)NHTol (Cp* = 

pentamethyl-cyclopentadienyl; Tol = p-tolyl) with para-substituted anilines and alcohols (eq 
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1.4).58  Arylamines with electron-donating para-substituents shift the equilibrium in eq 1.4 

to the reactants side while those with electron-withdrawing para-sustituents favor the 

products.  This is expected for ionic Ni-NR2 bonds because electron-withdrawing groups 

delocalize the negative charge.57  The addition of TolOH to Cp*Ni(PEt3)Ni-NHTol results 

in complete conversion to Cp*Ni(PEt3)OTol and free TolNH2 (eq 1.5).58     Thus, 

coordination of OAr ligands to Ni(II) is favored over NHAr ligands with respect to hydrogen 

binding.  This is also consistent with pπ/dπ polarized Ni-O/N bonds.57  The more 

electronegative oxygen atom can tolerate more negative charge and forms stronger bonds 

with the electropositive metal center. 

 

 

In the nickel system, there was not a large difference between equilibrium constants 

for an aniline containing a para-dimethylamino group and on with a meta-dimethylamino 

group. This observation could not explained by pπ/dπ repulsion theory because 

para-dimethylamino group is a resonance π-donor to the nitrogen p-orbital, but in a 

meta-dimethylamino group, the π-donation should be greatly decreased.  However, the 

σ-only E-C theory better explains the experimental results on the nickel systems because a 

model of Ni-X bonds is very polar with no need to invoke π-effects.58  In the end, 

“π-conflict” theory is probably best considered to “cancel” π-bonding and afford access to 

reactivity based on inherently polar M-X σ-bonds. 
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1.3 Survey of syntheses of late transition metal complexes with formally anionic oxygen 

and nitrogen based ligands. 

Methods for the preparation of late transition metal complexes with alkoxo, aryloxo 

and amido ligands include four primary synthetic routes: (1) metathesis of metal halide or 

triflate ligands with alkali metal alkoxo and amido compounds, (2) deprotonation of a 

coordinated amine or alcohol, (3) protonation of M-X/M-R bond with amine or alcohol, (4) 

oxidative synthesis (Scheme 1.3).  General equations for these synthetic methods are shown 

below followed by the reported examples of each method. 

 

Scheme 1. 3.  General synthetic routes for the preparation of late transition metal amido, alkoxo and 
aryloxo complexes. 
 

1.3.1 Metathesis of metal halide or triflate ligands with alkali metal alkoxo, aryloxo 

and amido compounds 

By far the most common method of preparing late transition metal complexes with 

alkoxo, aryloxo and amido ligands has been through metal exchange or metathesis.  In this 

section, a few examples of some of the late transition metal (including iron, ruthenium, 

rhodium, nickel and iridium) complexes will be given.  

Holland et al. have recently reported the synthesis of a series of low-coordinate Fe(II) 

diketiminate amido complexes by a simple salt metathesis between iron chloride and LiNHR 
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(R = tert-butyl, p-tolyl, 2,6-xylyl, or 2,6-diisopropylphenyl) in 57 to 73 % isolated yield (eq 

1.6).59  Another example for the preparation of an iron amido complex by metathesis 

method was reported by Bergman and co-workers. They prepared the iron parent amido 

complex (DMPE)2Fe(H)(NH2) (DMPE = Me2PCH2CH2PMe2) by treatment of 

trans-( DMPE)2Fe(H)(Cl) with NaNH2 in a THF/NH3 (l) solvent mixture in 63% isolated 

yield as an orange crystalline solid.  In solution, this iron parent amido complex exists in a 

rapidly isomerizing equilibrium between cis and trans isomers with the isomerization 

presumably proceeding through dechelation of one of the DMPE ligands followed by a Berry 

pseudorotation and rechelation of the ligand (eq 1.7).60   

 

 

The first example of a ruthenium amido complex was prepared by Lappert et al. in 

1979 with the transmetallation method used for the synthesis of  

Ru(H)(PPh3)2[N(SiMe3)2].61  This complex is formally a 14e- derivative and is reported to 

be one of the few examples of a four-coordinate d6 complex (eq 1.8).  In addition, Fryzuk et 
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al. reported that the reaction of LiN(SiMe2CH2PPh2)2 with RuCl2(PPh3)3 forms the 

five-coordinate complex RuCl(PPh3)[ N(SiMe2CH2PPh2)2] and this complex is a useful 

starting material for the preparation of other ruthenium(II) amido complexes (eq 1.9).62 

 

 

Our group has reported that the reaction of (PCP)Ru(CO)(Cl) with [TMS][OTf] 

yields (PCP)Ru(CO)(OTf), and the addition of [Li][NHPh] to triflate complex allows the 

isolation of the anilido complex (PCP)Ru(CO)(NHPh).  The octahedral ruthenium anilido 

complex (PCP)Ru(CO)(NHPh)(PMe3) can be prepared by reaction of (PCP)Ru(CO)(NHPh) 

with trimethylphosphine or by metathesis of (PCP)Ru(CO)(PMe3)(Cl) with [Li][NHPh] 

(Scheme 1.4).63, 64 

 

Scheme 1. 4. Preparation of (PCP)Ru(CO)(NHPh)(PMe3) 
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1.3.2 Deprotonation of a coordinated amine or alcohol. 

Our group has reported the preparation of several ruthenium amido complexes by 

deprotonation of a coordinated amine.  For example, in 2001, the synthesis of a series of 

octahedral d6 parent amido complexes TpRu(L)(L’)(NH2) {Tp = hydridotris(pyrazolyl)borate; 

L = L’ = PMe3, P(OMe)3; L = CO, L’ = PPh3} was reported.65 The corresponding ruthenium 

triflate complexes were reacted with ammonia to form cationic ruthenium ammonia 

complexes, and reaction of these cationic ammine systems with methyllithium results in the 

formation of parent amido complexes.  These parent amido complexes are stable only for a 

few days, even under inert atmosphere in the solid state (eq 1.10). 

 

TpRuL2(OTf) {L = PMe3 or P(OMe)3} complexes react with excess aniline to 

produce the corresponding Ru(II) aniline complexes.  Deprotonation of the aniline ligands 

upon treatment with [Na][N(SiMe3)2] yields the anilido complexes (eq 1.11).66 

 

In addition, our group has expanded our studies to the preparation of a tert-butyl 

amido complex and cleanly isolated TpRu(PMe3)2(NHtBu), though attempts to deprotonate 

[TpRu(CO)(PPh3)(NH2
tBu)][OTf] or [TpRu{P(OMe)3}2(NH2

tBu)][OTf] resulted in the 

production of multiple TpRu complexes including tBu amido complexes in low yields.67  
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We are also interested in five-coordinate ruthenium amido complexes and have prepared 

(PCP)Ru(CO)(NH2) (PCP = 2,6-(CH2PtBu
2)2C6H3) by reacting the ammonia complex 

(PCP)Ru(CO)(Cl)(NH3) with [Na][N(SiMe3)2] (eq 1.12)68  

 

1.3.3 Protonation of M-X/M-R bonds with amines and alcohols 

Treatment of THF solutions of Cp*(PMe3)2Ru(OH) with excess H2S or NH2Ph 

produces Cp*(PMe3)2Ru(SH) and Cp*(PMe3)2Ru(NHPh), respectively (eq.1.13). 52   

Another example of protonation was reported by Campora et al.  The amido complex 

[C6H3-2,6-(CH2PiPr2)2]Ni(NH2) reacts quantitatively with water and methanol to give the 

mononuclear hydroxo and methoxo derivatives [C6H3-2,6-(CH2PiPr2)2]Ni(OH) and 

[C6H3-2,6-(CH2PiPr2)2]Ni(OMe), respectively (eq 1.14).69 

 

 

However, not all protonation reactions go to completion.  Depending on the acid and 

non-dative heteroatomic ligand, an equilibrium between starting material and product is 

observed.  For example, addition of alcohols and amines to an iridium ethoxo complex 

yields the corresponding alkoxo and amido complexes, respectively, in equilibrium with 

starting material (eq 1.15).  The equilibrium constants for these metatheses are directly 
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related to the Ir-O, Ir-N, H-O and H-N bond dissociation energies (BDEs).  For the reaction 

shown in equation 1.15, assuming that ΔG ≈ ΔH, ΔG = BDE(H-OEt) + BDE(Ir-NHR) – 

BDE(Ir-OEt) – BDE (H-NHR).  In the case of R = Ph in equation 1.15, the BDE(N-H) of 

aniline is ~ 88 kcal/mol, and the BDE(O-H) of ethanol is ~ 104 kcal/mol.70  For this reaction, 

Keq ≈ 10. This suggests that the Ir-OEt bond is stronger than the Ir-NHPh bond by ~19 

kcal/mol when R = Ph.71 

 

1.3.4 Oxidative synthesis 

Oxidative addition reactions of O-H and N-H bonds to metals produce alkoxo, amido 

and reltated ligands. This type of reactivity was reported as a synthetic route to metal hydrido 

alkoxo derivatives in 1977 when Stone and Green published the reactions of (PCy3)2Pt (Cy = 

cyclohexyl) with alcohols and amines (eq 1.16).72   

 

In 1986, Milstein et al. reported the oxidative addition of water to [(PMe3)4Ir][PF6] to 

generate [(PMe3)4Ir(H)(OH)][PF6].73  In 1987, Milstein et al. observed oxidative addition of 

ammonia to an iridium(I) complex to give a  binuclear complex with a bridging amido unit 

(eq 1.17).74 

 

Recently, Hartwig, Goldman et al. reported the oxidative addition of aniline to an 

iridium complex bearing an aromatic pincer ligand to form (PCP)Ir(H)(NHPh).  Reaction of 
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the same iridium complex with ammonia does not result in N-H oxidative addition, rather, 

the Ir(I) ammonia complex is formed.75  In 2005, Hartwig and Goldman reported to altering 

the PCP pincer ligand to a more electron donating aliphatic pincer ligand favors N-H 

oxidative addition to form a monomeric amido hydride complex in 90% yield (Scheme 

1.5).76 

 

Scheme 1. 5.  Synthesis of Ir amido complexes through N-H oxidative addition 
 

1.4 General reactivity 

While the several examples of isolable late transition metal hydroxo, alkoxo and 

amido complexes are now known, reactivity studies are still relatively scarce.  Late 

transition metal alkoxo and amido complexes have generally been observed to exhibit 

nucleophilic and basic reactivity.  In this section on the chemical reactivity of metal alkoxo, 

amido and related complexes it will become clear that transformations involving these M-O 

and M-N bonds show many of the same mechanistic features that have been noted in the 
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reactions of metal alkyl and hydride derivatives.  However, significant differences make the 

hydroxide, alkoxo and amido ligands distinct from alkyl or hydride ligands.  

1.4.1 Reaction with electrophiles 

1.4.1.1  Reactions with aprotic electrophiles 
 

Bryndza et al. have reported that (DPPE)Pt(Me)(OMe) {DPPE = 

1,2-bis(diphenylphosphino)ethane} reacts with methyl iodide to quantitatively form the 

corresponding platinum iodide and dimethyl ether (eq 1.18).77  The same reaction with 

deuterium labeled methyl iodide forms only CD3OCH3 (i.e., no CH3OCH3 is observed) 

suggesting a pathway that involves nucleophilic addition of a Pt-OMe ligand to MeI, rather 

than the pathway involving oxidative addition of MeI to generate (DPPE)PtMe2(I)(OMe) as 

an intermediate (eq 1.18).  In addition, though methyl ligand exist, the reaction of 

(DPPE)Pt(Me)(OMe) with CH3I did not result in the formation of (DPPE)Pt(OMe)(I) and 

CH3CH3.  Therefore, even Pt-Me bond is also polar, reaction with electrophiles prefer the 

more nucleophilic non-dative heteroatomic ligand. 

 

Later, the Bryndza group reported a similar reaction.  (DPPE)Pt(Me)(NMePh) reacts 

with acetyl chloride or CD3I to form platinum chloride or platinum iodide complexes, 

respectively.78  Moreover, these Pt(II) amido and alkoxo complexes react with MeMgBr to 

generate (DPPE)Pt(Me)2, indicating these ligands can be leaving groups under certain 

reaction conditions (eq 1.19). 
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Another example of late transition metal methoxo complexes reacting with MeI was 

reported by Atwood et al.  The reaction of Ir(I) methoxo complex (PPh3)2Ir(OMe)(CO) 

with MeI produces the iridium (III) oxidative addition product (eq 1.20).79  In addition, 

similar to the Pt(II) amido complex (eq 1.19), the Ir(I) methoxo complex reacts with acid 

chlorides to yield methyl esters.  Though intermediate acyl methoxo systems were not 

isolated, the mechanism is assumed to be the same as proposed for methyl iodide. 

 

Our group has recently published the preparation of a series of late transition metal 

complexes and their reactions with bromoethane to produce the corresponding metal-bromide 

and ethylaniline (eq 1.21).80-82  It is presumed that these reactions proceed by classic 

SN2-type pathways and, hence, the relative rates provide a comparison of amido 

nucleophilicity.  The complexes TpRu(PMe3)2NHPh, (dtbpe)Cu(NHPh), (IPr)Cu(NHPh) 

{IPr = 1,3-bis-(2,6-diisopropylphenyl)imidazol-2-ylidene}, (SIPr)Cu(NHPh) {SIPr = 

1,3-bis-(2,6-diisopropylphenyl)imidazolin-2-ylidne}and (IMes)Cu(NHPh) {IMes = 

1,3-bis-(2,4,6-trimethylphenyl)imidazol-2-ylidene} all react with bromoethane with clean 



19 

reproducible rates under pseudo first order conditions.  The rate of reaction for 

TpRu(PMe3)2NHPh is considerably slower than those of Cu, which suggests that the LnCu-X 

(X = heteroatomic ligand) systems are highly reactive and indicate that they may be useful 

for the development of Cu-mediated catalytic organic syntheses (eq 1.21).  For the 

(NHC)Cu(NHPh) complexes, the reactivity decreases in the order IMes > IPr > SIPr (Table 

1.1). 

 

Table 1. 1. Kinetic data for the reaction of bromoethane with Ru and Cu complexes. 
 kobs (s-1) t1/2 

TpRu(PMe3)2NHPh 8.6(3) x 10-6 22 hrs 
(dtbpe)Cu(NHPh) 5.5(2) x 10-6 21.0 (6) mins 
(IMes)Cu(NHPh) 3.3(3) x 10-6 35(3) mins 
(IPr)Cu(NHPh) 2.4(2) x 10-6 49(4) mins 

(SIPr)Cu(NHPh) 1.1(1) x 10-6 109 (8) mins 
 

1.4.1.2 Reactions with protic acids 
 

As expected, non-dative heteroatomic ligands react with strong acids to produce free 

amine or alcohols.  For example, Wilkinson et al. have reported the formation of 

trans-Ir(PPh3)2(CO)(Cl) and ROH from the reaction of trans-Ir(PPh3)2(OR)(CO) with HCl,83 

and Bergman et al. studied the production of (C5Me5)Ir(PPh3)H(Cl) and EtOH from 

(C5Me5)Ir(PPh3)H(OEt) with HCl.84  Puddephatt et al. have synthesized platinum (IV) 

alkoxo complexes that undergo ion exchange with outer-sphere counterion hydroxide; 

however, even strong acids leave the coordinated alkoxo ligand intact (eq 1.22).85, 86 
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In addition to reactions with strong acids, late transition metal complexes with 

anionic heteroatomic ligands can react with relatively weak acids as well.  For instance, 

Bennett et al. reported that the platinum hydroxo complex (DPPE)Pt(Me)(OH) reacts with 

weak acids H-X (X = CH2COMe, CH2CN, OPhOMe, C2Ph, SH and SPH)  to form 

(DPPE)Pt(Me)X and H2O (eq 1.23).87 

 

Bergman et al. have also studied nucleophilicity and basicity of several ruthenium (II) 

complexes with amido, hydroxo and related ligands.  In 1998, they reported the reaction of  

trans-(DMPE)2Ru(H)(OH) with hexafluoroacetone to release trifluoromethane and generate 

the fluorinated complex trans-(DMPE)2Ru(H)(OC(O)CF3).  In addition, this ruthenium 

hydroxo reacts with p-tolualdehyde to form a new ruthenium carboxylate complex and 

dihydrogen (Scheme 1.6).88  This chemistry has been suggested to proceed through initial 

M-X bond heterolysis to give an outer sphere hydroxide anion. 
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Scheme 1. 6. Reaction of a ruthenium hydroxo complex with ketones. 
 
 

The ruthenium amido complex trans-(DMPE)2Ru(H)(NH2) reacts with various weak 

acids to generate ammonia, which depending on the counterion (i.e., the conjugate base) can 

remain coordinated to Ru or dissociate.89  For reactions that release ammonia, evidence 

suggests that initial proton transfer forms ion pairs (Scheme 1.7).  The deprotonation of 

triphenylmethane (pKa ~ 31.5) by trans-(DMPE)2Ru(H)(NH2) results in the formation of 

[(DMPE)2Ru(H)(NH3)][Ph3C], which exists in equilibrium with the starting material.  When 

the acid is the bulky acid fluorene, the exchange process stops at the ion pair, and the 

resulting salt was isolated and characterized by X-ray diffraction.  The iron amido complex 

(DMPE)2Fe(H)(NH2), which is different from the pure trans ruthenium amido complex 

trans-(DMPE)2Ru(H)(NH2), is a rapidly isomerizing equilibrium mixture of cis and trans 

isomers.  Similar reactivities of this iron amido complex with weak acids have been 

summarized in Scheme 1.7.60 
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Scheme 1. 7.  Reactions of (DMPE)2(H)M(NH2) (M = Fe or Ru) with acidic C-H bonds through 
deprotonation. 

 

Like the DMPE analogue, cis-(PMe3)4Ru(H)(NH2) complex was found to 

quantitatively deprotonate fluorene to form the fluorenide salt, which did not undergo NH3 

displacement.  This ruthenium amido complex also reacts with aniline to yield the 

protonolysis product cis-(PMe3)4Ru(H)(NHPh) and NH3. In addition, complex 

cis-(PMe3)4Ru(H)(NH2) reacts with alkyl halides (e.g., 1,1,1-trifluoroethane, 

1-chloro-2-phenylethane, and 2,3-dibromobutane) to form protonated organometallic 

products [cis-(PMe3)4Ru(H)(NH3)]+[X]- (X = F, Cl, or Br) (Scheme 1.8)90. 
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Scheme 1. 8. Reactions of cis-(PMe3)4Ru(H)(NH2) with acidic C-H bonds through deprotonation. 
 

1.4.2 β-Hydride Elimination from Metal Alkoxo and Amides 

β-Hydride elimination from alkoxo and amido complexes are involved in catalytic 

processes, including transfer hydrogenations using alcohol reducing agents91-93 and 

cycloisomerization involving aldehydes.94  Many late transition metal hydride complexes 

have been synthesized through metal alkoxo and amido intermediates.52, 95, 96  In some cases, 

alkoxo intermediates have been isolated and spectroscopically identified, but generally, these 

species have not been isolated, instead, they rapidly react to produce hydride complexes 

without observation of intermediates.  

The first example of β-hydride elimination from a metal-alkoxide complex was 

reported by Bennett et al. when they isolated and thermolyzed trans-Pt(PPh3)2(C6H5)(OCH3) 

(eq 1.24).97  Heating this complex results in the formation of hydride complex of apparent 

formula Pt(H)(C6H5)(PPh3)2 in 69% yield.  
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In 1986, Atwood et al. reported mechanistic information on β-hydride elimination for 

iridium alkoxo complexes.98 trans-Ir(PPh3)2(CO)(OR) (R = Me, n-Pr, or i-Pr) complexes 

decompose at moderate temperatures in the presence of PPh3 to generate the iridium hydride 

complex Ir(PPh3)3(CO)H and aldehydes or ketones (eq 1.25).  This reaction does not likely 

proceed through Ir-O bond homolysis nor a base-catalyzed decomposition route because the 

hydroxo and tert-butoxo derivatives are stable. Instead, three pieces of evidences strongly 

implicate a β-hydride elimination pathway in the decomposition of trans-Ir(PPh3)2(CO)(OR) 

(R = Me, n-Pr, or i-Pr) complexes:  1) the decomposition only occurs for alkoxo ligands that 

contain β-hydrogen atoms; 2) the decomposition produces an iridium hydride, which is the 

expected product from β-hydride elimination; 3) for the n-propoxy and isopropoxy 

complexes, the expected organic products (propanal and acetone, respectively) are observed 

in high yield.  

 

In 2001, Hartwig and co-workers performed studies to understand the mechanism for 

β-hydride elimination from trans-Ir(PPh3)2(CO)(OCHR1R2) (R1 = Me and R2 = Ph).  The 

dependence of rate, isotope effect, and alkoxide racemization on phosphine concentration 

revealed detailed information on the reaction pathway, which is shown in Scheme 1.9.99   
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This pathway involves reversible phosphine dissociation and reversible β-hydride elimination. 

The associative substitution of phosphine for ketone is the final step.  

 
 
Scheme 1. 9.  Possible pathway for the β-hydride elimination of trans-Ir(PPh3)2(CO)(OCHR1R2) (R1 = 
Me and R2 = Ph). 
 
 
1.4.3 Insertions into metal-oxygen and metal-nitrogen bonds 

Though the mechanisms of β-hydride elimination reactions of alkoxo and amido 

substituents are rarely reported, the reverse reactions, insertion of aldehydes and ketones into 

metal-hydride bonds to generate alkoxo ligands, have been studied.  These reactions are 

relevant to hydrogenation of ketones and aldehydes.  Insertion reactions involving CO, CO2 

and SO2 have also been studied.  

For the CO insertion into Pt-OMe bonds, an interesting observation is that chelate 

ring size of ancillary bisphosphine ligands influences CO insertion.  For instance, for the 

(DPPE)Pt(η1-C6H9)(OMe) complex {DPPE = 1,2-bis(diphenylphosphino)ethane}, CO inserts 

only into the metal-oxygen bond (eq.1.26), but for the (DPPP)Pt(η1-C6H9)(OMe) {DPPP = 

1,3-bis(diphenylphosphino)propane} complex with a six-memebered ligand, CO inserts into 

both the metal-oxygen bond (25 ºC, very fast) and the metal-carbon bond (50 ºC, slow) (eq 

1.27).  Moreover, with the DPPP ligand, the initial insertion reaction is reversible to 

regenerate metal-oxygen bonds, although reversibility was not observed for the DPPE 

ligand.96, 100, 101   
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Detailed mechanistic studies of the CO insertion reactions into (DPPE)Pt(Me)(OMe) 

complexe have been reported.77, 102, 103  The carbonylation reaction of (DPPE)Pt(Me)(OMe) 

is first order in (DPPE)Pt(Me)(OMe) and first-order CO dependence, which suggests that the 

reaction does not proceed by initial dissociation of methoxo ligand.  Three kinetically 

indistinguishable mechanisms for the overall conversion of (DPPE)Pt(Me)(OMe) to 

(DPPE)Pt(Me)(COOMe) are shown in Scheme 1.10.  They are 1) precoordination of CO to 

complex  (DPPE)Pt(Me)(OMe) followed by insertion of CO into the metal-oxygen bond, 2) 

a concerted insertion of CO into the metal-oxygen bond, and 3) the displacement of methoxo 

by CO to form charged intermediates, which may revert to starting materials or be converted 

to product.  Experimental data support route 1.  For example, the combination of 13CO 

with (DPPE)Pt(Me)(OMe) from -20 to -100 oC results in the observation of a very broad 

singlet at 184 ppm in the 13C NMR spectrum, suggesting that pre-equilibrium interaction of  

(DPPE)Pt(Me)(OMe) and CO takes place prior to forming  (DPPE)Pt(Me)(COOMe).  In 

addition, a crossover experiment of (DPPE)Pt(Me)(OMe) with 15 equivalents of CD3OD and 

10 atm of CO results in less than 5% OCD3 group in the product (DPPE)Pt(Me)(COOMe) 

(analyzed by 1H NMR spectroscopy).  Therefore, the mechanism is proposed that CO binds 
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to platinum to generate a discrete 5-coordinate intermediate that undergoes rate-limiting 

inner-sphere migratory insertion of CO ligand into metal-oxygen bond (Scheme 1.10).102 

 

Scheme 1. 10. Three possible mechanisms for the carbonylation of (DPPE)Pt(Me)(OMe). 
  

 In 2003, Bergman and co-workers reported the first preferential insertion of CO into a 

transition metal amide N-H bond rather than the M-N bond.60, 104  Reactions of 

trans-(DMPE)2Fe(H)(NH2) with carbon monoxide in toluene does not result in the expected 

Fe-N insertion, but instead net insertion of CO into the N-H bond of the amide ligand to form 

trans-(DMPE)2Fe(H)(NHCHO) is observed.  Three mechanisms were proposed.  The first 

possibility is initiated by dissociation of one arm of a DMPE ligand from the iron center and 

coordination of CO. Migratory insertion of CO into the M-N bond would yield the 

intermediate trans-(DMPE)2Fe(H)(CONH2).  β-Hydride elimination of isocyanic acid, 

followed by insertion into the iron-hydride bond would form the product 

trans-(DMPE)2Fe(H)(NHCHO).  However, deuterium-labeling experiments do not support 

this mechanism.  The iron deuterio amido complex trans-(DMPE)2Fe(D)(NH2) was treated 

with CO, and this reaction results in exclusive formation of trans-(DMPE)2Fe(D)(NHCHO).  

If this pathway was correct, scrambling of the deuterium label into the carbonyl C-H bond of 

the product would be observed.  The second pathway also involves the M-N insertion 
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product trans-(DMPE)2Fe(H)(CONH2) with rearrangement to form 

trans-(DMPE)2Fe(H)(NHCHO).  However, when cis-(DPME)2Fe(H)2 is irradiated in the 

presence of formamide in THF-d8, N-H activation product is observed, while C-H activation 

product is not detected (Scheme 1.11).  Finally, the third proposed mechanism is direct 

attack of the amide nitrogen on the carbon of free CO to form a zwitterionic intermediate that 

gives the observed product after proton transfer.  Though the second pathway could not be 

ruled out conclusively, experimental evidence most strongly supports the simple nucleophilic 

attach mechanism (Scheme 1.12).60, 104 

 
Scheme 1. 11.  Reaction of formamide with the iron(0) complex results in N-H activation instead of 
C-H activation. 
 

 

Scheme 1. 12. Three possible pathways for the CO insertion into N-H bond instead of M-N bond 
for trans-(DMPE)2Fe(H)(NH2). 
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 Similarly, the Bergman group has also reported the net insertion of the carbodiimide into 

the N-H bond of the ruthenium amido complex cis-(PMe3)4Ru(H)(NH2) to yield 

guanidinate.90  In an effort to determine whether the insertion takes place via 

precoordination of the carbodiimide (following phosphine loss) or by a direct nucleophilic 

attack of the NH2 group on the substrate, study of the dependence of the rate of the reaction 

on concentration of PMe3 has been attempted.   The rate of insertion of carbodiimide into 

an N-H bond is independent of PMe3 concentration.  This is consistent with a mechanism 

involving direct nucleophilic attack by the NH2 group on the electrophilic carbon of free 

carbodiimide (Scheme 1.13).  

 

Scheme 1. 13.  Net insertion of carbodiimide into the N-H bond of cis-(PMe3)4Ru(H)(NH2). 
 

1.4.4 Oxidative Coupling 

 Biaryl moieties are prevalent in an array of important compounds including natural 

products as well as compounds for nonlinear optics, helical polymers, liquid crystals, and 

ligands for asymmetric catalysis.105-110  Metal-mediated routes for aryl-aryl coupling 

reactions include reductive coupling or aryl halides, cross-coupling reactions of aryl halides 

with aryl organometallic reagents and oxidative coupling.105, 108-116  Alcock et al. have 
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reported that oxidation of a platinum anilido complex with Ag(I) yields dimeric products 

coupled at the least substituted aryl carbons (eq 1.28).117  It is assumed that the metal 

participates in stabilizing an aminyl radical.  Conjugation with the arene ring allows 

coupling at the least substituted position.  

 

Sharp and co-workers have reported that tautomeric mixtures of the late transition 

metal imido and amido complexes Rh2(μ-NPh)(CO)2(μ-DPPM)2 and 

Rh2(μ-NHPh)(CO)2(μ-DPPM)(μ-DPPM-H) (designated as A/B in Scheme 1.14) {DPPM = 

bis(diphenylphosphino)methane;  DPPM-H = bis(diphenylphosphino)methanide} undergo 

electrophilic ring addition reactions at the NPh group.118, 119  Addition of 

Rh2(μ-NPh)(CO)2(μ-DPPM)2 and Rh2(μ-NHPh)(CO)2(μ-DPPM)(μ-DPPM-H) (A/B) to 

slightly more than 1 equivalent of [Cp2Fe][PF6] cleanly produces 

[(μ-DPPM)2(CO)2Rh2(μ,μ-NC6H5C6H5N)Rh2(CO)2(μ-DPPM)2][PF6]2 (C).  Different results 

are obtained when the order of addition is reversed.  Thus, addition of 1 equivalent of 

[Cp2Fe][PF6] to a solution of A/B yields 

[(μ-DPPM)2(CO)2Rh2(μ,μ-NC6H4C6H4N)Rh2(CO)2(μ-DPPM)2][PF6]2 (D), 

[Rh2(μ-NHPh)(CO)2(μ-DPPM)2][PF6] (E), and Cp2Fe (Scheme 1.14).  Yet another coupled 
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product is obtained when 0.5 equivalent of [Cp2Fe][PF6] is added to A/B.  The resulting 

products are [Rh2(μ-NHPh)(CO)2(μ-DPPM)2][PF6] (E) and the benzidine derivative 

(μ-DPPM)2(CO)2Rh2(μ,μ-NC6H4C6H4N)Rh2(CO)2(μ-DPPM)2 (F).  Alternatively, F is 

prepared by deprotonation of isolated C with [Li][N(SiMe3)2] and oxidation of F with 

[Cp2Fe][PF6] gives D.  These results are best explained by starting with the initial formation 

of the cation radical.  Radical coupling yields C.  Deprotonation of C to F and oxidation of 

F to D explains the different products obtained under the different reaction conditions.  

Thus addition of A/B to [Cp2Fe][PF6] generates C without any significant amounts of strong 

basic A/B being present in solution, and C is the observed final product.  With addition of 

[Cp2Fe][PF6] to A/B, C is generated in the presence of A/B, which readily deprotonates C, 

giving the mixture of F and E.  The reaction stops with 0.5 equivalent of [Cp2Fe][PF6], but 

with 1 equivlanet of [Cp2Fe][PF6], the remaining [Cp2Fe][PF6] oxidized F to D (Scheme 

1.14).  
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Scheme 1. 14.  Oxidative coupling of tautomeric mixtures of the late transition metal imido and amido 
complexes Rh2(μ-NPh)(CO)2(μ-DPPM)2 and Rh2(μ-NHPh)(CO)2(μ-DPPM)(μ-DPPM-H). 
 
 

Our group has reported that oxidation of TpRuL2(NHPh) (L = PMe3, P(OMe)3, or CO) 

complexes produces aryl coupled products via aromatic C-H bond cleavage.120  A possible 

pathway for the C-C bond formation is the generation of radical complexes via 

single-electron oxidation, and delocalization of the radical into the amido aryl rings.  

Subsequent C-C bonding formation, deprotonation and oxidation yields the binuclear 

products (Scheme 1.15). 
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Scheme 1. 15.  Possible pathway for the oxidative coupling of ruthenium amido complexes. 
 

1.4.5 Hydrogen atom abstraction 

Late transition metal complexes in relatively high oxidation states with formally 

anionic or dianionic heteroatomic ligands can initiate net hydrogen atom abstraction for 

reactions with substrates that possess relatively weak C-H bonds.  The hydrogen atom 

abstraction formally reduces the metal center by one electron (Scheme 1.16).  Given the 

abstraction of a hydrogen atom is the formal addition of an electron to the metal and a proton 

to the heteroatomic ligand, these reactions often depend on the redox potential of the 

complex and the basicity of the heteroatomic ligand.  

 

Scheme 1. 16. Late transition metal complexes with non-dative heteroatomic ligands can abstract 
hydrogen atoms from relatively weak C-H bonds. 

