
ABSTRACT 

 

Zhang, Jubo.  Synthesis and Reactivity of Ruthenium and Platinum Amido and Carbene 

Complexes: Application Toward Carbon-Nitrogen Bond Forming Reactions. (Under the 

Direction of Dr. T. Brent Gunnoe.) 

 

Ru carbene complexes have been investigated for potential application toward carbon-

nitrogen bond forming and breaking reactions.  The reactivity of Grubbs-type olefin 

metathesis catalysts (Cl)2(L)(L′)Ru=CHPh (L = L′ = PCy3 or PPh3; L = PCy3 and L′ = 

H2MesNHC) has been studied with cyclic and acyclic imines.  The Ru benzylidene complex 

(Cl)2(PCy3)2Ru=CHPh undergoes a ligand exchange reaction with 1-pyrroline at room 

temperature, and oligomerizes 1-pyrroline at 90 oC.   The low molecular weight poly(1-

pyrroline) has been isolated and characterized. The Ru benzylidene complex has no reactivity 

toward acyclic imine C=N bonds, but reacts with enamine C=C bonds that form through 

tautomerization of imines.  

The Ru amido complexes, (PCP)Ru(CO)(NHPh) and (PCP)Ru(CO)(NHPh)(PMe3) (PCP 

= 2,6-(CH2PtBu2)C6H3), have been synthesized  and characterized.  Reaction of 

(PCP)Ru(CO)(NHPh)(PMe3) with acetonitrile produces the amidinate complex 

(PCP)Ru(CO)(NHC(Me)NPh).  Kinetic studies have demonstrated the formation of the 

amidinate complex occurs through dissociation of the PMe3 ligand, coordination of MeCN, 

and intramolecular nucleophilic attack of the amido ligand toward MeCN.  The 

intramolecular nucleophilic attack reaction has been extensively studied with aromatic 

nitriles, carbodiimides, isocyanates, carboxamides and aldehydes.  Reaction of 



(PCP)Ru(CO)(NHC(Me)NPh) with pentafluorobenzonitrile results in formation of a new 

amidinate complex (PCP)Ru(CO)(NHC(C6F5)NPh).  The complex 

(PCP)Ru(CO)(NHC(C6F5)NPh) can initiate a C-F bond cleavage reaction of C6F5CN with  

ortho regioselectivity in the presence of ROH (R = H or Me). 

Reaction of five-coordinate complex (PCP)Ru(CO)(OTf) (OTf = OSO2CF3) with 

NaBAr′4 (Ar′ = 3,5-(CF3)2C6H3) under different conditions results in formation of 

[(PCP)Ru(CO)(η1-ClCH2Cl)][BAr′4], [(PCP)Ru(CO)(η1-N2)][BAr′4] or [(PCP)Ru(CO)(η1-

FC6H5)][BAr′4].  Calculations have confirmed that the possible four-coordinate Ru complex 

with double agostic interactions has a higher ground state energy than these five-coordinate 

complexes with labile ligands.  The coupling reaction of the carbene or vinylidene ligand 

with the aryl ipso carbon of the PCP ligand has been observed upon reaction of 

[(PCP)Ru(CO)(η1-ClCH2Cl)][BAr′4] with PhCHN2 or PhC≡CH.  Calculations have 

supported that the Ru carbene or vinylidene intermediate is formed, and that the coupling 

reaction is thermodynamically favored. 

The Pt(IV) amido systems are studied with potential application toward C-H activation 

and polymerization sequences.  Preliminary studies include isolation of a Pt(IV) amido 

complex (NCN)Pt(Me)2(NHPh) (NCN = 2,6-(pyrazol-1-yl-CH2)C6H3). 
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Chapter One 

1.1    Homogeneous Catalysis and Organometallic Study 

Catalysis has played a prominent role in the advancement of science and technology.  It 

provides the foundation for numerous processes in the chemical industry, has revolutionized 

the application of energy resources, and has improved the methods that mitigate the 

environmental impact.1-4  Some historically important achievements include hydrogenation 

of organic molecules in the presence of metallic powders in 1912, oxidation of carbon 

monoxide on palladium in 1932, a catalytic process to make high-octane gasoline developed 

at UOP, new polymerization catalysis to make plastics and fibers discovered by Ziegler and 

Natta, and the introduction of new devices by GM and Ford motor companies to clean auto 

exhaust.1  Continuous studies on catalysis are indispensable to meet the needs in the new 

century, such as designing lower cost routes to existing products, inventing methods for new 

products as well as improving existing processes to be “greener.”  Heterogeneous catalysts, 

due to their availability and diversity, are highly important and widely used in the chemical 

and petrochemical industries.  For example, zeolites are used in petroleum refinement, noble 

metals are used in the hydrogenation of organic products, and Zeigler-Natta catalysts are 

incorporated for olefin polymerization.1  At the same time, the field of homogeneous 

catalysis has advanced significantly with its competence for high reactivity and selectivity.5-

7   There are numerous applications of homogeneous catalysis in industry including, but not 

limited to, the Monsanto synthesis of acetic acid, asymmetric hydrogenation, Suzuki 

coupling and related reactions, the Wacker process for oxidation of olefins, and the 

hydroformylation of olefins using Co or Rh catalysts.5  Recently, asymmetric homogeneous 

catalysis has attracted substantial attention with intensive studies toward the synthesis of 
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biologically active compounds and natural products that are useful as pharmaceuticals, 

flavors and fragrances.  In 2001, Knowles, Noyori and Sharpless were awarded the Nobel 

Prize in chemistry for their contributions to the development of catalytic asymmetric 

hydrogenation (Knowles and Noyori) and oxidation reactions (Sharpless). 

Organometallic chemistry plays a central role in homogeneous catalysis for elucidation 

of reaction mechanisms as well as designing new catalysts.5,8-10  Organometallic study has 

also provided numerous synthetic methods for organic synthesis such as Grignard reagents 

and alkyl lithium compounds.  Fundamentally, organometallic studies are based on different 

metal centers modified with tunable ligand environments and their interactions with organic 

species, and organometallic systems can promote stoichiometric or catalytic organic 

transformations (Scheme 1.1).  Organometallic chemists are interested in different chemical 

behaviors with respect to metal identities as well as their oxidation states. It is interesting 

that altering ligand environments can change properties and reactivity of metal complexes 

dramatically or subtly.  Finally, interactions of metal moieties with organic species provide 

powerful ways to activate organic molecules for novel transformations.  These metal-

mediated processes can mimic natural metalloenzymes in which metals caged in protein 

environments catalyze biochemical reactions in a highly efficient and selective way.  

 

 

 

Scheme 1.1.   Fundamental 
study on structure-property 
relationship in organometallic 
chemistry. 
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1.2  Late Transition Metal Amido Complexes 

1.2.1 General Discussions on Transition Metal Amido Complexes 

Application of organometallic chemistry in catalysis has been focused primarily on the 

understanding of metal-carbon and metal-hydrogen bonds and related processes for carbon-

carbon bond and carbon-hydrogen bond transformations (e.g., hydrogenation, 

hydroformylation, carbon-carbon coupling, olefin polymerization).8-10  Transition metal 

complexes also catalyze transformations that involve bond formation between carbon and 

electronegative heteroatoms such as nitrogen, oxygen or sulfur.  Coordination chemistry 

involving metal-heteroatom bonding is of great interest due to its relevance to many 

industrial and biochemical processes.8,10-12  Since development of Haber ammonia synthesis 

and investigations of the metalloenzyme nitrogenase, study on metal-nitrogen bonds has 

been an intense area of research.  

 

Scheme 1.2.  Three coordination modes for amido ligands bound to metal centers. 
 
 

Transition metal amido moieties represent one of several types of nitrogen containing 

complexes.  Amido ligands [NR2]- have widespread use and can form stable adducts with 

almost every main group or transition metal.13,14  According to valence bond theory, 

deprotonated amines have two lone pairs on nitrogen, and thus have three dominant bonding 
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modes with metals (Scheme 1.2).  In mode A, the amido ligand is bound to the metal via σ-

bonding and leaves a lone pair localized on nitrogen, which requires the nitrogen center to 

be sp3 hybridized with a pyramidal geometry.  Mode B illustrates π-donation of the 

remaining lone pair to a vacant orbital of the metal with the nitrogen center sp2 hybridized 

and possessing a trigonal planar geometry.  Thus, a metal-nitrogen multiple bond is implied.  

The two lone pairs can also be involved in σ-bonding with two separate metal centers in a 

bridging mode (structure C).  From the substantial number of metal amido complexes 

reported in literature, the binuclear or polynuclear metal complexes appear to be the most 

common structure with bridging amido ligands (structure C).13,15  Thus, the efforts to make 

mononuclear metal amido systems usually take advantage of bulky amido ligands such as 

N(SiMe3)2 or NPh2.  Mononuclear amido species can be prepared especially for transition 

metals with well-defined ligand environments. Most of the structurally characterized 

monomeric metal amido complexes exhibit trigonal planar geometry at nitrogen due, in most 

cases, to strong π-interactions (see below), but pyramidal amido ligands have been reported 

such as the rhenium phenylamido complex CpRe(NO)(PPh3)(NHPh).16 

On their thorough discussions of metal and metalloid amido systems across the periodic 

table in 1980, Lappert et al. discovered an interesting phenomenon.13  Contrary to the vast 

quantity of main group and early transition metal amido complexes, there were surprisingly 

few amido derivatives of late transition metals.  This phenomenon has attracted 

investigations on the synthesis, structure and reactivity of late transition metal amido 

complexes.  To date, much progress has been made and reviews published.17-21  Actually, 

late transition metal amido complexes are interesting intermediates in many industrial and 
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biochemical catalysis.18,19,22-24  For example, Pd amido complexes are implicated in the 

arylamination reaction and the synthesis of polyaniline, and are possible intermediates in the 

hydroamination of olefins as well as styrene oxidative amination reactions.23-27,28-30  

Ruthenium and iridium amido complexes may play an important role in transfer 

hydrogenation reactions. 31,32 

 

Scheme 1.3.   Catalytic cycle of Pd-catalyzed carbon-nitrogen coupling reaction. 
 

 

 

Scheme 1.4.   Two possible pathways for metal-mediated hydroamination of olefins. 
 

 Hartwig et al. have demonstrated the catalytic cycle in which a Pd aryl amido is formed 

followed by reductive elimination to give an aryl amine (Scheme 1.3).23-25,30,33  Although 
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hydroamination (i.e., addition of amine or ammonia NH bonds to alkenes or alkynes) can be 

achieved with early or lanthanide/actinide metal catalysts,30,34 late transition metals like Rh, 

Pd and Pt complexes can also catalyze this reaction.29,30  This process could take place either 

by migratory insertion of a coordinated olefin to a M-NR2 bond (Path A in Scheme 1.4) or 

by external nucleophilic attack of an amine at a coordinated olefin (Path B in Scheme 1.4).  

The exact mechanistic pathway has not been well established although there is evidence 

favoring both mechanisms.10,30,35  

1.2.2 Theoretical Consideration on Late Transition Metal Amido Bonding 

The scarcity of late transition metal amido complexes was believed to arise from the 

mismatch of hard amido ligands with soft metal centers according to hard/soft acid-base 

(HSAB) theory.36,37  The difficulty in isolating these amido complexes and their facile 

decomposition to metal hydrides added evidence that M-N bonds are relatively weak.  It has 

been assumed that the intrinsic barrier to β-hydride elimination can be comparatively 

lowered for the weak M-N bonds by increasing the relative ground-state free energy of 

metal amido systems relative to alkyl and aryl analogues.  However, recent achievements on 

synthesis and study of late transition metal amido complexes have questioned these 

perceptions.  It has been found that late transition metal amido complexes can be prepared 

using similar synthetic methods as for metal alkyl and aryl derivatives.  Successful 

preparation of a variety of late transition metal amido systems indicates at least moderate 

thermodynamic stability for M-N bonding.  In a widely cited study, Bryndza, Bercaw et al. 

reported the relative M-H, M-O, M-N and M-C bond strengths with equilibrium studies on 

Cp*(PMe3)2RuX and (dppe)PtX systems (X = H, O, N, or C; Cp* = 

pentamethylcyclopentadienyl, dppe = dimethylphosphinoethane).38  A correlation between 
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the relative bond strength of M-X and the H-X bonds was reported. That is, it was found  

that a strong H-X bond corresponds to a strong M-X bond and a weak H-X bond to a weak 

M-X bond.  Thus, a covalent bonding of M-N bond similar to its hydrogen counterpart H-N 

bond was suggested.  On studying the chemical reactivity of late transition metal amido 

complexes, it is becoming clear that these M-N bonds show similar mechanistic features as 

have been observed with metal hydride and metal alkyl derivatives.  For example, although 

relatively rare, insertion of carbonyl or olefins into metal amido bonds is viable similar to 

metal hydride and metal alkyl ligands.17  Surely, some significant reactivity differences exist 

for the late transition metal amido systems such as strong basicity and nucleophilicity, which 

are not typical for early transition metal systems.  However, this uniqueness is not 

necessarily due to the weak metal-nitrogen bonding. 

 

 
Scheme 1.5.   Interaction between ligand lone pair pπ orbital with the transition metal empty 
or filled dπ orbital. 
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Discussions have ensued concerning of whether the pπ-dπ interaction between the amido 

ligands and metal centers affects the bonding energies dramatically and thus brings unusual 

properties.20,21,39 In early transition metal complexes, the high valent, strongly lectronegative 

metal centers can be stabilized by ligand pπ donation to a vacant metal dπ orbital.  In 

contrast, the interaction of the filled late transition metal dπ orbital with the pπ lone pair 

results in a filled π* antibonding (Scheme 1.5).  This pπ-dπ “repulsion” is also termed as π-

conflict and provides a potential explanation for reactivity patterns of late transition metal 

amido systems (see below).   Similar arguments have been used to explain the weak bonds 

of N-N, O-O and F-F in N2H4, H2O2 and F2 (40, 34, and 37 kcal mol-1 respectively).20  The 

theory of filled/unfilled stabilization and filled/filled destabilization has been widely used to 

explain phenomena associated with π-donor ligands (e.g. NR2, NR, O, OR, SR).  For 

example, few terminal oxo complexes of late transition metals have been reported.20,40  The 

filled/filled interactions may render an oxo ligand so electron-rich that it will have a strong 

tendency toward nucleophilic reactivity or toward bridging between metal sites.  In the case 

of amido ligands, the pπ lone pair on nitrogen can interact with a metal dπ orbital of a high 

valent early transition metal, the unsaturated metal center can be stabilized by M-N π-

bonding, and this favorable bonding motif is consistent with NR2 as a ubiquitous and robust 

ligand in early transition metal complexes.13  For low valent late transition metals, the 

occupied dπ orbitals preclude the favorable π-bonding, thus amido ligands of such metals 

often display high reactivity, e.g., basicity and nucleophilicity.  The localization of 

substantial negative charge on the non-dative ligand also can be used to rationalize 

thermodynamic trends.  For example, late transition metal alkoxides or aryloxides are 
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generally more stable than the corresponding amido derivatives, aryl amido complexes are 

more stable than alkyl amido complexes, and parent amido (NH2) ligands of late transition 

metal complexes are rare and extremely reactive.  The more electronegative oxygen atom 

would be more likely to stabilize the negative charge density than a N atom, and the lone 

pair could be delocalized to the aryl ring π conjugate system, which is not available in the 

alkyl or parent amido fragment. 

Different, but not exclusive, from the pπ-dπ repulsion theory, Bergman et al. have 

introduced Drago’s E-C bonding model to describe late transition metal M-N and M-O 

bonding based on their study of nickel amido and alkoxide systems.41,42  Drago’s E-C theory 

was first used to understand Lewis acid-base interactions with bonding consisting of two 

sources: electrostatic (or Columbic) bonding due to charge separation and covalent bonding 

due to the electron sharing and orbital overlap.43-46  According to the E-C theory, the bond 

enthalpy can be separated into two components, -∆H = EAEB + CACB, where the subscript A 

refers to acid or acceptor and B to base or donor, E is an empirical parameter related to the 

tendency to undergo electrostatic bonding and C is a parameter related to the tendency to 

undergo covalent bonding.  A large number of simultaneous equations written for each 

different donor-acceptor pair can be solved with computer programs to produce values of 

EA, EB, CA and CB for each acid and base to give the best least squares fit of the calculated 

and experimental enthalpies of acid-base adduct formation.  Then these values can be used 

to predict different acid-base interactions.  Another equation is used to describe a more 

general phenomenon (eq 1.1).44  The terms EA and CA describe the electrostatic and covalent 
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bonding tendencies of the acceptor or “catimer” (positive end of a polar covalent bond), and 

EB and CB describe the electrostatic and covalent bonding tendencies of the donor or 

“animer” (negative end of a polar covalent bond).  Since EAEB and CACB represent 

properties of the formed molecule, another term is needed to describe the homolytic bond 

energies: TARB.  TA is the “ transference” of the catimer and RB is the “receptance” of the 

animer; the product describes the energy of shifting charge in neutral radicals to the polar 

bond.  Thus, ionic compounds have large EAEB and TARB terms, and covalent compounds 

have large CACB terms. TA correlates with the ionization energy of the catimer and RB with 

the electron affinity of the animer.  Drago has adapted this E-C approach to treat many 

chemistry problems like solvation, reaction rates, spectroscopic and coordination 

chemistry.44,45,46  By applying this E-C theory, Bergman et al. argued that late transtion 

metal amido bonding consists of two components; covalent bonding and ionic bonding, and 

that such as treatment of M-N/O bonding can explain reactivity and thermodynamic trends 

without the need to invoke pπ-dπ bonding.42  Thus, without considering the pπ-dπ 

interaction, they proposed there is significant ionic bonding component in late transition 

metal amido systems.  The developed negative charge on amido ligands due to the ionic 

bonding can explain most chemistry related to late transition metal amido complexes.  For 

example, strong basicity and nucleophilicity can be ascribed to the negative charge on 

nitrogen.  The strong substituent correlation in the nickel amido system can be explained 

with the E-C model successfully.  Especially, this E-C theory realizes that the late transition 

metal amido M-N bonding could be potentially strong, which is different from the view in 

HSAB theory or π conflict theory, although the strong bonding is accompanied with a highly 

reactive amido ligand. 
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While these three perspectives, HSAB, π-conflict and E-C theory, can each explain 

aspects of late transition metal amido chemistry, it could be misleading to take these 

bonding formalisms too strictly and argue which one is correct.  To paraphrase Roald 

Hoffman, “Formalisms are convenient fictions which contain a piece of truth, and it is so 

sad that people spend a lot of time arguing about the deductions they draw, often 

ingeniously and artfully, from formalisms, without worrying about their underlying 

assumptions.”47  When Pearson generalized the HSAB theory, the concept of “hardness” or 

softness” was classified based on the polarizability of acids or bases.36  The polarizability is 

not an easily quantified value but relatively dependent on many effects such as atom sizes, 

ionization energies, and solvation.  The borderline between “hardness” and “softness” is 

vague.  Actually, there are still many efforts toward understanding the physical nature of the 

concept “hardness.”37  When people ascribe the late transition metals as “soft” acids, they 

might ignore the fact that the nature of the transition metal centers could be significantly 

changed within an ancillary ligand environment.  A “soft” Ru2+ cation could become 

substantially “harder” when a Tp ligand is applied, as “softness” and “hardness” are not 

rigorously quantitative.  The E-C theory is not a new idea.  Linus Pauling in his famous 

book “The Nature of the Chemical Bond” realized the partial ionic character of covalent 

bonds.48  Drago applied the dual character of bonding in a quantitative way.  However, E-C 

theory cannot become a powerful tool before the E and C values of the organometallic 

species can be extracted from a large amount of bond energy information that is relatively 

scant.  The π-conflict theory treats bonding in a molecular orbital diagram and predicts an 

antibonding (π*) HOMO due to interaction of an occupied pπ with an occupied dπ orbital.  

But the actual charge of organo-transition-metal centers can be quite different from that in 

 11



an inorganic coordination complex even when formal oxidation states are identical.  When 

M-NR2 is assigned as [M]+ [NR2] - and the amido ligand becomes a 2e σ donor and 2e π 

donor, it is already assumed that the M-NR2 has ionic bonding. Thus, the lone pair on 

nitrogen could be the same thing as the negative charge developed in the E-C model. 

Actually, these three theories are not exclusive but could be mutually connected.  Much 

experimental work and theoretical studies have been done to understand bonding energetic 

chemistry in organometallic compounds, and more delicate picture of the metal amido 

bonding will be possible from more synthesis and study on late transition metal amido 

chemistry.49 

1.2.3  Survey on Synthesis of Late Metal Amido Complexes 

There are numerous methods to incorporate amido ligands into metal or metalloid 

systems.13,14  Generally, five methods have been used to make late transition metal amido 

complexes: (i) transmetallation with an alkali metal amide; (ii) deprotonation of a 

coordinated amine; (iii) oxidative addition of an amine; (iv) elimination of HY (where Y is a 

basic ligand or alkyl); (v) hydride addition across an organic azide or related unsaturated 

nitrogen containing substrate  (Scheme 1.6).  The following survey on synthesis of late 

transition metal amido complexes will be organized by the metal groups.  Since homoleptic 

metal amides with the general form like M(N(SiMe3)2)n, especially for first row metals Fe, 

Co, Ni, and Cu, have been discussed previously,13 and interest in this field has been 

decreasing in recent years, such chemistry will be mentioned only when directly relevant to 

a topic of interest.  We are mostly interested in well-defined mononuclear amido complexes, 

although some polynuclear complexes with bridging amido ligands will be described. 
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Scheme 1.6.  General methods to prepare late transition metal amido complexes. 

 

1.2.3.1 Iron, Ruthenium and Osmium 

The first example of a ruthenium amido complex, RuH(PPh3)2[N(SiMe3)2], was prepared 

by metathesis of RuHCl(PPh3)3 with Li[N(SiMe3)2].50  However, when cis-

[Ru(OAc)Cl(PMe3)4] or cis-[Ru(OAc)2(PMe3)4] is reacted with Li[N(SiMe3)2], only 

metallacyclic complexes are isolated rather than ruthenium amido complexes.51  The 

reaction of Cp*Ru(PMe3)2OH (Cp* = η5-C5Me5) with primary or secondary amines results 

in the corresponding amido complexes in equilibrium with the starting hydroxo 

complexes (eq 1.2).38  The amido derivatives Cp*Ru(PMe3)2(NRPh) can also be prepared by 

 13



reaction of Cp*Ru(PMe3)2Cl with the appropriate lithium amide LiNRPh (R = H, Ph) in 

THF. Interestingly, the analogous reaction of LiNHtBu with Cp*Ru(PMe3)2Cl generates the 

orthometallated product Cp*Ru(PMe3)(η2-CH2PMe2) (eq 1.3).  An unsaturated ruthenium 

amido complex with sterically demanding groups, (η6-C6Me6)RuCl(NHR) (R = 2,6-

diisopropylphenyl), has been reported.52  Incorporation of the amido donor into a chelating 

array that contains phosphine donors has allowed the preparation of amido derivatives of 

most late transition metals.  For example, RuCl(PPh3))[N(SiMe2CH2PPh2)2] is made by 

reaction of LiN(SiMe2CH2PPh2)2 with RuCl2(PPh3)3 (eq 1.4).17  Caulton et al. have studied 

ruthenium chemistry with this type of PNP ligand extensively, and they recently reported a 

four-coordinate Ru(II) complex (PNPtBu)RuCl (eq 1.5).53,54 Peters et al. have also 

synthesized a series of late transition metal complexes (e.g. Ru, Co, Ni, Pd, Pt) with 

chelating (quinolinyl)amido ligands.55 A binuclear Ru amido derivative, Ru2(o-

NC5H4NH)6(PMe2Ph)2, was reported by reaction of the lithium salt of 2-aminopyridine, 

LiNH(o-C5H4N), with Ru2(OAc)4Cl in the presence of PMe2Ph.56  Gunnoe et al. have 

reported a series of Ru amido complexes with a Tp ligand, TpRu(L)(L´)(NHR) (Tp = 

hydridotris(pyrazolyl)borate; L = L´ = PMe3 or P(OMe)3, or L = CO and L´ = PPh3; R = Ph, 

tBu or H).57-61  For example, TpRu(PMe3)2NHPh can be prepared by either metathesis of 
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TpRu(PMe3)2OTf with LiNHPh or deprotonation of corresponding amine complex 

[TpRu(PMe3)2(NH2Ph)][OTf] (eq 1.6).   The Bergman group reported the synthesis of the 

first isolable monomeric late transition metal parent amido complex, trans-

(dmpe)2Ru(H)(NH2) (dmpe = dimethylphosphinoethane), using an acid/conjugate base 

metathesis approach (eq 1.7).62  Later, they prepared cis-(PMe3)4Ru(H)(NH2) by treatment 

of [cis-(PMe3)4Ru(H)(NH3)+][BPh4
-] with KN(SiMe3)2.63  The analogous anilido complex, 

cis-(PMe3)4Ru(H)(NHPh), can be prepared by reaction of aniline with (PMe3)4Ru(ethylene) 

or (PMe3)3Ru(η2-CH2PMe2)(H), although high temperatures are required (eq 1.8).64,65

 

A number of polynuclear triosmium complexes with bridging amido ligands are 

known.66  For example, the reaction of amines with Os3(CO)12 usually generates bridging 
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amido hydride complexes of the general form Os3(CO)10(µ-H)(µ-NRR′) by a formal 

oxidative addition.  Monomeric amido complexes of osmium are rare.  A series of amido 

complexes of Os(IV), Os(V) and Os(VI) have been isolated by reaction of  [OsBr6]2- with  

ethylenediamine followed by deprotonation.67   Mayer et al. reported synthesis of the Os(IV) 

amido complex TpOs(NHPh)Cl2 from the Os(VI) nitrido complex TpOs(N)Cl2 (eq 1.9).68-70  

Well-defined iron amido chemistry is relatively undeveloped. Recently, Bergman et al. 

prepared the first Fe(II) parent amido complex (dmpe)2Fe(H)(NH2) using the similar method 

as preparing its ruthenium analogue.71,72  While low coordinate homoleptic iron amido 

complexes such as Fe[N(SiMe3)2]2 have been known for long time,73-75 a well-defined 14-

electron complex Cp*Fe[N(SiMe3)2] can be prepared from reaction of Fe[N(SiMe3)2]2 with 

Cp*Li.76  A series of three-coordinate Fe(II) amido complexes with β-diketetiminate ligands 

has been reported recently by Holland and coworkers.  For example, LtBuFeNHR (LtBu is the 

β-diketiminate ligand with t-butyl groups; R = tBu, p-tol, xylyl or dipp) can be prepared by 

transmetallation of LtBuFeCl with LiNHR (eq 1.10).77  
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1.2.3.2 Cobalt, Rhodium and Iridium 

The first well characterized rhodium amido complex, Rh(PPh3)2[N(SiMe3)2], was 

prepared by metathesis reaction of RhCl(PPh3)3 with LiN(SiMe3)2.50  Reaction of binuclear 

Rh hydrides with imines, nitriles or isonitriles results in Rh complexes with bridging amido 

ligands (eq 1.11).17 Binuclear complexes with bridging anilido ligands, [{M(η5-C5Me5)}2(µ-

 

NHPh)(µ-OH)2]X (M = Rh(I) or Ir(I); X = BF4 or PF6),  can be synthesized from reaction of 

aniline with [{M(η5-C5Me5)}2(µ-OH)3]OH in water in the presence of a suitable non-

coordination anion.78  Treatment of Rh precursors with LiN(SiMe2CH2PPh2)2 generated a 

series of Rh complexes with hybrid multidentate amido ligands, Rh(L)N(SiMe2CH2PPh2)2 

(L = CO, COE, C2H4, PMe3, PPh3), and the reactivity of Rh complexes with various PNP 

ligands has been extensively studied by Fryzuk et al.17,32,79-83  Similar Ru, Ir, Co, Ni, Pd and 

Pt complexes can also be prepared (eq 1.4-1.5, Scheme 1.7).32,82,84-87  Monomeric Ir(I) 

amido complexes, trans-Ir(CO)(NHAr)(PPh3)2 (Ar = C6H5, p-C6H4Me or 2,6-C6H3Me2),  

can be prepared from metathesis of Vaska’s complex, trans-Ir(CO)Cl(PPh3)2, with  
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Scheme 1.7.  Synthesis of late transition metal complexes with various PNP ligands. 
 

LiNHAr.88,89 Bergman et al. have reported the synthesis of an iridium anilido complex, 

Cp*Ir(PPh3)(Me)(NHPh), by transmetallation of Cp*Ir(PPh3)(Me)(Cl) with LiNHPh,90 and 

an iridium parent amido complex Cp*Ir(PMe3)(Ph)(NH2) by treatment of 

Cp*Ir(PMe3)(Ph)(Cl) with NaNH2/NH3 in THF.62  Hartwig, Goldman et al. have studied the 

oxidative addition of amines to a Ir(PCP) fragment (PCP = η3-C6H3-2,6-(CH2PtBu2)2).91  
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Recently, they reported the stable monomeric amido hydride complex through oxidative 

addition of ammonia to an iridium fragment with a more electron rich pincer ligand (eq 

1.12).92 Previously, Milstein et al. reported the reaction of an Ir(I) complex with ammonia to 

form an insoluble product containing hydrides and bridging amides.93  The chemistry of 

polynuclear Co complexes with bridging amido groups has been described such as 

Co2(NHPh)4 and Co2(N(SiMe3)2)4.94  The chelating PNP amido ligand has been applied to 

Co complexes (Scheme 1.7).87  Some other Co complexes with chelating amido ligands have 

been reported.95,96  A Co(III) amido complex was isolated and characterized with X-ray 

crystallography, and it is possibly formed from intramolecular C-H activation of a cobalt 

imido complex, Tpt-Bu,MeCo=NSiMe3 (eq 1.13).97 

 

 

1.2.3.3 Nickel, Palladium and Platinum  

The amido chemistry of palladium dates back to 1960. Deprotonation of Pd 

enthylenediamine complex [Pd(en)2]I2 with potassium amide in liquid ammonia generates 

monoamide or bisamide complexes.17  The Pd complex with chelating PNP amido ligand 

was also prepared and structurally characterized by single crystal X-ray diffraction (Scheme 

1.7).  Binuclear Pd amido complexes Pd2(β-dik)2(µ-NHAr)2 can be prepared by reaction of 

aniline derivatives with bis(β-diketonate) palladium complexes.17 Pd amido complexes are 
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intermediates in Pd-catalyzed arylamination reaction (Scheme 1.3).  Hartwig et al. have 

prepared a variety of Pd amido complexes during their mechanistic investigations.23,25,98-103 

For example, (DPPF)Pd(Ar)(NAr′2) (DPPF = 1,1′-bis(diphenylphosphino)ferrocene; Ar = p-

N(CH3)2C6H4; Ar′ = p-CH3C6H4)  has been prepared and characterized by X-ray 

crystallography (eq 1.14).98  Polynuclear nickel complexes with bridging amido ligands have 

been reported.104-106  Hillhouse et al. reported the synthesis of a terminal amido of three-

coordinate Ni(I) complex (eq 1.15).107  Bergman et al. prepared a monomeric nickel amido 

complex CpNi(PEt3)(NHTol) by reaction of CpNi(PEt3)(OTf) with LiNHTol.41 

A variety of platinum amido complexes have been prepared by deprotonation of platinum 

amine derivatives.108-110  For example, [Pt(en)2]I2 can be deprotonated with KNH2 in liquid 

ammonia to generate [Pt(en)(NH2CH2CH2NH)]I, Pt(NH2CH2CH2NH)2 and 

K[Pt(NH2CH2CH2NH)(NHCH2CH2NH)].17  Platinum hydride or alkyl complexes with 

terminal or bridging parent amido ligands can be prepared by deprotonation of trans-

[Pt(L)2(R)NH3]ClO4 (R. = H, L = PPh3, PEt3 or PCy3; R = Me, L = PPh3, PEt3, PMePh2, 

PCy3).111 trans-Pt(PEt3)H(NHPh) can be synthesized by reaction of trans-Pt(PEt3)H(NO3) 
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with NaNHPh.112  A series of bis(amido) complexes of Pt(II) was obtained from reaction of 

the peroxo complex Pt(PPh3)2(η2-O2) with substituted o-phenylenediamines (eq 1.16).113 

The reaction of platinum hydride complexes with a variety of aromatic azides appears to be 

a general procedure to make monomeric arylamido complexes (eq 1.17).114  The platinum 

complexes with general formula (L2)Pt(Cl)(NR′R′′) (L2 is a chelating bisphosphine ligand or 

two monophosphine ligands), can be made from transmetallation of corresponding 

precursors (L2)PtCl2.115,116  For example, reaction of cis-Pt(PEt3)2Cl2 with LiNPh2 generates 

cis-Pt(PEt3)2Cl(NPh2).  A platinum amido complex with a PCP ligand, Pt(PCP)(NHTol) 

(PCP = C6H3-2,6-(CH2PPh2)2), has been reported.117  A Pt(IV) complex containing a 

chelating bis(amide) is obtained from the reaction of cis,cis-1,3,5-traiaminocyclohexance 

with bischloro(bipy)platinum(II) (eq 1.18).118 
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1.2.3.4 Copper, Silver and Gold 

Homoleptic amido complexes of Cu, Ag and Au have been known and have been 

discussed in the monograph “Metal and Metalloid Amides.”13  The tetramer amido 

complexes, [M(µ-N(SiMe3)2)]4 (M = Cu, Ag, Au) have been characterized by X-ray 

crystallography.119-121   A variety of polynuclear copper complexes with bridging amido 

ligands have been reported with full characterization.122  Reaction of mesitylcopper(I) 

compound with primary or secondary amines results in a a series of copper amido 

derivatives (eq 1.19), although both mesitylcopper and copper amides are probably 

polynuclear complexes.  Many monomeric gold(III) amido complexes have been prepared 

with chelating pyridyl ligands.123 Gunnoe et al. have reported a monomeric Cu anilido 

complex synthesized by reaction of [(dtbpe)Cu(µ-Cl)]2 with LiNHPh (dtbpe = 1,2-bis(di-

tert-butylphosphino)ethane) (eq 1.20).124 

 

 

1.2.4 Reactivity of Late Transition Metal Amido Ligands 

The success for preparation of an increasing number of late transition metal amido 

complexes has made it possible to investigate their reactivity.   Amido ligands of early 

transition metal centers often play a role as inert ancillary ligands.  In contrast, amido 
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ligands of low oxidation state and late transition metal centers often display rich reactivity.  

For example, high basicity and nucleophilicity as well as tendency for reductive elimination, 

β-hydride elimination and migratory insertion similar to metal hydride and metal alkyl or 

aryl complexes have been observed.  In fact, such rich reactivity makes late transition metal 

amido derivatives important catalytic intermediates in many processes involving carbon-

nitrogen bond transformations. 

1.2.4.1 Protonation Reactions 

Amido ligands can react with a variety of acids depending on their relative basicity.  The 

range of proton sources can vary considerably from very strong acids such as HBr to very 

weak acids with C-H bonds such as triphenylmethane.  Negatively charged derivatives like 

K2[Pd(o-OC6H4NH)2] and K2[Pd(SCH2CH2NH)2] are immediately protonated by H2O, 

while positively charged species like [Os(en)(NH2CH2CH2NH)2]I2 require concentrated acid 

like HBr and can be recrystalized from water.17  Increasing the metal formal oxidation state 

can substantially decrease the basicity of the amido ligand.  A striking example is an Os(IV) 

amido complex, TpOsCl2(NHPh), which is not protonated by HCl.  The deprotonation of 

[TpOsCl2(NH2Ph)][OTf] by chloride indicates that the lack of reaction of the amido 

complex with HCl is a thermodynamic effect.70  In contrast, the Ru(II) amido complex, 

TpRu(PMe3)2(NHPh) deprotonates malononitrile.61  Thus, there is a difference in basicity 

between the octahedral Ru(II) anilido complex and the octahedral Os(IV) anilido complex of 

several orders of magnitude (~ 15, although a rigorous direct comparison cannot be made 

due to different solvent systems for the two studies).  The strong π-donation from nitrogen 

to Os(IV) center likely decreases the basicity significantly for TpOsCl2(NHPh).  Several late 

transition metal amido complexes display strong basicity. For example, the reaction of 
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Pt(Ph2PCH2CH2PPh2)(CH3)(NMePh) with acetone, acetonitrile and phenylacetylene results 

in the formation of the corresponding hydrocarbylplatinum complexes 

Pt(Ph2PCH2CH2PPh2)(CH3)R  (R = CH2OCH3, CH2CN, CCPh) and methylaniline.115  The 

high basicity of the Ru parent amido complex, trans-(dppe)Ru(H)(NH2),  has been 

intensively studied by Bergman et al. showing reactivity with a wide variety of weak acids 

such as phenylacetylene, 1,4-cyclohexadiene, 9,10-dihydroanthrocene and triphenylmethane 

(Scheme 1.8).62,125,126 

 

Scheme 1.8.  Reactions of the highly basic ruthenium amido complex, trans-
(dppe)Ru(H)(NH2) (dppe = diphenylphosphinoethane), with various weak acids. 
 

