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Abstract

Thermolysis of Cp*W(NO)(CH,CsHs)(CH,CMes) (2) in various solvents
generates neopentane and benzylidene Cp*W(NO)(=CHC¢Hs) (B) in situ. Complex B
activates the C-H bonds of alkane solvents to yield alkene or allyl hydride complexes,
and activates arene solvents to yield aryl or benzyl derivatives. The basic mechanistic
features of the formation and reactivity of B, and the scope of B’s activation chemistry
are very similar to those of the previously-studied neopentylidene
Cp*W(NO)(=CHCMe3) (A) derived from Cp*W(NO)(CH,CMes), (1). However, the
product distributions derived from the activation of substituted arenes by B are more
abundant in the aryl products over the benzyl products than those obtained from A
(toluene, p-xylene). Likewise, the aryl regioisomer distributions obtained from B favour
the meta isomer over other isomers, more so than those obtained from A (oo, 0

trifluorotoluene, toluene).

The mechanism of the thermal chemistry of 1 and 2 is re-examined for the
possible involvement of hydrocarbon intermediates in the formation of the activation
products. The observation of H/D scrambling in Cp*W(NO)(CD,CMes), (1-dy) prior to
neopentane elimination indicates that hydrocarbon intermediates do exist on the reaction
coordinate. The near-unity values of the KIEs measured for benzene, tetramethylsilane

and mesitylene indicate that the key step in the C-H activation of these substrates is

coordination to the metal center, rather than substrate C-H bond scission.




iii
An in-depth experimental and theoretical investigation of the activation of

toluene reveals that the aryl vs benzyl product distributions are controlled by the relative
energetics of substrate coordination in two different fashions to the metal center. In
contrast, the aryl regioselectivity is controlled by the relative energies of the aryl
products. The product distributions obtained from the activation of other substituted
arenes are controlled by these same factors, but with variations that depend on the

substrate and the alkylidene complex utilized.

The alkylidene systems can potentially be used to convert alkanes into
homoallylic alcohols, via the allyl hydride products of C-H activation. Strategies for
developing related Cp'M(NO)-based systems (Cp’ = Cp or Cp*; M = Mo, W) are also

described, along with preliminary investigations into the activation chemistry derived

from CpMo(NO)(CD,CMe;); and Cp*W(NO)(CH,CMes)(n’-1,1-Me,-C3Hs).




v
Table of Contents

Abstract i

Table of Contents v
List of Tables Xvi
List of Figures xvii
Abbreviations xx1
Acknowledgements xxiii

CHAPTER 1. Intermolecular C-H Activation of Hydrocarbons by Soluble Metal

Complexes 1
1.1 Introduction | 2
1.1.1 An Overview of Organometallic Chemistry 2

1.1.2 An Overview of Organometallic C-H Activation of Hydrocarbons 3

1.1.3 Types of Organometallic C-H Activation Systems 4

1.1.4 Types of Organometallic Hydrocarbon C-H Activations Mediated by

Soluble Metal Complexes 5

1.1.4.1 Hydrocarbon C-H Activation by Oxidative Addition to a Soluble

Metal Complex 5

1.1.4.2 Hydrocarbon C-H Activation by M-C c-Bond Metathesis with a

Soluble Metal Complex 7

1.1.43 Hydrocarbon C-H Activation by Addition to the M=NR Linkages

of Soluble Metal Imido Complexes 9




1.1.5 Soluble Metal Complexes that Convert Hydrocarbons Into

Functionalized Organic Chemicals 10

1.1.6 A New Mode of Organometallic Hydrocarbon C-H Bond Activation:
Addition of R-H to the M=CHR Linkages of Soluble Metal Alkylidene

Complexes 13

1.1.7 Alkane and Arene C-H Activation by Cp*W(NO)(=CHCMe;) (A): The

Discovery and Preliminary Investigations 15

1.1.8 Alkane and Arene C-H Activation by Cp*W(NO)(=CHCMes;) (A):

Subsequent Investigations 20

1.1.8.1 Kinetic Studies on, and The Proposed General Mechanism for,

C-H Activation Derived from 1 20

1.1.8.2 Activation of Alkane Substrates 22

1.1.8.3 Activation of Methyl-Substituted Arene Substrates 22

1.2 Outline of This Thesis 25
1.3 Format of This Thesis 28
1.4 References and Notes : - 30

CHAPTER 2. Investigations Into The Thermal Chemistry of

Cp*W(NO)(CH;C¢Hs)(CH,CMes) S | 37

2.1 Introduction 38

2.2 Results and Discussion - 38




2.2.1 Synthesis and Characterization of Complex 2 38

2.2.1.1 Synthesis of Complex 2° | 39

2212 Properties of Complex 2 Y | 40
2.2.2 Thermolysis of 1 in Toluene Revisited 41
2.2.3 Thermolysis of 2 in Toluene 45
2.2.4 A Note on the Thermolyses Conditions for 1 and 2 45
2.2.5 Trapping of the Reactive Benzylidene Complex 47
2.2.6 Solid-State Molecular Structure of Complex 2.4a 48

vi

2.2.7 Comparison of Mechanistic Features of the Neopentylidene and Benzylidene

Systems: Thermolysis of Complex 2 in Benzene and Benzene-ds 50

2.2.8 Comparison of Scope of Substrate Activation Mediated by A and B:

Thermolysis of 2 in Alkanes 52
2.2.8.1 Thermolysis of 2 in Tetramethylsilane and in Cyclohexane/PMe; 52
2.2.8.2 Thermolysis of 2 in Methylcyclohexane 53
2.2.8.3 Thermolysis of 1 in Methylcyclohexane Revisited 55

2.2.9 Summary of the Comparisons of the Neopentylidene and Benzylidene

Systems Presented Thus Far 56

2.2.10 Thermolysis of 2 in m-Xylene 57

2.2.11 Thermolysis of 2 in 0- and p-Xylene 59




vil

2.2.12 The Solid-State Molecular Structure of Complex 2.12 60
2.2.13 Thermolysis of 2 in Mesitylene | 62
2.2.14 Thermolysis of 2 in a,a,o-Trifluorotoluene 63

2.2.15 Thermolyses of 1 in p-Xylene, Mesitylene and o,o,o-Trifluorotoluene

Revisited 65

2.2.15.1 Thermolysis of 1 in p-Xylene 65
2.2.15.2 Thermolysis of 1 in Mesitylene 67
2.2.15.3 Thermolysis of 1 in oo, -Trifluorotoluene 67
2.2.16 Trends in the Activation of Arenes Substrates 68
2.3 Epilogue 71
2.4 Experimental Procedures 72
2.4.1 General Methods. 72
2.4.2 Reagents 74
2.4.3 NMR assignments 74
2.4.4 Preparation of Cp*W(NO)(CH,C¢Hs)(CH,CMe3) (2) 75

2.4.5 Monitoring the Thermolysis of 1 in Toluene by '"H NMR spectroscopy 75

2.4.6 Preparative Thermolyses of 2 in Hydrocarbon Solvents: General

Comments 76

2.4.7 Preparation of Cp*W(NO)(CH,CsHs)(CsHs-3-Me) (2.2a),




viii

Cp*W(NO)(CH,C¢Hs)(CsHs-4-Me) (2.2b) 77
2.4.8 Preparation of Cp*W(NO)(=CHCsHs)(PMes) (2.4a-b) 78

2.4.9 Preparation of Cp*W(NO)(CH,CsHs)(CsHs) (2.5) and

Cp*W(NO)(CHDC¢Hs)(CoDs) (2.5-de) 79
2.4.10 Kinetic Studies of the Thermolysis of 1 and 2 in Benzene-ds 80
2.4.11 Thermolysis of 2 in Alkanes: General Comments 80
2.4.12 Preparation of Cp*W(NO)(CH,CsHs)(CH,SiMe3) (2.6) 81

2.4.13  Preparation of 2.4a-b and Cp*W(NO)(n*-cyclohexene)(PMes) (1.3) 81
2.4.14 Preparation of Cp*W(NO)(n’-C-H;;)(H) (1.5 and 2.7) from 1 and 2 81

2.4.15 Thermolysis of 1 and 2 in Xylenes, Mesitylene and o, o,0t-

Trifluorotoluene: General Comments 82

2.4.16 Preparation of Cp*W(NO)(CH,C¢Hs)(CsHs-3,5-Me,) (2.8) and

Cp*W(NO)(CH,CsHs)(CH,CsH4-3-Me) (2.9) 83
2.4.17 Independent Preparation of 2.9 via Metathesis 84

2.4.18 Preparation of Cp*W(NO)(CH,C¢Hs)(CsH3-3,4-Me,) (2.10) and

Cp*W(NO)(CHQ_CsHs)(CH2C6H4-2-Me) (2.1 1) 84

2.4.19 Preparation of Cp*W(NO)(CH,CsHs)(CsH3-2,5-Me;) (2.12) and

Cp*W(NO)(CH,CoHs)(CH,CoHy-4-Me) (2.13) - 85

2,420 Preparation of Cp*W(NO)(CH,CsHs)(CH,Cs¢H3-3,5-Mey) (2.14) 86




2.4.21 Preparation of Cp*W(NO)(CH,CsHs)(CsHs-3-CF3) (2.15a) and

Cp*W(NO)(CH,CgHs)(CsH4-4-CF5) (2.15b) 87

2.4.22 Thermolysis of 1 in p-Xylene, Mesttylene and

o, o, o-Trifluorotoluene 88
2.4.23 X-ray Diffraction Analyses of 2.4a, 2.12 and 2.14 88
2.5 References and Notes 90

CHAPTER 3. Investigations Into The Mechanism of the C-H Bond Activation

Chemistry Derived from Complexes 1 and 2 96
3.1 Introduction 97
3.2 Results and Discussion 104

3.2.1 Known Strategies For Detecting Hydrocarbon Complexes 104
3.2.2 Thermolysis of 1-d4 in Tetramethylsilane: NMR Analysis 104
3.2.3 Thermolysis of 1-d4 in Benzene-ds: NMR Analysis 106

3.2.4 Thermolysis of 1-d4 in Tetramethylsilane and Benzene-ds: GC/MS

Analysis 107
3.2.5 Spectroscopic Monitoring of the Thermolysis of 1-d4 in Benzene 108

3.2.6 Explanation of The Results: Hydrocarbon Complexes are Intermediates on

the Reaction Coordinate for Alkylidene Complex Formation 110

3.2.7 An Aside: The True Magnitude of the KIE for o.-H Neopentane Elimination

for Complex 1 vs Complex 1-dy4 113

ix




3.2.8 Implications of the Existence of Hydrocarbon Complexes on the General

Mechanism of C-H Bond Activation by A and B 114

3.2.9 Measurement of Intermolecular KIEs for Activation of Tetramethylsilane,

Benzene and Mesitylene 116

3.2.10 The Questionable Intermediacy of the Alkylidene Complexés A and

B 120

3.3 Epilogue | 123
3.4 Experimental Procedures 124
3.4.1 General Methods 124
3.4.2 Reagents 124
3.4.3 Characterization Data for 1-dy 124

3.4.4 Thermolyses of 1-d4 in Tetramethylsilane, Benzene, and Benzene-ds:
General Comments 124
3.4.5 Preparation of Cp*W(NO)(CH,,,DCMe3)}(CH,SiMe3) (3.1-d;) and
Cp*W(NO)(CH.CMe;-dy)(CH,SiMes) (3.1'-dx) 125
3.4.6 Preparation of Cp*W(NO)(CD,CMe;3)(Ph-ds) (3.2-d5) and
Cp*W(NO)(CHD,,,CMes-d, )(Ph-ds) (3.2'-dy) 125
3.4.7 Preparation of Cp*W(NO)(CH,,,DCMe3)(Ph-As) (3.2-d;) and

Cp*W(NO)(CH,CMe3-dy)(Ph-hs) (3.2'-d) 126

3.4.8 GC/MS Analysis of Organic Volatiles 126




3.4.9 Measurement of Intermolecular KIEs: General Comments

3.4.10 Determination of the KIEs for 1 in Benzene/Benzene-ds and

Tetramethylsilane/Tetramethylsilane-d;,
3.4.11 Determination of the KIE for 2 in Benzene/Benzene-dg
3.4.12 Determination of the KIE for 2 in Mesitylene/Mesitylene-di,
3.5 References and Notes

CHAPTER 4. Rationalizing the C-H Activation Chemistry Derived From

Complexes 1 and 2
4.1 Iptroduction
4.2 Results and Discussion
4.2.1 Case 1: Activation of Toluene
4.2.1.1 The Nature of the Product Distributions
4.2.1.2 The Mechanism of Aryl Product Regioisomerization

4.2.1.3 The Nature of The Arene Complex in Aryl Ligand

Isomerizations
4.2.1.4 Aryl Regioisomerizations in Benzyl Aryl Complexes

4.2.1.5 The Nature of the Aryl vs Benzyl Product Distributions

Revisited.

4.2.1.6 Theoretical Investigations into Toluene Activation by

CpW(NO)(=CHy)

126

127

127

128

129

135

136

136

136

137

141

144

146

xi

147 -

151




Xii
4.2.1.6.1 Benzyl and Aryl Products of Toluene C-H Activation 151

4.2.1.6.2 Intermediate Hydrocarbon Complexes 152
4.2.1.6.3 Transition States for Benzyl and Aryl C-H bond Cleavage. 154

4.2.1.6.4 The Theoretical Reaction Coordinate For Toluene

Activation 156

4.2.1.7 Explanation of the Product Selectivities For Benzylidene- and

Neopentylidene-Mediated Activations of Toluene 160

4.2.2 Case 2. C-H Activation of Xylenes 161
4.2.2.1 The Nature of the Product Distributions 163
4.2.2.2 Interpretation of Aryl vs Benzyl Product Selectivity 165

4.2.2.3 Rationalizing The Differences between Aryl vs Benzyl Product

Distributions Derived From A and B 167

4.2.3 Case 3. C-H Activation of Mesitylene 167
4.2.4 Case 4. Activation of a,a,0-Trifluorotoluene By A 169
4.2.4.1.1. The Nature of the Product Distribution 169
4.2.4.1.2. The Origin of Meta vs Para Aryl Product Selectivity 170
4.2.5 Case 5: Activation of a,a,a-Trifluorotoluene By B 171
4.2.5.1.1 Nature of Product Distribution 172

4.2.5.1.2 Interpretation of Product Selectivity 173




xiii
43 Epilogue 174

4.4 Experimental Procedures 177
4.4.1 General ' 177
4 4.2 Reagents 177
4.4.3 Preparation of Cp*W(NO)(CH,C¢Hs)(CeHs-2-Me) (2.2¢) 178
4.4.4 Kinetic Studies of the Isomerization of 2.1¢ and 2.2¢ 178
4.4.5 Preparation of Cp*W(NO)(CH,CMe3)(CsDs) (4.1-d5s) 179
4.4.6 Preparation of Cp*W(NO)(CH,CsHs)(CsDs) (4.2-d5s) 179
4.4.7 Thermolysis of Complexes 4.1-dsand 4.2-ds . 180
4.4.8 Theoretical Calculations using the DFT approach 181
4.4.9 Thermolysis of Complexes 1.7, 2.8, 2.9 and 2.12 181
4.4.10 Kinetic Studies of the Isomerizations of 2.15a-b and 2.17a-b 182
4.5 References and Notes 183

CHAPTER 5. Towards the Development of Alkylidene and Related Complexes as

Reagents for The Conversion of Alkanes Into Functionalized Chemicals 187
5.1 [Introduction 188
5.2 Results and Discussion 191

5.2.1 The Conversion of Allyl Ligands into Functionalized Organic

Compounds 191




X1v
5.2.2 Proposed Method for the Conversion of Acyclic Alkanes and Alkyl-

Substituted Cycloalkanes Into Homoallylic Alcohols Via Alkylidene-

Mediated C-H Activation 193

5.2.3 The Utilization of Other Alkylidéne Complexes of the Type

Cp’M(NO)(=CHR) for Alkane Activations and Functionalizations 195
5.2.3.1 The C-H Activation of Hydrocarbons by CpMo(=CHCMe3) 196

5.2.3.2 Towards the Use of CpMo Alkylidene Complexes and Other
Cp'M(N! O)(=CHR) Complexes for Alkane C-H Activation and

Functionalization Reactions 202

5.2.4 Alternatives to Cp'M(NO) Alkylidene-Based C-H Activation and

Functionalization of Alkanes 205

5.2.5 Towards Alkane Functionalizations Using Complexes 1.1, 5.8 and

5.9 209

5.3 Epilogue ' 211
5.4 Experimental Procedures 212
5.4.1 General Methods ' 212
5.4.2 Reagents 212

5.4.3 Preparation of CpMo(NO)(CHD,,,sCMes)(CH,C¢H3-3,5-Me;)(5.4-d;) 212

5.4.4 Thermolysis of Cp*W(NO)(CH,CMes)(CH,SiMe;) (1.4) in

Tetramethylsilane 213




5.4.5 Synthesis of (1,1-Me,-C3;H3),Mg-x(dioxane) 213
5.4.6 Synthesis of Cp*W(NO)(CH,CMe3)(1’-1,1-Me,-C3Hs) (5.9) 214
5.4.7 Preparation of Cp*W(NO)(CsHs)(m’-1,1-Me,-C3Hs) (5.10) 216

5.4.8 Thermolysis of 5.9 in Benzene-ds: Kinetic Studies and the Preparation of

Cp*W(NO)(CeDs)(1’-1,1-Me,-allyl-d;) (5.10-dg) 216
5.4.9 X-ray Diffraction Analysis of 5.10 217
5.5 References and Notes 218

Appendix A. Tables of Bond Distances, Angles and Fractional Atomic Coordinates

for the Structurally Characterized Complexes Described in this Thesis 226

Appendix B. Plots of Kinetic Data and Corresponding Regression Analyses 244

for the Systems Studied Kinetically in this Thesis

Appendix C. Optimized Geometries, Z-Matrices and Energies Calculated by DFT

Methods for Toluene Activation by Methylidene C 250

XV




. xvi
List of Tables

Table 2.1. Relative Aryl vs Benzyl Product Distributions Obtained from the
Thermolysis of 1 and 2 in Methyl-Substituted Arene Solvents 69

Table 2.2. Relative Distributions of Meta and Para Aryl Regioisomers from the

Thermolyses of 1 and 2 in Toluene and o, o, a-Trifluorotoluene 69

Table 3.1. Average Relative Intensities of Mass Spectral Peaks Derived From

Neopentane ' 108

Table 3.2. Calculated Distributions of Neopentane Isotopomers Generated During the

Thermolyses of 1-dy 108

Table 3.3. Product Ratios for Activation of Protio vs Deuterio Substrates by A

and B | 118

Table 4.1. Calculated Energies for the Aryl and Benzyl Products of C-H Bond

Activation by C 157

Table 4.2. Calculated Energies for the Optimized Hydrocarbon Intermediates from

Coordination of Toluene to Alkylidene Fragment C 157

Table 4.3. Calculated Energies for the Transition States Corresponding to Aryl and

Benzyl Product Formation 158




xvii
List of Figures
Figure 1.1. Two different views of the stereochemistry about the methylene linkages of
1.4 as determined from the conformation exhibited in its solid-state molecular

structure. 19

Figure 2.1. Qualitative diagram of the metal-based LUMO (top), and the n>-benzyl and

n'-benzyl/a-agostic conformations (bottom), of 2. 41

Figure 2.2. ORTEP plot of the solid-state molecular structure

Cp*W(NO)(=CHCsHs)(PMe3) (2.4a) with 50% probability ellipsoids. 49

Figure 2.3. ORTEP plot of the solid-state molecular structure of

Cp*W(NO)(CH,CsHs)(CsHs-2,5-Mez) (2.12) with 50% probability ellipsoids. 61

Figure 2.4. ORTEP plot of the solid-state molecular structure of

Cp*W(NO)(CH,CsHs)(CH2CsH3-3,5-Me,) (2.14) with 50% probability ellipsoids. 64

Figure 3.1. Qualitative free energy vs reaction coordinate diagram of the purported
abstraction mechanism for the C-H activation chemistry derived from the amido

complexes of Ti and Zr. 98

Figure 3.2. Qualitative depiction of the origin of product selectivity for the activation of
toluene by the imido complexes of Ti and Zr under conditions of thermodynamic

control. 99

Figure 3.3. Qualitative depiction of the origin of product selectivity for the activation of

toluene by the imido complexes of Ti and Zr under conditions of kinetic control. 100




XViii

Figure 3.4. A qualitative representation of the free energy vs reaction coordinate
diagram for the proposed abstraction mechanism for substrate C-H activation derived

from 1 and 2. 101

Figure 3.5. H{'H}(CsHs) NMR spectra from the thermolysis of 1-d, in benzene-ks over

90 h at 70 °C (the asterisk denotes the solvent peak). 109

Figure 3.6. A possible qualitative free energy vs reaction coordinate diagram for the
activation chemistry of 1 and 2 with C-H bond scission as the rate-limiting step, using the

activation of an alkane substrate (R-H) via complex 1 as an illustrative example. 115

Figure 3.7. The proposed qualitative free energy vs reaction coordinate diagram for the
activation chemistry derived from 1 and 2, using the activation of an alkane substrate

(R-H) via complex 1 as an illustrative example. 119

Figure 3.8. The alternative qualitative free energy vs reaction coordinate diagram with
interchange-dissociation of neopentane as the rate-limiting step in the substrate activation
process, using the activation of an alkane substrate (R-H) via complex 1 as an illustrative

example. 121

Figure 4.1. Plot of conversion of 4.1-ds to 4.1'-ds vs time for the approach to equilibrium

at 70°C (m = 4.1-ds, A = 4.1'-ds). 143

Figure 4.2. A qualitative depiction of the free energy vs reaction coordinate diagram for

the activation of toluene, using intermediate A as the reactive alkylidene species. 149

Figure 4.3. A qualitative depiction of the free energy vs reaction coordinate diagram for

the activation of toluene, using o-A as the reactive alkylidene species. 150




X1X

Figure 4.4. Optimized geometries of (a) the benzyl product derived from sp® C-H
bond activation of toluene, and (b) the para aryl product derived from sp® C-H bond

activation of toluene. 152

Figure 4.5. Optimized geometries and selected bond distances (A) and angles (°) of, (a)
the hydrocarbon intermediate D, (b) the representative (meta, anti) intermediates E, and

(c) the para intermediate E’. 155

Figure 4.\6. Optimized geometries of the transition states for (a) sp> C-H bond activation,

and (b) para sp® C-H bond activation. 156

Figure 4.7. Free-energy profiles of the intermediates, transition states and products of

toluene activation by methylidene C as determined by DFT calculations. 159

Figure 4.8. A qualitative representation of the free energy vs reaction coordinate
diagram for the activation of xylenes by A and B, using A and p-xylene as an illustrative

example. 166

Figure 4.9. A qualitative representation of the free energy vs reaction coordinate
diagram for the activation of mesitylene by A and B, using A as an illustrative

example. 168

Figure 4.10. Plot of conversion of 2.17a to 2.17b vs time for the approach to equilibrium

at 70°C (m =2.17a, A = 2.17b). 170

Figure 4.11. A qualitative representation of the free energy vs reaction coordinate

diagram the activation of a,o,a-trifluorotoluene by A. 171

Figure 4.12. A qualitative representation of the free energy vs reaction coordinate




XX

diagram for the activation of o, o, a-trifluorotoluene by B. 174

Figure 5.1. A qualitative representation of the general free 'energy vs reaction coordinate

for alkane C-H activation derived from 5.1. 201

Figure 5.2. ORTEP plot of the solid-state molecular structure of Cp*W(NO)(CsHs)(1,1-

Me,-C3H3) (5.10) with 50% probability ellipsoids. 208



xx1

List of Abbreviations

The following abbreviations are employed in this Thesis.

L)

A®0)

anal

atm

PeHy
cal
calcd
cm’
COSY

Cp

degree (of angle or temperature) -

the position once removed from a
reference point (i.e. a metal center)

absorbance at time t
initial absorbance
angstrom, 10" m
analysis

aryl ligand
atmosphere(s)

the position twice removed from
from a reference point

broad (spectral)
tert-butyl
benzyl, CH,CsH;
degrees Celsius

carbon-13

proton-decoupled °C
calorie

calculated
wavenumbers

correlation spectroscopy

n°-CsHs, cyclopentadienyl

D, d

DFT

EI

Et,O

HMQC
hv

Hz

n°-CsMes, pentamethyl Cp

Cp or Cp*

chemical shift in ppm

doublet or day(s)

2H, deuterium, deuteron
density-functional theory

heat, or a difference in two states
electron impact

hapto, denotes ligand hapticity

diethyl ether
fluorine-19
gram(s)

Gibb’s free energy

the position thrice removed from a
reference point

hours(s)

hydrogen, proton

enthalpy

heteronuclear multiple quantum coherence
irradiation

hertz (s™)




mmol
mol
MS

Mxl

NOE

Npt

infrared

coupling constant

n-bond J between atoms A and B
rate constant for the nth elementary step
observed rate constant

degree Kelvin

equilibrium constant

kinetic isotope effect

ligand or litre

lowest unoccupied molecular orbital
multiplet

meta

mass-to-charge ratio

methyl, CH;

mesityl, CH,C¢H;-2,5-Me,
milligram(s)

millilitre(s)

millimole(s)

mole

mass spectrum

3-Me-benzyl, CH,CsH;-3-Me
nuclear magnetic resonance
nuclear Overhauser effect

neopentyl, CH,CMe,

ORTEP
Oxl

31P

Ph

ppm

Pxl

TMS
Tol

UV-vis

Xyl

xxil
stretching frequency
ortho
Oak Ridge Thermal Ellipsoid Program
2-Me-benzyl, CH,CsH4-2-Me
phosphorus-31
parent molecular ion
para
phenyl, C¢Hs
parts per million
4-Me-benzyl, CH,CsHy-4-Me
quartet
hydrocarbyl ligand
residuals (statistics)
singlet, strong (spectral) or second(s)
triplet or time (s)
half-life
temperature
tetrahydrofuran
trimethylsilyl, SiMe,
tolyl, CsHs-CX5 (X=H, F)
ultraviolet-visible
variable temperature

weak (spectral)

dimethyl aryl ligand, CsHs-Me,




xxiii

Acknowledgements

Several individuals deserve recognition for their contributions to the successful
completion of the research described in this Thesis. First and foremost, my thanks go to
Peter Legzdins for his continual guidance, support, and wisdom, and for thé occasional
reminders about the important things in life. Many thanks to past members of the
Legzdins research group, including Eric “Dancing” Janciu for helping me stay sane and
crazy at the same time, Steve McNeil for the mentorship and for letting me hijack his
brain repeatedly and not minding, Brett Sharp for his sharp wit that kept us all loose,
Sean Lumb and Jamie Daff for their help, Canadian- and British-style, Rob Poe,
Elizabeth Tran, and Kevin Smith for his endless ideas, advice and enthusiasm. Many
thanks to the current group members for their good humour and lab camaraderie: Stephen
Ng, Sonya Cohen, Bryan Chan and Dr. Kenji Wada, and especially Trevor “Tasty T”
Hayton for being Mr. Dependable and for broadening my musical and linguistical

horizons.

Marietta Austria, Liane Darge, and Nick Burlinson deserve recognition for their
invaluable assistance in helping me record some of the the NMR data presented in this
Thesis. Likewise, I thank Brian Patrick for the solid-state X-ray crystallographic
determinations, and Marshall Lapawa for recording mass spectral data presented in this
Thesis. Many thanks to Peter Borda for his diligence and excellence in conducting the
elemental analyses. Thanks also to Steve Rak, Brian Ditchburn, Zoltan Germann, Ron

Marwick, Jason Gozjolko, and the rest of the UBC Chemistry Mechanical and Electronic

Services Departments for their skills and help over the years. Finally, Dr. Fryzuk and Dr.




XX1V

Storr deserve my thanks for their aid in revising this Thesis.

Thanks go to Cerrie Rogers, Sam Johnson, Emily Crowe and all the other friends

that I have shared time with in Vancouver.

Anne and Dave Adams for giving me a great start in this world and for the

support and pick-me-ups when I needed them.

Scott Adams for being a hunky brother and for the friendship and outdoor

adventures.

Dave and Leigh Dobson for their endless energy, for taking an interest, and for

bringin’ up the next one....

Last but definitely not least, to my wife, Heather. What can I say without filling

endless pages, except for “Keep on snorkeling”.




XXV

To life, in all its shapes and colours. .. ..




CHAPTER 1

Intermolecular C-H Activation of Hydrocarbons by

Soluble Metal Complexes |




1.1 Introduction

This Thesis deals exclusively with the organometallic C-H activation chemistry
exhibited by a specific type of metal complex. Consequently, it is pertinent to begin with
brief overviews of organometallic chemistry and the field of organometallic C-H

activation research.

1.1.1 An Overview of Organometallic Chemistry ">

Organometallic chemistry, as the name suggests, bridges the gap between organic
and inorganic chemistry. A compound is traditionally classified as organometallic if it
contains both a metal component and an organic component, and if it has at least one
metal-carbon bond within it. Organometallic compounds can be grouped in three broad
classes according to the Periodic Table of Elements: the main-group organometallics (s-
block and p-block metals, as well as Group 12 d-block metals), the transition-metal
organometallics (Groups 3-11 of the d-block) and the lanthanide and actinide

organometallics (f-block).

There are many fields of organometallic chemical research, ranging from those
concerned with the fundamentals aspects of bonding interactions between metal atoms
and ions, to applications in biochemistry and materials science.! However, the largest
and most general field of organometallic chemical research concerns the activation and
transformation of small molecules." Perhaps the most prominent small-molecule

transformation involving organometallic complexes is the polymerization of terminal

alkenes, such as ethene and propene.’ The resulting polyolefin products are subsequently




shaped and molded into common plastic items like grocery bags, milk jugs, and

automotive parts.

1.1.2 An Overview of Organometallic C-H Activation of Hydrocarbons

Another small molecule transformation involving organometallic complexes is the
so-called “organometallic” C-H activation of hydrocarbons.** The transformation
specifically involves the cleavage of a carbon-hydrogen (C-H) bond of a hydrocarbon
substrate by a metal or metal-containing species to yield an organometallic product.® The

significance of this chemistry is made apparent by the following facts:

1. Hydrocarbon C-H bonds are generally difficult to break due to the high bond
strengths, low bond polarity, and low acidity and basicity.” For example, saturated
hydrocarbons, or alkanes, have traditionally been considered to be chemically
inert, since the C-H bonds of alkanes do not react with other common organic
reagents unless under specific, and usually forcing, conditions.* For instance,
temperatures of >900 °C are required before aliphatic C-H bonds spontaneously

cleave to form radicals that can be converted into other chemicals.

2. Metal atoms and ions can readily cleave the C-H bonds of alkanes, and other
hydrocarbon substrates such as arenes, to form organometallic products. These
reactions usﬁally occur under moderate to mild conditions, sometimes even at
temperatures well below 0 °C.* In addition, the regioselectivities of the C-H bond
activations are oppoéite to those obtained from radical-based activation methods
(i.e. the general reactivity trend is 1° > 2° >> 3° sp® C-H bonds for alkanes, and

aromatic sp> > benzylic sp’ C-H bonds for toluene).”
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3. Hydrocarbons are the primary feedstocks of the chemical industry. However, few
methods exist for the conversion of the most abundant hydrocarbons, the alkanes,
into more useful organic chemicals with high chemoselectivity (i.e. only one type

of product is formed).””"

4. The formation of an organometallic compound via the C-H bond activation of a
hydrocarbon can be viewed as the first step in the conversion of the hydrocarbon
into a functionalized organic molecule. Given the unique regioselectivities
exhibited during the activation, metal-based systems that can selectively form an
organometallic derivative by alkane C-H activation may provide new routes for the

conversion of alkanes into other organic chemicals.

For these reasons, the discovery and development of metal-based systems that can
mediate the organometallic C-H activation of hydrocarbon substrates continue to be

pursued.

1.1.3 Types of Organometallic C-H Activation Systems

Several types of metal-based systems are known to effect organometallic
hydrocarbon C-H activations, including those that feature metal atoms in the gas phase,
those that feature metal atoms on the surfaces of solids, and those that feature metal
atoms that are part of inorganic or organometallic complexes that are soluble in organic
solvents including hydrocarbons. The latter type of metal-based systems is particularly
amenable to detailed investigations of the actiyation chemistry, and consequently, a great

deal has been learned about hydrocarbon C-H activations mediated by these types of

complexes. In addition, certain soluble metal complexes have been developed to effect




the conversion of alkane substrates into other functionalized chemicals. Details of these

matters are provided in the following two sections.

1.1.4 Types of Organometallic Hydrocarbon C-H Activations Mediated by Soluble

Metal Complexes

Soluble metal complexes typically activate hydrocarbons by one of three modes
of C-H bond scission: oxidative addition, M-C o-bond metathesis or M=NR addition.’
The general characteristics of these modes are described below, along with pertinent

details of the activation chemistry of representative systems within each class.

1.1.4.1 Hydrocarbon C-H Activation by Oxidative Addition to a Soluble Metal

Complex

| Oxidative addition was the first mode of organometallic C-H activation to be
identified.!' The general transformation involves the reaction of an unsaturated metal
fragment (L,M) with a molecule of the hydrocarbon solvent (R-H) to generate an
organometallic product in which the metal atom has been inserted into one of the C-H
bonds of the substrate (eq 1.1). It is called oxidative addition due to the fact that the
reaction increases the formal oxidation state at the metal center by two. The metal center
in the reactive fragment must contain d-electrons, which typically means that oxidative
addition is limited to low-valent mid- to -late transition metals.

R
7
LM+ RH —>  L,M_ (1.1)

Numerous soluble metal complexes are known to activate hydrocarbons by this

. . . .. 10,18 19 20 21
mechanism, including those containing Ir,'213:14 Ry 151617 py 1018 ge 19 Re 20 Os 2! and




W?>% metal centers. The most prominent and well-studied oxidative addition systems
are those containing the Cp*M(L) (Cp* = n°-CsMes; M =‘ Ir, Rh).reaétive fragment (eqs
1.2 and 1.3)."*'*!> The C-H activation chemistry was first discovered for Cp*Ir
complexes by Graham (L = CO) and Bergman (L = PMe;3) in 1982,'% but has been

expanded to include a variety of related species.

. Il‘\— H hv -

Me3P" H \ _ _

- H2 @ O @ *@
(1.2)
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hv L L L'
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Ir -CO )
oc” co L i

c-alkane complex

T F O[T

—_— Rh —_— Rh—H (1.3)

N -R-H Rh
Me;P R Me;;P/ M93P/ \Q MeSP @

m-arene complex

Oxidative addition C-H activation reactions are usually not direct processes, as
depicted in eq 1.1. Rather, these transformations can involve intermediate hydrocarbon
complexes, namely c-alkane complexes in the case of alkanes (eq 1.2), and w-arene
complexes in the case of arenes (eq 1.3). When more than one type of C-H bond is
present within a hydrocarbon substrate, the reactions typically generate the
organometallic products associated with the activation of the stronger and/or most

accessible bond within the molecule (i.e. 1°> 2°>> 3° sp> C-H bonds for alkane

substrates; aromatic sp® > benzylic sp’, and meta, para > ortho aromatic sp” C-H bonds




for toluene). However, the relative magnitudes and the factors responsible for these
product selectivities depend on the metal fragment employed and the reaction conditions.
For example, the Cp*Ir(PMe;) system is less selective than the corresponding Rh system
when activating the same substrate under similar conditions.”” When the Cp*Ir(PMe;)
reactive fragment is generated in hydrocarbon solvents at low temperatures (i.e. <-— 45
°C) by photolysis of the dihydride precursor, the C-H activation process is éffectively
irreversible and the formation of the activation products is under kinetic c;ontrol.11 Since
the rate-determining step in the two-step activation process is the formation of the
hydrocarbon complex intermediates, the relative product distribution is determined by the
relative rates of substrate coordination to the metal center. In contrast, when the reactive
fragment is generated thermally, or photochemically at higher temperatures, C-H
activation becomes reversible and product equilibration occurs with sufficient reaction
time. The observed product distribution in this case is formed under thermodynamic
control and is dependent upon the relative thermodynamic energies of the organometallic

products themselves.

1.1.4.2 Hydrocarbon C-H Activation by M-C o-Bond Metathesis with a Soluble

Metal Complex

The second type of intermolecular hydrocarbon C-H activation mediated by
soluble metal complexes is known as 6-bond metathesis. The reaction still results in the
formation of a metal-carbon bond, but the H atom of th‘e hydrocarbon substrate ends up
on a ligand-based carbon acceptor atom rather than the metal center. One class of

reagents in this category is the Cp*>M(R’) complexes, such as the scandocene complex in

eq 1.4.** Direct attack on R-H by the complex via a four-centered transition state results




in “metathesis” of the M-C bonds. Similar reactivity has been observed for the

yttrium®’ and lutetium?® analogues.

Sc—CH; + RH —> 6. H|—» Sc—R  (1.4)

+ CI-L_'..
A related set of complexes involves those that effect C-H activation by c-bond
metathesis at a hydrocarbyl ligand that is attached to the metal center through more than
one M-C bond, such as a metallacyclic ligand (eq 1.5)”’, a benzyne ligand (eq 1.6)%, or

an n’-alkyne ligand.”® In these cases, the acceptor carbon remains within the complex

once the C-H bond is cleaved.
A
i Th<>< + RH —» i Th\/Rj< (1.5

RO R RO,

RO ™

In the systems in eqs 1.4-1.6, the producfs generally form according to the same

general trend as observed for oxidative addition reactions (e.g aryl > benzyl products for



toluene, 1° > 2° alkyls for alkanes). Intermediate hydrocarbon complexes may be also
present in some of these systems, given the changes in some product distributions on

2428 and given the results of substrate labeling experiments.*’

longer reaction times,
However, unlike the Cp*Ir(PMe;)(H), oxidative addition system, the initial product
distributions are controlled by rate-determining C-H bond scission. Thus, the principle
factors that govern the product selectivities in these systems are the strength and/or the s-

character of the C-H bonds (i.e. sp* > sp>), and steric interactions in the four-centered

metathesis transition state.

1.1.4.3 Hydrocarbon C-H Activation by Addition to the M=NR Linkages of
Soluble Metal Imido Complexes
Transient, thermally-generated transition-metal imido complexes are also capable
of activating C-H bonds. As shown in equation 1.7, the overall reaction is similar to
those in eqs 1.4-1.6, with the H atom of the hydrocarbon substrate being transfer to the a-

N atom of the imido ligand.

/R A /Rn
LM _ —_— L,M=NR' R-H LM (L.7)
NHR' -R-H NHR'

Specific members of this class of compounds include those derived from
Cp2Zr(RY(NH'Bu) (Cp = n’-CsHs; R = alkyl),*® (X),M(R)NHSi'Bu; (M = Ti, X =
OSi'Bus; M = Zr, X = NHSi'Bus; R = alkyl, aryl),*! (‘BusSi(H)N=)M(R)(NHSi'Bus), (M

= V%, Ta®), and (‘BusSi(H)N=), W(R)(NHSi'Bus).** In the well-characterized Ti, Zr and

Ta systems, the products again typically form according to the same general trend (e.g




10

aryl > benzyl products for toluene, 1° > 2° alkyls for alkanes). Intermediate substrate
hydrocarbon complexes may or may not be present on the C-H activation reaction
coordinate. Yet, as in the metathesis systems described above, these intermediates, if
present, do not influence the activation chemistry since rate-determining step in substrate
activation is C-H bond scission. Thus, initial product distributions are linked to the
relative transition state energies for C-H bond scissjon, which in turn depend primarily on
the ground state energies of the product complexes. Product distributions formed after
equilibration via reversible C-H activation are likewise determined by the product
energies. The mechanistic features of these particular systems are discussed in more

detail in Chapter 3.