 

The Theopold group has reported that the exposure of a C6D6 solution of Tpt-Bu, 

MeCo-H to an excess of O2 gas at room temperature results in a rapid formation of complexes 

Tpt-Bu, MeCo(O)2 and Tpt-Bu, MeCo-OH in approximately equal amounts.121, 122  In contrast, 
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exposure of solid Tpt-Bu, MeCo-H to O2 gas resulted in a new cobalt complex (G) and minor 

amounts of Tpt-Bu, MeCo-OH (Scheme 1.17).  Structural characterization of complex G 

revealed that one of the hydrogen atoms of a tert-butyl group had been replaced with an 

oxygen atom that also bonded to cobalt, thus forming a cobant(II) alkoxo featuring a 

six-membered ring.  The proposed mechanism starts with a migratory insertion of 

coordinated O2 into the Co-H bond.  The O-O bond of  the intermediate Tpt-Bu, MeCo-OOH 

is weak, and homolytic cleavage of the O-O bond generates a terminal cobalt oxo species 

(Tpt-Bu, MeCo=O ↔ Tpt-Bu, MeCo-O·) and hydroxyl radical.  Starting from this point, the 

mechanism depends on whether it is in solution or in the solid state.  In solution, the cobalt 

oxo species could abstract weakly bonded hydrogen from Tpt-Bu, MeCo-OOH in a bimolecular 

reaction yielding Tpt-Bu, MeCo(O)2 and Tpt-Bu, MeCo-OH in approximately equal amounts.  In 

contrast, in the solid state, the movement of both cobalt oxo and hydroxyl radical is limited.  

The hydroxyl radical likely abstracts a hydrogen atom from the nearest methyl group.  The 

resulting primary radical would then combine with the Co-O· moiety to form G.  The small 

amount of Tpt-Bu, MeCo-OH is probably produced from diffusion of the reaction product water 

to unreacted Tpt-Bu, MeCo-H (Scheme 1.17). 

 

Scheme 1. 17.  Hydrogen atom abstraction via a cobalt(II) hydroperoxo intermediate. 
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In 2003, Theopold and co-workers attempted to synthesize copper imido complex 

Tpt-Bu, MeCo=NSiMe3 by reacting trimethylsilyl azide (Me3SiN3) with Tpt-Bu, MeCo(N2), but 

the formation of a rare paramagnetic five-coordinate Co(III) complex H resulted (Scheme 

1.18).  It is believed that complex is formed from a hydrogen atom transfer from a tert-butyl 

group to the nitrogen of an imido intermediate (Tpt-Bu, MeCo=NSiMe3) to form a transient 

cobalt (II) complex with an alkyl radical.  Then the alkyl radical coordinates to cobalt. 

 

Scheme 1. 18.  Intramolecular hydrogen atom abstraction reaction by cobalt imido intermediate Tpt-Bu, 

MeCo=NSiMe3. 
 

1.5 Metal-mediated activation of carbon-hydrogen bond. 

Hydrocarbons are the main constituent of petroleum and natural gas, which are the 

primary feedstocks for the chemical industry. Therefore, transformations of saturated as well 

as aromatic hydrocarbons to more valuable products, such as alcohols, ketones, acids and 

other hetero-functionalized compounds, represent an extremely important field of chemistry.  

The development of more efficient catalysts for the functionalization of C-H bonds could 

reduce waste and conserve energy.  From a basic science viewpoint, the activation of inert 

C-H bonds under mild reaction condition is challenging.  It has been seen during the last 

few decades that transition metal complexes are capable of inserting into C-H bonds with a 

definitive predominance of second- and third-row transition metals.123-125, 12, 126-132  In 

general, significant regioselectivities are observed with a preference for reaction at the 
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terminal C-H bonds of alkanes and a preference for aromatic C-H activation over alkane C-H 

activation.  In a review paper by Bercaw et al., metal-mediated C-H activation has been 

classified into five categories: oxidative addition, σ-bond metathesis, metalloradical 

activation, electrophilic activation and 1,2-addition.126   

1.5.1 Oxidative addition 

Oxidative addition reactions are typical for electron-rich, low-valent complexes, such 

as Re, Fe, Ru, Os, Rh, Ir or Pt.  The bimolecular oxidative addition reaction results in an 

increase of oxidation state of the metal center by +2 via formation of an organyl hydride 

complex (eq 1.29).  Alkanes, arenes, alkenes, and monosubstituted acetylenes have been 

demonstrated to undergo C-H oxidative addition.  Oxidative addition process causes a 

formal two-electron oxidation of the metal center and requires the metal to be 1) 

coordinatively unsaturated for access to the metal valence orbitals, 2) electronically 

unsaturated for accommodation of the electrons supplied by the alkyl and hydride ligands in 

the oxidative addition product, and 3) capable to increase its oxidation state by +2.  

 

In the early 1980s the first examples of oxidative addition of alkanes to form alkyl 

hydride complexes were demonstrated by Bergman, Graham, Jones and coworkers in studies 

using iridium or rhodium complexs.  For example, irridiation of Cp*Ir(H)2(PMe3), 

Cp*Ir(CO)2, or Cp*Rh(H)2(PMe3) (Cp* = pentamethylcyclopentadienyl) in a hydrocarbon 

solvent results in the loss of dihydrogen or CO and C-H activation of the solvent (Scheme 

1.19).123, 133-136  However, the 16-electron Cp*ML fragments (M = Ir, L = PMe3, CO; M = 

Rh, L = PMe3) believed to be responsible for hydrocarbon oxidative addition are not directly 
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observed.  These unsaturated transition metal centers are exceptionally reactive, and 

reactions of these species with alkanes appear to be characterized by rapid rate (low energy 

barriers) for C-H oxidative addition.  The interaction between alkane electrons and unfilled 

metal orbital is believed to be analogous to coordination of dihydrogen and agostic 

complexes (Scheme 1.20).137-139  Reported selectivities for C-N oxidative addition generally 

show higher preferences for aryl and primary alkyl C-H bonds  

(i.e., PhH > primary alkyl > cycloalkyl).124, 140  This contrasts with selectivities observed for 

radical reactions, which show the reverse trend.  

 

Scheme 1. 19.  Oxidative addition reaction of hydrocarbons occur after the dissociation of H2 or CO 
to form an open coordination site. 
 

 

Scheme 1. 20.  Interaction of the C-H bonding electrons with an unfilled metal orbital, and metal 
dπorbital back-bonding to C-H σ* anti-bonding orbital. 
 
 
1.5.2 σ-Bond Metathesis 

σ-Bond metathesis involves the concerted addition of C-H bonds across M-X bonds, 

which is common for a) early transition metals with d0 electronic configurations or b) 

lanthanide systems.  These reactions lead to products in which only one of the alkyl or 
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hydrogen fragments is directly attached to the metal.  The oxidation state of the metal center 

does not change as a result of the reaction (eq 1.30).141 

 

The first well-characterized example of the reaction of methane with a homogeneous 

organometallic complex was reported by Watson in 1983.  The lutetium methyl and hydride 

complexes Cp*2LuR (R = CH3, H) react with various sp2 and sp3 C-H bonds including 

degenerate reaction of Cp*2Lu(Me) with CH4 (Scheme 1.21).142  Significant work has been 

aimed at understanding the mechanisms of these activations.141  Kinetic studies on these 

reactions demonstrate first-order rate dependence upon the concentrations of both the metal 

complex and the alkane as well as large, negative entropies of activation.  These suggest an 

associative mechanism and significant organization in the transition state.  These 

mechanistic data are supportive of a [2 + 2] σ-bond metathesis mechanism involving a 

four-center transition state as shown in Scheme 1.21.141   

 

Scheme 1. 21. C-H activation of benzene and methyl by a lutetium methyl complex through a [2 + 
2] σ-bond metathesis mechanism. 
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 σ-Bond metathesis processes can exhibit kinetic selectivity.  Studies have shown that 

both electronic and steric considerations are important in determining the substrate reactivity.  

Bercaw and Marks groups have shown that C-H bonds with more s-orbital character react 

faster than those with more p-orbital character (sp > sp2 > sp3).143, 144  With sp3-hybridized 

C-H bonds, σ-bond metathesis reactions show selectivity toward less-hindered primary sites 

(cyclohexane is often used as a solvent due to its inert nature). 

1.5.3 Metalloradical activation 

One other important C-H activation mechanism is the unique porphyrin-based C-H 

activation system that involves a metal radical.  Wayland and co-workers have found that 

paramagnetic Rh(II) porphyrin complexes react with methane and certain other hydrocarbons 

between 23 ºC and 120 ºC to give equimolar amounts (in the methane case) of Rh-CH3 and 

Rh-H complexes (Scheme 1.22).145, 146   None of the porphyrin complexes investigated 

showed any reaction with benzene over a period of several weeks at 80 ºC, and these 

porphyrin complexes only activate the relatively weak alkyl C-H bond instead of the 

relatively strong arene C-H bonds in the reaction with toluene (Scheme 1.22).  This and 

other evidence suggest that these reactions take place via a linear, four-centered termolecular 

transition state in which two metal centers participate cooperatively, one attacking the 

methane (or methyl)  carbon center and the other abstracting a methane (or methyl) 

hydrogen.  One reasonable explanation for the lack of reactivity of aromatic C-H bond with 

Rh(II) porphyrin is steric effects.  For the radical reaction of aromatic C-H bond, it is 

difficult to form two bulky metalloradicals in the near-tetrahedral four-centered transition 

state.  The trimolecular transition state has strong steric effects when a nonlinear 
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four-centered array (M--C--H--M) formed and results in reacting only with alkyl C-H bond.  

Therefore, rhodium(II) porphyrins have complete selectivity for alkyl rather than aryl C-H 

bond activations. 

 

Scheme 1. 22. C-H activation by metalloradical pathway. 
 

1.5.4 Electrophilic activation 

Electrophilic substitution of C-H bonds of alkanes by late transition metal complexes 

has been shown to be a promising approach to the application of the hetero-functionalized of 

C-H bonds.  C-H activation reactions through electrophilic activation pathway usually 

involves late transition metal (Pd2+, Pt2+
, Pt4+, Hg2+, Tl3+) and a strongly polar medium such 

as water or an anhydrous strong acid.130   In this transformation, the electrophilic metal 

coordinates the hydrocarbon and liberates a proton.  Hence, the net reaction is exchange of 

M+ for H+.  the resulting organometallic complex can lead to a functionalized organic 

product by different pathways.  One example, shown in eq 1.31, is reductive elimination. 

 

The earliest example of metal-mediated C-H functionalization was the reaction of 

alkanes with chloroplatinum salts in aqueous solution reported by Shilov and coworkers in 

1969 (eq 1.32).147  In 1983, Shilov and coworkers proposed a mechanism for this reaction 
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with three basic steps (Scheme 1.23).  First, the Pt(II) complex activates the alkane to 

generate an alkylplatinum(II) intermediate. Second, an alkylplatinum(IV) species is formed 

by a net two-electron oxidation (originally, PtIV was used as the oxidant) of the 

alkylplatinum(II) intermediate. Finally, reductive elimination from the alkylplatinum(IV) 

species forms RX (X = Cl or OH) and regenerates the Pt(II) catalyst.  Others have exploited 

this general approach to develop catalysts for hydrocarbon partial oxidation based on Pt, Hg 

and other late metals where the metal likely initiates C-H activation by electrophilic 

substitution.148, 149 

 

 

Scheme 1. 23. Proposed catalytic cycle for the platinum-catalyzed oxidation of alkanes in aqueous 
solutions. 
 

1.5.5 1,2-Addition of C-H bonds across M=NR bonds. 

C-H bonds can be activated using metal-nitrogen double bonds through a 1,2-addition 

pathway (eq 1.33).  This reaction has some similarity to the traditional σ-bond metathesis 

(see above);  however, the ligand that receives a proton is an anionic (or dianionic) 

heteroatom-based ligand (rather than a hydrocarbyl or hydride ligand).  For example, it was 

reported by Wolczanski and coworkers that addition of methane and benzene C-H bonds 

across a transient zirconium imide forms a zirconium amido complex (eq 1.34).150  
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Similarly, the Bergman group reported the addition of benzene C-H bonds into a monomeric 

imidozirconocene complex (eq 1.35).151  Similar to the σ-bond metathesis pathway, the 

activation of C-H bonds by imido metal species is believed to occur through a four-center 

transition state.  However, in these reactions the C-H bond adds across the metal-nitrogen 

double bond to generate an alkyl amido metal center (eq 1.33).   

 

 

 

The reason that electropositive early transition metal imido complexes with d0 

electron counts can be employed for the activation of C-H bonds is probably due to the fact 

that the early transition metal centers are electrophilic in nature, which increases the 

predilection toward hydrocarbon coordination and activation.  The other possible reason for 

C-H bond cleavage by early transition metal imido complexes is the polarity of the 

metal-imido bond.152, 153  In the proposed transition state, the imido ligand serves to 

“deprotonate” an activated C-H bond (Chart 1.2).  Although early transition metal imido 

complexes can initiate C-H activation, the overall utility of this reaction is limited in part by 

the lack of metal redox flexibility.154  The product of the 1,2-addition is a very stable early 

transition metal amido complex due to the ligand π-donation to an empty orbital of an 
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electrophilic metal center.154, 155  The formation of new organic products requires N-C 

reductive elimination from the amido complex, which is disfavored for early transition metal 

amido complex (Scheme 1.24). 

 

Chart 1. 2. In the transition state, the imido ligand “deprotonate” an activated C-H bond.   

 

Scheme 1. 24. C-H activation by 1,2-addition across the M=N bonds using early transition metals.  
 

We have been interested in exploiting the reactivity of late transition metal amido, 

alkoxo and related complexes for the activation of non-polar bonds. One potential advantage 

of late transition metal systems over early transition metal systems is their redox flexibility. 

For example, isolable complexes of ruthenium are known for all eight oxidation states.6  

Therefore, late transition metal systems are more likely favorable than the early transition 

metal systems for catalytic cycles of metal center mediated two-electron reductive processes.  

However, reports of C-H activation across M-N or M-O for late transition metal systems 

were unknown prior to our work in this area.  Thus, we set out to study the ability of late 

transition metal amido, alkoxo and related systems to initiate C-H activation and to 

understand the impact of various metal features (e.g., oxidation state, ancillary ligand identity, 

metal identity) on the transformations. 
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1.6  Conclusion 

 Late transition metal complexes containing non-dative metal-oxygen or metal–nitrogen 

bonds play important roles in biological systems and industrially important catalytic 

reactions.10, 16  However, compared to early and middle transition metals, these late 

transition metal complexes are rare.  In addition, the nature of the M-O bond in alkoxo and 

hydroxo complexes, and M-N bond in amido and imido complexes is not fully understood.  

Our group has been studying the synthesis and reactivity of amido and oxide complexes of 

Ru, Cu, and Pt with the goal of understanding the chemistry of amido, oxide, imido and oxo 

ligands coordinated to high d-electron count metal centers.63, 64, 68, 80-82, 120, 156-166 

Late transition metal complexes with non-dative ligand have been interested in their 

potential application in both homolytic and heterolytic C-H bond activations.  The 

homolytic C-H bond breaking depends on the redox potential change of metal center and also 

ligand basicity, while heterolytic C-H activation depends on the ligand basicity because of 

the lower oxidation state at metal center (Scheme 1.25).  Some of these late transition metal 

complexes containing non-dative metal-oxygen or –nitrogen single bonds exhibit the ability 

to abstract a hydrogen atom from a weak C-H bond, suggesting that the metal-heteroatom 

bond could participate in homolytic reactions. This reaction is proposed to proceed through a 

radical mechanism.  The hydrogen atom abstraction reactions result in a change in formal 

metal oxidation state and are reliant upon the oxidizing ability of the transition metal center.  

In contrast, amido or oxide ligands possess nucleophilic and basic character, so that they 

could perform heterolytic C-H bond activation by deprotonating weak acids and undergo 

reactions with electrophiles. In some cases, this reactivity is remarkable as deprotonation of 
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very weak acids and attack at weak electrophiles is observed.  These types of reactivity will 

be discussed in detail in Chapter 3 through the study of octahedral Ru(II) and Ru(III) 

complexes with nondative heteroatomic ligands. 

 

Scheme 1. 25. C-H activation by late transition metal complex with non-dative ligand. 
 

We are interested in exploiting the reactivity of late transition metal amido, hydroxo 

and alkoxo complexes for the activation of non-polar bonds.  The activation of C-H bonds 

across transition metal heteroatom bonds through 1,2-addition pathway could provide key 

steps in catalytic cycles for the production of heter-functionalized products from 

hydrocarbons.  One possible catalytic cycle for C-H functionalization involving the 

1,2-addition of C-H bonds across M-X bonds (X = amido, alkoxo) is shown in Scheme 1.26.  

This catalytic cycle includes three key steps: 1) the 1,2-addition of a C-H bond occurs across 

a metal-amido or metal-alkoxo ligand, 2) dissociation of alcohol or amine, and 3) net oxygen 

atom or nitrene insertion into the newly formed M-R (R= hydrocarbyl) bond.  The first step 

is potentially related to C-H activation of hydrocarbons by early transition metal imido 

complexes in that they involve the net 1,2-addition of C-H bonds across a metal-heteroatom 

bond.  One potential advantage of late transition metal systems over early transition metal 

systems is their redox flexibility.  To our knowledge, examples of net 1,2-addition of C-H 
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bond (even electron transformations) across M-X bonds (X= heteroatom) are rare for late 

transition metal systems in relatively low oxidation states.161, 167  Our study on C-H 

activation through 1,2-addition pathway by late transition metal complexes with non-dative 

ligands will be discussed in detail in Chapter 2. 

 

Scheme 1. 26. Possible pathway for catalytic 1,2-addition across late transition metal-heteroatom 
bonds. 
 

Fundamentally, we are interested in the reactivity of late transition metal complexes 

with non-dative heteroatomic ligands and impact of various factors that affect the metal 

non-dative bond, such as metal identity, metal oxidation state, substituents on the non-dative 

ligand, as well as ancillary ligand identity (Figure 1.2).   

 

Figure 1. 2. Impact of various factors on the reactivity of the metal complexes with non-dative 
ligands. 
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Chapter 2 

2.1 Introduction 

Hydrocarbons are the major constituents of petroleum and natural gas.  As a result, 

the efficient manipulation and hetero-functionalization of hydrocarbons has been of 

long-standing interest.  The use of transition metal-mediated activation of carbon-hydrogen 

bonds offers substantial potential to selectively functionalize hydrocarbons.12, 126, 168-171  As 

discussed in Chapter 1, the activation of C-H bonds by transition metal complexes can 

proceed by multiple pathways, such as oxidative addition, σ-bond metathesis, metalloradical 

activation, electrophilic activation and 1,2-addition.126  The 1,2-addition of C-H bonds 

across transition metal heteroatom bonds could provide key steps in catalytic cycles for the 

production of hetero-functionalized products from hydrocarbons.  Two possible catalytic 

cycles for C-H functionalization involving the 1,2-addition of C-H bonds across M-X bonds 

(X = amido, imido, oxide, alkoxo, etc.) are shown in Scheme 2.1.   

Route A in Scheme 2.1 illustrates C-H functionalization with three key steps: 1) 

1,2-addition of a C-H bond across a metal-oxide or metal-imido bond, 2) O-C or N-C 

reductive elimination, and 3) formal oxidation of the metal to reform the oxide or imido 

complex.  Limited experiments of 1,2-addition of C-H bonds across early transition metal 

imido bonds have been reported,150-153, 172-181 and such transformations are potentially useful 

since subsequent N-C reductive elimination (RE) would produce a free amine; however, RE 

is often a high-energy reaction for electropositive early transition metals and likely to be 

kinetically and thermodynamically unfavorable.  In contrast, N-C and O-C reduction 

reactions form the foundation of routes to arylamines and arylethers using late transition 
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metal catalysts.15, 17  Thus, it is anticipated that accessing the net addition of C-H bonds 

across late transition metal M-X bonds (X = anionic N or O-based ligand) could ultimately 

lead to the development of routes for hydrocarbon functionalization.   

 

Scheme 2. 1.  Possible routes for catalytic 1,2-addition across metal-heteroatom bonds (X = O, S 
or NR). 
 

Route B (Scheme 2.1) illustrates an alternative catalytic cycle with three key steps: 1) 

the 1,2-addition of a C-H bond occurs across a metal-amido or metal-alkoxo ligand, 2) 

dissociation of alcohol or amine, and 3) net oxygen atom or nitrene insertion into the newly 

formed M-R (R = hydrocarbyl) bond.  Although odd-electron hydrogen atom abstraction by 

non-dative heteroatomic ligands coordinated to oxidizing metal centers are known (see below 

for brief discussion),182-184 to our knowledge, examples of net 1,2-addition of C-H bonds 

(even-electron transformations) across M-X bonds (X = heteroatom) are rare for late 

transition metal systems in relatively low oxidation states.161, 167, 185   For example, other 

than our own studies, which will be discussed in the following sections, Periana et al. 

reported concurrent with our initial publication that an Ir(III) methoxo system reacts with 

benzene to produce an Ir(III) phenyl complex and methanol.167  Similarly, an analogous 

iridium hydroxo complex reacts with benzene to form an Ir(III) phenyl complex and water 

(Scheme 2.2).167, 186  These transformations are potentially related to C-H activation of 
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hydrocarbons by early transition metal imido complexes in that they involve the net 

1,2-addition of C-H bonds across a metal-heteroatom bond.  

 

Scheme 2. 2.  C-H activation of benzene by iridium-methoxo or hydroxo complexes (py = 
pyridine). 

 

Late transition metal complexes with non-dative heteroatomic ligands have been 

demonstrated to initiate net hydrogen atom abstraction reactions, which is a ligand-centered 

process and does not involve direct interaction of the metal with the C-H bond being broken.   

These reactions usually require relatively high oxidation states for the metal with the 

homolytic C-H bond cleavage formally reducing the metal center by one electron.  In 

addition, the reaction typically involves substrates that possess relatively weak C-H bonds.  

In contrast, 1,2-addition of C-H bonds across late transition metal oxide or imido bonds 

remains, to our knowledge, unknown.  In addition, reports on 1,2-addition of C-H bonds 

across late transition metal alkoxo and amido bonds are still limited.  This process is 

metal-centered and involves direct interaction of the metal center with the C-H bond being 

broken. Moreover, 1,2-addition requires relatively low oxidation state, and the formal 

oxidation state do not change during the reaction.  These late transition metal complexes 
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with alkoxo or amido ligands could break relatively strong C-H bonds (e.g. methane and 

benzene). 

In addition to the C-H activation step, oxo or nitrogen functionalization of the M-R or 

methyl-hydrocarbyl bonds is a substantial challenge to the development of catalytic cycles 

shown in Route B.  For example, insertions of oxo ligands into metal-alkyl (or aryl) bonds 

are extremely rare, especially under non-photolytic conditions.187, 188  However, Periana et 

al. have recently reported kinetically facile conversions of a ReVII–methyl ligand and external 

oxidants (e.g. H2O2, PyO, IO4
-, PhIO) to a Re-OMe linkage, and they have proposed that the 

key to the relatively low activation barriers is a mechanism that does not involve a 

rhenium-oxo ligand but rather resembles the classic organic Baeyer-Villiger reaction 

(Scheme 2.3).189  Thus, both of the reaction steps for catalytic oxy-functionalization of C-H 

bonds by Route B in Scheme 2.1 have been observed to be kinetically accessible under 

reasonably mild reaction conditions using late transition-metal systems. With a better 

understanding of both reactions, it might be possible to link the two steps with a single 

catalyst.  

 

Scheme 2. 3.  Conversion of Re-methyl ligand to Re-OMe. The calculated activation barrier is 17 
kcal/mol for the Baeyer-Villiger Type Pathway and 25 kcal/mol for η2-peroxo pathway. 

 



51 

In this chapter, detailed studies of H/D exchange between deuterated arenes and a 

Ru(II)-X (X = OH, NH2, NHPh, OPh, SH, Cl, OTf, Me or Ph) ligands for which the 

proposed pathway involves net addition of C-H (D) bonds across the Ru-X bond will be 

discussed. 

2.2 Results and Discussion 

2.2.1 Syntheses of ruthenium complexes with non-dative ligands, including 

TpRu(PMe3)2OH (1), [TpRu(PMe3)2]2(μ-OH) (3), TpRu(PMe3)2SH (4), 

TpRu(PMe3)2OPh (5) and TpRu(PMe3)2OMe (6).  

The complexes of TpRu(PMe3)2OTf (2), TpRu(PMe3)2Ph (7), TpRu(PMe3)2NHPh (8), 

TpRu(PMe3)2Me (9), TpRu(PMe3)2NH2 (10), TpRu(PMe3)2Cl (11), and 

TpRu(PMe3)(NCMe)Ph (12) have been prepared and reported by former or current Gunnoe 

group members: Dr. David M. Conner (complexes 2, 8, 10, 11), Dr. Marty Lail (complexes 7 

and 9), and Nicholas A. Foley (complex 12).66, 161, 162, 190   Synthesis and fully 

characterization of complexes TpRu(PMe3)2OH (1),  Tf} (3), TpRu(PMe3)2SH (4), 

TpRu(PMe3)2OPh (5) and TpRu(PMe3)2OMe (6) are shown below.161, 162  

Through metathesis of a ruthenium triflate complex with alkali metal alkoxides, 

aryloxide, or sulfide, the attempt to make TpRu(PMe3)2OH (1) started with refluxing 

TpRu(PMe3)2OTf (2) with excess NaOH in toluene for four days (eq 2.1).  

 

A binuclear ruthenium intermediate {[TpRu(PMe3)2]2(μ-OH)}{OTf} (3) was 

observed after two days of reflux (eq 2.2).  Broad resonances at aromatic region were 

observed due to the pyrazolyl peaks and OH resonance was too broad to be observed in the 
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1H NMR spectroscopy (Figure 2.1).  Additional heating (4 days total) of complex 3 in 

toluene with NaOH provides TpRu(PMe3)2OH (1) (eq 2.2).  In order to improve the 

synthetic efficiency, complex 2 was reacted with excess CsOH·H2O in refluxing toluene. 

Using this procedure, TpRu(PMe3)2OH (1) was produced in 24 hours in 60% isolated yield 

(eq 2.3).   

 

 

Figure 2. 1. 1H NMR spectrum of {[TpRu(PMe3)2]2(μ-OH)}{OTf}(3) in C6D6. 
 

1H NMR spectroscopy, 13C NMR spectroscopy, elemental analysis data, and a 

solid-state X-ray diffraction study of 1 were used to confirm its structure as a monomeric 

octahedral Ru(II) hydroxo complex (Figure 2.2, 2.3, 2.4 and Table 2.1). The 1H NMR 

spectrum shows a broad peak at -4.46 ppm due to the hydroxide resonance (Figure 2.2), and 

the chemical shift value is comparable to those previously reported neutral mononuclear 

hydroxoruthenium complexes: δΗ −5.57 for Cp*RuOH(PMe3)2;52 -5.41 for 

trans-(dmpe)2RuOH(H);88, 191 and -5.07 for TpiPr2RuOH(dppe).192  TpRu(PMe3)2OH (1) 
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adopts a distorted octahedral coordination geometry with the Tp, OH, and P(Me)3 ligands 

close to the 90° L-M-L bond angel: 81.4(2)-98.3(1)°.  The Ru1-O1 bond length of 2.083(3) 

Å is comparable to those reported for mononuclear hydroxoruthenium complexes, 

RuOH(NO2)2(NH3)2(NO) (1.945(10) Å), [(η6-C5Me4CH2)RuOH(Me2NCH2CH2NMe2)]+ 

(1.990(3) Å) and TpiPr2RuOH(dppe) (2.067(4) Å).192, 193 

 

 

Figure 2. 2. 1H NMR spectrum of TpRu(PMe3)2OH (1) in C6D6. 
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Figure 2. 3. 13C NMR spectrum of TpRu(PMe3)2OH (1) in C6D6 

 

Figure 2. 4. ORTEP (30% probability) of TpRu(PMe3)2OH (1) (most H-atoms are omitted for clarity).  
Selected bond lengths and angles: Ru1-O1 = 2.083(3) Å; Ru1-P1 = 2.255(2) Å;  Ru1-P2 = 2.274(1) Å;  
N2-B1 = 1.547(7) Å;  N4-B1 = 1.529(7) Å;  N6-B1 = 1.552(7) Å;  Ru1-N5 = 2.201(4) Å;  Ru1-N1 = 
2.132(3) Å;  Ru-N3 = 2.168(4) Å; O1-Ru1-N1 = 87.7(1)°;  N5-Ru1-N1 = 88.1(1)°;  N5-Ru1-N3 = 
86.9(1)°;  N1-Ru1-N3 = 81.4(1)°; N5-Ru1-P1 = 93.4(1);  N1-Ru1-P1 = 89.6(1);  N3-Ru1-P1= 171.3(1);  
O1-Ru1-N3 = 88.1(1)°;  O1-Ru1-P1 = 90.9(1)°;  O1-Ru1-P1 = 85.6(1)°;  N5-Ru1-P2 = 98.3(1)°; 
N1-Ru1-P2 = 172.6(1)°;  N3-Ru1-P2 = 95.3(1) °;  P1-Ru1-P2 = 92.94(4)°. 
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The hydrosulfido complex TpRu(PMe3)2SH (4), which is isoelectronic to 1, was 

isolated in 57% yield after refluxing the triflate complex TpRu(PMe3)2OTf (2) (OTf = 

trifluoromethanesulfonate) with NaSH•xH2O in toluene for 24 hours (eq 2.4).  Complex 4 is 

characterized by resonances for the Tp ligand that are consistent with the presence of a 

mirror plane of symmetry (1H and 13C NMR spectroscopy) and an upfield triplet (3JPH = 4 Hz, 

1H NMR) at –3.30 ppm due to the sulfido hydrogen (Figure 2.5).  For a closely related Re(I) 

complex (bpy)Re(CO)3SH, the resonance due to the hydrosulfido ligand (1H NMR) has been 

reported at –2.43 ppm.194  In addition, CpRu(PPh3)2SH and CpRu(CO)(PPh3)SH complexes 

have been reported with the resonances of SH at -3.15 ppm and -3.58 ppm, respectively.195  

 

 

Figure 2. 5. 1H NMR spectrum of TpRu(PMe3)2SH (4) in C6D6. 
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Figure 2. 6. 13C NMR spectrum of TpRu(PMe3)2SH (4) in C6D6 
 

TpRu(PMe3)2OPh (5) is prepared by refluxing a toluene solution of 2 and 

NaOPh٠3H2O (eq 2.5).  In addition to 1H and 13C NMR spectra, TpRu(PMe3)2OPh (5) has 

been characterized by a single-crystal X-ray diffraction study (Figure 2.9).  Data collection 

parameters are listed in Table 2.1, and the ORTEP of 5 is shown in Figure 2.9.  Complex 5 

is composed of a pseudo-octahedral coordination sphere without significant deviation from 

the octahedral geometry. The Ru-O bond distance is 2.102(2) Å, which is slightly longer than 

the Ru-O distance {2.083(3) Å} of 1.161  The Ru-O bond length of complex 5 is comparable 

with that of the previously reported (η3-allyl)(phenoxo)ruthenium (II) complex 

Ru(OPh)( η3-C3H5)(PMe3)3 {Ru-O = 2.192(4) Å }.196  The bond angle P1-Ru-P1 is 
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103.89(3)º, which is larger than the same bond angle {93.26(4)º} of complex 1, probably due 

to the steric profile of the phenoxo ligand compared to the small hydroxo ligand.   

 

 
Figure 2. 7. 1H NMR spectrum of TpRu(PMe3)2OPh (5) in C6D6. 
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Figure 2. 8. 13C NMR spectrum of TpRu(PMe3)2OPh (5) in C6D6. 

 

Figure 2. 9. ORTEP (30% probability) of TpRu(PMe3)2OPh (5) (note: hydrogen atoms are omitted 
for clarity).  Selected bond lengths (Å): Ru1-N1 2.069(2), Ru1-O1 2.102(2), Ru1-N3 2.145(2), Ru1-P1 
2.2991(6), N1-N2 1.358(3), N2-B1 1.535(4), O1-C7 1.300(3).  Selected bond angles (º):  N1-Ru1-O1 
171.60(8), N1-Ru1-N3    88.51(6), N3-Ru1-N3' 80.67(9), N1-Ru1-P1 89.54(4), N3'-Ru1-P1 168.24(5), 
N3-Ru1-P1 87.69(5), O1-Ru1-N3 85.09(6), O1-Ru1-P1 95.62(4), P1-Ru1-P1' 103.89(3), C7-O1-Ru1 133.2(2), 
O1-C7-C8 125.9(3), O1-C7-C12 118.9(3). 
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Table 2. 1. Selected Crystallographic Data and Collection Parameters for TpRu(PMe3)2OH (1) and 
TpRu(PMe3)2OPh (5). 

 Complex 1 Complex 5 
empirical formula C15H29BN6OP2Ru C21H33BN6OP2Ru 

formula wt 483.26 559.35 
crystal system monoclinic orthorhombic 
space group P21/n Pnma 

a, Å 15.1322(9) 16.088(1) 
b, Å 19.277(1) 12.981(1) 
c, Å 30.218(2) 12.263(1) 

V (Å3) 8698.6(9) 2561.1(4) 
Z 16 4 

Dcalcd, g cm-3 1.476 1.451 
crystal size (mm) 0.06 x 0.22 x 0.46 0.18 x 0.40 x 0.40 

R1, wR2 {I>2σ(I)} 0.0490, 0.1019 0.0246, 0.0622 
GOF 0.980 1.064 

 

 TpRu(PMe3)2OMe (6) has been isolated in 51% yield after reflux of the triflate complex 

TpRu(PMe3)2OTf (2) with NaOMe in toluene for 24 hours and product work up (eq 2.6).  