The reversible reactions of late transition metal amido complexes with alcohols to form 

metal alkoxides and free amines have been examined to study M-N bond strength.  Bryndza, 

Bercaw et al. studied reactions of Cp*(PMe3)2RuX and (dppe)MePtX systems and obtained 

Keq ≈ 1 for an equilibrium between the metal alkoxide complex and an amine with the 

corresponding  metal amido complex and the free alcohol (eq 1.2).  This implies a 

correlation between M-N and H-N bond energies and signifcant covalent bonding of M-N 

was suggested.  Bergman et al. have studied a Cp* nickel amido system on exchange 

 24



reactions with a series amines (eq 1.21).41  While strong correlation between Ni-N and H-N 

bond energies was observed, the equilibrium constants were not equal to 1 as predicted from 

the studies of Bryndza and Bercaw.  Rather, electron-withdrawing anilines favored nickel 

binding, and electron-donating anilines favored proton binding. A strong correlation of the 

equilibrium constants with Hammett value σp
- with a ρ value of 3.4 was observed.  A similar 

study on equilibria of TpRu(PMe3)2(NHPh) with arylamines by Gunnoe et al. gave a ρ value 

of 4.1 (versus σp
-).61  These observations are most consistent with a strong ground-state 

polarization of late transition metal M-N bonds and Bergman et al. introduced Drago’s E-C 

method to suggest that substantial ionic bonding exists in the late transition metal amido 

bond.19,41,42 

1.2.4.2 Reactions with Electrophiles 

Late transition metal amido complexes can react as nucleophiles with aprotic organic 

electrophilic reagents.  It has been reported that (dppe)PtMe(NMePh) reacts  rapidly with 

acyl halide or CD3I.115  The nucleophilicity of late transition metal amido complexes can 

also be probed by reaction with heterocumulenes such as CO2, CS2, RNCO and RN=C=NR.  

Insertion of CO2 to trans-(PEt3)2Pt(H)(NHPh) proceeds rapidly to yield trans- 

(PEt3)2Pt(H)(OCONHPh).112. The reaction of Cp*Ir(PPh3)(H)(NHPh) with CS2 or MeNCO 

results in insertion of NHPh to C=S or C=N bonds.127  The strong nucleophilicity of the 

ruthenium parent amido complex cis-(PMe3)4Ru(H)(NH2) has been studied by reaction with 
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ethyl bromide, carbodiimide and diphenyl allene (Scheme 1.9).63  Gunnoe et al. have 

compared the different nucleophilicity of TpRu(PMe3)2(NHPh) and (dtbpe)Cu(NHPh) by 

kinetic study on reaction with EtBr. The reaction of the Cu amido complex with EtBr is 

approximately two orders of magnitude faster than that of the Ru amido complex.124 

 

Scheme 1.9.  Reactions of strongly nucleophilic (PMe3)4Ru(H)(NH2) with EtBr, 
carbodiimides and diphenylallene. 
 

1.2.4.3 Reductive Elimination and β-Hydride Elimination 

The reductive elimination of late transition metal hydride amido complexes, as well as 

its reversible process N-H oxidative addition of amines, is sensitive to the metal moiety, the 

metal formal oxidation state, and ligand modification.  Usually, an electron-rich metal center 

favors oxidative addition and an electron-poor metal center favors reductive elimination.  

For example, a {(PCP)Ir} fragment (PCP = 2,6-(CH2PtBu2)2C6H3) favors coordination of 

ammonia to form the Ir(I) systme (PCP)Ir(NH3), while change to a more electron-rich pincer 

ligand results in an isolable Ir hydrido parent amido complex (eq 1.12).92  The reductive 

elimination of an amine from (PCP)IrH(NHR) (R = H, Ph) is much slower than the 

corresponding C-H elimination of (PCP)IrH(Ph), but addition of CO or isocyanide to form 
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an 18-electron Ir center increases the propensity toward the N-H reductive elimination.91  

Other examples include trans-Pt(PEt3)2(H)(NHPh) and Cp*Ir(PPh3)(H)(NHPh), in which 

reductive elimination of amines was observed in reaction of metal amido complexes with 

CO.127,128  The C-N reductive elimination of aryl amido complexes is a critical step in Pd 

catalyzed C-N coupling reaction (Scheme 1.3).  While the palladium aryl amido systems 

seem to favor C-N reductive elimination, several late transition metal alkyl amido 

complexes are stable and can be isolated.  For example, a series of chelating bis(phosphine) 

platinum amido complexes (L2)Pt(Me)(NR2) have been reported.115  Similar to metal alkyl 

complexes, β-hydride elimination of late transition metal amido complexes is a facile 

reaction. The reaction of lithium dimethylamide, LiNMe2, with a variety of late transition 

metal complexes containing chloride ligands has been studied and β-hydride elimination 

often occurs to yield metal hydrides and imines.129  Use of aryl groups or alkyl groups 

lacking β-hydrogen atoms, such as N(SiMe3)2 and NPh2, is usually applied during synthesis 

to circumvent decomposition through β-hydride elimination.  The synthesis of stable 

platinum amido complexes with β-hydrogen atoms has been achieved by use of an ancillary 

chelating phosphine ligand.  For example, a series of Pt(II) amido complexes 

(dppe)Pt(R){NCH3(C6H5)}(R = CH3, C6H5, CH2C6H5) have been synthesized.115 

1.2.4.4 Migratory Insertion Reactions 

Migration of a coordinated olefin to a metal amido ligand  could be an important step for 

metal-mediated hydroamination reactions. Thus, there has been much study on insertion 

reactions of olefins to metal amido ligands. The hydridoamido complex trans-

(PEt3)Pt(H)(NHPh) reacts with acrylonitrile with regioselective insertion into the Pt-N bond 
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and subsequent reductive elimination (eq 1.22).112  However, the failure for oxidative 

addition of aniline to Pt(0) due to thermodynamic barrier disrupts catalytic turnovers for 

hydroamination.  Using platinum PCP complexes, Pt{η3-2,6-(R2PCH2)2C6H3}(OTf) (R = 

Ph, Cy), a catalytic hydroamination of acrylonitrile has been achieved.117  The facile 

insertion of acrylonitrile into the Pt-N bond of (PCP)Pt(NHPh) to afford 

(PCP)Pt{CH(CN)CH2NHPh} has been demonstrated.  However, mechanistic studies show 

the hydroamination takes place through nucleophilic addition of amine to the coordinated 

olefin rather than formation of a platinum amido system.  Many late transition metal 

complexes like Pd, Pt and Rh have been reported to catalyze hydroamination reactions in 

this fashion.29  Nevertheless, rational design of iridium catalysts by Casalnuovo, Milstein et 

al. has demonstrated the possibility for catalytic hydroamination through N-H oxidative 

 

Scheme 1.10.  Proposed catalytic cycle for hydroamination of norbornene with an Ir 
catalyst. 
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addition, olefin coordination, olefin insertion and C-H reductive elimination (Scheme 

1.10).130 

The migratory insertion of carbonyl into metal-carbon bonds is a fundamental step in 

many industrial catalytic reactions such as hydroformylation.  The insertion of CO into 

metal-nitrogen bonds is relatively rare but has potential applications.  For example, insertion 

of CO into a metal amido bond could be useful for formation of ureas from amines and CO 

(eq 1.23). It has been reported that arylamido complex of Ir(I), trans-Ir(PPh3)2(CO)(NHAr), 

has facile CO insertion to form a carbamoyl moiety under CO pressure, followed by a 

orthometalation reaction (eq 1.24).88  Another example is (dppe)Pt(Me)[NH(CH2C6H5)] 

which undergoes insertion of CO to afford (dppe)Pt(Me)[C(O)NH(CH2C6H5)].112 

 

1.2.4.5 Other Reactions 

The hydrogenolysis of a metal-amido bond to generate a metal hydride can take place 

either by the metal center via oxidative addition of H2 followed by N-H reductive 

elimination or by the metal amido ligand in a heterolytic cleavage process.  The first 

reported activation of dihydrogen by a metal amido involved the reaction of an Ir amido 

complex with a PNP chelating ligand (eq 1.25).82  The exact mechanism was not clear, but 
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a heterolytic cleavage of H2 was suggested.  Other reports of mononuclear late transition 

metal amido complexes undergoing reaction with H2 include Cp*Ru(PMe3)2(NPh2) and 

trans-Pt(PEt3)2H(NHPh),38,131 and a recent report of Ru parent amido complex 

(PCP)Ru(CO)(NH2) (eq 1.26).132  Hydrogenolysis of late transition metal amido complexes 

should be a thermodynamically favored reaction.  To break the H-H bond (104 kcal mol-1) is 

compensated by the formation of an amine N-H bond (approximately 90-95 kcal mol-1).  

Thus the metal-hydride bond must be stronger than the metal amido bond by approximately 

10-15 kcal mol-1.  Both estimates and recent calculations suggest that the difference between 

late transition metal M-H and M-N BDEs is actually much greater.17  In contrast, the 

opposite observation exists for early transition metal systems since the metal amido bond 

strength increases as the metal goes to the left of the transition series.  Indeed, amines react 

with the early transition metal hydride complexes to generate amido ligands and elimination 

of H2 similar to the hydrides of boron and aluminum derivatives.133 

The reaction of the Pt(II) phenylamido complex trans-Pt(PEt3)2Cl(NHPh) with Ag(I) 

results in oxidative dimerization via aryl coupling at the para position and deprotonation 

with a base generates a neutral complex having the p,p′-biphenylamido unit bridging two 
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Pt(II) centers (eq 1.27).134 A similar reaction occurs for the 1-naphthylamido complex 

Pt(PEt3)2Cl(NH-1-Np).  Recently, Gunnoe et al. reported a similar reaction with a series of 

Ru(II) amido complexes, TpRu(L)(L′)(NHPh) (L = L′ = PMe3  or P(OMe)3; L = CO, L′ = 

PPh3).135  

 

A nucleophilic aromatic substitution reaction on aryl-amido ligands with Os(IV) 

complexes has been reported by Mayer et al.136,137  Addition of amine based nucleophiles to 

solutions of the Os(IV) amido complex TpOsCl2(NHPh) gives products with derivatized 

anilide complexes (eq 1.28).  Formation of para-substituted materials involves oxidative 

removal of two protons that can be transferred to a base and electrons to Os(IV) centers.  

The ab initio calculations show that the LUMO of TpOsCl2(NHPh) has significant density at 

the ortho and para positions of the anilido ligand similar to LUMO of nitrobenzene.  Thus, 

binding the anilido ligands to an Os(IV) center results in a remarkable inversion of chemical 

character from a typically electron-rich anilido to an electro-deficient aromatic functionality. 
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1.3     Late Transition Metal Imido Complexes 

1.3.1 General Discussions 

The imido group [NR]2-  can form one σ-bond and one or two π-bonds with metal 

centers.138-140  The nitrogen atom can be sp2 hydridized in bent geometry or sp hybridized in 

a linear geometry to form a metal-nitrogen triple bond.  Similar to amido ligands, 

polynuclear complexes with bridging imido ligands are commonly formed (Scheme 1.11).  

There are few examples with strongly bent imido ligands and this occurs when a linear, 

triply bonded NR group would cause the electron count of the complex to exceed 18 

 

Scheme 1.11.   Structures of metal imido ligands:  A) bent with M-N double bond; B) linear 
with M-N double bond; C) linear with M-N triple bond; D) bridging imido ligand. 
 

electrons.  A classic example is Mo(NPh)2(η2-S2CNEt2)2, in which one metal-nitrogen 

double bond with Mo-N-C angle of 139.4(4)o and Mo-N bond length of 1.789(4) Å and one 

metal-nitrogen triple bond with Mo-N-C angle of 169.4(4)o and Mo-N bond length of 

1.754(4) Å exist in one molecule.141  Although most imido ligands are linear and imply an 

sp hybridized nitrogen, a metal-nitrogen triple bond with a second M-N π-bonding is not 

necessarily required.  The assignment of the bond order of either double bond or triple bond 

reflects some experimental data on the bond length and strength and is not usually 

definitive.139 
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As discussed in the amido chemistry, high valent, electron-poor early transition metals 

can form strong bonds with the nitrogen π-donor ligands with strong π-donation from the 

ligand electron lone pair to an empty metal d orbital (Scheme 1.5).  Indeed, imido ligands 

are ubiquitous ancillary ligands for early transition metal complexes.   For example, 

Schrock-type molybdenum alkylidene catalysts with arylimido ligands have been applied to 

homogeneous olefin metathesis reactions.142,143  However, there is some interesting 

chemistry that directly involves high valent and early transition metal imido ligands 

including oxyamination and diamination of alkenes using osmium(VI) imido-oxo 

complexes, metallacyclization and imine metathesis using zirconocene imido complexes and 

C-H activation using titanium and zirconium imido complexes.138,139,144-149  Similar to the 

late transition metal oxo derivatives, isolation and characterization of late transition metal 

imido complexes, especially monomeric, are limited to a few examples.  With decrease of 

M-N bond distance compared with the metal amido bond, the metal imido bond may be 

more reactive, thus late transition metal imido complexes are less common than the amido 

derivatives.  

 

Scheme 1.12.  Copper-mediated aziridination of alkenes and the possible mechanism via 
copper nitrene intermediate. 
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Despite their rarity, late transition metal imido complexes have been proposed as key 

intermediates in catalytic processes, and exploration of their chemical reactivity is of interest 

for application in organic synthesis.  Evans, Jacobsen et al. have developed copper-mediated 

aziridination (i. e., nitrene transfer to olefin) reactions and ultimately extended the scope to 

enantioselective variants (Scheme 1.12).150-155  Although the reaction could proceed via 

metal imido intermediates, the isolation and characterization of a copper imido complex has 

not been accomplished.  Che et al. have prepared and characterized the high-valent 

bis(tosylimido)ruthenium(VI) porphyrin complex, [RuVI(Por)(NTs)2] (H2Por = porphyrin, Ts 

= p-tolylsulfonyl).156,157  The reactivity of Ru as well as Mn and Co porphyrin complexes 

has been extensively studied including aziridination of olefins and C-H bond amination 

reactions.156-164  For example, highly diastereo- and enantionselective intramolecular 

amination of saturated C-H bonds can be catalyzed by ruthenium porphyrins (eq 1.29).164   

Du Bois et al. have studied C-H bond amination and alkene aziridination reactions using 

rhodium catalysts.165,166  It has been reported that a copper-homoscorpionate complex, 

TpBr3Cu(NCMe) (TpBr3 = hydridotris(3,4,5-tribromidepyrazolyl)borate), could catalyze 

cyclohexane and benzene amination with nitrene insertion into C-H bonds.167    

 

 

 

 34



1.3.2 Group VIII Imido Chemistry 

We are mostly interested in low valent, late transition metal (> d4) imido complexes. 

Thus, chemistry involving high valent Group VIII metal imido complexes will not be 

discussed herein.  For example, the chemistry of Fe(d3, d4), Ru(d2, d4), Os(d0, d2, d3, d4) 

imido complexes has been previously discussed.138-140  The synthesis, structure and 

reactivity of a few isolated late transition metal imido complexes will be discussed 

individually. 

Bergman et al. reported the first structurally characterized monomeric late transition 

metal imido complex.  Reaction of [Cp*IrCl2]2 and LiNHtBu in THF results in formation of 

the Ir(III) imido complex Cp*IrNtBu and the byproduct tBuNH2 (eq 1.30).168,169  A triplet (J 

= 1.6 Hz) attributed to the tert-butyl methyl protons in the 1H NMR spectrum suggests a 

linear M-N-C linkage.  The IR absorption at 1258 cm-1 due to Ir=N stretching is shifted to 

 

1240 cm-1 upon 15N-labeling of the imido unity.  An X-ray crystal structure confirmed a 

nearly linear Ir-N-C angle of 177.2(5)o and a short Ir-N bond length of 1.712(7) Å indicative 

of an Ir-N triple bond.  Similar terminal imido complexes with bulky groups, Cp*IrNR (R = 

SiMe2
tBu, 2,6-Me2C6H3 or 2,6-i-Pr2C6H3), have been prepared but analogues with R groups 

such as Ph or SiPh3 resulted in no success.   The iridium imido ligand can undergo exchange 

reactions with arylamines (eq 1.31).  Reaction with methyl iodide, carbonmonoxide, tert-
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butylisocyanide, carbondioxide or maleic anhydride demonstrates the nucleophilicity of the 

imido ligand (Scheme 1.13).   A net [2 + 2 + 1] cycloaddition reaction is observed with an 

activated alkyne (Scheme 1.13). 

 

Scheme 1.13.   Reactions of Cp*IrNtBu with various substrates. 
 

Similar Os(II) imido complexes  (η6-arene)Os=N-tBu (arene = p-cymene or 

hexamethylbenzene) have been synthesized by treatment of  [(η6-arene)OsCl2]2 with 

LiNHtBu.170,171  The X-ray structure of (η6-C6Me6)OsNtBu revealed a linear Os-N-C bond 

angle of 174.2(7)o and Os-N bond distance of 1.737(7) Å consistent with an Os-N triple 

bond.  The complex  (η6-p-cymene)OsNtBu undergoes exchange reactions with amines, 

alcohols and thiols as well as cycloaddition reactions with isocyanates and azides (Scheme 
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1.14).  Burrell et al. have explored chemistry of related ruthenium complexes.52,172   

Reaction of  [(η6-arene)RuCl2]2 with LiNHAr (Ar = 2,6-Me2C6H3) produces [(η6-

arene)Ru(µ-NAr)]2 whose structure has been confirmed by X-ray crystallography.  With use 

of more sterically demanding group {NAr*} (Ar* = 2,4,6-tri-tert-butylphenyl), the Ru(II) 

terminal imido complex (η6-cymene)Ru(NAr*) can be isolated.  A Ru-N triple bond has 

been implied by the solid-state structural data with the Ru-N-C angle of 177.8(4)o and  the 

Ru-N distance of 1.785(6) Å. 

 

 
Scheme 1.14.  Reaction of (η6-p-cymene)OsNtBu with aminies, alcohols, thiols, isocyanates 
and azides. 
 

Hillhouse et al. have reported the synthesis of a three-coordinate Ni(I) amido complex 

(dtbpe)Ni(NHAr) (dtbpe = 1,2-bis(di-tert-butylphosphino)ethane, Ar = 2,6-

diisopropylphenyl) (eq 1.15).  Oxidation of the amido complex with tropylium followed by 

deprotonation affords the Ni(II) imido complex (dtbpe)Ni(NAr) (eq 1.32).107  X-ray 

structure analysis revealed a bent Ni-N-C angle of 162.8(2)o and a Ni-N bond distance of 
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1.702(2) Å which is consistent with a Ni-N double bond.  The reactivity of the Ni(II) imido 

complex has been explored with nitrene-group-transfer to carbon monoxide, isocyanide or 

olefins to yield isocyanates, carbodiimides or aziridines.173,174 

 

Theopold et al. have reported efforts to make a Co(III) imido with a scorpionate Tp 

ligand; however, intramolecular C-H activation resulted in an isolated amido complex (eq 

1.13).97  Mayer et al. used a tris(carbene) ligand and could isolate and fully characterize 

Co(III) imido complexes by reaction of aryl azides with [(TIMENxyl)Co]Cl (TIMEN = tris-

[2-(3-arylimidzole-2-ylidene)ethyl]amine, xyl = 2,6-dimethylphenyl) (eq 1.33).175  

The Co(III) imido complexes are stable in the solid state but undergo imido insertion into a 

cobalt-carbene bond in solution at room temperature.  Warren et al. have studied cobalt 

chemistry with β-diketiminate ligands.  Reaction of [Me2NN]Co(η6-toluene) with N3Ar (Ar 

= 3,5-Me2C6H3) yields a Co(III)-imido bridged dimer {[Me2NN]Co}2(µ-NAr)2.   Using the 

more sterically demanding N3Ad (Ad = 1-adamantyl) generates a monomeric imido complex 

[Me2NN]Co(NAd) (eq 1.34).176  The solid state structure revealed a bent Co-N-C angle of 
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161.5(3)o and a short Co-N bond distance of 1.624(4) Å.  DFT calculations support the 

presence of a low-spin d6 Co(III) center stabilized by 1σ, 2π-donation from the imido ligand.  

 

Peters et al. have designed and explored the chemistry of anionic (phosphino)borate 

ligands.177-181  By analyzing the ground state of the tetrahedral Co complexes, they predicted 

that the Co(II) iodide complex [PhBP3]CoI (PhBP3 = PhB(CH2PPh2)3) could be replaced by 

a divalent, strongly π-donating ligand to afford an 18-electron Co(III) complex.182  Thus, 

reaction of [PhBP3]CoI with PMe3 followed by reduction with sodium amalgam resulted in 

the formation of [PhBP3]Co(PMe3).  Oxidative transfer of an imido group to the Co(I) center 

was accomplished by addition of (p-tolyl)azide to afford an Co(III) imido [PhBP3]Co(N-p-

tolyl) (eq 1.35).  Solid-state structure data and DFT studies reveal a strong Co-N triple bond 

that is consistent with its thermal stability and modest reactivity, although a slow reaction 

with CO to produce the isocyanate was observed.  A similar low-spin d5 Fe(III) imido 

[PhBP3]Fe(N-p-tolyl) can be prepared by reaction of [PhBP3]Fe(PPh3) with (p-

tolyl)azide.183-185  In contrast to the relatively stable [PhBP3]Co(N-p-tolyl), the reactive 

Fe(III) imido has been studied with facile reaction with CO and H2. 
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Chapter Two 

2.1   Olefin Metathesis     

Recently, olefin metathesis has become one of the important synthetic methodologies for 

carbon-carbon bond breaking and forming reactions, and it has been widely used in organic 

synthesis, polymer synthesis, natural product and pharmaceutical synthesis.186-188  A variety 

of metathesis reactions include cross metathesis (CM), ring-closing metathesis (RCM), ring-

opening metathesis (ROM), ring-opening metathesis polymerization (ROMP) and acyclic 

diene metathesis polymerization (ADMET) (Scheme 2.1).186,187  In addition, the extension of 

 

 
Scheme 2.1.  Various applications of olefin metathesis: a) cross metathesis; b) ring-closing 
metathesis; c) ring-opening metathesis; d) ring-opening metathesis polymerization; e) 
acyclic diene metathesis polymerization. 
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olefin metathesis to alkynes has resulted in significant progress in enyne metathesis, diyne 

metathesis and polymerization of acetylenes.186,187,189-192  Detailed mechanistic studies have 

confirmed that the metathesis reaction likely proceeds via the Chauvin mechanism in which 

the metal carbene complex reacts with a carbon-carbon double bond to form a 

metallacyclobutane intermediate followed by ring opening of the metallacycle to give a new 

metal carbene and a new carbon-carbon double bond (Scheme 2.2).186,193  During the past 

few 

 

 

Scheme 2.2.  Chauvin mechanism for olefin metathesis: a) cross metathesis of ethylene and 
stilbene under metal catalyst; b) and c) metal carbene mediated metathesis through 
metallacyclobutane intermediates. 

 

decades, olefin metathesis has developed from heterogeneous to homogeneous, and a 

detailed understanding of the mechanism has allowed development of highly active and 

robust catalysts, which eventually has become useful for synthetic applications.186,187,194  

Central to the development of this field was the introduction of Schrock-type Mo catalysts 

and Grubbs-type Ru catalysts (Scheme 2.3).142,143,195-199   High oxidation state Mo 

alkylidenes display extremely high reactivity toward various olefin metathesis reactions, but 
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their applications are limited by low functional group tolerance as well as the requirements 

of handling in high vaccum lines and dry boxes due to their high reactivity.  The less 

reactive Grubbs-type Ru catalysts are more selective in reacting with olefins rather than 

other functional groups.195  At present, much effort has been focused on development of the 

next generation of olefin metathesis catalysts for enantioselective catalysis.200-203 

 

 

Scheme 2.3.  Schrock-type Mo catalysts and Grubbs-type Ru catalysts for olefin metathesis. 
 

2.2     Imine Metathesis 

Carbon-nitrogen bonds are highly prevalent in organic molecules, natural products and 

pharmaceutical compounds.  New methods for carbon-nitrogen bond-breaking and -forming 

reactions with transition metal catalysts will provide new tools for synthetic chemists.  For 

example, carbon-nitrogen coupling reactions with Pd catalysts have been developed 

successfully by Buchwald and Hartwig et al. and have found broad application in natural 

product and pharmaceutical synthesis.23,25,33,204,205  Progress toward catalytic hydroamination 

of olefins has been significant for both early and late transition metal mediated reactions, 

and both intramolecular and intermolecular hydroamination reactions have been 

reported.34,206-210  Nitrene transfer reactions represent another strategy to construct carbon 
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nitrogen bonds.  Recent developments include selective nitrene insertion into C-H bonds and 

nitrene transfer to carbon-carbon double bonds (i.e., aziridination) catalyzed by Rh, Ru and 

Cu reagents.150,155,157,165,166,211  During the past decade, imine metathesis, as an analog to 

olefin metathesis to break and form carbon-nitrogen double bonds, has gained attention and 

further investigations are necessary for it to become a promising methodology.144,212 

Transition metal catalyzed imine metathesis has been studied for more than ten years; 

however, in contrast to olefin metathesis, efforts in this field have not produced catalysts 

that are useful for general synthetic transformations.  It is perhaps worthwhile to note that 

efforts toward understanding olefin metathesis and the development of single site 

homogeneous catalysts began in the late 1960’s and early 1970’s, and it was not until the 

mid- to late 1990’s that such systems were applied in synthetically useful transformations. 

Thus, the field of homogeneous catalytic metathesis of olefins did not blossom until after 2 

to 2.5 decades of intense efforts.  

 

 
 
Scheme 2.4.  Possible applications of imine metathesis: (a) cross metathesis of acyclic 
imines; (b) ring opening polymerization of cyclic imines; (c) polymerization of nitriles. 
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Development of useful imine metathesis catalysts will find applications in organic 

synthesis and preparing new polymer materials, for example, cross metathesis of acyclic 

imines, ring opening polymerization of cyclic imine and metathesis polymerization of 

nitriles (Scheme 2.4).  While olefin metathesis involves the reaction of the CR2 group, imine 

metathesis involves the rearrangement of both the CR2 and the NR fragments.  Fundamental 

studies on transition metal mediated imine metathesis include investigation of four types of 

reactions: metal alkylidenes (carbenes) with imines, metal imides with imines, metal imide 

cross metathesis and catalytic metathesis of organic imines (Scheme 2.5).212  Schrock et al. 

reported the first alkylidene/imine metathesis reaction with a tantalum alkylidene 

 

 

Scheme 2.5.   Four types of reactions on study of imine metathesis: (a) reaction of metal 
alkylidenes with organic imines; (b) reaction of metal imides with organic imines; (c) 
metathesis reaction of two metal imides; (d) metal mediated metathesis of two organic 
imines. 
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complex that reacts with an imine to yield a tantalum imide complex and a new olefin (eq 

2.1).213,214  Other carbene complexes that react with C=N bonds have been 

reported.215-217  The group VI complex  (CO)5W=CHPh reacts with carbodiimides with 

atypical regioselectivity  to yield imines and  (CO)5W=C=NPh.218  Imido ligands are often 

considered as ancillary and unreactive ligands for high valent early metal complexes, but 

there are a few complexes of imido ligands having reactivity toward C=N bonds. For 

example, Cp2Zr=NtBu (Cp = cyclopentadienyl), (dme)Cl2Mo(=NtBu)2 (dme = 

dimethoxyethane), (py)3Cl2Ti=NtBu (py = pyridine), Cp*Cl2Ta=NtBu (Cp* = 

pentamethylcyclopentadienyl) and (CH3)Re(NAd)3 (Ad = 1-adamantyl) all undergo 

reactions with C=N bonds.144,145,219-225  Metal imide exchange reactions were reported by 

Gibson et al. on internal exchange of metal oxo, imido and alkylidene ligands.226,227  Meyer 

et al. studied the metathesis of ((CF3)2CH3CO)2Mo(=NAr)2 with (dme)Cl2Mo(=NBut)2.212  

Catalytic imine metathesis has been observed in the presence of metal catalysts, e.g., 

Zr,144,145,219,228 Ti,222,223 Mo,212,220,221  and Nb.229  A catalytic C=N bond metathesis reaction 

has also been reported using iminophosphranes of the type Cl3P=NR (R = iPr, tBu, Ph 

).230,231   

One of the lessons from the study of olefin metathesis is that understanding mechanistic 

details can provide the rationale for improved catalyst design.  Thus, it is necessary to 

clearly understand the mechanism in different catalyst systems during the study of imine 

metathesis.  Catalytic cross metathesis of imines can be achieved using simple Lewis 
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acids.232  However, transition metal controlled imine metathesis would allow exploitation of 

the reaction, for example, for organic synthesis via ring-closing metathesis or new materials 

synthesis via controlled ring-opening metathesis polymerization.  Compared with the 

Chauvin mechanism for olefin metathesis, it has been found that imine metathesis is much 

more complicated and the mechanisms for different systems require careful consideration.  

Bergman and coworkers conducted detailed mechanistic studies on a bis(cyclopentadienyl) 

zirconium imido system, Cp2Zr=NtBu, and proposed a pathway analogous to the Chauvin 

mechanism supported by the isolation and characterization of the diazametallacyclobutane 

intermediate (eq 2.2).144,145,219  However, Mountford et al. studied the 

mechanistic details of a Ti system, (py)3Cl2Ti=NtBu, and found that the metal imide did not 

necessarily participate in the rate determining step; instead, it might be the basic amines that 

catalyzes the metathesis.222 The Meyer group has conducted systematic studies on a Mo 

system, (dme)Cl2Mo(NtBu)2, and proposed a Chauvin-type mechanism for observed 

stoichiometric and catalytic imine metathesis reactions.212,220,221  But  detailed kinetic studies 

are not available since reaction of an imine with two reactive imide functionalities results in 

three similar species with overlapping of 1H NMR resonances.  In addition, fast bimolecular 

imide/imide exchange, which occurs on a similar time scale with the imide/imine 

metathesis, makes the kinetic data difficult to analyze.  This Mo bisimide system has been 

studied with DFT calculations, and it has been suggested that a metal amido (NHR) 

mediation mechanism could be a viable pathway for imine metathesis.233,234   Meyer et al. 
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also designed a Ta system, CpCl2Ta=NtBu, which is reactive for both imide/imine 

metathesis and catalytic imine metathesis, and proposed a proton-catalyzed mechanism 

based on their kinetic analyses and 15N-labeling studies.224  It was concluded that the trace 

amounts of amine played a primary role in the reaction mechanism.  Reaction of tBuNH2 

with CpCl2Ta=NtBu results in a new metal complex CpClTa(NHtBu)(NtBu), which is 

inactive for imine metathesis, and  an equivalent of HCl which exists as tBuNH3
+Cl- through 

reaction with the basic amine (eq 2.3). Thus,  the produced HCl (leveled by the amine) can 

catalyze the observed stochiometric and catalytic metathesis reactions.  

 

From the limited number of systems that are active catalysts for imine metathesis, some 

general observations can be extracted.  Firstly, most imine cross metathesis transformations 

require high temperatures and long reaction times.  Secondly, imine substituents could 

impact the reactivity significantly.  For example, Bergman et al. have found that the N-alkyl 

imines exhibit reduced reactivity compared with N-aryl imines, while C-alkyl groups have 

minimum impact.144  Meyer et al. also reported a variety of imines displayed very different 

reactivity.212  Thus, n-PrN=CHPh reacts with (RO)2(NAr)Mo=CHtBu (R = C(CF3)2CH3 or 

C(CF3)(CH3)2, Ar = 2,6-diisopropylphenyl) to yield (RO)2(NAr)Mo=NPr and an olefin 

tBuCH=CHPh (eq 2.4), while some imines like tBuN=CHPh and PhN=CHtBu have no  
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observable reaction with the molybdenum carbene.  One question is whether the 

substituentsimpact the reactivity due to electronic or steric perturbations, or both.  Currently, 

there are not sufficient data to provide reasonable explanations.  Finally, imine metathesis 

could proceed via a variety of mechanistic pathways. Trace amount of base or acid can 

catalyze the reaction; the metathesis could proceed via the Chauvin-type mechanism, and a 

metal amide mediated pathway could also be viable.  Therefore, thorough studies are 

necessary to clarify the function of the transition metal complex when catalytic activity is 

observed.  

2.3  Reaction of Grubbs Ru Catalysts with 1-Pyrroline 

Meyer et al. reported the reaction of the Schrock type Mo alkylidene complex, 

Mo(=CHtBu)(=NAr)(OCMe2(CF3))2 (Ar = 2,6-diisopropylphenyl) (2.1), with the cyclic 

imine 1-pyrroline (eq 2.5).216,217  Complex 2.1 reacts with 1-pyrroline to initiate 

stoichiometric imine ring opening to form a Mo imido complex; however, the stoichiometric 

reaction could not be extended to catalytic ring-opening of 1-pyrroline, indicating that the 

Mo imido complex is unreactive with 1-pyrroline.  The reactivity of complexes containing 

multiply-bonded ligands (alkylidene, imido or oxo) can be significantly changed depending 
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on the relative energies of ligand-pπ and metal-dπ orbitals, and increased ligand-based 

electrophilicity has been observed from left to right in the transition metal series as the 

localization of HOMO and LUMO resulting form metal ligand interaction is greatly  

 

 

Scheme 2.6. Changes in ligand pπ and metal dπ orbital interactions as the relative energies 
of the atomic orbitals are changed: A) early metal; B) middle metal; C) late metal. 

 

 

 

Scheme 2.7.  Different regioselectivity for the reaction of an imine carbon-nitrogen double 
bond with an early or late metal carbene. 

 

influenced by transition metal dπ orbitals (Scheme 2.6).235,236  Thus, we anticipated that 

metal carbenes with metals changing from early to late groups will display different 

regioselectivity when they react with carbon-nitrogen double bonds.  While an early 
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transition metal (or high oxidation state middle transition element) carbene reacts with C=N 

with nucleophilic attack of the carbene carbon toward the imine carbon to give C=C and 

M=N bond formation, a late transition metal carbene could have electrophilic attack toward 

the imine nitrogen and result in N=C and M=C bond formation (Scheme 2.7).  Thus, the 

reaction of a late transition metal carbene complex with a cyclic imine could result in ring 

opening to form a new carbene; this new carbene might be active with another imine, and in 

this way, a catalytic reaction could be accomplished (Scheme 2.8).  This is the primary 

foundation of our efforts described in this chapter. 

 

 

Scheme 2.8.  A possible reaction pathway of a metal carbene with cyclic imines leading to 
polymerization of cyclic imines. 

 

Grubbs ruthenium benzylidene complexes (L)(L′)Cl2Ru=CHPh (L = L′ = PCy3; L = L′ = 

PPh3; L = PCy3, L′ = H2MesNHC) (2.2-2.4) have been extensively studied for olefin 

metathesis by Grubbs and coworkers.  Grubbs carbene complexes are different from typical 

nucleophilic Schrock-type carbenes and electrophilic Fisher-type carbenes and could be 

considered as a intermediate form between the two extremes.  In pursuit of a different 
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reactivity from that in Mo carbene complex 2.1, the Grubbs carbene complexes could be 

candidates for reverse regioselectivity when reacting with imine carbon-nitrogen double 

bonds.  Thus, complex   Cl2(PCy3)2Ru=CHPh (2.2) was first explored with reaction toward 

both cyclic and acyclic imines. 

 

First, the cyclic imine 1-pyrroline was studied on reaction with complex 2.2.  It is known 

that 1-pyrroline undergoes cyclotrimerization in solution but the trimer can be converted to 

monomer upon heating (eq 2.6).216,217  The combination of 2.2 with 10 to 20 equivalents of 

1-pyrroline in C6D6 results in an immediate ligand exchange reaction at room temperature to 

yield (PCy3)(1-pyrroline)Cl2Ru=CHPh (2.5) (eq 2.7).  The decrease of the intensity of the 

carbene singlet of complex 2.2 at 20.58 ppm is accompanied with the appearance of a 

new carbene CH resonance (doublet, JPH = 12 Hz) at 20.50 ppm in the 1H NMR spectrum.  