1.1.5 Soluble Metal Complexes that Convert Hydrocarbons Into Functionalized

Organic Chemicals

In addition to being amenable to detailed studies of the C-H activation process,
some systems featuring reactive soluble metal complexes have been developed to activate
and transform hydrocarbons, particularly alkanes, into functionalized chemicals. For
example, Waltz and Hartwig have developed a series of metal boryl complexes that
transforms alkanes into alkylboronate esters.’> A representative transformation
employing a tungsten boryl complex is shown in eq 1.8. The key step in the process is
believed to be oxidative addition of the alkane to the dicarbonyl derivative of the tungsten
complex. The resulting alkyl boryl complex then undergoes reductive elimination to

form the functionalized organic product, which can be converted into a variety of other

organic compounds by standard synthetic methodologies. Recent advances have resulted
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in the catalytic conversion of alkanes to alkylboronate esters using similar

organometallic reagents.*®

h
OC—_.W\—CO S Y UL OC—W\—CO + CO (1.8)
ocC B—O H
0
+
?
\/\/\/B—O
(85 %)

Several other systems employing soluble fnetal complexes can also mediate the
catalytic conversion of alkanes to functionalized organic molecules via'organometallic
intermediates.>’ One notable example is the catalytic iridium-based alkane-to-alkene
dehydrogenation system developed by Jensen, Goldman and co-workers (Scheme 1.1).%*
Here, terminal alkanes are first activated by oxidative addition to form an alkyl hydride
complex. Since this complex is coordinatively and electronically unsaturated,’ a second
C-H activation event, namely 3-H elimination, generates a dihydride alkene complex.
Dissociation of the alkene from the metal center yields the desired functionalized organic
moiety. A sacrificial alkene molecule such a z-butylethylene is then used to regenerate
the iridium catalyst by the reverse of the alkane functionalization process. By this so-

called transfer dehydrogenation, a number of different alkanes may be efficiently

converted to their terminal alkene derivatives.
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Scheme 1.1
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Another notable example is the system being developed by Periana et ai. at
Catalytica Corporation for the industrial-scale direct catalytic conversion of methane to
methanol (Scheme 1.2).*° Tt is believed to involve the oxidation addition of methane to a
cationic Pt(IT) complex to form a platinum methyl intermediate.'® This organometallic
complex is then converted by the boiling sulfuric acid solvent into methyl bisulfate,
which yields methanol upon hydrolysis. If this, or a similar, process can be made to be
efficient and economically viable, it would be a boon to both the chemical industry and

the energy industry, since methanol is a common chemical feedstock and a better fuel

source than methane, but is expensive to produce by current indirect methods.*
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Scheme 1.2
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1.1.6 A New Mode of Organometallic Hydrocarbon C-H Bond Activation:
Addition of R-H to the M=CHR Linkages of Soluble Metal Alkylidene

Complexes

. After over twenty years of reseérch, it was noted in early 1995 that there was a
curious absence of one particular mode of intermolecular C-H activation by soluble metal
complexes, namely the addition of hydrocarbon C-H bonds to the M=C linkage of an
alkylidene complex.’

In stark contrast, the microscopic reverse of this process, namely

the a-H elimination of hydrocarbon (eq 1.9) was well known,*' and that there had been
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the activation of a methyl group of the Cp* ligand by the methylidene intermediate

shown in eq 1.10.

A
Y O |:L,,M:CHR :| (1.9
CHR H.cH,R
/ﬁ .CH; A /& % CH;
Ti: 2 . Ti=CH, | —» T (1.10)
%\\Cﬂs - CH, I g h g

In the following three years, four systems were reported to effect intermolecular
hydrocarbon activation by this mode of C-H bond scission. In each system, the reactive
spectes is a neopentylidene compiex generated thermally in situ from a cis-bis(neopentyl)
precursor by a—H elimination of neopentane (R = CMes in eq 1.9). The neopentylidene
complexes generated from (2,6-iPr2C6H3N)2Cr(CH2CMe3)2 (eq 1.11)* and
Cp'2Ti(CH,CMe3), (Cp' = Cp or Cp*)* in this manner activate a C-H bond of benzene to
afford the corresponding phenyl neopentyl complexes. There is also strong evidence for
the activation of alkane and arene C-H bonds by a transient neopentylidene complex

during the thermal decomposition of Ti(CH,CMes)q.

RN e - CMe, RN\‘C @ RN\\ ,,,,,,, @
r r 2 LCr

=
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=
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Finally, members of this research group repoi‘ted that the thermblysis of
Cp*W(NO)(CH2CMe3); (1) under modest conditions (70 °C, 40-48 h) leads to the
formation of the reactive alkylidene intermediate, Cp*W(NO)(=CHCMe;) (A), which
subsequently activates the C-H bonds of both alkane and arene solvents. Details of the
initial discovery of, and subsequent investigations into, this chemistry are presented in the

next two sections.

1.1.7 Alkane and Arene C-H Activation by Cp*W(NO)(=CHCMes) (A): The

Discovery and Preliminary Investigations

The discovery of the C-H activation chemistry derived from 1 occurred during the
final stages of thesis work conducted by Kevin Ross of this group.* He noted that the
thermolysis of 1 in benzene for 48 h at 70 °C led to the formation and isolation of the aryl
neopentyl complex Cp*W(NO)(CH,CMe;)}(CeHs) (1.1). A similar experiment in
benzene-ds revealed the formation of free neopentane (detected by "H NMR
spectroscopy) as well as Cp*W(NO)(CHDCMe;)(CsDs) (1.1-dg), which features
exclusive deuterium incorporation at only one of the two methylene positions of the

neopentyl ligand (eq 1.12).

Wi CeX6 Wi H x
..... — 1.12
ON"/ 70 °C, 48 h ON i (112
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Incorporation of deuterium at the methylene position is only consistent with the
addition of C-D across the M=C linkage of an intermediate alkylidene complex.
Moreover, the stereoselective nature of the incorporation is consistent with 1,2-cis
addition of C-D across the M=C linkage of only one of the two possible isomers of thié
neopentylidene complex. Although no experimental proof was obtained at the time, Dr.
Ross suggested that the most likely reactive intermediate was the 16e neopentylidene
complex, A, in which the alkylidene ‘Bu group is “anticlinal” (i.e. pointing away) to the

Cp* ligand, rather than “synclinal” (pointing towards it) (Scheme 1.3).

Scheme 1.3
70°C,48 h i CeDg Wi Hp
1 — on W —— >  ON* :
- CMey
L A _ ds
1.1-dg

Subsequent work on the thermal chemistry of 1 was conducted by Elizabeth Tran
of this group.*”*** Evidence was obtained for the formation of a transient alkylidene
complex from 1 via the thermolysis of 1 in neat trimethylphosphine. Two products were
observed in the final reaction mixture, namely the anti- and synclinal isomers of
Cp*W(NO)(=CHCMe;3)(PMe3) (1.2a-b) in a ~ 4:1 ratio (eq 1.13). The solid-state
molecular structure of the major isomer 1.2a was established to be that of the phosphine-

trapped form of the purported anticlinal neopentylidene intermediate A.
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PMe3 , i :

70 °c 24 ON7 0N"7

(1.13)

1.2a (~ 80%) 1.2b (~ 20%)

Shortly thereafter, a startling discovery was made when the trapping experiments
were conducted with PMe; in cyclohexane. The thermolysis of 1 in cyclohexane in the
presence of a large excess of PMe; (i.e. > 50 equiv) yields the PMes-trapped alkylidene

complexes 1.2a-b as expected. However, as the relative amount of PMe; is decreased, a

third product forms, namely Cp*W(NO)(nz-cyclohexene)(PMe3) (1.3) (eq 1.14).

Complex 1.3 is the major product formed under “dilute” conditions (i.e. < 12 equiv of
PMe;) and, accordingly, was successfully isolated and fully characterized. The reaction
shown in eq 1.14 was the first clear example of intermolecular C-H activation of an

alkane substrate by a metal alkylidene complex.*’

PMe3 i

12ab + o W_ (1.14)
70 °c 2d

The purported mechanism for the formation of 1.3 involves initial C-H activation
of cyclohexane mediated by A, followed by a second C-H bond activation, namely B-H

elimination of neopentane (Scheme 1.4). Notably, the reaction results in the net

conversion of cyclohexane to cyclohexene by dehydrogenation, although the alkene
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remains coordinated to the metal center. The majority of organometallic C-H
activation systems do not permit such transformations of the alkyl ligands after the initial

C-H activation event.’

Scheme 1.4
??F | PMe; gwb? @?
ON"" S - ON" /" +  ON"" W\PMe3
Me;P
t
Bu

The initial investigation into the activation chemistry exhibited by this system
included another aliphatic substrate, tetramethylsilane, and its perdeuterio analogue,
tetramethylsilane-d1,.*’ Specifically, it was found that the thermolyses of 1 in these

solvents generate the respective products of C-H and C-D activation, namely

Cp*W(NO)(CH,CMe3)(CH;,SiMe3) (1.4), and Cp*W(NO)(CHDCMe3)(CD;,Si(CD3)3)

(1.4-d13), in very high yield (~ 97%) (eq 1.15).
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SiMe4-x12 I-! X

>~ ON: 1.15)
70°C,2d X
(Me3—x9)Si
1.4 (X =H)
1.4-d12 (X = D)

Deuterium is incorporated in 1.4-dy; at only one of the two methylene positions of
the neopentyl ligand. This position was identified by solution "H-'"H NOE NMR and
solid-state X-ray crystallographic studies*® of 1.4 to be the synclinal methylene position
(Hyy»), rather than the anticlinal position (Hg.) (Figure 1.1). The incorporation of
deuterium at this position is consistent with the exclusive 1,2-cis C-H activation by the

anticlinal alkylidene isomer A, as originally proposed by K. Ross.

Cp*
Hanti:_: \%Y ::_!]anti Hani P | H*‘J’”
/'q ND\ NO CH,CMe;
Messi 90 T CMe, SiMe;

Figure 1.1. Two different views of the stereochemistry about the methylene linkages of
1.4 as determined from the conformation exhibited in its solid-state molecular structure.

The syn- and anticlinal positions are defined with respect to the other W-C alkyl linkage

in the molecule.
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1.1.8 Alkane and Arene C-H Activation by Cp*W(NO)(=CHCMej3) (A):

Subsequent Investigations

At the time, the C-H activation system featuring neopentylidene A was the only
one of the four reported systems that could activate both arene and alkane substrates to
yield isolable and well-defined organometallic products. Hence, our research group was
provided with the opportunity to conduct the first in-depth investigation into thé C-H
activation of alkanes and arenes by a soluble metal alkylidene complex. In that regard, E.
Tran subsequently conducted a kinetic study of the activation process and surveyed the
C-H activation of select alkane and arene substrates. Highlights of the results of these

efforts are presented below.

1.1.8.1 Kinetic Studies on, and the Proposed General Mechanism for, C-H
Activation Derived from 1

The thermolysis of 1 was monitored over > 3.5 half-lives by UV-vis spectroscopy
in cyclohexane solutions containing an excess of PMe; (e.g. 300 equiv).” The reaction
exhibits first-order kinetics for the loss of 1 over the temperature range of 71 - 98 °C (i.e.
kobs = 5.3 x 107 5™ at 72 °C). An Eyring plot of these data afforded the activation
parameters AH* = 28(2) kcal mol™ and AS* = 1(3) cal mol K. Other kinetic analyses in
hydrocarbon solvents in the absence of PMe; also exhibit first-order dependence on 1
with similar rate-constants.* A comparison of the rates of the PMes-trapping of 1 vs
Cp*W(NO)(CD,CMe3), (1-dy) at 91 °C by UV-visible spectroscopy yields a relative

ratio of 2.4(2) in favour of 1.*> This was assigned as the kinetic isotope effect for direct

a~elimination of neopentane.




Taken together, these data are consistent with the thermal decomposition of 1
by a rate-determining intramolecular o-H bond scission process. When combined with
the labeling studies in benzene and tetramethylsilane, the mechanism for the activation
chemistry derived from 1 has the following characteristics (1) rate-limiting
intramolecular o-H elimination of neopentane to form the reactive anticlinal alkylidene
complex (2) 1,2-cis addition of R-H across the W=C'1inkage of the alkylidene complex.
Consequently, a simple two-step o-abstraction mechanism was proposed, involving
anticlinal neopentylidene intermediate A and concerted 1,2-cis C-H bond addition to the
M=C linkage.>® The purported mechanism is illustrated in Scheme 1.5 for the activation

of deuterated tetramethylsilane.

Scheme 1.5

SiMe4-d 12 i I.:I D

70°C,2d
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1.1.8.2 Activation of Alkane Substrates

Two different modes of reactivity were found for the activation of alkanes by this
system. The thermolysis of 1 in a cycloalkane solvent in the presence of PMe; was found
to generate 1.2a-b and the corresponding PMes-trapped alkene complexes,*® as observed
with cyclohexane (eq 1.14). In contrast, the thermolysis of 1 in an alkyl-substituted
alkane such as methylcyclohexane,” or an acyclic alkane such as pentane,* in the
presence or absence of PMe; was found to generate the corresponding terminal allyl
hydride complexes, such as 1.5 and 1.6a-b, via an additional C-H activation event (eq
1.16). These investigations established that the transformation of alkane substrates into

coordinated dehydrogenated derivatives is a general phenomenon for this system.

W
ON""/ ™SH
; / 70°C, 24 T)
...... W 15
ON (1.16)
----- \ ”_,.W
70°C,2d ON H < ~H
1.6b

1.1.8.3 Activation of Methyl-Substituted Arene Substrates

The thermolysis of 1 in methyl-substituted arenes, such as toluene,* p-xylene and

mesitylene*® generated some unexpected results. In each case, products of the activation
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of one and/or two substrate molecules were observed in the final product mixture. For
example, the thermolysis of 1 in p-xylene leads to the formation of four products (eq
1.17). The first two complexes, 1.7 and 1.8, are the aryl and benzyl products derived
from the activation of an sp” and sp’ C-H bond of one p-xylene molecule, respectively.

The other two complexes, 1.9 and 1.10, are derived from the activation of two p-xylene

molecules.
+ W
ON"" w ON' N N
N
ic? /g L7 18
W. _—

% (L17)

1.10

In comparison, the thermolysis of 1 in mesitylene (eq 1.18) leads only to one

product containing two C-H activated substrate molecules, namely

Cp *W(NO)(CH2C6H3-3 , S—Mez)z (l. 1 l).
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(1.18)

These results suggest that the activation of the sp’ C-H bonds of methyl-
substituted arenes by A leads to the formation of complexes of the general type
Cp*W(NO)(CH2CMeg)(CH2Af) which are thermally sensitive. These complexes then
undergo o-H elimination of neopentane to generate the corresponding benzylidene
analogues of A, namely Cp*W(NO)(=CHAr), that subsequently activate solvent C-H
bonds. In support of this conclusion, two of the benzyl neopentyl products, namely
Cp*W(NO)(CH2CMe;3)(CH,Ar) (Ar = C¢Hs (2) and Ar = CH,C¢Hs-4-Me (1.8) were
prepared and thermolysed in PMe; as well as the parent arene solvent (toluene for 2,* p-
xylene for 1.8*%). The thermolyses in PMe; lead to the isolation of the PMes-trapped
alkylidene complexes, Cp*W(NO)(=CHAr)(PMe;), which were isolated and
characterized spectroscopically. The thermolyses in the parent solvent lead to the
formation of the respective aryl and benzyl activation products as predicted. The results

for 1.8 are detailed ineq 1.19.
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From these investigations, it became apparent that the chemistry effected by
neopentylidene A was not unique. In fact, an entire family of benzylidene analogues of
A seemed to be readily available from the thermolysis of the respective benzyl neopentyl

precursor complexes.

1.2 Outline of This Thesis

In light of the novelty of the activation chemistry initiated by neopentylidene A, a
study of the activation chemistry of a representative benzylidene system was clearly
warranted. In addition, using the research conducted on other systems as a guide, several
issues regarding the activation chemistry exhibited by both types of alkylidene systems
remained to be addressed. These included (1) probing the mechanism of C-H activation
for the possible existence and significance of hydrocarbon intermediates in the activation
of arene and alkane substrates, (2) acéurately quantifying the product selectivities for
substrates in which more than one type of C-H bond is present, and identifying the factors

that control these selectivities, and (3) assessing the potential of these or related systems
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for development as reagents for the conversion of hydrocarbons into functionalized

organic chemicals. This Thesis describes work conducted on all four of these topics.

Chapter 2 begins with the investigation of the thermal chemistry of a
representative benzyl neopentyl complex and its benzylidene derivative, namely
Cp*W(NO)(CH,CsHs)(CH,CMe3) (2) and Cp*W(NO)(=CHC4Hs) (B). The benzylidene
and neopentylidene systems are compared with respect to the basic mechanistic features
of the activation process,vas well as the scope aﬁd the selectivity of arene and alkane C-H
activation. These investigations reveal that the kinetics of formation and the general
nature of the reactive alkylidene species are very similar, and that the benzylidene system
activates alkane substrates to yield the same alkene or terminal allyl hydride complexes
as the neopentylidene system. However, while the activation of toluene by benzylidene
B yields the same types of aryl and benzyl products as neopentylidene A, the resulting
distribution of organometallic products is significantly different. Moreover, the
activation of toluene is identified to be the one instance where a range of products is
formed from the activation of different C-H bonds within the molecule. Consequently,
the remainder of Chapter 2 concerns the activation of other substituted arenes by both
systems with the goal of quantifying the respective product selectivities and identifying
trends between them. This work reveals that the product distributions obtained from the
benzylidene system are consistently more abundant in the aryl products than those
obtained from the neopentylidene system in the same solvent (toluene, p-xylene).
Likewise, in the activations of o,a,a~trifluorotoluene and toluene, the aryl regioisomer

distributions obtained from 2 favour the meta isomer over the para and ortho isomers,

more so than the distributions obtained from 1. Finally, for both systems, the
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organometallic products associated with the activation of the stronger and most
accessible bond within the arene molecule are generally formed preferentially, with some

moderation by the steric and electronic nature of the substituent(s) in the arene substrate.

A detailed understanding of the mechanism of the activation process was required
to determine the origin of these trends and to identify the factors responsible for the
observed product selectivities. In that regard, Chapter 3 describes the reinvestigation of
the mechanism of thermal chemistry of both 1 and 2 directed at evaluating the possible
involvement of hydrocarbon intermediates in the formation of the activation products.
The results of this investigation indicate that hydrocarbon intermediates do exist on the
reaction coordinate for C-H activation, and do influence the outcome of the activation
process. In particular, the key step in the activation of benzene, tetramethylsilane and |
mesitylene is found to be coordination to the metal center, rather than scission of the

substrate C-H bond as originally thought.

With the key mechanistic features of the activation process successfully resolved,
additional work could be conducted to rationalize the rest of the activation chemistry
reported in Chapter 2. In that régard, Chapter 4 focuses on explaining the activation of
the substituted arenes, beginning with an in-depth experimental and theoretical
investigation of the activation of toluene. These investigations reveal that the aryl vs
benzyl product distributions are controlled by the relative energetics of the coordination
of the substrate in two different fashions to the metal center. In contrast, the aryl

regioselectivity is controlled by the relative energies of the aryl products themselves. The

product distributions obtained from the activation of other substituted arenes are
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controlled by these same factors, namely substrate coordination and the energy of the
activation products, but with variations that depend on the substrate and the alkylidene
complex utilized. In the end, the factors that control the product distributions are found
to be highly dependent on the substrate, the activated products and the alkylidene
complex employed. Furthermore, the trends in the observed product selectivities do not
result from a simple correlation to the relative activated product energies as in the imido

systems mentioned earlier in this Chapter.

The final Chapter of this Thesis is concerned with assessing the utility of the
alkylidene systems as reagents for the conversion of alkanes into other functionalized
chemicals. In particular, a potentially viable and novel application of the activation
chemistry mediated by the neopentylidene system to the field of organic syntheses is
presented. In addition, new alternative alkylidene systems related to the neopentylidene
and benzylidene systems discussed in Chapter 2-4 are presented, systems that may be
more amenable to the proposed alkane functionalization application. Finally, a general
strategy is described for the development o_f other, related non-alkylidene C-H activation
systems that can potentially be used to effect alkane ﬁlnctionalization in alternative

fashions.

1.3 Format of This Thesis

This Thesis is formatted with Chapters 2 through 5 possessing five major
sections. If X is the chapter number, then the Sections appear as X.1 Introduction, X.2

Results and Discussion, X.3 Epilogue, X.4 Experimental Procedures, and X.5 References

and Notes. Subsections of these categories are numbered using legal outlining
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procedures, e.g. X.1.1, X.1.2, X.1.2.1, X.1.3, etc. Compounds Cp*W(NO)(CH,CMe3),

(1) and Cp*W(NO)(CH,CMe;3)(CH,C¢Hs) (2) and the respective alkylidene complexes
Cp*W(NO)(=CHCMes) (A) and Cp*W(NO)(=CHCsHs) (B) are defined as such
throughout this thesis. All other compounds discussed elsewhere in this Thesis are
defined by the Chapter and sequence in which they are mentioned, e.g. in Chapter X,
compounds appear as X.1, X.2 etc. and are referred to as X.1, X.2, etc. in subsequent
chapters. Schemes, Tables, Figures and Equations are similarly sequenced and

referenced. The standard experimental methodologies employed during the research

described in this Thesis are outlined in detail in Chapter 2, Section 2.4.1
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2.1 Introduction

The first goal of the research described in this Thesis was to study the C-H
activation chemistry derived from a representative benzyl neopentyl complex,
Cp*W(NO)(CHAr)(CH,CMe;3). Several congeners could have been selected, but the
complex that was ultimately chosen was the simplest member of the family, namely
Cp*W(NO)(CH,CsHs)(CH,CMe3) (2).  Preliminary investigations by E. Tran had
already demonstrated that complex 2 is readily synthesized, is thermally unstable, and
forms the corresponding benzylidene derivative, C.p*W(NO)(=CHC6H5) (B) in situ
(Section 1.1.8.3). Complex B, in turn, is isolable as the base-stabilized PMe; complex
and activates the C-H bonds of toluene. This Chapter begins by expanding on these
investigations to further explore the reactivity of 1 and 2 in toluene and confirm the

formation of B from 2.
2.2  Results and Discussion
2.2.1 Synthesis and Characterization of Complex 2

The original synthesis of 2! was conducted using synthetic methods that are well
established in our research group. However, since the preparation of 2 is representative
of the preparation of related compounds in this Thesis, the details of this methodology

will be reviewed briefly. In addition, complex 2 has several noteworthy characteristics

that are relevant to the ensuing discussions in Chapters 2-5.




39
2.2.1.1 Synthesis of Complex 2

The general method employed for the synthesis of hydrocarbyl complexes of the
type Cp"W(NO)(R)(R") (Cp' = CsHs (Cp) or Cp*; R =R’ = alkyl, aryl, benzyl) is a
sequential alkylation of the dichloro complex, Cp*W(NO)Cl,, using ethereal solvents an&
RoMg-x(dioxane) reagents.>> Both Cp*W(NO)(CH,CMe;)CI* and
Cp*W(NO)(CH,CsH;5)C1* monohalide complexes can be readily synthesized, providing
two possible synthetic routes to 2 (Scheme 2.1). However, the preparation of
Cp*W(NO)(CH,CMe;)Cl involves only one synthetic step, so this route to 2 has been
employed. Alkylation of Cp*W(NO)(CH,CMe3)Cl by (C¢HsCHz),Mg.x(dioxane) in
Et;0O ona 0.5 to 1.5 g scale generates 2 as an orange microcrystalline powder in 70-85 %

yield after recrystallization from Et,O/hexanes.

Scheme 2.1
1. (C¢HsCH,),Mg-x(dioxane)
1 equiv R"), THF
Cp*W(NO)C, (LequivR), THE . Cp+W(NO)(CH,C4H)CI
2. HC1 (1 equiv)
(Me3CCH,),Mg-x(dioxane) (Me;CCH,),Mg-x(dioxane)
(1 equiv R"), THF (1 equiv R), Et,0
]

(C¢H5CH,),Mg-x(dioxane) v
Cp*W(NO)(CH,CMe;)Cl (LequivR), E6,O0 | (p«W(NO)(CH,C4Hs)(CH,CMe;)

@
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2.2.1.2 Properties of Complex 2

The properties of 2 are consistent with those reported for other benzyl complexes
of the type Cp"W(NO)(CH,CsHs)(R) (R = aryl, alkyl, benzyl).** It can be handled in air
for short periods of time without any visible signs of decomposition. Its IR spectrum
exhibits a strong absorbance at 1538 cm™ attributable to the stretching frequency of a
terminal NO linkage. Its "H NMR spectrum exhibits a typical ABXY pattern of doublets
attributable to the diastereotopic methylene H atoms of the two hydrocarbyl ligands. The
doublets for the benzyl moiety occur at lower field (6 2.22 and 2.98) than those of the
neopentyl ligand (6 -2.35 and 2.26) and have a smaller 2/ coupling constant (8.5 vs
13.4 Hz). The large chemical shift difference between the resonances for the methylene
protons of the neopentyl ligand and the negative resonance for the synclinal methylene
proton are features typical of alkyl benzyl and mixed alkyl complexes of the Cp’"M(NO)
fragment.*> A notable feature of the *C{'H}NMR spectrum of 2 is the chemical shift
of the resonance due to the ipso carbon of the benzyl ligand (6 113) which lies well
below that of most benzyl ligands (6 > 140). The low chemical shift is indicative of a
bonding interaction between the ipso carbon and the major lobe of the metal-based
LUMO that lies between the two hydrocarbyl ligands.” The n*-benzyl linkage is present
in the solid-state molecular structures of numerous related benzyl congeners (vide
infra).** In solution, however, the n* interactions in these benzyl complexes are not
static. In the case of 2, ‘variable-temperature gated PC{'"H}NMR spectroscopy has

revealed that the n>-benzyl conformation is in equilibrium with another, in which there

appears to be an agostic bond® between the synclinal methylene C-H bond of the
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neopentyl ligand and the metal-based LUMO (Figure 2.1).° Such a-agostic

interactions have been detected in several other neopentyl complexes, both in solution
and in solid state, the latter having been confirmed by a neutron diffraction analysis.®
Thus, at room and higher temperatures, complex 2 is rapidly exchanging between these

two conformations, with the equilibrium favouring the n*-benzyl conformation.

Figure 2.1. Qualitative diagram of the metal-based LUMO (top), and the n*-benzyl and
n'-benzyl/o-agostic conformations (bottom), of 2. Note that the complexes on the

bottom are rotated about the Cp* ligand to place the NO ligand behind W, and that the

NO ligand is not shown for clarity.
2.2.2 Thermolysis of 1 in Toluene Revisited

According to previous observations, the thermolysis of 1 in toluene should lead to

the formation of 2 via sp> C-H bond activation of toluene by A. Moreover, 2 is thermally
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sensitive and leads to formation of products from the net activation of two molecules

of toluene, namely Cp*W(NO)(CH,CsHs)(R) (R = C¢Hy-Me or CH,CgHs). To confirm
that this process is indeed occurring, the thermolysis of 1 in toluene has been conducted
for several days at 70 °C on a sufficient scale to permit monitoring the progress of the
reéction by periodic sampling of the reaction mixture. The '"H NMR spectrosocopic data
for the samples obtained from the first 15h of the thermolysis reveal that all four products
of the C-H activation of toluene by A are formed initially. Specifically, these are the
meta and para aryl neopentyl complexes Cp*W(NO)(CH,CMe;)(CsHas-3-Me) (2.1a) and
Cp*W(NO)(CH,CMe;3)(CsHy-4-Me) (2.1b) as major products, the ortho aryl neopentyl
complex Cp*W(NO)(CH,CMe;)(CsHs-2-Me) (2.1¢) as a trace product, and 2.
Complexes 2.1a-c have all been characterized previously.>>'® As the thermolysis
progresses, the signals for v2 disappear as those for three new products appear in the 'H
NMR spectra. The two major products are the meta and para aryl benzyl complexes,
Cp*W(NO)(CH,C¢Hs)(CsHs-3-Me) (2.2a) and Cp*W(NO)(CH,C¢Hs)(CsH4-4-Me)
(2.2b), while the minor product is the previously reported bis(benzyl) complex
Cp*W(NO)(CH,CsHs), (2.3).* After 40 h, all of 1 and 2 have been consumed.
Integration of appropriate signals in the 40 h "H NMR spectrum reveals that the
respective neopentyl and benzyl aryl produéts 2.1a-b and 2.2a-b are present in a 4.3(2):1
ratio (95% confidence limit (CI)), with meta isomers (2.1a, 2.2a) favouring the
corresponding para isomers (2.2b, 2.2b) by the respective ratios of 1.45(8):1 and 2.0(2):1.
Using these integrations as a basis, the other two products, 2.1¢ and 2.3, were each
determined to comprise ~ 1 % of the total activated products, thus yielding the relative

product distribution shown in equation 2.1.
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. W R — 2.1)

ON 70 °C, 40 h
2.1a (R = Bu, m-Me, ~ 47 %)

2.1b (R = 'Bu, p-Me, ~ 33 %)
2.1c (R ='Bu, 0-Me, ~ 1 %)

N 1? st
Neab)

ja—y

2.3 (~1%)

2.2a (R =Ph, m-Me, ~ 12 %)
2.2b (R =Ph, p-Me, ~ 6 %)

Monitoring the thermolysis of 1 in toluene for an additional 24 h past the endpoint
of typical thermolysis experiments (64 h total) reveals no significant changes in the ratio
of the activated products. This result indicates that the product distribution is essentially
fixed after 40 h, and that, once formed, the neopentyl aryl products 2.1a-c do not convert
to the benzyl aryl and bis(benzyl) products 2.2a-b and 2.3 at any appreciable rate (e.g. by
isomerization to 2 and the subsequent formation of B). Hence, based on the o-

abstraction mechanism described in Chapter 1, it appears that the products of toluene

activation are indeed formed by the process illustrated in Scheme 2.2.
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Scheme 2.2

2.2a-b . B

It should be noted that after the mixture was heated for an additional 24 h, product
decomposition was observed, as indicated by the appearance of a small cluster (~ 5 - 19
%) of new Cp* signals in the "H NMR spectrum. These signals gradually increase in
intensity upon prolonged heating of the mixture. While several processes could cause
this decomposition, it may be noted that the related neopentyl phenyl complex,
Cp*W(NO)(CHzCMes)(CeHs) (1.1), decomposes in arene solvents at elevated
temperatures through loss of neo;;entane (110 °C, 6 h)."" The major products in the
thermolysis mixture 2.1a-b likely undergo the same process, but more slowly under these

thermal conditions.
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2.2.3 Thermolysis of 2 in Toluene

Thermolysis of independently prepared 2 in toluene for 40 h at 70 °C cleanly
generates the same aryl and bénzyl products of toluene activation observed from the
reaction of 1 in toluene, namely 2.2a-b and 2.3. The product distribution is also the
same, within error, as judged by integration of signals in the 'H NMR spectrum of the
final reaction mixture (2.2a : 2.2b=1.97(11):1 and 2.2a-b: 2.3 = 18.6(1.2):1) (eq 2.2).
The product of ortho sp> C-H bond activation, namely Cp*W(NO)(CH,C¢Hs)(CsHs-2-
Me) (2.2¢), was not observed. Complex 2.2a can be isolated as a crystalline solid from
this reaction mixture in adequate yield (25%), and its spectral characteristics are indeed
those of the meta isomer. Complex 2.2b can only be further characterized
spectroscopically in the crude reaction mixture, but its spectral features are fully
consistent with it being the para isomer. Both 2.2a and 2.2b possess n°-benzyl ligands

characterized by the ipso carbon resonances at & ~ 114 in their ?C NMR spectra.

~z

(2.2)
70° C,40 h
CH;

2 2.2a (~ 63 %) 2.3 (~5%)
2.2b (~ 32 %)

2.2.4 A Note on the Thermolyses Conditions for 1 and 2

Heating the thermolysis mixture generated from 2 in toluene for prolonged

periods ( > 48 h), or conducting the experiment at higher temperatures ( > 75 °C), results




46

in the partial decomposition of the C-H activation products. Similar results were
obtained when conducting the thermolyses of 2 in other solvents. The decomposition
could also be observed during the independent thermolysis of purified products in their

parent solvent.

It would appear, then, that the C-H activation products derived from 1 or 2 can
exhibit some degree of thermal instability, thereby suggesting that the temperature and
time of thermolysis are factors to consider when conducting these expertiments. Product
decomposition becomes a particularly important issue in the situations when the relative
distributions of the C-H activated products need to be determined: decomposition of only
some of the activated products in the final reaction mixture will skew the product yields
towards the most stable products and cause any assessment of the relative yield to
become inaccurate when compared to the relative yields actually obtained by the C-H
bond activation event. Given this problem, the thermolysis conditions were fixed for
both complexes 1 and 2 at temperature = 70 °C, and time = 40 h. The latter condition is a
convenient time period for the reaction, since the 40 h period fits well into the workweek.
More importantly, nearly all thermolyses conducted under these conditions generated
final reaction mixtures whose NMR spectra show < 5 % residual 1 or 2, and <5 %
decomposition products. When desired, relative product distributions could then be
determined by integration of appropriate signals in the '"H NMR spectrum of the product
mixtures and can be considered to be accurate assessments of the actual relative yield of
each product as initially formed from A or B, within the errors associated with the

specific integrations.
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2.2.5 Trapping of the Reactive Benzylidene Complex

Intermediate B has previously been isolated in base-stabilized form as the PMe;
adduct, namely Cp*W(NO)(=CHC¢H;s)(PMe;) (2.4a)." However, at that time, complex
2.4a was only characterized to confirm its formulation, and the stereochemistry as well as
other structural features of the complex were not deduced. In addition, the related
reaction of 1 with PMe,” as well as that of a molybdenum analogue of 1,
CpMo(NO)(CH,CMe;),,' both generate two isomeric phosphine-trapped alkylidene
complexes, the major isolable one with the alkylidene R substituent anticlinal to the Cp*

ligand and the minor with the synclinal orientation."

To ascertain whether 2.4a is in fact the anticlinal isomer and to determine if an
isomer of 2.4a is formed, the thermolysis of 2 has been conducted in THF in the presence
of excess PMes (~ 130 equiv). Analysis of the final reaction mixture by NMR
spectroscopy does reveal the presence of two alkylidene complexes, assigned as 2.4a and
2.4bin a~ 5:1 ratio (eq 2.3). Complex 2.4a can be isolated as an orange crystalline solid
by recrystallization of the crude reaction mixture in THF/hexanes (52% yield), and its

~N1\/[R properties are consistent with the data obtained previously. Notable features are
the high-field NMR resonances for the benzylidene proton (8 12.01, 'Jyp= 3.8 Hz) and
the benzylidene carbon (8 261.2, 2Jcp= 9 Hz) which are diagnostic values for alkylidene
linkages."* The observation of NOE enhancements between the Cp* ring and the
benzylidene H atom as detected by "H-"H NOE difference spectroscopy suggests an
anticlinal orientation of the Cp* and Ph groups in.2.4a. Complex 2.4b can be

characterized spectroscopically in the final reaction mixture. It also exhibits diagnostic
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benzylidene resonances for the benzylidene o-H (8 13.70) and o-C (6 262.5) atoms.

Moreover, the "H-"H NOE spectroscopic features of 2.4b are consistent with it being the
synclinal geometric isomer of 2.4a. Thus, the stereochemistry and relative distribution of
the PMes-trapped complexes of B are the same as those reported for 1 and the
molybdenum analogue. In addition, while 2.4a-b do not interconvert at room
temperature on the NMR timescale (as indicated by the lack of magnetization transfer
during the NOE experiments), the complexes do interconvert upon prolonged heating at
elevated temperatures. Specifically, complex 2.4a forms a mixture of 2.4a-b when
heated in benzene-ds (16 h, 80 °C), as detected by "H NMR spectroscopy. The
interconversion of alkylidene isomers by rotation around the M=C bond is a common

phenomenon. "’

— " ON ..7W S * ON --7W = (2.3)
MezP :
3 MC3P H
2 2.4a (~83 %) 2.4b (~17 %)

2.2.6 Solid-State Molecular Structure of Complex 2;4a

A single crystal of 2.4a has been subjected to an X-ray crystallographic analysis
to confirm its stereochemistry, as well as to determine the metrical parameters of the

benzylidene linkage.'® The resulting ORTEP diagram is shown in Figure 2.2. The

overall geometry of 2.4a is best described as a three-legged piano stool and is similar to
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Figure 2.2. ORTEP plot of the solid-state molecular structure
Cp*W(NO)(=CHC¢Hs)(PMes) (2.4a) with 50% probability ellipsoids. Selected bond
lengths (A) and angles (°); W(1)-C(1) = 1.975(3), N(1)-0(1) = 1.244(6), W(1)-N(1)-O(1)
=178.1(3), W(1)-C(1)-C(2) = 137.2(2), W(1)-C(1)-C(2)-C(3) = - 171.3(3), N(1)-W(1)-

(C1)-C(2) = - 8.3(4).
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that of its neopentylidene analogue. The benzylidene linkage has a short W=C bond

(1.975(3) A) and an obtuse W-CH-R bond angle (137.2(2)°), typical of tungsten
alkylidene complexes in general.'” In addition, there is a nearly planar N(1)-W(1)-C(1)-
C(2) grouping (— 8.3(4)°), consistent with the maximization of the synergic m—bonding
between the w-donor alkylidene and n-acceptc;r NO ligands."*'® The phenyl group of the
benzylidene ligand is indeed anticlinal to the Cp* group, consistent with the preferred
conformation of several other isostructural alkylidene complexes.' Finally, a structural
feature unique to benzylidene linkages is the planar alignment of the phenyl and W=C
moieties (W(1)-C(1)-C(2)-C(3) = 171.3(3)°) which is indicative of conjugation of the

alkylidene and phenyl mt-systems. "

2.2.7 Comparison of Mechanistic Features of the Neopentylidene and Benzylidene

Systems: Thermolysis of Compléx 2 in Benzene and Benzene-d;

With the formation of benzylideqe B from 2 firmly established, the general features of
the benzylidene and neopentylidene systems can be compared. With regards to the
mechanism, it has previously been determined that the activation process derived from 1
proceeds via (1) rate-limiting intramolecular a-H elimination of neopentane to form the
anticlinal alkylidene complex, and (2) 1,2-cis addition of R-H across the W=C linkage of
the alkylidene complex. To see if the benzylidene system is the same or different with
respect to these mechanistic features, complex 2 has been thermolysed in benzene and

benzene-d;.

In benzene, the benzyl phenyl complex Cp*W(NO)(CH,CsHs)(CsHs) (2.5) forms

via sp? C-H bond activation as anticipated. Complex 2.5 exhibits two doublet resonances
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at § 2.14 and 3.41 in its "H NMR spectrum for the syn- and anticlinal methylene

protons of the benzyl ligand respectively, as determined by NOE difference spectroscopy.
Thermolysis of 2 in benzene-ds under these conditions cleanly forms
Cp*W(NO)(CHDC¢Hs)(CsDs) (2.5-ds), in which a deuterium resonance is observed at &
2.15 in the *H{"H}NMR spectrum. The exclusive incorporation of the label at the
synclinal position of the neopentyl ligand is consistent with the cis addition of C-H (C-D)
acfoss the M=C linkage of an anticlinal benzylidene intermediate (eq 2.4). Hence, the

stereochemistries of the reactive alkylidene intermediates derived from 1 and 2 are the

same.
s [ < 70° C, 40 h ; | < C.D
: e — -~ W _
ON" 2.4)
AN ‘CMe4 =
2 B 2.5-d,

Similarly, the side-by-side monitoring the rates of reaction of 2 and 1 in benzene-
ds over 15 h at 72.0 °C by "H NMR spectroscopy reveals that both 1 and 2 decompose by
first-order processes and eliminate neopentane, with respective rate constants of 4.6(1) x
10 s for 1 (R* =0.999) and 4.9(1) x 10” s for 2 (R? = 0.999) (see Appendix B for plots
of the data). The rate constants are very similar to each other (ko/k; = 1.07), as well as to
that of 1 in cyclohexane/PMe; at 72 °C (5.3 x 10° s). These results are fully consistent

~with the formation of benzylidene B from 2 by the same intramolecular o-H cleavage

process that generates neopentylidene A from 1.
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2.2.8 Comparison of Scope of Substrate Activation Mediated by A and B:

Thermolysis of 2 in Alkanes

In terms of the scope of the activation chemistry, the work described in Section
2.2‘.3 has established that benzylidene B can activate the sp> and sp> C-H bonds of
toluene to yield the corresponding aryl and benzyl complexes. However, it has not yet
been demonstrated that the activation ability of B encompasses alkane substrates as well.
In the C-H activation literature, there are indeed examples of complexes that activate the
C-H bonds of arenes to yield isolable products, but do not activate the aliphatic sp’ C-H
bonds of alkane substrates.”* To see if benzylidene B is similarly limited in its C-H
activation ability, complex 2 has been thermolysed in three representative aliphatic

substrates, as described below.
2.2.8.1 Thermolysis of 2 in Tetramethylsilane and in Cyclohexane/PMej3 )

The thermolysis of 2 in neat tetramethylsilane (at 70 °C for 40 h) yields the
Cp*W(NO)(CH,C4Hs)(CH,SiMe;) (2.6) in ~ 95% yield as judged by "H NMR
spectroscopy (eq 2.5). Complex 2.6 is the product of C-H activation of tetramethylsilane

and has been prepared previously by other means.* Likewise, the thermolysis of 2 in
cyclohexane in the presence of PMe; (~ 20 equiv) generates Cp*W(NO)(nz-
cyclohexene)(PMe;) (1.3) via 2° sp® C-H bond activation, in addition to the alkylidene

complexes 2.4a-b (1.3 : 2.4a-b = 1: 10). Henée, it appears that B can activate both the 1°

and 2° sp’ C-H bonds of aliphatic substrates.
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=

70°C,40 h

(2.5)

2.2.8.2 Thermolysis of 2 in Methylcyclohexane

Thermolysis of 2 in methylcyclohexane results in the formation of two principal
activation products in a 9(1):1 ratio. A plethora of additional, but weak, signals is also
observed in the Cp* and aromatic regions of the "H and *C{'H}NMR spectra (< 10 % as

judged by "H NMR) (eq 2.6).

