
ABSTRACT

Arrowood, Benjamin Nathan

I. Introduction to transition metal polymerization catalysts.

II. Preparation and characterization of a ruthenium(II) catalyst for radical

polymerization of olefins. (Under the direction of Dr. T. Brent Gunnoe.)

A ruthenium(II) complex TpRu(CO)(CH3)(NCCH3) (Tp =

hydridotris(pyrazolyl)borate)  was prepared from TpRu(CO)2(CH3) by refluxing in

acetonitrile with (CH3)3NO. Heating a solution of TpRu(CO)(CH3)(NCCH3) in

CDCl3 to 50 oC with various equivalents of CD3CN indicates that the Ru-NCCH3

undergoes exchange with CD3CN and is independent of CD3CN concentration.

Reactions with styrene or methyl methacrylate in the presence of catalytic quantities

of TpRu(CO)(CH3)(NCCH3) at 90 ºC result in the production of polystyrene and

polymethyl methacrylate, respectively.  An inverse dependence of polystyrene

molecular weight on concentration of added cumene indicates that a radical

polymerization mechanism is likely. In addition, the polymerization of styrene or

methyl methacrylate occurs in the presence of carbon tetrachloride or methyl

dichloroacetate with catalytic quantities of TpRu(CO)(CH3)(NCCH3) at 90 ºC. In

both cases, polymer conversion rates are sluggish and molecular weight distributions

are broad. The slow reaction rates are attributed to a high Ru(III/II) redox couple that

favors Ru(II). Reactions with TpRu(CO)(CH3)(NCCH3) in benzene charged with

ethylene at 90 ºC do not produce polyethylene. Rather, catalytic synthesis of

ethylbenzene as well as 1,3- and 1,4-diethylbenzene is observed.
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Chapter I

1.0 Introduction and background

The utilization of catalysts for the syntheses of polyolefins is one of the largest

segments of the chemical industry with an annual production of more than 120 million

tons of polyethylene and polypropylene.1,2 The polyolefin world market share of total

thermoplastics has more than tripled from 20% in the mid 1960s to nearly 65% in 2000.3

Currently, the majority of polyolefin processes employ Ziegler-Natta or chromium based

heterogeneous catalysts.1,4 As a pioneer in this field, Nobel prize winner Karl Ziegler

successfully synthesized high-density polyethylene (HDPE) at standard pressure and

room temperature with a heterogeneous catalyst based on titanium tetrachloride and

diethylaluminum chloride.5 Such conditions are not applicable to the synthesis of low-

density polyethylene (LDPE), which is generally produced at pressures in excess of 1000

bar with early metal catalysts in free radical processes.2,6

 Typically early transition metal catalysts are known to polymerize olefins via

coordination/insertion chemistry (Figure 1.0). In order for polymerization to occur

through a coordination and insertion pathway, an open coordination site on the metal

catalyst must bind an olefin in an η2 fashion followed by a 1,2 insertion into the metal-

alkyl bond. The metal-alkyl complex can continue to lengthen the alkyl chain by the

repeated binding and insertion of olefins in this manner, or the chain can terminate by β-

hydride elimination.
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Figure 1.0 General mechanism for olefin insertion with β-hydride elimination and
chain growth (M = transition metal complex)

For transition metal catalyzed olefin polymerization, only monomers capable of

forming labile complexes with the active site of the catalyst may undergo insertion

polymerization. Therefore, the electronic nature of the metal center plays several

important roles. For example, metal-alkene bonds of d0 metal centers are typically weaker

than metal-alkene bonds of dn (n>2) complexes.7 The stability difference is due to the

lack of dπ back donation to the olefin π* orbital for d0 metal centers (Figure 1.1).8,9 In

addition, less back donation from the metal to the olefin also results in decreased electron

density for σ donation from the olefin to the metal.
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Figure 1.1 For early transition metal complexes, lack of back-donation from a metal
dπ to an olefin π* and σ donation from an olefin π to a metal σ orbital

As a result, olefin insertion into electropositive d0 early transition metal-alkyl bonds is

often facile, thus allowing efficient catalysis for polymerization.10

A major challenge for polyolefin synthesis is the ability to incorporate polar

functionality into the monomer. Ziegler catalysts characteristically show low activities

with such monomers as a result of the oxophilic nature of early transition metal

catalysts.11 The electron attracting ability of these metals lead to the formation of strong

bonds with olefin substituents containing heteroatomic functionalities.8,12,13 Therefore,

most early transition metal catalysts are limited to the polymerization of non-

functionalized olefins. For example, titanium-based catalysts are strong Lewis acids, and

attempts to polymerize polar monomers with these complexes often lead to competition

for the vacant coordination site of the catalyst between coordination isomers in which the

olefin can be η1-bound via the heteroatom or η2-bound via the carbon-carbon double

bond (Figure 1.2).11,14
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Figure 1.2 Early transition metal binding to polar functionality of monomer (M =
early transition metal)

The result is a poisoned catalyst incapable of polymerizing such monomers via

coordination/insertion chemistry.

However, with careful manipulation of the monomer, it may be possible to

polymerize olefins with limited functionality using Ziegler-Natta catalysts.15 Generally,

the electron donating substituent must be separated from the carbon-carbon bond by more

than one methylene group in order to avoid deleteriously affecting the electronics of the

double bond interaction with the catalyst.16 However, these compounds remain

susceptible to the formation of strong σ-bonds with the catalysts. In isolated cases, less

reactive substituents (e.g., silicon or tin) or protecting components {e.g., protecting

oxygen functionality with Si(CH3)3, boron, or aluminum derivatives} allow the polar

functionality to be directly attached to the double bond without disrupting

polymerization.11,15,16

Metallocene-based homogenous catalysts are often superior to heterogeneous

Ziegler-Natta catalysts.17 The general catalytic structure of metallocenes (also called

“sandwich compounds”) consists of a metal π-bonded to two aromatic ring systems

usually comprised of cyclopentadienyl (Cp) and derivatives of Cp (Figure 1.3).2,18
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Figure 1.3 A simple zirconocene complex

Metallocene-based catalysis occurs principally at a single-site on a metal-center with a

well-defined coordination environment.2 As a result, it is often possible to control

polymer properties such as molecular weight, stereochemistry, microstructure,

crystallization behavior, and mechanical properties. Control of regio- (e.g., head-to-tail

arrangement) and stereoregularities,19 molecular weights and molecular weight

distributions, and comonomer incorporation can often be rationally controlled with these

homogenous catalysts (Figure 1.4).

Figure 1.4 Stereochemistry of polymer with isotactic (A), syndiotactic (B), atactic
(C), and alternating copolymer (D) where R1 and R2 are different
substituents.
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In addition, metallocene systems greatly expand the range of attainable polyolefin

materials. For example, metallocene systems provide a means for the copolymerization of

ethene and propene to form rubber,2 homo- and copolymerization of strained cyclic

olefins such as cyclopentene or norbornene,20 and access to functionalized

polyolefins.2,6,13,21,22 However, activation of metallocene complexes require the use of

large quantities of methyl aluminoxane (MAO), which may be detrimental to processing

the resulting polymer, and similar to Ziegler-Natta systems, early transition metal

metallocene catalysts are often intolerant of monomer functionality.11,23

In contrast to early transition metals, late transition metals tend to be functional

group tolerant due to the increased electronegativity and the resulting high d-electron

counts (i.e., low oxidation states). However, olefin polymerization using late transition

metal systems can be limited by β-hydride elimination reactions (Figure 1.5).12

Figure 1.5 β-hydride transfer to late transition metal center (M) resulting in the
formation of the metal-hydride/η2-olefin, leading to chain termination
through associative displacement of the olefin
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Although insertion reactions can be strongly accelerated by coordinative unsaturation,

this step tends to be very slow for late transition metal complexes as a result of the

increased likelihood for the alkyl to become agostic and so favor the metal-hydride and

η2-olefin through β-hydride elimination.24 β-hydride elimination can then lead to chain

termination by the associative displacement of the original olefin. As a result, olefin

oligomerization or dimerization is often observed with late transition metal complexes.1,15

Late transition metal complexes tend to be more susceptible to β-hydride

elimination as a result of increased back donation from the metal to the alkyl σ* of the

metal-alkyl β-C−H bond, which weakens the alkyl β-C−H bond.24 In addition, metal

agostic binding of C−H bonds provides a way to stabilize coordinatively unsaturated

species. A vacant site on the metal center contains an empty orbital that can accept the

electron density from the β hydrogen of a growing alkyl chain. In addition, the metal-

alkyl β hydrogen is often easily positioned close to the vacant coordination site on the

metal center in a coplanar fashion, which is necessary for transfer to occur.24

Brookhart et. al., have developed a system of highly unsaturated electrophilic late

transition metal complexes that incorporate sterically bulky aryl substituents on α-

diimine ligands often coordinated to palladium(II) or nickel(II) metal centers (Figure

1.6).25
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Figure 1.6 Suppression of associative displacement by bulky aryl substituents on α-
imine ligand

As in early transition metal systems, the high electrophilicity of these late transition metal

complexes suppresses β-hydride elimination by limiting the extent of metal back

donation into the alkyl β-C−H σ* orbital. In the event of β-hydride elimination, the

application of sterically bulky ligands suppress associative olefin displacement by

blocking access to vacant sites on the metal center and leads to inhibition of chain

termination (Figure 1.5, vide supra).12,16,25,26 Consequently, migratory insertion barriers

are expected to be lower compared to associative exchange with bulkier α-imine

substituents (13-18 kcal/mol lower), thus reinsertion of the olefin into the metal-hydride

bond is feasible and polymerization proceeds.

By taking advantage of the ability of late transition metal-alkyl complexes to

undergo a series of β-hydride elimination and reinsertion steps, a process known as metal

migration or chain walking has been developed (Figure 1.7).12
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Figure 1.7 Chain walking by migration of coordinated metal atom (M) leading to low
density polyethylene

The metal-alkyl species generated from olefin insertion may undergo a series of β-

hydride elimination and reinsertion reactions prior to coordination and insertion of

another olefin. The migration of the metal along the polymer chain (i.e., chain walking)

can lead to the formation of polymer branches and ultimately low density polyethylene

(LDPE).