Coupling between the carbene proton and PCy3 ligands of complex 2.2 is not observed. The 

lack of significant coupling for 2.2 is a result of the trans configuration of the phosphine 

ligands, large P-Ru-P bond angle, and perpendicular carbene orientation.237  Additionally, a 

new resonance at 7.82 ppm assigned as metal-bound imine CH, a new triplet at 3.5 ppm 

(metal-bound imine N-CH2) and a new doublet at 8.48 ppm due to the carbene phenyl ortho 
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protons are consistent with the formation of complex 2.5. The assignment of other 

resonances for 2.5 is not possible due to the mixture of complexes 2.2 and 2.5, free PCy3, 

and excess 1-pyrroline monomer/trimer in solution.  The formation of 2.5 is also consistent 

with a new resonance (30.1 ppm) in 31P NMR spectrum along with the observation of free 

PCy3 (10.9 ppm) and Grubbs carbene complex 2.2 (37.2 ppm).  An equilibrium between 

complex 2.5 and free PCy3 with complex 2.2 and 1-pyrroline is observed (Keq ≈ 0.5 at room 

temperature as determined by 1H and 31P NMR spectroscopy), and the addition of excess 1-

pyrroline “pushes” the equilibrium toward the imine-bound complex (as determined by 1H 

NMR spectroscopy).  Attempts to isolate complex 2.5 were unsuccessful possibly due to the 

fast imine dissociation in the absence of free 1-pyrroline leading to decomposition. In 

addition, two doublets observed at 20.15 and 19.15 ppm could be due to the presence of η2-

1-pyrroline bound isomers in low concentration (a minor resonance at 25.6 ppm is observed 

in 31P NMR spectrum).  To our knowledge, precedent for η2-coordination of a cyclic imine 

to a transition metal center does not exist; however, η2-bound acyclic imines and η1-

coordinated cyclic imines have been reported.238-241  A second ligand substitution of PCy3 

with 1-pyrroline to yield trans-Cl2(1-pyrroline)2Ru=CHPh is possible, but the anticipated 

carbene singlet due to the carbene CH is not observed.  At room temperature, the mixture of 

complex 2.2 and 1-pyrroline does not undergo significant change as determined by 1H and 

31P NMR spectroscopy. 

  Heating complex 2.2 with excess 1-pyrroline at temperatures between 60 and 90 oC 

results in a decrease in the intensity for resonances due to free 1-pyrroline.  After 1 h at 90 

oC, use of the internal standard (ruthenocene) indicates approximately 20 % of the 1-
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pyrroline has been consumed with concomitant formation of a triplet at 8.18 ppm as well as 

multiplets at 4.22, 2.15 and 1.55 ppm in the 1H NMR spectrum (Figure 2.1).  These results 

are consistent with ring opening oligomerization of 1-pyrroline (eq 2.8). The isolation of 

oligomerized product can be obtained by solvent removal followed by washing with 

pentane.  The data of 1H COSY NMR spectrum of the oligomer are consistent with the 

assignment of the resonances due to poly(1-pyrroline) (eq 2.8 and Figure 2.2).  For example, 

the proton of NCH (8.18 ppm) is coupled with two groups of CH2 at 4.22 and 2.15 ppm.  

The protons of CH2 at 4.22 ppm are coupled with the other three groups of protons at 8.18, 

2.15 and 1.55 ppm.  The 13C NMR spectrum of the poly(1-pyrroline) displays resonances at 

170.7, 63.2, 37.1 and 21.9 ppm, which can be assigned as the four carbons in poly(1-

pyrroline) (eq 2.8 and Figure 2.3).  The total amount of the monomer, trimer and 

polypyrroline remains constant throughout the reaction as determined by 1H NMR 

spectroscopy.  Use of the internal standard indicates that approximately 3-4 equivalents of 1-

pyrroline per equivalent of catalyst is oligomerized.  GPC analysis of the polymeric products 

reveals no high molecular weight polymer, and the result of MALDI mass spectrometry is 

consistent with low-molecular-weight poly(1-pyrroline) (i.e., no compounds with molecular 

weight > 830 are observed).  TGA analysis of the poly(1-pyrroline) results in 50% weight 

loss at 200 oC (Figure 2.4).  Thus, the isolated poly(1-pyrroline) likely contains a significant 
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amount of ruthenium impurities, which is consistent with the elemental analysis (C, 33.36; 

H, 4.84; N, 9.12; C/H/N total percent, 47.32). Reactions of complex 2.3 and 2.4 with 1-

pyrroline have been studied parallel to complex 2.2.  Mixing of complex 2.3 with 1-

pyrroline results in significant decomposition and no observation of polymeric product.  

Complex 2.4 gives similar results to complex 2.2 with observed oligomerization of a few 

equivalents of 1-pyrroline. 

After polymerization of 1-pyrroline is observed with heating a solution of complex 2.2 

and excess 1-pyrroline at 90 oC for one hour, heating the reaction solution for another 24 

hours results in only a small amount of additional polymerization.  The failure to access 

continued polymerization could be due to catalyst decomposition; however, it is also 

possible that the lack of significant ring strain for 1-pyrroline could result in a 

thermodynamic inhibition to additional polymerization.  For example, the ROMP of 

cyclopentene to cis polymer is only slightly exergonic with ∆G0 = - 0.3 kJ/mol.186  However, 

when oligomerization of 1-pyrroline is finished, addition of more complex 2.2 into the NMR 

tube solution results in increase of the oligomer after heating. This indicates that the 

discontinuation of polymerization is unlikely due to the thermodynamic inhibition, but, 

rather, is due to catalyst decomposition. 

2.4   Reaction of Ru Benzylidene Complexes with Acyclic Imines 

  To further understand the reactivity of the ruthenium benzylidene systems toward 

imines, the reactivity of complexes 2.2-2.4 with acyclic imines was explored.  The reaction 

of complex 2.2 and the N-alkylimine (Pr)N=CH(i-Pr) (Pr = n-propyl) was monitored at 75 

oC in an NMR tube (C6D6).   After the mixture was heated for about 10 h, the formation of 

2-methyl-1-phenyl-1-propene and the new Fisher carbene complex 
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(Cl)2(PCy3)2Ru=CH(NH-n-Pr)  (2.6) was observed by 1H NMR spectroscopy (eq 2.9).  

Small amounts of other organic products were observed (possibly due to metathesis of the 

resulting olefins).  After approximately 24 h, the conversion of complex 2.2 to complex 2.6 

was complete.  The Fisher carbene complex 2.6 has been isolated in 57 % yield and fully 

characterized using multinuclear NMR spectroscopy and elemental analysis.  Salient 

features of the 1H NMR spectrum include a downfield doublet due to the carbene proton at 

13.60 ppm (J = 14 Hz) and a doublet of triplets (J =14, 7 Hz) due to the amine proton that 

resonates at 9.15 ppm (Figure 2.5).  COSY and proton decoupling experiments are 

consistent with the assigned structure (Figure 2.6).  For example, the carbene proton 

(doublet, 13.60 ppm) proves to be coupled with the amine proton at 9.15 ppm, and the amine 

proton (doublet of triplet, 9.15 ppm) is coupled with the carbene proton (13.60 ppm) and the 

CH2 protons in the n-propyl group (2.76 ppm).  The 13C NMR spectrum reveals a resonance 

due to the carbene carbon at 240.1 ppm, and a resonance due to the new Ru complex is 

observed at 32.5 ppm in the 31P NMR spectrum. The syntheses of other ruthenium carbene 

complexes that possess heteroatomic functionality (i.e., Fisher carbene complexes) have 

been previously reported.242-247  

The reactions of complex 2.2 with the acyclic alkyl imines (i-Pr)N=CH(Pr), 

(Pr)N=CH(Et), and (Pr)N=CH(Pr) (all reactions at approximately 70 oC) result in 
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transformations closely related to that observed with (Pr)N=CH(i-Pr).  For all reactions the 

formation of a new olefin as the primary organic product is observed by 1H NMR  

 

 

Scheme 2.9.  Different reactivity of (Cl)2(PCy3)2Ru=CHPh (2.2) with (i-Pr)N=CH(t-Bu) and 
(t-Bu)N=CH(n-Pr). 

 

spectroscopy (Table 2.1).  In addition, the appearance of olefin is accompanied by the 

formation of new Ru carbene complexes as indicated by doublets between 13 and 14 ppm 

(due to the carbene proton) and multiplets between 8 and 12 ppm (due to the amine proton) 

in the 1H NMR spectra.  In contrast, there is no observable reaction upon heating complex 

2.2 with (i-Pr)N=CH(t-Bu) at 70 oC for 24 h.  To determine if the bulky tert-butyl group 

could sterically inhibit the reaction, (t-Bu)N=CH(Pr) was reacted with complex 2.2.  After 

10 h at 70 oC, the formation of trans-β-ethylstyrene and a new ruthenium carbene species 

was observed  (Scheme 2.9 and Table 2.1). Therefore, the lack of reaction between complex 

2.2 and (i-Pr)N=CH(t-Bu) is not likely due to steric factors as a result of the tert-butyl 

substituent. 
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Metathesis reactions are also observed with N-aryl imines. For example, the reaction of 

complex 2.2 with (Ph)N=CH(Et) results in the formation of the free organic product trans-β- 

methlystyrene and a new Ru carbene as determined by 1H NMR spectroscopy (Scheme 2.10 

and Table 2.1).  Although the presence of N-aryl substituents does not disrupt the metathesis 

reaction, the incorporation of a phenyl substituent at the imine carbon inhibits the metathesis 

activities. For example, neither N-benzylideneaniline nor (i-Pr)N=CH(Ph) reacts with 

complex 2.2 after 24 h at 70 oC in C6D6 (Scheme 2.10). 

 

 

Scheme 2.10.  Different reactivity of  (Cl)2(PCy3)2Ru=CHPh (2.2) with imines possessing 
the phenyl group. 

 

To compare the influence of the ruthenium complexes on metathesis reactivity, 

complexes 2.3 and 2.4 were reacted with (Pr)N=CH(Pr).  Complex 2.3 decomposed before 

reaction with imine was observed, and similar results were obtained upon reacting complex 

2.3 with (Ph)N=CHPh or (i-Pr)N=CH(Ph). In contrast, complex 2.4 reacts with 
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(Pr)N=CH(Pr) to yield identical organic products and a new Fisher carbene complex, as 

observed with the reaction of complex 2.2 (Table 2.1). 

Table 2.1.  Metathesis Reactions of Acyclic Imines with Ru Carbene Complexes 
 
 

Imine Complex Reaction Productb 1H NMRc

(Pr)N=CH(iPr) 2.2 Me2C=CH(Ph) 13.60d, 9.15 (dt) 

(iPr)N=CH(Pr) 2.2 trans-(Et)HC=CH(Ph) 13.68, 8.96 (dd) 

(Pr)N=CH(Et) 2.2 trans-(Me)HC=CH(Ph) 13.60, 9.15 (dt) 

(Pr)N=CH(Pr) 2.2 trans-(Et)HC=CH(Ph) 13.60, 9.15 (dt) 

(iPr)N=CH(tBu) 2.2 No reaction N/A 

(tBu)N=CH(Pr) 2.2 trans-(Et)HC=CH(Ph) 13.88, 9.25 (d) 

(Ph)N=CHPh 2.2 No reaction N/A 

(iPr)N=CH(Ph) 2.2 No reaction N/A 

(Ph)N=CH(Et) 2.2 trans-(Me)HC=CH(Ph) 15.03, 11.26 (d) 

(Pr)N=CH(Pr) 2.3 Decomposition N/A 

(Pr)N=CH(Pr) 2.4 trans-(Et)HC=CH(Ph) 12.98, 8.80 (dt) 

 
 
a All reactions performed in C6D6 between 70 and 75 ºC.  bIn addition to olefin, the 
formation of new Ru carbene complexes are observed.  c Chemical shifts of the 
resonances due to carbene proton and amine proton for the new ruthenium carbene 
complexes are listed consecutively.  d Each carbene proton resonates as a doublet. 
 

2.5   Mechanistic Discussion 

Imine metathesis has been reported with Ta or Mo carbenes and acyclic imines to form 

olefins and Ta or Mo imido complexes.212-214  In contrast, no evidence for the formation of 

Ru imido complexes has been observed upon reaction of complex 2.2 and 2.4 with acyclic 

imines.  The preparation and isolation of ruthenium imido complexes is relatively 
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rare.52,139,140,248-250 Thus, the Grubbs ruthenium carbene complexes have very different 

reactivity toward imine double bonds compared with early transition metal d0 Schrock-type 

carbene complexes. The observed reactivity of Grubbs carbene complexes with some 

acyclic imines could undergo reaction through a different pathway rather than simple 

metathesis with C=N bonds.  

 

 

 

Scheme 2.11. The possible reaction pathway of acyclic imines with (Cl)2(PCy3)2Ru=CHPh 
(2.2) through imine tautomerism then C=C bond metathesis with the Ru carbene. 

 

While most acyclic alkyl imines display reactivity with complex 2.2, the presence of a 

tert-butyl or phenyl substituent at the imine carbon disrupts the reaction of the imine with 

the ruthenium carbene.  The lack of a C-H bond α to the imine carbon may explain the 

observations.  Thus, imines that possess a C-H bond α at the imine carbon can react with the 

ruthenium carbene to form olefin products and new Fisher Ru carbene complexes. This 
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reactivity trend along with the identity of the olefin prouducts are consistent with a reaction 

pathway that involves imine tautomerism prior to C=C metathesis reactivity (Scheme 2.11).  

Tautomerism of imine to enamine results in the formation of a carbon-carbon double bond 

with an amine functionality.251  The metathesis reaction of the ruthenium carbene moiety 

with the new C=C bond accounts for the formation of the new olefins (R′)(R′′)C=CHPh and 

the new Fisher carbene complexes (Scheme 2.11).  Metathesis reactions between ruthenium 

carbene complexes and olefins that possess electron-donating heteroatomic functionalities 

have been reported.242,246,252,253 

The proposed reaction of acyclic imines with complexes 2.2 via initial conversion to 

enamine suggests that the polymerization of 1-pyrroline catalyzed by 2.2 might proceed by a 

mechanism in which ruthenium catalyzes the ring opening polymerization by acting as a 

simple Lewis acid.  However, RuCl3 · hydrate does not polymerize 1-pyrroline at 90 oC.  

Thus, we probed the reactivity of a soluble Ru(II) system that lacks a carbene moiety with 1-

pyrroline.  RuCl2(PPh3)3 reacts with 1-pyrroline to give a ligand substitution.   

 

 

Scheme 2.12.  Reaction of RuCl2(PPh3)3 with 1-pyrroline at room temperature and at high 
temperatures. 
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The combination of RuCl2(PPh3)3 with excess 1-pyrroline in C6D6 at room temperature 

results in PPh3/1-pyrroline ligand exchange as determined by 1H and 31P NMR spectroscopy.  

Heating the solution to 60 oC results in additional ligand substitution leading to the 

formation of RuCl2(PPh3)(1-pyrroline)2 and finally RuCl2(1-pyrroline)3 (Scheme 2.12).  

Heating the solution to 90 oC for 12 h yields resonances consistent with minor amounts of 

poly(1-pyrroline) (only < 10% of the original 1-pyrroline is polymerized at this time). Clean 

isolation of ruthenium compounds with bound 1-pyrroline was not possible. 

 

2.6   Conclusions and Outlook 

The ruthenium complexes 2.2 and 2.4 undergo metathesis reactions with acyclic imines 

that likely proceed via an imine/enamine tautomerism mechanism. The observed reaction 

pathway is in contrast with reaction of carbene ligands bound to the d0 early transition 

metals, and further illustrates the variety of pathways by which metathesis reactions 

involving C-N multiple bonds can proceed.  The lack of reactivity of complex 2.2 toward 

imine double bonds in combination with the observation that RuCl2(PPh3) oligomerizes 1-

pyrroline leads to a conclusion that the oligomerization of 1-pyrroline catalyzed by complex 

2.2 likely proceeds via a simple Lewis acid catalyzed ring opening polymerization.  

However, it is noteworthy that simple ruthenium complexes that bear no carbene ligand 

could catalyze olefin metathesis and metal carbene catalysts could be formed as 

intermediates.254,255  Similarly, reaction of RuCl2(PPh3)3 with 1-pyrroline could generate a 

metal carbene intermediate and a metathesis mechanism cannot be completely ruled out for 

the oligomerization of 1-pyrroline.  
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Figure 2.13.  The Dewar-Chatt model for interactions between transition metals and olefins: 
A) HOMO and LUMO of a C=C bond; B) σ-donation from the olefin HOMO to the metal d 
orbital; C) π-backbonding from the metal dπ orbital to the olefin LUMO. 
 

The lack of reactivity of ruthenium carbene complex 2.2 toward imine double bonds 

could be due to the inability of the ruthenium center to coordinate the acyclic imine.  No 

evidence of acyclic imine coordination is observed during the reactions of the ruthenium 

complex with the acyclic imines.  In contrast, the cyclic imine 1-pyrroline undergoes a rapid 

ligand exchange with PCy3 at room temperature.  The difference between the cyclic imines 

and acylic imines is likely due to the steric factors.  The imine ligands typically coordinate 

in a η1-mode with the η2-coordination mode relatively rare (especially for late transition 

metal system).  Activation of C=C bonds in the Dewar-Chatt model plays an important role 

in the transition metal mediated olefin transformation reactions (Scheme 2.13).10   In 

contrast, there is a nonbonding orbital (an electron lone pair) localized on the nitrogen 

during the imine bond formation (Scheme 2.14).  When interaction with a high oxidation 

 62



state early metal center (usually π poor), the imine could coordinate in an η2-mode  where it 

can function as a four-electron donor.  There are some reports on early transition metal 

complexes with η2-coordination imine ligands.239-241   The known examples for imine 

metathesis usually involve the high oxidation state early metal centers (see discussions in 

part 2.2).  As for the electron-rich late transition metals, the imine generally plays as a σ-

donor ligand through the nitrogen-localized electron lone pair.  Thus, the imines have been 

widely used as robust ligands in late transition metal complexes.  For example, Brookart et 

al. have studied the palladium and nickel catalysts with diimine ligands for olefin 

polymerization.256  For imine metathesis by Chauvin mechanism, η2-N,C coordination may 

be necessary and could be high energy for late transition metal systems. 

 

Scheme 2.14.  The interaction of a transition metal center with an imine ligand:  A) the 
imine frontier orbitals;  B) interaction of  η2-coordinate imine ligand π and π* orbitals with 
metal d orbitals;  C) σ-donation of the electron pair of the η1-coordianated imine ligand to 
the metal d orbital.  

 

Another possible explanation for lack of the reaction between the ruthenium carbene 

complexes and C=N bonds is the difference of the metal identities from the early metals.  
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Alkylidene/aldehyde and alkylidene/imine exchange reactions are facile with Ta and Mo 

carbene complexes.212-214,257  The facile η2-coordination of aldehydes or imines to high 

oxidation state early transition metals provides viable reaction pathways with low kinetic 

barriers.  Additionally, the strong electrophilicity of the Ta and Mo centers provide a 

thermodynamic driving force to form the stable metal oxo or metal imido complexes.  Of 

course, the formation of stable oxo or imido systems prevents catalytic turnovers.  In 

contrast, ruthenium and other late transition metals are well known for their functional group 

tolerance.  Ruthenium carbene complexes are relatively common reagents while Ru(II) and 

Ru(IV) imido complexes are exceedingly rare.139,249  The stability of Mo imido complexes 

prevents further reactivity; however, the extreme instability of Ru imido systems could 

result in thermodynamic inhibition and/or kinetic barriers.   

One interesting aspect of late transition metal carbene and imido chemistry is the change 

of the metal center identies could result in unexpected reactivity compared to the early 

transition metals.  Recently, it was reported that the reactivity of group VI (Cr or W) metal 

carbene complexes could be enhanced or modified by catalytic transmetalation with Pd, Rh, 

Ni, or Cu metals.258  For example, the self-dimerization of the Fisher carbene ligands in 

pentacarbonyl[(aryl)(methoxy)carbene]chromium(0) complexes can be achieved at room 

temperature in the presence of catalytic palladium acetate (eq 2.10).  In contrast, the 

uncatalyzed process occurs in low yields at temperatures above 130 oC.  Generally, the 
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reactivity (nucleophilicity vs electrophilicity) of a carbene complex is dependent on the 

carbene substituents and the ability of the metal center to release electrons to the empty p 

orbital of the carbene carbon (Scheme 2.15).259  The interesting chemistry of late transition 

metal carbene and imido complexes attract us for further exploration in this field.  

Generally, to achieve late-transition-metal-catalyzed imine metathesis, we need to balance 

two factors in our future work: access of η2-coordination of imines to late transition metals; 

and design of late transition metal carbene systems which have different regioselectivity 

from that of early transition metal systems toward reaction with C=N bonds (Scheme 2.7), 

or reactive late transition metal imido systems which are not available in early transition 

metal systems. 

 

 
Scheme 2.15.  Reactivity of carbene complexes as a function of the electronic interaction 
between metal and carbene. 

 

 

2.7     Experimental Section 

General Methods.  All procedures were performed under an inert atmosphere (nitrogen) 

in an Innovative Technologies glovebox or using standard Schlenk techniques.  The 
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glovebox atmosphere was maintained by periodic nitrogen purges and monitored by an 

oxygen analyzer {O2(g) < 15 ppm for all reactions}.  Benzene and toluene were purified by 

distillation from sodium/benzophenone.  Pentane was refluxed over P2O5 for a few hours 

followed by distillation.  All solvents were purged with nitrogen for at least 10 minutes prior 

to use.  Benzene-d6 was degassed via three freeze-pump-thaw cycles prior to use and stored 

over 4 Å molecular sieves.  1H and 13C NMR spectra were recorded on a General Electric 

300 or Varian Mercury 400 MHz spectrometer.  All 1H and 13C NMR chemical shifts are 

reported in ppm and are referenced to tetramethylsilane using residual proton signals or the 

13C signals of the deuterated solvents.  31P NMR spectra were recorded on a Varian Mercury 

400 MHz instrument and referenced against external 85% phosphoric acid.  MALDI-TOF 

mass spectroscopy was performed with a Bruker Perflex system using the matrix POPOP 

(1,4-Bis(5-phenyloxazol-2-yl)-benzene).  TGA was performed with a Hi-Res TGA 2950 

Thermogravimetric Analyzer.  GPC analyses of polymer molecular weights were performed 

on a Jasco system comprised of a PU-1580 intelligent HPLC pump, a RI-1530 intelligent 

refractive index detector, and a Borwin-GPC control system.  The molecular weight was 

calibrated with polystyrene standards.  Two PL-Gel mixed columns were used for analysis 

with chloroform at a flow rate of 1.0 mL/minute.  The Grubbs catalysts 

(Cl)2(PCy3)2Ru=CHPh (2.2), (Cl)2(PPh3)2Ru=CHPh (2.3) and 

(Cl)2(PCy3)(H2IMes)Ru=CHPh (2.4) were prepared according to published procedures.260,261 

The procedure for the preparation of 1-pyrroline was reported by Meyer et al.217  

Ruthenocene was purchased from Aldrich Chemical Company and used as internal standard 

for NMR tube reactions without further purification.  Imines were prepared by condensation 

of the appropriate aldehyde and amine as reported.220  Aldehydes and amines were obtained 
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from Aldrich Chemical Company and used without further purification.  Elemental analysis 

was performed by Atlantic Microlab, Inc.   

NMR tube reaction of (Cl)2(PCy3)2Ru=CHPh (2.2) with 1-pyrroline.  The ruthenium 

complex (Cl)2(PCy3)2Ru=CHPh (2.2) (0.0200 mg) was combined with 10 - 20 equivalents 

of 1-pyrroline (as a mixture of monomer and trimer) in C6D6.  Upon addition of 1-pyrroline 

the solution color changed from purple to green.  To this solution was added 1 – 2 mg of 

Cp2Ru as internal standard.  A 1H NMR spectrum was acquired using a 90 º pulse and long 

pulse delay (10 seconds).  The appropriate pulse delay was determined by incrementally 

increasing the delay until integration remained constant.  The NMR spectrum showed a 

singlet corresponding to the carbene CH of the Grubbs complex 2.2 (20.58 ppm) and three 

new carbene resonances (major resonance at 20.50 (d) ppm and two minor resonances at 

20.15 (d) and 19.15 (d) ppm; all P-H coupling constants are 12 Hz).  A new doublet at 8.48 

ppm (carbene phenyl ortho resonance), a singlet at 7.82 ppm (bound imine CH) and a 

multiplet at 3.5 ppm were also observed. Complete assignment of resonances due to the 

proposed 1-pyrroline complex 2.5 is impossible due to the presence of multiple resonances 

as a result of the complex equilibria between the Grubbs catalyst 2.2, the 1-pyrroline adduct, 

free PCy3 and isomers of bound 1-pyrroline.  The 31P NMR spectrum showed a resonance 

corresponding to the Grubbs catalyst 2.2 at 37.2 ppm, free PCy3 at 10.9 ppm and a new 

resonance at 30.1 ppm designated as the 1-pyrroline adduct.  In addition, a minor resonance 

is observed at 25.6 ppm in the 31P NMR spectrum.  Heating the reaction solution to 90 °C in 

an oil bath for 1 hour resulted in a color change to brown.  The 1H NMR spectrum of the 

resulting mixture showed that the Grubbs complex 2.2 had been consumed in addition to a 

new triplet at 8.18 ppm (imine CH of oligomer, t, JHH = 2 Hz) and multiplets at 4.22, 2.15 
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and 1.55 ppm.  Downfield resonances due to ruthenium carbene protons were not observed.  

Exact changes in the region between 1 and 3 ppm were difficult to discern due to presence 

of free PCy3; however, isolation of the oligomer (see below) allowed confirmation of the 

new upfield multiplets.  Use of ruthenocene as internal standard in several different 

experiments confirmed that 3 – 4 equivalents of 1-pyrroline were consistently converted to 

oligomer per equivalent of catalyst while the total amount of 1-pyrroline monomer, trimer 

and oligomer remains the same. 

Isolation of poly(1-pyrroline). The ruthenium complex (Cl)2(PCy3)2Ru=CHPh (2.2) 

(0.2000 mg) and 10 – 20 equivalents of 1-pyrroline were dissolved in benzene.  The 

resulting solution was heated to reflux overnight, and volatiles were removed in vacuo.  The 

residue was washed with pentane, and the resulting powder was dried in vacuo.  NOTE: 1H 

and 31P NMR spectra reveal a small amount of PCy3 impurity.  1H NMR(C6D6, δ):  8.18 

(1H, t, 3JHH = 2 Hz, N=CH of oligomer), 4.22 ppm (2H, m, CH2 of oligomer), 2.15 ppm (2H, 

m, CH2 of oligomer), 1.55 ppm (2H, m, CH2 of oligomer).  Minor resonances are also 

observed in the aromatic region and could be due to the phenyl group from the original 

carbene complex 2.2.  13C NMR (C6D6, δ): 170.7 ppm (N=CH of oligomer), 63.2 ppm (CH2 

of oligomer), 37.1 ppm (CH2 of oligomer), 21.9 ppm (CH2 of oligomer).  Anal. Calculated 

for C4H7N1: C, 69.52; H, 10.21; N, 20.27 (C/N/H ratio is 6.81:1.98:1.00); Found: C, 33.36; 

H, 4.84; N, 9.12 (C/N/H ratio is 6.89:1.88:1.00).  Analysis of oligomer product is consistent 

with C/N/H ratio of pyrroline contaminated with ruthenium species. 

NMR tube reactions of (Cl)2(PCy3)2Ru=CHPh (2.2) with acyclic imines. In a 

representative reaction, the ruthenium complex (Cl)2(PCy3)2Ru=CHPh (2.2) (0.0500 g) was 

combined with 0.0100 g of (i-Pr)N=CH(Pr) in approximately 0.5 mL of C6D6.  The resulting 
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solution was transferred to a screw cap NMR tube, and a 1H NMR spectrum was acquired of 

the homogeneous solution.  Next, the reaction solution was heated to 75 °C in an oil bath for 

12 hours with periodic monitoring by 1H NMR spectroscopy.  Another 1H NMR spectrum 

was acquired and compared with the spectrum that preceded heating.  The 1H NMR 

spectrum revealed that the Grubbs carbene complex 2.2 had been consumed and that the 

olefin trans-(Et)HC=CH(Ph) was produced as the primary organic product as indicated by 

characteristic doublet at 6.25 ppm and doublet of triplets at 6.05 ppm.  In addition, new 

resonances appeared at 13.68 ppm (d, 3JPH = 14 Hz) and 8.96 (dd, J = 14 and 7 Hz) due to 

the formation of (Cl)2(PCy3)2Ru=CH{N(H)i-Pr)}. 

(Cl)2(PCy3)Ru=CH(NH)(Pr) (2.6). A benzene solution (20 mL) of 

(Cl)2(PCy3)2Ru=CHPh (2.2) (0.2000 mg, 0.240 mmol) and (Pr)N=CH(i-Pr) (0.2000 mg, 

1.77 mmol) was refluxed for approximately 12 hours.  After cooling the resulting solution to 

room temperature, volatiles were removed under reduced pressure.  The dry residue was 

washed with methanol (3 x 5 mL), and the purple powder was dried in vacuo overnight.  A 

purple solid was collected in 57% yield (0.1100 mg).  1H NMR (C6D6, δ):  13.60 (1H, d, 

3JHH = 14 Hz, Ru=CH), 9.15 (1H, dt, JHH = 14, 7 Hz, NH), 2.76 (2H, m, NHCH2), 2.1 -1.2 

(overlapping multiplets due to PCy3 ligands), 1.08 (2H, m, N(H)CH2CH2), 0.56 (3H, t, 3JHH 

= 7 Hz, N(H)(CH2)2CH3).  31P{1H} NMR (C6D6, δ):  32.5 ppm.  13C{1H} NMR (C6D6, δ):  

240.1 (s, Ru=CH), 55.8 (s,NHCH2), 32.7 (t, J = 9 Hz, PCy3), 30.2 (s, PCy3), 28.3 (t, J = 7 

Hz, PCy3), 27.2 (s, PCy3),  23.2 (s, NHCH2CH2), 11.3 (s,CH3). Anal. Calculated for 

C40H75NCl2P2Ru: C, 59.75; H, 9.42; N, 1.74. Found: C, 59.42; H, 9.16; N, 1.77. 

Reaction of RuCl2(PPh3)3 with 1-Pyrroline. In a screw-cap NMR tube, 0.0200 g of 

RuCl2(PPh3)3 were combined with an excess of 1-pyrroline in C6D6.  A broad singlet at 8.31 
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ppm and a multiplet at 3.78 ppm (1H NMR) are observed and are consistent with an η1-

bound 1-pyrroline ligand, and the 31P NMR reveals new resonances at – 4.4 ppm for free 

PPh3 and 38.3 ppm consistent with the formation of (Cl)2(PPh3)2Ru(η1-1-pyrroline).  

Heating this solution to 60 ºC for 30 minutes results in the observation of new resonances at 

8.47 ppm (broad singlet) and 4.25 ppm (multiplet) in the 1H NMR spectrum as well an 

increase in intensity of the resonance for free PPh3 and a new resonance at 51.3 ppm in the 

31P NMR spectrum.  Continuous heating for 2 hours leads to disappearance of the 

resonances corresponding to (Cl)2(PPh3)2Ru(η1-1-pyrroline) and (Cl)2(PPh3)Ru(η1-1-

pyrroline)2 with only a single resonance in the 31P NMR due to free PPh3.  In addition, new 

resonances in the 1H NMR are observed at 8.13 ppm (broad singlet) and 3.95 ppm 

(multiplet).  These results are consistent with complete PPh3/1-pyrroline ligand substitution 

to yield (Cl)2Ru(η1-1-pyrroline)3.  Continued heat at 60 ºC does not result in any observable 

changes to the reaction solution.  However, heating to 90 ºC for 12 hours yields resonances 

consistent with minor amounts of poly(1-pyrroline) after 12 hours (< 10% of the original 1-

pyrroline is polymerized at this time). 
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2.8   Appendices (NMR Spectra and TGA Analysis) 
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Figure 2.1.  1H NMR spectrum of poly(1-pyrroline) in C6D6. 
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Figure 2.2.   1H COSY NMR spectrum of poly(1-pyrroline) in C6D6. 
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Figure 2.3.  13C NMR spectrum of poly(1-pyrroline) in C6D6. 
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Figure 2.4.  TGA analysis of poly(1-pyrroline). 
 
 

 75



 
 
 

Figure 2.5.   1H NMR spectrum of (Cl)2(PCy3)2Ru=CH(NH-n-Pr) (2.6) in C6D6. 
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Figure 2.6.  1H COSY NMR spectrum of (Cl)2(PCy3)2Ru=CH(NH-n-Pr) (2.6) in C6D6. 
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Chapter Three 

3.1  Introduction 

Metathesis reactions of carbon-carbon multiple bonds using transition-metal catalysts 

have been applied to the synthesis of polymers as well as small organic 

molecules.143,186,192,195  The extension of such methods to transformations involving 

carbon-nitrogen multiple bonds could allow the development of controlled routes for 

C-N bond formation, including the preparation of polymers that contain heteroatomic 

functionality.262  Net cross metathesis reactions of acyclic imines catalyzed by 

transition-metal complexes have been observed; however, studies of such 

transformations reveal a high degree of mechanistic complexity.  For example, 

catalytic metathesis reactions of acyclic imines using transition-metal nitrene 

complexes proceed by multiple pathways, including the formation of 

diazametallacycles, the production of HCl due to amine impurities, amido-mediated 

reactions, and reaction of amine impurities present in imines with metal imido 

ligands.144,222,224,234  The reversible addition of acetonitrile to a Ti(IV) imido complex 

has been reported.263  In addition, we have reported reactions of ruthenium 

benzylidene complexes with acyclic imines that occur via imine to enamine 

tautomerization (Chapter 2).264  This mechanistic complexity suggests that controlled 

transformations of unsaturated C-N bonds may require alternatives to transition metal 

catalyzed Chauvin-type mechanisms.230,231  

Late transition metal complexes that possess amido, alkoxide, or aryloxide ligands have 

been implicated in several processes including the preparation of small molecules, polymer 

synthesis and biological transformations.17-19,22,23,33,205,265-267  For example, Pd-catalyzed 
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syntheses of arylamines and arylethers proceed through Pd(II) arylamide or aryloxide 

intermediates, respectively, and Pd(II) amido complexes can be used for the preparation of 

polyanilines.23,25,27,33,205  Amido complexes are possible intermediates in the hydroamination 

of unsaturated C-C bonds as well as styrene oxidative amination,28,30 rhodium amido 

systems are potential intermediates in anti-Markovnikov hydroamination of 

vinylarenes,209,268 and Co(III) hydroxide intermediates have been reported to be important in 

catalytic hydrolysis of nitriles.269  Copper amido complexes have been used for the 

polymerization of β-lactams, and copper alkoxides have been reported to initiate the 

polymerization of carbodiimides.270,271  

The study of late transition metal complexes that possess amido ligands has increased in 

the past decade.  For example, the highly basic parent amido ligands coordinated to 

tetraphosphine Ru(II) hydride fragments have been reported,62,63,125,126 and this chemistry 

has recently been extended to a parent amido complex of Fe(II) that displays reactivity 

consistent with a basic and nucleophilic amido ligand as well as an 18-electron Ir(III) parent 

amido complex.71,72,272   Holland et al. have reported the synthesis and reactivity of three-

coordinate Fe(II) amido systems.77  In addition, amido complexes coordinated to Ru(II) 

systems that possess cyclopentadienyl or η6-arene ligands have been reported.273-277  Interest 

in such systems is derived, in part, from the opportunity to access reactive fragments due to 

filled-filled interactions that result from occupied dπ-manifolds.  That is, for metal systems 

that possess filled dπ orbitals, both π and π* orbitals that result from overlap of the amido 

based p-orbital with a metal orbital of π-symmetry will be occupied and reactive amido 

ligands are anticipated (π-conflict theory; Chapter 1).20,21  Alternatively, the E-C theory of 
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bonding has been applied to explain late transition metal amido chemistry, and a substantial 

ionic component of bonding has been suggested for M-N bonding with partial positive  

 

Scheme 3.1.  The bifunctional nature of late transition metal amido complexes and their 
ability to bind an organic molecule followed by intramolecular attack of the amido ligand on 
the coordinated molecule. 

 

charge localized on the metal center and negative charge on the amido ligand.42  From this 

perspective, the potential bifunctional nature of late transition metal amido complexes may 

result from a Lewis acidic metal center and a nucleophilic amido ligand (Scheme 3.1).    