SEO = hend

70 °C swon N/ M ~mu ~H (2.6)

o )e]

1.5 (~ 90%) 2.7 (~ 10%)
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The major product is the previously characterized allyl hydride complex,
Cp*W(NO)(n3-C7H11)(H) (1.5), which contains a terminal cis, endo-v’-allyl linkage (see
Section 1.1.8.2). The identity of the minor product (2.7) has been resolved by gated- *C
{'H} NMR and NOE spectroscopic analyses of the reaction mixture. For comparison,
1.5 exhibits a high-field, sp*-like resonance for the exocyclic allyl carbon that is cis to the
NO ligand (8 41.3 (t, 'Jeu = 155 Hz, CHy)), and low-field, sp>-like resonances for the
endocyclic allyl carbons (5 80.0 (d, "Jen = 148 Hz, CH), 121.1 (s, C)). These spectral
features are typical of allyl ligands attached to the Cp"M(NO)(L) (L = 2e donor) and
Cp'M(NO)(X) (X = 1 e donor) fragments, since the m-acceptor NO ligand induces a > —
o-w distortion in which the allyl carbons trans to the NO linkage adopt sp*-like
characteristics.'®*' This distortion is also evident in the solid-state molecular structure
of 1.5.° NOE difference spectroscopy on complex 1.5 reveals a cis arrangement of the

hydride ligand and the allyl CH atom in solution, consistent with the structure depicted in

eq 2.6.

For the minor allyl hydride product 2.7, two resolvable signals can be attributed to
its allyl carbons in the gated->C{'"H}NMR spectrum, based on the magnitude of the
coupling constants (5 49.7 (t, 'Jeu = 155) and 62.8 (d, 'Jen = 146)). The triplet and
doublet resonances are only consistent with an exocyclic allyl ligand, thereby identifying
2.7 as one of three terminal allyl isomers of 1.S. By NOE difference spectroscopy, the
allyl CH; group and the hydride ligand are cis to each other, suggesting that complex 2.7
is either the exo or endo trans-n’-allyl isomer. Unfortunately, the exo or endo

configuration of 2.7 could not be conclusively established by the NOE experiments, but
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given the steric bulk of the cyclohexyl ring, 2.7 is most likely the trans, endo isomer as
shown in equation 2.6. A small amount of spin-saturation transfer is observed between
the allyl CH atoms of 1.5 and 2.7 in the NOE difference spectra, thus indicating that 1.5
and 2.7 interconvert on the NMR timescale at room temperature, likely by rotation
around the terminal C-C bond of an unobserved n'-allyl intermediate.?> The .rapid
interconversion of the allyl products in solution indicates that the product distribution is

under thermodynamic control.
2.2.8.3 Thermolysis of 1 in Methylcyclohexane Revisited

Curiously, a second allyl hydride product was not reported for the original
thermolysis of 1 in methylcyclohexane,' despite the fact that 1.5 is in equilibrium with
2.7 when obtained from 2. To probe this discrepancy, complex 1 has been thermolysed
again in methylcyclohexane under the same conditions as 2 (70 °C, 40 h). Not
surprisingly, the resulting '"H NMR spectrum reveals the same relative distribution of
allyl hydride products 1.5 and 2.7 (9(1):1 ratio). The formation of both 1.5 and 2.7 from
1 is also consistent with the reported results of the thermolysis of 1 in other alkanes such
as pentane and ethylcyclohexane for which minor allyl hydride products were noted to be
present in the final product mixture.! Notably, the spectrum obtained from 1 contains is
cleaner (> 95% conversion to 1.5 and 2.7) as determined by the lack of additional peaks
in the Cp* region. This result implies that the additional trace produ;ts observed from
the thermolysis of 2 in this solvent result from either inefficient activation of

methylcyclohexane by B, or from the subsequent inefficient dehydrogenation of the

resulting cyclohexylmethyl ligand by B-H elimination of toluene. Consequently,
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complex 1 would appear to be the reagent of choice for conducting the activations of

acyclic alkanes and alkyl-substituted cycloalkanes.

2.2.9 Summary of the Comparisons of the Neopentylidene and Benzylidene

Systems Presented Thus Far

Taken toge;cher, the results in Sections 2.2.2 to 2.2.8 indicate that there are few
differences between the benzylidene and neopentylidene systems. There appear to be no
significant differences in the basic mechanistic features of the formation and reactivity of
the alkylidene intermediates A and B. Likewise, there are no discernable differences in
the range of alkane and arene substrates that can be activated by A and B. The
similarities in the scope of the activation chemistry of the benzylidene and
neopentylidene systems is in sharp contrast to the related Cp,Ti=NR system, where the
replacement of an alkyl R substituent with an aryl substituent renders the imido complex

unreactive towards hydrocarbons.?

In terms of individual substrates, there appear to be no significant differences in
the types of products obtained from alkane activation by B vs A, although, for reasons '
stated above, the novel triple C-H activation of alkane substrates such as
methylcyclohexane is mediated more cleanly by the neopentylidene system. Significant
differences are apparent, however, in the relative product selectivities for the activation of
toluene of B vs A. In both cases, the aryl products of sp? C-H bond activation are formed
preferentially over the benzyl products of sp’ C-H bond activation, but the ratios of aryl

vs benzyl products are not the same. The ratio of aryl vs benzyl products from toluene

activation by A is 4.2(3):1,** which is much smaller than that obtained from toluene
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activation by B (18.6(1.2):1). Likewise, the distribution of aryl regioisomers derived

frofn toluene activation by A and B both favour the meta and para isomers. Yet, the
distribution obtained from A significantly favours the para isomer (meta : para =
1.45(8):1), while the distribution obtained from B is the statistical meta: para distribution
of 2:1 (1.97(11):1). Moreover, the ortho aryl complex is observed as a trace product in

the activation mediated by A, but is not observed in the activation mediated by B.

In addition to these differences, the activation of toluene in both cases generates
different organometallic products derived from the activation of more than one type of C-
H bond within the molecule. Hence, it would appear that studying the activation of
substituted arenes provides a means to quantify the relative product distributions for
substrates containing more than one type of C-H bond, and thus a means to identify the
factors that control these distributions. To that end, both 1 and 2 have been thermolysed

in other selected arene solvents, as described below.
2.2.10 Thermolysis of 2 in m-Xylene

Thermolysis of 2 in m-xylene for 40 h at 70 °C results in the formation of two
products, namely Cp*W(NO)(CH,CsHs)(CsH3-3,5-Me,) (2.8) and
Cp*W(NO)(CH,C¢Hs)(CH2CeHy-3-Me) (2.9), in > 95% overall yield as determined by
"H NMR spectroscopy (eq 2.7). Two independent thermolyses were conducted to assess
the reproducibility of the experiments; the product ratios obtained (9.1(5):1 and 9.4(5):1

(95% CD)) are statistically the same. No signals for any additional C-H activation

products were detected in the 'H NMR spectrum obtained from either experiment.
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+ ON ; N 2.7)

2 2.8 (~ 90%) 2.9 (~ 10 %)

The major product is the aryl benzyl complex 2.8 derived from sp®> C-H bond
activation of a solvent molecule. It has been isolated by crystallization from 3:1
Et,O/hexanes in sufficient yield (29 %) to permit full characterization. Its "H NMR

| spectrum exhibits a distinct "H-"H coupling pattern in the aromatic region that
conclusively identifies it as the 3,5-dimethyl aryl isomer. The signal for the ortho H
protons is a broad hump (21 Hz at half-height), rather than a distinct doublet, and is the
farthest downfield of the aromatic signals (8 6.29). Similar features have been observed
for the ortho H protons in other alkyl aryl complexes (vide infra)."° The ipso carbon

resonance in its >C{'"H}NMR spectrum (5 114.8) is indicative of an n’- benzyl ligand.

The minor product of the thermolysis, 2.9, is derived from sp® C-H bond
activation of m-xylene, as identified by spectroscopic analysis of the final reaction
mixture. It has diagnostic resonances for the ABXY methylene doublets, plus a coupling
pattern in the aryl region consistent with a (3-methyl)benzyl ligand. Complex 2.9 has
also been prepared independently by metathesis from Cp*W(NO)(CH2C6H5)Cl to
confirm these assignments. The most notable spectral features of 2.9 are the two distinct

ipso carbon resonances in the *C{"H}NMR spectrum (5 113.9 and 142.3), and the pair of

methylene resonances with the lowest chemical shifts that correlate to the benzyl ligand
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rather than the (3-methyl)benzyl ligand. These features indicate that, in solution on
average, the more electron-rich substituted benzyl ligand is attached in an n? fashion to

the metal center (vide infra).*’
2.2.11 Thermolysis of 2 in o0- and p-Xylene

Similar results are obtained from the thermolysis of 2 in 0 and p-xylene. In o-
xylene, the aryl and benzyl products of o-xylene activation, namely
Cp*W(NO)(CH2C¢Hs)(CsH3-3,4-Me) (2.10) and Cp*W(NO)(CH,C¢Hs)(CH,CgHs-2-
Me) (2.11), form in a 14.6(4):1 ratio (eq 2.8). In p-xylene, the aryl and benzyl activation
products Cp*W(NO)(CH,CsHs)(CeHs-2,5-Me,) (2.12) and

Cp*W(NO)(CH;CsHs)(CH,CsHs-4-Me) (2.13) are detected in a 6.2(4):1 ratio (eq 2.9).

i @SEor”

2.10 (~ 94%) 2.11 (~ 6 %)

ON“" ; - W E 2.9)

2 2.12 (~ 86%) 2.13 (~ 14 %)

70° C, 40 h
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The minor benzyl products of solvent activation 2.11 and 2.13 are readily
identified in the final reaction mixture by the ABXY doublets from the methylene
hydrogen atoms in the "H NMR spectra. The aryl products 2.10 and 2.12 can be isolated
by crystallization in adequate yield (30-40 %) and have been fully characterized. The
regiochemistries of the aryl ligands in 2.10 and 2.12 are readily identified by the distinct
coupling patterns in the aromatic region of the respective 'H NMR spectra. Both 2.10
and 2.12 have features similar to 2.8, namely n’-benzyl ligands and broadened, downfield
resonances for the ortho H atoms of the aryl ligands. Of note, complex 2.12 also exhibits
a broadened signal for one of the methyl groups of the p-xylyl ligand, as well as a
broadened signal for the synclinal methylene H atom of the benzyl ligand. The related
neopentyl complex, Cp*W(NO)(CH,CMe3)(CsH3-2,5-Mez) (1.7), exhibits even broader
features for its p-xylyl ligand in its "H NMR spectrum." VT NMR analysis of 1.7 has
demonstrated that the room temperature spectrum is actually a time-averaged spectrum of
two interconverting isomers related by rotation about the M-C bond of the p-xylyl ligand.
Presumably, the broadened features of 2.8, 2.10 and 2.12 are induced by a similar rapid

interconversion at room temperature.

2.2.12 The Solid-State Molecular Structure of Complex 2.12

The solid-state molecular structure of 2.12 has been determined by X-ray
crystallography.”® The resulting ORTEP is shown in Figure 2.3. An obvious structural
feature of the three-legged piano-stool structure is the n°-benzyl ligand, which is
characterized by a short W-C,,, bond distance (W(1)-C(2) = 2.554(4)) and the acute W-
C-Cipso bond angle (W(1)-C(1)-C(2) = 86.4(3)). Another interesting feature of the

structure is the preferred orientation and metrical parameters of the p-xylyl ligand. The
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Figure 2.3. ORTEP plot of the solid-state molecular structure of
Cp*W(NO)(CH,C4Hs)(CeHi-2,5-Me,) (2.12) with 50% probability ellipsoids. Selected
bond lengths (A) and angles (°); W(l)-C(l) = 2.191(4), W(1)-C(2) = 2.554(4); W(1)-
C(18) = 2.181(3), N(1)-O(1) = 1.224(4), W(1)-N(1)-O(1) = 169.3(3), W(1)-C(1)-C(2) =
86.4(3), C(18)-W(1)-C(2) = 124.7(1), N(1)-W(1)-C(18) = 98.6(1), W(1)-C(18)-C(19) =
128.2(2), W(1)-C(18)-C(23) = 115.5(3), N(1)-W(1)-C(18)-C(19) = - 23.3(4), W(1)-

C(18)-C(23)-C(22) = -179.0(3).
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W-C-C bond angle to the ortho carbon is distorted from the expected bond angle of
120° (128.2(2)°). This conformation places the ortho methyl group cis to the NO ligand
(N(1)-W(1)-C(18)-C(19) = - 23.3(4)°), even though the trans orientation has the largest
gap between the three legs of the piano-stool molecule (C(18)-W(1)-C(2) = 124.7(1)° vs
N(1)-W(1)-C(18) =98.6(1)°). The same conformation and distortions of the p-xylyl
linkage are i)resent in the solid-state molecular structure of the related neopentyl p-xylyl
complex, 1.7.2° Similar cis-NO conformations and M-C bond distortions (M-C-Copo = ~
130 °) are also observed for the o-tolyl ligands in the solid-state molecular structures of
the complexes CpW(NO)(CsHs-2-Me)(CsHs-3-Me), 7 Cp*W(NO)(CH,CMe;)(CsHy-2-
Me),'® Cp*W(NO)(C¢H4-2-Me), and Cp*Mo(NO)(C¢Ha-2-Me),.> A common mode of
decomposition of several of these aryl products is the formation of an aryne complex by

s 1127
B-H elimination.”

The solid-state structures of all of these complexes provide a clue as
to why this is so. The obtuse angle to the ortho methyl carbon places the B-H linkage in

close proximity to the metal center, even when there is an n’>-benzyl ligand interacting

with the metal-centered LUMO .‘

2.2.13 Thermolysis of 2 in Mesitylene

The thermolysis of 2 in mesitylene (70 °C, 40h) results in the formation of only
one C-H activation product, namely Cp*W(NO)(CH,CsHs)(CH,C¢Hs-3,5-Me) (2.14)
in>95 % yield (eq 2.10). The other possible C-H activation product, namely the .aryl

benzyl isomer of 2.14 derived from sp®> C-H bond activation, is not observed even at early

conversions (i.e. at 15 h).
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2 2.14

(2.10)

Complex 2.14 exhibits spectral features typical of the mixed benzyl complexes
reported above. Interestingly, the 'H and >C{'H}NMR data indicate that the bulky
mesityl ligand is the ligand that is n* on average in solution. This observation is
supported by the solid-state molecular structure of 2.14.® The ORTEP plot of the
structure (Figure 2.4) clearly shows an n*-mesityl ligand, with a bonding contact between
the ipso carbon to the metal center (W(1)-C(2) = 2.391(4) A), and an acute W-C-Cj0

bond angle (83.7(2)°).

From these data as well as from the data for 2.9, it appears that the methyl-
substituted benzyl ligand is attached in an n* fashion in mixed benzyl complexes of the
type Cp*W(NO)(CHzAr)(CHzAr-MeX), despite the increase in steric congestion at the
metal center. Presumably then, the controlling factor is the increased electron-donor

capability of the more electron-rich substituted phenyl ring.
2.2.14 Thermolysis of 2 in a,0,0-Trifluorotoluene

Thermolysis of 2 in a,o,a-trifluorotoluene cleanly generates two aryl products,

namely the meta and para isomers Cp*W(NO)(CH,C¢Hs)(CsH4-3-CF3) (2.152) and
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Figure 2.4. ORTEP plot of the solid-state molecular structure of
Cp*W(NO)(CH;C6Hs)(CH,CsH3-3,5-Me,) (2.14) with 50% probability ellipsoids.
Selected bond lengths (A) and angles (°); W(1)-C(1) = 2.181(4), W(1)-C(2) = 2.391(4),
W(1)-C(10) = 2.225(4); N(1)-0(1) = 1.231(4), C(1)-C(2) = 1.467(6), C(10)-C(11) =
1.500(5), W(1)-N(1)-O(1) = 170.4(3), W(1)-C(10)-C(11) = 83.7(2), W(1)-C(10)-C(11) =

120.1(3).
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Cp*W(NO)(CH2C¢Hs)(CsH4-4-CF3) (2.15b) in a 2.27(3):1 ratio (eq 2.11). The

1somers can be isolated as a crystalline mixture (39% yield) and are agajn readily
distinguished by distinctive patterns in the aromatic region of the "H NMR spectrum.

The other spectral features of 2.15a-b are consistent with the other benzyl aryl complexes
reported previously. No evidence was obtained for the formation of the ortho isomer or

products from C-F activation.

==
@@ o

ON""
F 70° C, 40 h

2.2.15 Thermolyses of 1 in p-Xylene, Mesitylene and a,o,0-Trifluorotoluene

2.15a (~ 69%) 2.15b (~ 31%)

Revisited

For accurate comparisons of the activated product distributions derived from 1
and 2, the thermolyses of 1 in p-xylene, mesitylene and o, o, a-trifluorotoluene were

repeated under the standardized thermolysis conditions (70 °C, 40 h).
2.2.15.1 Thermolysis of 1 in p-Xylene

Monitoring by "H NMR spectroscopy indicates that thermolysis of 1 in p-xylene
for 40 h at 70 °C generates four products (eq 2.12). The major products are the aryl
products from sp® C-H bond activation of p-xylene, namely the neopentyl aryl complex

1.7 and the benzyl aryl complex Cp*W(NO)(CH,C¢Hs-4-Me)(CsH4-2,5-Me,) (1.9) The
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minor products are the benzyl complexes derived from sp® C-H bond activat'ion of p-
xylene, namely Cp*W(NO)(CH2CMe3)(CH2C6H4-4-Me) (1.8), and
Cp*W(NO)(CH,CsH;-4-Me), (1.10). All have been previously characterized.™* The
product ratio was estimated to be as follows: 1.7: 1.8: 1.9 : 1.10 = 1.81(9): 0.44(5): 1.0:

0.15(2).

i?, /©/ 1.7 (~ 53 %) 1.8 (~ 13 %)
..... W - - 2.12)
ON ‘ 70°C, 40 h 'CG? ‘cc?’

1.9 (~29 %) 1.10 (~ 4 %)

Stopping the thermolysis after 15 h reveals that 1.8 is present in larger amounts
than either 1.9 or 1.10. This observation is consistent with the chemistry reported in
Section 1.1.8.3 (eq 1.17), namely that 1.9 and 1.10 form via thermal decomposition of 1.8
to the p-xylidene complex, Cp*W(NO)(=CH,CsH4-4-Me) which then activates a second
molecule of p-xylene.' Interestingly, the ratio of aryl vs benzyl products of p-xylene
activation derived from 1.8 (1.9: 1.10 = 6.6(9):1) is the same as that derived from 2

within error (2.12 : 2.13 = 6.2(4):1). It thus appears that the presence of a para methyl

group on the phenyl ring of the reactive alkylidene intermediate exerts little influence on
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the outcome of the activation chemistry. This is confirmed by the independent
thermolyses of 1.8 in other arene solvents, which show no significant differences in the

distributions of aryl and benzy! activation products compared to 2.

2.2.15.2 Thermolysis of 1 in Mesitylene

Thermolysis of 1 in mesitylene for 40 h at 70 °C results in formation of two C-H
activation products, Cp*W(NO)(CH,CMe3)(CH,CsHs-3,5-Me;) (2.16) and
Cp*W(NO)(CH,C¢H;-3,5-Mey), (1.11) ! in a 3.6(4): 1 ratio (eq 2.13). Stopping the
thermolysis at 15 h shows instead a ~ 2:1 ratio in favour of 2.16, thereby indicating that
2.16 also thermally decomposes to generate 1.11. Presumably, heating for longer or at
higher temperature results in complete conversion to 1.11, as originally reported (see
Section 1.1.8.3, eq 1.18). There is no evidence for the formation of aryl C-H activation

products in either of the '"H NMR spectra.

(2.13)

1 2.16 (~ 21%) 1.11 (~ 79%)
2.2.15.3 Thermolysis of 1 in o,,a,0-Trifluorotoluene

Thermolysis of 1 in a,o,o-trifluorotoluene cleanly generates two products in a

1.85(5):1 ratio (eq 2.14). The spectral properties match those of
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Cp*W(NO)(CHzCMe3)(C5H4-3-CF3) (2.173) and Cp*W(NO)(CHQCMC3)(C6H4—4—CF3)

(2.17b) respectively.’

5
W W ,,,,, W 2.19)
,,,,, an N
ON"/" ™ 70° C,40 h \©\CF
3

1 2.17a (~ 65%) 2.17b (~ 35%)

2.2.16 Trends in the Activation of Arenes Substrates

The relative product distributions obtained from the thermolysis of 1 and 2 in the
selected arene solvents can be collected together in two tables, one summarizing the
distributions of aryl vs benzyl C-H activation products .(Table 2.1), the other summarizing

the distributions of aryl regioisomers.

As anticipated, both tables reveal some statistically significant differences in the
product distributions obtained from 1 vs 2. First, the distributions obtained from 2 are
consistently more abundant in the aryl products than those obtained from 1 in the same
solvent (toluene, p-xylene). Likewise, in the activations of o, o, a-trifluorotoluene and
toluene, the aryl regioisomer distributions obtained from 2 favour the meta isomer over
the para and ortho isomers, more so than the distributions obtained from 1. These results

confirm that the alkylidene substituent can be an important factor in directing the C-H

bond activation of substituted arenes.
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Table 2.1. Relative Aryl vs Benzyl Product Distributions Obtained from the

Thermolysis of 1 and 2 in Methyl-Substituted Arene Solvents

Reagent Solvent Relative Product
Ratio (aryl : benzyl)

2 toluene 18.6(1.2) : 1
2 o-xylene 14.6(4) : 1
2 m-xylene 93(7): 1°
2 p-xylene 6.2(4):1

2 mesitylene 0:100

1 toluene 42(3):1°
1 p-xylene 1.14(7) : 1°
1 mesitylene 0:100

* average and uncertainty (95% CI) from two independent experiments
® ratio from integrals for 2.1a-c: (2.2a-b + 2.3)
°ratio from integrals for 1.7 : (1.8 + 1.9 + 1.10)

Table 2.2. Relative Distributions of Meta and Para Aryl Regioisomers from the

Thermolyses of 1 and 2 in Toluene and o, o, a-Trifluorotoluene

Reagent Solvent Relative Product
Ratio (meta : para)
2 toluene ‘ 1.97(11):1
1 toluene 1.45(8): 1°
2 o, o, o-trifluorotoluene 2.27(3): 1
1 o, o, o-trifluorotoluene 1.85(6) : 1

* the ortho tolyl isomer is also present in ~ 1 % abundance relative to the
meta and para isomers combined
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Tables 2.1 and 2.2 also reveal several other interesting trends in the product
distributions. The trends with respect to aryl vs benzyl product distributions in Table 2.1

are as follows:

1. For both 1 and 2, the aryl products are preferred over the benzyl products
(toluene, xylenes), unless the aryl bonds of the substrate are flanked by two

ortho methyl groups (mesitylene).

2. Increased steric shielding of the sp> C-H bonds by ortho methyl groups
correlates with subtle shifts of the product distribution toward the benzyl
products (aryl vs benzyl products obtained from 2: o-xylene > m-xylene > p-

xylene).

The notable trends in the aryl product regioselectivities in Table 2.2 are:

3. Meta and para aryl products are formed preferentially over ortho aryl
products
4. Only the least sterically-congested aryl regioisomers are formed in the

activations of o-xylene and m-xylene.

5. In the activations of a,a, a-trifluorotoluene vs toluene, both distributions

exhibit a small shift towards the meta isomer upon replacement of CHj with

the CF5 group.

These data indicate that the product or product(s) associated with activation of the

stronger and most accessible C-H bond within the arene molecule, is (are) formed
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preferentially, with some moderation by the steric and electronic nature of the arene
substituent(s). This characteristic is reminiscent of those found for the activation of

hydrocarbons by other types of soluble metal complexes (see Section 1.1.4).
2.3 Epilogue

In this Chapter, the C-H activation chemistry derived from a representative benzyl
neopentyl complex 2 has been shown for the most part to be very similar to that of the
bis(neopentyl) congener 1. The characteristics that are common to both systems include
the rate of formation ;ind the nature of the reactive alkylidene species, the scope of alkane
and arene substrates that can be activated, and the type of products that can be formed
from these substrates. The benzylidene and neopentylidene systems also exhibit the same
selectivity for the products formed from alkane substrates, but exhibit markedly different
product selectivities for the activation of substituted arenes. In particular, the product
distributions obtained from the benzylidene system are consistently more abundant in the
aryl products than those obtained from the neopentylidene system in the same solvent
(toluene, p-xylene). Likewise, in the activations of a,o,a-trifluorotoluene and toluene,
the aryl regioisomer distributions obtained from 2 favour the meta isomer over the para
and ortho isomers, more so than the diétributions obtained from 1. The activation of
these arene substrates has further revealed a general preference for formation of the
product(s) associated with activation of the stronger and most accessible C-H bond within

the arene molecule, with some moderation by the steric and electronic nature of the arene

substituent(s). It now remains to be determined exactly how these selectivities, and
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trends between them, arise during the activation of these substrates by the alkylidene

complexes A and B.

2.4 Experimental Procedures
2.4.1 General Methods

The methodologies described in this Section apply to the entire Thesis. All
reactions and subsequent manipulations involving organometallic reagents were
performed under anaerobic and anhydrous conditions either under high vacuum or an
atmosphere of pre-purified Ar or N,. Purification of inert gases was achieved by passiﬁg
them first through a column containing MnO and then a column of activated 4A
molecular sieves. Conventional glovebox and vacuum-line Schlenk techniques were
utilized throughout.”® The gloveboxes utilized were Innovative Technologies LabMaster
100 and MS-130 BG dual-station models equipped with freezers maintained at -30 to -35
°C. Many reactions were performed in a thick-walled bomb, here defined as a glass
vessel possessing a Kontes greaseless stopcock and a side-arm inlet for vacuum-line
attachment. Small-scale reactions and NMR spectroscopic analyses were conducted in J.

Young NMR tubes, which were also equipped with a Kontes greaseless stopcock.

All solvents were dried with appropriate drying agents under N, or Ar
atmospheres and distilled prior to use, or were directly transferred under vacuum from the
appropriate drying agent. Hydrocarbon solvents, their deuterated analogues, Et,O and
PMe; were dried and distilled from Na or Na/benzophenone ketyl. Tetrahydrofuran was

distilled from molten potassium, dichloromethane and chloroform were distilled from

calctum hydride, and o, o, a-trifluorotoluene was distilled from P,Os.
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All IR samples were prepared as Nujol mulls sandwiched between NaCl plates
and recorded on an ATI Mattson Genesis Series FT-IR spectrometer. All NMR spectra
were recorded at room temperature unless otherwise noted. 'H NMR spectra were
recorded on Bruker AC-200 (200 MHz), Bruker AV-300 (300 MHz), Bruker AV-400
(400 MHz) or Bruker AMX-500 (500 MHz) instruments. *H{'H} NMR spectra were
recorded on Varian XL-300 (46 MHz), Bruker AV-400 (61 MHz) or Bruker AMX-500
(77 MHz) instruments. “C{'H} spectra were recorded on Bruker AC-200 (50 MHz),
Varian XL-300 or Bruker AV-300 (75 MHz), Bruker AMX-400 or AV-400 (100 MHz),
or Bruker AMX-500 (125 MHz) instruments. *'P NMR spectra were recorded on the
Bruker AC 200 instrument, while '’F NMR were recorded on the AV-300 machine. All
chemical shifts are reported in ppm and all coupling constants are reported in Hz. 'H
NMR spectra are referenced to the residual protio-isotopomer present in a particular
solvent. “H{'H}(C¢Hs) NMR spectra are referenced to residual C¢HsD (7.15 ppm) while
C NMR spectra are referenced to the natural abundance carbon signal of the solvent
employed. ’F and >'P NMR spectra are referenced to external CF3COOH (0.0 ppm) and
P(OMe); in C¢Dg (141.0 ppm), respecﬁvely. Where appropriate, 'H-'"H COSY, 'H-'H
NOEDS, 'H-"C HMQC, C APT, homonuclear decoupling, and gated *C{'H}
experiments were carried out to correlate and assign "H and "*C signals. Ms. M. T.
Austria, Ms. L. K. Darge and Dr. N. Burlinson of the UBC Department of Chemistry
NMR facilities assisted in recording some of the spectra. Low-resolution mass spectra
(EL, 70 eV) were recorded by the staff of the UBC Chemistry Mass Spectrometry
Laboratory on a Kratos MS50 spectrometer utilizing the direct-insertion sample

introduction method. All elemental analyses were performed by Mr. P. Borda at the
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Department of Chemistry at UBC. X-ray crystallographic analyses were performed by

Dr. B. O. Patrick of the UBC X-ray Crystallography Laboratory.

2.4.2 Reagents

The R,Mg-x(dioxane) (R= CH,CMe;, CH,C¢Hs, CH2CsHy4-3-Me) alkylating
reagents’ and the complexes Cp*W(NO)R)(X) (R = CH,CMe;, X = Cl, CH;CMes (1))
were prepared according to published procedures.>® Cp*W(Nb)(CHZCGHs)Cl was
prepared by the published procedure,* except that a stoichiometric amount of 1.0 M HCI
in Et,0 was used to effect protonolysis rather than an atmosphere of HCI gés.
Complexes Cp*W(NO)(CH,C¢Hs)(CH2CMe;) (2) and Cp*W(NO)(CH,CsHs)(CH,CsHa-
3-Me) (2.9) were prepared in a similar fashion as 1, with pertinent synthetic and

characterization details reported below.
2.4.3 NMR assignments

The following format has been used to help identify peaks in the NMR spectra:
xxx ppm (multiplicity, coupling constant(s), relative number of atoms, Ligand Ligand-
Part,egio/stercochemisiry). Ligands were abbreviated as follows: Npt = neopentyl, CH,CMes;
TMS = trimethylsilyl, SiMe3; Ph = phenyl, C¢Hs; Tol = tolyl, C¢Hs-CX3 (X=H, F), CsHy-
Me; Bzl = benzyl, CH,CsHs; Xyl = dimethyl aryl, CsH3-Me,; Pxl = 4-Me-benzyl,
CH,CsHs-4-Me; Mxl = 3-Me-benzyl, CH,CsH4-3-Me; Oxl = 2-Me-benzyl, CH,CsHy-2-
Me; Mes = mesityl, CH,C¢H3-2,5-Me,; Ar = ambiguous or generic aryl ligand. Part of

the ligand may be identified by italics if otherwise ambiguous (i.e. CH,y,,H). Subscripts

for specific portions of a ligand are as follows: syn, anti for syn and anticlinal methylene
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H atoms; ortho, meta, para, ipso for positions on an aryl ring; aryl if the position is not

known; s for Hyy,, a for Ha, and ¢ for He in allyl complexes.
2.4.4 Preparation of Cp*W(NO)(CH,;C¢Hs)(CH,CMes) (2)

Complex 2 was prepared via the reaction of Cp*W(NO)(CH,CMe;)C1 (1.0 g, 2.2
mmol) and (CsHsCH;),Mg-x(dioxane) (0.34 g, 2.2 mmol R’) in Et;0 (10 mL). The crude
residue was extracted with 4:1 Et,O/hexanes (3 x 15 mL), and the mixture was filtered
through Celite (1 x 0.7 cm) supported on a frit. Concentration and cooling of the mother
liquor — 30 °C over a period of several days afforded 2 in several crops (890 mg, 79 %).
IR (cm™) 1538 (s, vno). MS (LREL m/z, probe temperature 150 °C) 511 [P*, ***W]. 'H
NMR (400 MHz, C¢Ds) & —2.35 (d, 2Juy = 13.4, 1H, Npt CH,,,H), 1.16 (s, 9H, CMes3),
1.54 (s, 15H, CsMes), 2.20 (d, 2Jun = 13.4, 1H, Npt CH,,;H), 2.22 (d, *Juu = 8.5, 1H, Bzl
CH,y,H), 2.98 (d, “Jus = 8.5, 1H, Bzl CHniH), 6.89 (m, 4H, Bzl Horho, Hynera), 7.31 (¢,
3Jau = 1.3, 1H, Bzl Hpara). °C{'H} NMR (50 MHz, CDCls) & 10.4 (CsMes), 33.8
(CMes), 38.4 (CMes), 51.7 (CHyp), 64.0 (CHy) 109.2 (CsMes), 113.3 (Bzl Cipy), 127.3,
129.2, 131'8 (Bzl Cary1). Anal. Caled. for C,H33sNOW: C, 51.67; H, 6.50, N, 2.74.

Found: C, 51.74; H, 6.50; N, 2.82.
2.4.5 Monitoring the Thermolysié of 1 in Toluene by "H NMR spectroscopy

A bomb was charged with 1 (150 mg, 0.305 mmol), toluene (10.0 mL) and a
magnetic stir bar. The bomb was heated and stirred in an oil-bath set at 70(2) °C. At
select time intervals (8, 15, 40, 64 h, 80 h), the bomb was removed from the bath and a

1.0 mL aliquot was removed from the bomb. The aliquots were dried in vacuo and the
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residue was dissolved in C¢Dg whereupon a '"H NMR spectrum was recorded. Relative
product ratios at 40 h were determined from the average of multiple (at least five)
integrations of select peaks of the same type (i.e. Cp* signals, CHj signals, etc.). The
reported errors are standard errors in the mean and have been adjusted for sample size by

multiplication of the appropriate Student t factor at the 95% confidence level .’
2.4.6 Preparative Thermolyses of 2 in Hydrocarbon Solvents: General Comments

The preparations of new compounds via the thermolysis of 2 were conducted in
the same manner: a bomb was charged with 75 =100 mg of 2, a magnetic stir-bar and 4-5
mL of solvent. The solvent was either pipetted directly into the bomb from a storage
bomb in a glovebox or vacuum transferred onto the powder on a vacuum line. The sealed
bomb was then heated and stirred for 40 h in an oil-bath set at 70(2) °C. During this time,
the colour of the solution remained either essentially unchanged (deep red-orange) or
lightened to an orange or yellow colour, depending on the solvent employed. The bomb
was removed from the bath and the solvent was removed in vacuo. The resulting residue
was then dissolved in a suitable NMR solvent, and the desired NMR spectral data were
obtained. The NMR solvent was then removed and the residue was redissolved in an
appropriate solvent or solvent mixture for recrystallization. The solution was filtered
through Celite supported on a frit, concentrated to the point of incipient crystallization,
and the mixture was placed in a freezer at — 30-35 °C. The major product(s) were
isolated as crystals from the mother liquor after a suitable period of time. The reported
yields are not optimized. Minor products that could not be isolated by crystallization

were characterized spectroscopically from the final reaction mixture. Average product
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ratios were obtained from multiple (at least five) integrations of like signals in the 'H
NMR spectrum of the final reaction mixture. The reported errors are standard errors in
the mean and have been adjusted for sample size by multiplication of the appropriate

Student t factor at the 95% confidence level *!

2.4.7 Preparation of Cp*W(NO)(CH,CsHs)(CsH4-3-Me) (2.2a),

Cp*W(NO)(CH,C¢Hs)(CsHy-4-Me) (2.2b)

Complexes 2.2a-b and 2.3 were prepared by thermolysis of 2 in toluene.
Complex 2.2a was isolated as orange microcrystals (19 mg, 25 %) by crystallization from
4:1 Et;O/hexanes. Complex 2.2b was characterized in the reaction mixture, while 2.3

was identified by comparison of its "H NMR resonances to those previously reported.’

2.2a: IR (cm™') 1562 (s, vno). MS (LREI, m/z, probe temperature 150 °C) 531
[P*, "*W], 501 [P - NO]. '"H NMR (400 MHz, CsDs) & 1.59 (s, 15H, CsMes), 2.19 (d,
2Jun = 5.9, 1H, Bzl CH,,,,H), 2.20 (s, 3H, Tol Me), 3.46 (d, 2Jun = 5.9, 1H, Bzl CH_xH),
6.56 (t, *Jun = 7.8, 2H, Bzl Her), 6.82 (d, *Jun= 7.1, 1H, Tol Horthopara), 6.89 (d, *Jun =
7.4, 2H, Bzl Horo), 6.96 (d, *Jun= 7.1, 1H, Tol Horhojpara), 7.03 (t, *Jun= 7.1, 1H, Tol
Hoera), 7.10 (t, *Jn = 7 4, 1H, Bzl Hpara), 7.19 (s, 1H, Tol Hopo). PC{'H} NMR (75
MHz, CDCls) § 10.60 (CsMes), 20.79 (Tol Me), 48.18 (Bzl CHy), 108.95 (CsMes),
113.57 (Bzl Cipso), 129.11, 132.07, 135.71 (Bzl Cayy), 125.05, 126.67, 128.25, 135.37,

138.7 (Tol Capi), 172.4 (Tol Cipso). Anal. Caled. for CosHoNOW: C, 54.25; H, 5.50; N,

2.64. Found: C, 54.34; H, 5.65; N, 2.70
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2.2b: '"H NMR (400 MHz, C¢D¢) & 1.60 (s, 15H, CsMes), 2'. 19 (d, *Jun = 5.9,
1H, Bzl CH,,,H), 2.23 (s, 3H, Tol Me), 3.46 (d, >/uy = 5.9, 1H, Bzl CH,,,.;H), 6.58 (t,
Jun = 7.8, 2H, Bzl Hyer), 6.90 (d, *Jun = 7.4, 2H, Bzl Hopo), 6.92 (d, >Ji= 7.1, 2H, Tol
Huetapara), 7.00 (d, *Jun= 7.1, 2H, Tol Hyewwpara), 7.10 (t, *Jun = 7.4, 1H, Bzl Hpur).
BC{'H} NMR (75 MHz, CDCl3) § 10.68 (CsMes), 21.26 (Tol Me), 48.22 (Bzl CHy),
108.95 (CsMes), 113.59 (Bzl Cipyo), 129.22, 132.09, 135.98 (Bzl C,,,,), 128.08, 133.35,

139.2, (Tol Capi), 168.4 (Tol Cipyo).
2.4.8 Preparation of Cp*W(NO)(=CHCsHs)(PMe;) (2.4a-b)

Complexes 2.4a-b were prepared by the thermolysis of 2 (75 mg, 0.15 mmol) in
THF (4 mL) and PMe; (~ 20 mmol). Complex 2.4a was isolated as yellow-orange blocks

(38 mg, 52% yield) by crystallization from 1:2 THF/hexanes.