The most common and effective, well-defined late transition metal insertion

polymerization catalysts are based on complexes of palladium(II),25,27 nickel(II),25,28,29

iron(II),30,31 and cobalt(II),30,32 which incorporate multidentate ligands with bulky

nitrogen or phosphorous donor substituents.12,15,33 The mechanistic details of these

systems have been well characterized, thus providing an excellent database for the

comparison of catalytic structures and dynamics of related alkyl complexes toward
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olefin polymerization through insertion chemistry.12

Although ruthenium catalyst often exhibit both remarkable activity and selectivity

in organic synthesis, few examples of ruthenium-based polymerization catalysts have

been reported. The polymerization of butadiene in N,N-dimethylacetamide (DMA) by

hydridochlorotris(triphenylphosphine)ruthenium(II)34 or in aqueous emulsions with

RuCl3/P3Ph6 or RuCl3/P3Bu10
35 has been observed.36 In addition, ethylene polymerization

using (pybox)RuX2(ethylene)-MAO (pybox = 2,6-bis[(4S)-isopropyl-2-oxazolin-2-

yl]pyridine; X = Cl or I; MAO = methyl aluminoxane) as catalysts with large excess of

MAO has been reported.37

This chapter presents the synthesis of an octahedral ruthenium(II) complex

(Figure 1.8) for the purpose of polymerizing olefins.

Figure 1.8  Structure of target ruthenium(II) complex TpRu(L)(CH3)(NCCH3)

The goal was to produce a catalyst capable of an olefin binding and insertion to give

polymer as depicted in Figure 1.0 (vide supra). Our strategy to achieve this goal was to

prepare an electron deficient Ru(II) system with a well defined coordination environment.
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The high electrophilicity may be important to decrease β-elimination by limiting the

extent of back donation into the metal-alkyl β-C−H σ* orbital required for the

elimination reaction to proceed. The preparation of TpRu(L)(CH3)(NCCH3)

(Tp=hydridotris(pyrazolyl)borate; L = π-acid) complexes were targeted due to the

electron withdrawing ability of the π-acid with the stable Tp ligand and the presence of

the labile NCCH3 ligand. The Tp ligand generally favors octahedral geometry as it tends

to be bound in a facial orientation.38,39,40 During polymerization, β-hydride elimination

leads to the formation of TpRu(L)(H)(olefin) (Figure 1.9)

Figure 1.9 Mechanism for olefin displacement from catalyst as a result of β-hydride
elimination. [Ru] = TpRuL
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The resulting TpRu(L)(H)(olefin) complex is a coordinatively saturated octahedral

system. Thus associative displacement of olefin would likely be suppressed.33,41,42,43,44

Additionally, dissociative olefin displacement will not likely be favored as a result of a

large ∆H‡ that would be created upon olefin dissociation due to the π-basicity of the

Ru(II) metal center. In the absence of olefin substitution, reinsertion and continued

polymerization becomes feasible.

The weakly coordinating acetonitrile ligand provides an accessible coordination

site for olefin binding. In addition, the methyl group is available for catalyst initiation via

the insertion of olefin into the Ru−CH3 bond. Thus, the catalyst has been designed with

the hope of eliminating the need for MAO to initiate polymerization. The π-acidic

character of the ligand "L" serves to reduce electron density on the metal center. Thus,

the η2-bound olefin-Ru bond (Figure 2.8, vide infra) will be weakened by competition for

π back-donation, rendering the olefin more susceptible to insertion into Ru-alkyl bonds.

Additionally, the ligand "L" provides a tuning devise and can be selected to vary sterics

and electronics. Thus, strategic manipulation of the ruthenium metal center could allow

fine-tuning of its catalytic selectivity for polymer synthesis.
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Chapter II

Section 2.0 Synthesis and characterization of TpRu(CO)(CH3)(NCCH3)

The synthesis of  [TpRu(CO)2(THF)][PF6] has been reported via the oxidation of

ruthenium(I) binuclear complex {TpRu(CO)2}2 in THF solution under inert

conditions.45,46 The reaction of [TpRu(CO)2(THF)][PF6] (1) with 1.3 equivalents of MeLi

in ether in THF at –100 oC yields TpRu(CO)2CH3 (2) in 60-80% isolated yield (Figure

2.0).

Figure 2.0 Preparation of TpRu(CO)2CH3

IR spectroscopy of complex 1 reveals symmetric and asymmetric ruthenium bound υCO

absorbances at 2091 cm-1 and 2033 cm-1, respectively. After stirring for approximately 10

minutes, new υCO absorbances at 2030 cm-1 and 1958 cm-1 are observed for complex 2.

The decreased υCO energies (cf. complex 1) are consistent with increased metal electron

density for 2. The reaction mixture can be purified by chromatography on neutral alumina

with methylene chloride. Characterization by 1H NMR spectroscopy in acetone-d6

indicates a singlet for a Ru-methyl at 0.086 ppm (Figure 2.1) and downfield Tp

resonances consistent with Cs molecular symmetry (that is, 2:1 patterns are observed due
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to two equivalent and one unique pyrazolyl ring). In addition, 13C NMR spectroscopy

indicates isolation of clean product (Figure 2.2). Cyclic voltammetry studies in

acetonitrile do not reveal a Ru(III/II) redox couple  from –2.0 V to 2.0 V (versus normal

hydrogen electrode) and a Ru(II/I) reduction is not observed.

Figure 2.1 1H NMR spectrum of TpRu(CO)2(CH3) acetone-d6 (p.15)

Figure 2.2 13C NMR spectrum of TpRu(CO)2CH3 in CDCl3 (p.16)
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Figure 2.1  1H NMR spectrum of TpRu(CO)2(CH3) acetone-d6
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Figure 2.2  13C NMR spectrum of TpRu(CO)2CH3 in CDCl3
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Treatment of TpRu(CO)2CH3 (2) with trimethylamine-N-oxide {(CH3)3NO} in

refluxing acetonitrile  for 45 minutes yields the complex TpRu(CO)(CH3)(NCCH3) (3) in

a 57-66% isolated yield (Figure 2.3). Complex 3 can be purified by flash chromatography

on alumina and recrystallized from CH2Cl2/ hexanes.

Figure 2.3 Preparation of TpRu(CO)(CH3)(NCCH3)

The IR spectrum of 3 shows a single carbonyl υCO at 1918 cm-1, consistent with a

single ruthenium-bound terminal carbonyl. In addition, υCN (2278 cm-1) and Tp υΒΗ (2485

cm-1) absorbances are observed. Characterization by 1H NMR spectroscopy indicates two

singlets for methyl resonances at 0.21 and 2.30 ppm (Ru-CH3 and Ru-NCCH3,

respectively) and Tp resonances indicative of an asymmetric metal complex (Figure 2.4).

13C NMR spectroscopy shows clean conversion to complex 3 with singlets for each

carbon at (in ppm) 206.5 (Ru-CO), -10.5 (Ru-CH3), 121.7 (Ru-NCCH3), and 4.2 (Ru-

NCCH3), in addition to the Tp resonances (Figure 2.5). Crystals were grown by layering

a CH2Cl2 solution of 3 with hexanes. The X-ray diffraction study confirms the identity of

3 (Figure 2.6), however, the molecule exhibited an isomeric disorder in which the

positions of the methyl group and the carbonyl group were interchanged. The positions

for C(12) and C(13) yield distances that are intermediate for Ru-CH3 and Ru-CO bond

lengths. In addition, the C-O bond lengths were also slightly short for a CO triple bond.
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Crystallographic data and collection parameters for TpRu(CO)(CH3)(NCCH3) are listed

in table 2.0 and selected bond distances and angles are listed in tables 2.1 and 2.2,

respectively.

Figure 2.4 1H NMR spectrum of TpRu(CO)(CH3)(NCCH3) in CDCl3 (p. 19)

Figure 2.5 13C NMR spectrum of TpRu(CO)(CH3)(NCCH3) in CDCl3 (p. 20)

Figure 2.6 ORTEP diagram of TpRu(CO)(CH3)(NCCH3) (p. 21)
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Figure 2.4: 1H NMR spectrum of TpRu(CO)(CH3)(NCCH3) in CDCl3
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Figure 2.5: 13C NMR spectrum of TpRu(CO)(CH3)(NCCH3) in CDCl3
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ORTEP diagram of TpRu(CO)(CH3)(NCCH3) (3)
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Table 2.0: Selected crystallographic data and collection parameters for
TpRu(CO)(CH3)(NCCH3) (3)

formula C13H16BN7ORu

mol wt 398.19

cryst syst Pna21

space group Orthorhombic

a, Å 14.437(5)

b, Å 13.117(3)

c, Å 8.802(3)

V, Å3 1666.8(9)

Z 4

Dcalcd, g cm-3 1.587

total no. of reflections 3110

unique reflections 2902

R 0.027

Rw 0.034
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Table 2.1: Selected bond distances (Å) for TpRu(CO)(CH3)(NCCH3) (3)

Ru-N7 2.033(3) Ru-N1 2.064(3)

Ru-N3 2.166(3) Ru-N5 2.165(2)

Ru-C12 1.972(4)        Ru-C13 1.967(4)

C12-O1 1.054(8) C13-O2 1.085(6)

N7-C1 1.133(5) C10-C11 1.465(6)

Table 2.2: Selected bond angles (º) for TpRu(CO)(CH3)(NCCH3) (3)

Ru-N7-C10 172.2(3) N7-C10-C11 177.1(5)

N1-Ru-N3 86.97(12) N1-Ru-N5 84.86(14)

N1-Ru-N7 175.31(12) N3-Ru-N5 84.15(12)

N3-Ru-N7 88.34(12) N5-Ru-N7 94.65(14)
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Section 2.1 Mechanistic discussion

The π-acidity of olefins allows the possibility of electronically preferred

orientations. As described by the Dewar-Chatt-Duncanson model (Figure 2.7), 47,9 the

metal dπ  back-donates electron density to the olefin π*, increasing electron density on the

olefin available to donate to an empty metal orbital with σ-symmetry.

Figure 2.7 Metal dπ back-donation to an olefin π* and olefin π donation to metal σ
orbital

The olefin LUMO (π*) will preferentially interact with the metal dπ HOMO.48 Therefore,

an olefin bond to the {TpRu(CO)(CH3)} fragment will prefer to orient orthogonal to the

Ru-CO bond (Figure 2.8).

Figure 2.8 Preferential orientation of olefin with dyz of TpRu(CO)(CH3)



25

 Such orientation reduces π-competition with the CO ligand (Figure 2.9).