Recent reports of highly nucleophilic amido complexes that possess high d-electron 

counts suggest that such systems might be applied toward C-N bond-forming 

reactions.  In such a reaction, the metal complex would support a nucleophilic amido 

moiety as well as serving as σ-Lewis acid to bind and activate the substrate toward 

intramolecular nucleophilic addition (Scheme 3.1).  In fact, such transformations may 

be central to polymerizations of carbodiimides and isocyanates with Ti or Cu amido 

catalysts reported by Novak and coworkers.271,278,279 

Our group has conducted a systematic study on Ru(II) amido complexes with a Tp 

ligand, TpRu(L)(L′)(NHR) (Tp = hydridotris(pyrazolyl)borate; L = L′ = PMe3 or 

P(OMe)3, or L = CO and L′ = PPh3; R = Ph, tBu or H).57-61,135  Detailed reactivity studies 

have demonstrated the high basicity and nucleophilicity of the Ru(II) amido ligand.  For 

example, TpRu(PMe3)2(NHPh) has been reported to deprotonate PhC≡CH and to initiate 
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nucleophilic substitution of EtBr.61,124  However, the Tp ruthenium amido complexes are 

six-coordinate octahedral systems and coordinatively and electronically saturated (18-

electron count).  To take advantage of the bifunctional nature of a late transition metal 

amido complex (i.e., a Lewis acidic metal and a nucleophilic amido ligand), a new system 

with a vacant metal coordination site or with an easily dissociated ligand is required.  The 

PCP pincer ligands were introduced to late transition metal chemistry in 1970’s, and have 

recently been explored on versatile chemistry by van Koten, Milstein and coworkers.280-282  

This type of tridentate ligand coordinates in a meridonal geometry, and the steric and 

electronic influence can be tunable through the modification of the phosphine and phenyl  

 

Scheme 3.2.   The PCP pincer ligand coordinated the metal center in a meridonal way and 
the five coordinated complex (PCP)Ru(CO)(Cl) (3.1). 
 

ring substituents (Scheme 3.2).  Gusev et al. have reported the synthesis of a five-

coordinate 16-electron Ru complex with a PCP pincer ligand, (PCP)Ru(CO)(Cl) (PCP  = 

2,6-(CH2PtBu2)2C6H3) (3.1).283  This unsaturated Ru complex is stabilized with sterically 

demanding tert-butyl groups and makes it a potential starting point for the exploration of the 

bifunctional reactivity of late transition metal amido chemistry.  Previously, our group has 

reported the synthesis of a five-coordinate parent amido complex, (PCP)Ru(CO)(NH2), and 

its reactivity toward dihydrogen activation and intramolecular C-H activation.132  Hartwig et 
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al. have reported the synthesis and reactivity of related (PCP)IrIII anilido and parent 

amido complexes.91,92 

3.2  Synthesis of (PCP)Ru(CO)(NHPh) (3.2) and (PCP)Ru(CO)(PMe3)(NHPh) (3.3) 

The reaction of 3.1 with trimethylsilyltriflate, TMSOTf (OTf = OSO2CF3), yields 

(PCP)Ru(CO)(OTf) (3.4), and the addition of LiNHPh to complex 3.4 allows the 

isolation of the anilido complex (PCP)Ru(CO)(NHPh) (3.2) (Scheme 3.3).  In 

contrast, the direct reaction of (PCP)Ru(CO)(Cl) with LiNHPh does not cleanly 

produce complex 3.2.   Complex 3.2 has been characterized by multinuclear NMR 

and IR spectroscopy.  The IR spectrum of 3.2 reveals absorptions at 1901 (νCO) and 

3420 cm-1 (νNH), and the 1H NMR spectrum displays a broad resonance at 5.30 ppm 

(in C6D6) due to the amido NH resonance (Figure 3.1).  The octahedral complex 

(PCP)Ru(CO)(NHPh)(PMe3) (3.3) can be prepared by reaction of 3.2 with 

trimethylphosphine (Scheme 3.3).  Alternatively, reaction of 3.1 with PMe3 results in 

the formation of (PCP)Ru(CO)(PMe3)(Cl) (3.5).  Complex 3.3 can be prepared by 

metathesis of 3.5 with LiNHPh.  On the basis of phosphorus-carbon coupling 

constants, the geometries of 3.3 and 3.5 are tentatively assigned as having CO and 

PMe3 ligands in a cis disposition.   The room temperature 1H and 31P NMR spectra of 

3.3 display some broad resonances. For example, a broad singlet at 1.71 ppm due to the 

PMe3 and two broad virtual triplets at 1.21 and 1.10 ppm due to the tert-butyl groups 

are present in the 1H NMR spectrum (Figure 3.2), which are indicative of fluxional 

processes for complex 3.3.  Both complexes 3.2 and 3.3 are extremely air sensitive and 

decompose in hours in the solution state.  Possible decomposition pathway of 
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cyclometalation to lose aniline has been observed as similar to the previous report of 

the parent amido complex (PCP)Ru(CO)(NH2).132 

 

Scheme 3.3.  Preparation of (PCP)Ru(CO)(NHPh) (3.2) and (PCP)Ru(CO)(NHPh)(PMe3) 
(3.3) from (PCP)Ru(CO)(Cl) (3.1). 

 

 

 

Scheme 3.4.  Dynamic behavior of (PCP)Ru(CO)(NHPh)(PMe3) (3.3) observed by variable-
temperature NMR spectroscopy. 

 

Variable-temperature NMR spectroscopy of (PCP)Ru(CO)(NHPh)(PMe3) (3.3) 

reveals three fluxional processes (Scheme 3.4).  At low temperature, the 31P NMR 
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spectrum displays three unique resonances (two doublet of doublets due to the PCP 

ligand and a triplet due to PMe3 ), indicating that the anilido ligand has a preferred 

orientation in which the tBu2 P moieties are chemically inequivalent.  As the 

temperature is increased, the resonances due to the PCP ligand broaden and coalesce 

(271 K) into a single time-averaged resonance, and the symmetry equivalence of the 

tBu2 P fragments at elevated temperatures is likely due to rapid rotation about the Ru-

Na m i d o  bond and inversion at N (∆G≠  = 11.2(2) kcal/mol at 271 K).  In addition, 

hindered rotation of the phenyl ring is indicated by five distinct resonances due to the 

anilido phenyl at room temperature.  As the temperature is increased, the resonances 

due to ortho and meta protons broaden and coalesce.  The coalescence point (319 K) of 

the resonances due to the ortho protons was used to calculate ∆G≠  =  15.3(2) kcal/mol 

(319 K) for Namido-Cipso bond rotation.  Our group has previously reported that 

rotational barriers for Namido-Cipso of TpRuL2 (NHPh) (L  = P(OMe)3 , PMe3 ) 

complexes are between approximately 9.8 and 12.8 kcal/mol.59  Finally, dissociation of 

the PMe3  ligand has been observed. The addition of excess PMe3  to a solution of 3.3 

results in a single coalesced resonance for free and bound phosphine at elevated 

temperature. 

3.3  Synthesis and Solid State Structure of (PCP)Ru(CO)(NHC(Me)NPh) (3.6) 

The reaction of (PCP)Ru(CO)(NHPh)(PMe3) (3.3) with acetonitrile produces the 

RuII amidinate complex (PCP)Ru(CO){N(H)C(Me)N(Ph)} (3.6) (Scheme 3.5).  

Although isolated yields are low (~35%), NMR tube reactions reveal nearly 

quantitative transformation of 3.6.  Complex 3.6 can also be prepared by the reaction 
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of 3.1 and LiNHPh in acetonitrile.  Although group one amides are known to react 

with some nitriles,284 a 13C NMR spectrum of a mixture of acetonitrile and LiNHPh  

 

Figure 3.4.   ORTEP (30% probability) of  (PCP)Ru(CO)(NHC(Me)NPh) (3.6) (hydrogen 
atoms have been omitted for clarity); Selected bond lengths (Å) and bond angles (o): Ru1-
N1, 2.186(2); Ru1-N2, 2.182(2); C7-N1, 1.333(3); C7-N2, 1.317(3); N1-C1, 1.393(3); C7-
C8, 1.508(4); P1-Ru1-P2, 154.87(2); N1-Ru1-N2, 59.69(8); N1-C7-N2, 110.2(2); N1-C7-
C8, 126.6(2); N2-C7-C8, 123.2(2). 

 

does not yield resonances consistent with the formation of an amidinate.  Complex 

3.6 is characterized by vCO = 1898 cm-1 and vNH = 3360 cm-1 in its IR spectrum.  The 

1H NMR spectrum of 3.5 displays resonances at 3.84 ppm (broad singlet) and 1.58 

ppm due to the N-H and amidinate methyl groups, respectively (Figure 3.3).  A solid-

state X-ray diffraction study of 3.5 confirms its identity with one of the tert -butyl 

groups exhibiting an orientational disorder (Figure 3.4).  Table 3.1 presents 

crystallographic data and collection parameters.  The reactions of amido complexes of  
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Table 3.1.  Selected Crystallographic Data and Collection Parameters for complexes 3.6, 3.11 – 3.14. 

 

Complex (PCP)Ru(CO){
N(H)C(Me)N(P

h)} (3.6) 

(PCP)Ru(CO)(F)(
N(H)C(C6F5)NHP

h) (3.11)   

(PCP)Ru(CO)[Ph
NC{NH(hx)}N(hx

)] (3.12) 

(PCP)Ru(CO){N(P
h)C(NHPh)O} 

(3.13) 

(PCP)Ru(CO){OC
(Ph)N(Ph)} (3.14) 

empirical formula C33H52N2OP2Ru C38H50F6N2OP2Ru   C44H75N3OP2Ru C38H54N2O2P2Ru C38H53NO2P2Ru 

formula wt 655.80 827.81 825.08 733.84 718.82 
Cryst syst monoclinic monoclinic monoclinic   triclinic monoclinic

Space group P21/n   P21/n C2/c P1 P21/c 
a, Å 8.0032(2) 9.0368(5) 44.327(10) 13.2370(8) 16.4184(9) 
b, Å 32.2997(8) 20.0690(10) 10.868(2) 14.0281(8) 11.5064(6) 
c, Å 12.7151(3) 21.0286(10) 21.270(5) 21.1699(16) 20.7716(11) 
α, deg 90     90 90 79.378(2) 90
β, deg 92.3960(10)     98.292(1) 116.770(3) 74.244(1) 109.963(1)

γ, deg 90     90 90 89.938(1) 90

V(Å3)      3283.99(14) 3773.9(3) 9149(4) 3713.5(4) 3688.3(3)

Z 4     4 8 4 4

Dcalcd, g cm-3 1.326     1.457 1.198 1.313 1.295

R1, wR2 (I > 
2σ(I)) 

0.042, 0.053 0.0431, 0.1042 
 

0.0761, 0.1363 0.0587, 0.1112 0.0502, 0.1184 
 

GOF      1.64 1.027 0.931 0.967 0.986
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titanium, zirconium, and tantalum with acetonitrile have been reported to yield 

amidinate products; however, the metal products were only characterized by IR 

spectroscopy and elemental analysis.285  Although mechanistic studies were not 

reported, reactions of titanium and tungsten amido ligands with nitriles have been 

disclosed.286,287 

 

Scheme 3.5.   Two procedures for the preparation of (PCP)Ru(CO)(NHC(Me)NPh) (3.6). 
 

 

3.4  Mechanistic study on formation of  (PCP)Ru(CO)(NHC(Me)NPh) (3.6) 

A viable pathway for the formation of 3.6 from the reaction of complex 3.3 and 

acetonitrile includes initial formation of (PCP)Ru(CO)(NCMe)(NHPh) via PMe3 / 

NCMe ligand exchange followed by intramolecular nucleophilic attack of the amido 

nitrogen on the bound nitrile and proton transfer (Scheme 3.6).  The proposed 

mechanism includes C-N bond formation that is initiated by the combined Lewis acidity of 

 87



Ru(II) and nucleophilicity of the anilido ligand.  In closely related reactions, Bercaw et al. 

have reported the conversion of a scandium amido complex and acetonitrile to yield a five-

membered heterometallacycle, and a polyhedral borane has been reported to react with 

ammonia in the presence of base and acetonitrile to yield an amidinate moiety.288  Similar 

intramolecular nucleophilic bond formations have been proposed in catalytic nitrile 

hydration,289,290 and addition reactions of coordinated nitriles have been reviewed.291,292 

 

Scheme 3.6.  Proposed mechanism for the formation of (PCP)Ru(CO)(NHC(Me)NPh) (3.6) 
from the reaction of (PCP)Ru(CO)(PMe3)(NHPh) (3.3) with acetonitrile. 

 

The rate of conversion of 3.3 and acetonitrile to complex 3.6 has been determined under 

various conditions, and the kinetic studies are consistent with the proposed mechanism.  The 

anticipated rate law for the mechanism depicted in Scheme 3.6 is shown in eq 3.1.  For 
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reactions with ten equivalents of acetonitrile and 10 to 25 equivalents of PMe3, the rate of 

conversion of complex 3.3 and acetonitrile to the amidinate complex 3.6 is inverse first-

order in concentration of PMe3 (Figure 3.5).  Under these reaction conditions, no evidence 

of PCP-Ru species other than complex 3.3 and complex 3.6 was observed during the kinetic  
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Figure 3.5.  Plot of (kobs)-1 versus equivalents of PMe3 (based on complex 3.3) for the 
conversion of 3.3 to 3.6. 

 

 

experiments.  These results are consistent with the term in the denominator "k-1[PMe3]" 

dominating the term "k2[NCMe]" under the specific conditions of these experiments with kobs 

under pseudo-first order conditions being equal to k1k2[NCMe]/k-1[PMe3].  A plot of kobs 

versus the concentration of NCMe for reactions with ten equivalents of PMe3 and between 

10 and 50 equivalents of NCMe reveals a first order dependence on the concentration of 

NCMe at low concentrations of NCMe while saturation kinetics are apparent at higher 

concentrations (Figure 3.6).  Thus, in agreement with the observation of an inverse 

dependence of reaction rate on concentration of PMe3 at lower concentrations of NCMe, the 

term "k-1[PMe3]" is greater than "k2[NCMe]" with the pseudo-first order rate constant equal 
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to k1k2[NCMe]/k2[PMe3].  At elevated concentrations of NCMe, the term "k2[NCMe]" 

becomes greater than "k-1[PMe3]" with kobs independent of the concentration of NCMe. 
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Figure 3.6.   Plot of kobs versus equivalents of NCMe (based on complex 3.3) for the 
conversion of 3.3 to 3.6. 

 

 

These results suggest that at higher concentrations of NCMe, the rate of formation of 

complex 3.6 should be independent of the concentration of PMe3.  Monitoring the rate of 

disappearance of complex 3.3 in the presence of 100 equivalents of acetonitrile with 10, 15 

or 20 equivalents of PMe3 reveals that kobs is independent of PMe3 concentration and is 

equal to 1.29(7) x 10-5 s-1.   In addition, the magnitude of kobs is similar to that for the 

reaction with ten equivalents of PMe3 and 50 equivalents of NCMe (kobs = 9.6 x 10-6).   For 

reactions in the presence of a large excess of NCMe, some decomposition was observed (~ 

10 %) toward the latter portions of the reaction.  Dissolution of the amidinate complex 3.6 in 
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CD3CN reveals that 3.6 undergoes relatively slow decomposition in the presence of excess 

nitrile.  

 

For reactions that are pseudo-first order in concentration of 3.3, rearrangement of the 

rate law shown in eq 3.1 indicates that a plot of 1/kobs versus [PMe3]/[NCMe] should be 

linear with the slope equal to k-1/k1k2 and the y-intercept equal to 1/k1 (eq 3.2).  From the 

plot shown in Figure 3.7, k1 was estimated to be 1.8 x 10-5 s-1, and using the value of k1 and 

the slope from the plot in Figure 3.7, the ratio of k-1/k2 was calculated to be 3; however, 

small deviations in the slope can result in substantial deviations of the y-intercept.  Since k1 

indicates the rate of dissociation of PMe3 from complex 3.3, independent studies of the rate 

of exchange of the coordinated PMe3 of 3.3 with free PMe3 provides an independent method  
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Figure 3.7.   Plot of 1/kobs versus [PMe3]/[NCMe] for the conversion of complex 3.3 and 
NCMe to complex 3.6 (R2 = 0.99). 
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for determining k1.  As discussed above, the addition of free PMe3 to a C6D6 solution of 

3.3 results in line broadening of phosphine resonances at elevated temperatures, and the line 

broadening was attributed to phosphine exchange.  The addition of PMe3-d9 to a C6D6 

solution of 3.3 at room temperature results in the exchange of coordinated and free PMe3 

with an approximate half-life of 7 minutes.  This corresponds to a rate constant for 

dissociation of PMe3 of approximately 1.7 x 10-3 s-1, which is 94 times greater than the value 

of k1 calculated from the plot in Figure 3.7 and is a reasonable value in consideration of the 

potentially substantial error for the y-intercept. 

Thus, the kinetic data provide evidence for the coordination of acetonitrile through 

exchange with PMe3 followed by intramolecular N-C bond formation.  A pathway involving 

intermolecular nucleophilic attack of the amido ligand on uncoordinated acetonitrile is 

anticipated to exhibit a reaction rate that is independent of PMe3 concentration without 

evidence for saturation kinetics at higher concentrations of acetonitrile.  Indirect evidence 

for the proposed reaction pathway comes from the reactivity of the complex 

(PCP)Ru(CO)(CNtBu)(NHPh) (see below).  It was anticipated that the isonitrile ligand 

would be less labile than PMe3, and consistent with this notion and the proposal that the 

five-coordinate complex (PCP)Ru(CO)(NHPh) is directly involved in amidinate formation, 

a C6D6 solution of (PCP)Ru(CO)(CNtBu)(NHPh) and 20 equivalents of NCMe shows no 

evidence of reaction after 48 hours.  In contrast, under identical conditions, complex 3.3 and 

NCMe are substantially converted to the amidinate complex 3.6.  At lower temperatures an 

intermolecular pathway for N-C bond formation may become viable similar to a previously 

reported intermolecular addition of a Ru(II) anilido ligand to CO2.293  
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3.5  Synthesis of Other Amidinate Complexes (PCP)Ru(CO)(NHC(R)NPh) (R = C6H5, 

p-F-C6H4, p-Me-C6H4, and C6F5) (3.7 –3.10) 

The formation of amidinate complex 3.6 upon combination of 3.3 with acetonitrile can 

be extended to other nitriles.  For example, the reactions of complex 3.3 and benzonitrile, p-

fluorobenzonitrile or p-tolunitrile at room temperature produce the corresponding amidinate 

complexes 3.7, 3.8 and 3.9 in 48 %, 49 % and 52 % yield, respectively (eq 3.3).  IR 

spectroscopy of all three amidinate complexes reveal νCO = 1898 cm-1 with νNH ranging 

from 3342 to 3348 cm-1.   Although NMR spectroscopy indicates the selective formation of 

a single isomer for each product (Figure 3.8, 3.9 and 3.10), the stereochemistry of 3.7 – 3.9 

has not been determined; however, we presume that the NH of the amidinate ligand is trans 

to the Ru-CO bond as is observed for the methyl amidinate complex 

(PCP)Ru(CO)(N(Ph)C(Me)NH) (3.6).  Attempted reactions of 3.3 with 

pentafluorobenzonitrile or p-nitrobenzonitrile result in decomposition to multiple products.  

Although we were unable to isolate and characterize the decomposition products, the change 

in reactivity could be due to initial nucleophilic addition of the amido group to the electron-

deficient aromatic system rather than reaction at the nitrile moiety. 

 

The reaction of 3.6 with C6F5CN at room temperature produces the amidinate complex 

(PCP)Ru(CO)(N(Ph)C(C6F5)NH) (3.10) in 70 % isolated yield (eq 3.4).  Complex 3.10 has 
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been characterized by 1H, 13C, and 31P NMR spectroscopy as well as IR spectroscopy. 

Salient features in the 1H NMR spectrum of 3.10 include a downfield chemical shift 

for the NH resonance (4.82 ppm) compare to complex 3.6 (3.84 ppm) (Figure 3.11). 

However, the production of 3.10 is irreversible between room temperature and 90 ºC as 

indicated by the failure of 3.10 to react with NCMe to produce 3.6 and C6F5CN.  The failure 

of 3.3 and C6F5CN to produce 3.10 suggests that the conversion of complex 3.6 and C6F5CN 

to produce (PCP)Ru(CO)(N(Ph)C(C6F5)NH) (6) does not likely occur through the formation 

of (PCP)Ru(CO)(NHPh) and free acetonitrile.  In addition, the reversibility of formation of 

amidinate complex 3.10 indicated by the conversion of 3.6 and C6F5CN to 3.10 is not 

general.  The combination of complex 3.6 with excess benzonitrile, p-fluorobenzonitrile or 

p-tolunitrile in C6D6 at 90 ºC results in a minor amount of decomposition after 24 hours 

without observation of complex 3.7, 3.8, or 3.9, respectively (eq 3.4).  In addition, the 

reaction of p-tolunitrile with complex 3.7 in a C6D6 solution does not yield observable 

quantities of complex 3.9 after 24 hours at 90 ºC.  The electronic similarity of complexes 3.7 

and 3.9 suggests that the failure of complex 3.7 and p-tolunitrile to convert to complex 3.9 

and benzonitrile is likely due to kinetic factors. 
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3.6  Reaction of (PCP)Ru(CO)(NHC(C6F5)NPh) (3.10) with Fluorinated Aromatic 

Compounds in Presence of ROH (R = H or Me) 

In the absence of other substrates, complex 3.10 is stable at room temperature under 

inert atmosphere in C6D6.  In the presence of excess C6F5CN at room temperature, the 

perfluorophenyl amidinate complex 3.10 reacts to form 

(PCP)Ru(CO)(F)(N(H)C(C6F5)NHPh) (3.11) in 80 % isolated yield.  1H NMR features of 

3.11 include a doublet at 12.7 ppm due to the amino hydrogen with JHF = 62 Hz (Figure 

3.12), and 19F NMR spectroscopy reveals a doublet of triplets at -11.3 ppm with JHF = 62 

and JPF = 17 Hz (Figure 3.13), and it is consistent with a doublet at 80.5 ppm with JPF = 17 

Hz in the 31P NMR spectrum (Figure 3.14).  The observation of H-F coupling indicates the 

presence of hydrogen bonding between the fluoride ligand and the hydrogen atom of the 

"NHPh" moiety.  Reports of intramolecular H F hydrogen-bonding are relatively 

uncommon for transition metal complexes;294-298 however, closely related Ir-F H-N 

hydrogen bonds have been reported with 1JHF = 52, 84 Hz as well as an intramolecular Ru-

F H-O hydrogen bond with 1JHF = 66 Hz. 

A single crystal of 3.11 was obtained, and the solid-state structure was solved by X-ray 

crystallography (Figure 3.15).  Table 3.1 presents selected crystallographic data and 

collection parameters.  The X-ray structure reveals that the fluoride ligand is trans to CO.  

The N1-C2 and N2-C2 bond distances of 1.286(3) and 1.342(4) Å are consistent with a 

carbon-nitrogen double bond and a bond order that is intermediate between a single and 
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double bond, respectively.  Consistent with solution NMR spectroscopy, the N2-H2 bond is 

oriented to form an intramolecular hydrogen-bond with the fluoride ligand. 

 

Figure 3.15.  ORTEP (30% probability) of (PCP)Ru(CO)(F)(N(H)C(C6F5)NHPh) (3.11).  
Selected bond lengths (Å) and angles (o): Ru-F1 2.106(2), N1-C2 1.286(3), N2-C2 1.342(4), 
C2-N1-Ru1 131.2(1), N1-C2-N2 121.0(3). 

 

 

The formation of complex 3.11 occurs through the net addition of HF to the amidinate 

complex (PCP)Ru(CO)(N(H)C(C6F5)NPh) (3.10).  The activation of C-F bonds has attracted 

considerable attention due to potential synthetic utility as well as importance for waste 

remediation;299-301 however, the inherent strength of C-F bonds presents a substantial 
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challenge to the development of such methodologies.  The use of transition metal complexes 

is a promising strategy with metal-mediated C-F activations reported to proceed by  

 

 
Scheme 3.7. Reactions of (PCP)Ru(CO)(NHC(C6F5)NPh) (3.10) that produce 
(PCP)Ru(CO)(F)(NHC(C6F5)NHPh) (3.11). 

 

oxidative addition, σ-bond metathesis, electron transfer, radical chain pathways, α- and β-

fluoride eliminations, and reductive defluorination.302-309  Although the fluoride ligand of 

3.11 was clearly derived from C6F5CN, the source of H+ was uncertain.  Monitoring the rate 

of the formation of complex 3.11 in various solvents (benzene, methylene chloride, 

tetrahydrofuran and pentane) produced inconsistent kinetics and percent yield even when 

solvent identity was held constant.  For example, multiple reactions of complex 3.10 with 

C6F5CN in C6D6 revealed that the half-life for the formation of complex 3.11 varied between 

5 and 24 hours.  These results suggested the possibility of an impurity catalyzing the 

reaction or serving as a reactant.  The role of adventitious water was tested by comparing the 
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reactions of (PCP)Ru(CO)(N(H)C(C6F5)NPh) with C6F5CN in rigorously dried C6D6 (twice 

distilled from CaH2 under dinitrogen and stored over molecular sieves) versus C6D6 with 10 

equivalents (based on the concentration of complex 3.10) of H2O added.  In the absence of 

H2O, only minimal formation of 3.11 (< 5%) was observed after 12 hours at room 

temperature.  In contrast, the addition of 10 equivalents of H2O resulted in quantitative 

production of 3.11 after 12 hours at room temperature (Scheme 3.7).  The dependence of the 

reaction on the presence of H2O is consistent in all four solvents listed above and indicates 

that the source of proton for the formation of 3.11 is likely H2O.  Unfortunately, the 

identification of organic products that accompany the formation of complex 3.11 upon 

reaction of 3.10 with C6F5CN and H2O is complicated by the formation of multiple 

compounds in low concentrations. 

The addition of 10 equivalents of MeOH to a dry C6D6 solution of 

(PCP)Ru(CO)(N(H)C(C6F5)NPh) (3.10) with 10 equivalents of C6F5CN quantitatively 

produces complex 3.11 during a period of 5 hours at room temperature.  In contrast to the 

reaction with H2O, the formation of o-MeOC6F4CN (> 90 %) and p-MeOC6F4CN (< 10 %) 

is readily identified from the reaction with MeOH.  Unfortunately, a previously reported 

competitive nucleophilic addition of methoxide to the nitrile carbon of C6F5CN complicates 

a detailed kinetic analysis of this reaction.310  In control experiments, C6F5CN does not react 

with MeOH at 70 oC for at least one day, and C6D6 solutions of MeOH with 

(PCP)Ru(CO)(N(H)C(C6F5)NPh) at room temperature show no reaction for at least 48 

hours. 

We propose that (PCP)Ru(CO)(N(H)C(C6F5)NPh) mediates nucleophilic displacement 

of fluoride by methoxide with the Ru complex serving as a reservoir for proton (basic 
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amidinate ligand) and fluoride (Lewis acidic metal).  The Ru(II) complex could bind and 

activate C6F5CN toward nucleophilic attack by free MeOH or deprotonate methanol to  

 

 
Scheme 3.8.  Proposed pathway for regioselective substitution of the aromatic C-F bond of 
C6F5CN by methoxide. 

 

promote methoxide addition to free C6F5CN.  However, we suggest that a more likely 

reaction pathway is simultaneous activation of MeOH and C6F5CN by the metal center 

similar to the depiction in Scheme 3.8.  The failure of complex 3.10 to react with MeOH at 

room temperature indicates that deprotonation of MeOH to form discrete methoxide ion is 

an unlikely reaction pathway (the formation of small quantities of thermally disfavored 
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methoxide is still possible).  Most importantly, the selective substitution at the ortho position 

suggests that the metal center interacts with C6F5CN during the substitution since simple 

nucleophilic displacement of fluoride from C6F5CN by alkoxide nucleophiles is highly 

regioselective for substitution at the position para to the cyano group.310,311  In addition, 

attack of free methoxide on coordinated C6F5CN would be expected to enhance the para 

selectivity.  The small amount of p-MeOC6F4CN likely forms from the addition of free 

methoxide to coordinated perfluorobenzonitrile or addition of activated methanol to free 

perfluorobenzonitrile (Scheme 3.8, "alternative route").  Analogous ortho selectivity has 

been reported for the reaction of a fluorinated phosphine bound to Pt(II) with hydroxide, Rh-

catalyzed silylation of 2,3,4,5,6-pentafluoroacetophenone and Rh-mediated C-F activation 

of pentafluoroanisole under photolytic conditions.312-314  The addition of base (KOtBu) to 

complex 3.11 at room temperature results in the net removal of HF and regeneration of 

(PCP)Ru(CO)(N(H)C(C6F5)NPh) (eq 3.5).  This reaction is quantitative as determined by 

1H, 31P and 19F NMR spectroscopy.  

 

Although the A values for fluoride and cyanide groups are almost identical,315 a potential 

alternative explanation for the observed regioselectivity of methoxide/fluoride substitution is 

steric control over ortho versus para selectivity.  The activation of MeOH by the Ru(II) 

complex could result in a bulky nucleophile, and steric differentiation between para- and 

ortho-selective fluoride displacement could guide attack to the ortho position.  In this 
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scenario, the interaction of the basic amidinate ligand of complex 3.10 with MeOH would 

generate a sterically hindered nucleophile, and the C-F substitution reaction would occur at 

the position ortho to the cyano group due to reduced steric profile of cyano versus fluoride.  

Analysis of the reaction of KOtBu with C6F5CN by 19F NMR spectroscopy indicates that the 

para-substituted compound (p-tBuOC6F4CN) is produced in about 70 % yield while the 

ortho-substituted compound (o-tBuOC6F4CN) is produced in about 20 % yield.  Given that 

the bulky nucleophile t-butoxide exhibits a preference for para attack over ortho selectivity, 

it is likely that the pathway shown in Scheme 3 better explains the Ru-mediated selectivity. 

For the reaction of 3.10 with MeOH, replacement of the cyano group with a nitro group 

results in nucleophilic substitution with opposite regioselectivity (Scheme 3.7).  The 

combination of C6F5NO2, MeOH and (PCP)Ru(CO)(N(H)C(C6F5)NPh) at room temperature 

yields complex 3.11 (quantitative by NMR spectroscopy), p-MeOC6F4NO2 (> 90 %) and o-

MeOC6F4NO2 (< 10 %).  The change in regioselectivity is possibly explained by the poor 

coordinating ability of the nitro group in comparison with the nitrile group of C6F5CN.  

Coordination of the nitro group of C6F5NO2 might not occur during the nucleophilic 

substitution since the reaction of free methoxide with C6F5NO2 also yields p-

MeOC6F4NO2;311 however, the metal center is clearly involved in the overall transformation 

since MeOH does not react with C6F5NO2 in the absence of 

(PCP)Ru(CO)(N(H)C(C6F5)NPh).  Nucleophilic substitution is not observed when either 

C6F5OMe or C6F6 is added to (PCP)Ru(CO)(N(H)C(C6F5)NPh) (3.10) and MeOH, and the 

qualitative reactivity pattern is consistent with Hammett values for the different substituents 

indicating that an electron-withdrawing group on the perfluorophenyl ring is necessary to 

observe the nucleophilic displacement (e.g., σp/σo: NO2 0.78/0.71, CN 0.66/0.56, F 
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0.06/0.34, OCH3 -0.27/0.12).316  The reactivity trend is also consistent with an electron 

transfer pathway; however, the regioselectivity of methoxide substitution of fluoride to 

produce o-MeOC6F4CN is inconsistent with an initial redox event. 

3.7  Reaction of (PCP)Ru(CO)(PMe3)(NHPh) (3.3) with Carbodiimides, Isocyanates, 

Carboxamides, Aldehydes and Isocyanides 

Having observed metal-mediated N-C bond formation with nitriles, we became 

interested in extending N-C bond formation to other polar multiple bonds.  Transition metal 

amido complexes have been reported to initiate the polymerization of carbodiimides, and it 

has been proposed that the mechanism for polymer formation involves coordination of the 

carbodiimide followed by intramolecular nucleophilic attack of a nitrogen-based ligand on 

the carbodiimide carbon.271,279  The reaction of complex 3.3 and di-n-hexylcarbodiimide 

produces free trimethylphosphine and (PCP)Ru(CO)[PhNC{NH(hx)}N(hx)] (3.12) (hx = n-

hexyl) (Scheme 3.9).  Complex 3.12 is produced at room temperature within 30 minutes and 

is isolated in 41 % yield.  A closely related series of reactions has been reported for cis-

(PMe3)4Ru(H)(NH2);63 however, the final products for the tetraphosphine system are η1-

guanidinate complexes. Similarly, reaction of Cp*Ir(PMe3)(Ph)(NH2) with 

diisopropylcarbodiimide yields an η1-guanidinate complex,317 and the combination of 

(bpy)Re(CO)3(NHp-tol) with (p-tol)N=C=S yields the analogous sulfur-coordinated product 

(Cp* = pentamethylcyclopentadienyl, p-tol = para-tolyl, and bpy = 2,2'-bipyridine).318  For 

the {(PCP)Ru(CO)} fragment, the lability of PMe3 allows the formation of a η2-guanidinate 

ligand.  The resonance due to the amino hydrogen was not located in the 1H NMR spectrum 

of complex 3.12 likely due to overlap with other resonances (Figure 3.16). 
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Scheme 3.9.  Reaction of complex 3.3 with substrates that posses polar C-X (X = O or N) 
multiple bonds. 
 

A single-crystal X-ray diffraction study of complex 3.12 has confirmed its identity 

(Figure 3.17).  Table 3.1 presents crystallographic data and collection parameters.  The 

coordination geometry is pseudo-octahedral with the P1-Ru-P2 angle of 157.05(7)º.  The 

Ru-N1 bond distance (2.197(6) Å) is slightly shorter than the Ru-N2 distance (2.212(6) Å).  

The two amidinate N-C bond distances are similar (1.346(9) vs. 1.300(9) Å), and the C26-

N3-C39 bond angle of 122.6(7) º is also consistent with N3-C26 double bond character.  The 
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N3-C26 bond distance of 1.383(10) Å reveals some multiple bonding between the amino 

group and the guanidinate carbon. 

 

Figure 3.17.  ORTEP of (PCP)Ru(CO)[PhNC{NH(hx)}N(hx)] (3.12) (30 % probability).  
Selected bond lengths (Å) and angles (o):  Ru1-C1 1.784(8), Ru1-N1 2.197(6), Ru1-N2 
2.212(6), N2-C26 1.300(9), N1-C26 1.346(9), N3-C26, 1.383(10), N3-C39 1.459(10), N1-
Ru1-N2 59.8(2), Ru1-N2-C33 139.1(5), Ru1-N1-C27 132.2(5), N2-C26-N3 124.7(7), N2-
C26-N1 112.4(7), N1-C26-N3 122.9(7). 

 

 

The amido complex can also initiate C-N bond formation with substrates that possess C-

O multiple bonds.  For example, the reaction of (PCP)Ru(CO)(PMe3)(NHPh) with 

phenylisocyanate produces (PCP)Ru(CO){N(Ph)C(NHPh)O} (3.13) in 44 % isolated yield 

at room temperature.  Complex 3.13 has been characterized with NMR and IR spectroscopy 

(Figure 3.18).  Complex 3.13 likely forms upon coordination of the isocyanate (through 
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ligand exchange with PMe3) followed by N-C bond formation.  Subsequent proton transfer 

and possible rearrangement would yield complex 3.13 (Scheme 3.10).  

 

 

Scheme 3.10.  Possible pathway for the conversion of (PCP)Ru(CO)(NHPh)(PMe3) (3.3) 
and phenylisocyanate to (PCP)Ru(CO){N(Ph)C(NHPh)O}(3.13). 

 

The solid-state structure of 3.13 reveals two independent molecules in the unit cell that 

differ by orientation of the "NHPh" amino group.  In one structure, the phenyl group is 

oriented toward the "NPh" moiety of the amidate ligand while the phenyl group of the 

"NHPh" is oriented toward the amidate oxygen in the second structure.  One of the two 

independent structures is shown in Figure 3.19, and Table 3.1 lists crystallographic data and 

collection parameters.  The coordination sphere is pseudo-octahedral with the amidate 

oxygen trans to the Ru-CO bond.  Both N-C bond distances (1.317(5) and 1.383(5) Å) are 
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shorter than N-C single bonds indicating a competition for π-interaction.  The C64-N4-C71 

bond angle of 128.5(4) º is consistent with N-C double bond character. 

 

Figure 3.19.  ORTEP of (PCP)Ru(CO){N(Ph)C(NHPh)O} (3.13) (30 % probability).  
Selected bond lengths (Å) and angles (o):  Ru2-O3 2.261(3), Ru2-N3 2.208(3), N3-C64 
1.317(5), O3-C64 1.274(5), Ru2-C39 1.791(5), Ru2-N3-C65 139.7(3), Ru2-N3-C64 92.6(3), 
Ru2-O3-C64 91.4(3), N3-C64-O3 116.6(4), N3-C64-N4 123.1(4), O3-C64-N4 120.3(4), 
C64-N4-C71 128.5(4). 

 

 

The use of transition metal complexes as catalysts for the amine/carboxamide 

transamidation has recently been reported.319  Although detailed mechanistic studies have 

not been reported, it was suggested that activation of the carboxamide by the Lewis acidic 

metal in combination with a nucleophilic amide ligand might be important for catalytic 

activity.  Thus, we explored the reaction of complex 3.3 with carboxamides.  The 
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combination of (PCP)Ru(CO)(PMe3)(NHPh) and one equivalent of benzanilide or N-

methylacetamide at room temperature converts quantitatively to free aniline and the amidate 

complexes (PCP)Ru(CO){OC(Ph)N(Ph)} (3.14) and (PCP)Ru(CO){OC(Me)N(Me)} (3.15) 

(Scheme 3.9).  Complexes 3.14 and 3.15 are isolated in 55 % and 50 % yield, respectively, 

and both complexes have been characterized by NMR and IR spectroscopy (Figure 3.20 and 

Figure 3.21).   In a similar set of transformations, Shafer et al. have recently reported the 

conversion of Ti and Zr amido complexes to amidate complexes upon reaction with 

carboxamides.320  The structure of the amidate complex 3.14 has been determined by a 

single-crystal X-ray diffraction study (Figure 3.22 and Table 3.1).  Similar to complex 3.13, 

the amidate oxygen is trans to the Ru-CO bond.  The amidate N1-C26 bond distance of 

complex 3.14 (1.311(5) Å) is statistically identical to the analogous bond of complex 3.13 

(1.317(5) Å), and the C26-C27 bond distance of 1.500(5) Å is close to the value for a C-C 

single bond. 