The 1H NMR and 13C NMR spectra of 6 show the resonances due to methoxo ligand at 3.59 

ppm as broad singlet and 60.7 ppm, respectively (Figure 2.10, 2.11).  
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Figure 2. 10.  1H NMR spectrum of TpRu(PMe3)2OMe (6) in C6D6. 

 

Figure 2. 11.  13C NMR spectrum of TpRu(PMe3)2OMe (6) in C6D6. 
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2.2.2 Hydrogen/Deuterium Exchange at the Non-Dative Ligand X for 

TpRu(PMe3)2X.  

Heating TpRu(PMe3)2OH (1) (80 ºC) in C6D6 results in H/D exchange at the hydroxo 

ligand to produce TpRu(PMe3)2OD (1-d1)  as indicated by both 1H and 2H NMR (eq 2.7).  

The combination of 1 (~ 1.6 mol %), H2O and C6D6 results in catalytic H/D exchange to 

produce C6DxHy (x + y = 6) as indicated by an increase in the resonance due to benzene in 

the proton NMR spectrum.  After 172 hours at 100 ºC a total of 10 catalytic turnovers for 

H/D exchange are observed with only slight catalyst decomposition.  Control reactions in 

the absence of TpRu(PMe3)2OH or using TpRu(PMe3)2OTf do not yield H/D exchange 

between H2O and C6D6.  Examples of metal-catalyzed H/D exchange that incorporate water 

are relatively scarce.197 

 

A possible mechanism for the H/D exchange (Scheme 2.4) proceeds through ligand 

dissociation (Scheme 2.3 depicts dissociation of PMe3) and reversible addition of a benzene 

C-D bond across the Ru-OH bond to produce the unobserved complex 

TpRu(PMe3)(Ph)(HOD).  The reverse of these steps would form 1 and provide a pathway 

for H/D scrambling between the hydroxo ligand and C6D6.  Consistent with the proposed 

pathway, during the course of the stoichiometric reaction between 1 and C6D6, the extent of 

disappearance of hydrogen at the hydroxo ligand is matched by the rate of hydrogen 

incorporation into benzene as determined by 1H NMR spectroscopy.  Subsequent reaction 
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of the Ru-OD complex with H2O provides a route for the observed catalytic H/D exchange 

between H2O and C6D6 (Scheme 2.5). 

 

Scheme 2. 4.  Proposed pathway for H/D exchange between 1 and C6D6 (80 ºC to 100 ºC). 

 

Scheme 2. 5.  Catalytic H/D exchange between H2O and C6D6. 
 

Kinetic studies reveal that H/D exchange at the hydroxo ligand of 1 in C6D6 is 

first-order with kobs = 8.0(2) x 10-5 s-1 (80 ºC, t1/2 ~ 2.4 hrs).  This rate of H/D exchange 

suggests a more active catalyst for H/D scrambling between H2O and C6D6 than has been 

observed; however, the poor solubility of H2O in benzene likely slows the rate of catalysis.  

The addition of 10 mol % of TpRu(PMe3)2OTf  (precursor to 1) to a solution of 1 and C6D6 

does not increase the rate of H/D exchange at the hydroxo ligand of 1.  The presence of 

coordinating ligands suppresses the rate of H/D exchange at the hydroxo ligand as well as the 

rate of catalysis, which is consistent with a metal-mediated process.  For example, heating a 

solution of complex 1 in C6D6 in the presence of 0.1 equiv (based on 1) of PMe3 results in no 
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observable H/D exchange at the hydroxo ligand after 168 hours at 80 ºC.  The addition of 

the "non-coordinating" base 2,6-lutidine decreases the rate of H/D exchange at the hydroxo 

ligand (see below). 

In order for the proposed pathway to be viable, complex 1 must access a 

five-coordinate species on a timescale that is consistent with the observed H/D exchange at 

the hydroxo ligand.  Monitoring the rate of exchange of PMe3 upon combination of 

complex 1 with PMe3-d9 at 80 ºC reveals that kobs  = 1.7(1) x 10-4 s-1 (t1/2 ~ 68 min).  Thus, 

the rate of PMe3 exchange is greater than the rate of H/D exchange and indicates that external 

substrates (e.g., C6D6) should have access to the coordination sphere on timescales that are 

more rapid than the observed H/D exchange. 

The reaction of 1 with toluene-d8 at 80 ºC also results in H/D exchange of the 

hydroxo ligand.  The kinetic selectivity (after statistical correction) for H/D exchange of 1 

in toluene-d8 is para:meta:ortho:methyl = 4.4:3.9:2.5:1.0 (eq 2.8).  The selectivity for para 

and meta positions over ortho and methyl positions is consistent with a metal-mediated 

process and suggests that the H/D exchange does not likely involve a hydrogen atom 

abstraction pathway, which would preferentially occur at the benzylic position.  Another 

possible pathway for the isotopic exchange is the creation of a source of H+.  For example, 

coordination of H2O or the presence of an acidic impurity could provide a source of H+ and a 

pathway for electrophilic aromatic substitution; however, the regioselectivity for toluene H/D 

exchange is inconsistent with addition of H+ to free toluene-d8.  For example, the 

para:meta:ortho selectivity for deuteration of toluene with DBr (25 ºC) has been reported as 

approximately 1000:1:167 while selectivity of toluene deuteration with D2O/perfluoroacetic 
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acid (25 ºC) has been reported as approximately 98:1:74.198  Furthermore, the rate of H/D 

exchange at the hydroxo ligand upon heating a toluene-d8 {kobs = 2.0(1) x 10-5 s-1 at 80 ºC} 

solution of 1 is approximately 4 times slower than that observed in C6D6 and is inconsistent 

with a pathway involving production of H+ with subsequent electrophilic aromatic 

substitution. 

 

In order for H/D exchange to occur by the pathway shown in Scheme 2.3, the 

conversion of 1 and benzene to free PMe3 and TpRu(PMe3)(Ph)(HOD) and/or 

TpRu(PMe3)2Ph (7) and water must be thermodynamically disfavored.  Otherwise, the 

proposed addition of C-H bonds would afford observation of TpRu(PMe3)(Ph)(HOD) or 7.  

Consistent with this notion, previous calculations and experimental results from our group 

suggest that the addition of methane to (PCP)Ru(CO)NH2 to produce (PCP)Ru(CO)(Me)NH3 

is thermally disfavored.68  Although PMe3 dissociation from 7 (t1/2 for exchange with 

P(CD3)3 at 80 ºC is ~ 235 min) is slower than for 1, the rate of ligand exchange provides 

access to {TpRu(PMe3)(Ph)} on a timescale that is reasonable to potentially observe 

reactivity; however, reactions of 7 in solvents in which water is miscible result in either 

decomposition of 7 (e.g., CD2Cl2 or CDCl3) or likely competition with water for coordination 

(e.g., DMSO or CD3CN).  The potential reaction of 7 with methanol (in which 7 is soluble) 

to produce benzene and TpRu(PMe3)2OMe (6) provides a model for the reaction of 7 with 

water.  Although heating 7 in CD3OD at 100 ºC results in decomposition to multiple 

products, the formation of benzene (GC, 1H NMR) and TpRu(PMe3)2D as a reaction 
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intermediate is observed.  The observation of TpRu(PMe3)2D is consistent with the 

conversion of 7 and CD3OD to 6 since complex 6 in CD3OD at 100 ºC rapidly produces 

TpRu(PMe3)2D.  Thus, it is likely that TpRu(PMe3)2Ph (7) reacts with CD3OD to produce 

benzene and TpRu(PMe3)2OCD3 (6-d3) with subsequent conversion of 6 to TpRu(PMe3)2D 

via β-hydride (or deutoride) elimination (eq 2.9).  While these experiments do not provide 

direct evidence for the thermodynamic relationship of 7/H2O and 1/C6H6, they at least 

provide evidence that TpRu(PMe3)2Ph and ROH can convert to Ru-OR and C6H6 as 

predicted by the pathway in Scheme 2.3. 

 

The results delineated herein provide evidence for the net addition of aromatic C-H 

bonds across a Ru(II) hydroxo bond in a reaction sequence that is kinetically accessible yet 

thermodynamically unfavorable.  An alternative pathway to that shown in Scheme 2.3 is 

loss of PMe3, hydrogen migration to yield TpRuIV(O)(H)(PMe3) followed by C-H addition 

across the Ru=O bond;  however, formation of this putative RuIV oxo complex would be 

expected to rapidly produce Me3P=O (Scheme 2.6).  The generation of a "free" acid by 

deprotonation of 1 to generate [TpRu(PMe3)2(O)]- seems unlikely since it would form a 

likely high-energy anionic d6 oxo complex.  Such a complex would possess a ruthenium 

oxo single bond, which is, to our knowledge, without precedent.  Although the proposed 

C-H activation events are not directly observed, results reported herein suggest that late 

transition metal complexes with non-dative heteroatom-based ligands can be used to activate 
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C-H bonds in a process in which the metal center is involved in the C-H cleavage step 

(regardless of the specific mechanism of C-H activation).  

 

Scheme 2. 6.  Alternative pathway through the formation of Ru(IV) complex, which would likely 
form OPMe3 rapidly instead of breaking C-H bond of benzene. 
 

The anilido complex TpRu(PMe3)2NHPh (8) also initiates H/D exchange in C6D6; 

however, higher temperatures are required relative to the hydroxo complex 1.  The 

15N-labeled complex TpRu(PMe3)2(15NHPh) (8-15N) has been prepared starting from 

isotopically enriched 15N-aniline. The resonance due to the amido hydrogen of 8-15N appears 

as sharp doublet with 1JNH = 69 Hz. (Figure 2.12). Heating 8-15N in C6D6 at 130 ºC results in 

the disappearance of the resonance due to the amido hydrogen with kobs = 1.4(2) x 10-5 s-1 (eq 

2.10).  Similar to complex 1, the rate of phosphine exchange for complex 8 is more rapid 

than H/D exchange at the anilido ligand (see below).  Simultaneous to the decrease in the 

resonance due to the hydrogen of the anilido ligand, the resonance due to protio benzene 

increases.  In contrast, and to our surprise, heating TpRu(PMe3)2SH (4) in C6D6 to 130 ºC 

results in no observed changes in the 1H NMR spectrum after 6 days (eq 2.11).  Under this 

conditions, complex 4 remains unchanged. 
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Figure 2. 12.  1H NMR of TpRu(PMe3)2(15NHPh) (8-15N) in C6D6. 
 

 

 

2.2.3 Hydrogen/Deuterium Exchange at the Tp 4-Positions of TpRu(PMe3)2OH (1).   

In addition to the H/D exchange at the hydroxo ligand of TpRu(PMe3)2OH (1), 

prolonged heating of 1 in C6D6 results in the observation of regioselective H/D exchange at 

the Tp 4-positions (eq 2.12).  2H NMR reveals only a minor amount of H/D exchange at the 
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Tp 3/5-positions and the trimethylphosphine ligands.  For example, monitoring a C6D6 

solution of 1 at 90 °C by 1H NMR spectroscopy for 150 hours reveals the disappearance of 

resonances due to the Tp 4-positions without substantial change in the resonances due to the 

Tp 3- or 5-positions or the PMe3 ligands.  The two unique resonances due to the symmetry 

inequivalent Tp 4-positions decrease at approximately the same rate.   

 

The incorporation of deuterium at both the Tp 4-positions and the hydroxo ligand (see 

above) has been confirmed by 2H NMR spectroscopy (Figure 2.13).  Only small resonances 

are observed due to deuterium incorporation at Tp 3/5 positions and the PMe3 ligands, which 

is consistent with analysis by 1H NMR spectroscopy for complex 1.  In excess C6D6, the 

H/D exchange at the Tp 4-positions follows first order kinetics with kobs = 5.2(2) x 10-6 s-1 at 

90 ºC.  Thus, hydrogen/deuterium exchange at the hydroxo ligand at 80 ºC (t1/2 ~ 2.4 hours) 

is approximately 15 times more rapid than the observed H/D exchange at the Tp 4-positions 

at 90 ºC (t1/2 ~ 37 hours).  Consistent with the relative rates of H/D exchange at the hydroxo 

ligand of 1, heating complex 1 in toluene-d8 results in regioselective H/D exchange at the Tp 

4-positions with the rate of H/D exchange in toluene-d8 {kobs = 1.1(3) x 10-6 s-1 at 90 ºC} 

being approximately 4.5 times slower than the same reaction in C6D6 {kobs = 5.2(2) x 10-6 s-1 

at 90 ºC}.   
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Figure 2. 13.  2H NMR spectrum of (Tp-d3)Ru(PMe3)2OD (1-d4) acquired at 75 ºC (note: the 
observation of a single Tp 4-position in the 2H NMR is due to broad lines and overlap. The resonance 
for benzene is due to residual C6D6). 
 
2.2.4 Attempted H/D Exchange with TpRu(PMe3)2X {X = OTf (2), SH (4), OPh (5), 

Ph (7), NHPh (8), Me (9), NH2 (10), Cl (11)}.   

Similar to TpRu(PMe3)2OH, heating a C6D6 solution of complex TpRu(PMe3)2OPh (5) 

to 130 ºC affords the regioselective H/D exchange at the Tp 4-positions with kobs = 1.5(2) x 

10-6 s-1.  Having observed H/D exchange at the Tp 4-positions with complexes 1 and 5, we 

extended our studies to the complexes TpRu(PMe3)2X (X = Cl, OTf, Me, Ph, NHPh, SH or 

NH2) (the rates of H/D exchange reaction at the 4-positions of Tp ligands of the complexes 

TpRu(PMe3)2Me and TpRu(PMe3)2Ph were obtained by Dr. Marty Lail).65, 66, 161 Table 2.2 

summarizes the results.  Upon thermolysis (90 ºC) in C6D6, the parent amido complex 

TpRu(PMe3)2NH2 (10) undergoes rapid decomposition prior to observation of evidence for 

H/D exchange at either the amido ligand or the Tp 4-positions.  Heating TpRu(PMe3)2Cl 

(11), TpRu(PMe3)2OTf (2) or TpRu(PMe3)2SH (4) in benzene-d6 at temperatures between 90 
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ºC and 130 ºC for 22 days does not result in H/D exchange at the Tp 4-positions.  These 

solutions remain unchanged by 1H NMR spectroscopy.  In contrast, for TpRu(PMe3)2X (X 

= OH, NHPh, Me, Ph or OPh), H/D exchange at the Tp 4-positions is observed, albeit at 

different rates.  At 90 ºC, TpRu(PMe3)2NHPh (8) does not initiate the Tp 4 H/D exchange 

after 4 days.  However, heating a C6D6 solution of 8 to 130 ºC results in H/D exchange at 

the Tp 4-positions with kobs = 5.6(3) x 10-6 s-1.  Consistent with the hydroxo complex 1, H/D 

exchange at the Tp-4 ligand for 8 is slower than the rate of H/D exchange at the anilido 

ligand {kobs = 1.4(2) x 10-5 s-1, see above}.  Heating the previously reported aniline complex 

[TpRu(PMe3)2NH2Ph][OTf] in C6D6 results in an equilibrium with TpRu(PMe3)2OTf (2) and 

aniline (Keq = 0.11, 130 ºC) with no evidence of H/D exchange at the aniline ligand or Tp 

4-positions of 2.   

 

Table 2. 2. Observed rates of H/D exchange reaction at the 4-positions of Tp ligands of 
TpRu(PMe3)2X complexes (concentration of ruthenium complex = 0.14 mM; Decomp = 
decomposition). 

X Solvent Temp kobs (s-1) 
OH (1) C6D6 90 ºC 5.2(2) x 10-6 
OH (1) C6D5CD3 90 ºC 1.1(3) x 10-6 

NHPh (8) C6D6 130 ºC 5.6(3) x 10-6 
Me (9) C6D6 130 ºC 1.1(1) x 10-5 
Me (9) C6D5CD3 130 ºC 4.5(5) x 10-6 

Ph (7) C6D6 130 ºC 2.1(5) x 10-5 
OPh (5) C6D6 130 ºC 1.5(2) x 10-6 
SH (4) C6D6 130 ºC No rxn 
OTf (2) C6D6 130 ºC No rxn 
Cl (11) C6D6 130 ºC No rxn 

NH2 (10) C6D6 90 ºC Decomp 
 

With the observation that TpRu(PMe3)2OH (1) undergoes H/D exchange while 

TpRu(PMe3)2Cl (11) does not initiate the H/D exchange, we heated (90 ºC) a 1:1 molar ratio 
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of complex 1 and 11 in benzene-d6.  Under these conditions, the 1H NMR resonances of the 

Tp 4-positions of both 1 and 11 decrease (eq 2.13).  Unfortunately, due to overlap of the 

resonances of the Tp 4-positions for complexes 1 and 11, we are unable to discern whether 

the rate of H/D exchange is identical or if the exchange occurs at slightly different rates.  

The rate of exchange must at least be similar for 1 and 11 since both sets of Tp 4-position 

resonances disappear on approximately the same timescale.  This result seemingly indicates 

that the metal-mediated transfer of deuterium from C6D6 is an intermolecular process.  That 

is, complex 1 (or a derivative thereof) activates C6D6, and intermolecular transfer of 

deuterium to the Tp ligand of another Ru system (in this experiment, a Tp ligand of either 1 

or 11) occurs.  Thus, observed Tp H/D exchange would be dependent on the ability of the 

Ru complex to activate the arene rather than activation of the pyrazolyl fragment to receive 

the deuterium transfer.  However, we cannot rule out H/D exchange exclusively at complex 

1 followed by net OH/Cl metathesis between 1 and 11 since such a pathway would result in 

apparent H/D exchange for both complexes.  Heating a mixture of TpRu(PMe3)2OH (1) and 

TpRu{P(CD3)3}2Cl (11-d18) in C6D6 to 90 ºC results in the appearance of TpRu(PMe3)2Cl (eq 

2.14).  Thus, these experiments do not allow a differentiation between H/D exchange at the 

chloride complex 11 initiated by complex 1 and H/D exchange at 1 followed by net OH/Cl 

metathesis. However, reaction of 1 and 1-methylpyrazole in C6D6 clearly indicates that 

intermolecular H/D exchange is possible (see below). 
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2.2.5 Rates of PMe3 Exchange.   

Kinetic studies of PMe3 exchange in the presence of excess P(CD3)3 for 

TpRu(PMe3)2X complexes were performed, and the results are shown in Table 2.3.  The 

addition of 15 equivalents of trimethylphosphine-d9 to TpRu(PMe3)2X (X = OPh, OH, SH, 

NHPh, Ph, Me or Cl) in benzene-d6 at 80 ºC results in the disappearance of the resonance due 

to the PMe3 ligands (1H NMR) and an increase in the resonance due to the free PMe3 (eq 

2.15).  For complex 1, the rate of exchange is independent of PMe3-d9 concentration, which 

indicates that the phosphine exchange is likely a dissociative process.  A representative 

kinetic plot for the PMe3 exchange reaction of TpRu(PMe3)2NHPh (8) is shown in Figure 
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2.14.  The rate of PMe3 exchange for TpRu(PMe3)2OTf (2) could not be determined due to 

the previously reported formation of [TpRu(PMe3)3][OTf].67  For all systems in which H/D 

exchange is observed, the rate of PMe3 exchange is more rapid at 80 °C than the rate of H/D 

exchange at higher temperatures (90 °C or 130 °C). Thus, a mechanism for H/D exchange 

that involves dissociation of PMe3 is feasible for all systems. 

 

Table 2. 3. The rates of PMe3 exchange reactions for TpRu(PMe3)2X and excess P(CD3)3 (rates 
determined by 1H NMR spectroscopy). 

Complex kobs 
TpRu(PMe3)2OPh (5) 2.6(2) x 10-4 s-1 
TpRu(PMe3)2OH (1) 1.7(1) x 10-4 s-1 

TpRu(PMe3)2NHPh (8) 6.1(4) x 10-5 s-1 
TpRu(PMe3)2Ph (7) 4.9(3) x 10-5 s-1 
TpRu(PMe3)2Me (9) 2.3(1) x 10-5 s-1 
TpRu(PMe3)2Cl (11) 9.4(4) x 10-6 s-1 
TpRu(PMe3)2SH (4) 7.3(1) x 10-6 s-1 

Reaction conditions: 0.14 mM in C6D6, 15 equivalents of P(CD3)3, 80 °C. 
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Figure 2. 14.  Representative kinetic plot for the PMe3 exchange reaction of TpRu(PMe3)2NHPh (2) 
and P(CD3)3 (R2 = 0.997). 
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2.2.6 Impact of Simple Salts and Non-Coordinating Base on H/D Exchange at the Tp 

4-Positions.   

In separate experiments, different salts (LiCl, MgCl2, NaOTf and CsCl) were added 

to C6D6 solutions of TpRu(PMe3)2Cl (11).  Heating these mixtures to 100 ºC for 7 days 

results in no change for either resonances due to the Tp 4-positions or the benzene resonance 

according to 1H NMR spectroscopy.  Furthermore, the addition of salts to TpRu(PMe3)2OH 

(1)/C6D6 solutions does not alter the rate of H/D exchange at the Tp 4-positions.  The 

addition of MgCl2 to a TpRu(PMe3)2OH (1)/C6D6 solution results in the formation of 

TpRu(PMe3)2Cl (11) at 90 ºC, and heating for a prolonged period of time does not result in 

the H/D exchange. 

The addition of the sterically hindered base 2,6-lutidine to a solution of complex 1 in 

C6D6 decreases the rate of H/D exchange at the hydroxo ligand (see above).  The addition of 

2,6-lutidine to complex 1 in C6D6 also inhibits the rate of H/D exchange at the Tp 4-positions 

with kobs for the H/D exchange at the Tp 4-positions decreasing linearly with increasing 

concentrations of 2,6-lutidine (Figure 2.15).  The rate of H/D exchange at the Tp 4-positions 

in the absence of 2,6-lutidine is approximately 1.5 times more rapid than in the presence of 1 

equiv of 2,6-lutidine.  High concentrations of 2,6-lutidine (beyond 3 equivalents based on 1) 

further suppress the rate of H/D exchange; however, at higher concentrations of base the 

competitive decomposition of complex 1 to multiple uncharacterized products  complicates 

detailed kinetic analysis.   
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Figure 2. 15.   Plot of kobs versus equivalents (based on 1) of 2,6-lutidine for H/D exchange at the Tp 
4-positions of TpRu(PMe3)2OH (1) in C6D6 at 100 ºC (R2 = 0.96). 

 

2.2.7 Reaction of TpRu(PMe3)2OH (1) and 1-Methylpyrazole in C6D6.   

Heating complex 1 in C6D6 with 1 equivalent (based on complex 1) of 

1-methylpyrazole results in H/D exchange at the hydroxo ligand, the Tp 4-positions and all 

three C-H bonds of the 1-methylpyrazole ring as determined by 1H NMR spectroscopy (eq 

2.16).  No evidence of H/D exchange at the methyl position of 1-methylpyrazole is 

observed by 1H NMR spectroscopy.  The rates of H/D exchange at the 4-position and 

5-position of 1-methylpyrazole are similar with kobs = 1.4 x 10-6 s-1 and 1.7 x 10-6 s-1, 

respectively.  Due to the overlap of the resonance of the 3-position of 1-methylpyrazole 

with Tp resonances of complex 1, the rate of H/D exchange at the 3-position of 

1-methylpyrazole cannot be determined in detail (qualitatively, the rate is similar to those 

observed for the 4- and 5-positions).  The rate of H/D exchange at the Tp 4-positions of 

complex 1 in the presence of 1-methylpyrazole (2.6 x 10-6 s-1) is slower compared to the rate 

in the absence of the 1-methylpyrazole  {5.2(2) x 10-6 s-1}.  Heating 1-methylpyrazole in 

neat C6D6 or in C6D6 with catalytic quantities of AlCl3, BF3 or CuCl does not result in 

evidence for H/D exchange between C6D6 and 1-methylpyrazole.  These results suggest that 
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complex 1 can activate benzene for intermolecular H/D exchange with external basic 

(including aromatic) substrates.    

 

 

2.2.8  Reactions in Non-Aromatic Solvents.   

After 12 hours, solutions of the hydroxo complex 1 in CD2Cl2 (40 ºC) or CDCl3 

(room temperature) yield clean formation of TpRu(PMe3)2Cl (11) (eq 2.17).  Heating 

complex 1 to 130 ºC in THF-d8 ultimately results in decomposition.  However, prior to 

complete decomposition, H/D exchange occurs as indicated by an increase in the resonances 

of THF-d8 as indicated by 1H NMR spectroscopy (eq 2.18).  The rate of incorporation of 

hydrogen into THF slightly favors the α-position.  Prior to heating, the integration of the 

residual protons indicates an approximate 1:1 ratio of α to β, and after 6 days of heating the 

relative ratio is 1.6:1.0.  After 6 days, a total of approximately 2 equivalents (based on Ru) 

of hydrogen are incorporated into the THF-d8.  Heating 1 in THF-d8 after decomposition is 

complete (6 days) results in no observed changes in the intensity of the resonances (relative 

to internal standard) due to the THF solvent after 4 days.  These results suggest that 

complex 1 initiates H/D exchange at the sp3-hybridized carbons of THF but that 

decomposition of 1 is kinetically competitive with the activation of THF (eq 2.18). 
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2.2.9 Preparation and Reactivity of TpRu(PMe3)(NCMe)Ph (12).   

 Nicholas A. Foley performed the synthesis and reactivity study of the complex 

TpRu(PMe3)(NCMe)Ph (12), and his work is cited here to provide complete discussion and 

understanding of the reactivity. 

 The nitrile ligand of 12 undergoes exchange with NCCD3 more rapidly than 

corresponding exchange of trimethylphosphine for complex 7.  For example, monitoring the 

disappearance of the resonance (1H NMR) due to the coordination nitrile of 12 at 60 ºC in 

NCCD3 reveals nitrile exchange with kobs = 1.4(2) x 10-4 s-1 {ΔG╪ = 25.4(1) kcal/mol}.  In 

contrast, exchange of PMe3 with free P(CD3)3 for the complex TpRu(PMe3)2Ph occurs at 80 

ºC with kobs = 4.9(3) x 10-5 s-1 {ΔG╪ = 27.8(1) kcal/mol}.  Heating complex 12 to 60 ºC in 

C6D6 results in H/D exchange at the phenyl ligand, H/D exchange at all three positions of the 

pyrazolyl rings, and the production of protio benzene.  The rates of exchange at all three 

4-positions are more rapid than the H/D exchanges at the Tp 3/5-positions.  In the subset of 

H/D exchange reactions at the Tp 4-positions and 3/5-positions, the rates of exchange are not 
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identical, and the minor differences are likely due to an electronic effect of the ligands trans 

to each pyrazolyl ring.  The resonance due to the 4-position of the pyrazolyl ring trans to the 

PMe3 ligand of TpRu(NCMe)(PMe3)Ph (12) can be readily identified due to long-range 

coupling between the hydrogen and phosphine ligand (6.10 ppm, dt with 5JHP = 1 Hz, Chart 

2.1).  At 60 ºC, this position (i.e., trans to PMe3) undergoes H/D exchange less rapidly than 

those trans to NCMe and phenyl ligands {kobs = 7.5(5) x 10-6 s-1 versus kobs = 9.2(5) x 10-6 s-1 

for the average of the pyrazolyl rings cis to PMe3}. 

 

Chart 2. 1. Long-range coupling between the hydrogen and phosphine ligand is 1 Hz. 
 

Incorporation of deuterium at the phenyl ligand was followed by monitoring the 

decrease of the resonance at 7.45 ppm due to the ortho position of phenyl ligand of 12 {kobs = 

5.9(8) x 10-5 s-1 at 60 ºC}.  Exchange of H/D can also be observed by monitoring the meta 

and para phenyl resonances.  2H NMR of the product reveals resonances consistent with a 

phenyl-d5 ligand of TpRu(PMe3)(NCMe)Ph-d5.  Furthermore, heating 

TpRu(PMe3)(NCMe)Ph-d5 in C6H6 and acquisition of 2H NMR of the product reveals the 

disappearance of these resonances.  We presume that H/D exchange at the phenyl ligand 

occurs through C-D activation of C6D6 (Scheme 2.7). 
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Scheme 2. 7.  Likely pathway for H/D exchange at the phenyl ligand of TpRu(PMe3)(NCMe)Ph 
(12). 
 

2.2.10 Mechanism of H/D Exchange.   

For the series of complexes TpRu(PMe3)2X, two distinct H/D exchange processes 

have been observed.  For X = OH, NHPh, Me, Ph or OPh extended thermolysis results in 

regioselective H/D exchange at the Tp 4-positions.  When X = OH or NHPh, H/D exchange 

occurs between the deuterated arene solvent and the non-dative ligand X.  For both of these 

systems, the H/D exchange at the non-dative ligand occurs more rapidly than the Tp 

4-position H/D exchange.  The lack of H/D exchange at the amine ligand of 

[TpRu(PMe3)2NH2Ph][OTf] is consistent with the basicity of the non-dative heteroatomic 

ligand (i.e., presence of a lone pair) playing a role in the H/D exchange at the hydroxo and 

anilido moieties. 

Table 2.4 shows ΔG╪ values for all of the H/D exchange reactions, which wre 

calculated using overall kobs values..  These results raise two important questions:  1) what 

is the likely mechanism for the H/D exchange processes and 2) what is the explanation for 
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the different predilections toward H/D exchange for the closely related series of systems 

TpRu(PMe3)2X? 

Table 2. 4. ΔG╪ values (kcal/mol) for all of the H/D exchange reactions for TpRu(PMe3)2X and 
TpRu(PMe3)(NCMe)Ph (12) (Tp-4 trans refers to pyrazolyl ring trans to PMe3; Tp-4 cis refers to the 
average of pyrazolyl rings cis to PMe3). 

X Exchange Solvent Temp ΔG╪ 
OH (1) OH(D) C6D6 80 oC 27.4(1) 
OH (1) OH(D) C6D5CD3 80 oC 28.4(1) 
OH (1) Tp C6D6 90 oC 30.2(1) 
OH (1) Tp C6D5CD3 90 oC 31.3(2) 

NHPh (8) NH(D)Ph C6D6 130 oC 32.8(1) 
NHPh (8) Tp C6D6 130 oC 33.5(1) 
OPh (5) Tp C6D6 130 oC 34.6(1) 
Me (9) Tp C6D6 130 oC 33.0(1) 
Me (9) Tp C6D5CD3 130 oC 33.7(1) 
Ph (7) Tp C6D6 130 oC 32.5(2) 

Ph (12) Tp-4 trans C6D6 60 oC 28.9(1) 
Ph (12) Tp-4 cis C6D6 60 oC 27.2(1) 
Ph (12) phenyl C6D6 60 oC 26.0(1) 

 

Scheme 2.8 depicts a pathway for the reaction of TpRu(PMe3)2X with C6D6 that 

accounts for the experimental observations.  Dissociation of a phosphine ligand provides an 

open coordination site to bind and activate benzene.  Consistent with the requirement of an 

open coordination site to observe H/D exchange, the addition of excess PMe3 suppresses both 

H/D exchange reactions.  It is proposed that Ru activates the benzene toward net transfer of 

D+.  There is no reliable experimental data to suggest the nature of the interaction between 

Ru and the C-D bond being broken; however, DFT studies suggest that activation of benzene 

C-H bonds by fragments of the type TpRu(L)(X) (X = alkyl or hydroxo) may occur by a 

σ-bond metathesis (or oxidative hydrogen migration, see below).161, 167, 199  If the ligand X 

possesses a lone pair (e.g., X = OH or NHPh), the intramolecular transfer of D+ to the 

non-dative ligand occurs rapidly relative to intermolecular transfer of D+.  Alternatively, the 
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generation of D+ can result in the intermolecular transfer to a basic site such as a pyrazolyl 

moiety of another Ru complex, 2,6-lutidine or 1-methylpyrazole.  For experiments 

incorporating complex 1, the addition of non-coordinating 2,6-lutidine sequesters D+ in 

competition with transfer to the hydroxo ligand or a pyrazolyl fragment and decreases the 

rate of deuterium transfer to hydroxo ligand or pyrazolyl.  The failure of TpRu(PMe3)2SH 

(4) to initiate H/D exchange at the sulfido ligand or the Tp 4-positions is consistent with both 

processes (i.e., intra- and intermolecular transfer of deuterium) having a similar origin (i.e., 

Ru-mediated activation of the deuterated arene).  For the H/D exchange at the Tp 

4-positions, the rate-determining step likely precedes D+ addition of the pyrazolyl since 

reaction rates are first order in ruthenium complex. 