Figure 2.9 View down Ru-CH3 bond showing dπ competition between CO and olefin
π* orbitals (left figure) and preferred orientation without dπ competition
(right figure)

With the coordination system shown in Figure 2.10, the thermodynamically preferred

olefin orientation will be to bond with the metal dyz orbital. Rotation of the olefin around

the y-axis will create overlap with the dxy orbital, resulting in unfavorable competition

with CO for back bonding and an electronic contribution to Ru-olefin rotation.
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Figure 2.10 Representation of barrier to rotation of olefin around y-axis

A proposed mechanism for olefin binding and insertion is illustrated in Figure

2.11. The dissociation of NCCH3 creates coordinatively unsaturated B. The olefin

coordinates to ruthenium in an η2-fashion to form C. Consequently, the olefin inserts into

the Ru-CH3 bond to form D, creating another open coordination site. This sequence

continues to yield olefin polymerization.
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Figure 2.11 Proposed mechanism for olefin insertion with octahedral Tp
ruthenium(II)-alkyl complex

Section 2.2 Acetonitrile exchange with TpRu(CO)(CH3)(NCCH3) (3)

In order to determine whether ligand exchange involving acetonitrile was feasible,

complex 3 was dissolved in CDCl3 in three separate screw cap NMR tubes with 50, 100

and 150 equivalents of CD3CN and heated to 50 oC. Using the Ru-CH3 absorbance as the

internal standard in 1H NMR spectroscopy, the disappearance of the Ru-NCCH3 methyl

proton absorption was monitored over a period of 72 hours. The disappearance of the Ru-

NCCH3 absorbance is attributed to an exchange between ruthenium-bound NCCH3 and

free CD3CN (Figure 2.12).
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Figure 2.12 Dissociative ligand exchange of CD3CN with TpRu(CO)(CH3)(NCCH3)
(3)

The reaction follows pseudo-first order kinetics (Figure 2.13) and the mechanism appears

to be dissociative since the kobs indicates zero order dependence of [CD3CN]; Rate =

kobs[TpRu(CO)(CH3)], kobs = k1 = 2.64(4) x 10-4, R2 = 0.99 for all concentrations of

CD3CN.
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Figure 2.13 Pseudo-first order kinetic plot of exchange for 3 in the presence of 100
equivalents of CD3CN at 50 oC, where [Ru] = concentration of complex 3

In contrast, an associative mechanism would be first order in [CD3CN] (Rate = kobs =

k1[CD3CN]), and the kobs would be expected to increase linearly with increasing CD3CN

concentration. This ligand exchange experiment, therefore, suggests that the five-
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coordinate octahedral ruthenium fragment {TpRu(CO)(CH3)} can be accessed at

relatively moderate temperatures.

Section 2.3 Olefin Polymerization Studies with TpRu(CO)(CH3)(NCCH3) (3)

In a representative reaction, a solution of styrene (or methyl methacrylate) and

benzene was heated to 90 oC in a thick-walled pressure tube in the presence of 1 mole %

of TpRu(CO)(CH3)(NCCH3) and decane (internal standard). Periodically, aliquots of

reaction mixture were removed for analysis by GC-FID and also precipitated with

CH3OH for GPC analysis. Polystyrene was observed up to 30 % conversion after 144

hours with molecular weights reaching 50,000 g/mol and PDI as low as 2.6. Controlled

reactions in the absence of complex 3 did not yield polystyrene. 13C NMR spectroscopy

suggests the isolated polystyrene is attactic, which is consistent with a radical

polymerization mechanism. However, an insertion mechanism cannot be ruled out based

only on polymer stereochemistry. Fragments of the type {TpRu(CO)(R)} are expected to

exhibit poor stereoselectivity for olefin coordination since closely related

{TpRe(CO)(L)} systems exhibit low diastereoselectivity for η2-aromatic binding.49,50

Since styrene can undergo radical polymerization and late transition metal

complexes can catalyze radical polymerization reactions, it is appropriate to test for the

presence of radical species.57 One method to probe the reaction mechanism of metal-

catalyzed olefin polymerization involves the use of a free radical scavenger. The free

radical scavenger should inhibit polymerization in the case of a radical mechanism.

Novak et al. have demonstrated that galvinoxyl is a suitable free radical scavenger to
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inhibit polymerization of methyl acrylate when catalyzed by either of three neutral

palladium(II) complexes.27 To test for a radical mechanism using a free radical scavenger

with the polymerization of styrene, the radical scavenger galvinoxyl was added to a

reaction mixture of styrene and complex 3 in benzene. The formation of polystyrene was

not observed after heating for 24 hours at 90 oC. In addition, IR spectroscopy is lacking

the υCO for TpRu(CO)(CH3)(NCCH3) at 1919 cm-1. However, the combination of

galvinoxyl and complex 3 in the absence of styrene suggests the galvinoxyl decomposes

the catalyst within 30 minutes. Analysis of the reaction mixture by 1H NMR spectroscopy

indicates complete decomposition of complex 3. Therefore, additional studies were

required to determine the reaction mechanism.

A more precise method for determining whether radical polymerization reactions

are operative involves the use of the chain transfer reagents. Radical species readily

abstract atoms from chain transfer reagents, resulting in termination of chain growth and

decreasing polymer molecular weight.51,52,53,54,55,56 For radical mechanisms, as the

concentration of the chain transfer reagent increases, the molecular weight is expected to

decrease. In contrast, the molecular weight of an insertion mechanism is expected to be

independent of the concentration of the chain transfer reagent. For the radical

polymerization of styrene, cumene is an effective chain transfer reagent (Figure 2.14).
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Figure 2.14 Proposed mechanism for radical polymer chain termination by the chain
transfer reagent cumene

To test for radical species using a chain transfer reagent, complex 3 and styrene

were dissolved in solutions of benzene and variable amounts of cumene, and the reaction

solutions were heated to 90 oC for 24 hours. After 24 hours, the resulting polystyrene was

precipitated with CH3OH and analyzed by GPC. The results confirm a radical species is

present by the inverse dependence of the resulting polymer molecular weight on cumene

concentration  (Figure 2.15).
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Figure 2.15 Plot of 1/Mn x 10-5 versus [Cumene]/[Styrene] in the polymerization
reaction of styrene catalyzed by TpRu(CO)(CH3)(NCCH3) (3) in benzene
at 90 oC for 24 hrs in the presence of variable amounts of cumene

Late transition metal systems are known to initiate olefin polymerization via

radical mechanisms.57 The majority of radical polymerization reactions involve formal

oxidation of the metal center. Therefore, it is reasonable that increased electron density

on the metal center will favor radical olefin polymerization. In addition, due to the

increased metal dπ back-donation to olefin, electron rich metal complexes will have a

reduced predilection toward olefin insertion reactions. Thus, it is anticipated that trends in

metal electron density will have opposite effects on the propensity toward radical and

insertion mechanisms for olefin polymerization. That is, as metal electron density is

decreased, radical polymerization will become less likely while olefin insertion should be

facilitated.
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Radical polymerization reactions are among the most widely used for olefin

polymerization reactions.57 Due to their high reactivity and low selectivity, conventional

free radical polymerization reactions generally produce polymers with broad molecular

weight distributions and suffer from irreversible bimolecular termination or

disproportionation reactions (Figure 2.16).57

Figure 2.16 Bimolecular termination and disproportionation of radical species

Additionally, initiations are often slow in radical mechanisms while high molecular

weight polymer forms shortly after the reaction begins. As the reaction progresses,

polydispersities tend to increase while the average molecular weights decrease.

However, in combination with late transition metal catalysts, radical

polymerization reactions have been tailored in such a way that polymers can be formed

with controlled molecular weights, desired end groups, and relatively low (<1.5)

MWDs.57 Common late transition metal systems that are successful at catalyzing radical

polymerization reactions include halides of Ru(II),58,52,53,59,60,61,62 Cu(I),63,64 Fe(II),65,66,67

and Ni(II).68,69,70 Some polymerization reactions with these complexes are assisted by

Lewis acid cocatalysts.27,37 Notably, some radical polymerization reactions have been
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reported to occur in water and at ambient temperatures (30-80 oC).57,71,72

Of particular interest are atom-transfer radical polymerization (ATRP) reactions

that incorporate a reversible equilibrium between activated and dormant radical species

(Figure 2.17).

Figure 2.17 ATRP with carbon-halogen initiator (R-X), +2 and +3 oxidation states of
late transition metal complex (MII and MIII), methyl methacrylate (MMA),
and reversible equilibrium between a polymerization active and a dormant
species

The one electron oxidation of a late transition metal complex (M) by a terminal carbon-

halogen initiator (R-X) can lead to the formation of a radical (R•), which can initiate

radical polymerization. The reversible equilibrium of polymerization active and dormant

species can decrease chain transfer and bimolecular termination reactions by keeping

concentrations of active radical species low. These are not defined as true “living”

polymerization systems though, as termination reactions do occur. However, these

systems possess characteristics that are similar to “living” polymerization reactions, and

are therefore often referred to as controlled/“living” radical polymerization reactions

(CRP).73

In an attempt to access controlled/“living” radical polymerization conditions,
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solutions of styrene or methyl methacrylate in benzene were heated to 90 oC in a pressure

tube with 1 mole % TpRu(CO)(CH3)(NCCH3) with two equivalents (based on complex

3) of the alkylhalide and monitored by GC-FID and GPC (Figures 2.18-2.23). Styrene

conversion is poor when 2-ethyl-2-bromomethyl propionate is added to the reaction, but

reach up to 35 % after 144 hours in the presence of CCl4 (Figure 2.18). The number-

average molecular weights {Mn (gmol-1)} versus monomer conversion gradually increase

with reaction time and are relatively high without additives (42,000-50,000), but much

lower with the chloride additives methyl dichloroacetate (3,700-5,900) and carbon

tetrachloride (3,000-4,400) (Figure 2.19). In addition, the plot of PDI versus time shows

relatively little change throughout the reaction, in the range of 2.6 without additives, 2.3

with carbon tetrachloride, and 2.2 with methyl dichloroacetate (Figure 2.20). Similar to

polymerization reactions of styrene catalyzed by 3, methyl methacrylate reactions with 2-

ethyl-2-bromomethyl propionate result in low conversion rates to polymer. In contrast to

styrene polymerization reactions with 3, reactions of methyl methacrylate in the absence

of alkylhalide additives yield low polymer conversion. However, methyl methacrylate

conversion rates in the presence of CCl4 or methyl dichloroacetate are faster than those of

styrene, approaching 75% at 144 hours (Figure 2.21). The number-average molecular

weights (gmol-1) decrease with methyl methacrylate conversion, going from 19,500 to

12,700 with methyl dichloroacetate and 9,700 to 6,500 with carbon tetrachloride (Figure

2.22). The plot of PDI versus time for the methyl methacrylate reactions show erratic

changes in molecular weight distribution throughout the reaction with methyl

dichloroacetate (2.8-2.2), while in the presence of CCl4 a steady increase is observed
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(1.9-2.6) (Figure 2.23).
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catalyzed by TpRu(CO)(CH3)(NCCH3) (3) in benzene at 90 oC with
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Figure 2.19 Plot of Mn x 103 versus % styrene conversion for the polymerization
reaction catalyzed by TpRu(CO)(CH3)(NCCH3) (3) in benzene at 90 oC
with decane as an internal standard, without additives (u), and with the
additives CCl4 (s) or methyl dichloroacetate (n)
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Figure 2.23 Plot of dependence of polydispersity index (PDI) on additive versus time
for the polymerization reaction of methyl methacrylate catalyzed by
TpRu(CO)(CH3)(NCCH3) (3) in benzene at 90 oC with decane as an
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In analogy to known ATRP mechanisms, we suggest the possibility that a radical

species (R•) is formed by reversible homolytic cleavage of a terminal carbon-halogen

bond (R-X) from compounds such as CCl4 or methyl dichloroacetate with formal

oxidation of Ru(II) to Ru(III) (Figure 2.24).