The amidate complexes 3.14 and 3.15 do not react with free amine NH2R to initiate 

"NR" metathesis reactions.  For example, a solution of excess aniline and 

(PCP)Ru(CO){OC(Me)N(Me)} (3.15) showed no observed reaction after 2 days at room 

temperature, and only minor decomposition was observed after heating to 90 ºC for 24 hours 

without formation of (PCP)Ru(CO){OC(Me)N(Ph)} or methylamine (Scheme 3.9).   

Complex 3.3 also initiates N-C bond formation with carbonyl groups of aldehydes.  For 

example, the reaction of (PCP)Ru(CO)(PMe3)(NHPh) with benzaldehyde produces the 

amidate complex (PCP)Ru(CO){OC(Ph)N(Ph)} (3.14) (Scheme 3.9).  The transformation 

results in the net removal of dihydrogen from the amido complex 

(PCP)Ru(CO)(PMe3)(NHPh) and benzaldehyde.  In addition to the formation of complex  
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Figure 3.22.  ORTEP of (PCP)Ru(CO){OC(Ph)N(Ph)} (3.14) (30 % probability).  Selected 
bond lengths (Å) and angles (o):  Ru1-C1 1.787(5), Ru1-N1 2.186(3) Ru1-O2 2.206(2), N1-
C26 1.311(5), O2-C26 1.283(4), C26-C27 1.500(5), Ru1-N1-C33 135.4(2), Ru1-N1-C26 
92.8(2), Ru1-O2-C26 92.7(2), O2-C26-N1 114.8(3), N1-C26-C27 126.5(4), O2-C26-C27 
118.6(3). 

 

 

3.14 (40 %), free PCPH is produced in approximately 30 % yield along with the Ru(II) 

hydride complexes (PCP)Ru(CO)(PMe3)H (3.16) (10 %) and  (PCP)Ru(CO)H (5 %) as well 

as a small amount of an uncharacterized species (observed by 31P NMR spectroscopy).  The 

hydride complex (PCP)Ru(CO)H has been previously reported,321 and the identity of 

complex 3.16 was confirmed by independent preparation and characterization (eq 3.6).  The 

phosphorous-hydrogen coupling constants of 3.16 suggest that the PMe3 and hydride ligands 
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are in a cis orientation (Figure 3.23).  Although the detailed mechanism of the 

transformation of complex 3.3 and benzaldehyde has not yet been determined, the reaction 

bears some similarity to the organic reaction of aromatic aldehydes with strong bases (e.g., 

NaOH) to produce an alcohol and carboxylate (i.e., the Cannizzaro reaction).322 

 

Complex 3.3 also initiates N-C bond formation with carbonyl groups of aldehydes.  For 

example, the reaction of (PCP)Ru(CO)(PMe3)(NHPh) with benzaldehyde produces the 

amidate complex (PCP)Ru(CO){OC(Ph)N(Ph)} (3.14) (Scheme 3.9).  The transformation 

results in the net removal of dihydrogen from the amido complex 

(PCP)Ru(CO)(PMe3)(NHPh) and benzaldehyde.  In addition to the formation of complex 

3.14 (40 %), free PCPH is produced in approximately 30 % yield along with the Ru(II) 

hydride complexes (PCP)Ru(CO)(PMe3)H (3.16) (10 %) and  (PCP)Ru(CO)H (5 %) as well 

as a small amount of an uncharacterized species (observed by 31P NMR spectroscopy).  The 

hydride complex (PCP)Ru(CO)H has been previously reported,321 and the identity of 

complex 3.16 was confirmed by independent preparation and characterization (eq 3.6).  The 

phosphorous-hydrogen coupling constants of 3.16 suggest that the PMe3 and hydride ligands 

are in a cis orientation (Figure 3.23).  Although the detailed mechanism of the 

transformation of complex 3.3 and benzaldehyde has not yet been determined, the reaction 
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bears some similarity to the organic reaction of aromatic aldehydes with strong bases (e.g., 

NaOH) to produce an alcohol and carboxylate (i.e., the Cannizzaro reaction).322 

The combination of complex 3.3 and t-BuNC at room temperature results initially in a 

ligand exchange to produce (PCP)Ru(CO)(CNtBu)(NHPh) (3.17) and free PMe3 (Scheme 

3.9).  Complex 3.17 has been isolated in 41 %.  The 1H NMR spectrum of 3.17 at room 

temperature displays five distinctive resonances due to the “NPh” hydrogen atoms (Figure 

3.24), which is compared to the broad resonances for complex 3.3.  The stereochemistry of 

complex 3.17 has not been determined.  IR spectroscopy reveals νCN = 2124 cm-1, νCO = 

1923 cm-1 and νNH = 3346 cm-1.  As discussed above, NMR spectroscopy reveals no 

evidence of reaction between complex 3.17 and excess NCMe after 48 hours at room 

temperature.  Heating complex 3.17 in C6D6 to 90 ºC does not result in observable reactivity 

between the amido and isonitrile ligands; rather, the formation of a previously reported 

cyclometallated species and free aniline is observed (Scheme 3.9).132  The cyclometallated 

complex is in equilibrium with a second complex that likely results from coordination of t-

BuNC. 

3.8  Synthesis of Ru Hydroxide Complexes 

If reaction conditions are not carefully controlled, several of the complexes discussed 

herein are observed to undergo transformation to a new complex.  Anticipating the possible 

involvement of water leading to the formation of a Ru(II) hydroxide complex, we prepared 

(PCP)Ru(CO)(OH) (3.18) (92 % isolated yield) upon reaction of (PCP)Ru(CO)Cl with 

CsOH at room temperature (Scheme 3.11).  The reaction of 3.18 with PMe3 at room 

temperature cleanly generates the octahedral complex (PCP)Ru(CO)(PMe3)(OH) (3.19) (97 

% isolated yield; Scheme 3.11).  The conversion of 3.18 to 3.19 results in an upfield shift for 
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the resonance of the hydroxyl proton from 3.85 ppm to -4.42 ppm (Figure 3.25 and Figure 

3.26).  The upfield chemical shift of 3.19 relative to 3.18 is consistent with the disruption of  

 

Scheme 3.11.  Preparation of Ru(II) hydroxide complexes 

 

 

Scheme 3.12.  Reactions that produce (PCP)Ru(CO)(CNtBu)(OH) (3.20). 
 

hydroxide to Ru π-donation upon conversion from a five-coordinate Ru(II) complex to an 

octahedral 18-electron system since the inability of the hydroxide ligand to π-donate to 

Ru(II) for complex 3.19 likely increases electron-density at the hydroxide moiety.  

Examples of transformations that produce (PCP)Ru(II) hydroxide complexes include 
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reaction of the anilido complex (PCP)Ru(CO)(PMe3)(NHPh) (3.3) with water to produce  

complex 3.19 and the addition of water to (PCP)Ru(CO)(CNtBu)(NHPh) (3.17) to yield 

(PCP)Ru(CO)(CNtBu)(OH) (3.20) (Schemes 3.11 and 3.12).  Complex 3.20 has been 

independently prepared and isolated in 95 % yield upon reaction of (PCP)Ru(CO)(OH) 

(3.18) with CNtBu at room temperature.  The stereochemistry of 3.20 has not been 

determined. 

3.9 Conclusions 

A series of recent reports has revealed that octahedral RuII amido complexes 

exhibit reactivity consistent with highly basic amido ligands.12-14  The reaction of 

(PCP)Ru(CO)(NHPh) with acetonitrile demonstrates that the nucleophilic nature of 

such amido ligands can be combined with the activating ability of a Lewis acidic site 

on the metal center to achieve controlled C-N bond-forming reactions.  The “double 

activation” ability (i.e., Lewis acidic metal in tandem with nucleophilic nondative 

ligand) of other complexes has been suggested to be central to related reactions.  For 

example, the collective effect of Lewis acidic activation of cobalt-coordinated nitrile 

and intramolecular nucleophilic attack by hydroxide ligand has been shown to 

increase the rate of nitrile hydration by approximately 4 orders of magnitude relative 

to the metal center serving only as a Lewis acid,29 and Tyler et al. have suggested a 

similar mechanism for a molybdenum catalyst.30  Furthermore, a recent report of 

catalytic transamidation using metal amido systems may implicate a dual role of the 

metal amido intermediates.31  Work reported herein provides direct evidence that C-N 

bond formation can be promoted by “doubly activating” metal centers. 

The octahedral Ru(II) complex (PCP)Ru(CO)(PMe3)(NHPh) (3.3) reacts with a range of 
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substrates to initiate N-C bond formations that produce aza-metallacycles.  Although the 

kinetic details of each reaction have not been probed, we suggest that the reaction pathways 

are likely to be analogous to the reaction of the anilido complex and acetonitrile with 

trimethylphosphine dissociation, substrate coordination and intramolecular nucleophilic 

attack of the amido nitrogen at the β-carbon of the coordinated substrate. These 

transformations demonstrate the feasibility of using metal-centered Lewis acidity in 

combination with the nucleophilicity at the amido ligand to mediate control of N-C bond 

forming reactions.  Consistent with the suggested reactivity patterns, the coordination of t-

butyl isonitrile to the fragment (PCP)Ru(CO)(NHPh) does not produce subsequent reactivity 

since intramolecular nucleophilic attack would result in Namido addition to an electron-rich 

nitrogen of the isonitrile ligand.  Such reactions could ultimately provide methodologies for 

controlled N-C bond forming transformations. 

3.10   Experimental Section 

General Considerations. All procedures were performed under an atmosphere of 

dinitrogen in a glovebox or using standard Schlenk techniques.  Oxygen levels were < 15 

ppm for glovebox manipulations.  Benzene and tetrahydrofuran were distilled from 

sodium/benzophenone.  Pentane and methanol were distilled from P2O5.  Acetonitrile was 

distilled from P2O5 followed by distillation from CaH2.  Methylene chloride was purchased 

as an OptiDry solvent (< 50 ppm H2O) and passed through two columns of activated 

alumina prior to use.  All solvent manipulations were performed under an atmosphere of 

dinitrogen.  C6D6, CD2Cl2, and CDCl3 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 and referenced to TMS using resonances 
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due to residual protons in the deuterated solvents or the 13C resonances of the deuterated 

solvents.  All 31P NMR spectra were recorded on a Varian Mercury instrument operating at a 

frequency of 161 MHz with 85 % phosphoric acid (0 ppm) as external standard.  All 19F 

spectra were recorded on a Varian Mercury instrument operating at a frequency of 376.5 

MHz with CF3CO2H (-78.5 ppm) as external standard GC-MS was performed using a HP 

GCD system with a 30 m x 0.25 mm HP-5 column with 0.25 µm film thickness.  IR spectra 

were acquired using a Mattson Genesis II FT-IR as solutions in a KBr solvent cell.  

Elemental analyses were conducted by Atlantic Microlab, Inc.  

The amide salt LiNHPh was synthesized by addition of butyllithium (1.6 M in ether) to a 

toluene/hexanes solution of aniline. The resulting white precipitate was collected, washed 

with hexanes, and dried in vacuo prior to use. (PCP)Ru(CO)(Cl), (PCP)Ru(CO)(H) and 

N,N'-dihexylcarbodiimide were synthesized as previously reported.271,283,321 Benzonitrile, p-

tolunitrile, 4-fluorobenzonitrile, t-butyl isocyanide, hexafluorobenzene, 

pentafluorobenzonitrile, pentafluoronitrobenzene, pentafluoroanisole, benzanilide, N-

methylacetamide and cesium hydroxide monohydrate were purchased from commercial 

sources and used without further purification.  Phenylisocyanate and benzaldehyde were 

vacuum distilled prior to use. 

(PCP)Ru(CO)(OTf) (3.4).  In a 100 mL round bottom flask, (PCP)Ru(CO)Cl (3.1) 

(0.0675 g, 0.1209 mmol) was dissolved in approximately 40 mL of cyclopentane.  

Approximately 1 mL of trimethylsilyltriflate was added drop-wise at room temperature. 

After 30 minutes, the formation of an orange solid was observed.  The reaction was stirred 

for an additional 1 hour. After removal of volatiles under reduced pressure, the resulting 

solids were dissolved in approximately 10 mL of THF, and the products were precipitated 
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upon addition of 30 mL of cyclopentane. Orange microcrystals were isolated by filtration 

through a medium porosity frit and dried under vacuum (0.0690 g, 0.1027 mmol, 85%). IR 

(solution cell THF): νCO = 1936 cm-1.  1H NMR (CDCl3, δ): 7.09 (2H, d, 3JHH = 7 Hz, phenyl 

3/5 position), 6.93 (1H, t, 3JHH = 7 Hz, phenyl 4 position), 3.37 (4H, vt, N = 8 Hz, CH2), 1.50 

(18 H, vt, N = 14 Hz, CH3), 1.17 (18 H, vt, N = 13 Hz, CH3). 13C{1H} NMR (CDCl3, δ): 

204.9 (t, 2JPC= 12 Hz, CO), 157.2 (s, PCP phenyl), 152.7 (t, 2JPC = 7 Hz, PCP), 125.4 (s, 

PCP phenyl), 123.3 (vt, N = 16 Hz, PCP phenyl), 38.0 (vt, N = 14 Hz, PC), 36.7 (vt, N = 

16 Hz, PC), 33.7 (vt, N = 22 Hz, CH2), 30.1 (vt, N = 4 Hz, CH3), 29.4 (vt, N = 4 Hz, 

CH3).  Resonance for the CF3 of the OTf ligand was not located. 31P{1H} NMR (CDCl3, δ): 

70.0. Anal. Calcd for C26H43F3O4P2RuS: C 46.42, H 6.45. Found: C 46.28, H 6.58. 

(PCP)Ru(CO)(PMe3)(Cl) (3.5). To a benzene solution (approximately 20 mL) of 

(PCP)Ru(CO)(Cl) (3.1) (0.3240 g, 0.580 mmol) was added excess PMe3 (0.4 mL, 4.5 

mmol). Upon combination of the two solutions the color changed from brown-red to pale 

yellow. The volatiles were evaporated under reduced pressure, and the resulting yellow 

powder was dried in vacuo (0.3680 g, 100%). IR (THF solution): νCO = 1908 cm-1.  1H NMR 

(CDCl3, δ): 6.99 (2H, PCP 3/5 position, d, 3JHH = 7 Hz), 6.84 (1H, PCP 4 position, t, 3JHH = 

7 Hz), 3.85 (2H, PCP CH2, m), 3.32 (2H, PCP CH2, m), 1.71 (9H, PMe3, d, 2JPH = 7 Hz), 

1.36 (18H, PCP CH3, vt, N = 12 Hz), 1.28 (18H, PCP CH3, vt, N = 12 Hz). 31P{1H} NMR 

(CDCl3, δ): 76.0 (PCP, br s), -26.7 (PMe3, t, 2JPP = 16 Hz). 13C{1H} NMR (C6D6, δ): 206.4 

(CO, t, 2JPC= 8 Hz), 171.0, 147.4, 124.3, 121.6 (PCP phenyl), 39.4 (PCP CH2, m), 37.5 

(PCP CMe3, m), 31.4 (PCP CH3, dt, JPC = 12 Hz, 2 Hz), 22.3 (P(CH3)3, d, 1JPC = 20 Hz). 

Anal Calc. For C28H52P3OClRu: C, 52.98; H, 8.26; Found: C, 53.00; H, 8.26. 
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(PCP)Ru(CO)(NHPh) (3.2). To a 20 mL THF solution of (PCP)Ru(CO)(OTf) (3.4) 

(0.2400 g, 0.357 mmol) was added two equivalents of LiNHPh (0.0700 mg, 0.707 mmol). 

The color changed rapidly from brown-red to black with an observed change in the CO 

absorption (IR spectroscopy) from 1936 cm-1 to 1901 cm-1. The volatiles were removed 

under reduced pressure, and the residue solid was extracted with 10 mL of benzene. After 

filtration through a fine porosity frit, the volatiles were removed from the filtrate. The 

resulting dark green micro-crystalline solid was washed with 10 mL of pentane and dried in 

vacuo (0.1100 g, 50%). IR (THF solution): νCO = 1901 cm-1, νNH = 3420 cm-1. 1H NMR 

(CD2Cl2, δ): 7.09 (2H, phenyl, d, 3JHH = 7 Hz), 6.93 (2H, phenyl, t, JHH = 7 Hz), 6.86 (1H, 

phenyl, t, JHH = 7 Hz), 6.70 (2H, phenyl, d, JHH = 7 Hz), 6.36 (1H, phenyl, t, JHH = 7 Hz), 

4.75 (1H, NH, br s), 3.41 (4H, PCP CH2, m), 1.42 (18H, PCP CH3, vt, N = 12 Hz), 1.14 

(18H, PCP CH3, vt, N = 12 Hz). 31P{1H} NMR (CD2Cl2, δ): 72.6 ppm. 13C{1H} NMR 

(CD2Cl2, δ): 211.4 (CO, t, 2JPC = 12 Hz), 169.4, 162.8, 128.4, 123.5, 119.7, 113.3 (each a s, 

PCP phenyl and amido phenyl), 151.5 (t, JPC = 9 Hz, PCP phenyl), 121.9 (t, JPC = 10 Hz, 

PCP phenyl), 37.0 (PCP CH2 and CMe3, overlapping multiplets), 30.6, 30.1 (PCP CH3, each 

a vt, N = 4 Hz). Complex 3.2 decomposes rapidly (within hours) at room temperature under 

inert atmosphere and decomposes immediately upon exposure to air. As a result, elemental 

analysis was not acquired. 

(PCP)Ru(CO)(PMe3)(NHPh) (3.3).  (PCP)Ru(CO)(PMe3)(Cl) (3.5) (0.3540 g, 0.56 

mmol) in 40 mL of benzene was added to approximately 0.3 mL of PMe3.  To the resulting 

solution, two equivalents of LiNHPh (~ 0.110 g) were added. The mixture was stirred for 

approximately 12 hours during which time a color change from yellow to orange was noted. 
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The solution was filtered through a fine porosity frit, and the filtrate was dried under 

reduced pressure. The resulting residue was washed with 3 x 10 mL of pentane to yield a 

yellow solid that was dried under vacuum (0.1500 g, 40%). IR (benzene solution): νCO = 

1904 cm-1, νNH = 3342 cm-1. 1H NMR (toluene-d8,δ): 7.20 (4H, phenyl, overlapping 

multiplets), 7.01 (1H, amido phenyl, br t, 3JHH = 7 Hz), 6.36 (1H, amido phenyl, br t, 3JHH 

= 7 Hz), 6.19 (1H, amido phenyl ortho, br d, 3JHH = 7 Hz), 5.95 (1H, amido phenyl ortho, 

br d, 3JHH = 7 Hz), 3.53 (2H, PCP CH2, m), 3.30 (2H, PCP CH2, m), 1.71 (9H, PMe3, br s, 

at 283 K resonates as a doublet with 2JPC = 5 Hz), 1.21 (18H, PCP CH3, br vt), 1.10 (18H, 

PCP CH3, br vt). 31P{1H} NMR (CDCl3, δ): 72.0 (PCP, br s), -38.4 (PMe3, t, 2JPP = 18 Hz). 

13C{1H} NMR (C6D6, S): 207.4 (CO, dt, 2JPC = 13, 9 Hz), 161.8, 147.5, 128.7, 124.3, 122.5, 

119.5, 114.6, 107.6 (each a s, PCP phenyl and amido phenyl), 38.5 (br s, PCP CH2, m), 37.0 

(PCP CMe3, m), 30.8 (PCP CH3, m), 16.3 (P(CH3)3, d, 1JPC = 13 Hz).  Complex 3.3 rapidly 

decomposes in solution (decomposition is observed after several hours) and within a few 

days in the solid state under inert atmosphere (the observed decomposition is significantly 

slower in the presence of added PMe3). 

(PCP)Ru(CO){N(H)C(Me)N(Ph)} (3.6).  Method A. (PCP)Ru(CO)(Cl) (3.1) (0.4240 

g, 0.760 mmol) was dissolved in 50 mL of CH3CN to obtain a pale yellow solution.  IR 

spectroscopy revealed two CO absorptions at 1950 cm-1 and 1927 cm-1. The absorption at 

1927 cm-1 is due to (PCP)Ru(CO)(Cl), and the absorption at 1950 cm-1 is likely due to 

(PCP)Ru(CO)(Cl)(NCMe). Two equivalents of LiNHPh (~ 0.1500 g) were added to the 

reaction solution, and the mixture was stirred for 30 minutes during which time a large 

amount of precipitate was observed. After filtration through a fine porosity frit, the filtrate 

was dried under reduced pressure. The resulting residue was dissolved in 50 mL pentane, 
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filtered, and the volatiles were removed from the filtrate under reduced pressure.  A yellow-

green powder was dried in vacuo (0.0750 g, 15%).  Crystals suitable for X-ray diffraction 

study are obtained from slow evaporation of the Et2O solution at room temperature.  IR 

(THF solution): νCO = 1898 cm-1, νNH =3360 cm-1.  1H NMR (C6D6, δ): 7.27 (2H, amidinate 

phenyl, t, 3JHH = 8 Hz), 7.17 (2H, amidinate phenyl, d, 3JHH = 8 Hz), 7.01 (3H, PCP phenyl, 

br m), 6.84 (1H, amidinate phenyl, t, 3JHH = 8 Hz), 3.84 (1H, NH, br s), 3.20 (4H, PCP 

CH2, m), 1.58 (3H, CH3CN, s), 1.18 (18H, PCP CH3, vt, N = 12 Hz), 1.04 (18H, PCP CH3, 

vt, N = 12 Hz). 31P{1H} NMR (C6D6, δ): 78.2 ppm. 13C{1H} NMR (C6D6, δ):211.3 (CO, t, 

2JPC = 13 Hz), 169.7, 166.7, 150.2, 148.1, 128.5, 123.3, 122.5, 120.9, 119.2 (PCP and 

amidinate phenyl and amidinate NCN), 37.6 (PCP CH2, CMe3, overlapping multiplets), 

31.4, 31.2 (PCP CH3), 23.8 (CH3CN). Anal Calcd for C33H52P2ON2Ru: C, 60.44; H, 7.99; N, 

4.27; Found: C, 60.89; H, 8.08; N, 4.46.  Method B. A benzene solution (50 mL) of 

(PCP)Ru(CO)(Cl) (3.1) (0.5600 g, 1.0 mmol) was added to excess PMe3 (0.45 mL, 5.0 

mmol). To the resulting yellow solution was added 1.5 equivalents of LiNHPh (~ 0.1500 g). 

After stirring for 1 hour, ten equivalents of CH3CN (0.52 mL) were added, and the mixture 

was stirred for 24 hours. The solution was filtered through a fine porosity frit, and the 

volatiles were removed from the filtrate. Extraction using 50 mL of hexanes was followed 

by filtration. The hexanes filtrate was dried under reduced pressure, and the resulting solid 

was washed with 10 mL of CH3CN to yield a light green powder (0.2300 g, 35%). Although 

yields for the isolation of 3.6 are low, monitoring the reaction of 

(PCP)Ru(CO)(PMe3)(NHPh) (3.3) with acetonitrile by NMR spectroscopy (see kinetic 

experiments below) reveals nearly quantitative conversion to complex 3.6. 
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(PCP)Ru(CO)(N(Ph)C(Ph)NH) (3.7).  A 100 mL round bottom flask was charged with 

(PCP)Ru(CO)Cl (3.1) (0.460 g, 0.82 mmol),  40 mL of benzene and excess PMe3 (0.2 mL, 

1.9 mmol).  To this solution was added 1.5 equiv of LiNHPh (0.130 g, 1.3 mmol).  After 

stirring for 30 minutes, excess benzonitrile (1.0 mL, 9.8 mmol) was added, and the reaction 

mixture was stirred for 24 hours.  The volatiles were evaporated under reduced pressure, and 

the residue was washed with acetonitrile to give yellow-green powder that was collected by 

vacuum filtration and dried in vacuo (0.280 g, 48 %).  IR (THF solution): νCO = 1898 cm-1, 

νNH = 3342 cm-1.  1H NMR (CDCl3, δ): 7.24 (5H, m, phenyl), 7.03 (2H, t, JHH = 12 Hz, 

phenyl), 6.90 (2H, d, JHH = 7 Hz, phenyl), 6.70 (4H, m, phenyl), 4.88 (1H, br s, NH), 3.36 

(4H, m, PCP CH2), 1.23 (18H, vt, N = 12 Hz, PCP CH3), 1.19 (18H, vt, N = 12 Hz, PCP 

CH3).  31P{1H} NMR (CDCl3, δ): 77.9.  13C{1H} NMR (C6D6, δ):  212.1 (CO, t, JPC = 13 

Hz), 169.2, 167.2, 150.6, 147.9, 137.4, 131.9, 131.8, 128.8, 128.4, 128.3, 127.7, 123.7, 

123.2, 121.4 (phenyl and NCN), 37.2-37.8 (overlapping multiplets, PCP CH2 and CMe3), 

31.4, 31.1 (vt, N = 4 Hz, PCP CH3).  Anal. Calc. for C38H54N2OP2Ru: C, 63.49; H, 7.58; N, 

3.90. Found: C, 63.65; H, 7.72; N, 3.82. 

(PCP)Ru(CO)(N(Ph)C(p-F-C6H4)NH) (3.8).  The reaction procedure is analogous to 

that reported for complex 3.7; however, p-FC6F4CN was used in place of benzonitrile and 

the final isolation was performed by dissolving the residue in 2 mL of benzene and adding 

10 mL of acetonitrile to precipitate the product.  Vacuum filtration through a fine porosity 

frit allowed collection of the green solid that was dried under vaccum (49 % isolated yield).  

IR (THF solution):  νCO = 1898 cm-1, νNH = 3344 cm-1.  1H NMR (C6D6, δ): 7.00 - 7.12 (9H, 

overlapping m's, phenyl), 6.74 (1H, t, JHH = 7 Hz, phenyl), 6.60 (2H, t, JHH = 8 Hz, phenyl), 
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4.59 (1H, br s, NH), 3.20 (4H, m, PCP CH2), 1.17 (18H, vt, N = 12 Hz, PCP CH3), 1.06 

(18H, vt, N = 12 Hz, PCP CH3).  31P{1H} NMR (C6D6, δ):  78.6. 19F{1H} NMR (C6D6, δ):  -

111.8.  13C{1H} NMR (C6D6, δ):  212.0 (t, JPC = 13 Hz, CO), 169.0, 165.8, 164.6, 161.3, 

150.4, 147.8, 133.4, 129.7, 129.6, 128.5, 128.4, 123.7, 123.2, 121.4, 120.0, 115.4, 115.1 

(phenyl and NCN), 37.1 - 37.7 (PCP CH2 and CMe3, overlapping multiplets), 31.3, 31.0 

(each a vt, N = 4 Hz, PCP CH3).  Anal. Calc. for C38H53FN2OP2Ru: C, 62.02; H, 7.26; N, 

3.81. Found: C, 62.52; H, 7.13; N, 3.82. 

(PCP)Ru(CO)(N(Ph)C(p-MeC6H4)NH) (3.9).  The reaction procedure is analogous to 

that reported for complex 3.7; however, p- MeC6H4CN was used in place of benzonitrile and 

the final isolation was performed by dissolving the residue in 2 mL of benzene and adding 

10 mL of acetonitrile to precipitate the product.  Vacuum filtration through a fine porosity 

frit allowed collection of the green solid that was dried under vaccum (52 % isolated yield).  

IR (THF solution):  νCO = 1898 cm-1, νNH = 3348 cm-1.  1H NMR (C6D6, δ): 7.24 (2H, d, JHH 

= 8 Hz, phenyl), 7.13 (4H, m, phenyl), 7.02 (3H, m, phenyl), 6.82 (2H, d, JHH = 7 Hz, 

phenyl), 6.74 (1H, d, JHH = 7 Hz, phenyl), 4.73 (1H, br s, NH), 3.21 (4H, m, PCP CH2), 1.95 

(3H, s, p-CH3), 1.19 (18H, vt, N = 12 Hz , PCP CH3), 1.10 (18H, vt, N = 12 Hz, PCP CH3).  

31P{1H} NMR (C6D6, δ):  78.6.  13C{1H} NMR (C6D6, δ):  212.1 (CO, t, JPC = 13 Hz), 

169.3, 167.4, 150.8, 147.9, 138.6, 134.7, 129.0, 128.4, 127.7, 123.7, 123.1, 121.4, 119.7 

(phenyl and NCN), 37.1 - 37.7 (PCP CH2 and CMe3, overlapping multiplets), 31.4, 31.0 

(each a vt, N = 4 Hz, PCP CH3), 21.5 (phenyl CH3). Anal. Calc. for C39H56N2OP2Ru: C, 

64.00; H, 7.71; N, 3.81. Found: C, 64.15; H, 7.43; N, 3.61. 
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(PCP)Ru(CO){N(H)C(C6F5)N(Ph)} (3.10). (PCP)Ru(CO){N(H)C(Me)N(Ph)} (3.6) 

(0.1000 g, 0.152 mmol) in 20 mL of pentane was added to an excess of C6F5CN (0.3000 g, 

1.55 mmol). The reaction solution was stirred for approximately 12 hours followed by 

removal of the volatiles under reduced pressure. The residue was washed with acetonitrile 

several times to yield an orange solid (0.0850 g, 70%).  IR (THF solution): νCO = 1898 cm-1, 

νNH = 3360 cm-1.  1H NMR (C6D6, δ): 7.12 (2H,phenyl, overlapping multiplets), 7.00 (5H, 

phenyl, overlapping multiplets), 6.78 (1H, phenyl, t, JHH = 7 Hz), 4.82 (1H, NH, br s), 3.22 

(4H, PCP CH2, m), 1.16 (18H, PCP CH3, vt, N = 12 Hz), 1.08 (18H, PCP CH3, vt, N = 12 

Hz). 31P{1H} NMR (C6D6, δ): 79.5 ppm.  19F NMR (C6D6, δ): -136.9 (2F), -153.5 (1F), -161.3 

(2F).  13C{1H} NMR (C6D6, δ): 212.0 (CO, t, 2JPC = 13 Hz), 168.4, 150.4, 149.9, 

147.8,128.6, 123.1, 121.8, 121.3, 120.6 (PCP/amidinate phenyl rings and amidinate NCN), 

37.8 (PCP CH2, t, JPH = 5 Hz), 37.4 (PCP CMe3, t, JPH = 11 Hz), 31.4 (PCP CH3), 31.1 (PCP 

CH3). The C6F5 ring carbons were not located. The difficulty in observing the C6F5 carbons 

is likely a result of poor signal-to-noise due to C-F coupling. 

(PCP)Ru(CO)(F)(N(H)C(C6F5)NHPh) (3.11).   A round bottom flask was charged 

with benzene (~ 10 mL), (PCP)Ru(CO)(N(H)C(C6F5)NPh) (3.10) (0.200 g, 0.25 mmol), 

C6F5CN (0.480 g, 2.5 mmol) and H2O (45 µl, 2.5 mmol).  The resulting solution was stirred 

for 12 hours.  The volatiles were evaporated under reduced pressure, the residue washed 

with 2 x 10 mL of pentane and then collected by vacuum filtration.  The brown 

microcrystalline solid was dried in vacuo (0.165 g, 80 %).  Crystals suitable for an X-ray 

diffraction study are obtained from the toluene solution layered with pentane at room 

temperature.   IR (CH2Cl2 solution): νCO = 1896 cm-1, νNH = 3364 cm-1.  1H NMR (CD2Cl2, 
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δ): 12.7 (1H, F HN(Ph), d, JHF = 62 Hz), 7.14 (2H, phenyl, d, JHH = 7 Hz), 7.01 (1H, 

phenyl, t, JHH = 7 Hz), 6.94 (2H, phenyl, d, JHH = 7 Hz), 6.81 (1H, br s, Ru-NH), 6.78 (1H, t, 

JHH = 7 Hz, phenyl), 6.70 (2H, d, JHH = 7 Hz, phenyl), 3.50 (2H, m, PCP CH2), 3.27 (2H, m, 

PCP CH2), 1.32 (18H, vt, N = 12 Hz, PCP CH3), 1.23 (18H, vt, N = 12 Hz, PCP CH3).  

31P{1H} NMR (CD2Cl2, δ):  80.5 (d, JPF = 17 Hz).  13C{1H} NMR (CD2Cl2, δ): 169.2, 156.1, 

149.0, 139.1, 129.3, 124.8, 123.1, 122.4, 121.5 (phenyl and NCN), 36.1 (overlapping m's, 

PCP CH2 and CMe3), 30.9, 30.7 (each a vt, N = 4 Hz, PCP CH3), CO and C6F5 ring carbons 

were not observed due to C-F coupling.  19F NMR (CD2Cl2, δ): -11.3 (dt, JHF = 62 Hz, JPF = 

17 Hz), -139.3, -151.7, -160.9 (each multiplet, C6F5 ring).  Repeated attempts to obtain 

elemental analysis failed to produce satisfactory results.  

 (PCP)Ru(CO)[PhNC{NH(hx)}N(hx)] (3.12).  (PCP)Ru(CO)OTf (3.4) (0.2100 g, 0.31 

mmol) was dissolved in 10 mL of THF and approximately 2 equiv of LiNHPh (0.060 g, 0.61 

mmol) were added.  After stirring for approximately 30 minutes, the volatiles were 

evaporated under reduced pressure.  The residue was extracted with 10 mL of benzene and 

filtered through a fine porosity frit.  The dark green filtrate was combined with excess PMe3 

(0.1 mL, 1 mmol), and the color changed to yellow.  Two equiv of N,N-dihexylcarbodiimide 

(0.1300 mg, 0.62 mmol) were added to the solution, and the reaction mixture was stirred for 

two hours.  The solution was concentrated to approximately 3 mL, and 10 mL of CH3CN 

were added to precipitate the product.  Filtration through a fine porosity frit and drying in 

vacuo provided a green powder (0.105 g, 41 %).  Crystals suitable for an X-ray diffraction 

study were obtained by cooling a toluene/acetonitrile (1:5) solution to –20 oC for a several 

days.  IR (THF solution):  νCO = 1894 cm-1.  1H NMR (C6D6, δ): 7.40 (2H, d, JHH = 8 Hz, 

 122



phenyl), 7.30 (2H, t, JHH = 8 Hz, phenyl), 7.02 (3H, s, PCP phenyl), 6.80 (1H, t, JHH = 8Hz, 

phenyl), 3.30 (2H, m, PCP CH2), 3.16 (2H, m, PCP CH2), 3.00 (4H, m, NCH2), 1.60 (2H, m, 

CH2), 1.0 – 1.3 (50H, overlapping m's, PCP CH3 and hexyl), 0.80 (6H, overlapping m's, 

CH3).  31P{1H} NMR (C6D6, δ):  75.3. 13C{1H} NMR (C6D6, δ):  212.5 (t, JPC = 16 Hz, CO), 

170.5, 159.1, 153.2, 148.2, 129.4, 128.2, 123.8, 122.8, 121.7, 121.1,117.0 (phenyl and 

NCN), 48.1, 44.3, 42.3, 37.6, 37.3, 36.7, 32.2, 32.0, 31.7, 30.9, 30.5, 30.1, 28.6, 27.0, 23.0, 

14.4 (PCP CH3 and hexyl).  Anal. Calc. for C44H75N3OP2Ru: C, 64.05; H, 9.16; N, 5.09. 

Found: C, 64.00; H, 9.15; N, 5.01. 

(PCP)Ru(CO){N(Ph)C(NHPh)O} (3.13).  (PCP)Ru(CO)OTf (3.4) (0.430 g, 0.64 

mmol) was dissolved in 20 mL of THF and 2 equiv of LiNHPh (0.120 g, 1.2 mmol) were 

added.  After stirring for approximately 30 minutes, the volatiles were evaporated under 

reduced pressure.  The residue was extracted with 10 mL of benzene and filtered through a 

fine porosity frit.  The dark green benzene filtrate was combined with excess PMe3 (0.2 mL, 

2 mmol), and the color changed to yellow.  Excess phenyl isocyanate (0.10 mL, 0.92 mmol) 

was added to the reaction solution followed by stirring for one hour.  The reaction solution 

was reduced to dryness under reduced pressure, and the residual material was washed with 

MeOH.  Vacuum filtration through a fine porosity frit followed by drying in vacuo yielded a 

green powder (0.200 g, 44 %).  Crystals suitable for an X-ray diffraction study were 

obtained by cooling a toluene/pentane (1:5) solution of 3.13 to –20 ºC for one day.  IR (THF 

solution):  νCO = 1902 cm-1.  1H NMR (C6D6, δ):  7.36 (2H, d, JHH = 7 Hz, phenyl), 7.27 (2H, 

t, JHH = 7 Hz, phenyl), 7.15 (2H, d, JHH = 7 Hz, phenyl), 7.04 (5H, overlapping m's, phenyl), 

6.87 (1H, t, JHH = 7 Hz, phenyl), 6.76 (1H, t, JHH = 7 Hz, phenyl), 3.25 (4H, m, PCP CH2), 

1.18 (18H, vt, N = 12 Hz, PCP CH3), 1.11 (18H, vt, N = 12 Hz, PCP CH3).  31P{1H} NMR 

 123



(C6D6, δ):  75.6.  13C{1H} NMR (C6D6, δ):  211.3 (t, JPC = 13 Hz, CO), 167.6, 155.4, 149.0, 

148.1, 139.4, 129.8, 128.8, 123.5, 123.3, 121.8, 121.1, 117.9 (phenyl and NCN), 37.3, 36.8 

(each a t, JPC = 5 Hz, PCP CMe3), 36.5 (t, JPC = 10 Hz, PCP CH2), 30.8, 30.7 (each a t, JPC = 

2 Hz, PCP CH2).  Anal. Calc. for C38H54N2O2P2Ru: C, 62.19; H, 7.42; N, 3.82. Found: C, 

62.13; H, 7.08; N, 3.74. 