 

Scheme 2. 8.  Proposed pathway for H/D exchange at the Tp 4-positions and non-dative 
heteroatomic ligand (when X = NHPh or OH) for TpRu(PMe3)2X (X = OH, NHPh, Me, Ph, or OPh), and 
H/D exchange in the presence of 2,6-lutidine or 1-methylpyrazole. 
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In order for the proposed pathway to be viable, the net 1,2-addition of C-H(D) across 

Ru-OH or Ru-NHPh bonds must be thermodynamically disfavored since products of the type 

TpRu(PMe3)(Ph)(XH) (X = OH or NHPh) and TpRu(PMe3)2Ph (7) are not observed.  

Computational studies for the addition of a C-H bond of benzene across the Ru-OH bond of 

complex 1 are consistent with this suggestion (see below).161  As anticipated based on our 

mechanistic hypothesis, heating a mixture of TpRu(PMe3)2Ph (7) and aniline in C6D6 (130 ºC) 

initially results in conversion to TpRu(PMe3)2NHPh (8) and benzene (eq 2.19); however, 

after extended heating decomposition begins to compete with the conversion and complicates 

a detailed analysis of the equilibrium.    

 

Transformations involving the Tp 4-positions of the parent Tp ligand are relatively 

rare; however, free pyrazole is susceptible to electrophilic attack at the 3-, 4-, and 5-positions 

with addition at the 4-position typically favored kinetically.200  Thus, the regioselective H/D 

exchange at the Tp 4-positions is consistent with the generation of D+ while the lack of 

regioselectivity for H/D exchange between C6D6 and 1-methylpyrazole is more difficult to 

rationalize.  However, for the more active system TpRu(PMe3)(NCMe)Ph (12), H/D 

exchange is observed at all three pyrazolyl positions of the Tp ligand (3-, 4- and 5-) with 

variable rates suggesting that ΔΔG╪'s are less pronounced for the more active Ru system. 

Given the similarity of the complexes TpRu(PMe3)2X, it is intriguing that for systems 

with X = Cl (11), OTf (2) or SH (4), H/D exchange at the Tp 4-positions (at temperatures up 
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to 130 ºC) is not observed.  Likewise, H/D exchange is not observed at the hydrosulfido 

ligand of complex 4.   Given the impact of electron density on the predilection of metal 

centers to activate C-H bonds, we compared the Ru(III/II) potentials (see Table 2.5) with 

propensity toward H/D exchange.  It was initially compelling that two of the systems which 

do not undergo H/D exchange, complexes 11 and 2, possess the most positive redox 

potentials; however, complex 4 is substantially more "electron-rich" and does not initiate 

H/D exchange.  While metal-based electron density may be important for coordination of 

the arene and/or activation of the C-H(D) bond toward transfer, it is not likely a "deciding 

factor" in whether or not the transformation is observed with a particular TpRu(PMe3)2X 

system. 

Table 2. 5. Results of cyclic voltammetry for TpRu(PMe3)2X (X = NHPh, OH, OPh, SH, Me, Ph, Cl, 
OTf).  Ru(III/II) potentials are versus NHE. 

TpRu(PMe3)2X complexes E1/2  Ru(III/II) 
TpRu(PMe3)2NHPh (8) -0.32 V 

TpRu(PMe3)2OH (1) 0.01 V 
TpRu(PMe3)2SH (4) 0.10 V 

TpRu(PMe3)2OPh (5) 0.21 V 
TpRu(PMe3)2Me (9) 0.23 V 

TpRu(PMe3)2Ph (7) 0.35 V 
TpRu(PMe3)2Cl (11) 0.64 V 
TpRu(PMe3)2OTf (2) 1.00 V 

 

We also compared the rate of PMe3 exchange (see Table 2.3) with ability to initiate 

H/D exchange at the Tp 4-positions.  It is perhaps noteworthy that complexes 11 and 4 

exhibit the slowest rate of PMe3 exchange, which supports the notion that the H/D exchange 

is likely a metal-mediated process that requires an open coordination site.  Furthermore, if 

data for complex 5 are omitted, a plot of ΔG╪ versus rate of PMe3 exchange gives a good 

linear fit (R2 = 0.96, Figure 2.16).  There is no theoretical reason why this plot should give a 
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good fit since factors other than rate of PMe3 dissociation certainly influence activation 

barriers.  For example, data for complex 5 do not correlate well with the trend; however, the 

plot in Figure 2.6 is consistent with the suggestion that rate of PMe3 dissociation is a 

substantial determinant in the rate of H/D exchange.  Thus, we propose that the H/D 

exchange reactions are dependent on generation of the 16-electron systems {TpRu(PMe3)X} 

and subsequent coordination of C6D6 to yield TpRu(PMe3)(η2-C6D6)X while other factors 

can impact the rate of the reaction including rate of benzene coordination, strength of bond 

with benzene and activation barrier for the C-H bond breaking step.  The rate of the C-H 

activation step is also likely to depend on several factors include metal electron-density and 

basicity of ligand "X."  Thus, while dissociation is likely required for C-H(D) activation to 

occur, other factors can dictate the overall activation barriers for the net reactions.  For 

complexes 4 and 11, the slow rate of PMe3 exchange suggests that formation of 

TpRu(PMe3)(η2-C6D6)X is likely suppressed relative to systems where X = OH, NHPh, OPh, 

Me or Ph, and hence C-H(D) activation is not accessed under conditions studied herein.  

Consistent with this proposal, TpRu(PMe3)(NCMe)Ph (12), which provides more rapid 

access to {TpRu(PMe3)(Ph)} than does TpRu(PMe3)2Ph (7), initiates H/D exchange more 

rapidly. 
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Figure 2. 16.  Plot of ΔG╪ for H/D exchange at the Tp 4-positions (at variable temperatures) 
versus kobs for PMe3 exchange for TpRu(PMe3)2X for X = OH, NHPh, Me and Ph. 
 

2.2.11 Comparison of C-H(D) Bond Cleavage with Related Ru(II), Fe(II), Ru(III) and 

Fe(III) Amido and Alkoxo/Hydroxo Complexes.   

Bergman et al. have accessed a series of octahedral Ru(II) and Fe(II) complexes 

which possess highly basic parent amido ligands.  The basicity of these systems has allowed 

observation of heterolytic cleavage of relatively acidic C-H bonds such as phenylacetylene, 

fluorene, 1,4-cyclohexadiene and the benzylic position of toluene.60, 89, 90, 155  We have 

demonstrated similar reactivity for some TpRu(II) complexes.65-67  Experimental studies 

provide evidence that reactions of these complexes with C-H bonds involve heterolytic C-H 

bond cleavage (i.e., acid/base reactions) and that the C-H bond may not interact with the 

metal center (i.e., the C-H bond cleavage is an intermolecular process).  For example, 

trans-(dmpe)2Fe(H)(NH2) (dmpe = 1,2-bis(dimethylphosphino)ethane) reacts with fluorene 

to produce an Fe(II) ammonium cation via deprotonation of the fluorene methylene group.60, 

65 Similarly, TpRu(PMe3)2NH2 (10) reacts with phenylacetylene to produce the directly 

observable (1H NMR spectroscopy) ion pair [TpRu(PMe3)2NH3][PhC2], and 

trans-(dmpe)2Ru(H)(NH2) reacts with Ph3CH to form an equilibrium with 
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[trans-(dmpe)2Ru(H)(NH3)][Ph3C].65, 67, 155  We propose that these transformations are 

mechanistically distinct from the reactivity of TpRu(PMe3)2X systems reported herein 

(Scheme 2.9).  A key piece of evidence involves observed reactivity with toluene-d8.  

While trans-(dmpe)2Ru(H)(NH2) reacts with toluene-d8 to initiate regioselective H/D 

exchange at the benzylic position only,155  TpRu(PMe3)2X (X = OH or NHPh) systems react 

with toluene-d8 to initiate H/D exchange at all four positions of toluene.  Thus, we suggest 

that a distinguishing and important comparative feature of these reactions is whether the 

metal center coordinates and activates the C-H(D) bond (i.e., intramolecular 1,2-addition) or 

an intermolecular heterolytic bond cleavage occurs (Scheme 2.9).  The two distinct 

pathways will exhibit distinct selectivities and activities for different classes of C-H bonds.  

The proposed net 1,2-additions of C-H bonds shown in Scheme 2.8 are also mechanistically 

distinct from hydrogen atom abstraction reactions by non-dative heteroatomic ligands of late 

transition metal systems in relatively high oxidation states (Scheme 2.9)182-184 since the latter 

transformations do not likely involve direct interaction of the C-H bond with the metal center 

(i.e., they are intermolecular in the C-H activation step) and involve single-electron reduction 

of the metal center.  For example, [FeIII(PY5)(OMe)][(OTf)2, which is a model for 

lipoxygenase enzyes, has shown that it readily oxidizes cyclohyxadiene to form benzene and 

the corresponding FeII-MeOH complex.  The rate determining step for this reaction involves 

abstraction a hydrogen atom from the weak C-H bond of cyclohexadiene to forma radical and 

reduction of the Fe(III) methoxo complex to a Fe(II) methanol species.184, 201  Similarly, we 

have observed [TpRuIII(PMe3)2OH][OTf] reacts with substrates with weak C-H bonds 
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through intermolecular hydrogen atom abstraction pathway, which process is discussed in 

detail in Chapter 3.160 

 

Scheme 2. 9.  Comparison of pathways for cleavage of C-H bonds by late transition metal 
complexes that possess non-dative heteroatomic ligands (X = non-dative ligand). 
 
2.2.12 Nature of the C-H Activation Step 

The three mechanisms that generally dominate discussions of the mechanism of C-H 

activation are oxidative addition, σ-bond metathesis and electrophilic substitution.  The 

division between these processes is often not clear, as highlighted by Goddard et al.'s recent 

description of oxidative hydrogen migration pathway as a variant of σ-bond metathesis.202, 203  

Furthermore, Milstein et al. demonstrated that formation of an agostic complex can activate 

an aromatic C-H bond toward deprotonation.204  Thus, given that σ-bond metathesis type 

C-H activation and electrophilic substitution type pathways can both impart acidic character 

to the hydrogen being activated, it can be difficult to definitively differentiate these two 

mechanisms (i.e., σ-bond metathesis and electrophilic substitution) by experiment. 

 For metal-mediated C-H activation, experimental results suggest that, regardless of the 

exact mode of C-H bond cleavage, the hydrogen atom being activated can possess acidic 

character.204  In analogy, coordination of dihydrogen to transition metal systems often 

enhances acidity by several orders of magnitude.205  Consistent with the notion that, for the 
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Ru systems reported herein, the activated hydrogen has acidic character, increasing the 

basicity of the ligand X of {TpRu(PMe3)X} fragments appears to reduce the barrier to net 

1,2-addition of C-H bonds across the Ru-X bond.  For example, for TpRu(PMe3)2R (R = 

Me or Ph) systems in which "R" lacks a lone pair, the 1,2-addition of C-D bonds of C6D6 

across the Ru-R bond is much slower than the rate of intermolecular transfer of D+ to a 

pyrazolyl fragment.  This is indicated by the lack of deuterium incorporation into the methyl 

and phenyl ligands of complexes 9 and 7, respectively, as well as the failure to produce 

CH3D or C6H5D on the timescale of intermolecular D+ transfer to pyrazolyl rings.  In 

contrast, for TpRu(PMe3)2X (X = OH or NHPh), the transfer of D+ from C6D6 to the 

non-dative ligand occurs more rapidly than intermolecular transfer to a pyrazolyl group.  

Given the highly basic nature of non-dative heteroatom-based ligands coordinated to late 

transition metals in low oxidation states,14, 67 these results suggest the possibility that, as a 

general trend, C-H activation events mediated by such systems may possess inherently low 

activation barriers relative to similar reactions with metal-alkyl or –aryl bonds (Scheme 

2.10).206  For example, Scheme 2.11 depicts benzene C-H activation by TpRu(PMe3)X (X = 

OH, NHPh, or Me) fragments.  The activated benzene C-H bond can produce either net 

transfer of H+ to the pyrazolyl ring of another Ru system (kinter in Scheme 2.11) or 

intramolecular transfer of H+ to X (kintra) in Scheme 2.11.  For X = OH and NHPh, kintra is 

more rapid than kinter; however, for X = Me, kinter is more rapid than kintra, results which are 

consistent with the presence of a lone pair on ligand X facilitating the intramolecular transfer 

of a proton from the activated benzene C-H(D) bond.  The kinter for X = Me is an estimate 

based on an approximate half-life acquired in an NMR tube reaction of TpRu(PMe3)2Me in 
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C6D6 to produce TpRu(PMe3)2(Ph-d5) and CH3D at 130 ºC.206  This could serve as a guiding 

principle for the design of late transition metal catalysts for hydrocarbon functionalization.  

The overall high activation barriers to H/D exchange at the hydroxide and amido ligands of 1 

and 8 are almost certainly due to the competition for coordination to ruthenium between 

arene substrates and strongly coordinating PMe3, and systems with more labile ligands may 

allow access to facile C-H activation of inert substrates.  Consistent with this notion, access 

to TpRu(PMe3)(NCMe)Ph (12) decreases the barrier to all H/D exchange processes, and 

access to Ru(II) hydroxo and amido complexes with more labile ligand sets will test this 

hypothesis. 

 
 
Scheme 2. 10. For late transition metal systems in low oxidation states, net 1,2-addition of C-H 
bonds across M-X (X = non-dative heteroatomic ligand such as hydroxide, amido, etc.) may possess 
inherently lower activation barriers than analogous reactions of M-R (R = alkyl or aryl) bonds. 

 
 
Scheme 2. 11.  Comparison of rates of inter-versus intramolecular transfer of proton (D+) from 
activated benzene C-D bond for series of complexes TpRu(PMe3)(C6D6)X (X = OH, NHPh or Me) (a 
Data at 90 ºC, b calculated at 90 ºC from value acquired at 80 ºC (assuming constant G　

╪), c Data at 
130 ºC). 
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DFT (B3LYP/CEP-31G(d)) calculations were performed by Professor Tom Cundari’s 

research group using the model tris(azo)borate (Tab) for the full Tp ligand (Scheme 2.12).199  

The calculations indicate that loss of a PH3 ligand from (Tab)Ru(PH3)2OH (A) to form 

five-coordinate (Tab)Ru(PH3)OH (B) proceeds with ΔG = +2.8 kcal/mol, making the 

reaction thermodynamically disfavored.  The coordination of benzene to B to form 

(Tab)Ru(PH3)(η2-C6H6)(OH) (C) is calculated to proceed with ΔG = +11.2 kcal/mol.  The 

reaction C6H6 + A → PH3 + (Tab)Ru(PH3)(Ph)(OH2) (E) is indeed calculated to be 

substantially endergonic ΔG = +18.4 kcal/mol) supporting the inference that the lack of 

experimental observation of E is a consequence of thermodynamics. Likewise, the reaction 

of A with benzene to form (Tab)Ru(PH3)2Ph (F) and water is calculated to be endergonic 

with ΔG = +9.1 kcal/mol. Isolation of the transition state (D in Scheme 2.12) for C-H 

activation of benzene by the Ru-OH bond gives a calculated free energy barrier of +17.6 

kcal/mol relative to the η2-benzene complex (C).  

 

Scheme 2. 12.   Possible pathway for H/D exchange between 1 and C6D6.  The scheme shows 
calculated G (kcal/mol) for each step using the model Tab (Tab = tris(azo)borate) for the full Tp ligand, 
PH3 for PMe3.  Labels A-F refer to the model complexes used for the computational studies.  
 

The calculations by Cundari et al. on benzene C-H activation from 

(Tab)Ru(CO)(Me)(η2-C6H6) at the same level of theory indicate a non-oxidative addition 
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process that resembles a σ-bond metathesis transition state with a close Ru-H contact in the 

transition state.199  As a point of comparison, the values in brackets in Figure 2.17 represent 

the geometric details of the transition state of C-H activation for (Tab)Ru(CO)(Me)(η2-C6H6) 

(i.e., transfer of a hydrogen of η2-C6H6 to the methyl ligand).  For the transition state 

starting from (Tab)Ru(PH3)(OH)(η2-C6H6) and the corresponding portion of the 

four-centered active site, there is a stark difference in the metric data compared with 

(Tab)Ru(CO)(Me)(η2-C6H6).  The Ru-Cipso distance is approximately 0.1 Å shorter and the 

Cipso-H distance greater by a corresponding amount for the Ru-Me versus Ru-OH mediated 

activation.  The thermodynamic driving force for the overall benzene C-H activation is 

more favorable for the Ru-Me complex (ΔGrxn = -6.6 kcal/mol) than the Ru-OH complex 

(ΔGrxn = -4.3 kcal/mol).  Interestingly, the greater thermodynamic driving force for Ru-Me 

is not reflected in a kinetic advantage for the latter since the calculated ΔG╪
act = 17.6 

kcal/mol for the Ru-OH complex is less than the calculated ΔG╪
act = 21.2 kcal/mol for the 

Ru-Me system, a difference that might result from the substitution of CO/PH3 and/or Me/OH.  

Future studies and calculations are aimed at differentiating these two effects.  Also, in the 

two transition states the Ru-H distance of the transannular hydrogen for the Ru-Me complex 

is shorter than the corresponding distance in the transition state for the Ru-OH complex by a 

substantial 0.3 Å.  This suggests that the transition state for benzene C-H activation by 

(Tab)Ru(PH3)(OH) may possess less oxidative character than (Tab)Ru(CO)(Me).  
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Figure 2. 17.   Calculated transition state for benzene C-H activation by (Tab)Ru(PH3)(OH) viewed 
along Ru-P axis and approximately normal to the four-centered active site with Tab and PH3 ligands 
reduced to wire frame for clarity.  Numbers in brackets and italics are computed values for 
corresponding transition state for benzene C-H activation by (Tab)Ru(CO)(Me).16  

 

Oxgaard et al. differentiate σ-bond metathesis and oxidative hydrogen migration on 

the basis of the absence or presence, respectively, of metal-hydrogen interaction in the 

transition state.202, 203  In light of this model for C-H activation transition states, the Ru-OH 

complex would seem closer to the σ-bond metathesis description.  Thus, with available 

experimental and computational data, we propose that the C-H activation step for 

TpRu(PMe3)X systems most closely resembles a σ-bond metathesis process in which the 

activated C-H bond possesses acidic character.  Recently, Oxgaard, Periana and Goddard 

reported mechanistic analysis of iridium heteroatom C-H activation and named the 

mechanism as internal electrophilic substitution based on the analysis that an electrophilic 

metal activates the C-H bond by generating a positively charged hydrogen.207  They believe 

that making the metal more eletrophilic by removing electron density should promote the 

transfer of the hydrogen, thereby reducing the activation barrier.207  Cundari and Gunnoe 

have recently published a comprehensive computational study on the activation of C-H bonds 
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via 1, 2-addition across M-X (X = OH or NH2) bonds of d6 transition metals as a potential 

key step in hydrocarbon functionalization.208  Calculated results implicate a fundamental 

shift in the nature of the bonding in the transition state upon going from an X with no 

available lone pairs (i.e., X = methyl) to heteroatom X groups with available lone pairs such 

as OH and NH2, and we propose that while the mechanism of C-H activation for X = 

hydrocarbyl may be considered an oxidative hydrogen migration description, the transition 

states for X = OH, NH2 more closely resemble an intramolecular proton transfer that is 

similar to the classic σ-bond metathesis.  In terms of development, X = heteroatom systems 

may provide more profitable systems for design and fine-tuning of hydrocarbon functional 

catalysts.208  

2.3 Conclusions.   

 Experimental evidence suggests that the H/D exchange reactions occur through 

Ru-mediated activation of arene C-D bonds.  Importantly, these results suggest that net 

1,2-addition of C-H bonds across late transition metal oxygen or nitrogen non-dative bonds is 

kinetically accessible and more rapid than analogous reactions with alkyl or aryl ligands.  

Thus, activation barriers are likely dependent on the ability of the metal center to coordinate 

the hydrocarbon (herein, an arene), ability to activate the C-H bond, as well as the basicity of 

the non-dative ligand.  However, the extent to which each of the various factors (e.g., metal 

electron density, facility with which 16-electron species are accessed, basicity of non-dative 

ligand) impact the activation barriers for 1,2-addition of C-H bonds of late transition metal 

centers remains to be delineated in more detail. 
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 There appears to be a subtle thermodynamic balance for the conversion of late transition 

metal non-dative oxygen or nitrogen ligands and inert and covalent C-H or H-H bonds to 

M-R (R = H, alkyl or aryl) bonds and alcohols or amines (Scheme 2.13).  For example, a 

combined experimental and computational study suggests that addition of H2 across the Ru-N 

bond of (PCP)Ru(CO)NH2 {PCP = 2,6-(CH2
tBu2)2PC6H3} is thermally favorable while 

addition of a C-H bond of methane or benzene is disfavored.68  Results herein suggest that 

addition of arene C-H bonds across RuII-OH or RuII-NHPh moieties is thermally disfavored, 

while Periana et al. report that the reaction of benzene and an IrIII-OMe complex to produce 

MeOH and IrIII-Ph is favorable.167  In a related result, Goldman, Hartwig et al. have 

reported that Keq = 105 for the equilibrium between (PCP)Ir(H)(Ph)/NH2Ph and 

(PCP)Ir(H)(NHPh)/C6H6.75 

 

Scheme 2. 13.   Some examples of equilibrium between complexes with non-dative ligands and aryl 
or hydride ligands determined by experimental and/or computational studies. 
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2.4 Experimental section 

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 4Å molecular sieves. Acetonitrile was purified by passage through a column of 

activated alumina followed by distillation from CaH2.  Benzene-d6 and toluene-d8 were 

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.  2H NMR spectra were recorded on a Varian 600 MHz INOVA spectrometer and 

referenced against TMS using the residual deuterium in perprotio benzene.  31P NMR 

spectra were obtained on a Varian Mercury 400 MHz spectrometer (operating frequency 161 

MHz) and referenced against external 85% H3PO4.  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 
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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(PMe3)2(OH) (1).  To a solution of TpRu(PMe3)2(OTf) (0.650 g, 1.1 mmol) in 

approximately 40 mL of toluene was added an excess of CsOH·H2O (0.601 g, 3.6 mmol).  

The resulting solution was heated to reflux for 24 h.  The solution was allowed to cool to 

room temperature and vacuum filtered through a fine porosity frit.  The filtrate was 

concentrated to approximately 5 mL in vacuo, and approximately 20 mL of hexanes were  

added.  Upon addition of hexanes, a precipitate formed.  The product was collected via 

vacuum filtration through a fine porosity frit and washed with hexanes (3 × 10 mL) to give a 

pale green solid (0.381 g, 0.79 mmol, 74 %).  X-ray quality crystals were obtained by slow 

evaporation of a diethyl ether solution of 1.  1H NMR (benzene-d6, δ): 7.89, 7.61, 7.55, 7.12 

(6H, 2:1:2:1 integration, each a d, Tp CH 3 or 5), 5.96, 5.92 (3H, 2:1 integration, each a t, Tp 

CH 4), 1.16 (18H, vt, N = 10 Hz, P(CH3)3), -4.46 (1H, br s, OH). 13C{1H} NMR (benzene-d6, 

δ): 145.8, 142.6, 136.1, 135.2 (Tp 3 or 5 position), 105.5, 105.4 (Tp 4 position), 17.4 (vt, N = 

26 Hz, P(CH3)3).  31P{1H} NMR (benzene-d6, δ):  19.9 (s, PMe3).  CV (CH3CN, TBAH, 

100mV/s): E1/2 = 0.01 V {Ru(III/II)}.  Anal. Calculated for C16H29BN6OP2Ru: C, 37.28; H, 

6.05; N, 17.39; Found: C, 37.17; H, 6.34; N, 17.32. 
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TpRu(PMe3)2SH (4).  A mixture of 2 (0.48 g, 0.78 mmol) and NaSH٠xH2O (0.48 g, 

9.62 mmol) was refluxed in approximately 40 mL of toluene for 24 hours.  The solution was 

subsequently cooled to room temperature and filtered through Celite.  The filtrate was 

concentrated under reduced pressure to approximately 5 mL. Hexanes (20 mL) were slowly 

added to yield a precipitate.  The resulting yellow solid was isolated and dried in vacuo 

(0.23 g, 57% yield). 1H NMR (C6D6, δ):  8.21, 7.59, 7.50, 7.29 (6H, 2:1:2:1 integration, 

each a d, Tp CH 3 or 5), 5.96, 5.94 (3H, 2:1 integration, each a t, Tp CH 4), 1.13 (18H, vt, N 

= 8 Hz, P(CH3)3), -3.30 (1H, t, 2JPH = 4 Hz, SH). 13C{1H} NMR (C6D6, δ):  145.0, 144.4, 

136.0, 135.1 (each a s, Tp 3 or 5 position), 105.5 (s, overlapping Tp 4 positions), 19.4 (vt, N 

= 28 Hz, P(CH3)3).  31P{1H} NMR (benzene-d6, δ):  13.2 (s, PMe3). CV (CH3CN, TBAH, 

100 mV/s): E1/2 = 0.10 V {Ru(III/II)}.  Anal. Calculated for C16H29BN6P2SRu: C, 36.08; H, 

5.85; N, 16.83; Found: C, 36.53; H, 5.83; N, 16.41. 

TpRu(PMe3)2OPh (5).  A mixture of 2 (0.50 g, 0.81 mmol) and NaOPh٠3H2O 

(0.52 g, 3.1 mmol) was refluxed in approximately 40 mL toluene for 24 hours.  The solution 

was subsequently allowed to cool to room temperature and was filtered through Celite.  The 

filtrate was concentrated under reduced pressure to approximately 15 mL.  Hexanes (40 mL) 

were added, and a yellow-green precipitate formed.  The resulting mixture was filtered, and 

the solid was washed with hexane and diethyl ether.  The product was isolated and dried in 

vacuo (0.38 g, 83% yield). 1H NMR (CDCl3, δ): 7.73, 7.70, 7.60, 7.20 (6H, 2:1:2:1 

integration, each a d, Tp CH 3 or 5), 6.72 (2H, t, 3JHH = 7 Hz, phenyl meta), 6.16 (1H, t, 3JHH 

= 7 Hz, phenyl para), 6.10, 6.08 (3H, 2:1 integration, each a t, Tp CH 4), 5.80 (2H, d, 3JHH = 

7 Hz, phenyl ortho), 1.30 (18H, vt, N = 10 Hz, P(CH3)3). 13C{1H} NMR (CDCl3, δ): 171.8 (s, 
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phenyl ipso), 145.8, 142.6, 136.1, 135.2 (each a s, Tp 3 or 5 position), 128.1, 120.8, 110.3 

(each a s, phenyl ortho, meta, and para), 105.5, 105.4 (each a s, Tp 4 position), 17.6 (vt, N = 

26 Hz, P(CH3)3).  31P{1H} NMR (benzene-d6, δ):  19.9 (s, PMe3). CV (CH3CN, TBAH, 

100 mV/s): E1/2 = 0.21 V {Ru(III/II)}.  Anal. Calc. for C21H33BN6OP2Ru : C, 45.09; H, 5.95; 

N, 15.02; Found: C, 45.06, H, 5.99; N, 14.86. 

 TpRu(PMe3)2(OMe) (6).  An excess of NaOMe (0.137 g, 2.49 mmol) was added 

to a solution of TpRu(PMe3)2(OTf) (0.349 g, 0.57 mmol) in approximately 40 mL of toluene.  

The resulting solution was heated to reflux for 24 hours.  The resulting solution was allowed 

to cool to room temperature and vacuum filtered through a fine porosity frit.  The filtrate 

was reduced to dryness in vacuo, and approximately 40 mL of hexanes were added.  The 

solution was vacuum filtered through a fine porosity frit, and the filtrate was concentrated to 

approximately 10 mL.  Cooling the solution to –20 ºC for approximately 12 hours resulted 

in the formation of a pale yellow precipitate.  The precipitate was collected by vacuum 

filtration through a fine porosity frit (0.142 g, 0.29 mmol, 51%).  1H NMR (benzene-d6, δ): 

8.10, 7.57, 7.55, 7.04 (6H, 2:1:2:1 integration, each a d, Tp CH 3 or 5), 6.04, 5.87 (3H, 2:1 

integration, each a t, Tp CH 4), 3.59 (3H, bs, OCH3), 1.13 (18H, vt, N = 10 Hz, P(CH3)3).  

13C{1H} NMR (benzene-d6, δ): 146.1, 144.3, 135.9, 135.1 (Tp 3 or 5 position), 105.4, 105.1 

(Tp 4 position), 60.7 (OCH3), 17.4 (vt, N = 26 Hz, P(CH3)3).  31P{1H} NMR (benzene-d6, δ): 

δ):  20.0 (s, PMe3).  Anal. Calculated for C16H31BN6OP2Ru: C, 38.64; H, 6.28; N, 16.90; 

Found: C, 38.95; H, 6.37; N, 16.46. 

[TpRu(PMe3)2(15NH2Ph)][OTf].  [TpRu(PMe3)2(15NH2Ph)][OTf] was prepared 

following a previously reported procedure for [TpRu(PMe3)2(NH2Ph)][OTf] except 
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isotopically labeled 15N-aniline was used.66  1H NMR spectroscopy (CD3CN) confirmed the 

identity of the product with resonances identical to [TpRu(PMe3)2(NH2Ph)][OTf] except the 

amine resonance, which is observed as a doublet at 4.77 ppm (2H, d, 1JNH = 70 Hz). 

TpRu(PMe3)2(15NHPh) (8-15N).  TpRu(PMe3)2(15NHPh) (8-15N) was prepared 

following the previously reported procedure for TpRu(PMe3)2NHPh except 

[TpRu(PMe3)2(15NH2Ph)][OTf] was used as the starting material.66  1H NMR (C6D6, δ):  

7.68, 7.52, 7.48, 6.90 (6H, 2:1:2:1 integration, each a d, Tp CH 3 or 5), 7.24 (2H, t, 3JHH = 7 

Hz, phenyl meta), 6.47 (1H, t, 3JHH = 7 Hz, phenyl para), 6.26 (2H, br, phenyl ortho), 5.90, 

5.86 (3H, 2:1 integration, each a t, Tp CH 4), 2.19 (1H, d, 1JNH = 69 Hz, NHPh), 1.30 (18H, 

vt, N = 8 Hz, P(CH3)3). 

TpRu{P(CD3)3}2Cl (11-d18).  The preparation of TpRu(PMe3)2Cl (7) has been 

reported.65  Complex 7-d18 was prepared using an analogous method with P(CD3)3 

substituted for PMe3.  1H NMR spectroscopy revealed identical resonances to complex 7 

with the exception that the virtual triplet due to the phosphine ligands is absent.  

Catalytic H/D exchange between C6D6 and H2O.  In a typical experiment, a J. 

Young NMR tube was charged with TpRu(PMe3)2(OH) (1) (0.030 g, 0.062 mmol) in 

benzene-d6 (0.35 mL, 3.8 mmol) and 10 equivalents (based on 1) of degassed H2O (11 μL, 

0.62 mmol).  The tube was sealed, vigorously shaken, and heated to 100 ºC.  The reaction 

progress was monitored periodically using 1H NMR spectroscopy by following the increase 

in integration of the resonance due to benzene (7.16 ppm) as compared to the resonances of 

Tp 3 and 5 positions.  Heating complex 1 at 100 °C for up to 7 days yields no evidence of 

decomposition.  The intensity of the benzene resonance increases while intensity of OH 
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resonance decreases versus time.  The decrease in integration for the hydroxo resonance 

equals the magnitude of increase in the integration for the benzene resonance. 

A plot of TON (turnover number, TON is defined as one mole of hydrogen 

incorporated into benzene per mole of ruthenium complex 1) versus time is nearly linear and 

reproducible using different batches of 1.  After 172 hours of reaction, a total of 10 TONs is 

observed.  Definitive analysis of the catalytic H/D exchange in terms of reactivity at the 

hydroxide ligand is complicated by H/D exchange at the Tp 4 position at prolonged reaction 

time (t1/2 = 2.5 days at 80 ºC).  This H/D exchange occurs much slower than exchange at the 

hydroxide ligand, and we are currently exploring this reaction in greater detail. 

Sample plots for TON versus time taken from three different catalytic reactions: 

Catalytic H/D Exchange for C6D6 and H2O
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Catalytic H/D Exchange for C6D6 and H2O
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Reaction of TpRu(PMe3)2(OTf) with C6D6 and H2O.  A J. Young NMR tube 

was charged with TpRu(PMe3)2(OTf) (0.030 g, 0.048 mmol) in benzene-d6 (0.35 mL) and 10 

equivalents (based on 1) of degassed H2O (~9 μL, 0.5 mmol).  The tube was sealed, shaken 

vigorously and heated to 100 ºC.  The reaction progress was periodically monitored by 1H 

NMR spectroscopy by integration of the resonance due to the benzene (7.16 ppm) as 

compared with the resonances of the Tp 3 and 5 position hydrogen atoms.  No evidence of 

H/D exchange between C6D6 and H2O was noted.   