Figure 2.24 Proposed mechanism for radical polymerization with additives

Thus the ruthenium(II) complex (3) can be oxidized to ruthenium(III) (A) by one of the

terminal halogen initiators (R-X), resulting in the formation of R•. Once the initiating

radical (R•) is formed, it can add to the monomer to form a new radical that is active for

polymerization. Ideally, the radical concentration is attenuated due to the Ru(III/II)

equilibrium and bimolecular radical coupling is suppressed by the Ru(III/II) and X/Y

equilibrium shown in Figure 2.24 above.62 The dormant species remains until B is

oxidized to yield A and another activated radical species Z. In this manner, controlled
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polymerization can be achieved.

Although the Ru(II) complex 3 catalyzes the radical polymerization of styrene

and methyl methacrylate, the polymerization rates are sluggish compared to previously

reported Ru(II) catalytic systems.57 The cyclic voltammogram of complex 3 reveals a

reversible E½ of 0.95 V (vs. NHE) that corresponds to a Ru(II) to Ru(III) oxidation.  In

contrast, more active Ru(II) systems exhibit reversible Ru(III)/(II) redox potentials less

than E½ = 0.8 V (versus NHE) and thus fast reversible cleavage of a carbon-halogen

initiator terminal.74,60,54 Since Ru(II) assisted living radical polymerization is triggered by

one electron oxidation of the metal complex, it is reasonable to suggest the slow polymer

conversion rates are likely a result of the high Ru(III/II) redox potential for complex 3.

Consequently, the inability to undergo a one electron oxidation to the Ru(III) oxidation

state means this complex cannot effectively abstract a halogen from the initiator

molecule, which is necessary for the formation of the activated radical species, and thus

facilitation of polymerization.

As reported by Sawamoto et al., the ruthenium(II) complex RuCl2(PPh3)3 can

catalyze olefin polymerization via a radical mechanism, and catalytic activity is improved

in the presence of a Lewis acid activator. 54,60,74 RuCl2(PPh3)3 combined with Al(OiPr)3 as

a cocatalyst has a relatively low Ru(II) to Ru(III) oxidation potential with an E½ less than

0.80 V (versus NHE) and successfully accelerates polymerization reactions with methyl

methacrylate (90% conversion in 16 hours) and produces high molecular weight

polymers (Mw = 95,000 gmol-1) with narrow molecular weight distributions (Mw/Mn =

1.07).53 Initially, is was assumed that Al(OiPr)3 would act as a Lewis acid and
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coordinate to the carbonyl-oxygen of the monomer or the polymer terminal to activate a

radical species. However, further analyses suggest the aluminum alkoxide cocatalyst

most probably interacts with the ruthenium-metal center.52 According to analysis of the

ruthenium(II) complex, RuCl2(PPh3)3 in the presence of Al(OiPr)3, no absorption change

was observed in the 13C NMR spectroscopy for the carbonyl carbon of methyl

methacrylate. On the contrary, in the presence of the stronger Lewis acid, SnCl4, a

carbonyl carbon shift to a lower magnetic field with peak broadening was observed in the

13C NMR spectrum, which is consistent with coordination of SnCl4 to the carbonyl-

oxygen of methyl methacrylate. In addition, cyclic voltammetry (CV) studies suggest that

the aluminum additive affects the redox cycle of Ru(III/II) system. In the absence of

Al(OiPr)3, an irreversible Ru(III/II) couple is observed. Thus, the Ru(III) species is not

stable on the time scale of the CV experiment. On the other hand, in the presence of

Al(OiPr)3 the redox cycle changed into quasi-reversible redox couple. Therefore, it is

feasible that Al(OiPr)3 stabilizes the Ru(III) complex via weak interaction allowing the

reversible conversion of Ru(III) to Ru(II), but does not activate polymerization through

coordinate to the monomer.

It was anticipated that the use the additive Al(OiPr)3 with complex 3 could

accelerate and provide control over the polymerization of methyl methacrylate as

observed with RuCl2(PPh3)3 by stabilizing the Ru(III) species. However, the

polymerization studies of methyl methacrylate and complex 3 with Al(OiPr)3 and CCl4

(Figure 2.25) indicate the polymer conversion is not significantly affected by the use of

the cocatalyst. The inability to facilitate faster polymerization may be due to the high
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Ru(III/II) redox potential of complex 3.
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Figure 2.25 Plot of % methyl methacrylate conversion versus time in the
polymerization reactions catalyzed by TpRu(CO)(CH3)(NCCH3) (3), in
benzene at 90 oC with decane as an internal standard, carbon tetrachloride
as the additive, with cocatalyst, Al(OiPr)3 (¢), or without cocatalyst (n)

In conclusion, the ruthenium(II) complex 3 was anticipated to catalyze the

polymerization of olefins through an insertion mechanism. Although susceptible to ligand

exchange reactions with the acetonitrile ligand at elevated temperatures, and able to

provide access to the coordinatively unsaturated fragment {TpRu(CO)(CH3)}, reactions

with cumene indicate the polymerization of styrene and methyl methacrylate occur via

radical pathway. Competition between radical and insertion polymerization mechanisms

is likely to be dependent on the electron density of the metal center. Radical

polymerization reactions with this system may rely on the ability to access a Ru(III)

oxidation state and should decrease as the metal center becomes less electron rich.
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Therefore, the high Ru(III/II) redox potential may be the cause of the slow polymer

conversion rates and it is feasible to imply that the electron density of this system may be

on the fringe of a radical or an insertion type mechanism. Thus small changes in the

catalytic structure combine with decreased electron density on the metal center may

increase the likelihood of polymerizing olefins by way of an insertion type mechanism.
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Section 2.4 Reactions with Ethylene

Reactions with catalytic quantities of complex 3 and 30 psi of ethylene in benzene

yields ethylbenzene as well as 1,3- and 1,4-diethylbenzene (Figure 2.26).

Figure 2.26 Formation of ethylbenzene (R1=H, R2=H), 1,3- (R1=C2H5, R2=H) and 1,4-
(R1=H, R2=C2H5) diethylbenzene from complex 3 in benzene and ethylene
at 90 oC for 72 hrs.

A proposed mechanism for the formation of substituted benzenes is illustrated in

Figure 2.27. Acetonitrile dissociates from the Ru(II) complex A and benzene coordinates

in an η2-fashion to form B. Net oxidative addition and net loss of methyl radical forms

the RuIII complex C. The dissociation of a Tp arm or CO ligand creates an open

coordination site, and ethylene binds η2 to yield D. The insertion of ethylene into the Ru-

H bond forms E. Carbon-Carbon reductive elimination from E results in formation of

ethylbenzene and a Ru(I) complex (F). From F, two pathways are possible. First, η2

coordination of another molecule of benzene gives G. Net oxidative addition of G can

reform the Ru(III), C, which can continue through the cycle to produce more

ethylbenzene and F. Alternatively, ethylbenzene formed in the previous step can

coordinate η2 to F to give H. Loss of solvent and oxidative addition of H can allow

coordination of ruthenium to benzene in only the 3 or 4 positions,75 resulting in the
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Ru(III)/ethylbenzene-hydride complex, I. With the dissociation of a Tp arm, coordination

of η2-ethylene gives J. Insertion of ethylene yields a 1,3- or 1,4 substituted benzene ring,

K. The reductive elimination of K gives the constitutional isomers (1,3- and 1,4-) of

diethylbenzene in addition to F.
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Figure 2.27 Proposed mechanism for formation of ethylbenzene, 1,3- and 1,4-
diethylbenzene
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Lewis acid catalysts are known to initiate olefin arylation reactions including the

coupling of benzene with ethylene (Friedel-Crafts reactions).76 However, the ruthenium-

catalyzed reaction reported here exhibits characteristics that are inconsistent with a

Friedel-Crafts mechanism (no 1,2-substitution), therefore, we propose that C−H

activation occurs through an oxidative addition pathway in this system.

Section 2.5 Synthesis of TpRu(CO)(CH3)(Ppyr3)

Treatment of TpRu(CO)(CH3)(NCCH3) (3) with tris-N-pyrrolyl phosphine in

refluxing toluene for 45 minutes yields the complex TpRu(CO)(CH3)(Ppyr3) (4) (Figure

2.28).

Figure 2.28 Preparation of TpRu(CO)(CH3)(Ppyr3)

A υCO absorbance at 1972 cm-1 is observed during the formation of complex 4. 1H NMR

spectroscopy (Figure 2.29) indicates resonances in the aromatic region consistent with

nine new Tp protons. In addition, two broaden resonances that integrate for twelve

protons (6.16 and 5.92 ppm) are assigned as coordinated Ppyr3 protons. A singlet was

observed in the 31P NMR spectrum (Figure 2.30) corresponding to one ruthenium bound

phosphorous at 128 ppm. In addition, the 31P NMR spectrum is void of free tris-N-
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pyrrolyl phosphine (88 ppm). This complex has not yet been fully characterized.

Figure 2.29 1H NMR spectra of TpRu(CO)(CH3)(Ppyr3) in CDCl3 (p.50)

Figure 2.30 31P NMR spectra of TpRu(CO)(CH3)(Ppyr3) in CDCl3 (p.51)
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Figure 2.29: 1H NMR spectra of TpRu(CO)(CH3)(Ppyr3) in CDCl3
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Figure 2.30: 31P NMR spectra of TpRu(CO)(CH3)(Ppyr3) in CDCl3
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Tris-N-pyrrolyl phosphine has comparable π-acidic behavior to CO, thus creating

a similar electronic environment to complex 2.77 In addition to electronic effects,

phosphine ligands could create tunable steric effects based on selection of Tolman cone

angle.78,79 Thus, the combination of a late transition metal with a bulky Tp ligand, a bulky

π-acidic phosphorus ligand, and a labile ligand could lead to a metal center with

improved stereoselectivity and reactivity towards the polymerization of polyolefins.
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Experimental

General Methods.  All procedures were performed under inert atmosphere

(nitrogen) in an Innovative Technologies glovebox or using standard Schlenk techniques.