(PCP)Ru(CO){OC(Ph)N(Ph)} (3.14).  (PCP)Ru(CO)OTf (3.4) (0.190 g, 0.28 mmol) 

was dissolved in 10 mL of THF and 2 equiv of LiNHPh (0.050 g, 0.51 mmol) were added.  

The mixture was stirred for 30 minutes and then  the volatiles were removed under reduced 

pressure.  The residue was extracted with 10 mL of benzene and filtered through a fine 

porosity frit.  The dark green benzene filtrate was combined with PMe3 (0.1 mL, 1 mmol) 

with a color change to yellow observed.  One equivalent of benzanilide (0.055 g, 0.28 

mmol) was added, and the reaction mixture was stirred for 2 hours.  The solution was 

concentrated to 3 mL under reduced pressure, and 10 mL of CH3CN were added to 

precipitate the product.  Filtration through a fine porosity frit and drying in vacuo yielded a 

green powder (0.110 g, 55 %).  Crystals suitable for an X-ray diffraction study were 

obtained by slow evaporation of a pentane solution of 3.14.  IR (THF solution):  νCO = 1902 

cm-1.  1H NMR (C6D6, δ):  7.67 (2H, m, phenyl), 7.28 (2H, d, JHH = 8 Hz, phenyl), 7.10 (2H, 

t, JHH = 6 Hz, phenyl), 7.06 (3H, s, PCP phenyl), 6.98 (3H, m, phenyl), 6.82 (1H, t, JHH = 6 

Hz, phenyl), 3.34 (2H, m, PCP CH2), 3.22 (2H, m, PCP CH2), 1.15 (36H, overlapping m's, 

PCP CH3).  31P{1H} NMR (C6D6, δ):  75.9.  13C{1H} NMR (C6D6, δ):  211.4 (t, JPC = 12 Hz, 

CO), 170.7, 167.9, 149.0, 148.6, 135.7, 126.6, 129.4, 128.6, 124.5, 123.5, 122.2, 121.7 

(phenyl and NCN), 37.6, 36.9 (t, JPC = 6 Hz, PCP CMe3), 36.7 (t, JPC = 10 Hz, PCP CH2), 
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31.0, 30.8 (vt, N = 4 Hz, PCP CH3). Anal. Calc. for C38H53NO2P2Ru: C, 63.49; H, 7.43; N, 

1.95. Found: C, 63.49; H, 7.47; N, 2.02. 

(PCP)Ru(CO){OC(Me)N(Me)} (3.15).  The procedure used is analogous to that for 

complex 3.13 with 3.14 isolated in 50 % yield.  IR (THF solution):  νCO = 1902 cm-1.  1H 

NMR (C6D6, δ):  7.06 (3H, m, phenyl), 3.30 (2H, m, PCP CH2), 3.15 (2H, m, PCP CH2), 

2.96 (3H, s, CH3), 1.49 (3H, s, CH3), 1.24 (18H, vt, N = 12 Hz,  PCP CH3), 1.18 (18H, vt, N 

= 12 Hz, PCP CH3).  31P{1H} NMR (C6D6, δ):  75.0.  13C{1H} NMR (C6D6, δ):  210.7 (t, JPC 

= 12 Hz, CO), 173.6, 169.4, 149.5, 122.9, 121.3 (phenyl and NCN), 36.2 – 37.8 

(overlapping multiplets, PCP CH3), 30.9, 30.8 (vt, N = 4 Hz, PCP CH3), 19.2 (s, CH3).  

Anal. Calc. for C28H49NO2P2Ru: C, 56.55; H, 8.30; N, 2.36. Found: C, 56.53; H, 8.06; N, 

2.34. 

(PCP)Ru(CO)(PMe3)(H) (3.16).   (PCP)Ru(CO)H (0.100 g, 0.19 mmol) was dissolved 

in 10 mL of benzene.  Excess PMe3 (0.1 mL, 1.1 mmol) was added via syringe with an 

immediate color change from red to yellow.  After stirring for 10 minutes, the volatiles were 

removed under reduced pressure to give a yellow powder (0.110 g, 96 %).  IR (THF 

solution): νCO = 1900 cm-1.  1H NMR (C6D6, δ): 7.00 (3H, m,  phenyl), 3.16 (4H, 

overlapping m's, PCP CH2), 1.28 (18H, vt, N = 12 Hz, PCP CH3), 1.22 (18H, vt, N = 12 Hz, 

PCP CH3). 0.92 (9H, d, JPH = 5 Hz, P(CH3)3), -9.60 (1H, m, Ru-H).  31P{1H} NMR (C6D6, 

δ): 104.5 (br s, PCP), -22.3 (br s, PMe3).  13C{1H} NMR (C6D6, δ): 207.5 (m, CO), 150.4, 

138.5, 122.9, 120.5 (phenyl), 40.4, 38.4, 35.2 (PCP CH2 and CMe3), 31.4, 29.7 (vt, N = 4 

Hz, PCP CH3), 21.1 (d, 1JPC = 16 Hz, PMe3).  Anal. Calc. For C28H53OP3Ru: C, 56.08; H, 

8.91. Found: C, 55.67; H, 8.89. 

 125



(PCP)Ru(CO)(CNtBu)(NHPh) (3.17).  (PCP)Ru(CO)OTf (3.4) (0.2100 g, 0.31 mmol) 

was dissolved in 10 mL of THF and 2 equiv of LiNHPh (0.060 g, 0.61 mmol) were added.  

After stirring for 30 minutes, the volatiles were evaporated under reduced pressure.  The 

residue was extracted with 10 mL of benzene and filtered through a fine porosity frit.  The 

dark green benzene filtrate was combined with PMe3 (0.1 mL, 1 mmol) with an immediate 

color change to yellow.  Two equiv of t-butyl isonitrile (0.07 mL, 0.6 mmol) were added, 

and the reaction mixture was stirred for 30 minutes.  The solution was concentrated to 1 mL 

under reduced pressure, and 10 mL of CH3CN were added to precipitate the product.  

Filtration through a fine porosity frit and drying in vacuo provided a green powder (0.090 g, 

42 %).  IR (THF solution):  νCO = 1923 cm-1, νNH = 3346 cm-1, νCN = 2124 cm-1.  1H NMR 

(C6D6, δ):  7.20 (1H, t, JHH = 7 Hz, phenyl), 7.13 (3H, overlapping m's, phenyl), 7.02 (1H, t, 

JHH = 7 Hz, phenyl), 6.68 (1H, d, JHH = 7 Hz, phenyl), 6.39 (1H, t, JHH = 7 Hz, phenyl), 6.14 

(1H, d, JHH = 7 Hz, phenyl), 3.47 (2H, m, PCP CH2), 3.23 (2H, m, PCP CH2), 1.21 (18H, vt, 

N = 12 Hz, PCP CH3), 1.17 (9H, s, CNtBu CH3), 1.10 (18H, vt, N = 12 Hz, PCP CH3).  

31P{1H} NMR (C6D6, δ):  83.2.  13C{1H} NMR (C6D6, δ): 206.7 (CO, t, 2JPC = 12 Hz), 

175.0, 163.1, 156.0, 148.6, 124.2, 122.3, 118.8, 114.5, 108.0 (phenyl and CNtBu), 56.2 (s, 

NCMe3), 38.0 (PCP CH2, t, JPC = 10 Hz), 37.1, 36.7 (PCP CMe3, each t, JPC = 6 Hz), 31.6, 

31.1 (PCP CH3, each vt, N = 4 Hz), 30.4 (isonitrile CH3). Anal. Calc. For C36H58N2OP2Ru: 

C, 61.96; H, 8.38; N, 4.01. Found: C, 62.02; H, 8.39; N, 3.96. 

(PCP)Ru(CO)(OH) (3.18).  To a solution of (PCP)Ru(CO)Cl (3.1) (0.200 g, 0.36 

mmol) in 15 mL of THF was added an excess CsOH·H2O.  The mixture was stirred 

overnight (~ 12 hours), and the CO absorption (IR spectroscopy) was observed to change 

from 1919 cm-1 to 1896 cm-1.  The solution was filtered through a fine porosity frit, and the 

 126



volatiles were removed from the filtrate under reduced pressure to give a brown powder 

(0.180 g, 92 %).  NMR and IR spectroscopy revealed a clean product and no further 

purification steps were taken.  IR (THF solution):  νCO = 1896 cm-1.  1H NMR (C6D6, δ): 

6.98 (3H, m, phenyl), 3.85 (1H, br s, OH), 3.03 (4H, overlapping m's, PCP CH2), 1.22 (36H, 

overlapping m's, PCP CH3).  31P{1H} NMR (C6D6, δ): 67.3.   13C{1H} NMR (C6D6, δ): 

212.2 (CO, t, 2JPC = 12 Hz), 162.9 (t, JPC = 2 Hz, phenyl), 149.4 (t, JPC = 7 Hz, phenyl), 

128.0 (s, phenyl), 122.4 (t, JPC = 7 Hz, phenyl), 36.8, 35.7 (each a vt, N = 14 Hz, PCP 

CMe3), 34.2 (vt, N = 20 Hz, PCP CH2), 30.0 (overlapping m's, PCP CH3).  Anal. Calc. For 

C25H44O2P2Ru: C, 55.64; H, 8.22. Found: C, 55.40; H, 8.10. 

(PCP)Ru(CO)(PMe3)(OH) (3.19).  To a solution of (PCP)Ru(CO)(OH) (3.18) (0.100 g, 

0.2 mmol) in 10 mL of benzene was added excess PMe3 (0.1 mL).  Upon addition of PMe3, 

the color of the solution changed from brown to yellow.  After stirring at room temperature 

for 5 minutes, the volatiles were evaporated under reduced pressure to give a yellow 

powder.  After drying in vacuo, 0.110 g of the yellow powder was isolated (97 %).  IR (THF 

solution): νCO = 1892 cm-1.  1H NMR (C6D6, δ): 7.11 (3H, m, phenyl), 3.50 (2H, m, PCP 

CH2), 3.23 (2H, m, PCP CH2), 1.45 (9H, d, 2JPH = 6 Hz, PMe3), 1.24 (18H, vt, N = 12 Hz, 

PCP CH3), 1.17 (18H, vt, N = 12 Hz, PCP CH3). -4.42 (1H, d, JPH = 8 Hz, OH).  31P{1H} 

NMR (C6D6, δ): 74.9 (d, 2JPP = 20 Hz, PCP phosphine), -23.2 (t, 2JPP = 20 Hz, PMe3).  

13C{1H} NMR (C6D6, δ): 206.2 (CO, m), 148.5 (t, JPC = 7 Hz, phenyl), 128.9 (s, phenyl), 

124.3 (s, phenyl), 122.0 (m, phenyl), 39.8 (m, PCP CH2), 38.7, 37.3 (each a vt, N = 4 Hz, 

PCP CMe3), 31.7, 31.3 (each a vt, N = 4 Hz, PCP CH3), 23.0 (d, 1JPC = 18 Hz, P(CH3)3).  

Anal. Calc. For C28H53O2P3Ru: C, 54.62; H, 8.68. Found: C, 54.71; H, 8.48. 
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(PCP)Ru(CO)(CNtBu)(OH) (3.20).  Excess CNtBu (0.1 mL) was added to a solution of 

(PCP)Ru(CO)(OH) (3.18) (0.100 g, 0.19 mmol ) in 10 mL of benzene.  The addition of the 

isonitrile resulted in an immediate color change from brown to yellow.  After stirring for 

five minutes, the volatiles were removed under reduced pressure to give a pale yellow 

powder.  After drying in vacuo, 0.105 g of yellow powder was isolated (95 %).  IR (THF 

solution): νCN = 2123 cm-1, νCO = 1906 cm-1.  1H NMR (C6D6, δ):  7.16 (3H, m, phenyl), 

3.64 (2H, m, PCP CH2), 3.24 (2H, m, PCP CH2), 1.37 (18H, vt, N = 12 Hz, PCP CH3), 1.28 

(18H, vt, N = 12 Hz, PCP CH3), 1.04 (9H, s, isonitrile CH3), -4.53 (br s, OH).  31P{1H} 

NMR (C6D6, δ):  86.8.  13C{1H} NMR (C6D6, δ): 206.0 (CO, t, 2JPC = 12 Hz), 176.8, 149.0, 

128.4, 123.7, 121.6 (PCP phenyl and CN), 55.6 (CNCMe3), 37.7 and 36.5 (overlapping, 

PCP CH2 and CMe3), 31.1 and 30.9 (each a vt, N = 4 Hz, PCP CH3), 30.6 (CNCMe3).  Anal. 

Calc. For C30H53NO2P2Ru: C, 57.86; H, 8.58; N, 2.25.  Found: C, 57.79; H, 8.43; N, 2.29. 

Reaction of (PCP)Ru(CO)(NHPh)(PMe3) (3.3) with benzaldehyde.  A screw cap 

NMR tube was charged 20 mg of (PCP)Ru(CO)(NHPh)(PMe3) (3.3) in 0.6 mL of C6D6.  

Approximately 2 equiv of benzaldehyde (~ 5 µL) were added via microsyringe.  After 12 

hours at room temperature, the color of the reaction solution changed from green to yellow.  

The 1H NMR spectrum revealed a complex mixture of products. 31P NMR spectroscopy 

showed two major products consistent with formation of the amidate complex 

(PCP)Ru(CO){OC(Ph)N(Ph)} (3.14) (75.6 ppm) (~ 40 %) and the free organic substrate 

PCPH (34.0 ppm) (~ 30 %).  The assignments of these resonances were confirmed upon 

addition of authentic samples.  The existence of free PCPH was also consistent with 31P 

NMR spectroscopy as well as a resonance at 2.9 ppm in the 1H NMR spectrum.  From the 

reaction mixture, complex 3.14 was isolated in approximately 20 to 30 % yield depending 
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on the scale of the reaction.  The ruthenium hydride complexes (PCP)Ru(CO)(PMe3)H 

(3.16) (~ 10 %) and (PCP)Ru(CO)H (~ 5 %) were also observed by 1H and 31P NMR 

spectroscopy and confirmed upon addition of authentic samples.  Other uncharacterized 

compounds were observed by 31P NMR spectroscopy with total yield < 15 % as estimated 

by 31P NMR resonances. 

p- and o-MeOC6F4CN.  The previously reported procedure was used to prepare p- and 

o-MeOC6F4CN.323  The product mixture was analyzed by 19F NMR in C6D6.  Three 

compounds were observed using 19F NMR spectroscopy (δ):  starting material C6F5CN:  -

133.2 (m), -144.6 (tt, JFF = 21.7, 5.6 Hz) and -159.5 (m); p-MeOC6F5CN (> 90 % product): -

135.5 (d, JFF =  13 Hz) and -157.1 (d, JFF = 13 Hz); o-MeOC6F4CN (< 10 % product): -133.9 

(ddd, JFF = 21, 7, 4 Hz), -147.0 (td, JFF = 21, 4 Hz), -156.8 (ddd, JFF = 21, 7, 4 Hz), and -

162.9 (t, JFF = 21 Hz).  Some fluorine resonances exhibit evidence of coupling that is not 

resolved. 

Reaction of (PCP)Ru(CO)(N(H)C(C6F5)NPh) (3.10), C6F5CN and H2O.  An NMR 

tube was charged with complex 3.10 (0.0200 g, 0.025 mmol) and C6D6 (0.5 mL). Ten 

equivalents each of C6F5CN (0.050 g, 0.25 mmol) and H2O (5 µl, 0.25 mmol) were added, 

and the solution was monitored by NMR spectroscopy.  After 12 hours, all of the 

(PCP)Ru(CO)(N(H)C(C6F5)NPh) was quantitatively transformed to 

(PCP)Ru(CO)(F)(N(H)C(C6F5)NHPh) (3.11) according to 1H, 31P and 19F NMR 

spectroscopy.  19F NMR spectroscopy also revealed multiple new resonances accompanied 

by excess C6F5CN and complex 3.11. These new organic species were not assigned due to 

the formation of multiple species in low yields. 
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Reaction of (PCP)Ru(CO)(N(H)C(C6F5)NPh) (3.10), C6F5CN and MeOH.  An NMR 

tube was charged with complex 3.10 (0.0200 g, 0.025 mmol) and C6D6 (0.5 mL).  Ten 

equivalents each of C6F5CN (0.050 g, 0.25 mmol) and MeOH (8 µl, 0.25 mmol) were added, 

and the solution was monitored by NMR spectroscopy.  After 6 hours, all of the complex 

(PCP)Ru(CO)(N(H)C(C6F5)NPh) was quantitatively transformed to 

(PCP)Ru(CO)(F)(N(H)C(C6F5)NHPh) (3.11) as determined by 1H, 31P and 19F NMR 

spectroscopy.  19F NMR spectroscopy also revealed the new organic species o-MeOC6F4CN 

and p-MeOC6F4CN (~ 10:1 ratio).  The identity of the organic products was confirmed by 

comparison with independently made compounds (see above).  In addition, another organic 

species {-142.2 (d, JFF = 8 Hz), -153.2 (t, JFF = 22 Hz), -162.0 (m) by 19F NMR 

spectroscopy} was formed by reaction of MeOH with C6F5CN catalyzed by the base.310  The 

product mixture was also analyzed using GC-MS.  The organic products o-MeOC6F4CN and 

p-MeOC6F4CN were identified as resolved GC traces with identical parent ions in the 

corresponding mass spectra (Mw = 205).  In addition, a GC trace corresponding to the 

starting material C6F5CN was identified with Mw = 193.  The third organic product was 

identified by GC-MS with Mw = 225 and is likely the result of addition of MeOH to the CN 

triple bond of C6F5CN to produce C6F5C(=NH)OMe (as previously reported).310 

Reaction of (PCP)Ru(CO)(N(H)C(C6F5)NPh) (3.10), C6F5NO2 and MeOH.  An 

NMR tube was charged with complex 3.10 (0.0200 g, 0.025 mmol) and C6D6 (0.5 mL).  Ten 

equivalents each of C6F5NO2 (0.055 g, 0.25 mmol) and MeOH (8 µl, 0.25 mmol) were 

added, and the solution was monitored by NMR spectroscopy.  After 5 hours, all of the 

complex (PCP)Ru(CO)(N(H)C(C6F5)NPh) was quantitatively transformed to                

(PCP)Ru(CO)(F)(N(H)C(C6F5)NHPh) (3.11) as determined by 1H, 31P and 19F NMR 
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spectroscopy.  19F NMR spectroscopy also revealed two new organic species.  The major 

organic product {-148.6 (d, JFF = 20 Hz) and -157.4 (d, JFF = 20 Hz)} was assigned as p-

MeOC6F4NO2 (> 90%), and the minor product {-143.2 (ddd, JFF = 23, 7, 3 Hz), -149.8 (d, 

JFF = 23 Hz) -155.2 (m) and -161.6 (t, JFF = 23 Hz)} was assigned as o-MeOC6F4NO2 (< 

10%).  The product mixture was also analyzed by GC-MS.  The organic products p-

MeOC6F4NO2 and o-MeOC6F4NO2 were identified as resolved peaks in the GC with 

identical parent ion peaks (Mw = 225).  The starting material C6F5NO2 (Mw = 213) was also 

observed by GC-MS. 

Reaction of (PCP)Ru(CO)(F)(N(H)C(C6F5)NHPh) (3.11) with KOtBu.  An NMR 

tube was charged with (PCP)Ru(CO)(F)(N(H)C(C6F5)NHPh) (3.11) (0.0200 g, 0.24 mmol) 

and C6D6 (0.5 mL).  Excess KOtBu powder (~ 0.0200 g) was added to the benzene solution, 

and the heterogeneous reaction was monitored by NMR spectroscopy.  The concentration of 

complex 7 decreased and was accompanied by the formation of the Ru(II) amidinate 

complex (PCP)Ru(CO)(NHC(C6F5)NPh) (3.10) as determined by 1H, 31P and 19F NMR 

spectroscopy.  After approximately 20 minutes, complex 3.11 was quantitatively 

transformed to (PCP)Ru(CO)(NHC(C6F5)NPh) (3.10).  After several hours of reaction the 

color changed from yellow to dark brown, and NMR spectroscopy revealed decomposition 

of (PCP)Ru(CO)(NHC(C6F5)NPh) into multiple products. 

 Reaction of C6F5CN with KOtBu.  To a solution of C6F5CN (0.100 g, 0.52 mmol) in 5 

mL of THF was added a solution of KOtBu (0.050 g, 0.45 mmol) in 5 mL of THF.  Upon 

combination of the two solutions an immediate change from colorless to yellow was 

observed.  After stirring for one hour, the volatiles were evaporated, and the resulting 

residue was extracted with 5 mL of benzene.  The benzene filtrate was dried to a yellow oil 
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under reduced pressure, and a 19F NMR spectrum of the oil was acquired.  While a small 

amount of starting material (C6F5CN) was observed, the major product (> 70%) exhibited 

resonances at -135.5 and -149.8 ppm (each a doublet) and was assigned as p-tBuO-C6F4CN.  

Resonances attributed to the ortho substituted compound were also observed (~ 20%) at -

133.7, -147.4, -150.8 and -160.0 ppm.  Other minor products were observed in low yields 

and were not assigned. 

Rate of Phosphine Exchange between (PCP)Ru(CO)(PMe3)(NHPh) (3.3) and PMe3-

d9.  In a screw-cap NMR tube approximately 0.020 g of complex 3.3 were dissolved in 0.6 

mL of C6D6.  The NMR tube was charged with an excess of PMe3-d9 (~ 15 equivalents) and 

immediately monitored by NMR spectroscopy.  By monitoring the appearance of free PMe3 

and disappearance of the resonance due to the coordinated PMe3, the half-life for phosphine 

ligand exchange was determined to be approximately 7 minutes.  There was no change in 

the appearance of other resonances in the 1H NMR spectra. 

Kinetic Studies.  The rate of reaction of (PCP)Ru(CO)(PMe3)(NHPh) (3.3) with NCMe 

was monitored under variable concentrations of NCMe and PMe3. For all reactions, the rate 

of conversion was determined by monitoring the concentration of complex 3.3 versus time 

using 1H NMR spectroscopy.  All kinetic analyses were performed through at least two half-

lives.  Each reaction was analyzed in triplicate. The analyses of the reaction mechanism and 

kinetic data are based on the mechanism (Scheme 3.6) and rate law shown below: 

Rate Law 

-d[3.3]/dt = k1k2[3.3][CH3CN]/{k-1[PMe3] + k2[CH3CN]} 
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Pseudo first-order conditions in concentration of complex 3.3 (excess PMe3 and 

NCMe): Rate = kobs[3.3] where kobs  = k1k2[CH3CN]/{k-1[PMe3] + k2[CH3CN]} 

Typical procedure for kinetic study. To a vial of 0.0175 mg of 

(PCP)Ru(CO)(NHPh) (3.2) (0.0284 mmol) was added a small amount of 

hexamethylbenzene as internal standard and 0.60 mL of C6D6 ([3.2] = 0.0474 M). To the 

solution was added ten equivalents of PMe3 using a microsyringe (25.0 µl, 0.283 mmol). 

Upon addition of PMe3 the solution color changed from dark green to yellow. Ten 

equivalents of CH3CN (15.0 µl, 0.285 mmol) were added using a microsyringe. The solution 

was transferred to a screw cap NMR tube and monitored by 1H NMR spectroscopy at 

regular time intervals. The disappearance of (PCP)Ru(CO)(PMe3)(NHPh) (3.3) was 

measured by the integration of the resonance at 5.85 ppm with the NMR delay time set at 10 

seconds. Three sets of data were acquired. Plots of ln [3.3] versus time revealed linearity 

from which kobs was obtained. 
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3.11   Appendices (NMR Spectra) 
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Figure 3.1.  1H NMR spectrum of (PCP)Ru(CO)(NHPh) (3.2) in C6D6. 
 

 135



 

 
 

Figure 3.2.  1H NMR spectrum of (PCP)Ru(CO)(PMe3)(NHPh) (3.3) in C6D6. 
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Figure 3.3.  1H NMR spectrum of (PCP)Ru(CO)(NHC(Me)NPh) (3.6) in C6D6. 
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Figure 3.8.  1H NMR spectrum of (PCP)Ru(CO)(NHC(Ph)NPh) (3.7) in C6D6. 
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Figure 3.9.  1H NMR spectrum of (PCP)Ru(CO)(NHC(C6H4-p-F)NPh) (3.8) in C6D6. 
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Figure 3.10.  1H NMR spectrum of (PCP)Ru(CO)(NHC(C6H4-p-Me)NPh) (3.9) in C6D6. 
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Figure 3.11.  1H NMR spectrum of (PCP)Ru(CO)(NHC(C6F5)NPh) (3.10) in C6D6. 
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Figure 3.12.  1H NMR spectrum of (PCP)Ru(CO)(F)(N(H)C(C6F5)NHPh) (3.11) in CD2Cl2 
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Figure 3.13.  19F NMR spectrum of (PCP)Ru(CO)(F)(N(H)C(C6F5)NHPh) (3.11) in CD2Cl2. 
 
 

143
 

 



 
 

Figure 3.14.  31P NMR spectrum of (PCP)Ru(CO)(F)(N(H)C(C6F5)NHPh) (3.11) in CD2Cl2. 
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Figure 3.16.  1H NMR spectrum of (PCP)Ru(CO)(N(hx))C{NH(hx)}NPh) (3.12) in CDCl3. 
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Figure 3.18.  1H NMR spectrum of (PCP)Ru(CO)(OC(NHPh)NPh) (3.13) in C6D6. 
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Figure 3.20.  1H NMR spectrum of (PCP)Ru(CO)(OC(Ph)NPh) (3.14) in C6D6. 
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Figure 3.21.  1H NMR spectrum of (PCP)Ru(CO)(OC(Me)NMe) (3.15) in C6D6. 
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Figure 3.23.  1H NMR spectrum of (PCP)Ru(CO)(PMe3)(H) (3.16) in C6D6. 
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Figure 3.24.  1H NMR spectrum of (PCP)Ru(CO)(CNtBu)(NHPh) (3.17) in C6D6. 
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Figure 3.25.  1H NMR spectrum of (PCP)Ru(CO)(OH) (3.18) in C6D6. 
 

 151



 
 

Figure 3.26.  1H NMR spectrum of (PCP)Ru(CO)(PMe3)(OH) (3.19) in C6D6. 
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Figure 3.27.  1H NMR spectrum of (PCP)Ru(CO)(CNtBu)(OH) (3.20) in C6D6. 
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Chapter Four 

4.1  Introduction 

Coordinatively and electronically unsaturated divalent ruthenium complexes with 14- or 

16-electron counts are of interest as possible intermediates in catalytic processes as well as 

for fundamental understanding of structure and bonding.8,10  For example, 16-electron 

Grubbs-type ruthenium catalysts have been successfully applied to olefin 

metathesis,195,196,324 coordinatively unsaturated half-sandwich ruthenium complexes with 

phosphine, amidinate or carbene ligands have been extensively studied,325-332  and several 

unsaturated ruthenium complexes have been synthesized to study C-H agostic 

interactions.333-336  Caulton et al. have conducted systematic studies on the synthesis and 

reactivity of four-coordinate complexes of the type [L2Ru(CO)(R)][BAr'4] (R = H, Me or 

Ph; Ar' = 2,6-(CF3)2C6H3; L = phosphine ligands) as well as their five-coordinate precursors 

and have extended their studies to systems with the chelating PNP (PNP = 

N(SiMe2CH2PR2)2, R = Cy or tBu) ligands.53,54,333,337-340  

  Our group has been interested in studying the reactivity of coordinatively unsaturated 

ruthenium complexes with a bulky PCP pincer ligand (PCP = 2,6-(CH2PtBu2)2C6H3).  For 

example, we have studied the synthesis of amido complexes of the type 

(PCP)Ru(CO)(NHR) (R = H or Ph) and their reactivity with substrates that possess polar as 

well as non-polar bonds.132,341,342  For example, the ruthenium parent amido complex 

(PCP)Ru(CO)(NH2) has been demonstrated to initiate the activation of dihydrogen as well 

as intramolecular C-H activation.132  The reaction of (PCP)Ru(CO)(PMe3)(NHPh) with 

organic substrates such as nitriles, carbodiimides and isocyanates likely proceeds via PMe3 

dissociation, coordination of the organic substrate and intramolecular nucleophilic addition 
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of the amido nitrogen to form azametallacyclobutane complexes.341,342  Herein, we report 

that efforts to access a four-coordinate ruthenium complex starting from the five-coordinate 

precursor (PCP)Ru(CO)(Cl) (4.1) lead to the formation of complexes of the type 

[(PCP)Ru(CO)(L)]+ {L = η1-ClCH2Cl, η1-N2, η1-FC6H5, or µ-Cl-Ru(PCP)(CO)}.283   We 

anticipated that the geometrical restriction of the meridional coordinating tridentate PCP 

ligand might lead to chemistry that diverges from that of Caulton et al.’s [L2Ru(CO)(R)]+ 

systems.  Reactions of [(PCP)Ru(CO)(ClCH2Cl)]+ with a carbene source or phenylacetylene 

yield products that are intermediates for carbene or vinylidene insertion into the Ru aryl 

bond of the PCP ligand.  Computational studies of these systems are also discussed. 

4.2  Study on Five-Coordinate System [(PCP)Ru(CO)(L)]+

4.2.1 Synthesis and Solid-State Structures of [{(PCP)Ru(CO)}2(µ-Cl)][BAr'4] (4.2), 

[(PCP)Ru(CO)(η1-ClCH2Cl)][BAr'4] (4.3) and [(PCP)Ru(CO)(η1-N2)][BAr'4] (4.4)   

The air stable 16-electron compound (PCP)Ru(CO)(Cl) (4.1) has been synthesized and 

structurally characterized by Gusev and coworkers.283  Chloride abstraction from complex 

4.1 could afford a four-coordinate ruthenium center; however, the reaction of complex 4.1 

with one equivalent of NaBAr'4 in CH2Cl2 results in the formation of a mixture of two 

products that could not be separated.  Given the possibility of formation of a binuclear 

species with a bridging chloride ligand, we reacted complex 4.1 with a half equivalent of 
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NaBAr'4.  Clean isolation of the complex [{(PCP)Ru(CO)}2(µ-Cl)][BAr'4] (4.2) in 80% 

yield was obtained after workup (eq 4.1). 

Complex 4.2 is air sensitive as indicated by slow decomposition of a CD2Cl2 solution of 

2 in air.  Salient features of the 1H NMR spectrum of 4.2 include overlapping multiplets in 

the region 1.74 - 0.85 ppm due to the PCP tert-butyl groups (Figure 4.1) as compared to two 

virtual triplets for 4.1.283  Also, doublets at 74.1 and 68.9 ppm (JPP = 228 Hz) are observed 

in the 31P NMR spectrum of 4.2  (Figure 4.2) while IR spectroscopy reveals νCO = 1939 cm-

1.  Further reaction of 4.2 with NaBAr'4 or reaction of 4.1 with excess NaBAr'4 results in a 

mixture of complex 4.2 and a new product; however, this new product could not be isolated 

cleanly. 

A single crystal of 4.2 grown from a methylene chloride solution layered with pentane 

was selected for an X-ray diffraction study.  A limited resolution data set revealed the 

presence of two {(PCP)Ru(CO)} fragments connected with a bridging chloride (Figure 4.3 

and Table 4.1).  The low yield of high-resolution data for this compound is presumably due 

to the presence of disordered CH2Cl2 and pentane solvent molecules of crystallization as 

well as disordered CF3 groups of the anion.  Nonetheless, the structural data are consistent 

with the other spectroscopic and elemental analysis data for this compound.  

As reported previously, the treatment of complex 4.1 with excess trimethylsilyltriflate, 

TMSOTf, affords (PCP)Ru(CO)(OTf) (OTf = η1-OSO2CF3) (4.6).341  When one equivalent 

of NaBAr'4 was added to a CH2Cl2 solution of 4.6, the CO absorption changed from 1941 

cm-1 to 1964 cm-1 within 30 minutes as monitored by IR spectroscopy.  A highly air 

sensitive product that turns black immediately upon exposure to air can be isolated after 

workup.  Characterization using 1H, 31P, 19F NMR and IR spectroscopy as well as X-ray 
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crystallography revealed the complex as [(PCP)Ru(CO)(η1-ClCH2Cl)][BAr'4] (4.3) (Scheme 

4.1).    

 

 

 

 

 

Figure 4.3.  ORTEP (30% probability) of [{(PCP)Ru(CO)}2(µ-Cl)][BAr'4] (4.2) (hydrogen 
atoms and BAr'4 counter ion have been omitted for clarity). 
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Table 4.1.  Selected Crystallographic Data and Collection Parameters for complexes 4.2, 4.3, 4.4, 4.7, and 4.8. 
 

 

Complex [{(PCP)Ru(CO)
}2(µ-Cl)][BAr'4] 

(4.2)   

[(PCP)Ru(CO)(η1

-CH2Cl2)][BAr'4] 
(4.3) 

[(PCP)Ru(CO)(η 

1-N2)][BAr'4] 
(4.4) 

[(PCP-
CHPh)Ru(CO
][BAr'4] (4.7) 

[(PCP-
CCHPh)Ru(CO
][BAr'4] (4.8) 

empirical 
formula 

C93H124B Cl3 
F24O2 P4Ru2

C58H57BCl2F24OP2
Ru 

C66H62.50BF25.50
N2OP2Ru 

C64H61BF24P2
ORu 

C66H63BCl2F24
OP2Ru 

formula wt 2173.10 1470.77 1558.01 1475.95 1572.88 

Cryst syst monoclinic triclinic triclinic   triclinic orthorhombic

Space group P2(1)/c P1 P1 P1 Pna21

a, Å 12.970(4) 13.4350(4) 12.3183(6) 12.794(1) 24.883(3) 
b, Å 27.644(7) 13.5298(4) 12.6860(6) 15.129(1) 15.962(2) 
c, Å 29.174(8) 17.9662(5) 22.7533(12) 18.119(1) 17.930(2) 
α, deg 90     98.7273(11) 102.535(3) 73.841(1) 90
β, deg 96.932(5)     106.3306(10) 94.787(3) 79.979(1) 90
γ, deg 90     94.8176(11) 22.7533(12) 89.871(1) 90
V(Å3)      10383(5) 3069.99(15) 3454.4(3) 33.13.1(4) 7127.7(15)

Z 4     2 2 4 4
Dcalcd, g cm-3 1.390     1.591 1.498 1.480 1.467
R1, wR2 (I 

> 2σ(I)) 
0.0663, 
0.1136 

0.049, 
0.060 

0.051, 
0.058 

0.0624, 
0.1642 

0.0676, 0.1591 

GOF      0.699 1.84 1.92 1.023 0.929
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Scheme 4.1.  Reaction of (PCP)Ru(CO)(OTf) (4.6) with NaBAr'4 in CH2Cl2 or in C6H5F.  
Complex 4.5 has not been fully characterized and its identity is suggested based on evidence 
from IR spectroscopy and computational studies. 

 

Instead of formation of a four-coordinate complex, a molecule of CH2Cl2 coordinates to 

the ruthenium center through a single chlorine atom.  A singlet at 5.35 ppm in 1H NMR 

spectrum of 4.3 in CD2Cl2 is most likely due to free CH2Cl2 as a result of rapid exchange of 

coordinated CH2Cl2 with CD2Cl2 (Figure 4.4).  The PCP ligand yields two virtual triplets at 

1.50 and 1.11 ppm (N = 15 Hz) in the 1H NMR spectrum and a broad singlet at 71.0 ppm in 

the 31P NMR spectrum of 4.3. 