Reaction of TpRu(PMe3)2Cl with C6D6 and H2O.  A J. Young NMR tube was 

charged with TpRu(PMe3)2Cl (0.030 g, 0.06 mmol) in benzene-d6 (0.35 mL) and degassed 

H2O (~9 μL, 0.5 mmol).  The tube was sealed, shaken vigorously and heated to 100 ºC.  

The reaction progress was periodically monitored by 1H NMR spectroscopy by integration of 

the resonance due to the benzene (7.16 ppm) as compared with the resonances of the Tp 3 

and 5 position hydrogen atoms.  No evidence of H/D exchange between C6D6 and H2O was 

noted.   

 Reaction of TpRu(PMe3)2(OH) and 10 mol % of TpRu(PMe3)2(OTf) (based on 1) 

with C6D6.  A J. Young NMR tube was charged with TpRu(PMe3)2(OH) (1) (0.025 g, 0.052 
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mmol) and TpRu(PMe3)2(OTf) (0.003 g, 0.005 mmol) in benzene-d6 (0.5 mL, 5 mmol). The 

solution was heated to 80 °C, and periodically monitored by 1H NMR spectroscopy.  

Resonances due to TpRu(PMe3)2(OTf) were observed separately from resonances due to 

TpRu(PMe3)2(OH) (1) prior to heating.  Heating resulted in the disappearance of resonances 

due to TpRu(PMe3)2(OTf) and the formation of small amount of an uncharacterized 

ruthenium complex, while there was no change for the TpRu(PMe3)2(OH) (1) resonances 

other than a slight decrease in intensity {presumably due to reaction with 

TpRu(PMe3)2(OTf)}. The rate of H/D exchange at the hydroxide ligand of 1 did not increase 

compared with the rate of H/D exchange reaction in the absence 10 mol % of 

TpRu(PMe3)2(OTf). 

Hydrogen/deuterium exchange of the hydroxide ligand of TpRu(PMe3)2(OH) (1) 

in C6D6.  Method A:  No added PMe3.  TpRu(PMe3)2(OH) (1) (0.025 g, 0.052 mmol) 

was dissolved in C6D6 (0.4 mL).  The solution was transferred to a screw cap NMR tube, 

heated to 80 °C, and periodically monitored by 1H NMR spectroscopy.  The rate of 

disappearance of the resonance due to the hydroxide ligand of TpRu(PMe3)2(OH) (1) was 

determined by integration of the OH resonance at –4.46 ppm with the delay time for data 

acquisition set at 10 seconds.  Multiple experiments using different batches of complex 1 

revealed a consistent kobs of 8.0(2) x 10-5 s-1.  Sample kinetic plots are shown below.  2H 

NMR analysis:  TpRu(PMe3)2(OH) (1) (0.025 g, 0.052 mmol) was dissolved in C6D6 (0.4 

mL).  The solution was transferred to a screw cap NMR tube and heated to 80 °C for 24 

hours. The solution was cooled to room temperature and transferred to a 50 mL round bottom 

flask.  Volatiles were removed under reduced pressure, and the product was dissolved in 0.6 
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mL of C6H6.  The solution was transferred to a J. Young NMR tube.  2H NMR was 

acquired at 75 ºC and a broad resonance assigned as the Ru-OD ligand was observed at –4.3 

ppm.  Method B:  Addition of PMe3.  To a vial of 0.030 g of TpRu(PMe3)2(OH) (1) 

(0.062 mmol) was added 0.4 mL of C6D6 (4.5 mmol).  To this solution was added 0.1 

equivalent (based on 1) of PMe3 using a microsyringe (0.6 μL, 0.006 mmol).  The solution 

was transferred to a screw cap NMR tube, sealed and heated in an oil bath to 80º C.  The 

reaction was monitored periodically by 1H NMR spectroscopy.  After 7 days at 80 ºC, no 

changes were observed by 1H NMR spectroscopy.  

Sample kinetic plots for H/D exchange of hydroxide ligand of 1 in C6D6: 

Rate of H/D Exchange at OH ligand of 1 in C6D6
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Rate of H/D Exchange at OH ligand of 1 in C6D6
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Hydrogen/deuterium exchange of the hydroxide ligand of TpRu(PMe3)2(OH) (1) 

in C6D5CD3.  TpRu(PMe3)2(OH) (1) (0.025 g, 0.052 mmol) was dissolved in C6D5CD3 (0.4 

mL, 3.8 mmol).  The solution was transferred to a screw cap NMR tube, heated to 80 °C, 

and periodically monitored by 1H NMR spectroscopy.  The rate of disappearance of the 

resonance due to the hydroxide ligand of TpRu(PMe3)2(OH) (1) was determined by 

integration of the OH resonance at –4.78 ppm with the delay time for data acquisition set at 

10 seconds.  Multiple experiments using different batches of complex 1 revealed a 

consistent kobs of 2.0(1) x 10-5 s-1.  Sample kinetic plots are shown below.  The increase of 

the intensities of toluene resonances were monitored, and the observed selectivity after 

statistical correction is para : meta : ortho : methyl = 4.4 : 3.9 : 2.5 : 1.0. 

Sample kinetic plots for H/D exchange of hydroxide ligand of 1 in C6D5CD3: 
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Rate of H/D Exchange at OH ligand of 
1 in C6D5CD3
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Reaction of TpRu(PMe3)2(Ph) (8) with CD3OD.  A J. Young NMR tube was 

charged with TpRu(PMe3)2(Ph) (8) (0.030 g, 0.055 mmol) in CD3OD (0.6 mL).  The tube 

was sealed, shaken vigorously and heated to 100 ºC.  The solution was periodically 

monitored by 1H NMR spectroscopy.  Conversion to TpRu(PMe3)2(D) and benzene was 

observed after 96 hours.  The production of benzene was confirmed by analysis of the 
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solution by gas chromatography and upon addition of an authentic sample of benzene to the 

NMR solution.  The production of TpRu(PMe3)2(D) was confirmed by comparison with the 

NMR spectrum of an independently prepared sample of TpRu(PMe3)2(H) in CD3OD (all 

resonances are identical with the absence of upfield resonance due to the hydride ligand).  

Furthermore, upon addition of independently prepared TpRu(PMe3)2(H) to the NMR tube 

reaction, an increase in the intensity of the resonances due to the TpRu product from the 

reaction of complex 8 and CD3OD was observed.  For the reaction solution, consistent with 

identical observations for TpRu(PMe3)2(H) in CD3OD (at 100 ºC), decomposition to multiple 

products was observed after prolong heating. 

Decomposition of TpRu(PMe3)2(OMe) (4) in CD3OD.  A J. Young NMR tube was 

charged with TpRu(PMe3)2(OMe) (6) (0.027 g, 0.055 mmol) and CD3OD (0.6 mL).  The 

tube was sealed, shaken vigorously and heated to 100 ºC.  The solution was periodically 

monitored by 1H NMR spectroscopy.  Conversion of complex 4 to TpRu(PMe3)2(D) was 

observed after 3.5 hours.  Heating for a prolonged period of time results in decomposition to 

multiple TpRu products.    

H/D Exchange Reactions for Complexes 1, 2, 4, 5, 7, 8, 9, 10, 11.  All reactions 

probing H/D exchange followed the same general procedure.  Inside a nitrogen-filled 

glovebox, a screw-cap NMR tube was charged with a known amount of the appropriate 

ruthenium complex in C6D6.  The NMR tube was sealed, vigorously shaken, and a 1H NMR 

spectrum was acquired (for 1H NMR data acquisition, the delay time was set to 10 seconds).  

The solution was heated (90 ºC, 130 ºC or 150 ºC) in an oil bath.  The reaction progress was 

monitored periodically using 1H NMR spectroscopy and the change in integration of the 
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resonances due to Tp 4-position as compared to the resonances of the Tp 3- and 5-positions.  

In control experiments, heating solutions with an internal standard (e.g., C6Me6) revealed no 

substantial change in the integration for the resonances due to Tp 3- or 5-positions relative to 

the internal standard. Under the various reaction temperatures, with the exception of 

TpRu(PMe3)2NH2 (6), no evidence of decomposition was observed.  For all reactions, the 

integration of the resonance due to benzene increases while the intensities of resonances due 

to the Tp 4-positions decreases versus time for complexes 1, 5, 7, 8, and 9.  For complexes 

7 and 9, there was no evidence of deuterium incorporation into the Me or Ph ligands.  

Multiple experiments using different batches of complexes revealed consistent kobs for the 

disappearance of resonances due to the Tp 4-positions.  There is no change of the 

resonances due to the Tp 4-positions for complexes 2, 4 and 11. 

Reaction of TpRu(PMe3)2Ph (7) with Aniline in C6D6.    Three screw-cap NMR 

tubes were each charged with 0.025 g of 7 (0.046 mmol) and 0.5 mL of C6D6 (7 mmol).  To 

each solution was added 6 equivalents of aniline (based on 7) using a microsyringe (25 μL, 

0.276 mmol).  All the solutions were heated to 130 °C and periodically monitored by 1H 

NMR spectroscopy.  The formation of TpRu(PMe3)2NHPh (8) was initially observed except 

for the resonances at Tp 4-positions. The resonances due to Tp 4-positions of 

TpRu(PMe3)2Ph disappear due to H/D exchange.  The formation of benzene was confirmed 

by the increase of the benzene resonance at 7.16 ppm.  Ultimately, decomposition is 

competitive with the conversion of 7 to 8, and Keq could not be determined.  

Reaction of [TpRu(PMe3)2NH2Ph][OTf] in C6D6.  A screw-cap NMR tube was 

charged with  [TpRu(PMe3)2NH2Ph][OTf] (0.023 g) and C6D6 (0.5 mL). The NMR tube 
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was sealed, vigorously shaken, and heated to 130 °C in an oil bath. The reaction progress was 

monitored periodically using 1H NMR spectroscopy.  An equilibrium between 

[TpRu(PMe3)2NH2Ph][OTf] and TpRu(PMe3)2OTf / aniline was observed with Keq = 0.11. 

Reaction of TpRu(PMe3)2Cl (11) with Added Salts in C6D6.  Four screw-cap 

NMR tubes were each  charged with 11 (0.030 g) and C6D6 (0.5 mL).  To each tube was 

added 10 mg of a different salt (LiCl, MgCl2, NaOTf or CsCl). The NMR tubes were sealed, 

vigorously shaken, and heated to 130 °C in an oil bath. The reaction progress was monitored 

periodically using 1H NMR spectroscopy.  Heating the solutions for 7 days did not provide 

evidence of decomposition nor H/D exchange. 

Reaction of TpRu(PMe3)2OH (1) with Added Salts (CsCl, MgCl2 or NaOTf) in 

C6D6.   Three screw-cap NMR tubes were each charged with 1 (0.025 g) and C6D6 (0.5 mL). 

To each tube was added 10 mg of a different salt (CsCl, MgCl2 or NaOTf). The solutions 

were sealed, vigorously shaken, and heated to 90 °C in an oil bath.  The reaction progress 

was monitored periodically using 1H NMR spectroscopy.  The addition of CsCl does not 

alter the rate of H/D exchange at the Tp 4-positions for 1.  The addition of MgCl2 results in 

the formation of TpRu(PMe3)2Cl (11) and prolonged heating does not results in H/D 

exchange at the Tp 4-positions of complex 11.  TpRu(PMe3)2OH (1)  reacts with NaOTf to 

form a new complex that is uncharacterized.  

Reaction of TpRu(PMe3)2OH (1) with Added P(CH3)3 in C6D6.    To a vial 

containing 0.030 g of 1 (0.062 mmol) was added 0.6 mL of C6D6 (7 mmol).  To this 

solution was added 1 equivalent of PMe3 (based on 1) using a microsyringe (~ 6 μL, 0.06 

mmol).  The solution was transferred to a J-Young NMR tube and heated to 90 °C.  The 
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solution was periodically monitored by 1H NMR spectroscopy.  After four days, no 

evidence of H/D exchange was observed.  

Rate of PMe3 Exchange for TpRu(PMe3)2OH (1), TpRu(PMe3)2SH (4),  

TpRu(PMe3)2OPh (5), TpRu(PMe3)2Ph (7), TpRu(PMe3)2NHPh (8),  TpRu(PMe3)2Me 

(9) and TpRu(PMe3)2Cl (11).  All reactions followed the same general procedure. To a 

vial of TpRu(PMe3)2X (X = Cl, SH, OH, OPh, Me, Ph or NHPh) (0.062 mmol) was added 

0.6 mL of C6D6 (7 mmol).  To this solution were added 15 equivalents of PMe3-d9 (based 

on ruthenium complex) using a microsyringe (96 μL, 0.93 mmol).  The solution was 

transferred to a J-Young NMR tube, heated to 80 ºC, and periodically monitored by 1H 

NMR spectroscopy.  The rate of disappearance of the resonance due to the PMe3 ligand of 

TpRu(PMe3)2X was determined by integration of the PMe3 resonance with the delay time 

for data acquisition set at 10 seconds.  In addition, the appearance of a resonance 

consistent with the formation for free PMe3 was observed.  For all systems, multiple 

experiments using different batches of ruthenium complexes revealed consistent values for 

kobs. 

Reaction of TpRu(PMe3)2OH (1) and TpRu(PMe3)2Cl (11) in C6D6.  A J. Young 

NMR tube was charged with 1 (0.025 g, 0.05 mmol) and TpRu(PMe3)2Cl (11) (0.026 g, 0.05 

mmol) in C6D6 (0.5 mL, 5 mmol). The solution was heated to 90 °C and periodically 

monitored by 1H NMR spectroscopy.  Resonances due to complex 11 were observed 

separately from resonances due to 1 prior to heating.  Heating resulted in the disappearance 

of Tp 4 resonances for both 11 and 1. 
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Reaction of TpRu(PMe3)2OH (1) in C6D6 with 1-Methylpyrazole.  A screw-cap 

NMR tube was charged with 1 (0.025 g, 0.05 mmol) and 1-methylpyrazole (~ 6 μL, 0.05 

mmol) in C6D6 (0.5 mL, 5 mmol). The solution was heated to 100 °C and periodically 

monitored by 1H NMR spectroscopy.  Heating resulted in the disappearance of Tp 4 

resonances for 1 and the resonance due to the 4- and 5-positions of 1-methylpyrazole. The 

resonance due to the 3-postion of 1-methylpyrazole also decreases in intensity and eventually 

cannot be detected; however, overlap of this resonance with the Tp 3- or 5-position protons at 

approximately 7.6 ppm complicates a detailed kinetic analysis. 

Reaction of TpRu(PMe3)2OH (1) in C6D6 with TEMPO.  Two J. Young NMR 

tubes were each charged with 1 (0.025 g, 0.05 mmol) and C6D6 (0.5 mL, 5 mmol).  TEMPO 

(0.016 g, 0.10 mmol) was added to one of these tubes.  Both solutions were heated to 90 ºC 

and periodically monitored by 1H NMR spectroscopy.  The reactions occur at the same rate. 

Reaction of TpRu(PMe3)2OH (1) in C6D6 with 2,6-Lutidine.  Four J. Young 

NMR tubes were each charged with 1 (0.025 g, 0.05 mmol) and C6D6 (0.5 mL, 5 mmol). To 

each solution was added 0 equivalents, 1 equivalent (~7 μL, 0.05 mmol), 3 equivalents (~21 

μL, 0.15 mmol) and 6 equivalents (~42 μL, 0.30 mmol) of 2,6-lutidine.  All of the solutions 

were heated to 100 ºC and periodically monitored by 1H NMR spectroscopy. Adding 

2,6-lutidine suppresses the rate of H/D exchange at Tp 4-positions of 1. 

Reaction of TpRu(PMe3)2OH (1) in CDCl3.  A screw-cap NMR tube was charged 

with TpRu(PMe3)2OH (1) (0.025 g) and CDCl3 (0.5 mL).  The NMR tube was sealed and 

vigorously shaken.  After 12 hours at room temperature, 1H NMR spectroscopy revealed 

quantitative conversion to TpRu(PMe3)2Cl.    
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Reaction of TpRu(PMe3)2OH (1) in CD2Cl2.  A screw-cap NMR tube was charged 

with TpRu(PMe3)2OH (0.025 g) (1) and CD2Cl2 (0.5 mL).  The NMR tube was sealed and 

vigorously shaken.  After 12 hours at 40 ºC, 1H NMR spectroscopy revealed quantitative 

conversion to TpRu(PMe3)2Cl.    

Reaction of TpRu(PMe3)2OH (1) with THF-d8.  A screw-cap NMR tube was 

charged with TpRu(PMe3)2OH (1) (0.025 g), THF-d8 (0.5 mL) and C6Me6 as internal 

standard.  The NMR tube was sealed, vigorously shaken, and heated to 130 °C in an oil bath.  

The reaction progress was monitored periodically using 1H NMR spectroscopy.  Ultimately, 

the formation of several new uncharacterized ruthenium complexes is observed.  Prior to 

decomposition of 1, the intensities of the resonances due to protio-THF increased relative to 

the internal standard.   
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Chapter 3 

3.1 Introduction 

Late transition metal complexes containing alkoxo, hydroxo and amido ligands play 

important roles in biological systems and catalytic reactions.10, 11, 15, 16, 164, 182, 209-211  Three 

important examples are 1) lipoxygenase-mediated conversion of 1,4-fatty dienes to alkyl 

hydroperoxides, which involves abstraction of an allylic hydrogen atom by an iron hydroxo 

functionality;18, 212, 213 2) industrially important Wacker process for the conversion of 

ethylene and dioxygen to acetaldehyde, in which the key step is the net metal-mediated 

addition of a heteroatom nucleophile to an alkene to form a new carbon-oxygen or –nitrogen 

bond;25-27, 214 and 3) ruthenium alkoxo complexes catalyzed transfer hydrogenation of 

ketones, which is a highly efficient method for enantioselective synthesis of chiral alcohols 

(Scheme 3.1).92, 215, 216   Late transition metal complexes with alkoxo, hydroxo and amido 

ligands have also been postulated as intermediates in other important transformation, 

including metal-catalyzed organic oxidation reactions, the water-gas shift reaction, 

carboalkoxylation of alkenes, metal-catalyzed hydrolysis of phosphates and amides, and 

enzymatic transformations such as the action of carbonic anhydrase.10, 217-220   In the past 

several years, efforts directed toward the synthesis of late transition metal systems with 

non-dative heteroatomic ligands have substantially increased the number of such complexes 

that have been isolated and fully characterized (detailed synthetic routes are discussed in 

Chapter 1).10, 13-17, 48, 49, 221, 222  Our group has been studying the reactivity of amido, alkoxo, 

aryloxo and hydroxo moieties coordinated to ruthenium or copper with the goal of 
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understanding and exploiting chemistry accessible when these ligands are bound to high 

d-electron count metal centers.63, 64, 68, 80-82, 157, 159, 161, 164-166, 206, 208, 223, 224  

 

Scheme 3. 1.  Examples of late transition metal complexes containing alkoxo, hydroxo and amido 
ligands enrolled in biological systems and catalytic reactions. 
 

Late transition metal systems with alkoxo or amido ligands have been shown to 

cleave C-H bonds.  These transformations typically fall into three broad categories: a) net 

homolytic hydrogen atom abstraction (i.e., proton coupled electron transfer, a 

radical/odd-electron reaction), b) heterolytic deprotonation (an even-electron transformation) 

and c) net 1,2-addition of C-H bonds across M-X bond (an even-electron transformation).155, 

157, 159, 161, 167, 182, 201, 223, 225-227  The first two processes (i.e., a and b) are ligand-centered and 

thus do not involve direct interaction between the metal and the C-H bond being broken 

(Scheme 3.2), and the third process (i.e., c) is metal mediated, which was discussed in detail 

in Chapter 2.  In this chapter, C-H bond cleavage as a function of ruthenium oxidation state 

will be discussed. 

 

Scheme 3. 2.  Two pathways for ligand-centered C-H bond cleavage by late transition metal 
complexes with non-dative heteroatomic ligands (X = formally anionic N- or O-based ligand such as 
amido, hydroxo, etc.). 
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 In low oxidation states, complexes with imido, oxo, amido, alkoxo, hydroxo and related 

ligands typically display reactivity consistent with highly basic and/or nucleophilic 

non-dative heteroatomic ligands, and a series of detailed studies has increased the 

understanding of the nature of M-O/M-N bonding and its impact on reactivity.14, 57, 68, 80, 155, 

157, 159, 228-243    Transformations of octahedral Fe(II) and Ru(II) amido complexes, 

including deprotonation of C-H bonds and nucleophilic Namido-C bond forming reactions13, 63, 

64, 80, 88, 89, 155, 244, highlight the potential enhancement in reactivity due to relatively low 

oxidation state metals.  The highly basic/nucleophilic ligand character is likely a result of 

the combination of polar M-O or M-N bonds and the disruption of ligand-to-metal 

π-donation due to filled dπ atomic orbitals.60, 63, 64, 68, 80, 89, 90, 104, 120, 156, 157, 159, 161, 223, 245-247 

 Heterolytic C-H bond cleavage (i.e., C-H deprotonation) depends primarily on ligand 

basicity since the oxidation state of the metal is not altered as a result of the transformation 

(Scheme 3.2).  For example, Bergman et al. have reported a series of studies focused on the 

reactivity of trans-(dmpe)2Ru(X)(H) (X = OH or NH2; dmpe = 1,2-dimethylphosphinoethane) 

that have revealed the ability of the heteroatomic ligands to break weakly acidic C-H bonds 

via deprotonation (Scheme 3.3).13, 88, 89, 155, 244  The ruthenium amido and hydroxo 

complexes cause the dehydrogenation of 1,4-cyclohexadiene (1,4-CHD) and 

9,10-dihydroanthracene (DHA) to produce benzene and anthracene, respectively (eq 3.1).  

Reactions of trans-(dmpe)Ru(H)(NH2) with other organic compounds containing relatively 

acidic C-H bonds display two dominant modes.  The first includes the generation of a stable 

ion pairs formed by proton transfer from the organic substrate to the amido ligand (e.g., 

reaction with fluorene).  The second observed transformation is overall displacement of 
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ammonia from the Ru center and formation of a Ru-C bond (e.g., reactions with 

phenylacetylene and arylacetonitriles) in which the initial step is proton transfer to form an 

anion pair followed by a ligand exchange between ammonia and the anion.  This ruthenium 

amido complex also reacts with relatively weak C-H bonds, although these reactions are 

endothermic that only H/D exchange is observed (e.g., reaction with toluene-d8, pKa = 41).  

 

 

Scheme 3. 3.   Reactions of trans-(dmpe)2(H)Ru(XH) (X = NH or O) with acidic C-H bonds through 
deprotonation. 

 

Our group has reported on the reactivity of a series of octahedral ruthenium 

complexes of the type TpRu(L)(L')(NHR) {Tp = hydridotris(pyrazolyl)borate; L = L' = 

P(OMe)3 or PMe3 or L = CO and L' = PPh3; R = H, Ph or tBu} (Scheme 3.4).80, 157, 159  The 

combination of TpRu(L)(L')(NHPh) complex with malononitrile results in acid-base 
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equilibria with the corresponding cationic aniline complexes that are ion paired with 

conjugate base of malononitrile.  The combination of TpRu(PMe3)2(NHtBu) with 

phenylacetylene at room temperature results in amido-based deprotonation of the 

phenylacetylene C-H bond to form an amine-acetylide ion pair.  When the 

[TpRu(PMe3)2(NH2
tBu)][PhC2] ion pair is heated to 80 ºC, TpRu(PMe3)2(C≡CPh) is formed 

in 90% yield as determined by 1H NMR spectroscopy.  Similar to the tBu amido complex, 

the parent amido complexes TpRu(L)2NH2 react immediately with phenylacetylene to yield 

ammine-acetylide ion pairs, but heating these systems to 80 ºC results in the formation of 

several intractable Tp containing complexes.  In contrast to the tBu and parent amido 

complexes, the phenyl amido complexes TpRuL2(NHPh) {L = PMe3 or P(OMe)3} do not 

react with phenylacetylene at room temperature after 24 hours.  However, heating these 

reactions to 80 ºC results in the formation of Ru(II) phenylacetylide complexes and aniline.  

Mechanistic studies reveal different pathways for the reaction of anilido complex 

TpRu(PMe3)2(NHPh) with phenylacetylene, comparing with the reactions of highly basic 

amido complexes TpRuL2(NH2) and TpRu(PMe3)2(NHtBu) with phenylacetylene.  The 

highly basic amido ligands for R= H or tBu yield intermolecular acid/base reactions to form 

ion pairs.  In contrast, reaction of the anilido complex  TpRu(PMe3)2(NHPh) with 

phenylacetylene is catalyzed by the presence of TpRu(PMe3)2(OTf) (or 

[TpRu(PMe3)2(NHPh)][OTf]) impurity (Scheme 3.4).80  
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Scheme 3. 4.   Reactions of TpRu(L)(L')(NHR) {Tp = hydridotris(pyrazolyl)borate; L = L' = P(OMe)3 or 
PMe3 or L = CO and L' = PPh3; R = H, Ph or tBu} with acidic C-H bonds.  

 

We have also prepared and studied the reactivity of amido complexes of the type 

(PCP)Ru(CO)(NHR) {PCP = 2,6-(CH2
tBu2)2C6H3; R = H or Ph} and 

(PCP)Ru(CO)(PMe3)(NHPh).  For example, the five-coordinate Ru(II) parent amido 

complex (PCP)Ru(CO)(NH2) activates dihydrogen as well as initiating intramolecular C-H 

activation of a tBu moiety of the PCP ligand, and the six-coordinate anilido complex 

(PCP)Ru(CO)(PMe3)(NHPh) reacts with substrates with polar bonds including C-N and C-O 

multiple bonds (e.g., nitriles, carbodiimides or isocyanates) as well as C-F bonds.63, 64, 68   

All of these transformations exploit the amido nucleophilicity and basicity.  

Under identical reaction conditions (in C6D6 solution under dihydrogen pressure), the 

coordinatively saturated complex TpRu(PMe3)2(NH2) fails to react with dihydrogen (eq 3.2), 
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while the coordinatively unsaturated complex (PCP)Ru(CO)(NH2) allows the coordination of 

dihydrogen and activates the H-H moiety toward 1,2-addition across the Ru-NH2 bond yield 

(PCP)Ru(CO)(H)(NH3). The dissociation of ammonia upon work-up produces 

(PCP)Ru(CO)(H).  In the absence of dihydrogen, the coordinatively unsaturated complex 

(PCP)Ru(CO)(NH2) undergoes intramolecular C-H activation of a methyl group of a tBu 

moiety to form a cyclometalated complex.  Despite the facile intramolecular C-H activation, 

(PCP)Ru(CO)(NH2) does initiate C-H activation of external substrates.  For example, 

(PCP)ru(CO)(NH2) does not react with methane or benzene.  Placing the amido complex 

(PCP)Ru(CO)(NH2) under methane pressure or in benzene at various temperatures results in 

clean conversion to the cyclometalated complex with no observation of intermolecular C-H 

activation of methane (Scheme 3.5).68   

 

 

Scheme 3. 5.  Reactivity of (PCP)Ru(CO)(NH2). 
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 The Ru(II) amido complex (PCP)Ru(CO)(PMe3)(NHPh) (PCP = 2,6-(CH2
tBu2)2C6H3) 

reacts with compounds that possess polar C=N, C≡N, or C=O bonds to produce 

four-membered heterometallacycles that result from nucleophilic addition of the amido 

nitrogen to an unsaturated carbon of the organic substrate.  For example, reaction of 

(PCP)Ru(CO)(PMe3)(NHPh) with acetonitrile produces the amidinate complex 

(PCP)Ru(CO){N(H)C(Ne)N(Ph)}.  Mechanistic studies indicate that the reaction proceeds 

through coordination of the nitrile to the Ru(II) metal center, followed by intramolecular 

nucleophilic addition of the amido ligand.  This reaction can be extended to other nitriles.  

The reactions of (PCP)Ru(CO)(PMe3)(NHPh) and benzonitrile, p-fluorobenzonitrile, or 

p-tolunitrile at room temperature produce the corresponding amidinate complexes 

respectively.  The amidinate complex (PCP)Ru(CO){N(H)C(Ne)N(Ph)} react with C6F5CN 

at room temperature produces the fluorinated amidinate complex 

(PCP)Ru(CO)(N(Ph)C(C6F5)NH), which, in the presence of excess ROH (R = H or Me), 

reacts with pentafluorobenzonitrile to form (PCP)Ru(CO)(F)(N(H)C(C6F5)NHPh) (Scheme 

3.6).63, 64  

 

Scheme 3. 6.  Reactivity of (PCP)Ru(CO)(PMe3)(NHPh). 
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Late transition metal complexes in relatively high oxidation states with non-dative 

heteroatomic ligands have been demonstrated to initiate net hydrogen atom abstraction from 

substrates that possess relatively weak C-H bonds.182, 201, 225, 226  The homolytic C-H 

cleavage (i.e., hydrogen atom abstraction) formally reduces the metal center by one electron 

and, regardless of exact mechanistic details, can be viewed as an e- transfer to the metal 

center and proton transfer to the heteroatomic ligand (Scheme 3.2).  Thus, the predilection 

toward this reaction jointly depends on the oxidizing ability of the metal and the basicity of 

the non-dative heteroatomic ligand.  For example, the non-heme iron lipoxygenase enzymes 

catalyze the oxidative conversion of 1,4-diene-containing fatty acids to alkyl 

hydroperoxides,18 and these transformations likely proceed through net hydrogen atom 

abstraction by an Fe(III) hydroxo fragment from an allylic C-H bond (BDE ~ 77 kcal/mol) to 

generate allyl radicals that are subsequently trapped by dioxygen (Scheme 3.7).20, 22  Three 

primary factors affect the driving force for metal-based hydrogen atom abstraction: the redox 

potential of the metal center, the strength of the substrate C-H bond broken, and the energy of 

the O-H (or N-H) bond formed in the reduced metal complex.184  Stack et al. have prepared 

[FeIII(PY5)(OMe)][OTf]2 {PY5 = 2,6-bis(2-pyridyl)-methoxymethane)pyridine} as a model 

for lipoxygenase enzymes and have shown that it readily oxidizes cyclohexadiene to benzene 

and the corresponding FeII-MeOH complex (Scheme 3.8).184, 201  The rate determining step 

for this reaction involves abstraction of a hydrogen atom from cyclohexadiene to form a 

carbo radical and reduced Fe(II) methanol species.  Studies of metal-mediated oxidation of 

C-H bonds by Mayer et al. using a wide range of transition metal complexes have elucidated 

important mechanistic considerations for proton coupled electron transfer reactions. 183, 227, 248 
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Scheme 3. 7.  Lipoxygenases catalyzed oxidative conversion of 1,4-diene-containing fatty acids 
to alkyl hydroperoxides. 
 

 

Scheme 3. 8.   Stack’s iron model for lipoxygenase enzymes to oxidizes cyclohexadiene to benzene. 
 
 

As an extension of our studies focused on the reactivity of non-dative heteroatomic 

ligands coordinated to Ru, in this chapter the reactivity of [TpRu(PMe3)2OR]n+ complexes at 
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both the Ru(II) (n = 0) and Ru(III) (n = 1) oxidation states with substrates that possess C-H 

bonds will be discussed.  An important distinction between complexes with heteroatomic 

ligands in high versus low oxidation state is the predilection of the former for odd-electron 

chemistry while the latter undergo even-electron reactivity.206  Ru(III) hydroxo initiate C-H 

bond cleavage via net bond homolysis (i.e., hydrogen atom abstraction).  In contrast, 

octahedral Ru(II) complex react with C-H bonds via even-electron acid/base reactions.  In 

addition, as what discussed in chapter 2, Ru(II) amido/hydroxo complexes activate aromatic 

C-H bonds through even-electron net 1,2-addtion of C-H bonds across the M-X (R = OH, 

NHPh) ligands.161, 162  Discussion of this chapter will focus on the deprotonation reaction by 

Ru(II) complex and hydrogen atom abstraction reaction by Ru(III) complex. 

 

3.2 Results and Discussion 

3.2.1 Reactivity of TpRu(PMe3)2OR (R = H or Ph) with Acidic Substrates.   

In Chapter 2, the preparation of TpRu(PMe3)2OR (R = H or Ph) complexes was 

discussed.161, 223  At room temperature, TpRu(PMe3)2OH (1) and 10 equivalents of 

phenylacetylene in C6D6 do not react after 3 days; however, heating this solution to 80 °C  

results in the formation of previously reported complex TpRu(PMe3)2(C ≡ CPh) (2) (eq 3.3).  