The glovebox atmosphere was maintained by periodic nitrogen purges and monitored by

an oxygen analyzer {O2(g) < 15 ppm for all reactions}.  Methylene chloride, acetonitrile,

and hexanes were purified by passage through a column of activated alumina.80 THF was

purified by passage through a column of activated alumina followed by distillation from

sodium/benzophenone and storage over 4Å molecular sieves.  Benzene was purified by

distillation from sodium/benzophenone.  All solvents were purged with nitrogen for at

least 10 minutes prior to use.  Benzene-d6 was purified by distillation from CaH2,

degassed, and stored over 4Å molecular sieves.  CDCl3 and CD2Cl2 were degassed via

three freeze-pump-thaw cycles prior to use and stored over 4Å molecular sieves.  1H and

13C NMR spectra were recorded on a General Electric 300 MHz spectrometer, Varian

Mercury 300 MHz 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.  Peaks in the 1H NMR spectra

due to pyrazolyl resonances are listed by chemical shift and multiplicity only (all

coupling constants are 2 Hz).  Infrared spectra were recorded on a Mattson Genesis-II

spectrometer as thin films on KBr plates (unless otherwise noted).  Gas chromatography

was performed on a Hewlett Packard 5890 GC using a J&W Scientific Cyclosil-B

capillary column (catalog number 112-3032), split inlet, and a FID detector. GC-FID

settings for analysis of styrene: injector temperature, 220 oC; detector temperature, 280
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oC; oven temperature, 100 oC; initial temperature, 100 oC; initial time, 2 minutes; rate, 10

oC/minute; final temperature, 130 oC; final time, 2 minutes. Chart recorder settings:

attenuation, 3; chart speed, 3. Retention time (minutes): benzene, 3.0; styrene, 3.3;

decane, 3.6. GC-FID settings for analysis of methyl methacrylate: injector temperature,

220 oC; detector temperature, 280 oC; oven temperature, 50 oC; initial temperature, 50 oC;

initial time, 3 minutes; rate, 20 oC/minute; final temperature, 130 oC; final time, 2

minutes. Chart recorder settings: attenuation, 6; chart speed, 4. Retention times (minutes):

Benzene, 3.58; methyl dichloroacetate, 3.94; decane, 8.24.

Chromatograms were produced using a Hewlett Packard 3396A integrator.  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.  Electrochemical experiments were performed under a nitrogen

atmosphere using a BAS Epsilon potentiostat.  Cyclic voltammograms were recorded in a

standard three-electrode cell from + 2.00 V to – 2.00 V with a glassy carbon working

electrode and tetrabutylammonium hexafluorophosphate (TBAH) as supporting

electrolyte.  All potentials are reported versus NHE (normal hydrogen electrode) using

cobaltocenium hexafluorophosphate (E1/2 = -0.78 V) as internal standard.  Elemental

analyses were performed by Atlantic Microlabs, Inc., Norcross, GA.  KTp and

[TpRu(CO)2(THF)][PF6] were prepared according to previously reported procedures.45,81

Styrene was purified by passage through a column of activated alumina under an
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atmosphere of dinitrogen.  Methyl methacrylate was purified via passage through a plug

of alumina and vacuum distilled twice over CaH2.  All other reagents were used as

purchased from commercial sources.

Preparation of TpRu(CO)2(CH3) (2).  A THF solution (approximately 50 mL)

of [TpRu(CO)2(THF)][PF6] (5.3607 g, 9.13 mmol) was cooled using an EtOH/liquid

nitrogen bath.  MeLi (1.6 M in Et2O, 7.42 mL, 11.9 mmol) was added drop-wise to this

solution via syringe.  The solution turned a dark yellow from bright yellow upon addition

of MeLi.  After stirring for approximately 15 minutes, the solution was warmed to room

temperature.  The solvent was removed in vacuo, and the crude reaction mixture was

purified on neutral alumina with flash chromatography (~ 200 mL of methylene

chloride).  Solvent was removed from the eluent in vacuo, and the resulting pale yellow

solid was dried under vacuum. The solid was then stirred in hexanes for at least 1 hour

then filtered and dried under vacuum (0.5267 g, 79.6 % yield).  IR (KBr plate): νCO =

2023, 1948 cm-1. 1H NMR (CDCl3, δ):  7.67 (6H, overlapping d’s, Tp CH 3 and 5

position), 6.23, (3H, overlapping t’s, Tp CH 4 position), 0.388 (3H, s, Ru-CH3). 
1H NMR

(C6D6, δ):  7.36, 7.28 (3H, 2:1 integration, each a d, Tp CH 3 and 5 position), 7.21 (3H,

over-lapping d's, Tp CH 3 and 5 position), 5.76, 5.71 (3H, 1:2 integration, each a t, Tp

CH 4 position), 0.75 (3H, s, Ru-CH3).  
13C{1H} NMR (CDCl3, δ): 201.3 (CO), 143.7,

142.2, 135.3, 135.0 (Tp 3 or 5 position), 106.2, 105.8 (Tp 4 position), -12.1 (Ru-CH3).

CV (CH3CN, 100 mV/s): oxidation or reduction waves were not observed between 2.0

and –2.0 V.  Elemental analysis: calculated for C12H13BN6O2Ru-1/2-THF (½ molecule of
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THF was observed in the 1H NMR spectrum of the analysis sample): C, 40.11; H, 3.61;

N, 20.05; found: C, 40.27; H, 4.00; N, 20.32.

TpRu(CO)(NCCH3)(CH3) (3).  TpRu(CO)2(CH3) (2) (0.5239 g, 1.36 mmol) and

Me3NO (0.2040 g, 2.72 mmol) were refluxed in approximately 25 mL of acetonitrile for

40 minutes.  The solution was cooled to room temperature, neutral alumina (5 g) was

added to the solution, and the volatiles were removed under reduced pressure.  The green-

yellow crude reaction mixture was flashed on a plug of neutral alumina using methylene

chloride (~ 200 mL).  Volatiles were removed from the eluent, and the resulting solid was

washed with hexanes to give a white solid.  The solid was collected and dried under

vacuum (0.3601 g, 66.5 % yield).  In addition, the product can be recrystallized from

methylene chloride/hexanes.  IR (KBr): νCO = 1919 cm-1, νCN = 2278 cm-1, νBH = 2484

cm-1. 1H NMR (CDCl3, δ): 7.67 (4H, overlapping doublets, Tp CH 3 and 5 position),

7.59, 7.46 (3H, 1:1 integration, Tp CH 3 and 5 position), 6.23, 6.20, 6.10 (3H, 1:1:1

integration, each a t, Tp CH 4 position), 2.33 (3H, s, Ru-NCCH3), 0.21 (3H, s, Ru-CH3).

1H NMR (CD2Cl2, δ):  7.73 (3H, overlapping d's, Tp CH 3 and 5 position), 7.71, 7.65,

7.46 (3H, 1:1:1 integration, Tp CH 3 and 5 position), 6.29, 6.25, 6.15 (3H, 1:1:1

integration, each a t, Tp CH 4 position), 2.26 (3H, s, Ru-NCCH3), 0.19 (3H, s, Ru-CH3).

13C{1H} NMR (CDCl3, δ): 206.7 (CO), 143.4, 142.3, 139.9, 135.3, 134.6 (Tp 3 or 5

position, one overlap), 121.7 (Ru-NCCH3), 105.6, 105.3, 105.2 (Tp 4 position), 4.2 (Ru-

NCCH3), -10.5 (Ru-CH3).  CV (CH3CN, 100 mV/s): E1/2 = 0.95 V. Anal. calculated for

C13H16BN7O1Ru: C, 39.21; H, 4.05; N, 24.62; Found: C, 39.36; H, 4.04; N, 24.74.
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Styrene Polymerizations.  In a representative reaction, 20 mg (0.05 mmol) of

TpRu(CO)(CH3)(NCCH3) (3) were dissolved in 9.2 mL of benzene in a thick-walled

pressure tube. Styrene (2.9 mL, 25 mmol) and decane (4.9 mL, 25 mmol) were added to

this solution, and the reaction vessel was sealed and heated to 90 °C in an oil bath.

Periodically, aliquots were analyzed with GC-FID and GPC.  For reactions in the

presence of a alkylhalide, two equivalents (based on complex 3) of the appropriate

initiator was added prior to polymerization.

Methyl methacrylate polymerizations. TpRu(CO)(CH3)(NCCH3) (3) (20 mg,

0.05 mmol) was dissolved in 9.4 ml of benzene in a thick-walled pressure tube. Methyl

methacrylate, (2.7 ml, 25 mmol) and decane (4.9 ml, 25 mmol) were added to this

solution, and the reaction vessel was sealed. The reaction mixture was heated to 90 oC in

an oil bath. Periodically, aliquots were analyzed with GC-FID and GPC.

Sample preparation for polymer analysis by GC-FID and GCP. The reaction

mixture was cooled to room temperature, purged into a glove box, and a 1 mL aliquot

was removed. Approximately 0.1 mL of solution was transferred to a vial, dissolved with

10 mL of benzene and injected onto a GC-FID. Approximately 10 mL of methanol were

added to the remaining 0.9 mL of solution in order to precipitate the polymer. The white

solid was collected by filtration and dried under vacuum over night in a 60 oC oil bath.

For GPC analysis, 10 mg of polymer was dissolved in 1 mL CHCl3 and injected onto a

GPC.

Reactions with galvinoxyl, free radical. In a multineck, round-bottom Schlenck

flask equipped with reflux condenser under nitrogen atmosphere, 60 mg (0.151 mmol)
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of TpRu(CO)(CH3)(NCCH3) (3) and 63.5 mg (0.151 mmol) galvinoxyl, free radical were

heated in 9.47 mL toluene to 90 oC in an oil bath. Analysis by 1H NMR spectroscopy of

the reaction mixture indicated the decomposition of catalyst after 24 hours. In addition,

IR spectroscopy is lacking a strong υCO absorbance around 1920 cm-1. In another

experiment, the disappearance of the carbonyl υCO was monitored by flow cell IR. The

results of this experiment suggest decomposition within 30 minutes of heating.