X-ray structural analysis of 4.3 confirmed the presence of a η1-CH2Cl2 ligand (Figure 

4.5 and Table 4.1).  The bond length of Ru1-Cl1s (2.614 (1) Å) is longer than the Ru-Cl 

bond distance in 4.1 (2.420(1) Å).  The C-Cl (bound) distance is 1.791(5) Å while the C-Cl  
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Figure 4.5. ORTEP (30% probability) of [(PCP)Ru(CO)(η1-ClCH2Cl)][BAr'4] (4.3) 
(hydrogen atoms, except the two on CH2Cl2, and the BAr'4 counter ion have been omitted 
for clarity);  Selected bond lengths (Å) and bond angles (o):  Ru1-Cl1s, 2.614(1); Ru1-C2, 
2.053(3); C1s-Cl1s, 1.791(5); C1s-Cl2s, 1.695(5); Cl1s-C1s-Cl2s, 115.5(2); Ru1-Cl1s-C1s, 
123.1(2); C2-Ru1-Cl1s, 170.7(2); Ru1-P2-C22, 100.9(1); Ru1-P2-C18, 127.8(1); Ru1-P1-
C14, 113.4(1); Ru1-P1-C10, 121.8(1); P1-Ru1-P2, 161.5(1). 

 

 

(unbound) distance is 1.695(5) Å.  The Cl-C-Cl bond angle is 115.5(2)o with the unbound Cl 

oriented toward the carbonyl group.  One agostic interaction is indicated based on the short 

Ru/Cagostic distance (Ru1ּּּC23, 2.85(1) Å), and the bond angle Ru1-P2-C22 (100.9(1) o) is 

significantly smaller than the other three tert-butyl group bond angles (113.4(1) o, 121.8(1) o 

and 127.4(1) o).  Previously, Caulton et al. observed double agostic interactions for the 
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complex [Ru(Ph)(CO)(PtBu2Me)2][BAr'4] with Ru/Cagostic bond lengths of 2.87 Å and 2.88 Å 

and Ru-P-C bond angles of 98.1o and 96.6o.333  An agostic interaction has been observed in 

the solid-state structure of [(PCP)Ru(CO)2]+ with a reported Ru•••HC distance of 2.19(6) 

Å.343  Although both bidentate and monodentate CH2Cl2 ligands have been reported, 

examples of structurally characterized complexes with CH2Cl2 ligands are relatively 

rare.338,344-351  For example, the synthesis and solid-state structures of 

[RuH(CO)(PMetBu2)2(η2-CH2Cl2][BAr'4],  [Cp*Ir(Me)(η1-ClCH2Cl)][BAr'4], [trans-

(PiPr3)2Pt(H)(η1-ClCH2Cl)][BAr'4] and [cis-Re(CO)4(PPh3)(η1-ClCH2Cl)][BAr'4] have been 

reported.338,345-347  The ruthenium hydride complex [Ru(H)(η2-

CH2Cl2)(CO)(PtBu2Me)][BAr'4] with an  η2-coordinated CH2Cl2 has been reported while the 

closely related ruthenium phenyl compound [Ru(Ph)(CO)(PtBu2Me)][BAr'4] could be 

crystallized from a CH2Cl2 solution without evidence of CH2Cl2 coordination.333,338  

Complexes with other chloroalkanes or chlorobenzene coordination have been 

reported.348,352-354   

To exclude the possibility of CH2Cl2 coordination, one equivalent of NaBAr'4 was 

reacted with 4.6 in fluorobenzene.  IR spectroscopy revealed two CO absorptions at 1987 

cm-1 (major) and 1953 cm-1 (minor).  In addition, an absorption at 2249 cm-1 was observed 

due to coordinated dinitrogen (Figure 4.6).  Free dinitrogen exhibits an absorption at 2331 

cm-1 (Raman).8,10  Purging the solution with argon results in transformation to a solution 

with a single CO absorption at 1953 cm-1 and disappearance of absorptions previously 

observed at 1987 cm-1 and 2249 cm-1.  However, this change is reversible as purging the 

resultant solution with dinitrogen leads to observation of the three original absorptions at 

 161



1987, 1953 and 2249 cm-1.  These results suggest an equilibrium between a five-coordinate 

dinitrogen complex, [(PCP)Ru(CO)(N2)][BAr'4] (4.4), with a highly labile N2 ligand, and a 

second complex that is likely either the four-coordinate complex [(PCP)Ru(CO)][BAr'4] or 

the fluorobenzene complex [(PCP)Ru(CO)(FC6H5)][BAr'4].  Repeated attempts to grow 

crystals and perform an X-ray diffraction study of this complex have failed; however, based 

on IR evidence we propose that the coordination of fluorobenzene is more likely, though not 

definitively shown, than the formation of a four-coordinate system.  For example, the series 

of Ru(II) systems Ru(Ph)(CO)(Cl)L2, Ru(Ph)(CO)(OTf)L2 and [Ru(Ph)(CO)L2][BAr'4] 

(where L = PtBu2Me and the latter complex is a four-coordinate system with two agostic 

interactions) exhibit CO absorptions (IR spectroscopy) at 1902 cm-1, 1921 cm-1 and 1958 

cm-1, respectively.333,337,338  The series of systems (PCP)Ru(CO)(Cl), (PCP)Ru(CO)(OTf) 

and the uncharacterized complex has CO absorptions at 1919 cm-1, 1941 cm-1 and 1953 cm-

1.  The conversion of the (PCP)Ru-Cl complex to the (PCP)Ru-OTf complex results in an 

increase in CO stretching frequency of 22 cm-1 while the conversion of the 

Ru(Ph)(CO)(Cl)L2 complex to the corresponding triflate complex Ru(Ph)(CO)(OTf)L2 

results in an increased in CO stretching frequency of 19 cm-1.  Thus, for the two types of Ru 

systems, conversion of a Ru-Cl bond to a Ru-OTf yields quite similar changes in the energy 

of the CO stretches.  The conversion of the five-coordinate complex Ru(Ph)(CO)(OTf)L2 to 

the four-coordinate complex [Ru(CO)(Ph)L2][BAr'4] increases the CO absorption energy by 

37 cm-1, while the transformation of (PCP)Ru(CO)(OTf) to complex 4.5 results in an 

increase of CO absorption energy of only 12 cm-1.  Thus, without confirmation by X-ray 

crystallography, we assign the identity of this system as [(PCP)Ru(CO)(FC6H5)][BAr'4]  

(4.5)   (Scheme 4.1).  Calculations are consistent with the notion that the coordination of 
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fluorobenzene is favorable to a four-coordinate complex (see below).  When an excess of 

CH2Cl2 is added to the solution of 4.4 and 4.5, conversion to complex 4.3 is observed as 

indicated by a single CO absorption at 1964 cm-1 in the IR spectrum (eq 4.2).  

 

The identity of [(PCP)Ru(CO)(η1-N2)][BAr'4] (4.4) has been confirmed by a single 

crystal X-ray diffraction study (Figure 4.7 and Table 4.1).  Similar to complex 4.3, one 

agostic interaction is indicated by a short Ru/Cagostic distance (Ru1-C23, 2.89 Å) and a small 

Ru-P-C bond angle (Ru1-P2-C22, 101.2(1) o).  A Ru-N bond length (2.132(1) Å) and a 

linear Ru-N-N bond angle (179.1(2) o) are observed. The N1-N2 bond length (1.069(3) Å) is 

shorter than that in free N2 (1.0975 Å).355  A rhodium dinitrogen complex with an 

“aliphatic” PCP ligand, Rh(η1-N2){η1-CH3C(CH2CH2PtBu2)2}, has been reported with a 

short N-N bond length of 0.963(14) Å.356  Other complexes with short N-N bond lengths for 

dinitrogen ligands include trans-ReCl(N2)(PMe2Ph)2 (1.055(30) Å), trans-RhCl(N2)(PiPr3)2 

(0.958(5) Å), and trans-RhH(N2)(PPhtBu2)2 (1.074(7) Å), and the reason for the bond 

contraction has been discussed.357-359  A series of closely related mononuclear ruthenium 

complexes with weakly bound η1-N2 ligands have been reported with Tp, Cp or Cp* ligands 

(Tp = hydridotris(pyrazolyl)borate, Cp = cyclopentadienyl, Cp* =  

pentamethylcyclopentadienyl).327,360-362  For example,  [TpRu(N2)(PEt3)2][BPh4] has been 

characterized with Ru-N 1.91(2) Å, N-N 1.01(2) Å and νNN = 2163 cm-1.360 
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[CpRu(N2)(dippe)][BPh4] and [Cp*Ru(N2)(dippe)][BPh4] (dippe = 

diisopropylphosphinoethane) have been isolated with νNN at 2145 and 2120 cm-1, 

respectively.362   The high energy νNN (2249 cm-1) of complex 4.4 compared with these Ru 

systems is most likely due to the presence of the competitively strong π-acid CO for 

complex 4.4.   Many other late transition metal dinitrogen complexes with pincer ligands 

have also been reported with either monodentate η1-N2-M or M-µ-N2-M 

coordination.280,321,356,363-369 

 

Figure 4.7. ORTEP (30% probability) of [(PCP)Ru(CO)(η1-N2)][BAr'4] (4.4) (hydrogen 
atoms and the BAr'4 counter ion have been omitted for clarity);   Selected bond lengths (Å) 
and bond angles (o):  Ru1-C2, 2.059(2); Ru1-N1, 2.132(1); N1-N2, 1.069(3); Ru1-C1, 
1.809(2); C1-O1, 1.148(2); N1-N2, 1.069(3); C2-Ru1-N1, 175.7 (1); Ru1-N1-N2, 179.1(2); 
Ru1-P2-C22, 101.2(1); P1-Ru1-P2, 162.8(1). 
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4.2.2 Ligand Donor Ability and Agostic Interaction 

The stability of complex 4.1 as a five coordinate, 16-electron system could be due to the 

bulky tert-butyl groups, the π-stabilization of the chloride ligand, and/or the strong trans-

effect of the CO ligand.  The coordination of a two-electron donor ligand results in the 

formation of a saturated 18-electron complex of the type (PCP)Ru(CO)(L)(Cl).  For 

example, (PCP)Ru(CO)2Cl and (PCP)Ru(CO)(PMe3)Cl have been isolated and 

characterized;341,343 however,  (PCP)Ru(CO)(NCMe)Cl and (PCP)Ru(CO)(NH3)Cl can only 

be observed in solution with attempts of isolation resulting in dissociation of NCMe or 

NH3.132,341   The electron density of the metal center as influenced by the ligands "X" of 

systems of the type [(PCP)Ru(CO)(X)]n+ (n = 0 or 1) can be correlated with the energy of 

the CO absorptions.  In addition to the new systems reported herein, other complexes of the 

type (PCP)Ru(CO)(X) have been previously reported.132,321,341,370  The CO absorption 

energies of a series of systems are listed in Table 4.2.  Consistent with general perceptions, 

the metal center with a hydroxide or amido ligand is more electron-rich than that with a 

chloride or triflate ligand.  And a ruthenium center with a counter anion is usually 

accompanied with a high CO absorption frequency. 

 

Table 4.2. Different CO stretching frequencies (cm-1) for the type of complexes 
[(PCP)Ru(CO)(X)]n+ (n =0 or 1). 
 
 

X NH2 Me OH Ph NHPh H 

νCO  1890 1893 1896 1900 1900 1906 
X C≡CPh Cl (PCP)(CO)Ru(Cl) OTf η1-

ClCH2Cl 
η1-N2

νCO  1915 1919 1939 1941 1964 1987 
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Potentially, the unsaturated metal center of complex 4.1 could be also stabilized by a C-

H agostic interaction.371,372  Caulton et al. reported double agostic interactions for the 14-

electron complex [Ru(Ph)(CO)(PtBu2Me)][BAr'4] with an average Ru/Cagostic distance 2.87 

Å.333  In another case, the neutral 14-electron complex RuCl2{PPh2(2,6-Me2C6H3)}2 with 

two agostic interactions with an average Ru/Cagostic distance 2.65 Å has been reported.335  

There are several other unsaturated ruthenium complexes with a single C-H agostic 

interaction with Ru/Cagostic distances less than 3 Å.283,321,336-338,343  However, there is no 

agostic interaction reported for 4.1, which is possibly due to the presence of the π-donating 

chloride ligand which can stabilize the 16-electron ruthenium center.  For complexes 4.3 and 

4.4 with the weak donating ligands CH2Cl2 or N2, respectively, the unsaturated metal center 

is stabilized with one agostic interaction.  Milstein et al. have reported the agostic 

interaction for [(PCP)Ru(CO)2]+.343  Thus, an agostic interaction appears favorable for 

systems of the type [(PCP)Ru(CO)(L)]+ in which "L" is either weakly coordinating or a 

strong π-acid.

4.2.3 DFT Calculations for Comparison of [(PCP)Ru(CO)(L)]+ (L = η1-ClCH2Cl, η1-N2, 

η1-FC6H5, or agostic) Complexes  

Hybrid quantum mechanics/molecular mechanics (QM/MM) calculations on full 

experimental models were performed by Khaldoon A. Barakat and Professor Thomas R. 

Cundari of University of North Texus for the comparison of the binding of weak bases to 

[(PCP)Ru(CO)(L)]+ (L = η1-ClCH2Cl, η1-N2, η1-FC6H5, C-H agostic).  For the four-

coordinate, 14-electron complex [(PCP)Ru(CO)]+ both agostic and non-agostic conformers 

were investigated.  Three of the tert-butyl groups were modeled classically (using MM), the 
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one with an agostic interaction was modeled at the same B3LYP/CEP-31G(d) level of 

theory as the other quantum atoms.  Although geometry optimizations were started from 

crystallographic coordinates, it must be noted that an extensive conformational analysis of 

these species was not performed and as a result the reported energetics must be viewed in 

this light.  Upon geometry optimization, the complex [(PCP)Ru(CO)]+ had one weak agostic 

interaction with a distance Ru⋅⋅⋅Cagostic = 3.25 Å as well as a compressed bond angle Ru-P-C 

= 102.1°.  The small Ru-P-C bond angle is akin to that noted in the crystal structures of the 

agostic interactions for [(PCP)Ru(CO)(L)]+ complexes (see above).  In terms of the 

calculated binding energy, the agostic conformer is 6 kcal/mol more stable than the non-

agostic conformer (Scheme 4.2).  

For the five-coordinate, 16-electron complexes [(PCP)Ru(CO)(L)]+, binding of the fifth 

ligand to the non-agostic conformer of [(PCP)Ru(CO)]+ afforded non-agostic complexes 

with the following calculated binding energies:  ∆E (kcal/mol) = -12 (L = η1-CH2Cl2), -13 

(L = FC6H5), and -18 (L = η1-N2) (Scheme 4.2).  An agostic conformer for these five-

coordinate complexes was found for two of the ligands (L = CH2Cl2, FC6H5) although none 

could be found for L = N2.  Manually altering the geometry to create agostic interactions 

resulted in optimized geometries in which this interaction was absent.  Each of the agostic 

conformers of [(PCP)Ru(CO)(L)]+ with L = CH2Cl2 and FC6H5, had one agostic interaction 

with calculated distances Ru⋅⋅⋅Cagostic = 3.20 and 3.22 Å, respectively.  
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Scheme 4.2.  QM/MM (B3LYP/CEP-31G(d):UFF) binding energies in kcal/mol (given in 
boxes) relative to non-agostic isomer of [(PCP)Ru(CO)]+. 
 

 

The relative order for the [(PCP)Ru(CO)]+ and [(PCP)Ru(CO)(L)]+ complexes in terms 

of increasing binding energy is CHagostic < CH2Cl2 ~ PhF < N2.  The same order is seen in 

full QM calculations on small models (i.e., PCP → PCP', where tert-butyl groups are 

replaced by hydrogen).  Additionally, binding energies for PCP' models are of the same 

magnitude (± 1 - 2 kcal/mol), implying that steric factors play a secondary role in 
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discrimination among the various bases for coordination to ruthenium.  The calculations thus 

support the experimental inference made above that fluorobenzene is a competent base for 

[(PCP)Ru(CO)(L)]+, and that a 14-electron, four-coordinate species  [(PCP)Ru(CO)]+ (both 

agostic and non-agostic conformers) represents a higher energy state than 

[(PCP)Ru(CO)(L)]+ for L = η1-N2, η1-CH2Cl2, or PhF (Scheme 4.2). 

Geometry optimization, followed by vibrational frequency analysis, was performed on 

truncated 16-electron [(PCP')Ru(CO)(L)]+ models to ascertain their CO absorptions.  The 

experimental order of νCO (cm-1) for [(PCP)Ru(CO)(L)]+ is 1987 (L = η1-N2), 1964 (L = η1-

CH2Cl2), 1953 (L = PhF) with the latter being inferred from equilibrium studies; the 

calculated νCO (cm-1) for the corresponding PCP' models are 2085, 2066 and 2054.  Scaling 

the calculated CO stretching frequencies by a typical factor of 0.95, yields νCO = 1981 cm-1 

(L = η1-N2), 1963 cm-1 (L = η1-CH2Cl2) and 1951 cm-1 (L = PhF) for [(PCP')Ru(CO)(L)]+, 

thus supporting the intermediacy of a fluorobenzene complex in the solution equilibrium 

experiments. 

The computational studies suggest that the coordination of weakly coordinating ligand 

η1-N2, η1-CH2Cl2 and PhF are preferred over the four-coordinate complex [(PCP)Ru(CO)]+ 

with or without an agostic interaction.  These calculations are consistent with experimental 

observations.  The calculations also indicate that the agostic fragment [(PCP)Ru(CO)]+ has 

little preference for binding of η1-N2, η1-CH2Cl2 or PhF with calculated differences in 

energies of only 1 kcal/mol (Scheme 4.2). 

 

 

 169



4.3  Reaction of [(PCP)Ru(CO)(η1-ClCH2Cl)][BAr′4] (4.3) with PhCHN2 and PhC≡CH 

4.3.1 Reaction of complex 4.3 with PhCHN2 

The labile CH2Cl2 ligand of complex 4.3 makes it a potentially useful synthetic 

precursor.  A pentane solution of excess phenyldiazomethane, PhCHN2, was added to a 

CH2Cl2 solution of 4.3.  A single ruthenium product was isolated after workup in 80 % yield 

and fully characterized by 1H, 31P, 19F, 13C NMR and IR spectroscopy, elemental analysis, 

and a single crystal X-ray diffraction study.  Spectral data do not provide evidence for the 

presence of a benzylidene ligand as no resonance downfield of 10 ppm in the 1H NMR 

spectrum (Figure 4.8), which would be consistent with a carbene proton, is observed nor is a 

resonance consistent with a carbene carbon observed in the 13C NMR spectrum.  Four 

doublets with JPH = 14 Hz are observed in the region of 1.6 – 0.8 ppm in the 1H NMR 

spectrum, which can be assigned as tert-butyl groups.  Two doublets at 46.2 and 23.6 ppm 

with JPP = 218 Hz are present in the 31P{1H} NMR spectrum (Figure 4.9).   An absorption 

due to the CO ligand is observed at 1931 cm-1 in the IR spectrum.  

A solid-state X-ray crystal structure analysis was performed and revealed the product as 

[(PCP-CHPh)Ru(CO)][BAr'4] (PCP-CHPh = κ4-P,P,C,C-1-CHPh-2,6-(CH2PtBu2)2-C6H3) 

(4.7) (Figure 4.10 and Table 4.1). Thus, rather than of formation of a stable and isolable 

ruthenium alkylidene complex, the coupling of the carbene moiety "CHPh" with the PCP 

ipso carbon occurs.  Prominent geometric features include a C2-Ru1-C1 bond angle of 

141.9(4)o and a single weak agostic interaction (Ru1-C24, 3.06 Å).  The Ru1-C2 bond 

distance  (2.329(8) Å) is longer than typical Ru-Cipso bond distances (e.g., 2.053(3) Å in 

complex 4.3).  The C2-C10 bond distance (1.467(12) Å) is slightly shorter than a carbon-

carbon single bond (~ 1.54 Å) but longer than a carbon-carbon double bond (~ 1.34 Å).  No  
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Figure 4.10.  ORTEP (30% probability) of [(PCP-CHPh)Ru(CO)][BAr'4] (4.7) (hydrogen 
atoms, except the “PhCH”, and the BAr'4 counter ion have been omitted for clarity); selected 
bond lengths (Å) and bond angles (o):  Ru1-C2, 2.329(8); Ru1-C10, 2.106(10); C2-C10, 
1.467(12); C2-C3, 1.420(15); C2-C7, 1.421(12); C3-C4, 1.372(16); C4-C5, 1.363(17); C5-
C6, 1.36(2); C6-C7, 1.398(4); C2-Ru1-C10, 38.2(3); C2-Ru1-C1, 141.9(4); P1-Ru1-P2, 
164.86(9); Ru1-C10-C2, 79.2(6); Ru1-C10-C11, 128.8(6); C11-C10-C(2), 124.2(9); C10-
C2-Ru1, 62.6(5). 

 

 

evidence for possible η3-allyl or η4-diene coordination involving either the PCP phenyl ring 

or the carbene phenyl ring is observed.373,374  All distances between Ru and other phenyl 

carbons are longer than 3 Å.  These bonding interactions have an effect on the aromaticity of 

the PCP phenyl ring with the best description being an arenium moiety based on the bond 

length analysis (Scheme 4.3). The bond lengths of C2-C3 (1.420(15) Å) and C2-C7 

(1.421(12) Å) are longer (~ 0.06 Å) than those of C6-C5 (1.36(2) Å) and C4-C5 (1.363(17) 
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Å).  In contrast, a smaller difference was observed in complex 4.4 (~ 0.02 Å).  The C-C 

bond length in benzene is 1.394(5) Å375  Milstein, van Koten et al. have reported similar 

structures such as σ-arenium complexes of Pt, Ir or Rh, and methylene arenium complexes 

of Ir or Rh with pincer ligands.280,281,376-378 

 

 
 

Scheme 4.3.  Comparison of bond lengths of phenyl moieties of complexes 4.4, 4.7, and 
4.8, and assignment of σ-arenium for complexes 4.7 and 4.8 (left side for bond length data 
and right side for structure assignment). 
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Scheme 4.4.  Proposed reaction pathway of [(PCP)Ru(CO)(η1-ClCH2Cl)]+ (4.3) with 
PhCHN2 to form [(PCP-CHPh)Ru(CO)]+ (4.7) via formation of a Ru carbene complex. 
 

A possible mechanism for the conversion of 4.3 and PhCHN2 to 4.7 involves initial 

formation of a Ru benzylidene complex followed by an intramolecular C-C coupling 

sequence (Scheme 4.4).  Hybrid QM/MM calculations on full experimental models suggest 

that this reaction is highly exothermic by more than 30 kcal/mol; other computational 

studies relevant to this transformation are given below. In an effort to observe reaction 

intermediates for the conversion of 4.3 to 4.7, we monitored the reaction of 4.3 and PhCHN2 

using variable temperature 1H NMR spectroscopy in CD2Cl2.  Complex 4.3 and PhCHN2 

were dissolved in CD2Cl2 at –70 ºC and transferred to an NMR probe precooled to this 

temperature.  The temperature of the NMR probe was incrementally increased to room 

temperature.  At –40 ºC, a decrease in the intensity of resonances due to 4.3 is observed, and 
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the formation of a resonance at 26.0 ppm occurs.  This downfield resonance indicates the 

likely formation of a benzylidene complex with [(PCP)(CO)Ru=CHPh)][BAr'4] being the 

most likely identity.  At 10 ºC, the resonance due to the putative carbene complex disappears 

with quantitative formation of complex 4.7.  Similar rhodium benzylidene complexes with a 

pincer ligand have been synthesized from reaction of phenyldiazomethane with the rhodium 

dinitrogen precursors, although no carbene insertion reaction has been reported for the Rh 

benzylidene complex.280,365,379  For example, the benzylidene complex (PCPMe2)Rh=CHPh is 

isolable (PCPMe2 =  2,6-(CH2PtBu2)2-3,5-Me2-C6H1).  The difference in reactivity with 

phenyldiazomethane between the PCP-Ru system reported herein and the Rh systems may 

be derived from the ability of the Rh(I) complexes to stabilize (kinetically and/or 

thermodynamically) the benzylidene moiety through metal-to-ligand π-back-bonding.  

Evidence of increased π-back-bonding ability for the Rh systems versus the Ru fragment 

discussed herein is apparent from the relative νNN of the dinitrogen complexes 

(PCPMe2)Rh(N2) (2120 cm-1) and [(PCP)Ru(CO)(N2)]+ (2249 cm-1).  It is also feasible to 

consider that the preferred square planer geometry of four-coordinate Rh(I) provides an 

inhibition against the C-C bond formation step. 

4.3.2 Reaction of complex 4.3 with PhCCH 

The formation of vinylidene ligands from reaction of transition metal systems with 

terminal acetylenes is known.380  To determine if the vinylidene-Cipso coupling reaction 

occurs as observed for the formation of 4.7, the reaction of 4.3 with phenylacetylene in 

CD2Cl2 was monitored by NMR spectroscopy.  The combination of 4.3 and PhC≡CH results 

in an immediate color change from orange to green and formation of a new complex as  
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Figure 4.14.  ORTEP (30% probability) of [(PCP-CCHPh)Ru(CO)][BAr'4]  (4.8) (hydrogen 
atoms, except the “C(Ph)H” hydrogen, and the BAr'4 counter ion have been omitted for 
clarity); selected bond length (Å) and bond angles (o):  Ru1-C2, 2.352(2); Ru1-C10, 
1.980(2); C2-C10, 1.466(5); C10-C11, 1.316(4); C2-C3, 1.420(4); C2-C7, 1.420(4); C3-C4, 
1.355(4); C4-C5, 1.379(5); C5-C6, 1.409(5); C6-C7, 1.344(4); C2-C10-C11, 134.7(3); C10-
C11-C12, 127.1(3); C2-Ru1-C10, 38.3(1); C2-Ru1-C1, 144.5(1); P1-Ru1-P2, 166.1(1). 

 

 

indicated by two new virtual triplets at 1.62 and 1.10 ppm in the 1H NMR spectrum and a 

singlet at 31.5 ppm in 31P NMR spectrum.  In addition, a triplet at 6.55 ppm with a coupling 

constant of J = 3 Hz is observed by 1H NMR spectroscopy (Figure 4.11).  This complex 

undergoes slow transformation to a new product with complete conversion observed by 

NMR spectroscopy after 3-4 days at room temperature.  Two new virtual triplets at 1.43 and 
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1.20 ppm and a broad singlet at 5.87 ppm are present in the 1H NMR spectrum of the final 

product (Figure 4.12), and as a new singlet at 37.4 ppm is observed in the 31P NMR 

spectrum (Figure 4.13). This ultimate product is likely a result of a vinylidene-Cipso coupling 

to yield [(PCP-C=CHPh)Ru(CO)][BAr'4] (PCP-C=CHPh = κ4-P,P,C,C-1-(C=CHPh)-2,6-

(CH2PtBu2)2-C6H3) (4.8) (Figure 4.14 and Table 4.1).  The structure of 4.8 is similar to that 

of 4.7 with one agostic interaction (Ru-Cagostic, 2.97 Å) (Scheme 4.5).  However, the phenyl 

ring of the {C=CHPh} fragment resides in a plane of mirror symmetry that renders the two 

phosphine groups symmetry equivalent.  In contrast, the CHPh group is in a perpendicular 

orientation for complex 4.7, which results in two symmetry unique phosphines. Thus, four 

tert-butyl groups are observed as four doublets for 4.7 while only two virtual triplets were 

observed for 4.8 by 1H NMR spectroscopy (Figure 4.8 and Figure 4.12).  Likewise, two 

resonances are observed for 4.7 and a single resonance is observed for 4.8 by 31P NMR 

spectroscopy (Figure 4.9 and Figure 4.13).  

Jia, Gusev et al. have reported similar coupling reactions of terminal acetylenes with 

ruthenium pincer complexes.381-383  However, reaction of terminal acetylenes with osmium 

derivatives resulted in isolable vinylidene complexes.383,384   For the reaction of  (PCP-

Ph)Ru(PPh3)(Cl) (PCP-Ph = 2,6-(CH2PPh2)2C6H3) with PhC≡CH, Jia et al. discussed the 

mechanism as proceeding via alkyne coordination, transformation to a vinylidene complex 

followed by the C-C coupling step to form the product.  Neither the proposed alkyne-

coordinated intermediate nor the vinylidene complex have been observed.381,382  In contrast, 

an intermediate product was observed for reaction of 4.3 with PhC≡CH to form 4.8, and 

likely identities of this system are the η2-alkyne complex [(PCP)Ru(CO)(η2-
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PhCCH)][BAr'4] or the vinylidene complex [(PCP)(CO)Ru=C=CHPh][BAr'4].  The 

observed intermediate is unlikely a Ru hydrido-alkynyl complex since the anticipated 

upfield resonance due to a hydrido ligand is not observed.  No resonance downfield of 200 

ppm, except a triplet at 208.5 ppm due to CO, is observed in the 13C NMR spectrum, which 

provides evidence against the presence of a vinylidene intermediate; however, due to likely 

C-P coupling and relaxation, the intensity of this resonance is anticipate to be weak and 

difficult to observe.  Thus, the absence of an assignable vinylidene carbon resonance is not 

sufficient evidence to conclusively assign the identity.  Based on DFT calculations (see 

below), we suggest that it is the vinylidene complex [(PCP)(CO)Ru=C=CHPh][BAr'4]; 

however, the inability to cleanly isolate and grow crystals of this system preclude a 

definitive conclusion based on experimental data. 

 

 
Scheme 4.5.  Reaction of [(PCP)Ru(CO)(η1-ClCH2Cl)]+ (4.3) with PhC≡CH to yield the 
coupling product via an observable intermediate tentatively assigned as the ruthenium 
vinylidene complex based on the computational studies. 
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The reactions of phenylacetylene with the five-coordinate complexes 4.1 or 4.6 were 

studied to determine if the weakly bound CH2Cl2 of 4.3 is necessary to observe the 

formation of 4.8.  Reaction of the triflate complex 4.6 with PhC≡CH yields similar results as 

observed for complex 4.3 including formation of an intermediate and eventual conversion to 

the final coupling product 4.8, albeit at a much slower rate (~ 11 days for complete 

conversion at room temperature compared to  ~ 3 days for complex 4.3).  In contrast, there 

was no observable reaction between the chloride complex 4.1 and PhCCH at room 

temperature after 7 days. The failure of reaction could be due to the trans-effect of the 

carbonyl group, which inhibits alkyne coordination, while the labile CH2Cl2 ligand of 4.4 

provides a readily accessible coordination site cis to CO.  

4.3.3 DFT calculations on Formation of Complexes 4.7 and 4.8 

The formation of complexes 4.7 and 4.8 were probed using similar computational 

methodologies as described above and calculations were performed by Khaldoon A. Barakat 

and Professor Thomas R. Cundari of University of North Texus.  Given the difficulties in 

isolating appropriate transition states for carbene (and vinylidene) insertion, the 

corresponding DFT calculations on truncated PCP' models (see above) were also performed.  

Calculations support the experimental inference about the intermediacy of terminal 

[(PCP)(CO)Ru=(C)0,1=CHPh]+ complexes, as both species are found to be stable minima.  

Furthermore, the insertion reactions are found to be thermodynamically feasible: ∆E 

(kcal/mol) = -8 for =C(H)Ph insertion to form 4.7 and –27 for =C=C(H)Ph insertion to form 

4.8 (Scheme 4.6).  The corresponding enthalpy values for truncated PCP' models are -17 

kcal/mol (carbene insertion) and -22 kcal/mol (vinylidene insertion).  These QM energetics 

on small models, combined with the analysis of QM portion of the QM/MM extrapolated 
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energies suggest that while the difference in the energetics of carbene and vinylidene has an 

electronic component, there are also important steric factors.  Interestingly, the carbene 

insertion is retarded (~ 4 - 5 kcal/mol) by steric factors while the vinylidene insertion is 

facilitated by a like amount by steric factors.  Presumably, this is a reflection of the extra 

carbon atom of the vinylidene minimizing steric hindrance between the phenyl substituent 

and the phosphine tert-butyl groups. 

 

Scheme 4.6.  Calculated ONIOM reaction energies in kcal/mol. 

 

A terminal alkyne complex as a possible intermediate in the formation of 4.8 was probed 

through QM/MM calculations.  Construction of [(PCP)(CO)Ru(η2-HC≡CPh)]+ (alkyne in 

equatorial plane) followed by geometry optimization yielded a high energy intermediate (ca. 

13 kcal/mol above 4.8) corresponding to the insertion of the alkyne triple bond into the Ru-

Cipso of the PCP ligand.  Model calculations on  [(PCP')(CO)Ru(η2-HC≡CH)]+ yielded a 

stationary point, but this species was a transition state with the imaginary frequency 
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corresponding to the rotation of the acetylene ligand to a conformation with the C≡C bond 

perpendicular to the equatorial plane, which is 23 kcal/mol higher in energy than the 

vinylidene model [(PCP')(CO)Ru=C=CH2]+.  Such a perpendicular conformation for the 

experimental [(PCP)(CO)Ru(η2-HC≡CPh)]+ seems even less plausible on steric grounds 

given the expected steric repulsion between the Ph and tert-butyl groups. 

The QM/MM calculations on [(PCP)(CO)Ru=(C)0,1=CHPh]+ and the DFT calculations 

on [(PCP')(CO)Ru=(C)0,1=CH2]+ provide support for the thermodynamic feasibility of the 

experimental mechanisms leading to 4.7 (Scheme 4.4) and 4.8 (Scheme 4.5).  We now 

address kinetic issues.  Repeated attempts with QM/MM methods to find the insertion 

transition states leading to 4.7 and 4.8 were unsuccessful, thus another tact was used.  The 

corresponding transition states for the truncated PCP' models were, however, isolated.  The 

calculation activation barrier for carbene insertion into the Ru-Cipso bond of 

[(PCP')(CO)Ru=CH2]+ is 4 kcal/mol, and 6 kcal/mol for vinylidene insertion.  Hence, the 

insertion  process appears to be both kinetically and thermodynamically feasible supporting 

the experimental mechanisms for the formation of 4.7 and 4.8. 

4.4 Conclusions 

The 14-electron fragment [(PCP)Ru(CO)]+ appears to bind weakly coordinating ligands 

such as dinitrogen, methylene chloride and fluorobenzene in preference to formation of 

agostic interactions.  This suggestion is supported by both experimental observations and 

calculations.  The reaction of [(PCP)Ru(CO)(η1-ClCH2Cl)][BAr'4] (4.3) with N2CHPh or 

phenylacetylene results in transformations involving C-C bond formation of the PCP phenyl 

ring.  Experimental studies suggest that the reaction with N2CHPh proceeds via the 

formation of a Ru benzylidene complex, and an intermediate vinylidene complex may be 
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central to the reaction with phenylacetylene.  The QM/MM calculations on 

[(PCP)(CO)Ru=(C)0,1=CHPh]+ and the DFT calculations on [(PCP')(CO)Ru=(C)0,1=CH2]+ 

provide support for the thermodynamic feasibility of the experimental mechanisms leading 

to 4.7 (Scheme 4.4) and 4.8 (Scheme 4.5).   

4.5  Experimental Section 

General Methods. Unless otherwise noted, all procedures were performed under an 

atmosphere of dinitrogen in a glovebox or using standard Schlenk techniques.  Oxygen 

levels were < 15 ppm for all glovebox manipulations.    Pentane and fluorobenzene were 

distilled from P2O5.  Methylene chloride was purchased as an OptiDry solvent (< 50 ppm 

H2O) passed through two columns of activated alumina, and then distilled over CaH2 prior 

to use.  CD2Cl2 and CDCl3 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 and referenced to TMS using resonances due 

to residual protons in the deuterated solvents or the 13C resonances of the deuterated 

solvents.  All 31P NMR spectra were recorded on a Varian Mercury instrument operating at a 

frequency of 161 MHz with 85 % phosphoric acid (0 ppm) as external standard.   All 19F 

spectra were recorded on a Varian Mercury instrument operating at a frequency of 376.5 

MHz with CF3CO2H (-78.5 ppm) as external standard.  IR spectra were acquired using a 

Mattson Genesis II FT-IR as solutions in a KBr solvent cell.  Elemental analyses were 

conducted by Atlantic Microlab, Inc.  (PCP)Ru(CO)(Cl) (4.1), (PCP)Ru(CO)(OTf) (4.6),  

phenyldiazomethane and NaBAr'4 were synthesized as previously reported.283,341,385,386  

Phenylacetylene was purchased from a commercial source and used without further 

purification. 
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[{(PCP)Ru(CO)}2(µ-Cl)][BAr'4] (4.2). (PCP)Ru(CO)(Cl) (4.1) (0.225 g, 0.403 mmol) 

was dissolved in approximately 20 mL of CH2Cl2 and approximately 0.5 equivalent of 

NaBAr'4 (0.200 g, 0.220 mmol) was added. After stirring for 30 min, the color changed from 

brown to dark red and the CO absorption changed from 1920 cm-1 to 1939 cm-1 as 

monitored by IR spectroscopy. After vacuum filtration through a fine porosity frit, the 

filtrate was concentrated to 1-2 ml and 10 ml hexanes were added to yield an orange solid.  