At 80 °C, the reaction requires about 100 hours to achieve quantitative production (by 1H 

NMR spectroscopy) of 2.  
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  Monitoring the reaction by 1H NMR spectroscopy does not reveal intermediates during 

the conversion of 1 and phenylacetylene to 2.  Individual kinetic plots are consistent with 

the transformation being first order in complex 1; however, repeated kinetic studies for the 

formation of complex 2 from complex 1 and phenylacetylene revealed inconsistent kinetics, 

which indicates that an impurity likely catalyzes the transformation.  The addition of 

catalytic quantities of TpRu(PMe3)2OTf, which is the synthetic precursor to complex 1, to the 

reaction of 1 and phenylacetylene results in an increase in the rate of formation of 

TpRu(PMe3)2(C≡CPh) (2), and a plot of kobs versus concentration of TpRu(PMe3)2OTf 

reveals a linear relationship (Figure 1).  In addition, although detailed kinetic studies are 

complicated by inconsistent results, the rate of reaction of 1 and phenylacetylene increases 

with increasing concentration of the alkyne.  These results are identical to observations 

made for the reaction of TpRu(PMe3)2NHPh and phenylacetylene, which also forms complex 

2 upon heating.80  Thus, we propose that the conversion of complex 1 and phenylacetylene 

to complex 2 follows a similar pathway as the transformation of TpRu(PMe3)2NHPh and 

phenylacetylene to complex 2.  As previously reported for the conversion of the anilido 

complex TpRu(PMe3)2NHPh,80 it is likely that TpRu(PMe3)2OTf coordinates 

phenylacetylene and forms the vinylidene complex [TpRu(PMe3)2(=C=CHPh)]+, which is not 

observed during the reaction of 1 and phenylacetylene, and subsequent deprotonation of the 

vinylidene complex by complex 1 yields complex 2.  The previously determined rate of 
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conversion of TpRu(PMe3)2OTf and phenylacetylene to the vinylidene complex is 

commensurate with its involvement in the conversion of 1 and phenylacetylene to complex 

2.80  Ligand exchange between H2O and phenylacetylene completes the catalytic conversion 

(Scheme 3.9).  It is likely that a trace amount of TpRu(PMe3)2OTf exists in bulk samples of 

TpRu(PMe3)2OH (1).  The kobs for the conversion of 1 and phenylacetylene to complex 2 in 

the absence of added TpRu(PMe3)2OTf fits well on the linear plot of kobs versus the mol % 

(R2 = 0.98) of TpRu(PMe3)2OTf, which is anticipated if a small and undetectable quantity of 

the triflate complex is present and is catalyzing the conversion (Figure 1).  In contrast to the 

proposed mechanism for conversion of the Ru(II) hydroxo 1 and phenylacetylene to 

TpRu(PMe3)2(C ≡ CPh) (2), we have previously reported that TpRu(PMe3)2NH2 reacts with 

phenylacetylene at room temperature to generate the ion pair [TpRu(PMe3)2(NH3)][PhC2].80  

Also, it is possible that complex 1 may react with phenylacetylene to form 2 in the absence of 

TpRu(PMe3)2OTf, which is implicated by the non-zero y-intercept in Figure 3.1.  
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Figure 3. 1. Plot of kobs (determined under pseudo first-order conditions) versus concentration of 
TpRu(PMe3)2OTf (from 0 to 15 mol % based on complex 1) for the conversion of TpRu(PMe3)2OH (1) 
(0.04 M) and phenylacetylene (0.4 M) to TpRu(PMe3)2(C ≡ CPh) (2).  The plot of kobs at 0 mol % of 
TpRu(PMe3)2OTf corresponds to the rate constant in the absence of added TpRu(PMe3)2OTf. 
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Scheme 3. 9.  Proposed mechanism for the conversion of TpRu(PMe3)2OH (1) and 
phenylacetylene to TpRu(PMe3)2(C ≡ CPh) (2) catalyzed by TpRu(PMe3)2OTf. 
 
 

The combination of TpRu(PMe3)2OPh (3) and ten equivalents of phenylacetylene in 

C6D6 does not result in a reaction at room temperature after 3 days; however, similar to 

complex 1, at elevated temperature (85 °C) the formation of TpRu(PMe3)2(C ≡ CPh) (2) and 

PhOH is quantitative (1H NMR spectroscopy) after 6 days (eq 3.3).  The conversion of 

TpRu(PMe3)2OPh and phenylacetylene to 2 and PhOH is slower than for complex 1, which is 

consistent with the complexes TpRu(PMe3)2OR (R = H or Ph) reacting as Brønsted bases, 

and their anticipated relative basicities (i.e., Ru-OH is more basic than Ru-OPh), for the 

formation of 2.  Although detailed studies have not been performed, we presume that this 

reaction is also catalyzed by TpRu(PMe3)2OTf. 

The reaction of complex 1 with 5 equivalents of 1,4-cyclohexadiene (1,4-CHD) at 85 

ºC results in the disappearance of the hydroxo complex (1H NMR spectroscopy) and 

formation of the previously reported hydride complex TpRu(PMe3)2H and benzene (eq 

3.4).80  In contrast to the reaction of 1 with phenylacetylene, the addition of 
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TpRu(PMe3)2OTf does not increase the rate of this transformation.  The ruthenium hydride 

complex TpRu(PMe3)2H was identified on the basis of a triplet at –15.7 ppm (2JPH = 31 Hz) 

as well as resonances due to the Tp and PMe3 ligands.  TpRu(PMe3)2H is formed in 

approximately 33% yield (based on complex 1) after 9 days as determined by integration of 

the hydride triplet versus an internal standard, and approximately 1 equivalent of benzene is 

formed per equivalent of Ru-hydride.  Consistent with mechanistic studies of related 

reactions with Ru(II) parent amido systems,80, 249 a possible pathway for this reaction is initial 

deprotonation of the allylic C-H bond of 1,4-CHD to generate a transient cationic ruthenium 

water complex and cyclohexadienide ion pair (Scheme 3.10).  Subsequent dissociation of 

water and net hydride abstraction from C6H7
- would afford the observed products regardless 

of specific mechanistic details.  Alternatively, a Ru-cyclohexadienyl complex, which 

undergoes β-hydride elimination to generate TpRu(PMe3)2H and benzene, could be involved.  

For the reaction of 1 with 1,4-CHD, isomerization of 1,4-CHD to 1,3-CHD is also observed, 

similar to the reactions of previously reported TpRu(PMe3)2NH2 and 

trans-(dmpe)2Ru(NH2)(H).80, 249  However, the isomerization of 1,4-CHD is slow relative to 

the rate observed for TpRu(PMe3)2NH2, and the isomerization does not reach equilibrium 

prior to the consumption of 1.  These observations are also consistent with the reaction 

pathway shown in Scheme 3.10. 
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Scheme 3. 10.   Proposed pathway for the reaction of TpRu(PMe3)2OH (1) and 1,4-cyclohexadiene. 
 
 

Similar to observations with hydroxo complex 1, we have previously reported that the 

reaction of the ruthenium parent amido TpRu(PMe3)2NH2  with 1,4-CHD at 75 ºC  yields 

TpRu(PMe3)2H and benzene in approximately 48% yield after 3 days.80  The addition of 

PMe3 to the reaction of TpRu(PMe3)2NH2 and 1,4-CHD does not impact the rate of the 

reaction, suggesting that the transformation does not involve the formation of coordinatively 

unsaturated complexes via dissociation of PMe3.  The slower reaction of complex 1 and 

1,4-CHD (9 days, 85 ºC, 33%) compared with TpRu(PMe3)2NH2, (3 days, 75 ºC, 48%) is 

possibly due to the reduced basicity of the hydroxo ligand versus the parent amido ligand.  

In contrast, neither the ruthenium phenoxo complex TpRu(PMe3)2OPh nor the anilido 

complex TpRu(PMe3)2NHPh react with 1,4-CHD.  For example, heating TpRu(PMe3)2OPh 

(3) with 1,4-CHD in benzene-d6 at 85 °C for 20 days did not result in observable reaction (eq 

3.5).  These results are also consistent with the acid/base pathway shown in Scheme 3.8 

with the decreased basicity on the non-dative heteroatomic ligands upon going from OH to 
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OPh or NH2 to NHPh likely decreasing the propensity toward an acid/base reaction with 

1,4-CHD.  We cannot definitively eliminate a hydrogen atom abstraction pathway from 

consideration;248 however, the following points suggest an acid-base pathway:  a) hydrogen 

atom abstraction would form the 19-electron Ru(I) complex TpRu(PMe3)2(OH2), which is 

likely to be highly unfavorable; b) other Ru(II) systems with non-dative ligands have been 

demonstrated to initiate acid-base chemistry with weakly acidic C-H bonds;80, 89, 157, 249, 250 c) 

the conversion of 1 and 1,4-CHD to 1,3-CHD, TpRu(PMe3)2H and benzene is slower than 

the analogous reaction with TpRu(PMe3)2NH2, a trend which is anticipated for an acid-base 

pathway but not necessarily for hydrogen atom abstraction; d) the calculated O-H BDE of 

TpRu(PMe3)2(OH2) is 37 kcal/mol (the C-H BDE of 1,4-CHD is 73 ± 2 kcal/mol)251 ; and e) 

to our knowledge, there are no definitive examples of d6 octahedral complexes that initiate 

ligand-centered hydrogen atom abstraction reactions.  The use of radical traps to probe for a 

radical pathway is not likely to be informative since the net hydride abstraction to form 

benzene and TpRu(PMe3)2H likely involves a radical pathway.  Thus, trapping of free 

radicals would not preclude the proposed acid/base pathway.  In addition, at elevated 

temperatures TEMPO (2,2,6,6-tetramethylpiperidinyloxy) reacts with 1,4-CHD. 

 

In order to assess the basicity of TpRu(PMe3)2OH (1), weak acids (MeOH, 

CH3CH2OH, (CH3)3COH, CH3C(O)CH3 and PhC2H) were each combined with the hydroxo 

complex 1 in C6D6.  The addition of MeOH {pKa(H2O) = 15.5} results in the disappearance 

of resonances due to 1 and the appearance of new resonances that are not attributable to the 
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previously reported complex TpRu(PMe3)2OMe.252  Efforts to isolate and grow crystals of 

the products were unsuccessful.  These results are consistent with the formation of 

[TpRu(PMe3)2(H2O)][OMe], for which a resonance at 3.47 ppm in 1H NMR spectrum is 

consistent with the methoxide anion and a broad resonance (integration 2H) at 2.57 ppm is 

assigned as coordinated water.  Bergman et al. have reported the addition of methanol to the 

ruthenium complex trans-(dmpe)2Ru(H)(NH2) results in immediate formation of the ion pair 

[trans-(dmpe)2Ru(H)(NH3)][OMe].249  Similarly, the addition of CH3CH2OH {pKa(H2O) = 

15.9} or Me3COH {pKa(H2O) = 18} to complex 1 in C6D6 results in the formation of new 

ruthenium complexes suggesting the formation of the ion pairs 

[TpRu(PMe3)2(H2O)][OCH2CH3] and [TpRu(PMe3)2(H2O)][OC(CH3)3], respectively (eq 

3.6).252  The addition of acetone {pKa(H2O) = 20} or PhC2H {pKa(H2O) = 25} to complex 1 

does not result in any reaction at room temperature.  The pKa values for the acids ROH (R = 

Me, CH2CH3 or tBu), acetone and phenylacetylene are in water while reactions of 1 were 

performed in C6D6, and ion pairing is likely to be more prevalent in the latter solvent.  Thus, 

the pKa range of [TpRu(PMe3)2(OH2)]+ provides only a very qualitative estimate of the 

basicity of complex 1.  However, based on these reactions, we roughly estimate the acidity 

of [TpRu(PMe3)2(OH2)]+ to possess a pKa value of between 18 and 20. 
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3.2.2 Single-Electron Oxidation of TpRu(PMe3)2OH and Reactivity with C-H Bonds.   

The cyclic voltammogram of complex 1 displays a reversible oxidative wave at 0.01 

V (vs. NHE) assigned as the Ru(III/II) couple.  The addition of one equivalent of AgOTf to 

a C6D6 solution of complex 1 results in the formation of a precipitate {presumably Ag(s)} 

and disappearance of resonances due to 1 (1H NMR spectroscopy).  These results are 

consistent with the formation of the paramagnetic Ru(III) complex [TpRu(PMe3)2OH][OTf] 

(4) and Ag(s).   The Evans NMR method was used to confirm the formation of 

paramagnetic Ru complex and determine that μeff = 1.78 μB for 4 at room temperature.253  

This value is consistent with a single unpaired electron and close to the spin-only value of 

1.73 μB, which is anticipated for an octahedral Ru(III) d5 species.  After 12 hours at room 

temperature, a C6D6 solution of [TpRu(PMe3)2OH][OTf] reveals the production of small 

amount (< 5% by 1H NMR spectroscopy) of TpRu(PMe3)2OTf, probably due to the slow 

decomposition of the Ru(III) hydroxo complex 4 (Scheme 3.11).   

 

Scheme 3. 11.   Single-electron oxidation of TpRu(PMe3)2OH (1) by AgOTf to form 
[TpRu(PMe3)2OH][OTf] (4) (RT = room temperature).  
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The addition of one equivalent of AgOTf to a C6D6 solution of TpRu(PMe3)2OH (1) 

and 3 equivalents (based on complex 1) of 1,4-CHD (C-H BDE = 73 ± 2 kcal/mol)251 results 

in the formation of benzene (~ 35% based on 1), [TpRu(PMe3)2(OH2)][OTf] (5) (~ 60% yield) 

and TpRu(PMe3)2OTf (~ 10% yield) within 20 minutes at room temperature (yields were 

determined by 1H NMR spectroscopy).  Performing the identical reaction in toluene-d8 

results in the production of benzene, 5, and TpRu(PMe3)2OTf in nearly identical yields.  

Complex 5 has been independently prepared upon combination of TpRu(PMe3)2OTf and 

water (see below).  After 12 hours, the resonances due to benzene (~ 50%), complex 5 (~ 

50%) and TpRu(PMe3)2OTf (~ 50%) increase with no additional change after 3 days at room 

temperature (Scheme 3.12).  In the absence of the ruthenium complex 1, the control reaction 

of 1,4-CHD and AgOTf in C6D6 does not form benzene after 3 days.  The addition of 

AgOTf to a C6D6 solution of complex 1 and 1,4-cyclohexadiene in the presence of TEMPO 

results in the formation of a precipitate and broad resonances (1H NMR).  After 12 hours at 

room temperature, resonances due to benzene (110%), [TpRu(PMe3)2OH2][OTf] (50%) and  

TpRu(PMe3)2OTf (50%) (all based upon complex 1) are observed by 1H NMR spectroscopy 

(Scheme 3.12).   
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Scheme 3. 12.   Single-electron oxidation of TpRu(PMe3)2OH (1) in the presence of 
1,4-cyclohexadiene (yields taken from 1H NMR spectroscopy). 

 

The addition of 2 equivalents of H2O to a C6D6 solution of TpRu(PMe3)2OTf forms 

[TpRu(PMe3)2OH2][OTf] (5) in equilibrium with TpRu(PMe3)2OTf/H2O.  The formation of 

5 is indicated by 1H NMR and 31P NMR spectroscopy.  The resonance due to the 

coordinated water is observed at 4.28 ppm (1H NMR spectroscopy).  Consistent with this 

assignment, the addition of 2 equivalents of D2O to the C6D6 solution of 5 results in a 

decrease in the resonance due to coordinated water (4.28 ppm), a transformation that is 

reversible upon introduction of excess H2O (Scheme 3.13).  Complex 5 has not been 

isolated and has been characterized in equilibrium with TpRu(PMe3)2OTf using 1H and 31P 

NMR spectroscopy. 
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Scheme 3. 13.   Formation [TpRu(PMe3)2OH2][OTf] (5) and equilibrium between complex 5/D2O and 
5-d2/H2O. 

 
The addition of AgOTf to the solution of complex 1 and 9,10-dihydroanthracene 

(9,10-DHA; C-H BDE = 78 ±2 kcal/mol)254 in C6D6 results in the formation of anthracene 

(~ 20%), anthraquinone (~ 6%), [TpRu(PMe3)2OH2][OTf] (~ 55%) and  TpRu(PMe3)2OTf 

(~ 40%) (all based on complex 1; determined by 1H NMR spectroscopy) after 12 hours at 

room temperature (Scheme 3.14).  The low yields reflect low conversions of starting 

materials.  Mayer et al. have reported that the oxidation of 9,10-DHA by 

[(bpy)2(py)RuIVO]2+ produces a mixture of anthrone, anthraquinone and anthracene with the 

distribution of products dependent on the molar ratio of Ru-oxo and 9,10-DHA.255 Anthrone 

was not detected by NMR spectroscopy or mass spectrometry for the reaction of complex 1 

and 9,10-dihydroanthracene. 
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Scheme 3. 14.   Single-electron oxidation of TpRu(PMe3)2OH (1) in the presence of 
9,10-dihydroanthracene. 

 

The addition of AgOTf to a solution of complex 1 and fluorene (BDE = 80 ± 2 

kcal/mol)254 in C6D6 results in the formation of fluorenone (eq 3.7).  The formation of 

fluorenone was confirmed by both 1H NMR and IR spectroscopy (νCO = 1719 cm-1).254, 256, 257  

There is no evidence (1H NMR spectroscopy and mass spectrometry) for the formation of 

bifluorene.  Due to overlapping with Tp resonances of ruthenium complex, determination of 

the quantitative yield of fluorenone could not be determined.  Based on intensities of 

resonance in the 1H NMR spectrum, the yields are estimated as 6% for fluorenone, 29% 

complex 5 and 30% TpRu(PMe3)2OTf.  As with 9,10-DHA, the low yields are a result of 

low conversion of starting material. 

 

The addition of AgOTf to a C6D6 solution of 1 and cyclohexene (BDE = 81 ±1 

kcal/mol), cumene (BDE = 83 ± 1 kcal/mol), toluene (BDE = 88 kcal/mol) or 

phenylacetylene (BDE = 125 kcal/mol)  results in the formation of a precipitate and 
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disappearance of resonances due to complex 1 in the 1H NMR spectrum.258,259-261  For each 

reaction a small amount (~ 5%) of TpRu(PMe3)2OTf is observed after 12 hours at room 

temperature, which is nearly identical to the control experiments for the reaction of complex 

1 and AgOTf in the absence of added organic substrates.  After 48 hours at room 

temperature, no evidence for the formation of new organic products, TpRu(PMe3)2H or 

complex 5 is obtained.  Thus, we conclude that the Ru(III) complex 

[TpRu(PMe3)2(OH)][OTf] (4) does not react with cyclohexene, cumene, toluene or 

phenylacetylene. 

Upon single-electron oxidation of complex 1, we suggest that the Ru(III) complex 

[TpRu(PMe3)2OH][OTf] reacts with substrates that possess relatively weak C-H bonds to 

produce [TpRu(PMe3)2(OH2)][OTf].  The latter complex then equilibrates with 

TpRu(PMe3)2OTf and free H2O.  For example, C-H bond cleavage of 1,4-CHD (BDE = 73 

kcal/mol) via hydroxide-centered hydrogen atom abstraction would initially yield 

[TpRu(PMe3)2(OH2)][OTf] and cyclohexadienyl radical.  Hydrogen atom abstraction from 

cyclohexadienyl radical by a second equivalent of [TpRu(PMe3)2OH][OTf] would produce 

benzene and a second equivalent of [TpRu(PMe3)2(OH2)][OTf] (Scheme 3.15).  This 

pathway would produce a molar ratio of [TpRu(PMe3)2(OH2)][OTf]/TpRu(PMe3)2OTf and 

C6H6 of 2:1, which is consistent with experimental observations.  For example, the reaction 

of 1, AgOTf and 1,4-CHD produces an approximate 2:1 ratio of Ru and benzene or an 

approximate 1:1:1 molar ratio of  [TpRu(PMe3)2(OH2)][OTf], TpRu(PMe3)2OTf and C6H6.  

The addition of TEMPO to the reaction of 3 and 1,4-CHD increases the formation of benzene 

(relative to Ru) from ~ 50% (without TEMPO) to ~ 110% (with TEMPO).  This result is 
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consistent with initial reaction of [TpRu(PMe3)2OH][OTf] with 1,4-CHD to form 

[TpRu(PMe3)2(OH2)][OTf] and cyclohexadienyl radical followed by net hydrogen atom 

abstraction from cyclohexadienyl radical by TEMPO.  Thus, each equivalent of C6H6 

produced from 1,4-CHD consumes one equivalent of Ru(III) hydroxo rather than the two 

equivalents that are consumed in the absence of TEMPO.   

The reaction of 9,10-DHA with [TpRu(PMe3)2OH][OTf] (4) forms a mixture of 

anthracene and anthraquinone, while fluorenone is the exclusive organic product formed 

upon reaction of fluorene with complex 4.  While we do not know the mechanism for 

incorporation of oxygen, a Ru(IV)-oxo complex has been reported to initiate similar 

reactions.255  The relationship between reaction with C-H bonds by complex 4 and 

homolytic C-H BDEs is most important within the present context.  For example, complex 4 

reacts with 1,4-CHD, 9,10-DHA and fluorene, all with reported C-H BDEs < 80 kcal/mol.  

In contrast, no evidence has been obtained for the reaction of 4 and substrates with C-H 

BDEs > 80 kcal/mol including cyclohexene (BDE = 81 ±1 kcal/mol), cumene (BDE = 83 

±1 kcal/mol) and toluene (BDE = 88 kcal/mol).  Moreover, phenylacetylene has an acidic 

(pKa = 25) yet homolytically strong Csp-H bond (125 kcal/mol),260, 261 but complex 4 does not 

react with phenylacetylene. The latter experiment provides evidence that the mode of 

reaction for 4 does not involve acid-base chemistry as is proposed for reactivity with C-H 

bonds for the related Ru(II) complexes (see above). 
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Scheme 3. 15.  Possible pathway for net dehydrogenation of 1,4-CHD by [TpRu(PMe3)2OH][OTf] (4). 
 
 

Ideally, the O-H bond dissociation energy of [TpRu(PMe3)2(OH2)]+ can be estimated 

using the equations shown in Scheme 3.16.184, 254, 262  The redox potential of complex 1 has 

been determined by cyclic voltammetry (E1/2 = 0.01 V versus NHE, ΔG° = 0.23 kcal/mol).  

We have roughly estimated the pKa of [TpRu(PMe3)2(OH2)]+ 
 to be between 18 and 20.  

Using these data, an estimated bond dissociation energy of the O-H bond of 

[TpRu(PMe3)2(OH2)]+ is calculated to be between 82 and 84 kcal/mol.  Consistent with this 

estimate, reactivity studies described above suggest that [TpRu(PMe3)2OH][OTf] (4) can 

react with substrates that possess C-H bonds with BDE ≤ 80 kcal/mol.  There are several 

limitations to applying this approach to determination of the O-H BDE of 

[TpRu(PMe3)2(OH2)]+.  In addition to being an estimate, the pKa value between 18 to 20 
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uses aqueous phase values while reactions of 1 were performed in benzene.  As previously 

discussed, the enthalpy of solution of the hydrogen atom is assumed to be equivalent to that 

of dihydrogen (1 kcal/mol).263  In order to convert free energies from pKa and the redox 

potential of 1, it is assumed that the entropies of [TpRu(PMe3)2(OH2)]+ and 

[TpRu(PMe3)2(OH)]+ are the same.263  Despite these limitations, the estimated O-H BDE of 

[TpRu(PMe3)2(OH2)]+ is consistent with observed reactivity and DFT computations (see 

below). 

 

Scheme 3. 16.   Calculation of the O-H bond strength in [TpRu(PMe3)2(OH2)][OTf].  a See reference 
#94.  
 

3.2.3 Computational Studies or Relevant Bond Dissociation Energies.   

The approximate pKa of [TpRu(PMe3)2(OH2)]+ and Ru(III/II) potential of 1 pKa have 

been used to provide an experimental estimate of the O-H BDE of [TpRu(PMe3)2(OH2)]+ of 

between 82 and 85 kcal/mol.  This value is consistent with observations that 

[TpRu(PMe3)2(OH)][OTf] (4) reacts with C-H bonds that have BDEs < 81 kcal/mol.  DFT 

calculations were done by Thomas V. Grimes and Dr. Thomas R. Cundari using the 

B3LYP/CSDZ* level of theory, the O-H BDE of [(Tab)Ru(PH3)2(OH2)]+ (Tab = 

tris(azo)borate as a model of the full Tp) is calculated to be 84 kcal/mol in the gas phase 

(Figure 3.2), which  increases confidence in the experimental estimates of the O-H BDE. 
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Figure 3. 2. Computational studies at the B3LYP/CSDZ* level of theory  indicate that the O-H BDE 
of [TpRu(PMe3)2(OH2)]+ is 84 kcal/mol in the gas phase. 
 

We have previously reported that single-electron oxidations of TpRu(L)(L')R (R = 

alkyl ligand) systems to form the Ru(III) cations [TpRu(L)(L')R]+ result in rapid Ru-R bond 

homolysis at room temperature.264  The fast homolytic cleavage of the Ru-C bonds is 

attributable to a substantial decrease in Ru-R BDE upon oxidation from Ru(II) to Ru(III).  

For example, B3LYP calculations reveal that conversion of the Ru(II) complex 

TpRu(CO)(NCMe)Me to the Ru(III) cation [TpRu(CO)(NCMe)Me]+ decreases the Ru-CMe 

BDE from 49 kcal/mol to 23 kcal/mol (a 53% decrease in BDE), a result consistent with the 

experimentally observed reactivity of these complexes.49  Previous experimental studies 

have revealed that M-OR BDEs can be greater than M-C BDEs.56, 58, 245, 265-268  In contrast to 

[TpRu(CO)(NCMe)Me]+, experimental results herein indicate that the Ru-OH bond of the 

Ru(III) system [TpRu(PMe3)2OH]+ is relatively stable (compared with the Ru(III) alkyl 

bonds) at room temperature, and in the absence of reactive substrates the Ru(III) hydroxo 

complex 4 is persistent (only 5% decomposition is observed for 4 after 12 hours in C6D6 at 

room temperature).  Consistent with these observations, B3LYP/CSDZ* calculations 

indicate that the Ru-Ohydroxyl BDE of the Ru(III) system [(Tab)Ru(PH3)2OH]+ ligand is 50 

kcal/mol (Figure 3.3, which is greater than twice the calculated value of Ru-Cmethyl BDE  of 
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23 kcal/mol for the Ru(III) complex [TpRu(CO)(NCMe)Me]+.  At the same level of theory, 

the calculated Ru-Ohydroxyl BDE of the Ru(II) complex (Tab)Ru(PH3)2OH is 74 kcal/mol.  

Thus, oxidation from Ru(II) to Ru(III) is calculated to decrease the Ru-Xhydroxyl BDE by only 

32%, a value that is proportionately less than the impact of single-electron oxidation on 

Ru-alkyl BDEs.  A potential source of the different effect on Ru-ligand BDE upon 

oxidation (i.e.; OH vs. Me) is the ability of the hydroxo ligand to stabilize the Ru(III) state 

via π-interaction and formation of some Ru-OH multiple bond character, which is not 

accessible at the Ru(II) oxidation state due to a filled set of dπ orbitals.  Support for this 

conclusion can be deduced from the greater than expected shortening of the Ru-OH bond 

upon oxidation from Ru(II) to Ru(III) obtained from DFT geometry optimization of 

[(Tab)Ru(PH3)2(OH)]n models: n = 0, Ru(II)-OH = 2.12 Å;  n = +1, Ru(III)-OH = 1.97 Å.  

The difference of 0.15 Å is roughly double the bond shortening expected from an increase in 

the formal oxidation state of ruthenium by +1 units for a six-coordinate complex.  The 

calculated Ru-O-H angle is larger in the Ru(III) complex than the corresponding Ru(II) 

hydroxide (112° versus 117°), although this difference is marginal.   

 

Figure 3. 3.   Computational studies {B3LYP/SBK(d)} indicate that the Ru-OH BDE of 
(Tab)Ru(PH3)2OH (1) is 74 kcal/mol and is 50 kcal/mol for [(Tab)Ru(PH3)2OH]+. 
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3.3 Summary 

At the Ru(II) oxidation state, TpRu(PMe3)2OR (R = H or Ph) systems exhibit 

reactivity with C-H bonds that is consistent with an acid/base reaction with the "OR" ligand, 

which avoid metal-centered redox changes.  For example, TpRu(PMe3)2OH (1) and 

1,4-CHD are converted to benzene and TpRu(PMe3)2H in a reaction that we propose involves 

initial heterolytic cleavage of an allylic C-H bond of 1,4-CHD.  In contrast, single-electron 

oxidation of 1 to a Ru(III) complex results in reactivity indicative of a predilection toward 

odd-electron chemistry (i.e., net hydrogen atom abstraction of relatively weak C-H bonds).  

Late transition metal systems with non-dative heteroatomic ligands have been demonstrated 

to break C-H bonds by three distinct pathways:  1) ligand-centered hydrogen atom 

abstraction (i.e., proton-coupled electron transfer),182, 201, 225-227 2) ligand-centered heterolytic 

chemistry (i.e., C-H deprotonation),157, 159, 249 and 3) net 1,2-addition of C-H bonds across 

M-X bonds (Scheme 3.17).161, 167, 223  For systems with an energetically favorable n-1 

oxidation state, and inaccessible coordination sites, odd-electron and net hydrogen atom 

abstraction (ligand-centered) chemistry is likely to dominate.  For complexes with 

high-energy n-1 oxidation states and unavailable coordination sites, heterolytic even-electron 

C-H cleavage (i.e., C-H deprotonation) is likely to be observed.  Complexes with high 

energy n-1 oxidation states and accessible coordination sites for binding of C-H bonds are 

most likely to exhibit a predilection toward even-electron 1,2-addition of C-H bonds (i.e., 

metal-mediated C-H activation).  The studies outlined here on TpRu-X (X = OH, NH2) 

complexes indicate that subtle control of the activity and selectivity within and among the 

different pathways for scission of C-H bonds is a delicate balance of access to open 
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coordination sites on the metal, metal oxidation state (e.g., acid/base chemistry of Ru(II) 

versus odd-electron reactivity of Ru(III) complexes), and basicity of the non-dative ligand 

(Ru-NH2 more basic than Ru-OH complexes). 

 

Scheme 3. 17. Three pathways to cleave C-H bonds by late transition metal systems with 
non-dative heteroatomic ligands. 
 

3.4 Experimental Section 

General Methods.  All procedures were performed under an inert atmosphere in 

either a nitrogen-filled glovebox or using standard Schlenk techniques.  Glovebox 

atmosphere was maintained by periodic nitrogen purges and monitored by an oxygen 

analyzer {O2(g) < 15 ppm for all reactions}.  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 
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MHz) and referenced against external 85% H3PO4.  Unless otherwise noted, NMR spectra 

were acquired at room temperature.  Unless otherwise noted, all reagents were used as 

purchased from commercial sources.  Mass spectrometry was recorded by JEOL HX-110 

Magnetic Sector Mass Spectrometer.  Synthetic procedures for TpRu(PMe3)2OH (1), 

TpRu(PMe3)2OTf, TpRu(PMe3)2OMe, TpRu(PMe3)2H, TpRu(PMe3)2(C ≡ CPh) (2) and 

TpRu(PMe3)2OPh (3) have been reported.80, 161  

[TpRu(PMe3)2(OH2)][OTf] (5).  In a glovebox, an NMR tube was charged with 

0.025 g (0.04 mmol) of TpRu(PMe3)2OTf and 0.7 mL of C6D6.  The NMR tube was capped 

with a rubber septum, removed from the glovebox, and 2 μL of H2O (0.11 mmol) were added 

using a micro-syringe.  The solution was shaken vigorously, and 1H NMR spectra were 

acquired 10 minutes and 12 hours after mixing.  After 12 hours, new resonances due to 

[TpRu(PMe3)2(OH2)][OTf] (5) appeared in equilibrium with TpRu(PMe3)2OTf (no further 

change occurred after 12 hours).  D2O (2 μL, 0.11 mmol) was added to the solution, and a 

1H NMR spectra were acquired 20 minutes and 12 hours after mixing.  Resonances due to 

Ru-coordinated H2O and free H2O decreased with no change for the remaining resonances.   

1H NMR (C6D6, δ):  7.98, 7.43, 7.37, 6.70 (6H, 2:2:1:1 integration, each a d, Tp CH 3 and 5 

positions), 6.07, 5.71 (3H, 2:1 integration, each a t, Tp CH 4 position), 4.28 (2H, broad, 

Ru-OH2), 1.06 (18H, vt, N = 8 Hz, P(CH3)3).  31P{1H} NMR (C6D6, δ):  13.8 (s, PMe3). 