Styrene reactions with cumene. Complex 3 (20 mg, 0.05 mmol) and styrene (2.9

mL, 25 mmol) were dissolved in solutions of benzene in five separate pressure tubes.

Variable amounts of cumene ranging from 0-4 equivalents (0-100 mmol) were added to

each tube, respectively, and the reaction solutions were heated to 90 oC for 24 hours.

After 24 hours, the resulting polystyrene was precipitated with CH3OH and analyzed by

GPC.

Reactions with ethylene. A pressure tube with 20 mg of complex 3 (0.05 mmol)

and benzene (15 mL) was charged with 30 psi of ethylene and heated to 90 oC for 72

hours. After 3 days, 0.1 mL of the solution was added to 7 mL methanol with no

observation of precipitate. Analysis by GC-MS and 1H NMR spectroscopy indicated the

formation of ethylbenzene and 1,3- and 1,4- diethylbenzene. IR analysis was consistent

with para  (1,4-) or meta (1,3-) substitution patterns for benzene (νCH = 759 cm-1 and 691

cm-1). A similar control experiment void of complex 3 did not produce any observable

ethylbenzene products.
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X-ray Diffraction Study of TpRu(CO)(CH3)(NCCH3) (3).  A crystal of

dimensions 0.36 x 0.20 x 0.16 mm was selected from a bulk recrystallization from

methylene chloride/hexanes.  The crystal was mounted on the end of a glass fiber using a

small amount of silicon grease and transferred to the diffractometer.  Using a nitrogen

cold stream, the temperature was maintained at approximately –75 °C.  All X-ray

measurements were made on an Enraf-Nonius CAD4-MACH diffractometer.  The unit

cell dimensions were determined by a fit of 25 well centered reflections and their Friedel

pairs with θ between 34° < 2θ < 36°.  An octant of unique data and their Bijvoet pairs

were collected using the omega scan mode in a non-bisecting geometry.  The adoption of

a non-bisecting scan mode was accomplished by offsetting ψ by 20º for each data point

collected.  The Bijvoet pairs were collected using the negative theta position for the –h –k

–l reflection.  Three standard reflections were measured every 4800 seconds of X-ray

exposure time.  Scaling the data was accomplished using a 5 point smoothed curved

routine fit to the intensity check reflections.  The intensity data were corrected for

Lorentz and polarization effects.  An empirical absorption correction based on ψ scan

data was applied.  The structure was solved using SIR92.82 All hydrogen atoms were

placed at idealized positions and were allowed to refine isotropically.  Refinement of the

structure was performed using full matrix least-squares based on F.  All non-H atoms

were allowed to refine with anisotropic displacement parameters.  A secondary extinction

correction was included in the final cycles of refinement.  The absolute structure was

confirmed by both the refinement of the Flack parameter and by the analysis of the 200
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most sensitive Bijvoet pairs.  The molecule exhibited an isomeric disorder in which the

positions of the methyl group and the carbonyl group were interchanged.  The difference

map showed two carbonyl-like groups.  The carbon positions for C12 and C13 were

intermediate between average bond lengths (using a search of the CSD for similar

structural fragments) for Ru-CH3 and Ru-CO structures.  The C-O bond lengths were also

slightly short for a CO triple bond.  The C12 and C13 positions were allowed to refine

anisotropically at full occupancy.  During the intermediate refinement cycles the

occupancies of the O1 and O2 atoms were allowed to refine, and were normalized to 1.0.

The oxygen atoms were allowed to refine anisotropically thereafter.  The partially

occupied methyl hydrogen positions were introduced at idealized positions on both C12

and C13. The occupancies of these hydrogens were made to complement the

corresponding oxygen occupancies.  These hydrogen atom positions were allowed to ride

on the parent carbon shifts.  The model refined smoothly with no excessive correlations

between the parameters.



61

List of References

(1) Mecking, S. Angew. Chem., Int. Ed. 2001, 40, 534-540.

(2) Kaminsky, W.; Laban, A. Appl. Catal., A: General 2001, 222 , 47-61.

(3) Galli, P.; Vecellio, G. Prog. Polym. Sci. 2001, 26, 1287-1336.

(4) McDaniel, M. P. Adv. Catal. 1985, 33, 47-98.

(5) Ziegler, K.; Holzkamp, E.; Breil, H.; Martin, H. Angew. Chem. 1955, 67, 426.

(6) Brintzinger, H. H.; Fischer, D.; Muelhaupt, R.; Rieger, B.; Waymouth, R. M.
Angew. Chem., Int. Ed. Engl. 1995, 34, 1143-1170.

(7) Casey, C. P.; Carpenetti, D. W., II Organometallics 2000, 19, 3970-3977.

(8) Watson, L. A.; Yandulov, D. V.; Caulton, K. G.  J. Am. Chem. Soc. 2001, 123, 603-
611.

(9) Chatt, J.; Duncanson, L. A. J. Chem. Soc. 1953, 2939-2947.

(10) Siegbahn, P. E. M. Chem. Phys. Lett. 1993, 205, 290-300.

(11) Kuran, W. Prog. Polym. Sci. 1998, 23, 919-992.

(12) Ittel, S. D.; Johnson, L. K.; Brookhart, M. Chem. Rev. 2000, 100, 1169-1203.

(13) Kang, M.; Sen, A.; Zakharov, L.; Rheingold, A. L. J. Am. Chem. Soc. 2002, 124,
12080-12081.

(14) von Schenck, H.; Stroemberg, S.; Zetterberg, K.; Ludwig, M.; Akermark, B.;
Svensson, M. Organometallics 2001, 20, 2813-2819.



62

(15) Boffa, L. S.; Novak, B. M. Chem. Rev. (Washington, D.C.) 2000, 100, 1479-1493.

(16) Kuran, W. Principles of coordination polymerisation; In John Wiley & Sons: West
Sussex, 2001; pp 43-242.

(17) Tullo, A. H. C&E News 2001, 79(43), 35-36.

(18) Wilkinson, G.; Birmingham, J. M. J. Am. Chem. Soc. 1954, 76, 4281-4284.

(19) Fan, W.; Leclerc, M. K.; Waymouth, R. M. J. Am. Chem. Soc. 2001, 123, 9555-
9563.

(20) Kaminsky, W.; Bark, A.; Steiger, R. J. Mol. Catal. 1992, 74, 109-119.

(21) Wilmes, G. M.; Lin, S.; Waymouth, R. M. Macromolecules 2002, 35, 5382-5387.

(22) Strazisar, S. A.; Wolczanski, P. T. J. Am. Chem. Soc. 2001, 123, 4728-4740.

(23) Aaltonen, P.; Fink, G.; Loefgren, B.; Seppaelae, J. Macromolecules 1996, 29, 5255-
5260.

(24) Crabtree, R. H. The Organometallic Chemistry of the Transition Metals; John
Wiley & Sons, 2001; pp 1-502.

(25) Johnson, L. K.; Killian, C. M.; Brookhart, M. J. Am. Chem. Soc. 1995, 117, 6414-
6415.

(26) Warwel, S.; Bruse, F.; Demes, C.; Kunz, M.; Rusch gen, K. M. Chemosphere 43,
39-48.

(27) Tian, G.; Boone, H. W.; Novak, B. M. Macromolecules 2001, 34, 7656-7663.



63

(28) Killian, C. M.; Johnson, L. K.; Brookhart, M.  Organometallics 1997, 16, 2005-
2007.

(29) Killian, C. M.; Tempel, D. J.; Johnson, L. K.; Brookhart, M. J. Am. Chem. Soc.
1996, 118, 11664-11665.

(30) Britovsek, G. J. P.; Bruce, M.; Gibson, V. C.; Kimberley, B. S.; Maddox, P. J.;
Mastroianni, S.; McTavish, S. J.; Redshaw, C.; Solan, G. A.; Stroemberg, S.; White,
A. J. P.; Williams, D. J. J. Am. Chem. Soc. 1999, 121, 8728-8740.

(31) Small, B. L.; Brookhart, M. Macromolecules 1999, 32, 2120-2130.

(32) Brookhart, M.; Volpe, A. F., Jr.; Lincoln, D. M.; Horvath, I. T.; Millar, J. M. J. Am.
Chem. Soc. 1990, 112, 5634-5636.

(33) Britovsek, G. J. P.; Gibson, V. C.; Wass, D. F. Angew. Chem., Int. Ed. 1999, 38,
428-447.

(34) James, B. R.; Markham, L. D. J. Catal. 1972, 27, 442-451.

(35) Canale, A. J.; Hewett, W. A.; Shryne, T. M.; Youngman, E. A. Chem. Ind.
(London) 1962, 1054-1055.

(36) James, B. R. Inorg. Chim. Acta, Rev. 1970, 4, 73-95.

(37) Nomura, K.; Warit, S.; Imanishi, Y. Macromolecules 1999, 32, 4732-4734.

(38) Wiley, J. S.; Oldham, W. J., Jr.; Heinekey, D. M. Organometallics 2000, 19, 1670-
1676.

(39) Moreno, B.; Sabo-Etienne, S.; Chaudret, B.; Rodriguez, A.; Jalon, F.; Trofimenko,
S. J. Am. Chem. Soc. 1995, 117, 7441-7451.



64

(40) Curtis, M. D.; Shiu, K. B.; Butler, W. M. J. Am. Chem. Soc. 1986, 108, 1550-1561.

(41) Gates, D. P.; Svejda, S. A.; Onate, E.; Killian, C. M.; Johnson, L. K.; White, P. S.;
Brookhart, M. Macromolecules  2000, 33, 2320-2334.

(42) Tempel, D. J.; Johnson, L. K.; Huff, R. L.; White, P. S.; Brookhart, M. J. Am.
Chem. Soc. 2000, 122, 6686-6700.

(43) Grubbs, R. H.; Tumas, W. Science 1989, 243, 907-915.

(44) McKnight, A. L.; Waymouth, R. M. Chem. Rev. (Washington, D.C.) 1998, 98,
2587-2598.

(45) Sorlie, M.; Tilset, M. Inorg. Chem. 1995, 34, 5199-5204.

(46) Trofimenko, S. J. Am. Chem. Soc. 1967, 89, 3170-3177.

(47) Dewar, M. J. S. Bull. Soc. Chim. France 1951, C71-C79.

(48) Cedeno, D. L.; Weitz, E. J. Am. Chem. Soc. 2001, 123, 12857-12865.

(49) Brooks, B. C.; Meiere, S. H.; Friedman, L. A.; Carrig, E. H.; Gunnoe, T. B.;
Harman, W. D. J. Am. Chem. Soc. 123, 3541-3550.

(50) Gunnoe, T. B.; Sabat, M.; Harman, W. D. Organometallics 2000, 19, 728-740.