2.4a: IR (cm™) 1527 (s, vno). MS (LREL m/z, probe temperature 150 °C) 515
[P", "**W]. "H NMR (400 MHz, CsD¢) 5 0.94 (d, %Jup = 9.0, 9H, PMe3), 1.88 (s, 15H,
CsMes), 7.05 (t, >Juu= 7.3, 1H, Bzl Hpara), 7.37 (t, *Jun = 7.6, 2H, Bzl Hyera), 8.06 (d,
*Jun = 7.6, 2H, Bzl Hoo), 12.01 (d, *Jyp = 3.8, 1H, W=CH). *C{’H} NMR (75 MHz,
CDCl3) 8 11.2 (CsMes), 17.8 (d, 'Jep = 34, PMes), 108.4 (CsMes), 125.6, 128.4, 128.6
(Bzl Cani), 153.6 (d, *Jep = 3.3, Bzl Cipg0), 262.5 (d, 2Jep =9.6, W=CH). 31P NMR (81
MHz, C¢Dg) 8 - 8.9 (s, LUpy = 445 Hz). NOEDS (400 MHz, C¢Ds) § irrad. at 0.94, NOEs
at 8.06, 12.01; irrad. at 1.88; NOE at 12.01. Anal. Calcd. for C,oH3NOPW: C, 46.62; H,

5.87; N, 2.72. Found: C, 46.42; H, 5.69; N, 2.95.
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2.4b: "H NMR (400 MHz, C¢D) & 1.08 (d, %Jup = 9.0, 9H, PMe3), 1.80 (s, 15H,

CsMes), 7.05 (t, *Jur= 7.8, 1H, Bzl H,a0), 7.10 (t, *Jiun = 7.8, 2H, Bzl H,.0), 7.20 (d,
*Jui = 7.8, 2H, Bzl Hopio ), 13.70 (d, *Jyup = 4.4, 1H, W=CH). “C{'H} NMR (75 MHz,
CDCl3) § 11.0 (CsMes), 19.4 (d, 'Jep = 34, PMes), 107.8 (CsMes), 124.8, 1267, 127.9
(Bl Can), 153.5 (4, Jep = 2.5, Bzl Cyp), 259.7 (d, Zep = 10.1, W=CH). 31p NMR (81
MHz, C¢Dg) & - 7.2 (s, Jpyw = 482 Hz). NOEDS (400 MHz, C¢Ds) § irrad. at 1.08, NOE

at 13.70; irrad. at 1.80, NOE at 7.20.

2.4.9 Preparation of Cp*W(NO)(CH,CsHs)(CsHs) (2.5) and

Cp*W(NO)(CHDC4Hs)(CsDs) (2.5-ds)

Compounds 2.5 and 2.5-ds were prepared via the thermolysis of 2 in benzene and
benzene-ds respectively and were isolated as red needles by crystallization from 4:1

Et,O/hexanes.

2.5: 46 mg (59 %). IR (cm™) 1562 (s, vno). MS (LREIL, m/z, probe temperature
120 °C) 517 [P*, '**W], 487 [P* - NO]. "H NMR (400 MHz, C¢Ds) 5 1.53 (s, 15H,
CsMes), 2.14 (d, *Jun= 6.4, 1H, Bzl CH,,H), 3.41 (d, Juu= 6.4, 1H, Bzl CH,,;H), 6.50
(t, *Jun= 7.8, 2H, Bzl Hyers), 6.84 (d, *Jun = 7.6, 2H, Bzl Hyppo), 6.9-7.3 (m, Bzl Hyura, Ph
H). C{'H} NMR (100 MHz, CDCls) 8 10.5 (CsMes), 48.0 (BzI CH,), 108.9 (CsMes),
113.2 (Bzl Cypso), 124.1, 127.0 (Ph Caypy), 129.1, 132.3, 135.7 (Bzl Capy), 138.6 (Ph Cap),
172.0 (Ph Cjps0). Anal. Calcd.. for C;3H27NOW: C, 53.40; H, 5.26; N, 2.71. Found: C,
53.10; H, 5.36; N, 2.77. NOEDS (400 MHz, CsDs) & irrad. at 2.14, NOEs at 3.41 (s),

6.50 (W), 6.84 (s), 7.03 (Ph Hyera, W).
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2.5-ds: (39 mg, 48% yield). IR (cm™) 1562 (s, vno). MS (LREL m/z, probe

temperature 120 °C) 523 [P*, W], 493 [P* - NO]. "H NMR (400 MHz, C¢D¢) & 1.53 (s,
15H, CsMes), 3.39 (br s, 1H, Bzl CH,,..D), 6.50 (t, *Juur= 7.8, 2H, Bzl H,e1), 6.84 (d,
*Jun = 7.6, 2H, Bzl Hompo), 7.31 (t, *Jusr = 7.3, 1H, Bzl H,ur). H{'H} NMR (46 MHz,
CsHs) 8 2.15 (br s, Bzl CHDy,,), 7.1 (m, Ph D). PC{'H} NMR (100 MHz, CDCl;) § 10.5
(CsMes), 47.7 (t, 'Jop= 22.5 Hz, Bzl CHD), 108.9 (CsMes), 113.2 (Bzl Cps0), 129.1,
132.3, 135.7 (Bzl Cary), 171.8 (Ph Cypsp). C resonances attributable to aryl C-D of the
phenyl ligand were not observed. Anal. Calcd. for C,3Hz DeNOW:*2 C, 52.80; H/D, 5.20;

N, 2.67. Found: C, 52.45; H/D, 4.99; N, 2.80.
2.4.10 Kinetic Studies of the Thermolysis of 1 and 2 in Benzene-d;

These experiments were performed using a J. Young NMR tube charged with 1 or
2 (15 mg, 30 mmol) and 1 mL of a benzene-d; solution containing hexamethyldisilane
(0.5 equiv, 15 mmol) as an internal integration standard. The thermolyses were
conducted side-by-side in a VWR 1160A constant-temperature bath set at 72.0 °C, and
the samples were removed at several intervals to record "H NMR spectra. The
monitoring was performed for > 3.5 half-lives (15 h) and rate constants were calculated
using linear regression methods from first-order plots of the loss of starting material vs

time. See Appendix B for plots of the data.
2.4.11 Thermolysis of 2 in Alkanes: General Comments

These experiments were conducted in a fashion similar to the thermolysis of 2 in

toluene, but on smaller scale (30-50 mg of 2) than for arenes since all of the activation
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products, except for 2.7, have been reported previously. Also, given the limited
solubility of 2 in aliphatic solvents, sufficient solvent was added to dissolve 2 at room
temperature. The resulting final reaction mixtures were analyzed by 'H and

BC{'H}NMR spectroscopy and MS spectrometry.
2.4.12 Preparation of Cp*W(NO)(CH,CsHs)(CH,SiMes) (2.6)

Complex 2.6* was prepared by the thermolysis of 2 (30 mg, 0.059 mmol) in

tetramethylsilane (5 mL).
2.4.13 Preparation of 2.4a-b and Cp*W(NO)(nz-cyclohexene)(PMe;;) (1.3)

Complexes 2.4a-b and 1.3* were prepared as a ~ 10:1 mixture from the
thermolysis of 2 (50 mg, 0.098 mmol) in cyclohexane (5 mL) in the presence of PMes (~

0.160 mmol, 20 equiv).
2.4.14 Preparation of Cp*W(NO)( 773-C7H11)(H) (1.5 and 2.7) from 1 and 2

Compounds 1.5 and 2.7 were prepared from the thermolysis of 2 (50 mg, 0.098
mmol) in methylcyclohexane (10 mL), as well as from the thermolysis of 1 (60 mg, 0.122
mmol) in methylcyclohexane (5 mL). Complexes 1.5 and 2.7 were characterized as a

mixture,

MS (LREI, m/z, probe temperature 150 °C) 445 [P*, "**W]. 1.5° : "H NMR (400
MHz, C¢Ds) § ~0.73 (s, 'Juw = 123, 1H, WH), 0.31 (br s, 1H, allyl CH,H), 1.39 (m, 1H,

CoHH), 1.54 (m, 1H, C,HH), 1.71 (m, 1H, C,HH), 1.76 (s, 15H, CsMes), 1.84 (m, 1H,

C.HH), 2.28 (br s, 1H, allyl CH,,), 2.60 (m, 1H, allyl CH,H), 2.68 (m, 2H, C.HH, CsHH),




2.91 (q, 1H, Y = 7.9, CHH), 2.97 (m, 1H, CeHH). *C{'H} (75MHz, C¢Ds) 6 10.7
(CsMes), 22.1 (t, "Jeu = 124, C.Hy), 22.5 (t, "Jou = 126, CyHy), 28.8 (t, 'Jon = 125, CHy),
29.6 (t, 'Jou = 126, CaHy), 41.3 (t, "Jou = 155, allyl CHy), 80.0 (d, 'Jen = 148, allyl CH),
104.9 (CsMes), 121.1 (s, allyl C). NOEDS (400 MHz, Cg¢Dg) 6 irrad. at -0.73, NOEs at
2.28,2.97; irrad. at 0.31, NOEs at 2.28, 2.68; irrad. at 2.28 NOEs at —0.73, 0.31, 2.97,;
irrad. at 2.68, NOE at 0.31. 2.7: '"H NMR (400 MHz, C¢Ds) 8 —0.73 (s, 1H, WH), 0.48
(br s, 1H, allyl CHH), 1.75 (s, 15H, CsMes), 2.61 (br s, 1H, allyl CH), 3.95 (m, 1H, allyl
CHH), other resonances obscured. “C{'H} (75MHz, C¢D¢) § 10.3 (CsMes), 22.5, 23.0,
27.3,29.6 (CHy), 49.7 (t, "Jeu = 155, allyl CHy), 62.8 (d, e = 146, allyl CH), 104.7
(CsMes). The C resonance attributable to allyl C was not observed. NOEDS (400

MHz, CsDs) 6 irrad. at 3.95, NOEs at — 0.73, 0.48.

2.4.15 Thermolysis of 1 and 2 in Xylenes, Mesitylene and a.,o,0-Trifluorotoluene:

General Comments

For the thermolyses of 2 in these solvents, the same procedure outlined in Section
2.4.6 was used for preparation and isolation of the.activated products. The thermolyses
of 1 in these solvents were conducted on a much smaller scale (12-15 mg, 1.0 — 1.5 mL
solvent), since, for the most part, the products have been previously characterized. For
consistency, the thermolyses of 2 were repeated side-by-side with those involving 1 on
the same small-scale thermolyses under identical conditions (70.0 °C, 40 h), and the
resulting ratios of activated products derived from 1 and 2 were determined from 'H

NMR spectra recorded on the same NMR machine.
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2.4.16 Preparation of Cp*W(NO)(CH,CsHs)(CsH3-3,5-Me;) (2.8) and

Cp*W(NO)(CH,C¢Hs)(CH,CgH,-3-Me) (2.9)

Compounds 2.8 and 2.9 were prepared as a mixture from the thermolysis of 2 in
m-xylene. Complex 2.8 was isolated as orange blocks (23 mg, 29 % yield) from 3:1

Et,O/hexanes.

2.8: IR (cm™) 1559 (s, vNo)- MS (LREIL m/z, probe temperature 150 °C) 545

[P¥, '¥*W], 515 [P* - NO]. '"H NMR (400 MHz, CD,Cl,) & 1.80 (s, 15H, CsMes), 2.06 (s,
6H, Xyl Me), 2.38 (d, “Jun = 6.0, 1H, Bzl CH,,H), 3.31 (d, *Juu = 6.0, 1H, Bzl CH,,;H),
6.29 (br s, 2H, Xyl Homno), 6.44 (s, 1H, Xyl Hpsra), 6.80 (t, *Jun= 7.9, 2H, Bzl Hpero),
6.93 (d, *Jiss = 7.1, 2H, Bzl Horeo), 7.34 (8, *J = 7.5, 1H, Bz Hyoa). PC{'H} NMR (75
MHz, CD,Cl,) § 10.6 (CsMes), 20.7 (Xyl Me), 48.5 (Bzl CHy), 109.2 (CsMes), 114.8 (Bzl
Cipso), 126.5,129.4, 131.8, 135.3, 135.9, 136.7 (Ar Capa), 173.3 (Xyl Cipso). Anal. Calcd.

for CosH3;NOW: C, 55.06; H, 5.72; N, 2.57. Found: C, 55.10; H, 5.80; N, 2.64.

2.9: '"HNMR (400 MHz, CD,Cl,) § -0.11 (d, 2Jus = 9.9, 1H, Bél CH,,H), 1.17
(d, “Jum = 7.9, 1H, Mxi CH,,,,H), 1.80 (Bzl CH,,.,H), 1.85 (s, 15H, CsMes), 2.29 (s, 3H,
Mx] Me), 2.66 (d, *Jun = 7.9, 1H, MxI CH,,H), 6.45 (s, 1H, Mxl Hormo), 6.63 (d, >Jim =
7.5, 1H, Mxl Horso), 6.85 (d, *Ju = 7.5, 2H, Bzl Hopmno), 6.95 (t, *Jun = 7.5, 1H, Bzl

Hpara), 7.02 (t, > um = 7.9, 2H, Bzl Hyera), 7.10 (t, >J sy = 7.5, 1H, Mxl Hypera), 7.42 (d,

Jun = 7.5, TH, Mx1 H,gr).
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2.4.17 Independent Preparation of 2.9 via Metathesis.

Complex 2.9 was also prepared via the reaction of Cp*W(NO)(CH,C¢Hs)Cl
(0.100 g, 0.21 mmol) and (3-Me-C¢H4CH,),Mg-x(dioxane) (0.037 g, 0.21 mmol R’) in
THF (10 mL). The crude residue was extracted with 1:1 CH,Cly/hexanes (15 mL), and

filtered through alumina (I) (1 x 0.7 cm) supported on a frit. Concentrating the solution

followed by storage at — 30 °C overnight provided 2.9 as red blocks (85 mg, 74 %).

2.9: IR (cm™) 1554 (s, vno)- MS (LREI, m/z, probe temperature 150 °C) 545
[P*, W], 515 [P" - NO]. C{'H} NMR (75 MHz, CD,Cl,) § 10.4 (CsMes), 21.2 (Mxl
Me), 41.1, 43.8 (CHy), 108.2 (CsMes), 113.9 (br, Mxl Cyps), 124.9, 125.1, 127.9, 129.1,
130.0, 130.9, 133.0, 138.9, (Ar Cap), 142.3 (Bzl Cips0). NOEDS (400 MHz, CD,Cl,) &

irrad. at 2.66, NOEs at 1.17, 6.45, 6.63. Anal. Calcd. for C,sH3NOW: C, 55.06; H, 5.72;

N, 2.57. Found: C, 55.03; H, 5.88: N, 2.59.

2.4.18 Preparation of Cp*W(NO)(CH,CsHs)(CsH3-3,4-Me;) (2.10) and

Cp *W(NO)(CHzC6H5)(CH2C6H4-2-MG) (2. 1 1)

Complexes 2.10-2.11 were prepared by thermolysis of 2 in 0-xylene. Complex
2.10 was isolated as yellow-needles (28 mg, 30%) by recrystallization using 3:1

Et,O/hexanes.

2.10: IR (cm™) 1549 (s, vNo). MS (LREI m/z, probe temperature 150 °C) 545

[P*, "*W], 515 [P" - NO]. "H NMR (400 MHz, CD,Cl,) & 1.80 (s, 15H, CsMes), 2.02 (s,

3H, Xyl Me), 2.08 (s, 3H, Xyl Me), 2.35 (d, Vin = 6.1, 1H, Bzl CH,,,H), 3.31 (d, Yhm =

6.1, 1H, Bzl CH,,H), 6.25 (br s, 1H, Xyl Honno), 6.62 (m, 2H, Xyl Hortno, Xy1 Hyera), 6.80
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(t, *Jum= 7.6, 2H, Bzl Hyers), 6.92 (d, *Jun = 7.6, 2H, Bzl Horo), 7.31 (¢, *Jm = 7.6,

1H, Bzl Hyure). *C{'H} NMR (75 MHz, CD,Cl,) 5 10.7 (CsMes), 18.9, 19.6 (Xyl Me),
48.6 (Bzl CHy), 109.2 (CsMes), 115.0 (Bzl Cyps0), 128.5, 129.4, 129.6, 131.9, 132.5,
134.6, 137.1, 139.9 (Ar Capy), 170.3 (Xyl Cipso). Anal. Caled. for C,sH3 1 NOW: C, 55.06;

H, 5.72; N, 2.57. Found: C, 54.69; H, 5.55; N, 2.74.

2.11: '"HNMR (400 MHz, CD,Cl,) & - 0.98 (d, %Jun = 11.9, 1H, Bzl CH,,,H),
1.22 (d, 2Jun = 11.9, 1H, Bzl CH,,;H), 1.70 (Oxl CHy,,H), 1.85 (s, 15H, CsMes), 1.99 (s,
3H, Oxl Me), 3.23 (d, %Jun = 6.1, 1H, Oxl CH,,;H), 5.46 (d, *Jun = 7.3, 1H, Oxl Homno),
6.65 (m, 1H, Oxl Hyra), 7.15 (d, *Juu = 7.5, 1H, Oxl Hpew), 7.45 (d, *Jun = 7.3, Bzl
Horno), 7.82 (¢, *Jun = 7.5, 1H, Oxl Hpara), other signals for the benzyl ligand obscured.

NOEDS (400 MHz, CD,Cl,) & irrad. at — 0.98, NOE at 7.45.

2.4.19 Preparation of Cp*W(NO)(CH,CsHs)(CsH3-2,5-Me;) (2.12) and

Cp*W(NO)(CH;CsHs)(CH,CiH-4-Me) (2.13)

Compounds 2.12 and 2.13 were prepared from the thermolysis of 2 in p-xylene.
Complex 2.12 was subsequently crystallized from 4:1 Et,O/hexanes as red needles (36

mg, 40% yield).

2.12: IR (cm™) 1569 (s, vNo)- MS (LREIL nv/z, probe temperature 150 °C) 545
[P*, "™W], 515 [P" - NO]. "H NMR (500 MHz, CDCl3) & 1.81 (s, 15H, CsMes), 1.96 (s,
3H, Xyl Me), 2.50 (br s, 3H, Xyl Me), 2.58 (br s, Bzl CH,,,,H), 3.35 (d, 2Jan = 5.6, 1H,
Bzl CH,yH), 5.34 (br s, 1H, Xyl Hoppo), 6.50 (d, *Jun= 7.3, 1H, Xyl Hinetapara), 6.81 (t,

*Jan = 7.7, 2H, Bz Hyer), 6.87 (d, *Juns = 7.5, 1H, Xyl Hperappara), 7.07 (8, *Jum = 7.5, 1H,
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Bzl Hyura), 7.11 (d, *Jus = 7.7, 2H, Bzl Hompo). C{'H} NMR (75 MHz, CDCl3) § 10.4

(CsMes), 19.8, 27.6 (Xyl Me), 52.2 (br, Bzl CHy), 109.5 (CsMes), 120.0 (br, Bzl Cyps0),
125.8, 128.2, 128.9, 130.8, 131.6, 134.0, 134.5, 146.5 (Ar Capy), 178.8 (Xyl Cipo). Anal.

Calcd. for CosH3 NOW: C, 55.06; H, 5.72; N, 2.57. Found: C, 55.24; H, 5.73; N, 2.80.

2.13: "H NMR (500 MHz, CDCls) & 0.03 (d, 2Juu = 11.4, 1H, Bzl CH,,,H), 1.39 |
(d, *Jun = 7.6, 1H, Pxl CH,,,H), 1.54 (d, *Jun = 11.4, 1H, Bzl CH,..H), 1.80 (s, 15H,
CsMes), 2.26 (s, 3H, Pxl Me), 2.86 (d, 2Jun = 7.6, 1H, Pxl CH,,H), 6.69 (d, >Juu= 7.9,
2H, Pxl Hortnomera), 6.94 (d, *Jun = 7.9, 2H, Pxl Horho/mera), aromatic signals for the benzyl

ligand obscured.
2.4.20 Preparation of Cp*W(NO)(CH,C¢Hs)(CH,CsH3-3,5-Me3) (2.14)

Complex 2.14 was prepared as a red microcrystalline powder from the
thermolysis of 2 in mesitylene. To obtain single crystals for X-ray crystallographic
analysis, the residue was dissolved in 1:1 CH;Cly/hexanes (10 mL). The mixture was
filtered through Celite supported on a glass frit (1 x 0.7 cm) and concentrated in vacuo to
one-third of the original volume. Cooling of the solution to —30° C for several days

induced the crystallization of 2.14 as orange needles (22 mg, 27 % yield).

IR (cm™) 1553 (s, vNo)- MS (LREIL m/z, probe temperature 150 °C) 559 [P”,
3w, 529 [P* - NO]. 'H NMR (400 MHz, CD,Cl,) & -0.62 (d, *Jua=11.5, 1H, Bzl
CHsynH), 1.48 ((17 2JHH = 115’ 1H’ le CHan[iH), 1.54 (d, ZJHH = 6.6, 1H’ MeS CHsynH),

1.82 (s, 15H, CsMes), 2.27 (s, 6H, Mes Me), 2.92 (d, *Jun = 6.6, 1H, Mes CH..:H), 6.26

(s, 2H, Mes Homno), 6.85 (d, *Jun = 7.5, 2H, Bzl Hoo), 6.89 (t, *Jur = 7.3, 1H, Bzl Hpars),
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7.00 (t, *Jun="7.5, 2H, Bzl Hyera), 7.42 (5, 1H, Mes Hpr). “C{'H} NMR (75 MHz,

CD,Ch,) 5 10.6 (CsMes), 21.0 (Mes Me), 39.3 (CHy), 43.8 (CH,), 108.1 (CsMes), 118.9
(Mes Cips0), 123.4,127.7, 129.8, 130.9, 132.5, 139.5 (Ar Cay), 148.4 (Bzl Cypy0).
NOEDS (400 MHz, CD,Cl,) 6 irrad. at 2.92, NOEs at 1.54, 6.26; irrad. at 6.26, NOEs at

1.54,2.27 2.92. Anal. Calcd. for C;sH33NOW: C, 55.93; H, 5.95; N, 2.50. Found: C,

55.63; H 5.86; N.2.56.

2.4.21 Preparation of Cp*W(NO)(CH,CsHs)(CsH4-3-CF3) (2.15a) and

Cp *W(NO)(CH2C6H5)(C6H4-4-CF3) (2. 1 Sb)

Complexes 2.15a-b were prepared by the thermolysis of 2 in o,0,0-

trifluorotoluene and co-crystallized as a ~ 12 : 1 mixture from 2:1 Et;O/hexanes (43 mg,

39 % vield).

IR (cm™) vno 1595. MS (LREI, m/z, probe temperature 150 °C) 585 [P*, '3*W],
555 [P* - NO]. "H NMR (400 MHz, C¢Ds) 2.15a: 5 1.52 (s, 15H, CsMes), 2.09 (d, *Juu =
5.8, 1H, Bzl CH,,,H), 3.32 (d, %Juu = 5.8, 1H, Bzl CH_,H), 6.52 (t, *Jun= 7.9, 2H, Bzl
Hyera), 6.76 (d, *Jun = 7.3, 2H, Bzl Hompo), 6.92 (t, *Jun= 7.6, 1H, Tol Hyers), 7.08 (t, >Jun
= 7.3, 1H, Bzl Hy4ra), 7.16 (d, *Jun= 7.6, 1H, Tol Hpas), 8.0 (br d, 1H, Tol Hopo), other
H,11o singlet not observed. 2.15b: § 1.51 (s, 15H, CsMes), 2.11 (d, *Juu = 5.8, 1H, Bzl
CHy,H), 3.33 (d, *Jun = 5.8, 1H, Bzl CH,,;H), 6.44 (t, *Jun= 7.9, 2H, Bzl H,01s), 6.73
(d, >Jun = 7.3, 2H, Bzl Hypuho), 7.08 (t, *Jup = 7.3, 1H, Bzl Hpgp); 7.21 (d, *Jun= 7.6, 2H,
Tol Hortnomera), other doublet obscured. *C{'H} NMR (75 MHz, C¢Ds) 2.15a: § 10.3,
10.5 (CsMes ), 47.3, 47.4 (CHy), 108.2, 108.3 (CsMes), 112.7 (Bzl C,ps, of 2.152), 112.8

(Bzl Cys5, 0f 2.15b), 124.4 (q, 2Jcr = 38, CCF3 of 2.15a), 118.8, 121.3, 123.1, 129.1,
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129.8, 132.5, 132.8, 133.9, 135.6, 135.9, 139.5, 144.9 (Ar Cary1), 168.7 (Tol Cypgo Of

2.15a), 172.2 (Tol Cjps, of 2.15b), other signals for aryl carbons not observed. F NMR
(188 MHz, CDCl3): 6 13.98 (2.15a), 6 13.4 (2.15b). Anal. Calcd. for Co4HasFsNOW: C,

49.25; H, 4.48; N, 2.39. Found: C, 48.86; H, 4.63; N, 2.38.
2.4.22 Thermolysis of 1 in p-Xylene, Mesitylene and o,a,0-Trifluorotoluene

Thermolysis of 1 in these solvents for 40 h at 70 °C led to the formation of known
compounds 1.7 - 1.10, and 2.17a-b "* except for the case of mesitylene, when an

additional product, Cp*W(NO)(CH,CMe3)(CH,CsH3-3,5-Me,) (2.16), was observed.

2.16: "H NMR (400 MHz, CDCl3) & -2.38 (d, %Jun = 13.7, 1H, Npt CH,y,,H), 0.77
(s, 9H, CMe3), 1.52 (d, “Jun = 13.7, 1H, Npt CHoniH), 1.92 (s, 15H, CsMes), 2.22 (7H,
Mes CH,,H, Mes Me), 3.04 (d, 2/ = 7.4, 1H, Mes CHaniH), 6.53 (s, 2H, Mes Hopho),

7.29 (s, 1H, Mes Hpara).
2.4.23 X-ray Diffraction Analyses of 2.4a, 2.12 and 2.14

Data collection and structure solutions were conducted at the University of British
Columbia by Dr. B. O. Patrick. All measurements were recorded at —93(1) °C on a
Rigaku/ADSC CCD area detector using graphite-monochromated Mo K, radiation. Data
sets were corrected for Lorentz and polarization effects. The solid-state structures were
solved by direct methods or heavy-atom Patterson methods, expanded using Fourier N

techniques and refined by full-matrix least-squares methods. The non-hydrogen atoms

were refined anisotropically while the hydrogen atoms were included, but not refined.
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All calculations were performed using the teXsan crystallographic software package of

Molecular Structure Corporation.**
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3.1 Introduction

In the previous Chapter, several trends were observed in the product selectivities
derived from the C-H activation of substituted arenes by benzylidene B and '
neopentylidene A. At first glance, it would seem that identifying the factors responsible
for these trends is straightforward, due to the mechénistic work conducted on both
alkylidene systems and the pioneering work conducted on the selectivity of hydrocarbon

activations effected by certain metal imido complexes.

In detail, Wolczanski and co-workers have rigorously studied the C-H bond
activation chemistry mediated by a series of reactive imido complexes derived from
amido precursors, namely X,M(R)NHR' (M = Ti, Zr; X = NHSi'Bus, OSi'Bus) ** and
(SitBu3<H)N=)Ta(R)(NHR’)2 ? (R = alkyl, aryl; R’ = Si'Bus). The general mechanism is

illustrated in Figure 3.1, using the M = Ti, Zr complexes as examples.
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R'-H + R"-H +

X‘M—NR
.H X

M-R"
x"/

X
Figure 3.1. Qualitative free energy vs reaction coordinate diagram of the purported

abstraction mechanism for the C-H activation chemistry derived from the amido

complexes of Ti and Zr.

In these systems, the factors responsible for the product distributions obtained
from the activation of a substrate containing more than one type of C-H bond, such as
toluene, have been found to depend on the reaction conditions. In the first scenario,
conditions are such that the activation of the substrate C-H bond is a reversible process
(i.e. the products can revert back to the imido intermediate after the initial C-H bond
scission event). In this instance, product formation is ultimately under thermodynamic
control, and the observed equilibrium product distribution depends on the relative

energies of the products themselves (i.e. AAG® in Figure 3.2). Typically, the products of
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activation of the stronger C-H bond are the most stable, with some moderation by
steric effects. Hence, during the activation of toluene, the meta and para aryl products are

formed preferentially over the ortho aryl and benzyl products.

X\
"M=NR
X

\
M
x"/
X CH;
Figure 3.2. Qualitative depiction of the origin of product selectivity for the activation of

toluene by the imido complexes of Ti and Zr under conditions of thermodynamic control.

In the second scenario, reaction conditions are such that the activation of the
substrate C-H bond is irreversible (i.e. the products do not revert to the imido
intermediate once formed). In this instance, product formation is under kinetic control,

and the product distribution is determined by the relative transition-state energies for the

cleavage of each type of C-H bond (i.e. AAG* in Figure 3.3). Here again, the stronger C-

H bonds are activated preferentially with some moderation by steric interactions in the
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transition state. Hence, during the C-H activation of toluene under these conditions,
the meta and para aryl products are again the preferred products over both ortho and
benzyl derivatives. Note that the stronger bonds are broken faster due to the correlation
of product energies with kinetic energy barriers, as explained by an extension of the

Hammond Postulate.*

H
RN
\
M
x"/
- X
____ ’H
RN
\
. M
x"/
X CH;

Figure 3.3. Qualitative depiction of the origin of product selectivity for the activation of

toluene by the imido complexes of Ti and Zr under conditions of kinetic control.

~ Intriguingly, the general mechanism for the imido-mediated activation chemistry in
Figure 3.1 is very similar to the proposed mechanism for the alkylidene-mediated

activation chemistry derived from 1 (and 2), as described in Section 1.1.8.1 and as

illustrated in Figure 3.4.
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R'-H + CMey +

i Cp*. I
H | on-WCHR JH
<N RHC”
l1}[(:\‘\ _—CH2CMe3 A .-'R'
W W
cp=/ cp/
ON N
RHC ,
_W-CH,CMe; RHC
cp*/ W-R'
ON cp=/
ON
1 (R = CMe3)
2 (R="Ph)

Figure 3.4. A qualitative representation of the free energy vs reaction coordinate
diagram for the proposed abstraction mechanism for substrate C-H activation derived

from 1 and 2.

Hence, all that would appear to be required to explain the product selectivities
reported in Chapter 2 is to determine whether or not substrate C-H bond scission is
irreversible or reversible under the thermolysis conditions (i.e. 40 h at 70 °C). If substrate
C-H bond scission is irreversible under these conditions, the formation of the products is
under kinetic control and the observed product distribution is determined by the relative
transition-state energies for cleavage of the various C-H bonds within the substrate. At
the other extreme, if the C-H bond scission is reversible and rapid on the time-scale of the
reaction (i.e. 40 h), the formation of the products is under thermodynamic control and the

observed product distribution is determined by energy of the final products themselves.
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An intermediate case is that C-H bond scission is reversible, but slow on the reaction
time scale, so that the distributions observed at 40 h arise from a combination of both

factors.

Unfortunately, the situation is not that straightforward: The purported c-abstraction
mechanism illustrated in Figure 3.4 is not the only mechanism that fits the labeling and
kinetic data reported in Section 1.1.8.1. In fact, another valid and more complicated
mechanism has been deduced by Poli and Smith from theoretical DFT calculations on the
transformation of the model compound CpW(NO)(CHj3); to the methylidene complex
CpW(NO)(=CH,) (C).” These results indicate that the formation of the reactive
alkylidene complex C does indeed begin with a metal-assisted, intramolecular oc:H
abstraction with a late transition state in which M=C bond formétion is essentially
complete. Yet, a discrete hydrocarbon complex intermediate exists on the reaction
coordinate after the o.-H abstraction, namely a methane n*-C,H c-complex in which the

methane remains coordinated to the metal center via one of its C-H bonds (Scheme 3.1).°



103

Scheme 3.1
B aF
ON"/"™~CH; ON""{ ™ CH, :
H;C H;C--H""
= - 35.7 keal/mol ' ' E = + 0.1 kcal/mol
i -CH,
W I —— . W
ON"" /" SCH, ON"" " =CH,
H;C—H
N N C
E =-7.7 kcal/mol E = 0.0 kcal/mol

The mechanism suggested by these calculations for 1 and 2 thus consists of rate-
limiting o-H abstraction from 1 or 2, followed by neopentane elimination from a
transient c-neopentane complex to form the reactive alkylidene species A and B. By the
Principle of Microscopic Reversibility,” the subsequent activation of the hydrocarbon
substrates also involves formation of the respective hydrocarbon complexes prior to C-H
bond addition to the M=C linkage. The mechanism is consistent with the kinetic and
labeling data since the rate-determining step in the overall process still involves cleavage
of an a-H bond, and 1,2 cis addition of the substrate C-H (C-D) bond to the M=C linkage

can still occur.

The presence of intermediate hydrocarbon complexes could significantly alter the

interpretation of the activation chemistry derived from 1 and 2. Consequently, this

Chapter addresses whether or not hydrocarbon complexes exist as intermediates prior to
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and after the formation of the reactive alkylidene species, and the role, if any, these

intermediates play in the activation process.

3.2 Results and Discussion

3.2.1 Known Strategies For Detecting Hydrocarbon Complexes

Hydrocarbon complexes have been observed directly by several spectroscopic
methods, but specific conditions and/or special equipment are usually required to detect
them.® Fortuitously, intermediate hydrocarbon complexes can also be detected indirectly
via the observation of intramolecular H/D scrambling in the ligands involved in
hydrocarbon elimination reactions.®*® This H/D scrambling strategy can be utilized here,
since a suitable deuterated derivative, namely the o.-deuterated analog of 1,
Cp*W(NO)(CD,CMes;); (1-dy), can be synthesized.'® If intermediate hydrocarbon
complexes are being formed as suggested by Poli and Smith, then H/D scrambling should
be observed between the neopentyl methylene and z-butyl positions of 1-d, prior to
neopentane elimination. To that end, complex 1-d4 has been thermolysed in
representative aliphatic and aromatic solvents, and the results have been analyzed by

NMR and GC/MS spectroscopic techniques.

3.2.2 Thermolysis of 1-d4 in Tetramethylsilane: NMR Analysis

Thermolysis of 1-d4in tetramethylsilane at 70 °C for 90 h generates two products,

as determined by NMR analysis of the resulting solid residue. The first product is

Cp*W(NO)(CH,,,DCMe3)(CH,SiMes) (3.1-dy) (eq 3.1). Diagnostic features of 3.1-dj in

the 'H (CsDs) NMR and *H{'H} (CsHs) NMR spectra are the doublets attributable to the
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syn- and anticlinal methylene protons of the trimethylsilylmethyl ligand, and the

singlets arising from the syn- and anticlinal methylene proton and deuteron of the
neopentyl ligand. Superimposed upon the spectral features of 3.1-d; are those of the
second product, namely Cp*W(NO)(CH,CMe;-d)(CH,SiMe3) (3. 1'-dy, 0 < x < 4 (vide
infra))."! Diagnostic features of 3.1'-d, are the two diastereotopic methylene doublets for
the neopentyl ligand and a decrease in intensity of the combined #-butyl resonances
relative to the Cp* signal in the "H (CsDg) NMR spectrum. The latter feature is matched

by the presence of a strong singlet in the #-butyl region in the *H{'H} (CsHs) NMR

spectrum.
== D
! H
W D . W H
ON"" "' = ON -.
A-dy |
D p 70°C,9h SiMe, -3.1-dq
ON" Vl‘; —_— + —— + 3.1
D ‘Ty - CMe, %
H H
one W= oN- W__: H
CMes-dy g CMes-dy
A'-dy |l
-~ s 3.1%-dy

Complex 3.1-d; is clearly formed via the C-H activation of tetramethylsilane by
the a-D neopentylidene complex derived from 1-dy4, namely Cp*W(NO)(=CDCMe;) (A-
d;). On the other hand, complex 3.1’-dy is formed from substrate C-H bond activation by
an o-H alkylidene complex with deuterium in the z-butyl group, namely

Cp*W(NO)(=CHCMes-dy) (A’-dy). Complex A’-dy, in turn, is the expected result of H/D
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exchange in the neopentyl ligands of 1-dj prior to neopentane elimination.

Integration of appropriate signals in the "H (CsDs) NMR spectrum indicates that ~ 48%
of the total product is 3.1’-d, thereby indicating that approximately half of 1-d,
undergoes H/D exchange during the thermolysis to form A’-dy. Moreover, on average,
slightly less than three deuterium atoms are exchanged into the z-butyl group of A’-dx and

3.1'-dy (x = 2.8 in CMes-dy)."?

3.2.3 Thermolysis of 1-d, in Benzene-ds: NMR Analysis

The thermolysis of 1-d4 in benzene-ds likewise generates products consistent with

C-D activation by both A-d; and A’-dx (eq 3.2).

C6D6

(G.2)
tF 70° C,90 h @ ‘ @
CMQ:;-dX

3.2-dy 3.2'-dy

The *H{'H}(CsHs) NMR spectrum of the product mixture has unique signals
attributable to Ph-D and Dy,; of Cp*W(NO)(CD,CMe;)(Ph-ds) (3.2-d;) derived from A-
dy. Additionally, there are overlapping resonances for Dy, of 3.2-d7 and
Cp*W(NO)(CHDy,;,,CMes-dy)(Ph-ds) (3.2'-dy), as well as a t-butyl-D resonance for 3.2'-
dy. To match, there is a singlet resonance for H,, of 3.2'-d, in the "H (CsDg) NMR
spectrum. Integration of appropriate signals in the "H (CsDg) NMR spectrum reveals that

the same amounts of H/D exchange are occurring, within error, in benzene-ds and in

tetramethylsilane (i.e. y = x + 6).
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3.2.4 Thermolysis of 1-d; in Tetramethylsilane and Benzene-ds: GC/MS

Analysis

GC/MS spectrometry has been used to corroborate the results in Sections 3.2.2
and 3.2.3. The relative intensities of the #-butyl ion peaks in the m/z = 57 to 61 portion of
the mass fragmentation patterns formed by an 80 eV ionizing beam are known to reflect
the relative composition of deuterated neopentanes in the volatile organics of thermolyses
mixtures."> Each neopentane isotopomer that is present contributes to the intensity of the
peaks at 57-61 according to the deuteration of the methyl groups and the presence of *C
isotopomers. Moreover, the fragmentation patterns derived from pure neopentane-dj
through neopentane-d, have been experimentally determined and/or are calculable. >

Thus, the isotopic composition of a volatile mixture of neopentanes can be determined by

mathematical methods.

GC/MS analysis of the organic volatiles from both of the above reactions for 1-dy
yields the observed patterns of #-butyl ion peaks collected in Table 3.1. The distributions
clearly indicate that isotopomers in addition to neopentane-ds are being formed.
Moreover, the 5x5 matrix analysis of the peak intensities estimates the composition in
both cases to be primarily neopentane-d3 and neopentane-d;, with small amounts of
neopentane-d, and neopentane-d; (Table 3.2). Thus, the deuteriu}m label is indeed being
scrambled out of one of the neopentyl ligands prior to its elimination as neopentane.
Note that the small negative values assigned to neopentane-dj are likely due to a
combination of the assumptions that need to be made in the calculations (see Section

3.4.8) and the uncertainties in the average mass spectral intensities.
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Table 3.1. Average Relative Intensities of Mass Spectral Peaks Derived From

Neopentane.
sample relative m/z peak intensity
57 58 59 60 61
neopentane-ds* 33 1.47 0 100 4.4
from 1-d4in tetramethylsilane  48.3 54.6 9.7 100 5.6
from 1-d, in benzene-ds 47.5 56.4 . 12.3 100 6.8

* reference 13

Table 3.2. Calculated Distributions of Neopentane Isotopomers Generated During the

Thermolyses of 1-dy.

solvent neopentane isotopomer distribution (%)

dy d, d; ds d,
tetramethylsilane (- 0.5) 31.6 4.9 63.3 0.6
benzene-ds (- 1.5 31.8 6.4 61.8 1.6

3.2.5 Spectroscopic Monitoring of the Thermolysis of 1-d; in Benzene

The results in Section 3.2.2-3.2.4 clearly support the notion that H/D exchange is
occurring in the neopentyl ligands of 1-d4 prior to neopentane elimination and activation
of the solvent C-H (C-D) bonds. The H/D exchange process can also be observed

directly via spectroscopic monitoring of the reactions of 1-dj.