[TpRu(PMe3)2(OH2)][OMe].  In a glove box, an NMR tube was charged with 

0.020 g (0.040 mmol) of TpRu(PMe3)2OH (1) and 1.0 mL of C6D6.  A 1H NMR spectrum 

was acquired.  Methanol (1.7 μL, 0.040 mmol) was added to the NMR solution, and the 

solution was shaken vigorously.  Another 1H NMR spectrum was acquired that indicated 
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disappearance of the resonances due to complex 1 and the appearance of new resonances 

assigned as [TpRu(PMe3)2(OH2)][OMe].  1H NMR (C6D6, δ):  7.93, 7.54, 7.52, 7.00 (6H, 

2:2:1:1 integration, each a d, Tp CH 3 and 5 positions), 5.97, 5.85 (3H, 2:1 integration, each 

a t, Tp CH 4 position), 3.47 (3H, s, CH3O), 2.57 (2H, broad, Ru-OH2), 1.11 (18H, vt, N = 10 

Hz, P(CH3)3).  31P{1H} NMR (C6D6, δ):  18.1 (s, PMe3). 

[TpRu(PMe3)2(OH2)][OCH2CH3].  In a glove box, an NMR tube was charged with 

0.020 g (0.040 mmol) of TpRu(PMe3)2OH (1) and 1.0 mL of C6D6.  A 1H NMR spectrum 

was acquired.  Ethanol (2.4 μL, 0.040 mmol) was added to the NMR solution, and the 

solution was shaken vigorously.  Another 1H NMR spectrum was acquired that indicated 

disappearance of the resonances due to complex 1 and the appearance of new resonances 

assigned as [TpRu(PMe3)2(OH2)][OEt].  1H NMR (C6D6, δ):  7.94, 7.55, 7.52, 7.02 (6H, 

2:2:1:1 integration, each a d, Tp CH 3 and 5 positions), 5.97, 5.86 (3H, 2:1 integration, each 

a t, Tp CH 4 position), 3.79 (2H, q, CH3CH2O), 1.32 (3H, t, CH3CH2O), 1.13 (18H, vt, N = 8 

Hz, P(CH3)3).  31P{1H} NMR (C6D6, δ):  18.4 (s, PMe3). 

[TpRu(PMe3)2(OH2)][OC(CH3)3].  In a glove box, an NMR tube was charged with 

0.020 g (0.040 mmol) of TpRu(PMe3)2OH (1) and 1.0 mL of C6D6.  A 1H NMR spectrum 

was acquired.  t-Butanol (3.9 μL, 0.040 mmol) was added to the NMR solution, and the 

solution was shaken vigorously.  Another 1H NMR spectrum was acquired that indicated 

disappearance of the resonances due to complex 1 and the appearance of new resonances 

assigned as [TpRu(PMe3)2(OH2)][OtBu].  1H NMR (C6D6, δ):  7.97, 7.57, 7.52, 7.04 (6H, 

2:2:1:1 integration, each a d, Tp CH 3 and 5 positions), 5.97, 5.87 (3H, 2:1 integration, each 
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a t, Tp CH 4 position), 1.38 (9H, s, OC(CH3)3), 1.15 (18H, vt, N = 10 Hz, P(CH3)3).  31P{1H} 

NMR (C6D6, δ):  18.9 (s, PMe3). 

Reaction of TpRu(PMe3)2OH (1) with Phenylacetylene.  In a glovebox, three 

screw-cap NMR tubes were each charged with 0.020 g (0.040 mmol) of TpRu(PMe3)2OH (1) 

and 1.0 mL of C6D6.  To the resulting solutions were added 0.044 mL of phenylacetylene 

(0.40 mmol) and a small amount of mesitylene as internal standard.  A 1H NMR spectrum 

was acquired with a pulse delay of 10 seconds in order to ensure accurate integration.  The 

solutions were heated to approximately 80 °C in an oil bath and periodically monitored by 1H 

NMR spectroscopy. The formation of TpRu(PMe3)2(C ≡ CPh) (2) was observed in 

quantitative yield; however, multiple reactions using different batches of 1 did not produce 

consistent rates of reactions. 

Reaction of TpRu(PMe3)2OPh with Phenylacetylene.   The procedure used was 

identical to those described above for 1 except oil bath was set at 85 °C.  The conversion to 

2 was quantitative by 1H NMR spectroscopy after 6 days. 

Reaction of TpRu(PMe3)2OR (R = H or Ph) with 1,4-Cyclohexadiene.   In a 

glovebox, the Ru(II) complex was weighed and dissolved in 1 mL of C6D6.  This solution 

was transferred to a screw-cap NMR tube, and 3 equivalents of 1,4-CHD were added along 

with mesitylene (as internal standard).  1H NMR spectra were immediately acquired with a 

10 second pulse delay.  The solution was then heated to 80 °C (R = H) or 85 °C (R = Ph) in 

temperature regulated oil baths.  Reaction progress was monitored versus time using 1H 

NMR spectroscopy.  Percent yields of products were determined by integration versus 

mesitylene.  For the reaction of TpRu(PMe3)2OH (1) with 1,4-CHD, the formation of 
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TpRu(PMe3)2H (33% after 9 days), 1,3-CHD, benzene and water was observed, while the 

combination of TpRu(PMe3)2OPh and 1,4-CHD resulted in no reaction after 20 days of 

heating. 

Reaction of TpRu(PMe3)2OH (1) and Phenylacetylene with Catalytic 

TpRu(PMe3)2OTf.  Four screw-cap NMR tubes were each charged with 0.020 g (0.040 

mmol) of TpRu(PMe3)2OH (1),  0.044 mL (0.40 mmol) of phenylacetylene and 1.0 mL of 

C6D6.  To the four separate solutions 0, 0.04, 0.07 and 0.15 equivalents of TpRu(PMe3)2OTf 

(based on complex 1) were added as well as a small amount of mesitylene as internal 

standard.  1H NMR spectra were acquired using a pulse delay of 10 seconds in order to 

ensure accurate integration.  The solutions were heated to approximately 80 °C in a 

temperature regulated oil bath and periodically monitored by 1H NMR spectroscopy. The 

formation of TpRu(PMe3)2(C ≡ CPh) (2) was observed, and the rate of each reaction was 

determined.  

[TpRu(PMe3)2OH][OTf] (4).  TpRu(PMe3)2OH (1) (0.020 g, 0.040 mmol) was 

weighed in a glass vial and dissolved in 1.0 mL of C6D6.  The solution was transferred to a 

screw-cap NMR tube, and a 1H NMR spectrum was acquired using a 10 second pulse delay.  

In a glovebox, 1 equivalent of AgOTf was added to the NMR solution.  The solution was 

mixed and a precipitate immediately formed.  A 1H NMR spectrum revealed that all of the 

resonances due to complex 1 had disappeared.  After 12 hours at room temperature, 1H 

NMR spectroscopy showed the formation of TpRu(PMe3)2OTf in less than 5% yield (based 

on 1).  Evans NMR Method:  TpRu(PMe3)2OH (1) (0.022 g, 0.046 mmol) was dissolved 

in 16 mL of C6D6, and this solution was divided into two 8 mL solutions, which were labeled 
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A and B.  AgOTf (0.006 g, 0.023 mmol) was added to tube A, and a precipitate formed 

immediately.  This solution was filtered using a syringe filter.  Two NMR tubes were 

separately charged with the filtrate from solutions A and B, each of which was charged with 

2 μL of mesitylene.  Two sealed capillary tubes, which were charged with 2 μL of 

mesitylene and 50 μL of C6D6, were added into the NMR tubes containing solutions A and B.  

1H NMR spectra of each were acquired using a 10 second pulse delay.  For solution A, a 

total of four resonances for mesitylene were observed with a chemical shift difference of 

0.012 ppm (resonances at ~ 6.7 and 2.1 ppm; 300 MHz).  For solution B, only a single set of 

resonances (two total) was observed due to mesitylene. 

Reaction of [TpRu(PMe3)2OH][OTf] (4) with 1,4-Cyclohexadiene, 

9,10-Dihydroanthracene, Fluorene, Cyclohexene, Cumene, Toluene or Phenylacetylene.  

Six screw-cap NMR tubes were each charged with 0.020 g (0.040 mmol) of 

TpRu(PMe3)2OH (1) and 1.0 mL of C6D6.  In a glovebox, a small amount of mesitylene 

(internal standard) and three equivalents of 1,4-cyclohexadiene, 9,10-dihydroanthracene, 

fluorene, cyclohexene, cumene, toluene or phenylacetylene were added to an NMR tube.  A 

1H NMR spectrum was acquired using a 10 second pulse delay.  One equivalent of AgOTf 

(based on 1) was added to each NMR tube.  1H NMR spectra were acquired using a 10 

second pulse delay after 20 minutes and 12 hours at room temperature.  Results are 

described in the manuscript text.  Analysis by mass spectrometry did not reveal evidence of 

other organic products. 

Reaction of [TpRu(PMe3)2OH][OTf] (4) with 1,4-Cyclohexadiene with the 

Addition of TEMPO.  A screw-cap NMR tube was charged with 0.020 g (0.040 mmol) of 
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TpRu(PMe3)2OH (1), 0.007 g (0.040 mmol) of TEMPO, a small amount of mesitylene 

(internal standard) and 1.0 mL of C6D6 (0.010 g, 0.040 mmol).  A 1H NMR spectrum was 

acquired using a 10 second pulse delay.  AgOTf (0.010 g, 0.040 mmol) was added to the 

NMR tube, and a 1H NMR spectrum was acquired using a 10 second pulse delay.  The 

formation of 50% TpRu(PMe3)2OTf, 50% [TpRu(PMe3)2(OH2)][OTf] and 110% C6H6 were 

observed after 12 hours at room temperature. 

Computational Methods.  All geometries were optimized in Jaguar269 with density 

functional theory (DFT) using the B3LYP functional.270-272  The Stevens effective core 

potential (ECP) and valence basis sets were used,273, 274 with a d-polarization function on 

heavy main group elements (termed CSDZ* in Jaguar).  Each structure was confirmed as a 

minimum using an energy Hessian calculation; the unscaled vibrational frequencies thus 

obtained were used to determine enthalpic and entropic corrections at STP to the electronic 

energy using standard statistical thermodynamics formulas.  The tris-pyrazolyl borate (Tp) 

ligand was replaced with tris-azo borate (Tab), the latter being shown in previous work161, 223, 

275 to behave similarly in electronic and steric impact to the full Tp ligand.  PMe3 ligands 

were modeled with PH3.   
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Chapter 4 

4.1 Background of platinum chemistry. 

The activation of both aliphatic and aromatic C-H bonds by a wide range of transition 

metal systems is well established.169, 276, 277  Some of the most promising routes to the 

selective functionalization of alkanes involve platinum catalysts.130, 278  Platinum C-H 

activation chemistry has been extensively studied since “Shilov type” C-H activation 

chemistry in 1960’s.127, 278  In the 1960s, Garnett and Hodges described hydrogen/deuterium 

exchange in polycyclic aromatic hydrocarbons and heteocycles, catalyzed by platinum(II) 

salts in deuterated aqueous acetic acid CH3COOD.279-282  H/D exchange was found at all 

three positions along the n-propyl side chain of PhCH2CH2CH3 with the selectivity for the 

terminal CH3 position.  Based on Garnett and Hodges’ work, Shilov283 and coworkers 

extended these studies to alkanes, and they observed slow but definite H/D exchange at mild 

temperatures.  The selectivity of the H/D exchange for alkanes resulted in a preference for 

terminal CH3 groups over secondary and tertirary positions.  This selectivity contracts 

radical-based chemistry and electrophilic substrates and provided hope for potential practical 

application.  For a system involving platinum(II) as catalyst and [PtIVCl6]2- as an oxidant, 

Shilov and coworkers saw alkane oxidation to ROH and RCl with terminal attack 

preferred.284, 285  In the 1980s, more researchers began to realize the importance of the 

Shilov work.169, 285  Significant recent progress has been made in the development of 

catalytic systems for alkane oxidation,127, 149, 283, 286 as well as in the understanding of the 

mechanisms of these platinum (II/IV) based catalytic cycles.287-295  From 1993, Bercaw and 

Labinger attempted to study the Pt system in detail, and proposed a mechanism that involves 
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initial interaction of alkane with Pt(II) to give an alkane complex (Scheme 4.1).126  The 

alkane complex can lead to oxidative addition of the alkane (i.e., metal insertion into the C-H 

bond) with subsequent loss of a proton, or the alkane complex can lose a proton directly.  

The reaction may follow both pathways because the barriers for each are believed to be very 

close in energy.296  The selectivity for the terminal C-H bond is either decided by the 

tendency for oxidative addition to occur at the terminal C-H or by the tendency of alkane 

complexes to prefer binding and deprotonation at the terminal C-H.  In the H/D isotope 

exchange, the resulting alkyl is cleaved by D+ to give RD (Scheme 4.1).  In the next step of 

alkane functionalization, the Pt(II) methyl is rapidly oxidized by Pt(IV) to give the 

methylplatinum(IV) intermediate [MePtCl5]2-.  The square planar Pt(IV) fragment [PtCl4]2- 

now becomes a good leaving group, and Cl- or OH- can nucleophilically attach the R-Pt(IV) 

species with departure of Pt(II) to regenerate the catalyst and give the final product (Scheme 

4.1).297  

 

Scheme 4. 1.   A proposed mechanism for the Shilov reaction. 
 

The problem with the Shilov system from a practical view is that Pt(IV) is not an 

cheap stoichiometric oxidant.  In an important development, Periana moved Shilov-like 
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chemistry closer to practical use with a series of methane conversion catalysts.148  

Concentrated sulfuric acid was chosen as a selective oxidant for the key methylplatinum(II) 

intermediate. The first such systems involved Hg(II) salts as catalyst and the second a 

bipyrimidine complex of Pt(II), both used sulfuric acid as solvent to convert methane to the 

methanol derivative, CH3OSO3H.  In the mercury case, the system involved Hg(II) salts in 

H2SO4 at 180 °C.  Methane was converted to methyl bisulfate, MeOSO3H, in which the 

-OSO3H provides a powerful deactivating group that helps prevent over oxidation of the 

methanol.   The next development was a Pt(II) catalyzed process in H2SO4 at 180 °C, 

where the metal was stabilized with either a 2,2’-bipyrimidine ligand or alternatively two 

ammonia ligands.  The latter was more active but suffered from significant decomposition, 

while the bispyrimidine was more robust but slightly less active.149  A Shilove-like 

mechanism was proposed for these sytems (Scheme 4.2). 

 

Scheme 4. 2.   Proposed mechanism for Periana’s platinum system for the conversion of 
methane to methanol derivative, CH3OSO3H. 
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4.2  Platinum complexes with heteroatomic non-dative ligands and possible C-H 

activation. 

Several studies have revealed that formally anionic heteroatomic ligands coordinated 

to late transition metals in low oxidation states can be quite basic and/or nucleophilic.14, 48, 49, 

57, 67, 68, 160, 206, 233, 234, 240, 298  The formal disruption of ligand-to-metal π-donation due to 

filled dπ orbitals likely plays an important role in the reactivity of these systems by 

enhancing the nucleophilicity and basicity of amido, alkoxo and related ligands.48, 49, 57, 299  

For example, Ru(II) complexes can deprotonate (intermolecular) some C-H bonds to form 

amine/carbanion ion pairs,13, 65-67, 88, 89, 155, 246, 298 and an octahedral Fe(II) parent amido 

complex has been suggested to initiate an intermolecular nucleophilic addition to free carbon 

monoxide.104  Recently, we have demonstrated that monomeric Cu(I) amido, alkoxo and 

sulfido complexes catalyze conjugate addition of amines, alcohols and thiols to activated 

olefins.164, 165, 300  An important distinction between complexes with formally anionic or 

dianionic heteroatomic ligands (e.g., oxo, alkoxo, amido, imido) in high versus low oxidation 

state is the predilection of the former for odd-electron chemistry while the latter class of 

complexes typically undergo "even-electron" reactivity.299  For example, Ru(III) hydroxo, 

Fe(III) alkoxo and other higher oxidation complexes initiate C-H bond cleavage via net bond 

homolysis (i.e., hydrogen atom abstraction).160, 184, 201  In contrast, octahedral Ru(II) and 

Fe(II) complexes react with C-H bonds via even-electron acid/base reactions,13, 65-67, 89, 155, 246 

and both Ru(II) amido/hydroxo and Ir(III) methoxo systems activate aromatic C-H bonds 

through even-electron net 1,2-addition of C-H bonds across the M-X (X = OR, NHR) ligands 

(see Chapter 2 and Chapter 3 for details).161, 162, 167  
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The addition of C-H bonds across metal-nitrene bonds using d0 early transition metal 

centers has been reported,150-153, 172, 175, 181, 301-303 and studies of these C-H activation reactions 

indicate that metal electrophilicity plays a central role by promoting the coordination and 

activation of C-H bonds.152  Extension of such reactions to late transition metal centers 

could provide several advantages for C-H activation as well as other types of bond 

activations since the increased redox flexibility at the metal center (for late versus early 

transition metals) could allow the development of catalytic cycles that involve reductive 

elimination sequences;  however, the anticipated decrease in electrophilicity for 

electron-rich late transition metals could deter the metal center’s activating ability. 

Understanding the factors that control ligand-based reactivity of late transition metal amido 

and related complexes requires access to a variety of coordination environments including 

variable ligand sets, metal identities and oxidation states.  The chemistry of 

late-transition-metal complexes possessing amido (NR2
-) and imido (NR2-) ligands is much 

less developed than that of the early- and mid-transition elements.10, 11, 304  This is 

particularly true of the platinum triad, especially for Pt(IV) complexes. 

Octahedral group 10 complexes (Ni, Pd, Pt) in +4 oxidation state with amido, alkoxo 

and related ligands represent a potentially interesting class of systems.  The +4 oxidation 

state provides a filled dπ set of orbitals, which disrupts ligand-to-metal π-donation.  Thus, 

such complexes might be expected to undergo reactivity similar to the Ru(II) and Fe(II) 

systems discussed above including even-electron chemistry with the heteroatomic ligand 

acting as a base or nucleophile.  In addition, the +4 oxidation state should render the metal 

strongly Lewis acidic and, hence, provide enhanced metal-based activation of C-H bonds 
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relative to metals in lower oxidation states.  However, metal center with high oxidation state 

might increase the covalency of metal-heteroatom bond and might serve to decrease the 

nucleophilicity of the non-dative ligand.  In addition, the high oxidation state might provide 

a driving force for undesireable redox chemistry {via reduction to Pt(II)}.  

Although four-coordinate Pd(II) amido, alkoxo and related systems are key 

intermediates in important catalytic C-N and C-O bond forming processes,28 and square 

planer Pd(II), Ni(II) and Pt(II) amido complexes are known,28, 58 examples of fully 

characterized octahedral and monomeric M(IV) (M = Ni, Pd or Pt) amido complexes are , to 

our knowledge, unknown.  The Heck and Frank groups have reported the preparation and 

reactivity of a tri-µ-amido-bis[triammineplatinum(IV)] complex,305-308 while Peters and 

co-workers studied a Pt(IV) complex with a pincer-type amido ligand.309    

The problem with the Shilov system from a practical point of view is that Pt(IV) is 

not an economically viable stoichiometric oxidant.  Efforts to replace the Pt(IV) were 

complicated by the fact that the alkane interacts only with the Pt(II) catalyst, but most 

primary oxidants tend to convert reactive Pt(II) to catalytically inactive Pt(IV).  Therefore, 

we are interested in develop a catalytic cycle using Pt(IV) catalyst directly without the 

involvement of Pt(II) complex.  The proposed catalytic cycle for the conversion of alkane to 

alcohol by a Pt(IV) complex with non-dative ligand is shown in Scheme 4.3, which includes 

two key steps: 1) activation of C-H bond of alkane by a electrophilic Pt(IV) center to form a 

platinum alkyl alcohol complex and subsequently releasing alcohol from metal center to form 

platinum-alkyl complex; 2) conversion of Pt-R to Pt-OR by non-peroxo O-atom donors, YO 

(YO = H2O2, PyO, IO4
- or PhIO) (Scheme 4.3).  We have reported a C-H activation reaction 
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with a ruthenium(II) hydroxo complex (see Chapter 2 for detail) with the observation of H/D 

exchange at the hydroxo ligand with aromatic solvent.161  In addition, Periana group 

published their results of C-H activation with an iridium(III) methoxo complex, which 

simultaneously generates a functionalized alcohol product and a metal alkyl.167  Moreover, 

Periana and co-workers have recently reported the bond conversion of Re-R to Re-OR with 

non-peroxo YOs that proceeds via a low-energy, Baeyer-Villiger type, electrophilic O-atom 

insertion.189  Similarly, we believe the conversion of PtIV-R to PtIV-OR is potentially 

accessible through Baeyer-Villiger type O-atom insertion and it will unlikely go through 

oxidation to form thermally unstable platinum oxo alkyl complex with +6 oxidation state 

(Scheme 4.3).  

 

Scheme 4. 3.   Proposed catalytic cycle for the conversion of alkane to alcohol by a PtIV complex 
with heteroatomic non-dative ligand. 

 

In current chapter, the preparation and initial reactivity studies of two monomeric 

Pt(IV) amido complexes (NCN)PtMe2(NHPh) and (NCN´)PtMe2(NHPh) (NCN = 

2,6-(pyrazolyl-CH2)2C6H3;  NCN´ = 2,6-{(3,5-dimethylpyrazolyl)-CH2}2C6H3) will be 

discussed. 
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4.3  Results and discussion 

The preparation of (NCN)PtMe2(NHPh) was previously developed in the Gunnoe 

group by Dr. Jubo Zhang.310  The reaction of previously reported (NCN)PtMe2Br311 with 

silver triflate in refluxing THF results in the formation of (NCN)PtMe2OTf (OTf = OSO2CF3) 

(1) (eq 4.1).  The 1H NMR spectrum of complex 1 displays similar patterns to 

(NCN)PtMe2Br but with shifted resonances (Figure 4.1).  For example, resonances due to 

pyrazolyl ring shift from 8.36 ppm, 7.45 ppm and 6.31 ppm for (NCN)PtMe2Br to 8.26 ppm, 

7.56 ppm and 6.34 ppm for (NCN)PtMe2OTf.  In addition, resonances due to methylene 

group shift from 5.84 ppm and 4.83 ppm for (NCN)PtMe2Br to 5.85 ppm and 4.92 ppm for 

(NCN)PtMe2OTf.  The reaction of (NCN)PtMe2OTf with LiNHPh produces the Pt(IV) 

amido complex (NCN)PtMe2(NHPh) (2) (eq 4.2).  The 1H NMR spectrum of complex 2 is 

consistent with the cis-dimethyl geometry shown in eq 4.2.  This geometry is consistent 

with that determined by a single crystal X-ray diffraction study of (NCN)PtMe2Br.311  The 

pyrazolyl rings are symmetry equivalent with resonances observed at 7.96 and 6.34 ppm for 

the 3,5-positions and 5.67 ppm for the 4-position.  Resonances due to meta and para 

positions of anilido ligand were observed at 7.25 ppm and 6.89 ppm, respectively, while 

resonance due to ortha position of anilido ligand is overlapping with phenyl meta and para 

protons and are shown at 6.71 ppm.  The resonance due to the NH was observed as a broad 

singlet at 2.90 ppm in C6D6.  A single, averaged signal is observed for the methyl groups at 

1.41 ppm with Pt satellites (2JPt-H = 70 Hz) (Figure 4.2).  The magnitude of the coupling 

constants to Pt is consistent with the assignment as Pt(IV).312-314    Under a dinitrogen 
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atmosphere, complex (NCN)PtMe2(NHPh) is persistent in the solid-state for days at room 

temperature.   

Attempts at reacting (NCN)PtMe2OTf (1) with LiNH2 to make (NCN)PtMe2NH2 in 

THF at room temperature were not successful (eq 4.3).  Addition of LiNH2 to the benzene 

solution of complex 1 results in a heterogeneous solution.  Adding THF to this solution 

enhanced the solubility of LiNH2.  This solution was stirred at room temperature for 4 hours 

and all solvents were removed in vacuo.  The residue was redissolved in C6D6 and CD2Cl2 

and monitored by 1H NMR spectroscopy.  No resonance due to platinum complex was 

shown in C6D6 solution, probably because the product is not soluble in C6D6.  Multiple 

unidentified products were observed in the CD2Cl2 solution.  
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Figure 4. 1.   1H NMR spectrum of (NCN)PtMe2OTf in CDCl3. 

 

Figure 4. 2.   1H NMR spectrum of (NCN)PtMe2NHPh in C6D6. 
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Attempts to observe aromatic C-H bond activation were explored by heating complex 

(NCN)PtMe2(NHPh) (2) at 60 °C in benzene-d6.   Breaking C-H bond of benzene by 

(NCN)PtMe2(NHPh) to form (NCN)PtMe2Ph complex and aniline was expected.  However, 

this results in slow decomposition of starting material and the formation of insoluble 

platinum decomposition products.  Aniline is observed as by product (Scheme 4.3).   

The failure of (NCN)PtMe2(NHPh) to react with C6D6 maybe due to lack of an open 

coordination site for the coordination of benzene.  Thus, we sought the preparation of 

(NCN)Pt(Me)(Cl)(NHPh), from which to produce the five coordinate complex 

[(NCN)Pt(Me)(NHPh)]+ with an open coordination site. 

The reaction of (NCN)PtMe2(NHPh) with HCl resulted in the formation of a 

precipitate along with the disappearance of platinum starting material 2 (1H NMR in C6D6) 

(Scheme 4.4).  We hope the reaction of (NCN)PtMe2(NHPh) with HCl could result in the 

formation of (NCN)Pt(Me)(Cl)(NHPh) with the release of methane, however, since methane 

is not observed, the precipitate is probably due to [(NCN)PtMe2(NH2Ph)][Cl], as the similar 

result for the reaction of (NCN´)PtMe2(NHPh) with HCl (see below). 

Our group has previously reported that TpRuL2(X) (X = OH, NH2, NHPh) complexes 

exhibit nucleophilic amido and hydroxo ligands.67, 81, 160  At room temperature, 

TpRu(PMe3)2(NHPh) does not react with ethylbromide after 24 hours.  However, at 80 °C 

slow conversion (t1/2 ~ 19 hours) to TpRu(PMe3)2Br and N-ethylaniline is observed (eq 

4.4).80  Our group has also studied the reaction of a series of copper amido complexes 

including (dtbpe)Cu(NHPh) (dtbpe = 1,2-bis-(di-tert-butylphosphino)ethane), 

(IMes)Cu(NHPh) (IMes = 1,3-bis(2,4,6-trimethylphenyl)imidazol-2-ylidene), (IPr)Cu(NHPh) 
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(IPr = 1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene) and (SIPr)CuNHPh (SIPr = 

1,3-bis(2,6-diisopropylphenyl)imidazolin-2-ylidene).81, 82  For example, in order to compare 

amido-based nucleophilicity, the Cu-NHPh systems were reacted with ethylbromide to yield 

N-ethylaniline and corresponding copper bromide complexes.  The reaction of 

TpRu(PMe3)2(NHPh) with EtBr is significantly slower than the reactions of the copper 

anilido complexes with EtBr (t1/2 is 22 hours for TpRu(PMe3)2(NHPh) while t1/2 are from 21 

to 109 minutes for the copper system) (Table 4.1).81, 82  We are curious whether the 

octahedral PtIV anilido complex (NCN)PtMe2(NHPh) has similar nucleophilicity as the 

octahedral RuII complex and the unsaturated CuI systems.  We hope the +4 oxidation state 

at the platinum metal center will increase the metal acidity, but may result in the formation a 

stronger metal-nitrogen bond and decrease the nucleophilicity of the anilido ligand.  

Interested in the comparison of PtIV with RuII and CuI systems, we attempted the nucleophilic 

substitution reaction of (NCN)PtMe2(NHPh)  with EtBr (Scheme 4.4).  1H NMR 

spectroscopy shows that (NCN)PtMe2(NHPh) will not react with EtBr at room temperature, 

but heating to 50 °C results in the formation of (NCN)PtMe2Br and EtNHPh, confirmed by 

the addition of pure (NCN)PtMe2Br and EtNHPh.  Further detailed study to get reaction rate 

is required to directly compare the nucleophilicity of the Ru(II), Cu(I) and Pt(IV) amido 

systems.   
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Table 4. 1.  Kinetic data for the reaction of bromoethane with Ru and Cu complexes. 

 kobs (s-1) t1/2 
TpRu(PMe3)2NHPh 8.6(3) x 10-6 22 hrs 
(dtbpe)Cu(NHPh) 5.5(2) x 10-6 21.0 (6) mins 
(IMes)Cu(NHPh) 3.3(3) x 10-6 35(3) mins 
(IPr)Cu(NHPh) 2.4(2) x 10-6 49(4) mins 

(SIPr)Cu(NHPh) 1.1(1) x 10-6 109 (8) mins 
 

Trityl (triphenylcarbenium) cation is often used to abstract a hydride.  We were 

interested in the selectivity for reaction of trityl cation with (NCN)PtMe2(NHPh).  Three 

possible outcomes are apparent: 1) abstract a hydride from methyl ligand and form a 

platinum carbene complex; 2) abstract the NH hydride from anilido ligand and form platinum 

nitrene complex; and 3) react with basic anilido ligand and form five coordinate platinum 

complex [(NCN)PtMe2]+ and Ph3C-NHPh.  In general, the transition metal nitrene and 

carbene complexes undergo variety of interesting and useful reactions.  For example, 

carbene complexes have been used as carbene transfer mediators and olefin metathesis 

catalysts.8, 315-317  Nitrene complexes for late transition metals239, 318 are proposed 

intermediates in olefin aziridination catalysis.319, 320  At the Pt(IV) oxidation state, a nitrene 

or carbene system would be a new class of complex and provide the potential for entry in to 

novel reactivity.  However, reaction of (NCN)PtMe2(NHPh) with [Ph3C][PF6] results in the 

consuming of starting material and formation of multiple unidentified products at room 

temperature after 12 hours monitored by 1H NMR spectroscopy (Scheme 4.4).  
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Scheme 4. 4.  Reactions of (NCN)PtMeNHPh with C6D6, EtBr, HCl or [Ph3C][PF6]. 
 

One inhibition to the development of chemistry with (NCN)PtMe2(NHPh) (2) is its 

low solubility in many common organic solvents.  Therefore, the methyl substituted NCN´ 

ligand derivative was introduced to potentially enhance solubility.  As previously reported, 

311 refluxing potassium and 3,5-dimethylpyrazole in THF results in the formation of 

3,5-dimethylpyrazolyl potassium, which reacts with 2,6-(BrCH2)2C6H3Br to yield 

2,6-bis{(3,5-dimethylpyrazol-1-yl)methyl}bromobenzene.  Refluxing 

2,6-bis{(3,5-dimethylpyrazol-1-yl)methyl}bromobenzene with {PtMe2(SEt2)}2 in C6H6 for 2 

hours produces  (NCN´)PtMe2Br (3) (NCN´ = 

2,6-bis{(3,5-dimethylpyrazol-1-yl)methyl}bromobenzene) (Scheme 4.5, Figure 4.3).   
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Scheme 4. 5.  Preparation of (NCN´)PtMe2Br (3). 
 

 

Figure 4. 3.   1H NMR spectrum of (NCN´)PtMe2Br in CDCl3. 
  

In an effort to ultimately prepare (NCN´)Pt(Me)(X)(NHPh) (X = halide or triflate), 

which should serve as a precursor to the coordinatively unsaturated complex [(NCN´)Pt(Me) 

(NHPh)]+, we attempted the preparation of (NCN´)Pt(Me)(X)(Br).  It was anticipated that 

the reaction of (NCN´)PtMe2Br (3) with strong acids HCl or HOTf would form methane via 
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protonation of a methyl ligand.  However, attempts at reacting (NCN´)PtMe2Br with strong 

acids (HCl or HOTf) to from platinum chloride or a triflate complex and methane were not 

successful.  Instead, multiple unidentified products were observed (Scheme 4.6).  

Alkyl abstraction from transition metal complexes mediated by the Lewis acidic 

B(B6F5)3 is well-documented.321  For example, it has been reported that treatment of a 

benzene solution of (PNP)PtMe {(PNP)- is bis(1-diphenylphosphinophenyl)amide} with a 

stoichiometric amount of B(C6F5)3 at room temperature leads to the formation of [PNP]PtPh 

in quantitative yield.  The phenyl ligand is derived from the cleavage of a benzene C-H 

bond.228  Unfortunately, a mixture of (NCN´)PtMe2Br (3) and B(C6F5) in CDCl3 results in 

no reaction after 2 days at room temperature (Scheme 4.6).  In another attempt to displace a 

methyl ligand, iodine was added to a CD2Cl2 solution of complex 3 in order to initiate a 

radical reaction to form a Pt-I bond; however, no reactivity was observed (Scheme 4.6).    