(51) Kotani, Y.; Kato, M.; Kamigaito, M.; Sawamoto, M. Macromolecules 1996, 29,
6979-6982.

(52) Ando, T.; Kamigaito, M.; Sawamoto, M. Macromolecules 2000, 33, 6732-6737.

(53) Kato, M.; Kamigaito, M.; Sawamoto, M.; Higashimura, T. Macromolecules 1995,
28, 1721-1723.



65

(54) Ando, T.; Kamigaito, M.; Sawamoto, M. Tetrahedron 1997, 53, 15445-15457.

(55) Destarac, M.; Matyjaszewski, K.; Boutevin, B.  Macromol. Chem. and Phys. 2000,
201, 265-272.

(56) Granel, C.; Dubois, P.; Jerome, R.; Teyssie, P. Macromolecules 1996, 29, 8576-
8582.

(57) Kamigaito, M.; Ando, T.; Sawamoto, M. Chem. Rev. 2001, 101, 3689-3745.

(58) Ando, T.; Kamigaito, M.; Sawamoto, M. Macromolecules 2000, 33, 5825-5829.

(59) Nishikawa, T.; Ando, T.; Kamigaito, M.; Sawamoto, M. Macromolecules 1997, 30,
2244-2248.

(60) Ando, T.; Kamigaito, M.; Sawamoto, M. Macromolecules 2000, 33, 2819-2824.

(61) Watanabe, Y.; Ando, T.; Kamigaito, M.; Sawamoto, M. Macromolecules 2001, 34,
4370-4374.

(62) Del Rio, I.; Van Koten, G.; Lutz, M.; Spek, A. L. Organometallics 2000, 19, 361-
364.

(63) Wang, J. S.; Matyjaszewski, K. J. Am. Chem. Soc. 1995, 117, 5614-5615.

(64) Wang, J. S.; Matyjaszewski, K. Macromolecules 1995, 28, 7901-7910.

(65) Kotani, Y.; Kamigaito, M.; Sawamoto, M. Macromolecules 1999, 32, 6877-6880.

(66) Matyjaszewski, K.; Wei, M.; Xia, J.; McDermott, N. E. Macromolecules 1997, 30,
8161-8164.

(67) Ando, T.; Kamigaito, M.; Sawamoto, M. Macromolecules 1997, 30, 4507-4510.



66

(68) Uegaki, H.; Kotani, Y.; Kamigaito, M.; Sawamoto, M. Macromolecules 1997, 30,
2249-2253.

(69) Uegaki, H.; Kotani, Y.; Kamigaito, M.; Sawamoto, M. Macromolecules 1998, 31,
6756-6761.

(70) Granel, C.; Dubois, P.; Jerome, R.; Teyssie, P. Macromolecules 1996, 29, 8576-
8582.

(71) Nishikawa, T.; Kamigaito, M.; Sawamoto, M. Macromolecules 1999, 32, 2204-
2209.

(72) Takahashi, H.; Ando, T.; Kamigaito, M.; Sawamoto, M. Macromolecules 1999, 32,
6461-6465.

(73) Matyjaszewski, K. Macromolecular Engineering by Controlled/Living Ionic and
Radical Polymerization. Abstracts of Papers, 223rd ACS National Meeting,
Orlando, FL, United States, 2002.

(74) Ando, T.; Kato, M.; Kamigaito, M.; Sawamoto, M. Macromolecules 1996, 29,
1070-1072.

(75) Jones, W. D.; Feher, F. J. J. Am. Chem. Soc. 1982, 104, 4240-4242.

(76) Roberts, R. M.; Khalaf, A. A. Friedel-Crafts Alkylation Chemistry: A Century of
Discovery; 1984; p 790.

(77) Moloy, K. G.; Petersen, J. L. J. Am. Chem. Soc. 1995, 117, 7696-7710.

(78) Tolman, C. A. Chem. Rev. 1977, 77, 313-348.

(79) Stulz, E.; Sanders, J. K. M.; Montalti, M.; Prodi, L.; Zaccheroni, N.; Fabrizi de
Biani, F.; Grigiotti, E.; Zanello, P. Inorg. Chem. 2002, 41, 5269-5275.



67

(80) Pangborn, A. B.; Giardello, M. A.; Grubbs, R. H.; Rosen, R. K.; Timmers, F. J.
Organometallics 1996, 15, 1518-1520.

(81) Trofimenko, S. J. Am. Chem. Soc. 1967, 89, 3170-3177.

(82) Altomare, A.; Burla, M. C.; Camalli, G.; Cascarano, G.; Giacovazzo, C.;
Guagliardi, A.; Polidori, G. J. Appl. Crystall. 1994, 27, 435-436.



68

Appendix

Crystallographic Data and Structural Refinements

Figure A.1.0 ORTEP Diagram of TpRu(CO)(CH3)(NCCH3)

Table A.1 Crystal Data and Structure Refinement for TpRu(CO)(CH3)(NCCH3)

Identification code x02025

Empirical formula C13H16BN7ORu

Formula weight 398.19

Temperature 203 K

Wavelength .71073

Crystal system Orthorhombic

Space group P na21

Unit cell dimensions

a 14.437 (5) Å

b 13.117 (3) Å

c 8.802 (3) Å
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Table A.1 (continued)

α 90.00

β 90.00

χ 90.00

Volume 1666.8 (9) Å3

Z 4

Density (calculated) 1.587 Mg/m3

Absorption Coefficient .95

F(000) 795.39

Crystal size .36 x .20 x.16 mm

θ range for data collected 0.00 to 24.91

Limiting indices -17 ≤ h ≤ 17, -13 ≤ k ≤ 15, 0 ≤ l ≤ 10

Reflections collected 3110

Independent reflections 2902

Absorption correction psi-scan

Max and min transmission 0.807449 and 0.999801

Refinement method Full matrix least squares of F2

Data/restraints/parameters  0 / 0 / 218

Goodness of fit on F2 1.59

Final R indices [I>2σ(I)] R1 = 0.027, wR2 = 0.034

Final R indices (all data) R1 = 0.027, wR2 = 0.034
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Table A.1 (continued)

Largest diff. peak and hole -0.980 and 0.630 eÅ3
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Table A.2 Atomic Coordinates (x, y, z and Biso) and Thermal Parameters

x y z Biso

Ru1 .267589(15) .009867(16) .01214 .03091(17)

N1 .31048(20) .0639(2) -.1965(4) .0329(14)

N2 .2453(2) .1004(2) -.2972(4) .0402(15)

N3 .1470(2) -.0501(2) -.1037(4) .0381(16)

N4 .1034(3) .0084(2) -.2086(4) .0422(18)

N5 .18745(18) .14917(18) .0232(6) .0383(16)

N6 .1424(2) .1802(2) -.1058(4) .0403(18)

N7 .2160(2) -.0480(2) .2090(4) .0371(16)

B1 .1440(3) .1134(3) -.2492(6) .046(2)

C1 .3924(3) .0661(2) -.2675(5) .041(2)

C2 .3818(3) .1028(3) -.4153(5) .053(2)

C3 .2893(3) .1227(3) -.4298(5) .052(2)

C4 .0963(3) -.1344(3) -.0860(5) .048(2)

C5 .0196(3) -.1309(3) -.1819(6) .058(2)

C6 .0261(3) -.0400(3) -.2572(6) .053(2)

C7 .1776(3) .2234(3) .1254(5) .053(2)

C8 .1268(4) .3034(4) .0627(6) .063(3)

C9 .1054(3) .2743(4) -.0810(7) .056(3)

C10 .1853(3) -.0902(3) .3095(5) .0418(20)

C11 .1426(3) -.1475(4) .4341(6) .070(3)
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Table A.2 (continued)

C12 .3735(3) .0721(3) .1190(5) .043(2)

C13 .3421(2) -.1143(3) -.0155(5) .0382(19)

O1 .4288(4) .1011(5) .1843(8) .062(4)

O2 .3912(4) -.1759(4) -.0330(6) .050(3)

H1 .450 .046 -.222 .0505

H1b .102 .151 -.344 .0557

H2 .429 .112 -.492 .0634

H3 .258  .149 -.518 .0620

H4 .110 -.189 -.017 .0575

H5 -.028 -.182 -.192 .0683

H6 -.016 -.015 -.332 .0628

H7 .203 .222 .226 .0630

H8 .110 .366 .112 .0733

H9 .069 .313 -.152 .0655

H11a .160 -.116 .528 .0798

H11b .076 -.147 .425 .0798

H11c .165 -.217 .433 .0798

H12a .355 .139 .151 .0534

H12b .386 .033 .209 .0534

H12c .426 .075 .052 .0534

H13a .307 -.165 -.070 .0479



73

Table A.2 (continued)

H13b .397 -.100 -.073 .0479

H13c .360 -.142 .081 .0479
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Table A.3 List of u(i, j) or U values

u11(U) u22 u33 u12 u13 u23

Ru1 .02557(15) .03128(14) .03587(16) .00138(8) .0000(2) .0079(2)

N1 .0320(16) .0313(14) .0355(16) -.0009(12) .0065(13)               .0023(12)

N2 .0468(17) .0392(17) .0348(16) .0007(13) .0021(15)               .0100(14)

N3 .0370(18) .0338(16) .0437(19) -.0022(13) .0022(14)               .0027(14)

N4 0310(18) .0480(18) .048(2) .0024(13) -.0066(16)              .0014(14)

N5 .0392(15) .0340(12) .0417(16) -.0005(10) .0061(20)     .007(2)

N6 .0341(18) .0311(17) .056(2) .0052(13) .0039(15)                .0082(15)

N7 .0303(15) .0387(16) .0423(19) .0059(13) .0009(15)                .0057(15)

B1 .048(3) .043(2) .046(3) .0047(19) -.011(2) .011(2)

C1 .041(2) .0290(18) .051(2) .0000(15) .0081(20)                .0027(17)

C2 .067(3) .046(2) .047(2) .0008(20) .025(2)                  .0042(18)

C3 .070(3) .047(2) .039(2) .001(2) .0050(19)                .0116(16)

C4 .049(2) .0365(19) .057(3) -.0072(17) .007(2)                  -.0026(18)

C5 .047(2) .058(3) .070(3) -.017(2) .006(2) -.017(2)

C6 .039(2) .066(3) .054(2) -.003(2) -.011(2) -.012(2)

C7 .058(3) .051(3) .051(2) -.001(2) .021(2) -.004(2)

C8 .069(3) .045(3) .075(4) .011(2) .035(3) -.009(2)