For example, monitoring the thermolysis of 1-dy in benzene by “H{'H}(C¢Hs)

NMR spectroscopy yields the spectra shown in Figure 3.5.
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Figure 3.5. 2H{'H} (CsHs) NMR spectra from the thermolysis of 1-dy in benzene-As over 90 h

at 70 °C (* denotes the solvent peak).
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Initially, a small resonance for deuterium in the #-butyl moiety of 1-dy is
observable at & 1.30, along ;Vith the expected strong resonances from the deuterium label
in the synclinal and anticlinal methylene positions at & — 1.51 and 2.69, respectively.
After 1 h, however, the intensity of the signal at 5 1.30 increases noticeably while a new
signal attributable to free deuterated neopentane is observed at & 0.83. These spectral

features are consistent with concomitant product formation and H/D exchange between
the methylene positions and the 7-butyl position of the neopentyl ligands. After 14 h, new
signals are clearly visible for the Dy (8 4.49) and #-butyl-D moieties (8 1.18) of the
respective products of activation by A, namely Cp*W(NO)(CH,,,DCMe3)(Ph-4s) (3.2-dy)
and by A’-dy, namely Cp*W(NO)(CH,CMe;- x)(Ph-h;,) (3.2'-dy). During the rest of the
thermolysis, the signals for the starting material isotopomers decrease, while those of the

products grow in, with no new signals being evident in the spectrum even after 90 h.">

3.2.6 Explanation of The Results: Hydrocarbon Complexes are Intermediates on

the Reaction Coordinate for Alkylidene Complex Formation

All of the above results are consistent with the proposed intermediacy of ¢-

neopentane complexes, as shown in Scheme 3.2.



111

Scheme 3.2
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other isotopomers
of 1-d4 and A'-d,

a-D abstraction from 1-d4 generates two types of G-neopentane alkylidene
complexes via exchange of 6-(C-H) and ¢-(C-D) bonds. Elimination of neopentane from
either o-complex leads to A-d;, while reversion of the abstraction leads to the

reformation of 1-d, or to the formation of its H/D scrambled isotopomer,
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Cp*W(NO)(CH,,,DCMe3)(CH,CMes-ds) (1'-ds). A second abstraction event from

1’-d, forms either A-d; or A’-d; depending on which neopentyl ligand undergoes C-H
bond cleavage. Thus, upon neopentane elimination, neopentane-d; and -d5 are generated
as well as the C-H activation products of A-d; and A’-d5. After one or more additional
generations of G-neopentane complexes without neopentane elimination, other starting
material isotopomers are produced from 1’-d, in which the deuterium label is scrambled
into the other positions of the neopentyl ligands. Upon élimination, these isotopomers
can generate neopentane-ds, neopentane-d,, and neopentane-dp, as well as additional a-H
alkylidene intermediates A’-dp A’~d;, A’-d; and A’-dy, which contain O, 1, 2 or 4
deuterium atoms in the 7-butyl group. However, even after repeated H/D exchange
‘events, the formation of intermediates A-d; and A’-d5, and to a lesser extent A'-d,,
remains statistically dominant. Thus, the average number of deuterium atoms
incorporated into the z-butyl group remains close to three, while neopentane-ds and
neopentane-d; are the dominant isotopomer by-products, as indeed observed

experimentally.

The experimental data are inconsistent with all other mechanisms for the observed
H/D exchange in the neopentyl ligands that are not on the reaction coordinate for
formation of the alkylidene complexes from 1-dy. For example, the lack of deuterium
incorporation into the Cp* methyl groups of the starting material isotopomers rules out
H/D exchange via reversible formation of tucked-in Cp* c-neopentane complexes.

Likewise, H/D exchange via reversible formation of metallacyclobutane o-neopentane

intermediates by y-H abstraction would generate neopentane-d; and neopentane-d, as the
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principal by-products. Finally, it is unlikely but possible that the H/D exchange is a

bimetallic rather than a monometallic intramolecular process.”*'®

However, the
thermolysis of 1-d4 in benzene-ds at 70 °C at two different concentrations (15 mM and 75
mM) does not show any significant concentration effects on the rate of H/D exchange or

product formation over the course of the reaction, observations consistent with an

intramolecular process.

3.2.7 An Aside: The True Magnitude of the KIE for a-H Neopentane Elimination

for Complex 1 Qs Complex 1-d,

The thermal decomposition of 1-d4 has been previously monitored by UV-visible
absorbance spectroscopy and a first-order process was observed with a kops 0f 2.01(1) x
10 s at 91°C (R*= 0.9989) (see Section 1.1.8.1).)” Without evidence of the H/D
exchange process from this methodology, this kobs was equated to the rate constant for a-
D elimination of neopentane (keiim(Dyyn)) for pure 1-dy4, and the a-H(D) isotope effect for

neopentane elimination was reported as 2.4(2) (91 °C).

In light of the results in Sections 3.2.2-3.2.5, it is now apparent that thé thermal
decomposition of 1-d4 involves both direct elimination of neopentane from 1-dyand H/D
exchange to Hy,, isotopomers that intrinsically eliminate neopentane faster than 1-d4. In
other words, the measured ko is in fact a composite of the rate constants for direct
neopentane elimination from 1-dy (keim(Dsyn)) as well as for elimination from its Hyy,

isotopomers (Keiim(Hsyn)). Thus, the actual value of kejim(Dyy») from pure 1-dj is likely less
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than 2.0 x 10* s at 91 °C and the value of 2.4 is an underestimation of the true

isotope effect for o-H neopentane elimination in this system.

3.2.8 Implications of the Existence of Hydrocarbon Complexes on the General

Mechanism of C-H Bond Activation by A and B

Given that hydrocarbon complexes do exist prior to formation of the reactive
alkylidene species, then the two-step abstraction mechanism originally proposed from the
initial mechanistic data cannot be valid. However, at the same time, the correlation
between the C-H activation chemistry mediated by alkylidenes A and B, and Wolczanski
et al.’s explanation of this chemistry may still hold, providing that the general reaction
coordinate is shaped like that shown in Figure 3.6 (i.e. AG*; and AG*, > AG*; and AGH).
Moving from left to right, oi-abstraction from thé starting complex 1 (or 2) is the rate-
limiting step in the overall process. Dissociation of neopentane from the resulting -
neopentane complex leads to the formation of the reactive alkylidene intermediate A (or
B). From this point forward, the activation of the substrate occurs, beginning with
coordination of the substrate, such as an alkane, to the metal center, followed by C-H
bond scission of the aliphatic bond to generate the activated products. Note that of the

two steps in the activation of the substrate, C-H bond scission is the rate-limiting one (i.e.

AGH > AGH). '8
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substrate
o-alkane complex

" v

. [W] = Cp*W(NO)

o-neopentane
complex

Figure 3.6. A possible qualitative free energy vs reaction coordinate diagram for the

activation chemistry of 1 and 2 with C-H bond scission as the rate-limiting step, using the

activation of an alkane substrate (R-H) via complex 1 as an illustrative example.

Figure 3.6 fits the explanation put forth by Wolczanski et al. for conditions under
which the substrate C-H bond scission step is reversible, since the product distributions
will still be ultimately determined by the relative energies of the products themselves. It
will also apply for conditions in which the C-H bond scission step is irreversible, since
the product distribution will still be determined by the relative transition state energies for

C-H bond cleavage. In fact, Wolczanski et al. acknowledge that hydrocarbon
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intermediates may also exist in their imido systems prior to C-H bond scission, and

that the true reaction coordinates may resemble that in Figure 3.6, rather than the
preferred concerted a-abstraction mechanism drawn in Figure 3.1."*° Whether or not
Figure 3.6 is the correct reaction coordinate for the C-H activation chemistry resulting
from 1 and 2 can be ascertained experimentally by measuring the intermolecular kinetic

isotope effects (KIEs) for the activation of representative arene and aliphatic substrates.

3.2.9 Measurement of Intermolecular KIEs for Activation of Tetramethylsilane,

Benzene and Mesitylene

The established method for measuring intermolecular KIEs involves thermolyses
in 1:1 molar mixtures of a given substrate and its deuterated analog. Product ratios
favouring the protio substrate will be observed if the reaction coordinate is like the one in
Figure 3.6, as the distribution is controlled by the rate-determining cleavage of C-H vs C-
D bondé. For example, Wolczanski et al. obtain KIE values of 9.0(6) and 29.4(35) for
the activations of benzene/benzene-ds and methane/methane-d;, by
(‘BusSiO),Ti=NSi'Bus."® The isotope effects for rate-limiting substrate C-H (C-D) bond
cleavage by other metal-complexes in a four-centered transition state are in the range of
3-6.2° An important condition of the measurement of the KIEs is that solvents must be
chosen in which the deuterio and protio activated products are formed irreversibly from
one another under thermolysis conditions. If the activated products are not formed
irreversibly, then the distribution of C-H and C-D activated products will reflect the

thermodynamic stability of the respective products, rather than reflect the desired kinetic

distribution. %
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Fortuitously, the activation of tetramethylsilane by A has been shown to be
irreversible under the thermolysis conditions employed here: the product from
thermolysis of 1 in tetramethylsilane-di,, Cp*W(NO)(CHDCMe;)(CD,SiMes-ds) (1.4-
dy2) does not form the protio analog Cp*W(NO)(CH,CMe;)(CH,SiMe;3) (1.4) when
thermolysed in tetramethylsilane-4,, under standard thermolytic conditions (70 °C, 40
h).2' Likewise, the activations of benzene by A and B, and mesitylene by B,A are also
irreversible, by similar tests of the thermal stability of the protio (or deuterio) activation

products in the respective deuterio (or protio) solvents.

Hence, intermolecular KIEs have been determined for tetramethylsilane, benzene
and mesitylene. In each case, complex 1 or 2 has been heated in a 1:1 molar mixtqre of
the selected protio and deuterio solvent at 70 °C for 40 h, and the ratio of C-H and C-D
activation products determined by integration of appropriate peaks in the resulting '"H
NMR spectrum (Table 3.3). For instance, the thermolysis of 1 in a 1:1 molar mixture of
tetramethylsilane-/;, and tetramethylsilane-d|, results in the formation of C-H and C-D
activation products Cp*W(NO)(CH,CMe;)(CH,SiMes) (1.4) and
Cp*W(NO)(CHD,,,,CMe3)(CD,SiMe;-ds) (1.4-dy;) (eq 3.3). Integration of the CH,,;H
doublet and CH.,,;D singlets of 1.4 and 1.4-di,, respectively in the "H NMR spectrum

yields a 1.07(4):1 ratio at the 95% CI. Details of the other experiments and calculations

are provided in Sections 3.4.9 to 3.4.12.
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i 1:1 SiMe4/SiMe4-d12 H H i D D
ON"™ W > IE([)N H\( + ]i)N D\( 3.3)

—Si— SiMC:;-dg

1 1.4 1.4-dy,

Table 3.3. Product Ratios for Activation of Protio vs Deuterio Substrates by A and B

Rea- Solvent Products Products
gent Ratio
(C-H : C-D)

1 tetramethylsilane-h1, /  Cp*W(NO)(CH,CMe3)(CH,SiMe3) (1.4) 1.07(4):1
tetramethylsilane-di,  /Cp*W(NO)(CHD,,CMe3)(CD,SiMes-ds)

. (1.4-dy2)
1 benzene/benzene-ds Cp*W(NO)(CH,CMe;3)(CeHs) (1.1) 1.03(5):1
/Cp*W(NO)(CI‘IDS};"CMC3)(C6D5) (l.l-dﬁ)
2 benzene/benzene-ds Cp*W(NO)(CH,CsHs)(CeHs) (2.5) 1.17(19):1
/Cp *W(NO)(CI‘IDW”C5H5)(C6D5) (2.5—d6)
2 mesitylene/ Cp*W(NO)(CHzCGHj)(CH2C6H3-3,S-Mez) 106(15)1
mesitylene-d|, (2.14) /Cp*W(NO)(CHDyy,CsHs)(CD2CeDs-

3 , 5 -Mez-dg) (2 1 4-d12)

The four product ratios in Table 3.3 are the intermolecular KIEs for substrates
containing aliphatic sp’, aromatic sp* or benzylic sp® C-H vs C-D bonds. The near-unity
values in all four cases indicate that A and B exhibit little preference for activating protio
over deuterio substrates regardless of the C-H (C-D) bond type. This is clearly
inconsistent with the reaction coordinate in Figure 3.6, in which protio substrate
activation should be significantly favoured over deuterio substrate activation. Thus, it

would appear that the alkylidene systems do not correlate to Wolczanski’s imido systems
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in any fashion whatsoever, and interpretations of the observed activation chemistry

-must be developed independently.

Fortuitously, the experimental KIE data can be fitted to two alternative reaction

coordinates, one of which is depicted in Figure 3.7.

CMe,+ [WI—_ +RH

c-neopentane substrate
complex c-alkane complex

W] r— WM

[W] = Cp*W(NO)

Figure 3.7. The proposed qualitative free energy vs reaction coordinate diagram for the
activation chemistry derived from 1 and 2, using the activation of an alkane substrate (R-

H) via complex 1 as an illustrative example.

The key feature of Figure 3.7 is that the energy barrier to C-H bond scission from
the substrate hydrocarbon complex is smaller than that for reversion back to the

alkylidene intermediate (i.e. AG*,; < AG*). Thus, once a substrate is coordinated to the
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alkylidene fragment, the activation of the C-H (C-D) bond is faster 'than exchange

with the solvent. Hence, protio and deuterio substrates are not labile once activated.
Moreover, providing that there is little energy difference between coordination of the
protio vs deuterio substrates to the metal center (AG*sc.y = AG*sc.my), the intermolecular
KIEs will be small. Similarly-shaped reaction coordinates have been presented to
account for the small intermolecular KIEs in the oxidative addition of alkane and arene to

the thermally-generated Cp*Ir(PMe;) fragment and a related metallated derivative.*?

3.2.10 The Questionable Intermediacy of the Alkylidene Complexes A and B

Itis important to note that another reaction coordinate also fits the experimental
data. To this point in this Thesis, it has been assumed that the alkylidene complexes A
and B exist as discrete intermediates on the reaction coordinate. Indeed, A and B must be
intermediates on the reaction coordinate for the proposed abstraction mechanism shown
in Scheme 3.4. However, with hydrocarbon complex intermediates being present on the
reaction coordinate, A and B dé not have to exist as discrete entities. Inwfact, it is unlikely
that A and B exist as discrete complexes, because there probably is not any significant
barrier to solvation by the substrate, as there is depicted in Figure 3.7 (AG¥s). The only
instance in which a barrier to substrate solvation occurs is when A and B are internally
solvated (or stabilized) by agostic interactions with either the y- or a-positions of the

neopentylidene ligand, or a C-H bond of the Cp* ligand.>?*

Consequently, the reaction coordinate in Figure 3.8 is also valid. In this instance,
. . . . .. . 24
displacement of neopentane occurs via an interchange-dissociative mechanism,”" rather

than the dissociative mechanism pictured in Figure 3.7.>> Thus, the discrimination



o~

121

oc-neopentane substrate
complex o-alkane complex

™ T

| . | [W] = Cp*W(NO)

Figure 3.8. The alternative qualitative free energy vs reaction coordinate diagram with
interchange-dissociation of neopentane as the rate-limiting step in the substrate activation

process, using the activation of an alkane substrate (R-H) via complex 1 as an illustrative

example.

between protio and deuterio substrates occurs via the relative transition-state energies for
displacement of neopentane (i.e. AGiz(c_H) = AGIZ(C-D)) from the c-neopentane complexes

of A and B. The coordinate step is now effectively the rate-determining step in the
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activation of the substrate. Again, little discrimination between protio and deuterio
substrates will be observed providing that the differences in the transition-state energies

for o-(C,H) vs 0-(C,D) complex formation are small.

In the author’s opinion, Figure 3.8 is most likely the correct representation of the
reaction coordinate. However, at this stage of this Thesis, redefining the reactive
alkylidene species from “intermediates A and B” to “the intermediate c-complexes of A
and B” creates several complications when discussing the activation chemistry derived
from 1 and 2. For example, since the reactive alkylidene intermediate may be the
preceding G-neopentane complex of A (o-A), the phrase “activation of the substrate by A
and B”, as A and B are defined in Chapter 1, is no longer correct. Similarly, the phrase
“the thermolysis of 1 and 2 generates A and B” is also no longer correct, since these
species may not exist as discrete complexes. Moreover, all of the equations, schemes and

figures to this point have utilized A and B as the reactive intermediates.

In addition to these technical issues, the intermediacy of A and B cannot be ruled
out entirely due to the remote possibility of internal stabilization of the 16e species by
agostic interactions. So, for the sake of simplicity, brevity, and the avoidance of any
further confusion, intermediates A and B will be assumed to be the reactive alkylidene
species in the remainder of the text, unless the differences in interpretations based on A
and B vs 6-A and ¢-B need to be explicitly stated or illustrated. It should be noted that
the same decision has been made by other authors when faced with the same

1,2,22

dilemma. Note also, however, that in the future discussion of the chemistry derived

from 1 and 2 outside of this Thesis, the following terminology should be used: (1) the
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reactive alkylidene intermediates are complexes Cp*W(NO)(=CHCMes) and

Cp*W(NO)(=CHCgHs), or Cp*W(NO)(=CHCMes)(c-CMey) and
Cp*W(NO)(=CHC¢Hs)(c-CMes), and (2) that substrates coordinate to the reactive
fragments Cp*W(NO)(=CHCMes) (A) and Cp*W(NO)(=CHCsHs) (B). The latter
statement is unambiguous since the reactive fragments A and B may exist as discrete

complexes or are the important part of the reactive c-neopentane complexes.

3.3 Epilogue

Through labeling studies and intermolecular KIE measurements, the general
mechanism of C-H activation derived from 1 and 2 have been shown to be fundamentally
different from the general mechanism that was originally proposed. In particular,
hydrocarbon complexes are present on the reaction coordinate prior to formation of the
reactive alkylidene species and prior to substrate C-H bond scission. Moreover, the
discriminating step in the activation of benzene, tetramethylsilane and mesitylene is the
coordination of the substrate to the’ metal center in either intermediates A and B, or the
preceding c-neopentane complexes, 6-A and c-B, and not the subsequent addition of the
substrate C-H bond to the M=C linkage. The qualitative reaction coordinate for the
activation of these substrates has thus been resolved to be either that shown in Figure 3.7
or in Figure 3.8. With these mechanistic details now resolved, completing the
interpretation of the activation chemistry reported in Chapter 2 is now possible. Work

conducted in this regard is described in the next Chapter.
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3.4 Experimental Procedures

3.4.1 General Methods

All reactions and subsequent manipulations were performed under anaerobic and
anhydrous conditions using procedures described in Section 2.4.1. GC/MS analyses were
performed on a Hewlett—Packafd 6890 gas chromatograph with a HP-5MS column (30 M
x 0.25 mm x 0.25 um) and a 5973N mass selective detector. An 80-eV ionizing beam

was utilized.

3.4.2 Reagents

The (CD,CMe3)Mg:-x(dioxane) alkylating reagent and complex 1-dy were

prepared according to published procedures. '

3.4.3 Characterization Data for 1-d,
"H NMR (400 MHz, C¢Ds) 5 1.32 (s, 9H, CMe3), 1.47 (s, 15H, CsMes). *H{'H}
NMR (77 MHz, CsHg) 6 - 1.51 (br s, Dyyn), 2.69 (br s, Dgny). Anal. Caled. for

Ca0H33D,NOW: C, 48.49; H/D, 7.53; N, 2.83. Found: C, 48.80; H/D, 7.41: N, 2.85.

3.4.4 Thermolyses of 1-d; in Tetramethylsilane, Benzene, and Benzene-ds: General

Comments

In each case, a J. Young NMR tube was charged with 1-d4 (12 mg, 0.024 mmol)
and the appropriate solvent (0.8 mL). Two additional thermolysis were also conducted in
benzene-ds at two different concentrations (6 mg and 30 mg in 0.80 mL of solvent), with

hexamethyldisilane (2 mg, 0.014 mmol) added as an internal integration standard. The
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thermolyses were conducted in a VWR 1160A conétant-temperature bath set at 70.0

°C. The tubes were periodically removed to record 'H or H{'H} NMR spectra at
ambient temperature. After 90 h, the organic volatiles were separated in vacuo and were
analyzed by GC/MS. The organometallic residue was analyzed further by 'H or 2H{'H}
NMR spectroscopies. Products were identified by comparison of the spectral data to
those for the corresponding products of C-H and C-D activation from the thermolysis of 1
in protio and perdeuterio solvent (e.g. for tetramethylsilane, the data were compared to
those exhibited by authentic Cp*W(NO)(CH,CMe;)(CH,SiMes) (1.4) and

Cp*W(NO)(CH,,,DCMe3)(CD,SiMes-do) (1.4-dyz).'

3.4.5 Preparation of Cp*W(NO)(CH,,,DCMes)(CH;SiMe;) (3.1-d;) and

Cp*W(NO)(CH,CMes-dy)(CH,SiMes) (3.1'-dy).

Complexes 3.1-d; and 3.1'-d, were prepared as a mixture from the thermolysis of
1-dy4 in tetramethylsilane. 1I-—I NMR (400 MHz, C¢Dg) & — 2.16 (overlapping dd and s, Npt
CHy,H and CH,y,D), -1.29 (dd, *Jun = 12.0, *Jun = 2.2, TMS CH,,,H), 0.42 (s, SiMe3),
1.07 (d, *Jun = 12.0, TMS CH,nH), 1.35 (s, CMe3), 1.53 (s, CsMes), 3.28 (d, 2y = 12.8,
Npt CH,H). *H{'H} NMR (61 MHz, CsHg) & 1.25 (br s, CMes-d,), 3.23 (br s, Npt

CDniH).

3.4.6 Preparation of Cp*W(NO)(CD,CMe;)(Ph-ds) (3.2-d7) and

Cp*W(NO)(CHD,,,,CMe;-dy)(Ph-ds) (3.2'-d,).

Complexes 3.2-d; and 3.2'-d, were prepared as a mixture from the thermolysis of

1-d, in benzene-ds. "H NMR (400 MHz, CsDs) 6 1.24 (s, CMe3), 1.53 (s, CsMes), 4.35
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(br s, CH,uD). "H{'"H} NMR (61 MHz, C¢Hs) & -2.01 (br s, CD,,,D and CDg,,H),

1.18 (br s, CMes-d;), 4.34 (br s, CD,,D), 6.9-7.2 (Ph D).

3.4.7 Preparation of Cp*W(NO)(CH,,DCMe3)(Ph-hs) (3.2-d;) and
Cp*W(NO)(CH,CMes-d,)(Ph-hs) (3.2'-d;).
Complexes 3.2-d; and 3.2'-d were prepared as a mixture from the thermolysis of
1-d4 in benzene-hs. "H NMR (400 MHz, CDs) 8 -2.06 (br s, CHy,D), 1.26 (s, CMe3),
1.54 (s, CsMes), 4.49 (d, “Jun = 11.8, CH,pH), 7.10 (m, Ph H), 7.70 (d, *Jun = 6.0, Ph

H). *H{'H} NMR (61 MHz, C¢Hs) 6 1.22 (br s, CMes-d,), 4.50 (br s, CDgnH).

3.4.8 GC/MS Analysis of Organic Volatiles

GC/MS spectra were recorded in triplicate. Average intensities were determined
for neopentane fragment peaks 57 to 61. The neopentane isotopomer composition of
each sample was then deduced by matrix methods as described by Girolami and
coworkers," using the experimental matrix coefficients for neopentane-dy to neopentane-
ds under the assumption that all deuterium atoms reside on the same carbon. The
coefficients for neopentane-ds were calculated assuming that (CD;)(CH,D)C(CH;), was

the only isotopomer present.

3.4.9 Measurement of Intermolecular KIEs: General Comments

All experiments were conducted in a similar manner. A small reaction bomb was

charged with 1 or 2 (12-15 mg), a stir-bar, and 3 mL of a 1.0:1.0 (v/v) mixture of

benzene/benzene-ds or mesitylene/mesitylené—du, or ~2 mL of a 1.0:1.0 (mol/mol)




127

mixture of tetramethylsilane/tetramethylsilane-d;,. After the stirred mixtures had

been heated at 70(2) °C for 40 h in an oil-bath, the solvent was removed in vacuo and a
"H NMR (C4Ds) spectrum was recorded. KIE values were determined from the 'H NMR
spectrum as described below. The reported errors are based on the standard errors in the

mean and have been adjusted for sample size by multiplication of the appropriate Student

t factor at the 95% confidence level.?’

3.4.10 Determination of the KIEs for 1 in Benzene/Benzene-ds and

Tetramethylsilane/Tetramethylsilane-d;,

These KIEs are the average values obtained from multiple integrations of the fully
resolved CH,,H doublet and CH,,D singlets of the products
Cp*W(NO)(CH,CMes)(CsHs) (1.1) to Cp*W(NO)(CHDy;,,CMe3)(CeDs) (1.1-ds), and
Cp*W(NO)(CH,CMe3)(CH,SiMe3) (1.4) to Cp*W(NO)(CHD,;,,CMe3)(CD,SiMes-dy)
(1.4-d1z). Two independent experiments were conducted for CsHs/CsDs, while the

experiment in SiMes/SiMeq4-d;, was conducted only once.

3.4.11 Determination of the KIE for 2 in Benzene/Benzene-dg

The KIE was determined as follows: integration of the combined overlapping
Hanei signals for the products Cp*W(NO)(CH2CsHs)(CsHs) (2.5) and
Cp*W(NO)(CHD,,,CsDs)(CsDs) (2.5-ds) vs the H,y, signal for 2.5 gave a relative ratio of
1.84(7):1 for (2.5-ds + 2.5) vs 2.5. Integration of Hy,, vs Hapy for a sample of pure 2.5

recorded under identical spectrometer conditions yielded a value of 0.99(5):1. The ratio

2.5 to 2.5-dg was then calculated to be 1.17(19):1
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3.4.12 Determination of the KIE for 2 in Mesitylene/Mesitylene-d;,

The KIE was determined in similar manner as in 3.4.11, using the relative
integrations of the 5 benzyl hydrogen atoms arising from both products
Cp*W(NO)(CH2C¢Hs)(CH,CgH3-3,5-Me;) (2.14) and
Cp*W(NO)(CHD,,,C¢Hs)(CD,C¢D3-3,5-Mey-ds) (2.14-d12) vs the mesityl ortho singlet

for 2.14 (4.9(3), (95% CI)), compared to the same ratio obtained for 2.14 (2.52(3)) under

identical experimental/spectrometer conditions. The calculated ratio was thus 1.06(15).
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association of the substrate with the metal center prior to neopentane dissociation.

However, this is not likely given the 18e nature of the 6-neopentane alkylidene
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complexes. Moreover, the rate-constants for the thermolysis of 1 and 2, as well
the amounts of H/D exchange in the thermolyses of 1-dy4, do not show any
significant solvent effects, which would be expected if the solvent is involved in

the displacement of neopentane from the metal’s coordination sphere.

Since the detection method used in the elemental analysis cannot distinguish
between D,0 and H,O, H/D abundances were calculated using 1 D=1H
Harris, D. C. Quantitative Chemical Analysis 2" Ed.; W. H. Freeman and Co.:

New York, 1987; pp. 44-55.
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4,1 Introduction

In the previous Chapter, it was determined that hydrocarbon complexes are
intermediates on the reaction coordinate for hydrocarbon activation mediated by
alkylidenes A and B, and that the formation of these intermediates is the key step in the
activation of benzene, tetramethylsilane and mesitylene. However, these substrates only
contain one type of C-H bond, or only yield one type of organometallic product. Thus, it
remains to be determined how the product selectivities and trends arise from the
activation of the other substituted arenes reported in Chapter 2. Investigations into these
matters are described in this Chapter, beginning with an in-depth examination of the

activation of toluene.
4.2 Results and Discussion

4.2.1 Case 1: Activation of Toluene

As outlined in Sections 2.2.2, 2.2.3 and 2.2.16, the thermolysis of 1 and 2 in
toluene leads to the formation of the respective aryl and benzyl products of sp> C-H and
sp’ C-H bond activation of toluene by A and B, as depicted in eq 2.1 and 2.2. These
equations are reproduced below to help facilitate the ensuing discussion. Of note, the
ratio of aryl vs benzyl products from toluene activation by A is 4.2(3):1, compared to
18.6(1.2):1 by B. Also, the distribution of the aryl regioisomers obtained from activation
by B is the statistical meta: para distribution of 2:1 (1.97(11):1), whereas that obtained
from activation by A is 1.45(8):1 and the ortho aryl activated product is observed as a

trace product (~ 1% overall).
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0 SE

- W " 2.1
70°C, 40 h ON( \© ON
R CH;
; 2.1a (R ='Bu, m-Me, ~ 47 %)

2.1b (R = 'Bu, p-Me, ~ 33 %)

2.1¢ (R ='Bu, 0-Me, ~ 1 %) 2.3 (~1%)

2.2a (R =Ph, m-Me, ~ 12 %)
2.2b (R = Ph, p-Me, ~ 6 %)

= =

2.2

2 2.2a (~ 63 %) 2.3 (~5%)
2.2b (~ 32 %)

4.2.1.1 The Nature of the Product Distributions

To determine the kinetic or thermodynamic nature of the toluene product
distributions, three representative complexes were synthesized by metathetical methods:
the o-tolyl neopentyl complex 2.1¢, the o-tolyl benzyl complex
Cp*W(NO)(CH,CsHs)(CsHs-2-Me) (2.2¢), and the bis(benzyl) complex 2.3. Each was
then heated independently in toluene at 70 °C for > 24 h. As anticipated, complex 2.3 is
thermally robust and does not convert to the corresponding aryl benzyl products 2.2a-c.
Likewise, the o-tolyl complex 2.1¢ does not convert to the benzyl complexes 2.3 or 2.2a-

b by isomerization to 2, nor does 2.2¢ isomerize to 2.3. Thus, it would appear that the

aryl and benzyl products of toluene C-H activation are formed separately and irreversibly
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from A and B under the thermolysis conditions. In other words, the aryl vs benzyl

product distributions are formed under kinetic control, and the magnitudes of these
distributions reflect the intrinsic preferences for formation of the aryl products of toluene

C-H activation from alkylidenes A and B, respectively.

Surprisingly, when thermolysed in toluene, 2.1¢ does convert quantitatively to the
same relative distribution of aryl isomers 2.1a-c as observed during the thermolysis of 1
in toluene (~ 47 : 33 :1) (Scheme 4.1). Monitoring the thermolysis of 2.1¢ in benzene-dj
at 70° C by 'H NMR spectroscopy reveals that the isomerization is a rapid intramolecular
process with 2.1a and 2.1b forming concomitantly. The conversion of 2.1¢ to 2.1a-b
follows first-order kinetics (Kobs = 6.6(3) x 10 5%, t1, = 18 min, R? = 0.993) for ~ 120
min, after which time the equilibrium distribution of 2.1a-c is attained. No resonances
attributable to free toluene, 2.3 or 2.2a-b are observed, even after prolonged heating for
40 h. Rather, 2.1a-c slowly decompose to release free neopentane, presumably via

reaction with benzene in the same manner as 1.1 (see Section 2.2.2).
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Scheme 4.1

2.1¢

|

2.2a-b + 2.3

Similar results are obtained with the o-tolyl benzyl complex 2.2¢ (Scheme 4.2).
The thermolyses of 2.2¢ in toluene and benzene-d; reveal a rapid and concomitant
intramolecular isomerization to the 2:1 mixture of 2.2a and 2.2b observed from
thermolysis of 2 in toluene (kops = 1.9(1) x 10 5™, t1, = 61 min, R* = 0.999 in benzene-
ds). Again, no resonances attributable to free toluene or the bis(benzyl) complex 2.3 are
observed, even when 2.2¢ is heated in benzene-ds and toluene at 70 °C for > 40 h.

Rather, as reported earlier, the complexes 2.2a-b slowly decompose to a plethora of

unidentified products (see Section 2.2.4).
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2.2b
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2.3

These results indicate that the two sets of aryl regioisomers 2.1a-¢ and 2.2a-b

derived from the thermolyses of 1 and 2 in toluene are formed under thermodynamic

rather than kinetic control. Thus, the relative distributions of aryl regioisomers do not

arise from the intrinsic selectivity for the formation of the ortho, meta and para aryl

products of toluene C-H activation from A and B, but instead arise from the relative

thermodynamic stabilities of the respective aryl complexes. The interrelationship of the

complexes derived from the thermolysis of 1 in toluene is shown in Scheme 4.3.
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Scheme 4.3
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4.2.1.2 The Mechanism of Aryl Product Regioisomerization

In order to isomerize as they do, the aryl products must be undergoing a rapid
intramolecular H transfer process via an unobserved intermediate. An intriguing
possibility based on the reaction coordinate for the acti\}ation of benzene is that the
unobserved intermediate is a hydrocarbon complex formed by the coordination of toluene
to A and B. In other words, the cleavage of the sp* C-H bonds of toluene may be
reversible. There are several precedents in other C-H activation systems in which the
reversible formation of the hydrocarbon intermediates on the C-H activétion reaction

coordinate has been invoked to account for thermal rearrangements of activated

products.'? However, in this instance, several other intermediates not related to the C-H
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activation of toluene by A and B could conceivably be involved in the intramolecular H-
atom transfer. These include tucked-in Cp*, metallacyclic, or aryne intermediates (see

eqs 1.5, 1.6 and 1.10 for examples of these types of complexes).

To elucidate the mechanism operative in the aryl product isomerizations, the
labeled neopentyl phenyl complex Cp*W(NO)(CH;CMe;)(CsDs) (4.1-ds) has been
thermolysed in C4¢Dg and CD,Cl, at 70 °C. Monitoring the thermolyses by '"H NMR
spectroscopy over 5 h reveals a rapid, exclusive, and concomitant exchange of hydrogen
and deuterium between the synclinal methylene position of the neopentyl ligand and all
three aromatic positions of the phenyl ligand to yield Cp*W(NO)(CHD,,,CMe3)(CsD4H;)

(4.1'-ds) (eq 4.1).

@.1)

4.1-ds

The rate of conversion is independent of the solvent, and free benzene is not
detected during the experiment conducted in CD,Cl,. A non-linear least-square analysis
of the data from the reaction in CD,Cl; (Figure 4.1) using an exponential approach to
equilibrium kinetic model yields a calculated kobs of 3.6(2) x 10™* s™'. This corresponds to
rate constants of 3 x 10 s™! for H transfer to the aryl ligand (k) and 9 x 10° s for D

transfer to the aryl ligand (k.;). The calculated K4 of 3.0(3) for H incorporation into the
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aromatic ring is less than the statistical K.q of 5, a fact consistent with the preferential

association of deuterium with the stronger aryl sp*> C-H/C-D bond.

1
0.8 -
. A
'y
=
.2 0.6 A
43
s
=]
2 04 4
=]
g - -
0.2 1
O I 1 T T 1
0 2500 5000 7500 10000 12500
time (s)

Figure 4.1. Plot of conversion of 4.1-ds to 4.1'-ds versus time for the approach to
equilibrium at 70°C (M= 4.1-ds, A = 4.1'-ds). The solid lines indicate a non-linear least-

squares fit to an exponential decay to equilibrium.

The rapid and exclusive H/D exchange between the phenyl ring and the synclinal
methylene position of the neopentyl ligand, and the lack of incorporation of deuterium
into any other positions of 4.1’-ds even on prolonged thermolysis (> 40 h), effectively
rules out the involvement of benzyne, metallacyclic, or tucked-in Cp* intermediates. On
the other hand, the experimental data are fully consistent with reversible sp? bond C-H

(C-D) cleavage to the arene alkylidene complex on the C-H activation reaction

coordinate, as illustrated in Scheme 4.4. Rapid interconversion of the arene complex to a
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different rotamer will result in aryl ligand isomerization upon re-addition of the C-H

bond across the M=C bond. b

Scheme 4.4

oN- — —  on- "
ON"™" W\
ds dshy
4.1-ds 4.1'-ds
dshy

4.2.1.3 The Nature of The Arene Complex in Aryl Ligand Isomerizations

An unresolved issue regarding the observed aryl ligand isomerizations is the exact
nature of the intermediate arene complex that is involved. Toluene can coordinate to the
metal centefs in A and B in one of three ways; through an sp> C-H bond of the methyl
group to form an n*-(C,H) phenylmethane o-complex, through an sp> C-H bond of the
phenyl ring to form an n’>-(C,H) methylbenzene c-complex (or a c-arene complex for
short), or through the w-system of the phenyl ring to form an n-arene complex. The last
two types of complexes, which are shown in Scheme 4.4, are possible intermediates for

the aryl ligand isomerization since related complexes of both types are reportedly

involved in similar aryl ligand isomerizations in other systems.>* In one particular
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instance, the comparison of inter- and intramolecular kinetic isotope effects for benzene
activation has identified which of the two possible types of intermediates is in fact
present.’ In detail, the intermolecular kinetic isotope effect for activation of molar
mixtures of benzene/benzene-dj b); Cp*Rh(PMes) is 1.0, while the intramolecular kinetic
isotope effect for thermolysis in 1,3,5-benzene-d is significantly larger at 1.4. The
difference in the two KIE values indicates that hydrocarbon intermediates exist on the
reaction coordinate for benzene activation, while the unity value for the intermolecular
KIE suggests that the substrate C-H (C-D) bond is not involved in the substrate
coordination step. Thus, these data support the formation of a w-arene intermediate rather

than a c-arene intermediate in the Rh system.

It would seem appropriate to apply a similar comparison of inter- and
intramolecular KIEs to this system to determine the type of arene intermediates involved
in alkylidene-mediated C-H activation. However, the usefulness of the comparison is
obviated by the fact that the product ratios obtained from the thermolysis of 1 or 2 in
1,3,5-benzene-ds (70 °C, 40 h) will be thermodynamic and not kinetic in nature, due to
the rapid intramolecular H/D exchange between the aryl and methylene positions of the
ligands under the requisite thermolytic conditions. In other words, the measured
intramolecular isotope effect is an equilibrium isotope effect, not a KIE, and as such
would have no relation to ascertaining the nature of the hydrocarbon intermediate. An
argument could be made that the near-unity intermolecular KIE values measured from the
thermolysis of 1 and 2 in benzene/benzene-ds support the formation of m-arene

intermediates. However, the intermolecular KIE for the activation of the molar mixture

of tetramethysilane-/;, and tetramethysilane-d), by A is also near-unity, even though the
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C-H (C-D) bond must be involved in the substrate coordination in this instance. Clearly,

neither arene coordination mode can be ruled out and the nature of the hydrocarbon
intermediate involved in the formation and isomerization of the aryl products cannot be

resolved by experimental methods in this instance.

4.2.1.4 Aryl Regioisomerizations in Benzyl Aryl Complexes

The cleavage of arene substrate sp> C-H bonds also appears to be reversible in the
corresponding benzyl aryl complexes. Thermolysis of Cp*W(NO)(CH,C¢Hs)(CsDs)
(4.2-ds) in C¢Dg at 70 °C results in exclusive synclinal methylene deuterium

incorporation to yield Cp*W(NO)(CHD,,,,CsHs)(CsD4H,) (4.2'-ds) (eq 4.2).°

4.2)

Quantitative analysis of the exchange process in this case was prevented by the
presence of overlapping resonances ffom contaminants in the original sample of 4.2-ds
(see Section 4.4.6). However, the initial rate of the exchange of 4.2-ds does appear to be
qualitatively slower than that of 4.1-ds, a feature also seen in the isomerization of the
related benzyl o-tolyl and neopentyl o-tolyl complexes 2.2¢ and 2.1¢. A rationale for the
difference in rates can be proposed based on the mechanism in Scheme 4.4 shown above.
As mentioned in Section 2.2.1, the Cp'M(NO)(R)(R") (Cp’ = Cp, Cp*; M=Mo, W; R =

benzyl; R’ = alkyl, aryl, benzyl) complexes like 4.2-ds and 2.2¢ posséss a stabilizing n*-
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benzyl interaction in the ground state.” However, the intramolecular transfer of an H

atom between the benzyl and aryl ligands to reform the benzylidene linkage requires the
benzyl ligand to be . The rates of H/D exchange and aryl ligand isomerization in the
benzyl complexes are thus slowed by the equilibrium between the n* and n' benzyl
conformations and/or a higher energy barrier to reformation of the ©- or c-arene complex

of B from the ground-state of the aryl benzyl products.