 

Scheme 4. 6.  Reactions of (NCN´)PtMe2Br with HOTf, HCl, B(C6F5) and I2. 
 

Another effort to replace the –CH3 ligand with a halide ligand was the reaction of 

(NCN´)PtMe2Br (3) with N-bromosuccinimide.  This would be a radical reaction to break a 

Pt-CH3 bond and form a Pt-Br bond to produce  (NCN´)PtMeBr2. However, rather than 

Pt-Me centered reactivity, the combination of complex 3 and N-bromosuccinimide resulted in 

bromination of pyrazolyl-4-positions with succinimide formed as the by-product, which was 
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confirmed by addition of pure succinimide to the solution (eq 4.5, Figure 4.4).  Reaction of 

(NCN´)PtMe2Br with N-bromosuccinimide favors pyrazolyl-4-position instead of the Pt-CH 

is likely due to the BDE of C-H at pyrazolyl-4-position is weaker than the BDE of Pt-CH3. 

 

 

Figure 4. 4.  Partial 1H NMR spectrum for the reaction of (NCN´)PtMe2Br with N-bromosuccinimide 
(NBS). The top NMR spectrum is (NCN´)PtMe2Br before addition of NBS, and the bottom NMR 
spectrum is after addition of NBS at room temperature overnight. 

 

Since the treatment of (NCN)PtMe2NHPh (2) with trityl cation did not lead to the 

formation of platinum carbene complex, we attempted to generate a Pt carbene complex by 

reacting (NCN´)PtMe2Br (3) with [Ph3C][BF4].  Successful reaction would produce Ph3CH 

and [(NCN´)(Me)(Br)Pt=CH2][BF4], which could be considered as a PtVI carbene using the 
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Schrock formation and a PtIV carbene using the Fisher formation.  In CD2Cl2, the 

combination of complex 3 and [Ph3C][BF4] resulted in the production of new resonances 

including a broad peak at ~ 13 ppm (1H NMR spectroscopy).  This downfield chemical shift 

is consistent with the formation of a methylene complex.  For example, Templeton and 

Gunnoe have reported a tungsten carbene complex [Tp´(CO)(PhC2Me)W=CH2][PF6], which 

was formed from the reaction of Tp´(CO)(PhC2Me)W(Me) with trityl cation ([Ph3C][PF6]) at 

-78 °C in methylene chloride. From 1H NMR spectroscopy, resonances at 12.33 ppm and 

12.04 ppm due to carbene ligand of this tungsten complex were observed.322  Transition 

metal carbene complexes are often reactive and fully characterized methylidene complexes 

are relatively rare.322-328  Preliminary attempts to isolate and purify the putative Pt 

methylidene system have resulted in decomposition.  The addition of styrene to a solution 

of potential [(NCN´)(Me)(Br)Pt=CH2][BF4] did not result in the formation of 

phenylcyclopropane, though the resonances due to styrene decreased and new resonances 

including three resonances at 2.8 ppm (dd), 3.3 ppm (dd) and 4.25 ppm (t) appeared, which 

are probably due to a seven-coordinated platinum complex 

(NCN´)Pt(Me)(Br)(CH2C(Ph)CH2) (Scheme 4.7).   

 

Scheme 4. 7.  Reaction of (NCN´)PtMe2Br with [Ph3C][BF4]. 
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Similar to the preparation of (NCN)PtMe2(NHPh), (NCN´)PtMe2Br (3)311 was reacted 

with AgOTf to form (NCN´)PtMe2(OTf) (4) (eq 4.6).  From the 1H NMR spectrum of 

complex 4, resonances due to phenyl para and meta positions are shifted from multiple peaks 

centered around 7.03 ppm for (NCN´)PtMe2Br to a triplet at 7.06 ppm (para-phenyl) and 

doublet at 6.99 ppm (meta-phenyl) for (NCN´)PtMe2OTf.  In addition, resonances due to 

substituted methyl on the 3,5-pyrazolyl positions have shifted from 2.85 ppm and 2.24 ppm 

for (NCN´)PtMe2Br to 2.60ppm and 2.29 ppm for (NCN´)PtMe2OTf  (Figure 4.3, 4.5).  

Complex 4 reacts with LiNHPh to produce (NCN´)PtMe2(NHPh) (5) (eq 4.7).  Complex 5 

is characterized by a triplet at 6.95 ppm (para-phenyl) and a multiplet at 6.76 ppm 

(overlapping of meta-Ph and ortho-NPh) in the 1H NMR spectrum.  In addition, resonances 

due to substituted methyl on the 3,5-pyrazolyl positions have shifted from 2.60 ppm and 2.29 

ppm for (NCN´)PtMe2OTf (4) to 2.82 ppm and 1.51 ppm for (NCN´)PtMe2(NHPh) (5).  

The anilido phenyl resonances due to the meta and para positions are observed at 7.28 ppm 

and 6.95 ppm, respectively, while the resonance due to the ortho anilido phenyl position is 

observed at 6.76 ppm as a broad multiplet.  The resonance due to NH is too broad to be 

observed at this point (Figure 4.6).   

An attempt to make (NCN´)PtMe2(OH) from the reaction of (NCN´)PtMe2(OTf) with 

CsOH·H2O was attempted, but unfortunately, was not successful (eq 4.8).  Mixture of 

(NCN´)PtMe2(OTf) with CsOH·H2O in toluene was heated to reflux for 2 days, and multiple 

unidentified products were observed after work up. 
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Figure 4. 5.  1H NMR spectrum of (NCN´)PtMe2OTf in CDCl3. 
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Figure 4. 6. 1H NMR spectrum of (NCN´)PtMe2NHPh in C6D6. 
 

Attempts to replace the methyl ligand of (NCN´)PtMe2NHPh (5) with a halide ligand 

was attempted by addition of excess HCl in benzene-d6 solution.  Although we suspected 

that the amine complex [(NCN´)Pt(Me)2(NH2Ph)][Cl] would form, it was hoped that this 

likely kinetic product would potentially release CH4 and form (NCN´)Pt(Me)(Cl)(NHPh).  

The combination of complex 5 and HCl forms a yellow precipitate in C6D6.  1H NMR 

spectrum of the heterogeneous mixture showed that (NCN´)PtMe2NHPh had consumed.  

The same reaction in either CDCl3 or DMSO-d6 revealed the formation of a new platinum 

complex possibly due to [(NCN´)PtMe2(NH2Ph)][Cl] (eq 4.9).  For example, in CDCl3, the 

resonance due to methyl ligand Pt-Me has shifted significantly from 1.38 ppm to 1.71 ppm.   

In addition, there are four broad resonances observed at the aromatic region (7.55 ppm, 7.41 
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ppm, 7.36 ppm and 7.05 ppm) with the ration of 2:2:1:3, which are probably due to the 

anilido phenyl (NHPh) and phenyl (Pt-C6H3) protons.  Because neither CH4 nor free aniline 

was observed, it is unlikely that (NCN´)PtMe(Cl)(NHPh) or (NCN´)PtMe2Cl were formed.  

Heating the CDCl3 or DMSO-d6 solution to 80 ºC for 12 hours did not observe any change 

by  1H NMR spectroscopy.  

 

Similar to the reaction of (NCN)PtMe2NHPh with trityl cation (see above), reactions 

of (NCN´)PtMe2NHPh with [Ph3C][BF4] or [Ph3C][PF6] were performed, however, multiple 

uncharacterized products were formed (Scheme 4.8).  

 

Scheme 4. 8.  Reactions of (NCN´)PtMe2NHPh with [Ph3C] [BF4] or [Ph3C][PF6]. 
 

4.4 Summary and future work 

 Preparation of monomeric octahedral platinum(IV) complexes with heteroatomic 

non-dative ligands has been completed.  Two new Pt(IV) anilido complexes 

(NCN)PtMe2NHPh and (NCN´)PtMe2NHPh were successfully synthesized through 

metathesis of platinum triflate complexes with alkali metal amido complexes and have been 

isolated and characterized by 1H NMR spectroscopy.  Attempts to obtain a crystal structure 

these two anilido complexes is in progress. Attempts to observe C-H activation of benzene 
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results in slow decomoposition of the starting material (NCN)PtMe2NHPh after heating 

prolonged time in C6D6.  Efforts to replace methyl ligand with a chloride ligand by either 

reacting (NCN)PtMe2NHPh with HCl or by reacting (NCN´)PtMe2Br with HCl was not 

successful, instead, multiple uncharacterized products were formed.  The reaction of 

(NCN´)PtMe2NHPh with HCl likely forms [(NCN´)Pt(Me)2(NH2Ph)][Cl] rather than 

replacing a methyl or anilido ligand with chloride.  A nucleophilic substitution reaction of 

(NCN)PtMe2NHPh with EtBr was completed, and formation of (NCN)PtMe2Br and EtNHPh 

was observed after heating to 50 °C.  Detailed study to obtain reaction rate, and compare 

with reported Ru and Cu systems will be performed.  Alkyl abstraction of (NCN´)PtMe2Br 

mediated by Lewis acidic B(B6F5)3 was attempted, but no reactivity was observed.  

Treatment of (NCN´)PtMe2Br with N-bromosuccinimide did not lead to the replacement of 

methyl ligand with bromide, but rather the C-H bonds at the pyrazolyl 4-positions were 

broken and C-Br bonds were formed.  Initial studies toward the synthesis of a platinum 

methylidene complex by reacting (NCN´)PtMe2Br with [Ph3C][BF4] results in the 

observation of a broad peak at about 13 ppm in 1H NMR spectroscopy, which is possibly due 

to the desired carbene complex, though addition of styrene results in the formation of new 

unidentified organic product, but not phenylcyclopropane.  Reaction of (NCN´)PtMe2NHPh 

with trityl cations [Ph3C][BF4] or [Ph3C][PF6] results in the formation of multiple 

uncharacterized products.   
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4.5 Experimental Section 

General Methods.  All procedures were performed under an atmosphere of 

dinitrogen in a glovebox or using standard Schelenk techniques. Oxygen levels were < 15 

ppm for all glovebox manipulations. Benzene, toluene and tetrahydrofuran were distilled 

from sodium/benzophenone. Methylene chloride was passed through two columns of 

activated alumina, and then distilled over CaH2 prior to use.  CD2Cl2, CDCl3 and C6D6 were 

degassed via three freeze-pump-thaw cycles and stored over 4Å molecular sieves.  1H and 

13C NMR measurements were performed on either a Varian Mercury 300 or 400 MHz 

spectrometer (13C operating frequency 75 MHz and 100 MHz) and referenced to TMS using 

resonances due to residual protons in the deuterated solvents or the 13C resonances of the 

deuterated solvents.  All 19F spectra were recorded on a Varian Mercury instrument at 

operating frequency 276.5 MHz with CF3CO2H (-78.5 ppm) as external standard. The 

ligands 2,6-bis(pyrazol-1-ylmethyl)bromobenzene (NCN)   and 

2,6-bis{(3,5-dimethylpyrazol-1-yl)methyl}bromobenzene (NCN´), as well as {PtMe2(SEt2)}2  

and (NCN)PtMe2Br were synthesized as previously reported.311, 329  [Li][NHPh] was 

prepared by addition of MeLi to a benzene solution of aniline at -78 °C.  The resulting 

[Li][NHPh] salt precipitated and was isolated by vacuum filtration.  Preparation of 

(NCN)PtMe2OTf and (NCN)PtMe2(NHPh) have been reported by Dr. Jubo Zhang in his 

dissertation.310  All other reagents were used as purchased from commercial sources. 

 (NCN)PtMe2(OTf) (1).  Dr. Jubo Zhang has reported the synthesis of complex 1 in his 

dissertation.310  A 100 mL flask was charged with (NCN)PtMe2Br (0.517 g, 0.95 mmol) in 

40 mL of THF to form a homogeneous mixture. One equivalent of AgOTf (0.244 g, 0.95 
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mmol) was added to the THF solution.  The mixture was heated to reflux for approximately 

12 hours. After cooling to room temperature, the heterogeneous mixture was filtered through 

a column of Celite.  The Celite was washed with 20 mL of methylene chloride.  The 

filtrate solutions were combined, and concentrated to 10 mL under reduced pressure.  

Hexanes were added to the concentrated solution, and a white precipitate formed.  The 

white solid was collected by vacuum filtration, washed with hexanes and dried in vacuo. 

(0.273 g, 47%). 1H NMR (CDCl3, δ): 8.26, 7.56 (each 2H, each a d, 3JHH = 2 Hz, pyrazolyl 

3,5-positions), 7.04 (3H, br m, overlap of phenyl meta and para positions), 6.43 (2H, t, 3JHH 

= 2 Hz, pyrazolyl 4-position), 5.86, 4.92 (each 2H, each a d, 2JHH = 15 Hz, CH2), 1.55 {6H, s 

with Pt satellites (2JPt-H = 70 Hz), Pt(CH3)2}.  19F {1H} NMR (CDCl3, δ): -74.7. 

 (NCN)PtMe2(NHPh) (2).  Dr. Jubo Zhang has reported the synthesis of complex 2 in 

his dissertation.310  A 100 mL flask was charged with (NCN)PtMe2(OTf) (0.273 g, 0.446 

mmol), 30 mL of THF and 1.1 equivalents of [Li][NHPh] (0.056 g, 0.491 mmol). A 

homogeneous brown solution resulted.  After the mixture was stirred for one hour, the 

volatiles were removed under reduced pressure. The residue was extracted with 20 mL of 

benzene and filtered through a plug of Celite.  The filtrate was concentrated to 5 mL, and 30 

mL of hexanes were added to give a yellow precipitate.  The solid was collected by vacuum 

filtration, washed with hexanes and dried in vacuo (0.146 g, 59%).  1H NMR (C6D6, δ): 7.96, 

6.34, 5.67 (each 2H, each a br s, small JHH coupling constants not resolved, pyrazolyl ring 3-, 

4- and 5- positions), 7.25 (2H, t, 3JHH = 7 Hz, meta-NPh), 6.89 (1H, t, 3JHH = 7 Hz, 

para-NPh), 6.71 (4H, m, overlap of ortha NPh and phenyl meta and para positions),   5.39 
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(2H, d, 2JHH = 15 Hz, CH2), 3.95 (2H, d, 2JHH = 15 Hz, CH2), 1.41 {6H, s with Pt satellites 

(2JPt-H = 70 Hz), Pt-CH3}. 

 2,6-bis{(3,5-dimethylpyrazol-1-yl)methyl}bromobenzene (NCN´) ligand.  The 

procedure has been published previously.311   In a glovebox, a 100 mL round bottom flask 

was charged with 3,5-dimethylpyrazole (0.559 g, 5.825 mmol), potassium (0.218 g, 5.586 

mmol) and 30 mL THF.  The solution was refluxed for 3 hours and then cooled to room 

temperature.  2,6-(BrCH2)2C6H3Br (0.912 g, 2.66 mmol) was added to the solution and 

heated to reflux for 15 hours.  After allowing the solution to cool to room temperature, it 

was taken out of glovebox, and 0.1 mL of H2O was added drop wise and stirred for 20 

minutes.  The solution was filtered through a medium frit, and the volatiles of the filtrate 

were removed by rotary evaporation.  The residue was extracted with 20 mL of CH2Cl2 and 

filtered through a plug of Celite.  Under reduced pressure, the filtrate was concentrated to 5 

mL, and 20 mL of ether were added to give a white precipitate.  The precipitate was 

collected by filtration, washed with ether and dried in vacuo (0.344 g, 35%).  1H NMR 

(CDCl3, δ):  7.06 (1H, t, phenyl para position), 6.27 (2H, d, phenyl meta position), 5.88 (2H, 

s, pyrazolyl-4-position), 5.27 (4H, s, CH2), 2.23, 2.11( each 6H, each a s, pyrazolyl 3-, 

5-CH3). 

 (NCN´)PtMe2Br (3).  The procedure has been published previously.311  A 100 mL 

round bottom flask was charged with 0.232 g (0.368 mmol) of (PtMe2(μ-SEt2))2, 0.274 g 

(0.736 mmol) 2,6-bis{(3,5-dimethylpyrazol-1-yl)methyl}bromobenzene and 25 mL of C6H6.  

The solution was heated to reflux for 2 hours and then cooled to room temperature to produce 

a brown-black solution.  The solution was concentrated to ~ 2 mL, and 10 mL Et2O were 
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added to produce a grey precipitate.  The product was collected by filtration through a fine 

frit, washed with ether and dried in vacuo (0.198 g, 89%).  1H NMR (CDCl3, δ):  7.03 (3H, 

m, phenyl), 5.90 (2H, s, pyrazolyl-4-position), 5.52 (2H, d, JHH = 14 Hz, CH2), 4.77 (2H, d, 

JHH = 14 Hz, CH2), 2.85, 2.24 (each 6H, each a s, pyrazolyl 3-, 5-CH3), 1.83 {6H, s with Pt 

satellites (2JPt-H = 70 Hz), Pt(CH3)2}. 

(NCN´)PtMe2(OTf) (4).  A 100 mL round bottom flask was charged with 0.452 g 

(0.755 mmol) of (NCN´)PtMe2Br  (3) and 30 mL of THF.  A solution of AgOTf (0.194 g, 

0.755 mmol) in 10 mL of THF was added, and a pink heterogeneous solution formed 

immediately. The color of the solution changed to white after stirring for 30 minutes. The 

solution was filtered through a column of Celite, and the brown filtrate was concentrated to 

20 mL under reduced pressure.  Upon addition of 30 mL hexanes a white precipitate formed. 

The precipitate was collected by filtration, washed with hexanes and dried in vacuo (0.411 g, 

89%).  1H NMR (CDCl3 δ): 7.06 (1H, t, 3JHH = 7 Hz, phenyl para position), 6.99 (2H, d, 

3JHH = 7 Hz, phenyl meta position), 5.99 (2H, s, pyrazolyl 4-position), 5.50, 4.80 (each 2H, 

each a d, 2JHH = 15 Hz, CH2), 2.60, 2.29 (each 6H, each a s, pyrazolyl 3-, 5-CH3), 1.83 {6H, s 

with Pt satellites (2JPt-H = 70 Hz), Pt(CH3)2}.  Anal. Calcd. For: C, 37.78; H, 4.08; N, 8.39.  

Found: C, 38.14; H, 4.19; N, 8.38. 

 (NCN´)PtMe2(NHPh) (5).  A 100 mL flask was charged with (NCN´)PtMe2(OTf) (4) 

(0.243 g, 0.364 mmol), 30 mL of THF and [Li][NHPh] (0.046 g, 0.401 mmol) to produce a 

homogeneous brown solution. After the mixture was stirred for 20 minutes, the volatiles 

were removed under reduced pressure. The residue was extracted with 20 mL of benzene and 

filtered through a plug of Celite.  Under reduced pressure, the filtrate was concentrated to 3 
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mL, and 20 mL of hexanes were added to give a yellow precipitate.  The yellow solid was 

collected by vacuum filtration, washed with hexanes and dried in vacuo (0.130 g, 58%).  1H 

NMR (C6D6, δ):  7.28 (2H, t, 3JHH = 7 Hz, meta-NPh), 6.95 (1H, t, 3JHH = 7 Hz, para 

phenyl), 6.76 (4H, br m, overlap of meta-Ph and ortho-NPh), 6.67 (1H, t, 3JHH = 7 Hz, 

para-NPh), 5.42 (2H, s, pyrazolyl 4-position), 5.22 (2H, d, 2JHH = 15 Hz, CH2), 4.18 (2H, d, 

2JHH = 15 Hz, CH2), 2.82, 1.51 (each 6H, each a s, parazolyl 3-, 5- CH3), 1.68 {6H, 2JPt-H = 

74 Hz, Pt-CH3}.  

 Reaction of (NCN)PtMe2(NHPh) in C6D6 at higher temperature.  A screw-cap 

NMR tube was charged with (NCN)PtMe2(NHPh) (2) (0.012 g, 0.02 mmol) and C6D6 (0.5 

mL, 5 mmol).  The solution was heated to 60 °C and periodically monitored by 1H NMR 

spectroscopy.  Disappearance of resonances due to the starting material (NCN)PtMe2(NHPh) 

occurred over 24 hours. NH2Ph and insoluble platinum decomposition products were 

observed after heating for 5 days.  The formation of aniline was confirmed by adding pure 

aniline to the final reaction products.  

Reaction of (NCN)PtMe2(NHPh) with EtBr.  Two screw-up NMR tubes were 

charged with (NCN)PtMe2(NHPh) (2) (0.015 g, 0.027 mmol) and  ethylbromide (24  μL, 

0.324 mmol) in C6D6 (0.5 mL, 5 mmol), respectively.  Tube A was put at room temperature 

and tube B was heated to 50 °C.  Both tubes were periodically monitored by 1H NMR 

spectroscopy.  After 70 hours, there is no change in tube A, while for tube B, heating results 

in the formation of (NCN)PtMe2Br and N-ethylaniline, which are confirmed by the addition 

of pure (NCN)PtMe2Br and N-ethylaniline to the final reaction products.  
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Reaction of (NCN)PtMe2(NHPh) with HCl.  A screw-cap NMR tube was charged 

with (NCN)PtMe2(NHPh) (2) (0.012 g, 0.02 mmol) in C6D6 (0.5 mL, 5 mmol).  HCl (20 μL, 

0.08 mmol) was added to the NMR tube.  A cloudy solution was observed upon the addition 

of HCl, and a precipitate was formed after sitting at room temperature for 2 minutes.  The 

solution was kept at room temperature and periodically monitored by 1H NMR spectroscopy.  

After 5 minutes, the 1H NMR spectrum showed all the resonances due to (NCN)PtMe2(NHPh) 

had disappeared.  Prolonged reaction time (5 days total) did not reveal additional changes.  

After 5 days, the solution was filtered through microfrit and the residue was dissolved in 

CDCl3 (0.5 mL, 5 mmol) and monitored by 1H NMR.  No resonance due to platinum 

complex was observed by 1H NMR spectroscopy.  

Reaction of (NCN)PtMe2(NHPh) with [Ph3C][PF6].  A screw-cap NMR tube was 

charged with (NCN)PtMe2(NHPh) (2) (0.012 g, 0.02 mmol) and C6D6 (0.5 mL, 5 mmol).  

[Ph3C][PF6] (10 mg, 0.026 mmol) was added to the NMR tube.  The solution was kept at 

room temperature and monitored by 1H NMR spectroscopy periodically.  The 1H NMR 

spectrum monitored immediately after the addition of  [Ph3C][PF6] did not show any change, 

and after ~ 12 hours at room temperature, all the resonances due to platinum starting material 

(NCN)PtMe2(NHPh) had decomposed to multiple unknown products.  

Reaction of (NCN)PtMe2OTf with LiNH2.  A screw-cap NMR tube was charged 

with (NCN)PtMe2OTf (0.011 g, 0.018 mmol) and C6D6 (0.5 mL, 5 mmol). Excess LiNH2 

was added to the NMR tube to form a heterogeneous mixture.  After 20 minutes, there was 

no observed reaction by 1H NMR spectroscopy.  THF (0.5 mL, 6 mmol) was added to the 

solution to potentially help to enhance the solubility of LiNH2.  After stirring the solution 
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for 4 hours, all the solvents was removed in vacuo and the residue was redissolved in C6D6 

(0.5 mL) and CD2Cl2 (0.5 mL).  No resonance due to platinum complex was shown in C6D6 

solution, probably because the product is not soluble in C6D6.  Multiple unidentified 

products were observed in the CD2Cl2 solution.  

Reaction of (NCN´)PtMe2Br with HOTf.  A 100 mL flask was charged with 

(NCN´)PtMe2Br (3) (0.132 g, 0.221 mmol), 30 mL of CH2Cl2 and HOTf (39 μL, 0.442 mmol) 

to form a homogeneous solution. After the mixture was stirred for 20 minutes, the solution 

was concentrated to 5 mL, and 20 mL of hexanes were added to give an oily product.  The 

oily product was dissolved in 5 mL THF and 20 mL hexanes were added to give a grey solid.  

Multiple unidentified products were observed by 1H NMR spectroscopy with CDCl3 as 

solvent. 

Reaction of (NCN´)PtMe2Br with HCl.  A screw-cap NMR tube was charged with 

(NCN´)PtMe2Br (0.020 g, 0.03 mmol) in CDCl3 (0.5 mL, 5 mmol), and 8.3 μL of HCl (0.036 

mmol) were added to the NMR tube.  The solution was kept at room temperature and 

periodically monitored by 1H NMR spectroscopy.  Broad resonances due to multiple 

unidentified products were observed. 

Reaction of (NCN´)PtMe2Br with N-bromosuccinimide.  A screw-cap NMR tube 

was charged with (NCN´)PtMe2Br (0.020 g, 0.03 mmol) in CDCl3 (0.5 mL, 5 mmol).  

N-bromosuccinimide (0.013 g, 0.07 mmol) and 2,2’-Azo-bis-isobutyronitrile (0.005 g, 0.03 

mmol) were added to the NMR tube. The solution was kept at room temperature and 

periodically monitored by 1H NMR spectroscopy.  After 20 minutes, a new complex was 

observed.  The reaction was complete after 12 hours.  A 1H NMR spectrum revealed 
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resonances due to bromination at the 4-position of the pyrazolyl rings as well as resonances 

at 8.40 ppm and 2.82 ppm due to succinimide.  

Reaction of (NCN´)PtMe2Br with B(C6F5)3.  A screw-cap NMR tube was charged 

with (NCN´)PtMe2Br (0.020 g, 0.03 mmol) and B(C6F5)3 (0.017 g, 0.03 mmol) in CDCl3 (0.5 

mL, 5 mmol). The solution was kept at room temperature and periodically monitored by 1H 

NMR spectroscopy.  No reaction was observed after 2 days at room temperature. 

Reaction of (NCN´)PtMe2Br with [Ph3C][BF4].  A screw-cap NMR tube was 

charged with (NCN´)PtMe2Br (0.020 g, 0.03 mmol) and [Ph3C][BF4] (0.010 g, 0.03 mmol) in 

CD2Cl2 (0.5 mL, 5 mmol).  The solution was allowed to sit at room temperature and 

periodically monitored by 1H NMR spectroscopy.  Multiple products were formed with a 

broad resonance at 13 ppm by 1H NMR spectroscopy, which was presumed to be due to a 

methylidene fragment.  Resonance due to CH of  triphenylmethane was observed at 5.55 

ppm and the resonances due to phenyl are overlapping with platinum pyrazol and phenyl 

resonances.  Styrene (7 μL, 0.06 mmol) was added to the solution and 1H NMR 

spectroscopy showed three new resonances at 2.8 ppm (dd), 3.3 ppm (dd) and 4.25 ppm (t) 

(ratio = 2:2:1) were formed, which are probably due to a seven-coordinated platinum 

complex (NCN´)Pt(Me)(Br)(CH2C(Ph)CH2).  

Reaction of (NCN´)PtMe2Br with I2.  A screw-cap NMR tube was charged with 

(NCN´)PtMe2Br (0.020 g, 0.03 mmol) and I2 (0.030 g, 0.12 mmol) in CD2Cl2 (0.5 mL, 5 

mmol). The solution was kept at room temperature and periodically monitored by 1H NMR 

spectroscopy.  No reaction was observed after 2 days at room temperature. 
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Reaction of (NCN´)PtMe2OTf with CsOH·H2O.  A 100 mL flask was charged 

with (NCN´)PtMe2(OTf) (0.155 g, 0.232 mmol), 30 mL of toluene and CsOH·H2O (0.210 g, 

1.25 mmol). After the mixture was heated to reflux for 2 days, the solution was allowed to 

cool to room temperature.  Under reduced pressure, the volatiles were concentrated to 10 

mL, and 40 mL of hexanes were added to give a grey precipitate.  The grey solid was 

collected by vacuum filtration, washed with hexanes and dried in vacuo.  1H NMR 

spectroscopy in either C6D6 or CDCl3 shows multiple unidentified products.   

Reaction of (NCN´)PtMe2(NHPh) with HCl.  1) A screw-cap NMR tube was 

charged with (NCN´)PtMe2(NHPh) (5) (0.010 g, 0.016 mmol) in C6D6 (0.5 mL, 5 mmol), 

and 12 μL of HCl (0.048 mmol) were added to the NMR tube.  A yellow precipitate was 

produced upon addition of HCl.  From 1H NMR spectroscopy, all the resonances due to 

starting material disappeared and no new resonances due to products showed.  2) A 

screw-cap NMR tube was charged with (NCN´)PtMe2(NHPh) (5) (0.010 g, 0.016 mmol) in 

CDCl3 (0.5 mL, 5 mmol), and 12 μL of HCl (0.048 mmol) were added to the NMR tube.  

No precipitate was formed after adding HCl to the solution.  1H NMR spectrum shows all 

the resonances due to starting material have disappeared and one new product was formed 

with C2 symmetry, which is possibly [(NCN´)PtMe2NH2Ph][Cl].  For example, the 

resonance due to methyl ligand Pt-Me has shifted significantly from 1.38 ppm to 1.71 ppm.   

In addition, there are four broad resonances shown at the aromatic region (7.55 ppm, 7.41 

ppm, 7.36 ppm and 7.05 ppm) with the ration of 2:2:1:3, which are probably due to the 

anilido phenyl (NHPh) and phenyl (Pt-C6H3) protons.  1H NMR (CDCl3, δ):  7.55 , 7.41, 

7.36 and 7.05 (8H, each a broad s, 2:2:1:3, NHPh and Pt-C6H3), 5.91 (2H, s, pyrazolyl 
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4-position), 5.50 (2H, d, 2JHH = 15 Hz, CH2), 4.80 (2H, d, 2JHH = 15 Hz, CH2), 2.85, 2.28 

(each 6H, each a s, parazolyl 3-, 5- CH3), 1.71 {6H, 2JPt-H = 74 Hz, Pt-CH3}.  

(NCN´)PtMeCl(NHPh) and CH4 were not formed due to the C2 symmetry and  

(NCN´)PtMe2Cl and aniline were not formed because free aniline was not observed by 1H 

NMR spectroscopy.  Heating the solution to 80 ºC for 12 hours did not observe any change 

by 1H NMR spectroscopy.  3) A screw-cap NMR tube was charged with 

(NCN´)PtMe2(NHPh) (5) (0.010 g, 0.016 mmol) in DMSO-d6 (0.5 mL, 5 mmol), and 12 μL 

of HCl (0.048 mmol) were added to the NMR tube.  No precipitate was formed after adding 

HCl to the solution.  1H NMR spectrum shows all the resonances due to starting material 

have disappeared and one new product was formed with C2 symmetry, which is possibly 

[(NCN´)PtMe2NH2Ph][Cl].  For example, the resonance due to methyl ligand Pt-Me has 

shifted significantly from 1.21 ppm to 1.50 ppm.   In addition, there are three broad 

resonances shown at the aromatic region (7.20 ppm, 7.02 ppm, 6.97 ppm) with the ration of 

4:1:3, which are probably due to the anilido phenyl (NHPh) and phenyl (Pt-C6H3) protons. 

1H NMR (DMSO-d6, δ):  7.20 , 7.02, 6.97 (8H, each a broad s, 4:1:3, NHPh and Pt-C6H3), 

6.06 (2H, s, pyrazolyl 4-position), 5.25 (2H, d, 2JHH = 15 Hz, CH2), 5.03 (2H, d, 2JHH = 15 Hz, 

CH2), 2.71, 2.30 (each 6H, each a s, parazolyl 3-, 5- CH3), 1.50 {6H, 2JPt-H = 74 Hz, Pt-CH3}.  

(NCN´)PtMeCl(NHPh) and CH4 were not formed due to the C2 symmetry and  

(NCN´)PtMe2Cl and aniline were not formed because free aniline was not observed by 1H 

NMR spectroscopy.  Heating the solution to 80 ºC for 12 hours did not observe any change 

by 1H NMR spectroscopy. 
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Reaction of (NCN´)PtMe2(NHPh) with [Ph3C][BF4].  A screw-cap NMR tube was 

charged with (NCN´)PtMe2(NHPh) (5) (0.020 g, 0.032 mmol) and [Ph3C][BF4] (0.012 g, 

0.032 mmol) in CD2Cl2 (0.5 mL, 5 mmol). The solution was kept at room temperature and 

periodically monitored by 1H NMR spectroscopy.  Multiple unidentified products were 

formed after 2 days at room temperature.   

Reaction of (NCN´)PtMe2(NHPh) with [Ph3C][PF6].  A screw-cap NMR tube was 

charged with (NCN´)PtMe2(NHPh) (5) (0.010 g, 0.016 mmol) and  [Ph3C][PF6] (0.007 g, 

0.016 mmol) in C6D6 (0.5 mL, 5 mmol). The solution was kept at room temperature and 

periodically monitored by 1H NMR spectroscopy.  Multiple unidentified products were 

formed after 2 days at room temperature.   
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