C9 .040(3) .042(2) .085(4) .0135(20) .012(3) .012(2)

C10 .0319(20) .052(2) .041(2) .0080(17) .0065(18)                .0099(18)

C11 .055(3) .086(3) .068(3) .012(2) .024(2) .036(3)
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Table A.3 (continued)

C12 .045(2) .043(2) .042(2) .0047(17) .000(2)                   -.0010(18)

C13 .0346(17) .0446(18) .035(3) .0002(15) .0033(16)                .0031(16)

O1 .039(3) .086(5) .062(4) -.019(3) -.007(3) -.018(4)

O2 .051(3) .037(2) .061(4) .021(2) .005(2) .010(2)
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Table A.4 Bond Distances

Ru1 N1 2.064 (3)
Ru1 N3 2.166 (3)
Ru1 N5 2.165 (2)
Ru1 N7 2.033 (3)
Ru1 C12 1.972 (4)
Ru1 C13 1.967 (4)
N1 N2 1.378 (4)
N1 C1 1.338 (5)
N2 B1 1.532 (6)
N2 C3 1.360 (5)
N3 N4 1.356 (5)
N3 C4 1.336 (5)
N4 B1 1.539 (6)
N4 C6 1.353 (5)
N5 N6 1.370 (6)
N5 C7 1.333 (6)
N6 B1 1.537 (6)
N6 C9 1.363 (5)
N7 C10 1.133 (5)
B1 H1b 1.140 (5)
C1 C2 1.396 (6)
C1 H1 .960 (4)
C2 C3 1.368 (7)
C2 H2 .960 (4)

C3 H3 .960 (4)
C4 C5 1.393 (7)
C4 H4 .960 (4)
C5 C6 1.367 (7)
C5 H5 .960 (4)
C6 H6 .960 (4)
C7 C8 1.394 (7)
C7 H7 .960 (5)
C8 C9 1.357 (8)
C8 H8 .960 (5)
C9 H9 .960 (5)
C10 C11 1.465 (6)
C11 H11a .960 (6)
C11 H11b .960 (5)
C11 H11c .960 (5)
C12 O1 1.054 (8)
C12 H12a .960 (4)
C12 H12b .959 (4)
C12 H12c .959 (4)
C13 O2 1.085 (6)
C13 H13a .962 (4)
C13 H13b .960 (4)
C13 H13c .958 (4)
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Table A.5 Bond Angles

N1 Ru1 N3 86.97 (12)
N1 Ru1 N5 84.86 (14)
N1 Ru1 N7 175.31 (12)
N1 Ru1 C12 92.85 (15)
N1 Ru1 C13 90.61 (14)
N3 Ru1 N5 84.15 (12)
N3 Ru1 N7 88.34 (12)
N3 Ru1 C12 176.63 (13)
N3 Ru1 C13 94.62 (14)
N5 Ru1 N7 94.65 (14)
N5 Ru1 C12 92.49 (14)
N5 Ru1 C13 175.36 (17)
N7 Ru1 C12 91.84 (15)
N7 Ru1 C13 89.78 (14)
C12 Ru1 C13 88.74 (15)
Ru1 N1 N2 119.1 (2)
Ru1 N1 C1 133.5 (3)
N2 N1 C1 107.2 (3)
N1 N2 B1 120.9 (3)
N1 N2 C3 108.0 (3)
B1 N2 C3 131.1 (4)
Ru1 N3 N4 119.3 (2)
Ru1 N3 C4 133.3 (3)
N4 N3 C4 107.1 (3)
N3 N4 B1 119.2 (3)
N3 N4 C6 109.5 (3)
B1 N4 C6 131.3 (4)
Ru1 N5 N6 117.8 (3)
Ru1 N5 C7 134.8 (3)
N6 N5 C7 106.9 (3)
N5 N6 B1 120.3 (3)
N5 N6 C9 108.8 (4)
B1 N6 C9 130.8 (4)
Ru1 N7 C10 172.2 (3)
N2 B1 N4 109.2 (3)

N2 B1 N6 107.7 (3)
N2 B1 H1b 110.6 (4)
N4 B1 N6 108.3 (4)
N4 B1 H1b 110.5 (4)
N6 B1 H1b 110.5 (3)
N1 C1 C2 110.3 (4)
N1 C1 H1 124.4 (4)
C2 C1 H1 125.3 (4)
C1 C2 C3 105.0 (3)
C1 C2 H2 128.2 (5)
C3 C2 H2 126.8 (5)
N2 C3 C2 109.5 (4)
N2 C3 H3 123.6 (4)
C2 C3 H3 126.8 (4)
N3 C4 C5 109.7 (4)
N3 C4 H4 125.4 (4)
C5 C4 H4 124.9 (4)
C4 C5 C6 105.6 (4)
C4 C5 H5 127.1 (5)
C6 C5 H5 127.2 (5)
N4 C6 C5 108.2 (4)
N4 C6 H6 125.5 (5)
C5 C6 H6 126.3 (4)
N5 C7 C8 109.8 (4)
N5 C7 H7 124.7 (4)
C8 C7 H7 125.4 (5)
C7 C8 C9 106.1 (4)
C7 C8 H8 126.5 (6)
C9 C8 H8 127.4 (5)
N6 C9 C8 108.3 (4)
N6 C9 H9 125.9 (6)
C8 C9 H9 125.8 (5)
N7 C10 C11 177.1 (5)
C10 C11 H11a 108.1 (5)
C10 C11 H11b 110.7 (4)
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Table A.6 Torsion Angles

N3 Ru1 N1 N2 36.7 ( 3)

N3 Ru1 N1 C1 -137.6 ( 5)

N5 Ru1 N1 N2 -47.7 ( 3)

N5 Ru1 N1 C1 138.0 ( 5)

N7 Ru1 N1 N2 36.5 ( 3)

N7 Ru1 N1 C1 -137.7 ( 5)

C12 Ru1 N1 N2 -140.0 (5)

C12 Ru1 N1 C1 45.8 ( 4)

C13 Ru1 N1 N2 131.3 ( 4)

C13 Ru1 N1 C1 -43.0 ( 4)

N1 Ru1 N3 N4 -43.2 ( 3)

N1 Ru1 N3 C4 144.2 ( 5)

N5 Ru1 N3 N4 42.0 ( 3)

N5 Ru1 N3 C4 -130.6 ( 5)

N7 Ru1 N3 N4 136.8 ( 5)

N7 Ru1 N3 C4 -35.8 ( 4)

C12 Ru1 N3 N4 43.8 ( 4)

C12 Ru1 N3 C4 -128.8 ( 5)

C13 Ru1 N3 N4 -133.5 ( 5)

C13 Ru1 N3 C4 53.8 ( 4)

N1 Ru1 N5 N6 41.9  ( 3)

N1 Ru1 N5 C7 -128.9 ( 5)

N3 Ru1 N5 N6 -45.6 ( 3)

N3 Ru1 N5 C7 143.6 ( 5)

N7 Ru1 N5 N6 -133.4 ( 5)

N7 Ru1 N5 C7 55.8 ( 4)

C12 Ru1 N5 N6 134.6 ( 5)

C12 Ru1 N5 C7 -36.3 ( 4)
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Table A.6 (continued)

C13 Ru1 N5 N6 29.3 ( 3)

C13 Ru1 N5 C7 -141.5 ( 6)

N1 Ru1 N7 C10 46.1 ( 4)

N3 Ru1 N7 C10 46.0 ( 4)

N5 Ru1 N7 C10 130.0 ( 5)

C12 Ru1 N7 C10 -137.4 ( 6)

C13 Ru1 N7 C10 -48.6 ( 5)

N1 Ru1 C12 O1 -163.7 ( 9)

N3 Ru1 C12 O1 109.5 ( 8)

N5 Ru1 C12 O1 111.4 ( 8)

N7 Ru1 C12 O1 16.6 ( 7)

C13 Ru1 C12 O1 -73.1 ( 8)

N1 Ru1 C13 O2 55.7 ( 6)

N3 Ru1 C13 O2 142.7 ( 7)

N5 Ru1 C13 O2 68.2 ( 6)

N7 Ru1 C13 O2 -129.0 ( 7)

C12 Ru1 C13 O2 -37.2 ( 6)

Ru1 N1 N2 B1 7.5 ( 3)

Ru1 N1 N2 C3 -174.6  (6)

C1 N1 N2 B1 -176.9 ( 7)

C1 N1 N2 C3 1.0 ( 4)

Ru1 N1 C1 C2 174.1 ( 6)

N2 N1 C1 C2 -.6 ( 4)

N1 N2 B1 N4 -62.9 ( 5)

N1 N2 B1 N6 54.4 ( 5)

C3 N2 B1 N4 119.8 ( 8)

C3 N2 B1 N6 -122.9 ( 8)

N1 N2 C3 C2 -1.0 ( 4)

B1 N2 C3 C2 176.5 ( 9)

Ru1 N3 N4 B1 3.5 ( 3)



80

Table A.6 (continued)

Ru1 N3 N4 C6 -175.0 ( 6)

C4 N3 N4 B1 177.9 ( 8)

C4 N3 N4 C6 -.6 ( 5)

Ru1 N3 C4 C5 173.9 ( 7)

N4 N3 C4 C5 .7 ( 4)

N3 N4 B1 N2 54 .5 ( 5)

N3 N4 B1 N6 -62.5 ( 5)

C6 N4 B1 N2 -127.4 ( 8)

C6 N4 B1 N6 115.6 ( 8)

N3 N4 C6 C5 .3 ( 4)

B1 N4 C6 C5 -177.9 ( 9)

Ru1 N5 N6 B1 4.2 ( 3)

Ru1 N5 N6 C9 -173.0 ( 7)

C7 N5 N6 B1 177.4 ( 8)

C7 N5 N6 C9 .2 ( 5)

Ru1 N5 C7 C8 171.0 ( 8)

N6 N5 C7 C8 -.5 ( 4)

N5 N6 B1 N2 -60.1 ( 5)

N5 N6 B1 N4 57.9 ( 5)

C9 N6 B1 N2 116.4 ( 8)

C9 N6 B1 N4 -125.6 ( 8)

N5 N6 C9 C8 .2 ( 5)

B1 N6 C9 C8 -176.6 (10)

Ru1 N7 C10 C11 -31.5 ( 4)

N1 C1 C2 C3 .0 ( 4)

C1 C2 C3 N2 .6 ( 4)

N3 C4 C5 C6 -.5 ( 4)

C4 C5 C6 N4 .1 ( 4)

N5 C7 C8 C9 .6 ( 4)

C7 C8 C9 N6 -.5 ( 4)