4.2.1.5 The Nature of the Aryl vs Benzyl Product Distributions Revisited.

The reversibility of sp> C-H bond cleavage resolves another issue regarding the
activation of toluene by A and B, namely the mechanism by which the aryl and benzyl C-
H activation products of toluene are formed separately from one another. Given that
hydrocarbon intermediates are present during the activation process, there are only two
possible points at which the irreversible discrimination between aryl and benzyl products
can occur: upon coordination of toluene, or upon cleavage of the sp® and sp> C-H bonds.
The latter scenario can be ruled out. In this instance, discrimination between the aryl and
benzyl products would have to arise from the relative energy barriers associated with sp*
vs sp° C-H bond cleavage from a common hydrocarbon intermediate (e.g a m-arene
complex), or from ©- and/or - complexes that undergo rapid exchange. However, the
rapid reformation of the 7t- or G-arene complexes that are involved in substrate sp> C-H
bond scission means that the corresponding benzyl products of 2.2¢ and 2.1¢ should be
formed during the thermolyses of the o-tolyl products 2.1¢ and 2.2¢ in toluene, in

addition to formation of the meta and para regioisomers. This scenario is clearly

inconsistent with the observed experimental results.
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The point of discrimination between aryl and benzyl products must therefore be

the coordination of toluene to the metal center (i.e. in intermediates A or B, or iﬁ the
preceding c-neopentane complexes of A or B). Moreover, two distinct types of
hydrocarbon complexes must be formed for the pathways leading to aryl and benzyl
products, either a -arene or a c-arene for aryl product formation, and a n’-(sp>-C,H)
phenylmethane c-complex for benzyl product formation.® In addition, these two types of
hydrocarbon complexes must not interconvert once formed, either by intramolecular
isomerization or dissociation of toluene. Finally, the pathway leading to the w-arene/c-
arene complex must be kinetically preferred over that leading to the 6-phenylmethane
complex, while the transition state energy for sp* C-H bond scission is small enough to
permit rapid, reversible aryl ligand isomerization. Only if these four conditions are

satisfied can the aryl and benzyl products form independently whilst rapid and reversible

sp? C-H bond scission occurs.

The implied reaction coordinate for toluene activation by the reactive alkylidene
complexes A and B is thus shown in Figure 4.2. Note, for simplicity, it is assumed that
n-arene complexes are formed instead of c-arene complexes along the pathway to

formation of the aryl products (vide infra). Key features of Figure 4.2 are as follows:

1. m-arene coordination is kinetically preferred over G-phenylmethane coordination

(represented by AAG %), in keeping with the observed preference for aryl products.

2. From the n-arene complex, the energy barrier to sp® C-H bond scission is smaller

than both the barrier to substrate dissociation and reversion back to the free




149

alkylidene, and the barrier to exchange with the o-phenylmethane complex

(represented by the dashed curve).

3. From the o-phenylmethane complex, the energy barrier to sp’ C-H bond scission

is also lower than the energy barriers for dissociation and exchange.

[W] = Cp*W(NO)

Figure 4.2. A qualitative depiction of the free energy vs reaction coordinate diagram for

the activation of toluene, using intermediate A as the reactive alkylidene species.

Note that these last two features are also in keeping with the intermolecular KIEs
measured for sp” and sp® C-H bond activations (see Section 3.2.9), which indicate

substrate C-H bond scission is faster than substrate dissociation or hydrocarbon

intermediate exchange. Note also that the observed lack of conversion of the benzyl-
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activated product to its aryl isomers under thermolysis conditions may be assisted by the

presence of the additional n>-benzyl interaction that blocks access to the n'-benzyl

conformation required for reversion back to the 6-phenylmethane intermediate.

The alternative reaction coordinate for toluene activation by the c-neopentane
complexes of A and B is depicted in Figure 4.3. For the most part, the reaction
coordinate is similar to that in Figure 4.2, with one key difference being that neopentane
dissociation is rate-limiting and effectively irreversible. Hence, exchange of the 7- or &-

arene and c-phenylmethane complexes cannot occur by reversion back to 6-A or 6-B.

[W] = Cp*W(NO) HyC

Figure 4.3. A qualitative depiction of the free energy vs reaction coordinate diagram for

the activation of toluene, using 6-A as the reactive alkylidene species.
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4.2.1.6 Theoretical Investigations into Toluene Activation by CpW(NO)=CH,)

To substantiate this interpretation of the toluene activation reaction coordinate,
rudimentary theoretical DFT calculations have been conducted on the coordination and
activation of toluene by an alkylidene complex. The calculations have been conducted in
the manner employed by Poli and Smith, using CpW(NO)(=CH,) (C) as a simplified
version of the alkylidene fragments A and B and the LANL2DZ basis set to minimize
computational expense. Optimized geometries and the corresponding gas-phase free
energies have been determined for various species involved in the activation process, as

discussed below.

4.2.1.6.1 Benzyl and Aryl Products of Toluene C-H Activation

The optimized geometry of the benzyl product of .toluene activation by C, namely
CpW(NO)(CHs3)(CH,CgHs), is shown in Figure 4.4(a). Most notably, the benzyl ligand is
coordinated in the expected n?’ fashion. The optimized geometries of the r.egioisomeric
aryl products have also been determined, and a representative structure is shown in
Figure 4.4(b) (see Appendix C for pictures of all optimized complexes). A noteworthy
feature of the aryl products is the distortion of one of the methyl C-H bonds (W-C-H(*) =
103.7 © vs W-C-H = 113.9°), which is indicative of an oi-agostic interaction with the
metal center. As mentioned in Chapter 2, such interactions have recently been detected
by neutron diffraction analysis and spectfoscopic methods in related Cp’"M(NO)(R)(R")

complexes (R = hydrocarbyl, R’ = hydrocarbyl, aryl, halide).”



() W-CH, = 19705 (b) W-C(*) =2.2625

W-CH, = 2.1723 W-C(*) = 2.1069
W-C(*) = 2.1761 W-CH, = 2.1394
C(*)-Cypso = 2.6237 W-H(*) = 2.6311
W-Cipso = 2.8313 H,C-H(*) = 1.1045
C(*)-W-CH, = 121.5 HH(*)C-H = 1.0985
W-C(*)-Cipso = 89.2 C(*)-W-CH, = 108.9

W-CH,-H(*) = 103.7

W-CHH(*)-H = 113.9

H(*)-CH,-W-C(*) =33.0
Figure 4.4. Optimized geometries of (a) the benzyl product derived from sp’ C-H bond
activation of toluene, and (b) the para aryl product derived from sp* C-H bond activation

of toluene. In this instance, the asterisk denotes the C atoms of the new metal-carbon

bond and the C-H agostic bond in (b).

4.2.1.6.2 Intermediate Hydrocarbon Complexes
The placement of toluene in various orientations near the open coordination site
of C results in two distinct classes of hydrocarbon complexes. Placement of one of the

methyl C-H bonds close to the metal center in several orientations results in the nz-(C,H)
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o-phenylmethane complex (D) upon geometry optimization (Figure 4.5(a)). Not
pheny p pong gu

surprisingly, the geometrical parameters of D are nearly identical to the corresponding o-
methane intermediate optimized by Poli and Smith and shown in Scheme 3.1."°
Placement of toluene with the bulk of the arene ring being parallel to the NO-W=CH,
plane of C (i.e. face on) and away from the Cp* ring results in optimized structures of the
type shown in Figure 4.5(b), namely E. Likewise, initial geometries with the arene ring
perpendicular to the NO-W=CH,; plane (i.e. edge-on), or face on with the bulk of the
arene ring close to the Cp ligand result in geometry optimizations to arene complexes of
the type shown in Figure 4.5(c) (E’). Type E complexes are readily described as m-arene
complexes given the parallel arrangement of the arene ring and the W=CH, bond. At
first glance, type E’ complexes would appear to be bound in a c-arene fashion through an
sp> C-H bond, given the obtuse angles between thé arene ring and the W=CH, bond and
the close distance between the metal center and an aryl H atom. However, examination
of the molecular orbitals of the para E' congener reveals that the bonding interaction
between the metal center and the arene involves the w-orbitals of the aromatic ring and
not the orbital of the closest sp> C-H bond. Thus, despite the different geometries, it

appears that type E’ complexes are also m—arene complexes and are interconvertible with

type E complexes via simple rotation of the arene ring about the W-rt bond. It can be
inferred from these results that w-arene complexes are the reactive intermediates in the

formation of the aryl products, rather than c-arene complexes.

The orientation of the methyl group in toluene has some influence on the

optimized geometries of the n-complexes E and E’. For the most part, steric interactions

o
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between the methyl group and the methylene linkage or Cp ring only induce mild

geometric derivations from those shown in Figures 4.5(b) and 4.5(c). In some instances,
howeyver, these steric interactions are sufficient to prevent optimization of specific

rotamers of both E and E’ n-complexes.

4.2.1.6.3 Transition States for Benzyl and Aryl C-H bond Cleavage.

Transition states have been located for cleavage of both sp® and sp* C-H bonds
(Figure 4.6). For sp® C-H bonds, the transition state is a logical geometric successor to
the o-phenylmethane complex D as the n*-bound C-H bond of D is being cleaved (Figure
4.6(a)). Itis very similar geometrically to the transition state for methane C-H bond
scission shown in Scheme 3.1, and is best described as a metal-assisted 1,2-cis addition
of C-H to the M=C linkage. For sp> C-H bonds, five different transition states were
located for different orientations of the methyl group with respect to the activated bond.
A representative structure for para aryl C-H bond activation is shown in Figure 4.6(b).
All five transition states possess very similar geometries about the atoms involved in the
C-H bond addition and are geometrically quite similar to the metal-assisted early
transition state for sp’ C-H bond activation. One difference between the transition states
for sp* and sp® C-H bond activations is that the incipient W-C bond from activation is
significantly shorter for aryl activation (2.267 A vs 2.396 A). Finally, geometry
optimization performed from representative sp> C-H bond activation transition states

results in optimization to the respective E' - arene complex as a local minimum. Thus,

the calculated transition states and the hydrocarbon w-complexes E and E’ lie on the same

reaction coordinate with no other intermediates lying between them. In other words, two
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(a) W-CH, = 1.9474 (b) W-C(*) = 2.8191
W-C(*) = 2.7056 W-CH, = 1.9474
W-H(*) = 2.0645 W-H(*) = 3.1862
C(*)-H(*) = 1.1420 C(*)-W-CH, = 80.4
C(*)-H = 1.0979 W-C(*)-Corino= 89.0

C(*)-W-CH, = 102.4
W-C(*)-Cipso = 130.5
H(*)-CH,-W-C(*) =9.2

(c) W-C(*)=2.4918
W-CH; = 1.9473
W-H(*) = 2.3663
CH,-H(*) = 2.7835
C(*)-H(*) = 1.0996
C(*)-W-CH, = 100.4

W-C(*)-Cmethyz =121.0

Figure 4.5. Optimized geometries and selected bond distances (A) and angles (°) of, (a)
the hydrocarbon complex D, (b) the representative (meta, anti) complex E, and (c) the
para complex E’. In (b) and (c), the asterisk denotes the H and C atoms closest to the

metal center.

L
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(a) W-CH,=19705 (b) W-C(*)=22625
W-C(*) = 2.3960 W-CH, = 1.9827
W-H(*) = 1.8018 W-H(*) = 1.8508
C(*)-H(*) = 1.4747 CH,--H(*) = 1.6910
H,C-H(*) = 1.7156 C(*)-H(*) = 1.4494
C(*)-W-CH, = 91.8 C(*)-W-CH, = 91.8
C(*)-W-H(*) = 37.9 H(*)-W-C(*) = 52.1
H,C-W-H(*) = 53.9 H(*)-W-CH;, = 39.7
W-C(*)-Cipso = 127.0 H(*)-CHp-W-C(*) = 3.0

H(*)-CHp-W-C(*) = -1.3

Figure 4.6. Optimized geometries of the transition states for (a) sp’ C-H bond activation,
and (b) para sp> C-H bond activation. In this instance, the asterisk denotes the H and C

atoms of the C-H bond being cleaved.

distinct types of intermediates do indeed appear to lead to the aryl and benzyl products of

toluene activation.

4.2.1.6.4 The Theoretical Reaction Coordinate For Toluene Activation

The relative gas-phase free energies for the products, intermediates and transition

states are collected Tables 4.1-4.3. Figure 4.7 depicts the relative displacement of these

species on the reaction coordinate for toluene activation.
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Table 4.1. Calculated Energies for the Aryl and Benzyl Products of C-H Bond

Activation by C
- complex . orientation of relative energy
methyl (kcal/mol)®
group”
CpW(INO)(CH3)(CH,CsHs) - 3.7
CpW(NO)(CH3)(C¢H4-CH3) ortho, anti 3.6
ortho, syn 4.7
meta, syn 0.8
para 0.0

* with respect to C(*) in Figure 4.4(a) or (b) and the Cp-W bond. ® with
respect to para- CpoW(NO)(CH3)(CsH4-4-CH3).

Table 4.2. Calculated Energies for the Optimized Hydrocarbon Intermediates from

Coordination of Toluene to Alkylidene Fragment C

complex orientation relative energy
of methyl (kcal/mol)’
group”

CpW(NO)(=CHz)(H-CH,C¢Hs) (D) - 32.1
CpW(NO)(=CH,)(CcHsCHj3) (E) meta, syn 23.6
para 22.9
meta, anti 242
ortho, anti 247
CpW(INO)(=CH2)(CsHsCHj3) (E") ortho, syn 24.2
meta, syn 242
para 237
ortho, anti 24.0

* ortho, meta and para are defined with respect to C(*)-H(*) in Figure 4.5(b) and
4.5(c), while synclinal and anticlinal are defined with respect to the W=CH, bond "
with respect to para- CpW(NO)(CH;)(CsHa-4-CHj3).




158

Table 4.3. Calculated Energies for the Transition States Corresponding to Aryl and

Benzyl Product Formation.

complex orientation relative energy
of methyl (kcal/mol)"
group”

CpW(NO)(H,CeeoHeeeCH,CsHs) - 41.8
CpW(NO)(H,CeeeHeeeCsH,-CH;)  ortho, anti 373
ortho, syn 37.5
meta, syn 33.0
meta, anti 332
para 327

* defined with respect to C(*)-H(*) in Figure 4.6(b) and the Cp-W bond. ® with
respect to para- CpW(NO)(CH;)(CsHs-4-CHs).

Given the simplistic basis set employed in the DFT calculations, the energies in
Tables 4.1-4.3 and Figure 4.7 are semi-quantitative.'’ Nevertheless, the results of the
calculations support the basic conclusion drawn from the experimental data: the C-H
activation pathway leading to the aryl products through m-arene complexes is lower in
energy than the pathway leading to the benzyl products via the -phenylmethane
complex. Interestingly, the calculated potential energy barrier for the regioisomerization
of the methyl o-tolyl complex CpW(NO)(CH3)(C¢H4-2-Me) is 32.8-33.7 kcal/mol (298
K), which is reasonably close to the free energy for isomerization of the related neopentyl
o-tolyl complex, Cp*W(NO)(CH,CMe3)(CsHs-2-Me) complex (26 kcal/mol, 343 K)
considering the limitations of the model system and the computational techniques

employed.'”> Another notable feature is that the energies of the optimizable aryl

regioisomers are very similar to that of the benzyl complex. This suggests that the well-
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Figure 4.7. Free-energy profiles of the intermediates, transition states and products of

toluene activation by methylidene C as determined by DFT calculations.

documented stability of the formally 18e n’- benzyl complexes
Cp'M(NO)(CH,C¢Hs)(R') as compared to their 16e aryl congeners'” is a kinetic rather
than aC\thermodynamic effect. A more detailed DFT investigation of the full reaction
coordinate using more advanced theoretical methods to fully model both neopentylidene
A and benzylidene B is required to confirm these observations and obtain quantitative

theoretical data for the reaction coordinate.'!
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4.2.1.7 Explanation of the Product Selectivities For Benzylidene- and

Neopentylidene-Mediated Activations of Toluene.

Based on the experimental and theoretical data above, the reaction coordinates for
toluene in Figures 4.2 and 4.3 appear to be valid qualitative depictions of the true reaction
coordinates for toluene activation by alkylidene complexes A/B and 6-A/c-B,
respectively. In both Figures, the general preference for the formation of the aryl
products from toluene C-H activation By the reactive alkylidene species arises from the
faster formation of the m-arene complex over the 6-benzyl complex (i.e. AAG* in Figures
4.2 and 4.3). In other words, the fact that the aryl products are formed preferentially is
due to the link between the kinetics of m-arene complex formation and sp> C-H bond
cleavage. It would appear that in these systems, the intrinsic strengths of the C-H bonds

are not significant factors in governing product selectivity under kinetically-controlled

conditions.

The reaction coordinates in Figures 4.2 and 4.3 can also be used to explain the
differences in the aryl vs benzyl product distributions obtained from the activation of
toluene by A and B, respectively. For instance, the smaller ratio of aryl vs benzyl
products observed for the activation mediated by A (4.2(3):1) compared to B
(18.6(1.2):1) correlates to a smaller difference in the energy barriers for coordination of
the m-arene and c-phenylmethane complexes to A vs B (i.e. AAG* in Figure 4.2). The
smaller difference in transition state energies for A‘ likely results from increased

interactions between the methyl substituents of the incipient w-arene complex and the

bulkier t-butyl substitutent of A compared to the slimmer phenyl substituent of B. The o-

phenylmethane complexes leading to benzyl product formation from A and B would not
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likely be affected by such steric interactions with the alkylidene substituent given the

structure of complex D (vide supra).

In contrast, the fact that the aryl products derived from toluene activation by B
(1.97(11):1) are the statistical distribution of meta and para isomers, whereas the meta
isomer is less favoured for the activations mgdiated by A (1.45(8):1), can now be
attributed to the differences in the thermodynamic stability of the m-tolyl vs p-tolyl
product complexes (i.e. AG (meta) vs AG (para) in Figure 4.2). Put simply, the meta
isomer of the neopentyl tolyl complex derived from activation by A is destabilized
relative to the para isomer for either steric or electronic reasons. Interestingly though, the
neopentyl o-tolyl product from activation by A is evidently more stable than the benzyl o-
tolyl product from activation by B relative to the respective meta and para isomers since
the benzyl o-tolyl product is not observed in the thermodynamic distribution. This
suggests that the steric interactions between the o-, m- and p-tolyl ligand and the
alkylidene substituent are not the dominant factors in determining the overall stability of

the products.

4.2.2 Case 2. C-H Activation of Xylenes

Rationalizing the observed product distributions obtained from the activation of
xylenes by A and B is more straight-forward than for toluene, since there is only one
regiois.omeric aryl product in each case. As described in Sections 2.2.10 through 2.2.12
and 2.2.15.1 and as summarized in Table 2.1, the aryl products of xylene C-H activation
are always formed preferentially in the cases of m-, o-, p-xylene by B, and p-xylene by A. -

The shift of the methyl groups from the ortho to meta to para positions in the xylene
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substrate does induce significant shifts of the product distribution toward the benzyl

products (aryl vs benzyl products obtained from 2: o-xylene = 14.6(4) : 1) > m-xylene =
9.3(7) : 1 > p-xylene = 6.2(4) : 1). Also, the aryl vs benzyl product distribution obtained
from 2 in p-xylene favours the aryl product significantly more than that obtained from 1

(aryl vs benzyl = 1.14(7) : 1). The relevant equations from Chapter 2 are reproduced
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4.2.2.1 The Nature of the Product Distributions

As with the case of toluene, the nature of the aryl vs benzyl product distributions
needs to be determined. To that end, selected products of xylene C-H activation have
been independently thermolysed in the parent solvent (i.e. m-, 0- or p-xylene) and in
benzene-ds. The benzyl complex derived from sp® C-H bond activation of m-xylene by
B, namely Cp*W(NO)(CH,CsHs)(CH,CsHs-3-Me) (2.9), is thermally robust, exhibiting
no chemical transformations after 40 h of heating in either solvent. Thus, complex 2.9,
like the related bis(benzyl) complex 2.3, does not undergo reversible sp’ C-H bond
cleavage at any appreciable rate under thermolysis conditions. In contrast, the aryl
product of sp? C-H bond activation of p-xylene, namely Cp*W(NO)(CH,CsHs)(CsH3-
2,5-Me,) (2.12), does interconvert to the respective benzyl product of sp> C-H bond
activation, Cp*W(NO)(CH,CsHs)(CH,CsH4-4-Me) (2.13), when heated in p-xylene,
albeit rather slowly. A ~ 95 : 5 ratio of 2.12 : 2.13 can be detected by '"H NMR

spectroscopy of the reaction mixture obtained after heating 2.12 in p-xylene for 40 h at 70
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°C. Some decomposition is also observed (~ 10 %). Note that the distribution of 2.12 :

2.13 at 40 his ~ 86 : 14, so the isomerization is not fast enough to attain equilibrium
under these conditions. When the thermolysis is conducted in benzene-ds, only a trace
amount (< 1 %) of the product of benzene-ds activation, namely
Cp*W(NO)(CHDCgHs)(CsDs) (2.5-ds), is observed over the same time period. Thﬁs,
nearly all, of the isomerization of 2.12 to 2.13 occurs via an inframolecular
interconversion of the respective m-arene and c-arylmethane complexes, rather than
dissociation of p-xylene (Scheme 4.5). Note that the term “oc-arylmethane complex” will
henceforth be used as a generic term for the sp® C-H bound o-complex of substituted

arencs.

Scheme 4.5
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The thermolyses of two other aryl products, the benzyl m-xylyl complex

Cp*W(NO)(CH,CsHs)(CsHs-3,5-Me;) (2.8) and the neopentyl p-xylyl complex
Cp*W(NO)(CH,CMe;3)(CgH3-2,5-Me;,) (1.7), in the respective parent solvents and
benzene-ds also reveal a trace amount (< 2 %) of convérsion to the respective benzyl
products of sp® C-H activation, namely Cp*W(NO)(CH,CsHs)(CH,CsHj-3-Me) (2.9) and
Cp*W(NO)(CH,CMe;3)(CH,CsHs-4-Me) (1.8). Thus, it would appear that, unlike those
derived from toluene, the aryl products derived from the xylenes can intramolecularly

isomerize to the respective benzyl products, albeit very slowly.

4.2.2.2 Interpretation of Aryl vs Benzyl Product Selectivity

Given the similarities between toluene and the xylenes, it can be safely assumed
that the reaction coordinates for toluene and xylene activation are similar. Thus, Figure
4.8 depicts the likely reaction coordinate for activation of the xylenes by A and B. Since
the aryl and benzyl C-H activation products interconvert very slowly once formed, if at
all, the aryl vs benzyl product distributions are mostly kinetic in origin. The magnitudes
of the selectivities thus chiefly arise from the relative energies of coordination of the
xylene substrate in the m-arene and c-arylmethane fashions (i.e. AAG* in Figure 4.8).

The subtle shift from aryl products towards the benzyl products when moving from p- to
m- to o-xylene for B therefore arises from a decrease in the relative difference in energy
barriers to formation of the n-arene and -arylmethane complexes, likely due to increased
steric interactions in the w-arene complexes as more of the 7-ring is shielded by the
methyl substituents. The aryl to benzyl product isomerizations of 2.12 to 2.13, 1.7 to 1.8,

and 2.8 to 2.9, can be explained by an energy barrier for interconversion of the w-arene

complex to the o-arylmethane complex (i.e. the dashed line in Figure 4.8) that is lower
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[W]
[W] = Cp*W(NO) l

Figure 4.8. A qualitative representation of the free energy vs reaction coordinate

diagram for the activation of xylenes by A and B, using A and p-xylene as an illustrative

example.

than the respective barrier in the reaction coordinate for toluene activation. Note that the
isomerization may also be statistically assisted by the increased number of methyl C-H
bonds and corresponding G-arylmethane complexes, compared to the fixed number of
possible m-arene complexes. On the other hand, the reverse process, namely

isomerization of 2.9 to 2.8 is not observed, likely due to the higher energy barrier for
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reversion to the c-arylmethane complex, as well as the existence of an additional n’-
benzyl conformation in the benzyl activation products, which have to convert to the less

stable ' form to undergo reversible C-H bond scission.

4.2.2.3 Rationalizing The Differences between Aryl vs Benzyl Product
Distributions Derived From A and B
As with toluene, the fact that B leads to a higher relative amount of the aryl
product in the activation of p-xylene (6.2(4):1) vs 1.14(7):1 for A) appears tobeduetoa
greater difference in the relative transition state energies for mw-arene vs c-arylmethane
coordination. The phenomenon is likely caused by weaker steric interactions between the
phenyl substituent of B and the methyl sub.stituents of the xylene substrate in the

formation of the m-arene complex.

4.2.3 Case 3. C-H Activation of Mesitylene.

Mesitylene is the one methyl-substituted arene that does not generate more than
one type of product. The origin of this preference can now be rationalized based on the
work conducted on the activations of toluene and the xylenes. As described in Sections
2.2.13 and 2.2.15.2, the benzyl product of sp> C-H bond activation are formed
exclusively over the corresponding aryl products for both A and B. Three factors may be
responsible for the inversion in product selectivity. One factor is that the transition-state
energies for formation of the m-arene complexes leading to sp* C-H bond scission may be

higher, rather than lower, in energy than those for formation of the c-arylmethane

complex, due to the presence of unfavourable steric interactions (i.e. AAGHin F igure 4.9).

Alternatively, the barrier for isomerization of the w-arene complex to the c-arylmethane
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complex may be lower than for scission of the sp? C-H bond so that only the o-
arylmethane complex leads to substrate C-H bond scission. This feature is also illustrated
in Figure 4.9. Finally, the statistical dominance of sp® C-H bonds compared to sp> C-H
bonds means that, unlike toluene and the xylenes, there is a statistical dominance of ¢-
arylmethane complexes vs mt-arene complexes. Either one or any combination of these

factors could lead to the exclusive formation of the benzyl product of mesitylene C-H

activation.

[W] =Cp*W(NO)

Figure 4.9. A qualitative representation of the free energy vs reaction coordinate

diagram for the activation of mesitylene by A and B, using A as an illustrative example.
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4.2.4 Case 4. Activation of a,a,a-Trifluorotoluene By A.

As detailed in Section 2.1.15.3, the thermolysis of 1 in o, o, a-trifluorotoluene for
40 h at 70 °C yields the meta and para aryl products Cp*W(NO)(CHZCMe3)(C6H4-3—CF3)
(2.17a) and Cp*W(NO)(CH,CMe3)(CsHs-4-CF3) (2.17b) in a 1.85(6):1 ratio.
Consequently, only the relationship between the aryl regioisomers needs to be considered

in this instance.

4.2.4.1.1 The Nature of the Product Distribution

"H NMR spectroscopic analysis of the reaction mixtures obtained from the partial
thermolysis of 1 after only 15 h of heating in o,a,c-trifluorotoluene (70 °C) reveals that
the products exist in the same ratios at 15 h and 40 h. Thus, the isomers either do not
interconvert (i.e. sp> C-H bond cleavage is irreversible) or equilibrate by rapid

isomerization under the thermolysis conditions (i.e. sp* bond cleavage is reversible).

Fortuitously, these options can be tested since 2.17a and 2.17b co-crystallize in a
mixture that significantly favours 2.17a over 2.17b (11.5:1). Monitoring the thermolysis
of this mixture in benzene-ds by '°F NMR spectroscopy over 6 h reveals that 2.17a does

indeed isomerize to the mixture of 2.17a-b observed in the thermolyses of 1 (eq 4.3).

2.17a 2.17b
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A non-linear least-squares analysis of the data from the reaction (Figure 4.10)

using an exponential approach to equilibrium kinetic model yields a calculated kops of
1.2(1) x 10 s This corresponds to rate constants of 4.1 x 10” s for the isomerization
of 2.17ato 2.17b and 3.9 x 10” s for the opposite reaction after statistical correction.
The similarities in the rate constants are not surprising. The calculated Keq is 0.53(1),

which agrees with the experimental value of 0.54.
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Figure 4.10. Plot of conversion of 2.17a to 2.17b versus time for the approach to
equilibrium at 70°C (M= 2.17a, A =2.17b). The solid lines indicate a non-linear least-

squares fit to an exponential decay to equilibrium.

4.2.4.1.2 The Origin of Meta vs Para Aryl Product Selectivity

The rapid equilibration of 2.17a-b implies that the distribution of complexes

2.17a-b is under thermodynamic control when formed from A. Thus, the product

distribution arises from the relative energies of the meta and para isomers (i.e. AAG® in
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Figure 4.11). Moreover, the increase in meta isomer for the distribution obtained from

o, a,0-trifluorotoluene compared to that obtained from toluene (1.45(8):1) is due to a

decrease in the relative difference in the energies of the meta and para complexes as a

whole.

/@/Wl ~
[W] = Cp*W(NO) FsC

2.17b

Figure 4.11. A qualitative representation of the free energy vs reaction coordinate

diagram for the activation of a,o,a-trifluorotoluene by A.

4.2.5 Case 5: Activation of o.,o,0-Trifluorotoluene By B

As detailed in Section 2.1.14, the thermolysis of 2 in a, o, a-trifluorotoluene (40 h,

70 °C) results in the formation of the meta and para aryl products
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Cp*W(NO)(CH,CsH;s)(CsH-3-CF3) (2.15a) and Cp*W(NO)(CH,CgHs)(CsH,-4-CFs)

(2.15b) in a 2.27(3):1 ratio.

4.2.5.1.1 Nature of Product Distribution

As with 2.17a-b, the partial thermolysis of 2 for 15 h reveals that 2.15a-b grow in
over time in the same relative distribution as at 40 h. Also, 2.15a-b co-crystallize in a
mixture enriched in 2.15a (8.3:1) thereby permitting an analysis of the nature of the
distribution of 2.15a-b. Thermolysis of the enriched mixture in benzene-ds, however,
yields a very different result than 2.17a-b, namely that complex 2.15a does not isomerize
at all to 2.15b even after 40 h at 70 °C (eq 4.4). So, unlike the activation effected by A,
the meté and para products are formed irreversibly from B, and the observed meta vs para

regioisomer distribution is a kinetic product distribution.

CF;

This result is also very different from that obtained for the meta and para aryl
products derived from toluene and B, which are in thermodynamic equilibrium under the
same conditions. The only logical explanation for the lack of isomerization of 2.15a-b is
that the electron-withdrawing nature of the CF3 group of the aryl ligand stabilizes the n’-
benzyl interaction in the products 2.15a-b so much that the ' conformation of 2.15a is

not formed in sufficient concentration to permit the reversible sp? C-H bond activation

under the thermolytic conditions (Scheme 4.6).
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Scheme 4.6
CF;
ON.. W
K= | H
Hy )
n®-2.15a N n'-2.15a B 2.15b

4.2.5.1.2 Interpretation of Product Selectivity

Given that 2.15a and 2.15b form under kinetically-controlled conditions, there are
two possible points that could give the observed meta: para product ratio of 2.27(3):1
during the activation of o,a,a-trifluorotoluene by B (Figure 4.12). If the mt-arene
complexes themselves are formed independently, then the discriminating point is at the
formation of the m-arene complexes from B, and the product distribution arises from the
relative rates of meta vs para m-arene complex formation ( AAG;). Alternatively, if the
respective m-arene complexes leading to meta and para aryl products can interconvert as
they form, then discriminating point is the C-H bond scission step, and the observed ratio
reflects the relative energies of meta vs para C-H bond scission from the w-arene
complexes (AAG:). The latter case seems intuitively more likely, and is consistent with

the fact that the CF; group is known to direct the electrophilic C-H activation of arenium

cations to the meta position of the aromatic ring.'*
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[W] = Cp*W(NO)

Figure 4.12. A qualitative representation of the free energy vs reaction coordinate

diagram for the activation of o, o;0-trifluorotoluene by B.

4.3 Epilogue

Through both experimental and theoretical work, the arene activation chemistry
reported in Chapter 2 has been successfully rationalized. It is now apparent that the
factors that control the product distributions can vary significantly with the particular
properties of the substrate, the type of activation products and the alkylidene complex
employed. In short, the observed product selectivities do not result from the simple
correlation to the relative activated product energies like in the imido systems studied by

Wolczanski et al.
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Despite these complications, some general conclusions can be made regarding the

activation of substituted arenes by the neopentylidene and benzylidene systems:

1.

Aryl and benzyl products are mostly formed under kinetic control with a
preference for the aryl products, but the aryl products can slowly isomerize to the
corresponding benzyl products with increased methyl substitution and shielding
of the sp> C-H bonds, so that the aryl vs benzyl distribution shifts towards the

benzyl products.

In the case of toluene, aryl vs benzyl product distributions are controlled by the
relative energies of the m-arene vs c-arylmethane coordination of toluene to the
metal center (in A and B, or in 6-A and 6-B). In the case of xylenes and

mesitylene, subtle changes in the energetics of the formation of these complexes

lead to the observed shifts towards the benzyl products.

The rapid reversible scission of the sp? C-H bonds of arenes appears to be a
general phenomenon for aryl complexes, so that aryl regioisomer distributions
formed from sp® C-H activation by A and B are controlled by the thermodynamic
stability of the respective complexes. An exception occurs for o, 0, 0l-
trifluorotoluene when activated by B, where the requisite intermediate for
isomerization apparently cannot form due to the strong n>-benzyl interactions in

the product. In this instance, the regioisomer distribution is strictly controlled by

the rates of formation of the respective m-arene complexes.
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4. The benzylidene and neopentylidene systems exhibit different product

selectivities in the activation of substituted arenes, but the origih of the difference
can vary with the substrate. For example, in the activation of methyl-substituted
arenes, the alkylidene substituent primarily influences the aryl vs benzyl
selectivity in the coordination step, while it is the alkyl ligand derived from the
alkylidene linkage that influences the aryl regioisomeric distribution. In contrast,
in the activation of o, o, a-trifluorotoluene, the nature of the alkylidene substituent
controls the product distribution by affecting the reversibility of the C-H bond

scission step.

In addition to these conclusions regarding arene activation by the benzylidene and
neopentylidene systems, some additional statements can be made regarding the activation
of the other substrates explored in Chapter 2. For example, the activation of benzene
likely proceeds via the formation of w-arene complex and reversible C-H bond scission,
as outlined by the lower-energy pathway for sp> C-H bond scission in Figure 4.2.
Likewise, the activation of tetramethylsilane and cyclohexane should proceed via the
formation of an intermediate c-alkane complex prior to C-H bond scission, as outlined by
the higher-energy pathway for benzylic sp® C-H bond scission in Figure 4.2. Finally, in
the case of the alkyl-substituted alkanes and acyclic alkanes, the exclusive formation of
the terminal allyl hydride complexes, such as 1.5 and 2.7, may arise from the exclusive
formation of the 1° o-alkane complex over the other possible 2° and 3° c-alkane
complexes during coordination of the metal center. This interpretation is consistent with
those put forth for the activation of alkanes by other soluble metal complexes involving

intermediate hydrocarbon complexes. It should be acknowledged, however, that it is
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possible that the observed product distributions do not correlate with the intrinsic

selectivity of A and B for 1° vs 2° o-alkane complex formation, due to the fact that
terminal allyl linkages in these complexes do not have to be formed by exc.lusive
activation at the terminal methyl group.”> Yet, as discussed in the next Chapter, how
these particular products are formed is not as important compared to what we may be

able to do with them once they are formed.
4.4 Experimental Procedures

4.4.1 General

All reactions and subsequent manipulations were performed under anaerobic and

anhydrous conditions using procedures described in Section 2.4.1.

4.4.2 Reagents

The R;Mg-x(dioxane) (R= CsHy-2-Me, C¢Ds) alkylating reagents'® and the
complexes Cp*W(NO)(CH,CMe3 ) (CsHy-2-Me) (2.1¢),"” Cp*W(NO)(CH,CsHs)(CoHy-2-
Me) (2.2¢), Cp*W(NO)(CH,CMes)(CgDs) (4.1-d5) and Cp*W(NO)(CH,CsHs)(CsDs)
(4.2-ds) were prepared by metathetical routes from the corresponding neopentyl or benzyl
chloro complex (see Section 2.4.4). Pertinent synthetic details for the new compounds
are described below. Complexes Cp*W(NO)(CH,C¢Hs)(CsH3-3,4-Me;) (2.8),
Cp;“W(NO)(CH2C6H5)(CH2C6H4-3 -Me) (2.9) and Cp*W(NO)(CH,C¢Hs)(CeH3-2,5-Mey)
(2.12) were prepared as described in Sections 2.4.16, 2.4.17 and 2.4.19 respectively. A
crystalline mixture of Cp*W(NO)(CH,C¢Hs)(CsHs-3-CF3) (2.152) and

Cp*W(NO)(CH,CeHs)(CsHs-4-CF3) (2.15b) wés prepared as described in Section 2.4.21.

A crystalline mixture of Cp*W(NO)(CH;CMe;)(CeHs-3-CF3) (2.17a) and
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Cp*W(NO)(CH,CMe3)(CsHs-4-CF3) (2.17b), and complex

Cp*W(NO)(CH,CMe3)(CsHs3-2,5-Mey) (1.7), were prepared and purified according to the

methodology described by E. Tran.'®

4.4.3 Preparation of Cp*W(NO)(CH,C¢Hs)(CsHs-2-Me) (2.2¢)

Complex 2.2¢ was prepared via th¢ reaction of Cp*W(NO)(CH,CsHs)Cl1 (0.160 g,
0.34 mmol) and (2-Me-C¢Ha),Mg-x(dioxane) (0.063 g, 0.34 mmol R’) in THF (10 mL).
The crude residue was extracted with 4:1 Et,O/hexanes (3 x 5 mL), and the mixture was
filtered through Celite (1 x 0.7 cm) supported on a frit. Concentration of the solution
followed by storage at — 30 °C overnight provided 2.2¢ as red blocks (55 mg, 32 %). IR
(em™) 1552 (s, vno). MS (LREL m/z, probe temperature 150 °C) 531 [P*, "**W]. 'H
NMR (400 MHz, CsDs) 8 1.92 (s, 15H, CsMes), 2.62 (m, 4H, Tol Me, CH,,,H), 3.46 (d,
2Jim = 6.6, 1H, CH,miH), 5.77 (br d, 1H, Tol H), 6.59 (t, *Jiuu = 7.5, 1H, Bzl H,4,4), 6.79
(t, Jun = 7.9, 1H, Tol H), 6.90 (t, *Jun = 7.9, 2H, Bzl Hyera), 7.07 (d, >Ji = 7.9, 1H, Tol
H), 7.16 (t, *Juu = 7.9, 1H, Tol H), 721 (d,’Jun =7.5, 2H, Bzl Hop0). “C{'H} NMR
(75 MHz, CDCls) 6 10.4 (CsMes), 28.5 (Tol Me), 52.8 (br s, CHy), 109.6 (CsMes), 119.9
(br, Bzl Cjs0), 124.0, 124.8, 128.5, 129.1, 131.2, 134.3, 149.6 (Ar Capy), 177.7 (Tol Cipso).

Anal. Calcd. for CosHpoNOW: C, 54.25; H, 5.50; N, 2.64. Found: C, 54.16; H, 5.64; N,

2.74.

4.4.4 Kinetic Studies of the Isomerization of 2.1¢ and 2.2¢

Kinetic studies of the isomerization of 2.1¢ and 2.2¢ were conducted in a similar

fashion. Two J. Young NMR tubes were charged with 2.1¢ or 2.2¢ (12 mg, 0.022 mmol)

and 1.0 mL of benzene-ds, and placed in a VWR 1160A constant-temperature bath set a
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70.0 °C. The tubes were removed from the bath at selected time intervals, and "H NMR

spectra were recorded. The relative conversions and rate constants were calculated using
integrations of 2.1a-b product signals to the combined CMej; signals for 2.1a-c, and
integrations of 2.2¢ signals versus the combined Cp* signal for 2.2a-c. See Appendix B

for plots of the data.