The solid was collected by a fine porosity frit, washed with hexanes and dried in vacuo 

(0.310 g, 0.160 mmol, 80 %). Crystals suitable for an X-ray diffraction study were obtained 

by slow diffusion of pentane into a CH2Cl2 solution of 4.2 at –20 oC.  IR (CH2Cl2 solution): 

νCO = 1939 cm-1.  1H NMR (CDCl3, δ): 7.71 (8H, br s, BAr'4 phenyl), 7.52 (4H, br s, BAr'4 

phenyl), 7.16 (4H, m, PCP phenyl), 7.02 (2H, m, PCP phenyl), 3.45 (8H, m, PCP CH2), 1.74 

- 0.85 (~ 72H, overlapping multiplets, PCP CH3).  31P{1H} NMR (CDCl3, δ):  74.1 (d, JPP = 

228 Hz), 68.9 (d, JPP = 228 Hz). 19F NMR (CDCl3, δ): -63.0.  Anal. Calc. for 

C82H98BClF24O2P4Ru2: C, 50.67; H, 5.08. Found: C, 50.16; H, 4.85. 

[(PCP)Ru(CO)(η1-ClCH2Cl)][BAr'4] (4.3). (PCP)Ru(CO)(OTf) (4.6) (0.100 g, 0.149 

mmol) was dissolved in 10 mL of CH2Cl2 and approximately one equivalent of NaBAr'4 

(0.140 g, 0.158 mmol) was added.  After stirring for 30 min, the color changed from brown 

to orange and the CO absorption changed from 1941 cm-1 to 1964 cm-1 as monitored by IR 

spectroscopy.  The solution was filtered through a fine porosity frit, and the filtrate was 

concentrated to 1 mL under reduced pressure. Approximately 10 ml of pentane were added 

and the formation of an orange precipitation was noted.  Upon filtration through a fine 

porosity frit, the solid was washed with pentane and dried in vacuo (0.180 g, 0.122 mmol, 82 
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%).   Crystals suitable for an X-ray diffraction study were obtained by slow diffusion of 

pentane into a CH2Cl2 solution of 4.3 at –20 oC.  IR (CH2Cl2 solution): νCO = 1964 cm-1.   1H 

NMR (CD2Cl2, δ): 7.74 (8H, br s, BAr'4 phenyl), 7.58 (4H, br s, BAr'4 phenyl), 7.23 (2H, d, 

JHH = 8 Hz, phenyl), 7.02 (1H, t, JHH = 8 Hz, PCP phenyl), 5.35 (2H, s, free CH2Cl2), 3.50 

(4H, m, PCP CH2), 1.50 (18H, vt, N = 15 Hz, PCP CH3), 1.11 (18H, vt, N = 15 Hz, PCP 

CH3).  31P{1H} NMR (CD2Cl2, δ): 71.0 (br s). 19F NMR (CD2Cl2, δ): -63.0.  This compound 

is extremely air sensitive and moisture sensitive.  Thus, elemental analysis was not obtained. 

[(PCP)Ru(CO)(η1-N2)][BAr'4] (4.4).  In a 25 ml round bottom flask, 

(PCP)Ru(CO)(OTf) (4.6) (0.030 g,  0.045 mmol) was dissolved in 5-10 mL of 

fluorobenzene. Approximately one equivalent of NaBAr'4 was added, and the solution was 

monitored by IR spectroscopy.  After 30 min, the CO absorption 1944 cm-1 due to the 

starting material had disappeared, and a major absorption at 1987 cm-1 was accompanied 

with a small side peak at 1953 cm-1.  In addition, an absorption at 2249 cm-1 was observed. 

The solution was stirred for approximately 3 hours during which time the IR spectrum did 

not change significantly.  The solution was filtered through a fine porosity frit, and the 

filtrate was transferred to a glass tube.  After dilution with fluorobenzene, pentane was 

layered on top of the solution. Slow diffusion at –20 oC yielded orange needle crystals.  A 

single crystal was selected for X-ray diffraction analysis. 

[(PCP)Ru(CO)(FC6H5)][BAr'4] (4.5).  The preparation procedure is similar to that for 

complex 4.4. After addition of NaBAr'4 and upon observation of equilibrium by IR 

spectroscopy, the solution was purged with argon for 10 min.  The peaks at 1987 cm-1 due to 

one CO absorption and at 2249 cm-1 due to N2 absorption disappeared, and only one CO 
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frequency at 1953 cm-1 was observed.  The solution was purged with dinitrogen, and the 

absorptions at 1987 cm-1 and 2249 cm-1 appeared with the side peak at 1953 cm-1.  The 

solution was then filtered through a fine porosity frit, and the filtrate was transferred to a 

glass tube and diluted with fluorobenzene.  Repeated attempts to grow crystals resulted in 

decomposition upon removal of crystals from the solvent.     

[(PCP-CHPh)Ru(CO)][BAr'4] (4.7).  [(PCP)Ru(CO)(η1-CH2Cl2)][BAr'4] (4.3) (0.150 

g, 0.102 mmol) was dissolved in 15 mL of CH2Cl2.  A red solution of excess PhCHN2 in 

pentane was added.  The resulting solution was stirred for 30 min during which time the 

color changed from orange to pink red. The solution was concentrated to approximately 5 ml 

under reduced pressure, and 10 mL of pentane were added to yield a pink precipitate.  The 

solid was collected by vacuum filtration, washed with pentane and dried in vacuo (0.120 g, 

0.081 mmol, 80 %).  Crystals suitable for an X-ray diffraction study were obtained by slow 

diffusion of pentane into a CH2Cl2 solution of 4.7 at –20 oC.  IR (CH2Cl2 solution): νCO = 

1931 cm-1.   1H NMR (CD2Cl2, δ): 8.65 (1H, s, PhCH), 7.88 (2H, t, JHH = 7 Hz), 7.73 (8H, 

br s, BAr'4 phenyl), 7.57 (4H, br s, BAr'4 phenyl), 7.50-7.12 (~ 5H, overlapping multiplets, 

phenyl), 6.38 (1H, t, JHH = 8 Hz, phenyl), 3.90 (1H, m, PCP CH2), 3.68 (1H, m, PCP CH2), 

3.23 (1H, m, PCP CH2), 2.98 (1H, m, PCP CH2), 1.55 (9H, d, JPH = 14 Hz, PCP CH3), 1.18 

(9H, d, JPH = 14 Hz, PCP CH3), 0.90 (9H, d, JPH = 14 Hz, PCP CH3), 0.86 (9H, d, JPH = 14 

Hz, PCP CH3).  13C{1H} NMR (CDCl3, δ):  202.8 (t, JPC = 12 Hz, CO), 162.0 (q, JBC = 50 

Hz, B-Cipso), 147.2-117.7 (multiple resonances due to aromatic carbons and CF3), 44.4, 35.5 

(each a d, JPC = 15 Hz, PCP CH2), 41.7 (br s, Ru-CHPh), 37.1 (m, PCP CMe3), 30.8, 29.3, 

29.1, 28.2 (each a d, JPC = 4 Hz, PCP CH3).  31P{1H} NMR (CD2Cl2, δ): 46.2 (d, JPP = 218 
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Hz), 23.6 (d, JPP = 218 Hz).  19F NMR (CD2Cl2, δ): -63.2.  Anal. Calc. for 

C64H61BF24OP2Ru: C, 52.08; H, 4.17. Found: C, 52.67; H, 4.07.  

Variable Temperature 1H NMR study of the reaction of [(PCP)Ru(CO)(η1-

ClCH2Cl)][BAr'4] (4.3) with PhCHN2.   An NMR tube was charged with approximately 20 

mg of [(PCP)Ru(CO)(η1-CH2Cl2)][BAr'4] (4.3) in 0.7 ml CD2Cl2 and cooled to –70 oC in an 

acetone/dry ice bath.  Approximately 5 equivalents of PhCHN2 were added via syringe with 

an immediate color change from brown to red.  The reaction mixture was transferred to an 

NMR probe cooled to –70 oC and was monitored by 1H NMR spectroscopy as the 

temperature was incremental increased to 25 oC.  At –70 oC, there was no observation of a 

downfield resonance that would be diagnostic for the formation of a benzylidene complex; 

however, complex 4.3 was converted to a new complex that is likely a ruthenium 

diazophenylmethane complex.  At –40 oC, a broad resonance was observed at 26.0 ppm that 

is consistent with the formation of [(PCP)(CO)Ru=CHPh][BAr'4].  At 10 oC, the carbene 

resonance disappears and complete conversion to complex 4.7 is observed.  The NMR 

resonances other than that assigned as being due to the putative ruthenium carbene hydrogen 

have not been assigned due to complication of NMR spectra. 

[(PCP-CCHPh)Ru(CO)][BAr'4] (4.8).  Method A. [(PCP)Ru(CO)(η1-CH2Cl2)][BAr'4] 

(4.3) (0.100 g, 0.068 mmol) was dissolved in 10 mL of CH2Cl2.  Excess phenylacetylene  

(0.030 mL, 0.27 mmol) was added with an immediate color change from orange to green.  

The solution was stirred for 4 days with no further color change noted.  As monitored by IR 

spectroscopy, upon addition of the phenylacetylene, the CO absorption changed from 1964 

cm-1 to 1943 cm-1.  The solution was concentrated to approximately 5 mL under reduced 
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pressure, and pentane was added to yield a green precipitate. Upon filtration, the collected 

green solid was washed with pentane and dried in vacuo (0.080 g, 0.054 mmol, 80 %). 

Method B.  [(PCP)Ru(CO)(η1-CH2Cl2)][BAr'4] (4.3) (0.150 g, 0.10 mmol) was dissolved in 

15 mL of CH2Cl2. Excess phenylacetylene was added and the color changed to green. A new 

CO absorption was observed at 1943 cm-1 by IR spectroscopy.  The volatiles were 

evaporated under reduced pressure. The resulting green residue was dissolved in 20 mL of 

THF and heated to reflux for 3 hrs.  After cooling down to room temperature, the solution 

was concentrated to approximately 5 mL under reduced pressure, and 10 mL of pentane 

were added to yield a green precipitate.  Upon filtration, the collected green solid was 

washed with pentane and dried in vacuo(0.130 g, 0.088 mmol, 86 %).  Crystals suitable for 

an X-ray diffraction study were obtained by slow diffusion of pentane into a CH2Cl2 

solution of 4.8 at –20 oC.  IR (CH2Cl2 solution): νCO = 1943 cm-1.   1H NMR (CD2Cl2, δ): 

7.79 (1H, t, JHH = 8 Hz), 7.73 (8H, br s, BAr'4 phenyl), 7.57 (4H, br s, BAr'4 phenyl), 7.34 

(2H, d, JHH = 8 Hz, phenyl), 7.10 (3H, overlapping multiplet, phenyl), 6.54 (2H, d, JHH = 8 

Hz, phenyl), 5.87 (1H, br s, PhCH), 3.40 (2H, m, PCP CH2), 2.99 (4H, m, PCP CH2), 1.43 

(18H, vt, N = 15 Hz, PCP CH3), 1.20 (18H, vt, N = 13 Hz, PCP CH3).   13C{1H} NMR 

(CDCl3, δ):  201.6 (t, JPC = 12 Hz, CO), 162.0 (q, JBC = 50 Hz, B-Cipso), 155.2 (br s, Ru-

C=CHPh), 148.1-117.7 (multiple resonances due to aromatic carbons, olefin carbon and 

CF3), 39.6 (vt, N = 14 Hz, PCP CH2), 37.3 (vt, N = 16 Hz, PCP CMe3), 31.1, 28.8 (each a vt, 

N = 5 Hz, PCP CH3).   31P{1H} NMR (CD2Cl2, δ): 37.4.  19F NMR (CD2Cl2, δ): -63.2. Anal. 

Calc. for C65H61BF24OP2Ru: C, 52.47; H, 4.13. Found: C, 52.42; H, 4.14. 
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NMR study of complex 4.3 with PhC≡CH in CD2Cl2.  A screw cap NMR tube was 

charged with [(PCP)Ru(CO)(η1-CH2Cl2)][BAr'4] (4.3) (0.020 g, 0.014 mmol) in 0.6 mL of 

CD2Cl2.  Phenylacetylene (~5 µl, 0.04 mmol) was added and an immediate color change 

from brown to green was observed.  The reaction was monitored by 1H and 31P NMR 

spectroscopy. During the initial time, a single PCP-Ru species was observed with the 

following date.  1H NMR ( δ): 7.9-7.2 (overlapping aromatic rings), 6.54 (2H, d, JHH = 8 Hz, 

phenyl), 6.55 (1H, t, J = 3 Hz), 3.90 (2H, m, PCP CH2), 3.02 (4H, m, PCP CH2), 1.62 (18H, 

vt, N = 15 Hz, PCP CH3), 1.10 (18H, vt, N = 13 Hz, PCP CH3);   31P{1H} NMR (δ): 31.5. 

The excess PhC≡CH was observed as a singlet at 3.15 ppm.  During the following reaction 

time, a new product appeared as observed in 1H and 31P NMR spectroscopy.  Typical 

features of the new product include a broad singlet at 5.87 ppm and two virtual triplets at 

1.42 (N = 15 Hz) and 1.16 ppm (N = 13 Hz) in 1H NMR spectrum and 37.4 ppm (s) in 31P 

NMR spectrum.  This was consistent with the formation of complex 4.8. Over the reaction 

time, the decrease of the intensities due to the first product resonances was accompanied 

with the increase of the intensities of the resonances of complex 4.8.  And the resonance at 

3.15 ppm due to the free PhC≡CH was not changed.  After 4 days, complete conversion to 

complex 4.8 was achieved as observed by both 1H and 31P NMR spectroscopy. Complex 4.8 

was stable with excess PhCCH in CD2Cl2 for at least 48 hrs. 

Computational Methods.  Density functional and hybrid quantum mechanics/molecular 

mechanics (QM/MM) calculations were performed on truncated and full experimental 

models, respectively.  The QM/MM approach was employed according to the ONIOM 

methodology.387  For analysis of ligand (i.e., N2, CH2Cl2, PhF) binding, the MM region 
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contained three out of the four tert-butyl groups attached to the phosphorus atoms in each 

model; the tert-butyl group with an agostic interaction was chosen for QM modeling. The 

MM-modeled tert-butyl groups were described with the Universal Force Field (UFF).388  

The QM region included the remainder of the molecule. Density functional theory (DFT),389 

using the B3LYP hybrid functional390-393 was employed for the QM core and in DFT 

calculations on truncated experimental models (tert-butyl groups replaced by hydrogen).  

Ruthenium and the main group elements were described with the Stevens (CEP-31G) 

relativistic effective core potentials (ECPs) and valence basis sets (VBSs).394,395  The 

valence basis sets of main group elements (carbon, nitrogen, oxygen, chlorine, fluorine) 

were augmented as needed with a d polarization function with an exponent (ξd = 0.80), and a 

d polarization function with an exponent (ξd = 0.55) was used on the phosphorus.  For Ru 

complexes, the geometry was optimized for singlet cations, and all the geometries were fully 

optimized without any symmetry constraints.  The Opt=NoMicro option was used to aid the 

convergence of the ONIOM geometry optimization.  All calculations were performed using 

the Gaussian suite of programs.396  When available, crystal structures for Ru complexes 

were used to initiate the geometry optimization calculations.   
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4.6   Appendices (NMR and IR Spectra) 
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Figure 4.1.  1H NMR spectrum of [{(PCP)Ru(CO)}2(µ-Cl)][BAr′4] (4.2) in CDCl3. 
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Figure 4.2.   31P NMR spectrum of [{(PCP)Ru(CO)}2(µ-Cl)][BAr′4] (4.2) in CDCl3. 
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Figure 4.4.  1H NMR spectrum of [(PCP)Ru(CO)(η1-ClCH2Cl)][BAr′4] (4.3) in CD2Cl2. 

 

 192



 
 
 
 

Figure 4.6.  IR spectrum of reaction of (PCP)Ru(CO)(OTf) (4.6) with NaBAr′4 in C6H5F. 
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Figure 4.8.  1H NMR spectrum of [(PCP-CHPh)Ru(CO)][BAr′4] (4.7) in CD2Cl2. 
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Figure 4.9.  31P NMR spectrum of [(PCP-CHPh)Ru(CO)][BAr′4] (4.7) in CD2Cl2. 
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Figure 4.11.  1H NMR spectrum of the putative Ru vinylidene complex [(PCP)Ru(CO)(=C=CHPh)][BAr′4]. 
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Figure 4.12.  1H NMR spectrum of [(PCP-C=CHPh)Ru(CO)][BAr′4] (4.8) in CDCl3. 
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Figure 4.13.  31P NMR spectrum for mixture of reaction of complex 4.3 with PhC≡CH in CDCl3. 
 

 198



Chapter Five 

5.1 General Discussions on Pt Chemistry 

Since the discovery of the Zeise’s salt, K+[Pt(C2H4)Cl3]-·H2O, in the 1820’s, the 

organometallic chemistry of platinum compounds has been a subject of continuous study.397-

401  For example, Pt complexes with both σ-bonded and π-bonded ligands have been 

extensively studied, and Pt-mediated or catalyzed reactions have been reported.397-401   

Although platinum compounds show similar reactivity as nickel and palladium compounds, 

the reactions involving platinum are generally rather slow.  Thus, part of the interest in 

organoplatinum chemistry is the possibility to isolate stable complexes.397  In its 

compounds, platinum shows a distinctive preference for three oxidation states, Pt(0), Pt(II) 

and Pt(IV).  Platinum complexes are relatively easily oxidized or reduced in two-electron 

processes between the three main oxidation states, and hence two-electron oxidative-

addition and reductive- elimination reactions are often facile.  Furthermore, since the 

predominant geometry for Pt(II) is square planar and for Pt(IV) is octahedral, the oxidative 

addition of two fragments to Pt(II) and the reductive elimination of two fragments from 

Pt(IV) are both particularly favorable.  The stability of both four-coordinate Pt(II) and six-

coordinate Pt(IV) can be explained by their electronic configurations (Scheme 5.1). 

 

Scheme 5.1.  The electronic configurations of the square planar Pt(II) complex and the 
octahedral Pt(IV) complex. 
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Activation and functionalization of saturated hydrocarbons with transition metal 

catalysts has become an important field for both academic and industrial interest.402-409   The 

chemistry of C-H activation using Pt complexes has been attractive since Shilov et al. 

reported the catalytic functionalization of alkanes using a Pt(II)/Pt(IV) system in the 

1960’s.402,403  The H-D exchange of arenes or alkanes with D2O in the presence of Pt(II) 

salts in acetic acid solution was first reported.410  Then, incorporation of Pt(IV) salts as 

oxidants allowed conversion of alkanes to alkyl chlorides or alcohols.403  Bercaw, Labinger 

et al. have reported their efforts to clarify the mechanism of Shilov’s Pt chemistry.405,408  

Both electrophilic substitution and oxidative addition have been demonstrated to be viable 

pathways (Scheme 5.2).  Numerous well-defined Pt systems have been designed to study the 

Pt mediated C-H activation.409  For example, Pt complexes with phosphine ligands, neutral 

nitrogen ligands or Tp ligands (Tp = hydridotris(pyrazolyl)borate) have been reported to 

initiate C-H activation.409,411-415  In a seminal report, Periana and coworkers have achieved 

catalytic functionalization of methane using Pt complexes in concentrated sulfuric acid.416 

 

 
Scheme 5.2.   Pt-mediated C-H bond activation via electrophilic substitution or oxidative- 
addition mechanism. 

 

Our group has studied the synthesis and reactivity of Ru amido complexes and 

hydroarylation of olefins using Ru catalysts,59,61,132,341,342,370,417  and we anticipate some 

useful properties upon extension of our studies to Pt systems.  First, it is a synthetic 
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challenge to prepare well-defined Pt(IV) amido complexes.  Previously, we have 

demonstrated the possibility to combine the nucleophilicity of the late transition metal 

amido ligand and the Lewis acidity of the transition metal center for an intramolecular attack 

reaction (Chapter 3).   With a more Lewis acidic metal center than the Ru(II) complexes, the 

Pt(IV) amido complexes are expected to exhibit an enhanced ability to activate organic 

substrates for further transformations.  We plan to exploit such reactivity for C-H activation 

as well as polymerization sequences.  For example, early transition metal such as Ti or Zr 

complexes with imido ligands have been reported for C-H activation,147,149 and extension of 

such reactivity to late transition metal complexes have rarely been reported.  A key factor 

for this chemistry is the ability of the electrophilic early transition metal centers to 

coordinate and then activate C-H bonds.  Thus, to study C-H activation with a Pt-N bond 

moiety will be of interest since similar strong electrophilic metal center could coordinate and 

activate C-H bonds.  Combination of C-H activation with facile C-N reductive elimination 

for late transition metal complexes (which is not facile for early transition metals) could 

allow alkane/arene functionalization.  In addition, the facile reactivity for C-H activation 

using a wide range of Pt complexes attracts us to explore a possible Pt catalyst for 

hydroarylation of olefins, as only two such kinds of catalysts, Ru and Ir, have been 

reported.370,417-419  Herein, preliminary efforts toward the preparation of Pt(IV) amido 

systems are reported. 

5.2 Introduction of NCN Pincer Ligands 

The scorpionate Tp ligand has been extensively used in our Ru chemistry, and this type 

of ligand coordinates to the transition metal in a facial binding mode and enforces an 

octahedral geometry around the metal center.  For Ru, we used the PCP pincer ligand to 
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easily create a vacant site on the metal and take advantage of the Lewis acidity of the metal 

center for activation of organic substrates (Chapter 3).  Previously, Templeton, Goldberg et 

al. have made substantial studies on C-H activation of Pt complexes with the Tp type of 

ligands.411,420-422  Thus, some considerations have been made concerning the use of some 

type of ligand on starting our new Pt chemistry.  Firstly, the ligand could stabilize both 

square planar Pt(II) complexes and octahedral Pt(IV) complexes.  We desired a ligand that 

could coordinate both in a facial mode like a Tp ligand and in a meridonal mode similar to 

PCP ligands.  Such flexibility is potentially important for Pt(II)/Pt(IV) transformations.  In 

addition, phosphine ligands are avoided due to the potential for nitrene or oxo transfer 

reactions, and bulky alkyl substituents need to be avoided since possible cyclometalation 

reactions would interrupt the new chemistry.  Therefore, the NCN type of ligands have been 

chosen (Scheme 5.3), and they use the pyrazole as chelating ligands like a Tp ligand and 

have a cyclometalated phenyl ring like a PCP pincer ligand.  The formation of two six-

member rings brings flexibility as coordination to the metal either facially or meridonally 

could occur.  Both square planar Pt(II) complexes and octahedral Pt(IV) complexes have 

been reported with high stability.423,424 

 
 
Scheme 5.3.  The NCN type of ligands and their coordination to the metal center in a 
meridonal mode or in a facial mode. 

 202



 
 
5.3 Synthesis of Pt Amido Complexes 

The synthesis of the NCN type of ligands can be easily achieved by metathesis of 1,3-

di(bromomethyl)-2-bromobenzene with the potassium salt of  pyrazolate (eq 5.1). The 

Pt(IV) complex (NCN)PtMe2Br (NCN = 2,6-(pyrazol-CH2)2C6H3) (5.1) has been previously 

prepared by refluxing the NCN-Br ligand and {PtMe2(SEt2)}2 in a benzene solution (eq 

5.2).423  The formation of complex 5.1 involves oxidative addition of Ar-Br bond to a Pt(II) 

center to afford a octahedral Pt(IV) complex, and complex 5.1 is highly stable and no 

reductive elimination of ethane is observed in refluxing its benzene solution.  Reaction of 

5.1 with AgOTf in THF affords a clean complex (NCN)PtMe2(OTf) (OTf = OSO2CF3) (5.2) 

after workup.  The 1H NMR spectra of 5.1 and 5.2 (Figure 5.1 and 5.2) display similar 

patterns for the methyl groups with ~ 33.8 % intensity coupled with 195Pt (195Pt, I = ½, 33.8 

% natural abundance, JPt-H = 70 Hz).  A clean product has been isolated by reaction of 5.2 

with LiNHPh and is tentatively assigned as a Pt(IV) amido complex (NCN)PtMe2(NHPh) 

(5.3) (Scheme 5.4).  In contrast, treatment of 5.1 with LiNHPh in a THF solution results in 
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no reaction.  The 1H NMR spectrum of 5.3 shows the presence of the methyl groups as well 

as new resonances due to the amido phenyl group in the aromatic region other than the NCN 

ligand (Figure 5.3).  Further characterization of complex 5.3 to confirm its structure is in 

progress.  This would be, to our knowledge, the first example of a stable monomeric non-

dative Pt(IV) amido complex. 

 

 
Scheme 5.4.  Synthesis of (NCN)PtMe2(OTf) (5.2) and (NCN)PtMe2(NHPh) (5.3) and 
preliminary reactivity study. 
 

Since the Pt(IV) amido system is accessible, further efforts are required to create a 

vacant site in the octahedral complex.  Extraction of one methyl group from 5.3 is not viable 

(e.g., by reaction with an electrophiles), as the amido group is more reactive than the methyl 

group.  Heating complex 5.3 in benzene-d6 results in slow decomposition to many 

uncharacterized products, probably due to reductive elimination of two methyl groups or 

methyl amido groups.  Treatment of 5.3 with Ph3C+BF4 has been tried to prepare a Pt(VI) 
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nitrene complex, but this reaction leads to the formation of multiple intractable products.  

The putative nitrene complex can be observed by NMR spectroscopy, but isolation is not 

achieved likely due to its high reactivity.  Complex 5.2 has no reaction with strong acids 

such as HCl or HOTf, and the Pt(IV) complexes (NCN)PtX2Br (X = Cl or OTf) cannot be 

made.  Thus, a different strategy to make a Pt(IV) amido complex with an accessed 

coordination site was pursued. 

 

 

Scheme 5.5.  Preliminary efforts to oxidize the Pt(II) complexes to the Pt(IV) complexes. 

 

When the modified ligand NCN′-Br (NCN′ = 2,6-{(3,5-dimethylpyrazol)-CH2}2C6H3) is 

refluxed with {PtPh2(SEt2)}2 in benzene, a four coordinate Pt(II) complex (NCN′)PtBr (5.4) 
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is isolated.424   The formation of 5.4 is likely through a Pt(IV) intermediate followed by Ph-

Ph reductive elimination, probably due to steric effect and/or instability of a triaryl Pt 

complex as compared to the stability of 5.1.  Reaction with AgOTf transforms 5.4 to 

(NCN′)Pt(OTf) (5.5).  Both 5.4 and 5.5 have been characterized by 1H NMR spectroscopy 

(Figure 5.4 and Figure 5.5).  Previously, van Koten et al. have reported the oxidation of 

Pt(II) complexes bearimg electron-rich pincer ligands to form Pt(IV) complexes.281,425,426  

However, the experiments trying to oxidize 5.4 and 5.5 with I2, Br2 or MeI have lead to no 

reaction or slow decomposition (Scheme 5.5).  Thus, our future work is to make a Pt(II) 

amido complex, then oxidation of the more electron-rich amido complex will possibly be 

facile. 

5.4 Application Toward C-H Activation 

It is one of our primary goals to explore Pt systems for potential C-H activation 

reactions.  Experimental and calculation studies have revealed the mechanistic aspects of 

Ru- or Ir-catalyzed hydroarylation of olefins.370,417-419,427  The catalytic cycle includes 

coordination of an olefin, insertion into a metal aryl bond, and subsequent arene C-H bond 

activation to form the alkyl arene and the metal aryl intermediate.  Goddard et al. have 

predicted by calculations that the olefin insertion step and the C-H activation step disfavor 

each other on the same transition metal center by this mechanism; the more facile the olefin 

insertion, the higher the activation barrier for the C-H activation, and vice versa.427  Thus, 

according to this prediction (which has not yet been experimentally verified), the catalytic 

activity cannot be increased dramatically upon minor modifications to the Ru or Ir catalysts, 

and a different type of catalytic pathway is desired for designing new catalysts.  The Pt 

system is well understood by its two accessible states of Pt(II) and Pt(IV) and viable 
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transformation through oxidative addition and reductive elimination.  A possible catalytic 

cycle for hydroarylation of olefin using the Pt system can be drawn (Scheme 5.6).  Oxidative 

addition of a C-H bond of an arene to a Pt(II) can form a Pt(IV) aryl hydride, then olefin 

coordination and insertion followed by reductive elimination would complete the catalytic 

cycle.  Since the C-H activation occurs on a Pt(II) center and the olefin insertion on a Pt(IV) 

center, both steps can become viable and be modified in one system.  In contrast, C-H 

activation and olefin insertion for Ru or Ir catalysts occur at the metal center with same 

oxidation state.  Although this could be a viable system, some potential problems include β-

hydride elimination, olefin polymerization, or strong coordination of the olefin to the Pt 

center. 

 

       Scheme 5.6.  Proposed mechanism for hydroarylation of olefins using the Pt system. 

 

Our preliminary studies include reaction of benzene under 60 psi of ethylene at 90 oC for 

24 hours using catalytic amount of complex 5.2.  While a heterogeneous solution is 

observed at room temperature, the Pt(IV) triflate complex becomes soluble in benzene at 90 
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oC; however, neither ethyl benzene nor any other hydrocarbon products are observed by GC 

analysis of the test reaction.   We are concurrently exploring variable reaction conditions as 

well as different strategies using four-coordinate Pt(II) systems.  For example, reaction of 

5.5 with NaBAr′4 affords a Pt(II) cationic complex  [(NCN′)Pt(solvent)][BAr′4].   Using this 

Pt complex as a potential catalyst under 25 psi of ethylene at temperature of 90-110 oC 

results in observation of Pt black with a trace amount of ethyl benzene.  Thus, although 

catalyst decomposition occurs, activity has been observed.  Future efforts are needed to 

understand the formation of Pt black and enhance catalyst longevity. 

The Pt system can also be used to study stoichiometric C-H activation.   Peters et al. 

have studied the base-promoted benzene C-H activation with an amido pincer complex of 

Pt(II) (eq 5.4).428  Liang et al. have reported a similar reaction with a amido diphosphine 

complex of Pt(II).429  A mixture of complex 5.5 and 3-5 equivalents of NEt3 in benzene-d6 in 

a screw cap NMR tube has been heated at 90 oC for 24 hours, but no reaction has been 

observed by NMR spectroscopy.   Considering the high kinetic barrier for the Pt chemistry, 

higher temperature reactions will be tried in our future work. 

 

 

5.5 Experimental Section 

General Methods.  All procedures were performed under an atmosphere of dinitrogen 

in a glovebox or using standard Schlenk techniques.  Oxygen levels were < 15 ppm for all 
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glovebox manipulations.  Benzene and tetrahydrofuran were distilled from 

sodium/benzophenone.  Methylene chloride was purchased as an OptiDry solvent (< 50 ppm 

H2O) 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 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 operating at a 

frequency of 376.5 MHz with CF3CO2H (-78.5 ppm) as external standard.    The ligands 2,6-

bis(pyrazol-1-ylmethyl)bromobenzene and 2,6-bis{(3,5-dimethylpyrazol-1-

yl)methyl}bromobenzene, {PtMe2(SEt2)}2 and {PtPh2(SEt2)}2 were synthesized as 

previously reported.423,424,430,431  

(NCN)PtMe2Br (5.1).  The procedure has been published previously.423  A 25 mL flask 

was charged with {PtMe2(SEt2)}2 (0.060 g, 0.10 mmol) and approximately 2 equivalents of 

2,6-(pyrazol-CH2)2C6H3Br (0.065 g, 0.21 mmol) in 5-10 mL of benzene.  After refluxing the 

solution for 30 minutes, a white precipitate was observed.  Thus, the solution was filtered 

through a fine porosity frit, and the solid was washed with hot benzene to yield a white 

powder (0.040 g, 84 %).  1H NMR (CDCl3, δ): 8.38, 7.47, 6.33 (each 2H, s, small JHH 

coupling constant not resolved, pyrazole ring 3, 4 and 5 positions), 7.06 (3H, s, phenyl), 5.86 

(2H, d, JHH = 15 Hz, CH2), 4.85 (2H, d, JHH = 15 Hz, CH2), 1.60 (6H, JPt-H = 70 Hz, CH3). 

(NCN)PtMe2(OTf) (5.2).  A 25 mL flask was charged with (NCN)PtMe2Br (5.1) (0.076 

g, 0.14 mmol) in 10 mL of THF and one equivalent of AgOTf (0.036 g, 0.14 mmol) was 

added.  The mixture was heated to reflux for approximately 10 hrs.  After cooling to room 
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temperature, the mixture was filtered through a fine porosity frit.  The collected solid was 

extracted with 10 mL of CH2Cl2 and filtered through a fine porosity frit.  The filtrate was 

concentrated to approximately 1 mL, and 10 mL of hexanes were added to yield a 

precipitate.  The white precipitate was collected by vaccum filtration, washed with hexanes 

and dried in vacuo for several hours (0.045 g, 52 %).  1H NMR (CDCl3, δ): 8.26, 7.49, 6.36 

(each 2H, s, small JHH coupling constant not resolved, pyrazole ring 3, 4 and 5 positions), 

7.06 (3H, s, phenyl), 5.86 (2H, d, JHH = 15 Hz, CH2), 4.88 (2H, d, JHH = 15 Hz, CH2), 1.50 

(6H, JPt-H = 70 Hz, CH3).  19F{1H} NMR (CDCl3, δ):  -78.0. 

(NCN)PtMe2(NHPh) (5.3).  A 10 mL flask was charged with (NCN)PtMe2(OTf) (5.2) 

(0.027 mg, 0.043 mmol) in 5 mL of THF and approximately 2 equivalents of LiNHPh (~ 

0.010 mg) were added.  After the mixture was stirred for one hour, the volatiles were 

evaporated under reduced pressure.  The residue was extracted with 5 mL of benzene and 

filtered through a fine porosity frit.  The filtrate was concentrated to ~ 1 mL, and 5 mL of 

hexanes were added to give a yellow precipitate.  The mixture was filtered, and the solid 

was washed with hexanes and dried in vacuo for several hours (0.015 mg, 60 %).  1H NMR 

(CD2Cl2, δ): 8.07, 7.57, 6.34 (each 2H, s, small JHH coupling constant not resolved, pyrazole 

ring 3, 4 and 5 positions), 7.05 (3H, s, phenyl), 6.74 (2H, t, JHH = 7 Hz, meta-NPh), 6.22 

(2H, d, JHH = 7 Hz, ortho-NPh), 6.13 (1H, t, JHH = 7 Hz, para-NPh), 5.83 (2H, d, JHH = 15 

Hz, CH2), 4.90 (2H, d, JHH = 15 Hz, CH2), 2.72 (br s, NH), 1.13 (6H, JPt-H = 70 Hz, CH3). 

(NCN′)PtBr (5.4).  The procedure has been published previously.424  A 25 mL round 

bottom flask was charged with {PtPh2(SEt2)}2 (0.040 g, 0.05 mmol) and approximately 2 

equivalents of 2,6-{(3,5-dimethylpyrazol)-CH2}2C6H3Br (0.034 g, 0.10 mmol) in 10 mL of 
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benzene.  The solution was heated to reflux for 2 hours. After cooling to room temperature, 

the solution was concentrated to 2-3 mL, and 10 mL of Et2O were added.  The white 

precipitate was collected by filtration, washed with Et2O and dried in vacuo (0.020 g, 55 %).  

1H NMR (CDCl3, δ): 6.92 (3H, m, phenyl), 5.86 (2H, s, pyrazole ring 4 position), 5.50 (2H, 

d, JHH = 14 Hz, CH2), 4.74 (2H, d, JHH = 14 Hz, CH2), 2.62, 2.36 (each 6H, s, CH3). 

(NCN′)Pt(OTf) (5.5).  A 25 mL flask was charged with (NCN′)PtBr (5.4) (0.100 g, 0.18 

mmol) in 15 mL of THF and one equivalent of AgOTf (0.045 g, 0.18 mmol) was added.  

The mixture was heated to reflux for approximately 10 hrs. After cooling to room 

temperature, the mixture was filtered through a column of Celite.  The filtrate was 

concentrated to approximately 5 mL, and 10 mL of hexanes were added to give a precipitate. 

The white precipitate was collected by filtration, washed with hexanes and dried in vacuo 

for several hours (0.095 g, 85 %).  1H NMR (CDCl3, δ): 6.90 (3H, s, phenyl), 5.92 (2H, s, 

pyrazole ring 4 position), 5.48 (2H, d, JHH = 14 Hz, CH2), 4.78 (2H, d, JHH = 14 Hz, CH2), 

2.51, 2.40 (each 6H, s, CH3). 19F{1H} NMR (CDCl3, δ):  -77.8. 
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5.6  Appendices (NMR Spectra) 
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Figure 5.1.  1H NMR spectrum of (NCN)PtMe2Br (5.1) in CDCl3. 
 
 

 213



 
 

Figure 5.2.  1H NMR spectrum of (NCN)PtMe2OTf (5.2) in CDCl3. 
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Figure 5.3.  1H NMR spectrum of (NCN)PtMe2(NHPh) (5.3) in CD2Cl2. 
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Figure 5.4.  1H NMR spectrum of (NCN′)PtBr (5.4) in CDCl3. 
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Figure 5.5.  1H NMR spectrum of (NCN′)Pt(OTf) (5.5) in CDCl3. 
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