4.4.5 Preparation of Cp*W(NO)(bCHZCMe:;)(CﬁDs) (4.1-ds).

Complex 4.1-ds was prepared in a manner analogous to its protio analogue (1.1)"”
via the reaction of Cp*W(NO)(CH,CMe;)Cl1 (0.135 g, 0.30 mmol) and
(CsDs):Mg-x(dioxane) (45 mg, 0.30 mmol R") in Et,0 (10 mL). The crude residue was
extracted with Et;O (5 mL), and the mixture was filtered through Celite (1 x 0.7 cm)
rather than Florisil. The solvent was removed in vacuo to obtain an orange residue that

was then recrystallized from hexanes to obtain red rosettes (68 mg, 46%).

'H NMR (400 MHz, C¢Ds) 8 — 2.05 (d, 2Jun = 11.4, 1H, CH,,,H), 1.26 (s, 9H,
CMe;), 1.53 (s, 15H, CsMes), 4.50 (d, 2Jun = 11.4, 1H, CH,,H). "H{'"H} NMR (61 MHz,
CsHg) 6 7.10 (m, Ph D), 7.70 (br s, Ph D). Anal. Calcd. for C;;HsDsNOW: C, 50.21;

H/D," 6.22; N, 2.79. Found: C, 50.24; H/D, 6.34; N, 2.87.

4.4.6 Preparation of Cp*W(NO)(CH2C6H5)(C6D5) (4.2-ds).

The reaction of Cp*W(NO)(CH2C6H5)C1 (0.145 g, 0.30 mmol) and
(CsDs)Mg-x(dioxane) (45 mg, 0.30 mmol R’) in THF (10 mL) for 6 h yielded a yellow-
orange solid after work-up. Repeated attempts to crystallize the resulting crude residue,

including from neat Et,0O in the same manner as used for 2.5-dg, afforded only a small
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amount of semi-crystalline orange solid (10 mg, 7 %). The sample was determined to be

~ 85 % pure by "H NMR spectroscopy.

'H NMR (400 MHz, CsDg) & 1.53 (s, 15H, CsMes), 2.12 (d, 2= 6.4, 1H,
CHy,H), 3.41 (d, *Jun= 6.4, 1H, CH,,;H), 6.50 (t, *Jun= 7.8, 2H, Bzl H,ners), 6.84 (d,
*Jun = 7.6, 2H, Bzl Hopho, 7.05 (t, *Jun= 7.5, 1H, Bzl H,0r0). *H{'H} NMR (61 MHz,

CeHe) & 6.9-7.2 (Ph D).

4.4.7 Thermolysis of Complexes 4.1-ds and 4.2-ds

The thermolyses were conducted in a fashion similar to those used for 2.1¢ and
2.2¢. A J. Young NMR tube was charged with 4.1-ds or 4.2-ds (12-15 mg, 0.024-0.030
mmol) and either C¢Ds or CD,Cl; (1.0 mL). The thermolyses were conducted in the
constant-temperature bath set to 70.0 °C, and the tubes were periodically removed to
record '"H NMR spectra at ambient temperatures. For 4.1-ds, the progress of the reaction
was monitored for 5 h. New signals attributable to 4.1-ds were observed to grow in
simultaneously for Huu at 8 4.37 and Ph-H at 6 6.9-7.1 and 7.70. Average conversions of
4.1-ds to 4.1'-ds were determined from multiple integrations of the respective H.,; signals
of 4.1-ds and 4.1'-ds at several time intervals. The observed rate constant for H/D
exchange and the corresponding equilibrium constant were calculated from the
experiment performed in CD,Cl, via non-linear least-squares analysis of the plot of
percent conversion vs time using Origin 5.0 software and an approach-to-equilibrium
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kinetic model.” After 5 h, the solvent was removed in vacuo, and the residue was

dissolved in CsHs to record a “H{'H} NMR spectrum which showed a new signal at — &

1.98 corresponding to Dy, of 4.1'-ds. For 4.2-ds, the thermolysis was conducted under
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the same conditions for 45 h. A new signal attributable to CH,,;D of 4.2'-ds was

observed at 6 3.38. After 45 h, the solvent was replaced with C¢Hg in order to record a

’H{'H} NMR spectrum. A resonance for CHD,, of 4.2'-ds was evident at § 2.17.

4.4.8 Theoretical Calculations Using the DFT Approach.

All calculations were performed on Intel PII PC computers with Gaussian 98!
employing the LANL2DZ basis set and a DFT approach using the three-parameter
exchange functional of Becke® and the correlation functional of Lee, Yang and Parr
(B3LYP).”» The LANL2DZ basis set includes both Dunning and Hay’s D95 sets for H,
C, N and 0** and the relativistic electron core potential (ECP) sets of Hay and Wadt for
W.?* 1t does not include polarization and diffuse functions on any of the atoms. The
alkylidene fragment C has previously been optimized.'® Frequency calculations on
optimized species established that all the transition states possessed one and only one
imaginary frequency and that the products and intermediates possessed no imaginary
frequencies. The reported energies are calculated gas-phase free energies at standard
temperature (298.15K) and pressure (1 atm). Spatial plots of the optimized geometries

and frontier orbitals were obtained from Gaussian 98 output using Molden v3.6.%

4.4.9 Thermolysis of Complexes 1.7, 2.8, 2.9 and 2.12

The thermolyses of these complexes in benzene-ds were conducted in the samé
fashion as 4.1-ds and 4.2-ds, with hexamethyldisilane (2 mg, 0.014 mmol) added as an

integration standard. Over the course of 40 h, the samples were removed periodically

from the heating bath to record '"H NMR spectra. Thermolyses in the parent xylene
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solvent were conducted on a similar scale for 40 h whereupon the solvent was removed,

and a "H NMR spectrum was recorded for each sample.

4.4.10 Kinetic Studies of the Isomerizations of 2.15a-b and 2.17a-b

The thermolysis 2.17a-b in benzene-ds and the ensuing kinetic analysis of the '°F
NMR spectral data were conducted in the same fashion as for 4.1-ds, using a non-linear
least-square analysis of an approach-to-equilibrium kinetic model. The thermolysis of

2.15a-b was monitored by both 'H and "’F NMR spectroscopies for a total of 40 h. See

Appendix B for a plot of the data for 2.17a-b.
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5.1 Introduction

With the research described in Chapters 2-4, the chemistry of the benzylidene
system has successfully been compared to that of its neopentylidene analogue, and the
issues regarding the mechanism of activation of both systems and the origin of the
product selectivities observed for arene and alkane substrates have been addressed. The
level of understanding of the activation chemistry exhibited by these prototypal
alkylidene systems is now on par with the level of understanding acquired for systems
that belong to the other general classes of soluble metal complexes that activate
hydrocarbons by organometallic pathways. What remains to be determined is whether or
not these alkylidene systems can be exploited for the net conversion of hydrocarbons into
functionalized organic chemicals.

As mentioned in Section 1.1.5, the formation of organometallic complexes from
the C-H activation of hydrocarbon substrates is the first step in the transformation of the
hydrocarbons into functionalized and more useful chemicals, such as alkenes and
alcohols. To complete the transformation, the organic fragment that results from the C-H
activation event needs to be functionalized and/or released from the metal’s coordination
sphere. Transformations of alkane substrates are of particular interest, and a few
representative stoichiometric and catalytic processes that generate functionalized
derivatives of alkanes via organpmetallic intermediates are described in Section 1.1.5.
Catalytic processes are especially valuable since they may be viable for large-scale
industrial use if the organic products can be produced efficiently with high selectivity. In

fact, efficient and selective catalytic alkane functionalization processes are regarded as

the “Holy Grails” of C-H activation research.’
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ﬁnfortunately, the majority of organometallic hydrocarbon C-H activations
mediated by soluble metal complexes only provide routes to stoichiometric and “non-
spontaneous” conversions of alkanes to functionalized organic derivatives.! Put simbly,
most activations form organometallic products that either do not lend themselves to
spontaneous functionalization of the activated alkyl fragment, or, if they do induce a
functionalization of the alkyl fragment, do not spontaneously release the organic species
from the metal’s coordination sphere. The organometallic products must then be treated
with other reagents to induée functionalization and/or release of the organic derivative.

In addition to these limitations, the majority of alkane C-H activations yield
organometallic products that can only be converted into common organic reagents, such
as the example shown in Scheme 5.1.2 Likely for this reason, very few non-spontaneous
conversions of the organometallic products of alkane C-H activations into organic

molecules have been reported.>’

Scheme 5.1
rul -+ hv CHBr;
Ir—H Ir—R Ir—R
o AN - H2 " N\ - CHzBrz o
Me;P H MesP H Me;P' Br
1. HgCl,
— = -
kR =Bt B
Me;P" Br 2.Br, Me;P" a

> 98 % for R = neopentyl

At first glance, it would appear that the synthetic utility of the alkylidene-

mediated C-H activation chemistry derived from 1 and 2 is similarly limited. The net
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transformations of any alkane substrate into an organic derivative will be non-
spontaneous and stoichiometric in metal complex. Moreover, while cycloalkanes are
spontaneously dehydrogenated to cycloalkenes that might be released from the metal’s
coordination sphere by treatment with a strong Lewis base, L (eq. 5.1), a rather common

type of organic compound is produced.

However, there is one stoichiometric process involving neopentylidene A that
could potentially transform alkyl-substituted cycloalkanes and acyclic alkanes into novel
organic products that are suitable starting materials for organic syntheses. . The details of
this proposed process are provided in the first part of this Chapter.

The remainder of the Chapter concerns the development of other alkylidene C-H
activation systems related to the neopentylidene and benzylidene systems that may be
used to effect the same chemistry as A and B, and may be more suitable for the proposed
alkane functionalization procedure. In addition, there are other complexes similar to 1
and 2 that are known to, or may be able to, effect alkane activation and dehydrogenations
to yield organometallic products that are different from those obtained from A and B.

These systems may provide a means to generate other types of functionalized organic

chemicals via the activation of alkane substrates.
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5.2 Results and Discussion

5.2.1 The Conversion of Allyl Ligands into Functionalized Organic Compounds

Molybdenum allyl complexes of the type CpMo(NO)(X)(n’-allyl) (X = halide)
have previously been used as reagents in the syntheses of organic compounds. > The
synthetic utility of these complexes derives from the o-x distortion of the allyl ligand that
is induced by the n-bonding influences of the NO ligand.” In solution, the allyl ligand

can adopt a m' conformation with an accessible double bond (eq 5.2).

Mo S ——— Mo (5.2)

The 1'-allyl complex can thus bind an aldehyde and induce a regio- and
stereoselective C-C bond-forming reaction. Protonolysis of the resulting complex with
methanol (~ 2 equiv) generates a free “homoallylic” alcohol. The specific type of alcohol
product depends on the nature of the allyl ligand. When the symmetric 2-methylallyl
ligand is used (e.g. F in eq 5.2), a racemic mixture of the 2-methyl “ homoallylic” alcohol
enantiomers is generated (Scheme 5.2).* The conversion can be made to yield only one
enantiomer either by separating the (R) and (S) isomers of the CpMo(NO)(X)(allyl)
complex, or the (R) ana (S) isomers of complexes featuring a more elaborate alkyl-

substituted Cp derivative.” Product yields can be quantitative with > 98% enantiomeric

excess depending on the halide ligand, aldehyde, and conditions used.




Scheme 5.2
0
ON":;}MO%>7 * H/U\R
X
F

CDCl,

MeOH
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When an asymmetric allyl ligand is employed, enantiomeric homoallylic alcohols

with two chiral centers are formed after protonation by methanol. For example, use of

the 1-methylallyl ligand leads to the homoallylic alcohols shown in Scheme 538

Whether the syn or anti diastereomers are formed depends on the (£) or (Z)-type

orientation of the n'-allyl ligand in the organometallic reagent.

Scheme 5.3

CDCl,

cDCly

MeOH

H3C H

o)
©

H;C H
syn

The products in both Schemes 5.2 and 5.3 can then be converted by standard

methods into complex acyclic alcohol derivatives or other organic compounds, such as
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optically-active epoxides by the Sharpless asymmetric epoxidation of the double bond.®
It should be noted that although the overall reactions are stoichiometric in metal complex,
a similar coupling process featuring the related CpMo(NO)(CO)" fragment” has been
used to create a key component in the synthesis of a complex natural product with over

50 synthetic steps.'®

5.2.2 Proposed Method for the Conversion of Acyclic Alkanes and Alkyl-
Substituted Cycloalkanes Into Homoallylic Alcohols Via Alkylidene-

Mediated C-H Activation

Given the electronic and structural similarities between the Cp*W and CpMo
fragments,'"'*" the related Cp*W(NO)(allyl)X complexes should react with aldehydes
in the same manner as their CpMo cousins. Furthermore, hydride complexes can usually
be converted to the corresponding chloride or bromide complex simply by dissolution in
halogenated organic solvents.'* Thus, it may be possible to effect the conversion of

alkyl-substituted cycloalkanes and acyclic alkanes into homoallylic alcohols using the

general process illustrated in Scheme 5.4 for methylcyclohexane.
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Scheme 5.4

1. CCI,/CHCl
MeOH ON.w__ 2 RCHO ON-w__g
-~ o~ - o
R/
L c .

As discussed in Section 2.2.8.3, the thermolysis of 1 in methylcyclohexane yields
two allyl hydride complexes, 1.5 (major) and 2;7 (minor), which interconvert on the
NMR timescale, most likely through an n'-allyl intermediate. Based on the work of
Faller et al., the ' conformation should have a 5-bond to the least sterically hindered
terminal allyl group.® Thus, only one type of n'-allyl complex (G) should be present in
solution. Note, however, that the nl-allyl complex wi‘ll exist in two enantiomeric forms,
only one of which is shown in Scheme 5.4. The product obtained from the reaction of the
halide derivative of the complex shown in the Scheme with an aldehyde in chloroform
should yield, in principle, the (R),(S)-homoallylic alcohol diastereomer. The reaction of

the other enantiomeric allyl complex with the aldehyde will generate the enantiomer of

this diastereomer, with the opposite stereochemistries at the chiral centers.
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With ethylcyclohexane as the substrate, the expected products are even more
elaborate: the C-C coupling reaction from the two expected enantiomeric n'-allyl halide

complexes should yield the two enantiomers of the homoallylic alcohol shown in eq 5.3.

1. Cp*W(NO)(CH,CMe;),, 70 °C, 40 h

\j

(5.3)
2. RCHO, CHCI,
3. MeOH

Similar reaction sequences with acyclic alkanes should also yield homoallylic
alcohols, but these reactions may be complicated by the existence of one major and
several minor allyl hydride complexes'® that could lead to a variety of n* allyl
intermediates and thus, a variety of products with different regio- and stereochemistries.
Yet, if any of the above processes prove to be successful, it would be, to our knowledge,
the first time that an alkane has been transformed into an elaborate organic molecule
suitable for organic syntheses applications by a C-H activation route utilizing an
organometallic intermediate derived from a soluble metal complex. Clearly, given the
demonstrated synthetic utility of the CpMo(NO)(X)(allyl) complexes, this chemistry

should be investigated immediately.

5.2.3 The Utilization of Other Alkylidene Complexes of the Type

Cp’M(NO)(=CHR) for Alkane Activations and Functionalizations

The alkane functionalization chemistry based on the C-H activations initiated by

alkylidenes A could be enhanced by the development of other C-H activating alkylidene
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complexes of the type Cp'M(NO)(=CHR) (Cp’ = Cp, Cp*; M = Mo, W; R = alkyl, aryl).

The goal of this work would be to discover alkylidene complexes that effect the same
alkane activation chemistry as A, as well as permit subsequent dehydrogenation
functionalizations, but do so at a lower temperature and/or shorter reaction time. To date,

one possible candidate has been found, as discussed below.

5.2.3.1 The C-H Activation of Hydrocarbons by CpMo(=CHCMe;)

There is one Cp’"M(NO)(R)(R") complex that has been previously reported by our
research group to form an alkylidene intermediate and do so much more readily than 1
and 2. However, the reports describing the chemistry of this particular system are
ambiguous as to whether or not the alkylidene derivative can activate hydrocarbon C-H
bonds. Specifically, the CpMo analogue of 1, namely CpMo(NO)(CH,CMes), (5.1),
cannot be isolated in the solid state because it undergoes o-H abstraction at low
temperatures (> - 40 °C) to form the respective neopentylidene fragment,
CpMo(NO)(=CHCMes) (H).'*'7 Dichloromethane solutions of 5.1 generate the dimeric
alkylidene derivative [CpMo(NO)(=CHCMes)], (5.2) after 2-3 h at room temperature (eq
5.4), while solutions of 5.1 containing pyridine yield the 18e adduct of neopentylidene H,
namely complex 5.3. Complex 5.3 itself is quite thermally sensitive in benzene-ds and

forms the dimer 5.2 over time, along with free pyridine (eq 5.5).

51 H 5.2




py, Et;0 M CeDs, days
oN- MO — > oMy —
RT,2-3h - py
N
7 N\
5.1 5.3
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5.2 (5.5)

At the time, these observations were interpreted to mean that the pyridine adduct

was a stable source of the reactive alkylidene complex H. In other words, unlike its

Cp*W congener A, neopentylidene H was not evidently reactive towards the C-H bonds

of benzene, but rather dimerized in benzene and dichloromethane solutions (Scheme 5.5).

Scheme 5.5

i C6H6 or CD2Clz
ON"" MO: >

S
Iy

i O
ON .~ Mp \ ’
\\ Mo

Following these initial experiments, a study of the kinetics of decomposition was

conducted by UV-vis spectroscopy using the more robust and isolable a-deuterated
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analog of 5.1, namely CpMo(NO)(CD,CMes), (5.1-dy)."” The study revealed that the

decomposition of 5.1-dy is clean and first-order in the complex in solvents such as
dichloromethane, diethyl ether, hexanes, THF and mesitylene‘. Yet, the decomposition of B
5.1-dy4 is not clean in chloroform, benzene or toluene, as indicated by the non-first order
changes in the UV-vis spectra utilized to monitor these thermolyses. Because of the
method employed, the chemical origin for the discrepancies between solvents could not
be ascertained, so all that could be stated at the time was that a derivative of 5.1-dj,
whatever it might be, is reactive towards these solvents. One interpretation of these facts
is that the reactive derivative of 5.1-d4 in these three solvents is the dimeric complex 5.2,
meaning that 5.2 is reactive towards benzene, toluene and chloroform, but not
dicholoromethane. However, another interpretation of the kinetic data is that they reflect
the formétion of products of solvent C-H activation by H, at least in the case of benzene
and toluene. The resulting aryl products are known to be very thermally sensitive
themselves,'® and non-linear kinetics would result if these products absorb iight at the
wavelength used for the kinetic analyses. This interpretation is consistent with the
trapping and dimerization experiments in eq 5.4 and 5.5, providing that the pyridine
adduct 5.3 is not a source of free H in solution as originally assumed. Instead, the
formation of the dimeric product 5.2 from 5.3 in benzene-ds has to occur via an

associative bimetallic pathway without forming free H (Scheme 5.6).
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Scheme 5.6

B CG? ] CG?
RT,2-3h M CeHs M
5.1 —— | ON" o\q —> | ON" 0:1 ——» decomposition

To determine if the latter interpretation is correct, the thermolysis of S.1-d, has
been conducted in mesitylene and the resulting mixture has been characterized by
spectroscopic techniques. Mesitylene was selected as the solvent for two reasons. First,
given the exclusive formation of the benzyl products of sp> C-H bond activation for the
activation of mesitylene by the related Cp*W alkylidenes A and B, a similar preference
for the benzyl product of sp’ C-H activation over the thermally-unstable aryl product of
sp> C-H activation should occur for H-d;. Second, the related benzyl molybdenum
complexes CpMo(NO)(CH,Ar)(R) (R = alkyl, aryl, benzyl) are thermally robust," so the
benzyl product of sp’ C-H bond activation of mesitylene by H-d; should be stable and

characterizable if formed.

The thermolysis of 5.1-d, in mesitylene for 6 h at 40 °C generates one major

product in ~80% overall yield, along with several minor products as determined by 'H
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NMR spectroscopy (eq 5.6). The NMR and MS spectroscopic properties of the major

product are fully consistent with those of the C-H activation product derived from H-dj,
namely CpMo(NO)(CHD,,;,CMes)(CH,CsH3-3,5-Me,) (5.4-d;). Diagnostic NMR
spectroscopic features of 5.4-d; are the singlet resonances for the neopentyl ligand’s D
and Hy,, methylene protons, and the triplet resonance (*Jup = 17.9 Hz) for the deuterated
a-carbon of the neopentyl ligand. It is also important to note that no signals are observed
that can be attributed to the robust dimeric product 5.2. Thus, it would appear that the
chemistry depicted in Scheme 5.6 is indeed the correct interpretation of the previously
reported data, and that both neopentylidenes H and H-d; can activate hydrocarbon C-H

bonds.

ON= MO~y " TN g
D +  minor products ~ (5.6)
40°C,6 h

5.1-dy 5.4-d;

Interestingly, there is no spectroscopic evidence for H/D scrambling in the
neopentyl ligand during the thermolysis of 5.1-d, in mesitylene. This observation is in
sharp contrast to the H/D scrambling observed for the related Cp*W complex 1-d; (see
Sections 3.2.1 to 3.2.6). Itis consistent, however, with the DFT calculations conducted
by Poli and Smith on the a-abstraction of methane from CpMo(NO)Me; vs
CpW(NO)Me,."* Unlike the tungsten congener for which the energy barriers are similar

in energy, the barrier to a-C-H cleavage for CpMo(NO)Me; is significantly higher than

that for dissociation of neopentane from the resulting G-neopentane alkylidene complex.
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These results suggest that, in contrast to the substrate C-H activations mediated by the
tungsten alkylidene complexes A and B, the rate-determining step in the activations
mediated by H and H-d; is substrate C-H bond addition, not coordination of the substrate
to the metal center. In other words, the reaction coordinate for H is fundamentally
different from those for A and B. The reaction coordinate for alkane activation derfved
from 5.1 in which H is a discrete intermediate is shown in Figure 5.1. An interchange-
dissociative version without H as a discrete intermediate is also viable. A full study of
the mechanism, scope, and selectivity of the activation chemistry derived from 5.1 or S.1-

d, is clearly warranted to confirm, and expand upon, these initial findings.

CMe,+ [Mol—~_+R-H

c-neopentane substrate
complex c-alkane complex

[Mo] R [Mo

<1 [Mo] = CpMo(NO)

Figure 5.1. A qualitative representation of the general free energy vs reaction coordinate

for alkane C-H activation derived from 5.1.
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5.2.3.2 Towards the Use of CpMo Alkylidene Complexes and Other

Cp'M(NO)(=CHR) Complexes for Alkane C-H Activation and

Functionalization Reactions

By the Principle of Microscopic Reversibility, neopentylidenes H and H-d;
should activate alkane substrates. Furthermore, despite the different reaction coordinates,
the thermodynamic products of alkane activation by H and H-d; should be alkene or allyl
complexes since the 16e alkyl and alkene organometallic products should be susceptible
to B-H and y-H elimination reactions. If the desired terminal allyl hydride complexes can
indeed be formed cleanly from thermolysis of 5.1 or 5.1-d, in alkyl-substituted
cycloalkanes and acyclic alkanes, then the milder conditions required for the formation of
these alkylidene complexes might make them more suitable than A for the proposed
alkane functionalization processes.

There are other alternatives to neopentylidenes H and H-d;. The Cp analog of 1,
namely CpW(NO)(CH,CMe3); (5.5) also forms its neopentylidene derivative when
thermolysed, but under milder conditions than 1 (i.e. 16 h, 65 °C)."” This particular
neopentylidene complex does appear to be capable of activating alkane and arene C-H
bonds, but these reactions do not yield the activated products as cleanly as those effected
by A"’ Interestingly, the Cp* analog of 5.1, namely Cp*Mo(NO)(CH,CMes), (5.6), can
be isolated in crystalline form and has recently been demonstrated to form its alkylidene
derivative under modest conditions (i.e. 2 d at room temperature).”’ Given the acute
thermal sensitivity of 5.1, the additional complexities of synthesizing the deuterated 5.1-

dy4, and the fact that the substrate C-H activation reactions mediated by the Cp*-

containing 1 are cleaner than those mediated by the Cp-containing 5.5, one can infer that
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the activation system based on 5.6 will possess the best characteristics for alkane C-H
activation and potential functionalization applications. Another available option is to see
if the related benzyl neopentyl derivatives of 5.1 or 5.6 can effect the same chemistry.
Besides the complexes mentioned thus far, other bis(hydrocarbyl) precursors of
the type Cp’M(NO)(R)(R") may generate alkylidene complexes. However, it should be
noted that the search for these complexes must be conducted in a trial-and-error fashion,
since the two literature-based guides for identifying bis(alkyl) complexes that may
readily form alkylidene derivatives do not seem to apply to Cp’M(NO)(R)(R") complexes.
Briefly, in other families of bis(alkyl) compléxes, the formation of alkylidene
intermediates from a-C-H bond scission has been correlated with the presence of a-
agostic interactions’' in the solution structures of the complexes. An example is shown
in Scheme 5.7.> The a-agostic linkages are thus thought to be incipient alkylidene
linkages. %%

Scheme 5.7

— _:l: — —_
H . H ? H
a-abstraction
W= —— [} =
Czw‘—% R //W—/\ R R\C4W—<
/\* H

1 .
R \ H R!/C-- H | R
g H g H g-—H
R R R

R, R' = neopentyl, 1-adamantyl

Similar ai-agostic interactions appear to exist in the solution structures of several
Cp'M(NO)R)(R") complexes (Cp’ = Cp*, Cp; M = Mo, W; R = hydrocarbyl, R' =

hydrocarbyl, halide), including complexes 1, Cp*W(NO)(CH,CMe;)(Ph) (1.1) (vide

infra), and 2 (see Section 2.2.1.2).">** However, the presence of these o-agostic
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interactions does not correlate with the relative thermal sensitivity of these complexes.**
In short, other steric and electronic factors, such as M-C bond strengths, are the principal
faqtors that determine the energetics of the thermal decomposition of CpM(NO)(R)(R")
complexes. The a-agostic characteristics of these complexes should therefore not be
used to guide the search for new C-H activating alkylidene complexes.

Anothef feature typically associated with cis-bis(alkyl)complexes that form
alkylidene derivatives by a-elimination of alkane is the existence of steric crowding in
the complexes.”” Hence, ligands of similar bulk as the neopentyl ligand can also induce
the formation of alkylidene complexes.?® Indeed, the neopentyl trimethylsilylmethyl
complex, Cp*W(NO)(CH,CMe3)(CH;SiMe3) (1.4), does generate a small amount (~ 5
%) of the known bis(trimethylsilylmethyl) complex, Cp*W(NO)(CH;SiMes), (5.7),
when thermolysed in tetramethylsilane (40 h, 70 °C) (eq 5.7).%” This is consistent with
the formation of Cp*W(NO)(=CHSiMe3) by elimination of neopentane. However, the

rate of decomposition of 1.4 is clearly many times slower than that of 1, which suggests
that the steric bulk of the alkyl ligands is also an unreliable guide to predicting the

thermal sensitivity of Cp'M(NO)(R)(R") complexes.

70° C, 40 h SiMe,

ON" W. —_— ON"- W§ —_— ON W\l (5.7)
\| - CMe,
|

Qi Y < __S°__
Sll S|l —Si— '

14 5.7
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5.2.4 Alternatives to Cp’"M(NO) Alkylidene-Based C-H Activation and

Functionalization of Alkanes

It should be noted that the characteristics of A and B that permit the C-H
activation and spontaneous dehydrogenations of alkanes are not unique to the alkylidene-
based systems. Quite simply, the following general requirements need to be met to have
a Cp'M(NO)(R)(R') system that C-H activates hydrocarbon substrates: The
bis(hydrocarbyl) complex must contain one hydrocarbyl ligand that can readily be
eliminatéd as R-H (e.g. a neopentyl ligand) and a second hydrocarbyl ligand that can
donate an H atom to the ligand being eliminated and then form an addition M-C bond to
the metal center in the resulting organometallic intermediate (i.e. M-CH,;R — M=CHR).
By the Principle of Microscopic Reversibility, the intermediate will activate the C-H
bonds of alkanes and arenes, providing it does not react with itself first.

The validity of this argument is supported by the previously reported chemistry of
two other complexes, namely Cp*W(NO)(CH,CMe;)(Ph) (1.1) and
Cp*W(NO)(CH,=CPh)(CH;SiMe3) (5.8). In the first example, complex 1.1 is
moderately thermally sensitive aﬁd undergoes B-H elimination of neopentane to generate
a benzyne complex, I. Complex I has been shown to activate the sp> C-H bonds of

benzene and p-xylene by 6-bond metathesis (éq 5.8).” Note that the benzyne ligand in T

contains two M-C bonds to the metal center.
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Similarly, complex 5.8 eliminates tetramethylsilane under mild conditions (24 h,
45 °C) to generate the corresponding reactive fragment, Cp*W(NO)(n>-CH=CPh) (J),
which then activates alkanes and arenes by the microscopic reverse of the process (eq
5.9).% Note again that the derivative of the vinyl ligand in intermediate J is stabilized by

bonding to the metal center.

T e N can, 7/®

W W — ON" Vs 5.9)
ON" '-\ 24 h ON \“

( v/ 7 @ v,

Additional support for the theory stated above lies in the thermal chemistry of the
new neopentyl dimethylallyl complex, Cp*W(NO)(CH,CMe3)(1>-1,1-Me,-C3Hs) (5.9).%°
Complex 5.9 readily eliminates neopentane and generates the corresponding benzene C-
H activation product, Cp*W(NO)(CsHs)(1’-1,1-Me,-C3Hs) (5.10), in >97 % yield as
judged by "H NMR spectroscopy (eq 5.10). Complex 5.10 has been isolated in
crystélline form (69 % yield) and fully characterized. The solid-state molecular structure

has been established by X-ray diffraction (Figure 5.2),”' and the spectroscopic data

indicate that the general structure is unchanged in solutions.*?
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W | W
ON" /"~ > ON (5.10)
50 °C, 6 h
5.9 5.10

Preliminary mechanistic and labeling studies indicate that the activations proceed
through mwo distinct intermediates, namely the cis-diene complex (K) and the allene
complex (L), which are formed simultaneously from 5.9 by first-order processes (Scheme
5.8).>> Both of these intermediates again contain at least two M-C bonding interactions to
the metal center from the derivative of the allyl ligand.

Scheme 5.8
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Figure 5.2. ORTEP plot of the solid-state molecular structure of Cp*W(NO)(CeHs)(1,1-
Me,-C3Hs) (5.10) with 50% probability ellipsoids. Selected bond lengths (A) and angles
(°); W(1)-C(1) = 2.186(3), W(1)-C(7) = 2.218(4), W(1)-C(8) = 2.363(4); W(1)-C(9) =
2.768(4); C(7)-C(8) = 1.439(6); C(8)-C(9) = 1.365(5); N(1)-O(1) = 1.224(4); W(1)-N(1)-
0(1) = 169.5(3), N(1)-W(1)-C(7) = 92.1(2); N(1)-W(1)-C(8) = 104.6(1); N(i)-W(1)-C(9)

=86.6(1); W(1)-C(1)-C(2) = 123.0(2); W(1)-C(1)-C(6) = 121.4(2); C(7)-C(8)-C(9) =

124.8(4); C(7)-C(8)-C(9)-C(10) = 20.0(6); H(6)-C(7)-C(8)-H(8) = 157(4).
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5.2.5 Towards Alkane Functionalizations Using Complexes 1.1, 5.8 and 5.9

The Cp'M(NO)(R)(R") systems cited in Section 5.2.4, are either known to be, or
should be, capable of activating alkanes as well as permit subsequent dehydrogenations
and even further elaborations of the resulting alkyl ligands. For example, thermolysis of
complex 5.8 in alkanes that have primary and secondary CH groups in sequence, such as
n-pentane (R = C3Hg) and n-hexane (R = C4H)p), is known to produce metallacycles in

moderate yields (50 -70 %) (Scheme 5.9).%

Scheme 5.9

\/R

e

45°C, 24 h

B-H abstraction

During the activation process, the alkane substrate is transformed into an alkene
fragment, first via C-H activation by J, then 3-H transfer to the regenerated vinyl ligand.
However, unlike alkylidenes A and B, the resulting styrene alkene complex can undergo

a C-C coupling reaction prior to elimination of either alkene ligand from the metal’s

coordination sphere. The net result is an elaboration of the alkane substrate into an allyl
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metallacycle. To date, no attempts have been made to complete the functionalization
process by releasing the organic fragment from the coordination sphere, but conceivably,
treatment of the metallacycles with halogen sources, like Br,, could release the organic
fragments as functionalized organic compounds.

Attempts to active alkane substrates with benzyne I by thermolysis of 1.1 in
alkane solvent have not been attempted, but should be successful based on the Principle
of Microscopic Reversibility. Interestingly, the final products will likely be the same
ones that are obtained from activations mediated by A and B. As shown in Scheme 5.10,
the activation of alkanes with $-Hs by I would generate an alkyl phenyl complex that
should be susceptible to the elimination of benzene by B-H transfer. Given the harsher
conditions required to generate I as compared to A and B, however, this chemistry is
probably not worth exploring further if the same final products are indeed obtained.

Scheme 5.10
- W é ,,,,, W B-H elim.
o \/</ \> . \©
— : H

\j

ON-7 . —> ON"/"~g ~g

' ON""'/W
: QO

1.5 (~ 90%) 2.7 (~10%)
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In contrast, the activation of alkanes by K and L should also facilitate subsequent
alkyl ligand dehydrogenations, but ultimately should form novel types.of organometallic
products (Scheme 5.11). In this case, B-H elimination from the alkyl allyl product will
generate a bis(olefin) complex that can couple much like the system based on 5.8. The
resulting metallacyclopentanes might then be converted into unique organic chemicals by
treatment with other reagents, such as Br,. The activation of alkanes by this system is

currently being investigated by Stephen Ng of this research group.

Scheme 5.12
...... w : WO | e W
5.9

5.3 Epilogue

Unlike the majority of soluble metal complexes that mediate the organometallic C-
H activation of alkanes, neopentylidene A and benzylidene B may have some synthetic
utility for the stoichiometric conversions of alkanes into novel organic products. In

addition, there are several other bis(hydrocarbyl) Cp’'M(NO)(R)(R") complexes that are
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known to activate hydrocarbon.s via‘ alkylidene or other intermediate complexes, and
these may be employed to activate and functionalize alkanes to generate organic
compounds of various types. Given the number of possible combinations of Cp’, M and
hydrocarbyl ligands that have not yet been explored, it is clear that the C-H activation
chemistry that can be effected by Cp’'M(NO)(R)(R’) complexes and their derivatives has

only just begun to be harvested.
5.4 Experimental Procedures

5.4.1 General Methods

All reactions and subsequent manipulations were performed under anaerobic and

anhydrous conditions using procedures described in Section 2.4.1.

5.4.2 Reagents

The (CD,CMe;),Mg-x(dioxane) alkylating reagent'’ and the complexes
CpMo(NO)(CD,CMe3); (5.1-ds) 7 and Cp*W(NO)(CH,CMe;)CI*® were prepared

according to published procedures.

5.4.3 Preparation of CpMo(NO)(CHD,,;CMes3)(CH,CcH3-3,5-Mey) (5.4-dy)

A bomb was charged with complex 5.1-ds (80 mg, 0.24 mol), a magnetic stir-bar
and mesitylene (4 mL), and it was placed in a constant-temperature oil-bath at 40 °C for 6
h. The volatiles were removed in vacuo, and the residue was analyzed spectroscopically.
Complex 5.4-d; was identified as the major product in the reaction mixture. Several

attempts were made to isolate 5.4-d; from this mixture in crystalline form, but all were

unsuccessful.
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IR (cm™) 1614 (s, vno). MS (LREIL m/z, probe temperature 120 °C) 382 [P,

*Mo], 352 [P* - NO]. 'HNMR (400 MHz, CsD¢) & —3.32 (s, 1H, Npt CHy,,D), 1.11 (s,
9H, Npt CMe3), 1.91 (s, 6H, Mes Me), 2.67 (d, “Juu = 4.3, 1H, Mes CH,,H), 3.16 (d,
2Jun = 4.3, 1H, Mes CH,,;H), 5.08 (s, 5H, Cp), 5.91 (v br s, Mes H). *H{'H} NMR (400
MHz, CsHg) 8 1.76 (s, Npt CD,nH). PC{'H}NMR (125 MHz, CDCl3) § 20.8 (Mes Me),
34.1 (Npt CMes), 36.8 (Mes CH,, Npt CMes), 51.2 (t, 2Jup = 17.9, Npt CHD), 99.6
(CsHs), 113.5 (Mes Cipso), 131.9 (v br, Mes Cormo), 134.0 (Mes, Cpiers), 138.4 (br, Mes

Cpara)-

5.4.4 Thermolysis of Cp*W(NO)(CH,CMe3)(CH,SiMe3) (1.4) in Tetramethylsilane

Complex 1.4 was prepared by the thermolysis of 1 (40 mg, 0.082 mmol) in
tetramethylsilane (3 mL) by the method described in Section 2.4.22. The complex was
not isolated, but instead the solution was heated for an additional 40 h at 70 °C,
whereupon the solvent was removed and a '"H NMR spectrum was recorded. Complex
5.7 was identified in the reaction mixture by comparison of this spectrum to its reported

"H NMR spectral features.*®

5.4.5 Synthesis of (1,1-Me,-C3;H;3),Mg-x(dioxane)

This diallyl magnesium reagent was prepared by a modified version of the general
synthetic method for dialkyl mdgnesium rveagents.llg’37 3,3-dimethylallyl bromide (Fluka,
10 mL, 0.085 mol) was distilled under Ar into a 200-mL two-neck, round-bottom flask
and diluted with Et;0 (100 mL). In a glovebox, a S00-mL three-neck, round-bottom

flask was charged with magnesium powder (20.6 g, 0.858 mol) and a magnetic stir-bar.

On a vacuum-line, the 500-mL flask was charged with Et;0 (300 mL), and was fitted
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with a reflux condenser. Sufficient dibromoethane (~ 1-2 mL) was added to the
suspension via syringe to activate the magnesium powder. The suspension was then
cooled in an ice bath to 0 °C, whereupon the ethereal bromide solution was added
dropwise via a cannula over a period of 3 h. During this time, the contents of the flask
were stirred rapidly, and the ethereal solution remained clear. After the addition was
complete, the contents of the flask were warmed to room temperature, and the remainder
of the preparation, namely the transformation of the Grignard reagent into the
bis(alkyl)magnesium reagent, was conducted in the usual manner. A total of 3.6 g of
(1,1-Me,-C3H3),Mg-x(dioxane) was isolated as a snow white powder. Note that the
reagent as prepared is extremely smelly with an obnoxious and persistent skunk-like
odour. It is best stored in the freezer of a glovebox in a sealed vial, and it must be

handled carefully at all times.

5.4.6 Synthesis of Cp*W(NO)(CH,CMes)(n’-1,1-Me,-C3Hj) (5.9)

In a glovebox, a 100-mL Schlenk tube was charged with
Cp*W(NO)(CH,CMe3)Cl (165 mg, 0.36 mmol) and a magnetic stir bar. A second
Schlenk tube was charged with (1,1-Me,-C5H3),Mg-x(dioxane) (72 mg, 0.36 mmol R)
and a magnetic stir bar. On a vacuum-line, sufficient diethyl ether was added to the first
Schlenk tube to dissolve the purple solid (~ 20 mL), while 50 mL was added to the
second Schlenk. The first vessel was cooled to —78 °C in an acetone/Dry Ice bath, while
the latter vvessel was cooled in a liquid N bath to —196 °C to solidify the solution. The
chilled solution of Cp* W(NO)(CH,CMe;)Cl was then added to the flask containing (1,1-

Me,-CsH3),Mg-x(dioxane) via cannula at a slow enough rate that it quickly froze.

Additional diethyl ether was used as necessary to ensure complete transfer of the
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Cp*W(NO)(CH,CMe;)Cl reagent. After the addition was complete, the liquid N, bath

was removed and replaced with a Dry Ice/acetone bath at -78 °C while the magnetic
stirring was engaged. The contents of the flask changed from purple to red to yellow
upon melting. The yel.low solution was stirred at -78 °C for 15 min to ensure completion
of the reaction, whereupon the vessel was warmed to 0 °C and the volume of the solvent
was reduced in vacuo to ~ 50 mL. The concentrated yellow-orange solution was then
filtered through alumina (I) supported on a frit (2 x 2 cm). The alumina was washed with
cold Et;0 (2 x 10 mL), and the combined filtrates were then dried in vacuo. The vacuum
was maintained for an additional 30 min to ensure complete drying of the resulting
yellow-orange solid. Analysis of this solid by '"H NMR spectroscopy revealed that
complex 5.9 was the sole organometallic product. Recrystallization of the solid from 5:1
Et;O/hexanes yielded orange microcrystals (63 mg, 36 %).

IR (cm™) 1584 (W, v c=c), 1546 (s, vNO)- MS (LREIL m/z, probe temperature
150 °C) 489 [P*, **W]. 'HNMR (300 MHz, C¢Ds) § 0.77 (s, 3H, allyl Me), 0.93 (d,
2Jun = 14.0, 1H, Npt CHy), 1.05 (s, 3H, allyl Me), 1.38 (CMe3), 1.45 (d, 2Jun = 14.0, 1H,
Npt CHy), 1.54 (m, 1H, allyl CH,), 1.56 (s, 15H, CsMes), 2.66 (m, 1H, allyl CHy), 4.48
(m, 1H, allyl CH). "HNMR (400 MHz, CD,Cl,) & 0.88 (d, >Jux = 14.2, 1H, Npt CHy),
0.99 (s, 3H, allyl Me), 1.02 (d, %/us = 14.2, 1H, Npt CHy), 1.06 (s, 9H, Npt CMe3), 1.24
(s, 3H, allyl Me), 1.61 (m, 1H, allyl CHy), 1.82 (s, 15H, CsMes), 2.55 (m, 1H, allyl CH),
4.40 (m, 1H, allyl CH). "C{'H} NMR (75 MHz, CD,Cl,) § 10.2 (CsMes), 19.5, 30.7
(allyl Me), 34.3 (CMes3), 37.6 (allyl CH,), 39.9 (CMe3), 40.7 (Npt CHy), 101.7 (allyl CH),

107.5 (CsMes), 147.8 (allyl C). Anal. Calcd. for CooH3sNOW: C, 49.09; H, 7.21; N,

2.86. Found: C, 49.16; H 7.03; N.2.87.
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5.4.7 Preparation of Cp*W(NO)(CsHs)(1’>-1,1-Me,-C3H3) (5.10)

A bomb was charged with 5.9 (48 mg, 0.098 mmol) and benzene (3 mL), and it
was placed in a constant-teminerature bath set at 50 °C for 6 h. The bomb was then
removed from the bath, and the solvent was removed in vacuo. Recrystallization of the
residue from 3:1 Et,O/hexanes afforded 5.10 as yellow microcrystals (34 mg, 69 %).

IR (cm™) 1562 (s, vno). MS (LREL m/z, probe temperature 150 °C) 495 [P,

- ¥*W]. 'THNMR (300 MHz, C¢Ds) 5 0.82 (s, 3H, allyl Me), 1.51 (s, 15H, CsMes), 1.62

(br s, allyl Me), 1.74 (br m, 1H, allyl CHy), 2.49 (br m, 1H, allyl CHz),‘3.54 (br m, 1H,
allyl CH), 6.64 (br d, 1H, Ph Horo), 7.08 (¢, *Jian = 7.1, 1H, Ph Hyrs), 7.30 (m, 2H, Ph
Hopers), 8.39 (d, i = 6.7, 1HL Ph Horo). 'H NMR (400 MEz, CDCly) 5 0.87 (s, 3H,
allyl Me), 1.51 (br s, allyl Me), 1.76 (s, 15H, CsMes), 1.90 (br m, 1H, allyl CH;), 2.42 (br
m, 1H, allyl CH), 3.73 (br m, 1H, allyl CH), 6.68 (br d, 1H, Ph Hyy), 6.93 (t, >Jun =
7.1, 1H, Ph Hpura), 7.12 (q, *Jun = 7.0, 2H, Ph Hei), 7.86 (d, >Jun = 6.4, 1H, Ph Hopi0).
BC{'H} NMR (75 MHz, CD,CL,) & 10.4 (CsMes), 21.8, 29.4 (allyl Me), 37.6 (allyl CHy),
95.3 (allyl CH), 107.6 (CsMes), 123.4 (Ph Cpara), 126.8, 127.9 (Ph Cpera), 139.6, 141.9
(Ph Corino), 148.5 (allyl C), 168.8 (Ph Cps). Anal. Calcd. for C;iHeNOW: C, 50.92; H,

5.90; N, 2.83. Found: C, 50.61; H, 5.95; N, 2.92.

5.4.8 The Thermolysis of 5.9 in Benzene-dq: Kinetic Studies and the Preparation of
Cp*W(NO)(CDs)(’-1,1-Mes-allyl-d;) (5.10-d5).

AJ. Young NMR tube was charged with 5.9 (10 mg, 0.020 mmol), benzene-dj

(0.8 mL) and hexamethyldisilane (1 mg, 0.007 mmol), and the contents were mixed )

thoroughly. The thermolysis was conducted in-probe by variable-temperature "H NMR
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spectroscopy at 323.0 K, with the number of scans set to one. The loss of starting
material vs time was determined by the integration of the CMe; signal vs the
hexamethyldisilane signal, except for the t = 0 value which was extrapolated from the
plot of starting material loss vs time. The first-order rate constant for the decomposition
of 5.9 was determined by the plot of In(A(t)/A(0)) vs time. See Appendix B for a plot of
the data. After 4 h, the sample was removed from the probe and the crystalline product
5.10-ds was analyzed by NMR and MS spectroscopic techniques.

5.10-ds: MS (LREI, m/z, probe temperature 120 °C) 501 [P*, '**W]. 'H NMR
(400 MHz, CsDg) & 0.82 (s, 3H, allyl Me), 1.51 (s, 15H, CsMes), 1.62 (br s, allyl Me),
1.73 (br m, 1H, allyl CHy), 2.48 (br m, 1H, allyl CH,), 3.52 (br m, 1H, allyi CH).
*H{'H} NMR (61 MHz, C¢Hs) 5 0.78 (allyl Me), 1.61 (br s, allyl Me), 3.52 (allyl CD),

6.60-8.4 (Ph D).

5.4.9 X-ray Diffraction Analysis of 5.10

Data collection and structure solution were conducted at the University of British

Columbia by Dr. B. O. Patrick. All measurements were recorded at —93(1) °C on a

Rigaku/ADSC CCD area detector using graphite-monochromated Mo K, radiation. The
data set was corrected for Lorentz and polarization effects. The solid-state molecule
structure was solved by direct methods, expanded using Fourier techniques, and refined
by the full-matrix least-squares method. The non-hydrogen atoms were refined
anisotropically and some hydrogen atoms were refined isotropically. The rest were
included in fixed positions.” All calculations were performed using the teXsan

crystallographic software package of Molecular Structure Corporation.®
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A small amount of 5.7 (~ 3 %) is also generated when the thermolysis of 1 is

conducted in tetramethylsilane at 70 °C for 40 h.
Debad, J. D. Ph.D. Disseration, University of British Columbia, 1994.

Debad, J. D.; Legzdins, P.; Lumb, S. A ; Rettig, S. J.; Batchelor, R. J.; Einstein, F.

W. B. Organometallics 1999, 18, 3414-3428.

Complex 5.9 is generated by the low temperature metafhesis reaction of
Cp*W(NO)(CH,CMe;3)Cl and (1,1-Me,-C3H3),Mg-x(dioxane). It can be isolated
in microcrystalline form in modest yield (36 %) from Et,O/hexane mixtures, and
it has beén fully characterized. In benzene-ds and chloroform-d; solutions, only
one isomer is observed, and its "H and "C{"H}NMR spectral features are
consistent with a o-r distortion of the allyl ligand as expected for this class of
compound. In particular, the resonances attributable to the C-Me; (& 147.8) and
CH (5 101.7) carbons of the allyl ligand are shifted downfield from the sp’-like
resonance attributable to the terminal CH; carbon (6 37.6), thereby indicating that
the more electron-rich dimethyl end of the allyl ligand is the w-distorted moiety,
and is cis to the neopentyl ligand. The full stereochemistry of this complex in
solution needs to be established by NOE difference spectroscopy. Complex 5.9 is

moderately stable in solution at ambient temperatures, but rapidly decomposes at

elevated temperatures (t1, = 10 min at 70 °C).
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(33)
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Crystals of 5.10 are monoclinic of space group P2//c(#14), a = 12.8869(3) A, b =
9.02193) A, ¢ = 16.7835(7) A, a=90°, B = 92.439(2)°, y= 90°. The structure
was solved by direct methods. Full-matrix least-squares refinement procedures
led to R1 = 0.022 for 3649 observed reflections (I > 3o(I)). Full details of the
crystallographic analysis are provided in Appendix A.

The 'H, PC{'H} and 'H->C HMQC NMR data indicate that the allyl ligand is
distorted in solution in a o-w fashion with the dimethyl portion of the allyl ligand
being the n-distorted moiety cis to the phenyl ligand. Interestingly, all of the
phenyl H and C atoms have unique resonances in both spectra, thus indicating that
rotation about the W-C bond of the phenyl ligand is slow on the NMR timescale,

in contrast to the aryl ligands in other CpM(NO)(R)(aryl) complexes mentioned in

this Thesis.

Monitoring the thermolysis for 4 h in benzene-ds at 50 °C by '"H NMR
spectroscopy reveals that 1 equiv of neopentane is formed, and that the loss of 5.9
is first-order with a rate constant of 2.2(1) x 10™ s (R? = 0.9991). Moreover, a
single product is formed, and its spectroscopic properties are consistent with the
general formulation Cp*W(NO)(CsDs)(1,1-Me,-allyl-d;) (5.10-ds). The 'H and
*H{'H}NMR spectroscopic analyses of complex 5.10-dg indicates that one equiv
of deuterium label is partitioned between three different positions in the allyl

ligand: at the two methyl positions (~ 35 % combined), and at the central allyl

position (~ 65 %).
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i CeHg

on W oN v WV~ Phds
50°C,6 h CHX
CH,X
5.9 5.10-d
X=HorD

The partitioning of deuterium between these positions suggests that
complex 5.10-d; is really a mixture of three different isotopomers formed by C-H
activation of benzene-ds by two different types of reactive intermediates, as
illustrated below. In other words, complex 5.9 decomposes intramolecularly
(hence first-order kinetics) by two pathways to produce 1 equiv of neopentane and
two different intermediates. One intermediate is the cis-diene complex, K,
formed by y-H abstraction of a methyl H atom. Complex K then activates
benzene—dg by the microscopic reverse of the neopentane elimination process to
generate the methyl-labeled complex, 5.10-ds". The isomerization of 5.10-dg’ via
rotation about the m-bond in the n'-allyl intermediate M, yields the other methyl-
labeled complex, 5.10-d¢”’. Note 5.10-d¢” is shown to be produced in this manner
rather than from benzene-ds activation by the frans-diene analogue of K, since

such trans-diene complexes are known to be thermally robust and unreactive

towards benzene-ds.>*
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1
!

on-V —> oni WoPhds —= ONH.W-Ph-ds
=z S -
— - CH2D B CHZD ]

K 5.10-dg'

L 5.10-dg'™"

The second intermediate formed from 5.9 is the allene complex, L, which
arises from abstraction of the -allyl H atom. The activation of benzene-ds by L
thus leads to the formation of 5.10-ds’"” which is labeled in the B-allyl position. If
the rate of formation of L is apprbximately twice as fast as that of K (i.e. ky =2
k) then approximately twice as much 5.10-dg’"’ will be formed as 5.10-dg’ and
5.10-d¢’’. The combined mixture of 5.10-d¢’, 5.10-ds’’ and 5.10-ds’"’ would
exhibit the spectral features currently assigned to 5.10-ds. More detailed
investigations to support this interpretation of the mechanism of thermolysis of

5.9 are currently being conducted by Stephen Ng of this research group.

Sharp, W. B.; Legzdins, P., unpublished observations.
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TX, 1985 and 1992.
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Appendix A. Tables of Bond Distances, Angles and

Fractional Atomic Coordinates for the Structurally

Characterized Complexes Described in this Thesis
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Table A3. Bond Distances (A) in the Solid-State Molecular Structure Determined for
2.4a

atom atom distance atom atom distance atom atom distance atom atom distance

W) P() 2.424909) C3) C@ 13936 C2 C(7) 140705 C(13) C(14) 1.435(6)
W) N(1) 17744) C@) C(B) 1.378(8) C(2) C(3) 1.406(5 C12) C17) 1.502(6)
W@ C1) 1.976(3) C(5) CB) 1.380(7) C) CQ) 1.476(5) C(13) C(18) 1.513(5)
W(l) CQAl) 2.437Q3) c6) C7)  1.391(5) C(15) C(20) 1.490(5) O(1) N(1) 1.244(6)
W) C(12) 2.417(4) C(11) C(12) 1.416(6) C(14) C(19) 1496(5) C(11) C(16) 1.497(5)
W1 C13) 2.363(3) C(11) C(15) 1.432(5) C(14) C(15) 1.434(6) C(12) C(13) 1.424(5)
W) C(14) 2.3684) P(1) C(® 18144 P(1) C(10) 1.8134) P(1) C@®) 1.8274)

w(d) C(15) 2.42003) C(l) H(l) 0985 .

Table A4. Bond Angles (°) in the Solid-State Molecular Structure Determined for 2.4a

atom atom atom angle

P(1)
P(D)
P(1)
P(D)
P(1)
P(D)
P(D)
N(1)
N(1)
N(1)
N
N(1)
N(I)
C(
C()
C(1)
C(1)
C()

C(11) W()
C(11) W(1)
C(11) W()
C(11) W(1)
C(12) W(1)
C(12) W(1)
C(12) W()

P()

W(D)
WD)
WD)
W(D)
W(l)
Ww(1)
W(l)
W(D)
W)
W(l)
W(l)
W(l)
W(D)
WD)
w()
w()
W(l)
W)

cQan
C(12)

C(14)

can
C(12)
C(13)
C(14)
C(15)
cQ1)
C(12)
C(13)
C(14)
C(15)
C(12)
C(13)
C(14)
C(15)
C(13)
C(14)
c(15)
C(10) H(15)

N(1) 86.6(1)
C(1) 91.5(1)

92.15(9)
111.9(1)

C(13) 146.28(9)

140.1(1)

C(5) 105.53(9)
C() 10L1(1)

140.4(1)
158.5(2)
125.4(1)
100.9(2)
108.5(1)
118.5(1)
89.7(1)
92.1(1)
124.5(1)
146.4(1)
33.9(1)
57.1(1)
57.4(1)
34.3(1)
34.6(1)
57.9(1)
57.3(1)
108.87

atom atom atom angle

C(13) W(1) C(5) 57.9(1)
C(14) W(1) C(15) 34.8(1)
W) P() C®) 118.6(1)
W() P() CO) 112.1(1)
W(1) P) CU10) 114.6(1)
C@®) P) CO) 1032Q2)
C@®) P(1) C(10) 103.8(2)
C9) P(1) C(10) 102.7(2)
W) N(1) O) 178.13)
W) C1) CQ) 13720Q)
Cc(l) C2) CB) 1196(3)
C(l) CQ) C(7) 122.90)
CB3) C2) C(7) 117503)
CQ2) CG) C@ 121.0(4)
C(3) C@) CG) 120.6(4)
C@) C(5) C©) 119.4(4)
C(5) C©) CT) 121.04)
C@2) C(7) C6) 120.6(4)
W) Cal) C(12) 72.32)
W() C(1) C(15) 72.22)
W(l) C(11) C(16) 130.5(2)
C(12) C(11) C(15) 108.9(3)
C(12) C(11) C16) 126.8(3)
C(15) C(11) C16) 123.3(3)
W) C(12) C(1) 73.8Q2)
C@2) C() H() 11123

atom atom atom angle

W(l) C(12) C(17) 1252(3)
C(11) C(12) C(13) 107.8(3)
C(11) C(12) C(17) 125.4(4)
C(13) C(12) C(17) 126.5(4)
W(l) C(13) C(12) 74.7(2)
W(l) C(13) C(14) 72.5(2)
W(l) C(13) C(18) 124.2(3)
C(12) C(13) C(14) 108.3(3)
C(12) C(13) C(18) 125.9(4)
C(14) C(13) C(18) 125.4(4)
W(l) C(14) C(13) 72.22)
W(l) C(14) C(15) 74.52)
W) C(14) C(19) 122.13)
C(13) C(14) C(15) 107.6(3)
C(13) C(14) C(19) 127.2(4)
C(15) C(14) C(19) 125.0(4)
W(1) C(15) C(11) 73.5(2)
W(l) C(15) C(14) 70.6(2)
W(l) C(15) C(20) 128.3(3)
C(11) C(15) C(14) 107.3(4)
C(11) C(15) C(20) 125.2(3)
C(14) C(15) CQ0) 126.8(4)
W(l) C(12) C(13) 70.6(2)
C(13) W() C(14) 35.3(1)
wa) () H() 11151
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Table AS. Dihedral Angles (°) in the Solid-State Molecular Structure Determined for 2.4a

O G @ angle

W(1) C(1) CQ2) C(3) -171.3(3)
W(1) C(1) CQ) C(7)  9.6(6)
W(1) CA1CI2)C(13) 62.8(3)
W(1) C(11)C(12)C(17) -122.0(4)
W(1) C(11)C(15)C(14) 62.9(2)
W(1) C(11C(15)C(20) 126.3(4)
W(1) C(12)C(11)C(15) 63.3(2)
W(1) C(12)C(11)C(16) 127.8(4)
W(1) C(12)C(13)C(14) 65.3(3)
W(1) C(12)C(13)C(18) -121.4(4)
W(1) C(13)C(12)C(11) -64.9(3)
W(1) C(13)C(12)C(17) 120.0(4)
W(1) C(13)C(14)C(15) 66.7(2)
W(1) C(13)C(14)C(19) -117.1(4)
W(1) C(14)C(13)C(12) -66.7(3)
W(1) C(14)C(13)C(18) 119.9(4)
W(1) C(14)C(15)C(11) 64.8(2)
W(1) C(14)C(15)C(20) -124.5(4)
W(1) C(15)C(11D)C(12) 63.4(2)
W(1) C(15)C(11)C(16) ~127.3(3)
W(1) C(15)C(14)C(13) -65.1(2)
W(1) C(15)C(14)C(19) 118.6(4)
P(1) W(1) N(1) O(1)  105(8)
P(1) W(1) C(1)C(2) 78.54)
P(1) W(1) C(11)C(12) 127.8(2)
P(1) W(1) C(11)C(15) -114.9(2)
N(1) W(1) C(12)C(11) 89.5(4)
N(1) W(1) C(12)C(13) -26.6(5)
N(1) W(1) C(12)C(17) -148.2(3)
N(1) W(1) C(13)C(12) 168.4(2)
N(1) W(1) C(13)C(14) 53.1(3)
N(1) W(1) C(13)C(18) -68.3(4)
N(1) W(1) C(14)C(13) -138.4(2)
N(1) W(1) C(14)C(15) 106.8(2)
N(1) W(1) C(14)C(19) -15.2(4)
N(1) W(1) C(15)C(11) 161.8(2)
N(1) W(1) C(15)C(14) -82.5(2)
N(1) W(1) C(15)C(20) 39.7(3)
C(H W()P(1) C@B) 61.3Q2)
C(1) W(1)P(1) C(9) -58.9(2)
C(1) W(1) P(1) C(10) -175.5(2)
C(1) W(1) CA1)C(12) 34.93)
C(1) W(1) CA1C(15) 152.3(2)
C(1) W(1) C(11)C(16) -88.7(3)
C(1) W(1) C(12)C(11) -149.8(2)
C(1) W(1) C(12)C(13) 94.1(2)
C(1) W(1) C(12)C(17) -27.5(4)
C(1) W(1) C(13)C(12) -86.5(2)
C(1) W(1) C(I3)C(14) 158.2(2)
C(1) W(1) C(13)C(18) 36.9(3)

M@ G) @ angle

P(1) W(1) C(11)C(16) 4.1(3)

P(1) W(1) C(12)C(11) -58.3(2)

P(1) W(1) C(12)C(13) -174.5(2)
P(1) W(1) C(12)C(17) 63.9(4)
P(1) W(1) C(13)C(12) 9.3(3)
P(1) W(1) C(13)C(14) -106.0(2)
P(1) W(1) C(13)C(18) 132.6(3)
P(1) W(1) C14)C(13) 123.7(2)
P(1) W(1) C(14)C(15) 8.9(3)
P(1) W(1) C(14)C(19) -113.1(3)
P(1) W(1) C(15)C(11) 70.2(2)
P(1) W(1) C(15)C(14) -174.1(2)
P(1) W(1) C(15)C(20) -52.03)
O(1) N(1) W(1) C(1) -164(8)
O(l) N(1) W(1) C(11)  16(8)
O(1) N(1) W(1) C(12) 45(8)
O(1) N(1) W(1) C(13) -64(8)
O(1) N(1) W(1) C(14) -36(8)
O() N(1) W(1) C(15)  0(8)
N(1) W(D)P(1) C@8) 162.3(2)
N(1) W(1) P1) C(9) 42.1(2)
N(1) W(1) P(1) C(10) -74.5(2)
N(D) W(1) C(1) C(2) -83(4)
N(1) W(1) C(11)C(12) -145.0(2)
N(1) W(1) C(11)C(15) 27.6(3)
N(1) W(1) C(11D)C(16) 91.4(4)
C(1) W(1) C(14)C(19) 96.5(3)
C(1) W(1) C(15)C(11) 47.6(3)

C(1) W(1) C(15)C(14) 68.1(3) .

C(1) W(1) C(15)C(20) -169.7(3)
C(1) C(2) CR3) C@) 179.2(4)
C(1) C(2) C(7) C(6) -179.8(4)
C©) C(1) W(1) C(11) 171.73)
C(2) C(1) W(1) C(12) -169.6(4)
C(2) C(1) W(1) C(13) -135.0(4)
C(2) C(1) W(1) C(14) -120.0(4)
C(2) C(1) W(1) C(15) -160.0(3)
C(2) C3)C@ CGB) 2007
C(2) C(7) C(6) C5) -0.9(6)
C3)CQR)CTCE) 115
C(3) C@) C) C©) -1.8(7)
C(4) CB3)CQR)C(T) -1.6(5)
C@) CB)CO CT)  1.2(7)
C(®) P(1) W(1) C(11) -57.4(2)
C(8) P(1) W(1) C(12) -29.02)
C@®) P(1) W(1) C(13) -34.7(3)
C(8) P(1) W(1) C(14) -94.7(2)
C(8) P(1) W(1) C(15) -89.4(2)
C9) P(1) W(1) C(11) -177.52)
C(9) P(1) W(1) C(12) -149.1(2)

@6 @ ange

C(13)C(12)W(1) C(15) -79.6(2)
C(13)C(12)CADC5) 0.54)
C(13)C(12)C(11)C(16) -169.4(3)
C(13)C(14)W(1) C(15) 114.83)
C(13)C(14)C(15)C(20) 170.4(4)
C(1HW(1) C(1DCU5) 37.7(2)
CAHW(1) C(LDCA6) 156.7(4)
C(14)W(1) C(12)C(17) -159.7(4)
C(14)W(1) C(13)C(18) -121.4(4)
C(14)W(1) C(15)C(20) 122.1(4)
C(14)C(13)W(1) C(15) -37.8(2)
C(14)C(13)C(12)C(17) -174.8(4)
C(14)C(15)CA1C(16) 169.8(3)
C(15)W(1) C(11)C(16) 119.0(4)
C(15)W(1) C(12)C(17) 158.8(4)
C(15)W(1) C(13)C(18) -159.1(4)
C(15)W(1) C(14)C(19) -122.0(5)
C(15)C(I)CA2)C(17) 174.7(4)
C(15)C(14)C(13)C(18) -173 4(3)
C(16)C(1DCU2)C(LT)  5.8(6)
C(16)C(1)CU5)CQ20) -1.0(6)
CATC12)C3)C(18) -1.4(6)
C(8)C(13)C(14)C(19)  2.8(6)
C(19)C(14)C(15)C(20) -5.9(6)
C(13)C(12)W(1) C(14) -38.1(2)
C(11)C(15)C(14)C(19) -176.6(4)
C(13)W(1) C(15)C(20) 160.4(4)
C(1)C15)C(14)C(13) 0.2(8)
C(13)W(1) C(15)C(14) 383(2)
C(11)C(15)W(1) C(14) -115.7(3)
C(13)W(1) C(14)C(19) 123.2(4)
C(LDHCA5)W(L) C(13) -77.4(2)
C(13)W(1) C(14)C(15) -114.8(3)
C(1HCUI35)W(L) C(12) -36.1(2)
C(13)W(1) C(12)C(17) -121.6(5)
C(11)C12)C(13)C(18) 173.7(3)
C(13)W(1) C(11)C(16) -161.1(4)
CADC(12)CA3)C(14)  0.4(4)

C(13)W(Q) C(11)C(15) 79.9(2)
CADC(I2)W(1) C(15) 36.5(2)
C(12)C(13)C(14)C(19) 176.2(4)

CA1CI2)W(L) C(14) 78.03)

C(12)C(13)C(14)C(15) -0.1(4)
C(1DC(12)W(1) C(13) 116.1(3)
C(12)CA3)W(L) C(15) 77.6(2)
C(1DHW(1) C(15)C(20) ~122.2(4)
C(12)C13)W(1) C(14) 115.3(3)
C(1HW(1) C(15)C(14) 115.7(3)
C(12)C(11)C(15)C(20) -170.4(3)
C(11)W(1) C(14)C(19) -159.0(4)
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C(1) W(1) C(14)C(13) -26.7(3)
C(1) W(1) C(14)C(15) -141.5(2)
C(9) P(1) W(1) C(15) 150.4(2)
C(10)P(1) W(1) C(11) 65.9(2)
C(10)P(1) W(1) C(12) 94.3(2)
C(10)P(1) W(1) C(13) 88.6(2)
C(10)P(1) W(1) C(14) 28.6(2)
C(10)P(1) W(1) C(15) 33.8(2)

C(9) P(1) W(1) C(13) -154.8(2)
C(9)P(1) W(1) C(14) 145.122)
C(12)W(1) CADC(15) 117.403)
C(12)W(1) C(11)C(16) -123.6(4)
C(12)W(1) C(13)C(14) -115.3(3)
C(12)W(1) C(13)C(18) 123.3(4)
C(12)W(1) C(14)C(13) 37.3(2)
C(12)W(1) C14)C(15) -77.4(2)
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C(12)CACI5)C14) 0.5(4)
C(1DHW(1) C(14)C(15) -37.12)
C(12)C(1HW(1) C(15) -117.4(3)
CIDHW(1) C4)C(13) 77.7(2)
C(12)C(1HW(1) C(14) -79.73)
C(1DHW(1) C(13)C(18) 160.0(4)
C(12)CADW(1) C(13) -37.4(2)
C(1HW(1) C(13)C(14) -78.7(2)

C1DW(1) C(12)C(13) -116.1(3)
CADW(1) C(12)C(17) 122.3(5)

C(12)W(1) C(14)C(19) 160.6(4) C(12)W(1) C(15)C(20) -158.3(4)
C12)W(D) C(15)C(14) 79.6(3)  CULW(1) C(13)C(12) 36.6(2)

Table A6. Fractional Atomic Coordinates in the Solid-State Molecular Structure Determined

for 2.4a

atom X y z B(eq) atom X y z B(eq)
/

W(1) -0.0018  0.223878(9) 0.4962 1.284(3) H(l) -0.1232 0.0464 0.5999  2.0440
P(1) -0.1852(1) 0.4183(1) 047757(7) 1.71(2) H(2) -0.3242 -0.1100 05863 3.1817
O(1) -0.0652(5) 02274(3) 0.2486(3) 2.75(8) H(3) -0.5245 -0.2473 04822 37132
N(1) -0.04144) 0.2246(3) 0.3505(3) 1.56(8) H@4) 05752 0.2542 02900  4.1976
C() -0.1388(4) 0.0691(4) 0.5211(3) 1.71(6) H() -04367 -0.1058 0.1985 40918
C2) -0.2610(4) -0.0191(4) 0.4538(33) 2.02(7) H(7) -0.1821 0.4792 0.6595 42215
C@3) -0.3466(4) -0.1072(4) 0.5058(3) 2.46(7) H@®) -03279 05417 0.5775 42215
C@) -0.4637(5) -0.1903(6) 0.4445(5) 3.09(9) H(9) -03142 03672 0.6095 42215
C() -04954(5) -0.1918(6) 0.3314(5) 3.35(9) H(10) -0.4188  0.4565 03647 34370
C©6) -0.4124(5) -0.1065(5) 0.2787(3) 3.23(8) H(l) -0.3183 03779 02964 34370
C(7) -0.2957(4) -0.0216(4) 0.3382(3) 2.48(7) H(12) 03850 02804 03787 34370
C®) -0.2613(5) 04567(6) 0.5942(3) 3.38(9) H(13) -0.0432  0.6343 04966  3.9254
H(14) -0.1081 0.5961 0.3692 3.9254 H(15) -0.2091 0.6737 04375 3.9254
C(O® -0.3451(4) 03790(5) 0.3667(3) 2.90(8) H(l6) 02277 05300 0.7532 3.4598
C(10) -0.1293(5) 0.6017(4) 0.4408(4) 3.109) H(17) 0.0763 0.5583 0.6643 3.4598
C(1l) 0.1570(4) 03469(4) 0.65543) 1.70(7) H(18) 0.0808  0.4595 07714 34598
C(12) 0.1391(5) 0.1957(5) 0.6845(3) 1.85(7) H(19) -0.0199 0.1845 07667  3.1817
C(13) 0.1985(4) 0.1018(4) 0.6152(3) 1.8%(7) H(20) 0.0782  0.0361 0.7815 3.1817
C(14) 0.2545(4) 0.1961(5) 0.54303) 1.77(7) H(21) 0.1404  0.1857 0.8475 3.1817
C(15) 0.22894) 03492(4) 0.5683(3) L1.76(7)) H(22) 0.1198 -0.1132 06154 3.1754
C(16) 0.1333(4) 0.4845(4) 071713) 2.75(7) H(23) 02606 -0.1047 0.5680  3.1754
C(17) 0.0796(4) 0.1456(5) 0.7784(3) 2.63(8) H(24) 02778 -0.0932 0.6977  3.1754
C(18) 0.2161(5) -0.0669(4) 0.6248(3) 2.68(8) H25) 03374  0.0373 0.4589 3.5098
C(19) 0.3344(4) 0.1473(5) 0.4608(3) 2.78(8) H(26) 02849  0.1855 0.3878 3.5098
C(20) 0.2871(4) 0.4862(5) .5264(3) 2.84(8) H(27) 04337 0.1870 04826 3.5098
H(28) 0.3595 0.5333 0.5865 3.2878 H(29) 03312 04583, 04672 32878
H(30) 02067 05570  0.4983 3.2878
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Table A7. Bond Distances (&) in the Solid-State Molecular Structure Determined for 2.12

atom atom distance atom atom distance atom atom distance
W) O(1) 2.980(3) C@ C®) 240009 C@2) C(5) 2.804(6)
W) N(1) 1.769(3) C@ C( 27857 CQ2) C®) 2427(6)
W) 1) 2.1914) C») Co) 1.36(D) C) C(7) 1411(6)
W) CQ2) 2.554(4) C(5) C(7) 23908y C3B) C4) 1381()
W) C@®) 2.2974) C@6) C(7) 1383(7) CB) CB) 24150
W1 CO) 2.2934) C® C@H) 14355) C(3) C®6) 27797
W) C10) 2.4094) C@®) C10) 23105) C@3) C(T) 2.426(6)
w(1) C11) 2.455@4) C@®) Ca1 2319(5) CM@) C(B) 1.4099)
W) C(12) 24054) C@8) C12) 1.426(5) CAD C(6) 1.499(6)
W(l) C18) 2.181(3) C@® C13) 1.507(5) C(12) C(13) 2.619(6)
o) Ny 12244 C®B) C14) 25996) C12) C(16) 2.608(6)
N(1) CQ) 2.819(5) C®) CU7) 2603(6) CO8) CR1) 2.839(5)
N(1) C@®) 2.974(5) C(® CU0) 1427(5) C(18) CQR0) 2.436(5)
C(1) C(2) 1455(5) C9) CUl 2317(5) C(8) C(22) 2478(5)
C1) C(3) 24920 C9) C(2) 2.308(6) C(19) CQ0) 1.405(5)
C(1) C(7) 2.500(6) C) C(13) 2618(6) C(19) C23) 24035
C(2) C(3) 1417(6) C(9) CU4) 1.502(5) CQ0) CR1) 1.380(6)
C(2) C(@) 2429(6) C(9) C(15) 2.597(6) C(20) C(23) 2.729(6)
C(20) C(24) 2.479(6) C21) C23) 238506) C21 C25 2.541(D)

C(22) C(25) 1.508(6)

C@23) C(25) 2.517(5)

atom atom distance

C(10) C(11)
C(10) C(12)
C(10) C(14)
C(10) C(15)
C(10) C(16)
C(10) C(18)
C(11) C(12)
C(11) C(15)
C(11) C(17)
C(12) C(17)
C(18) C(19)
C(18) C(23)
C(18) C(24)
C(19) C21)
C(19) CQ2)
C(19) C24) 1.493(6)
CQ0) C(22) 2.403(6)
C(21) C(22) 1.398(6)
C(22) C(23) 1.390(5)

1.424(6)
2.298(6)
2.626(6)
1.507(6)
2.610(6)
2.958(5)
1.428(5)
2.615(6)
2.607(7)
1.504(6)
1.420(6)
1.408(5)
2.564(6)
2.442(5)
2.830(5)

Table A8. Bond Angles (°) in the Solid-State Molecular Structure Determined for 2.12

atom atom atom angle

o)
o)
o)
o)
o)
o)
o)
o)
o)
N(I)
N(1)
N(1)
C(1)
C()
C(1)
C()
C(n
C)
C)

w(l)
W(l)
WD)
w(l)
W)
W()
w()
W)
W()
W(l)
W()
w()
W(l)
w()
Ww(l)
W)
w()
W)
W)

N()
CQ1)
CQ2)
C@®
C9)
C(10)
c(11)
C(12)
C(18)
C(10)

4.4(1)
91.0(1)
100.2(1)
88.7(1)
90.6(1)
123.1(1)
145.9(1)
119.8(1)
101.6(1)
126.0(1)
C(12) 123.9(1)
C(18) 98.6(1)
CcQ) 347(1)
C@®) 98.0(1)
CO 134.3(1)
C(10) 134.8(2)
Cl) 101.2(1)
C(12) 81.4(1)
C(8) 124.7(1)

atom atom atom angle

CQ) W() CU0) 136.6(1)
C2) W) €Al 107.9(1)
C2) W) CU2) 1052(1)
C2) W) CA8) 90.1(1)
C@8) W(l) CO9) 36.4(l)
C@®) W() C(10) 58.7(1)
C@8) W(l) C(11) 58.3(1)
C@8) W() C(2) 352(1)
C@®) W() C(18) 135.4(1)
N(I) W(1) C(11) 150.2(1)
C(10) W(1) C(18) 80.1(1)
C(11) W(1) C(12) 34.2(1)
C(11) W(1) C(18) 97.3(1)
C(12) W(1) C(18) 131.4(1)
W) O(l) N() 63(Q)
W) N(I) O) 169.3(3)
W) N(I) C() 51.001)
W) N(1) C@®) 50.5(1)
o) N() C() 130.3()

atom atom atom angle

N(I) W) C(1) 90.1(2)
C(9) W(l) C(10) 35.2(1)
N() W) CQ2) 97.1(1)
C©) W() C(1l) 582(1)
N(I) W) C®) 93.1()
C(9) W(l) C(12) 58.7(1)
N() W(I) C©9) 94.2(1)
C(9) W(l) C(18) 99.6(1)
C(10) W(I) C(11) 34.0(1)
C(10) W(1) C(12) 57.0(1)
C2) W() C@® 131.1(1)
O() N(I) C@8) 118.9(3)
C2) W) CO) 163.8(1)
Cc() N(1) C@®) 71.5(1)
W) C(1) N(1) 3885(9)
C@) CQ) C®) 59.2(2)
W) C() CQ) 86.4(2)
C@) CQ) C(7) 388(3)
W) C(1) C3) 91.2(2)
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Co) CQ)
N C(1)
N1 (1)
N1 C(1)
C2) C(1)
C2) C(
C3) C)
w1 C@2)
w() C@2)
w() C@2)
w(l) CQ)
W(l) CQ)
WD) CQ)
C3) C2)
C3) CQ)
C3) C2)
C4 C@2)
C3) C#
C5) C4)
Co5) C@
C©6) C4
C2) C(5)
C2) C(5)
C2) C()
C2) CO)
C2) C©)
C2) C©)
C@2) C©)
C2) C()
C3) C©)
C@3) C©)
C@3) C©)
C4 C@©)
C@4) C(©)
C(5) Ce)
CO C®)
CO C@®)
CO C@®
CO C®)
CO) C@®)
Co) C@®)
C(10) C@®)
C(10) C®)
C10) C®)
C10) C8)
C(10) C®)
C(11) C®)
C(11) C®)
C(11) C®)
C11 C®)

C©)
C2
C3)
C(
C3)
S Q)]
8 Q))
C)
CG3)
Cé4)
C(5)
C(6)
C()
C(5)
C(6)
Cn
C5)
C(7)
C6)
8 Q)]
C()
CG3)
0C))
C6)
C
C(3)
Cc4
&S
C)
C@
o)
C(
C(5)
C)
&7
C(10)
(1)
C(12)
C(13)
C(14)
o(17)
cay)
C(12)
C(13)
C(14)
c(17)
C(12)
C(13)
C(14)
c(7)

W(l) C(10) C(9)
W(l) C(10) C(11) 74.72)

29.12)
94.9(3)
115.52)
72.6(2)
29.4(2)
28.8(2)
582(2)
58.92)
111.93)
119.6(2)
117.92)
109.4(2)
95.8(3)
59.5(3)
88.5(3)
118.1(4)
30.2(2)
60.6(3)
29.5(3)
593(3)
29.9(2)
30.4(1)
60.1(3)
59.9(3)
30.2(1)
30.7(1)
60.4(2)
91.0(4)
30.2(2)
29.8(2)
60.3(3)
60.8(3)
30.6(3)
90.6(3)
121.1(5)
36.12)
71.92)
107.6(3)
125.8(4)
28.4(2)
135.23)
35.8(2)
71.5(2)
161.7(3)
64.4(2)
99.3(2)
35.7(2)
162.2(3)
100.2(2)
63.7(2)
68.1(2)

W(l) C(1) C(7) 80.5(2)
C©) CQR) C(7) 29.6(3)
C(l) CB) C2) 303(2)
C() CRB) C@) 150.7d)
C(1) CB) CG) 120.4(3)
C() CB3) C©) 91.0Q2)
Cc(l) CB) C(7) 61.1Q)
C(2) CB3) C@) 120.5@)
C2) CB) CG) 90.2(3)
C(2) C3) C©) 60.8(3)
C@2) CB3) C(7) 30.9(2)
C@4) CB) C(5) 304(3)
C@) CB) CE6) 59.73)
C@2) C@) CE) 603(2)
C@2) C@) C(7) 304(1)
C3) C@ CG) 119.9(5)
C3) C@) CE) 90.503)
) C(7) C@) 90.5(2)
(1) C(7) CG) 1208(3)
C() C(7) CE6) 150.0(4)
C@2) C(7) CB) 31.002)
C(2) C(7) C@) 60.7(3)
C@2) C(7) CG) 91.103)
C@2) C(7) C®6) 120.2(5)
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C(5) C2) C7) 587(3)
C(l) CQ) CB) 1203()
C(l) CQ) C@) 149.6(3)
C@) CQ3) C(7) 89.73)
C(5) CB) C©) 294(2)
C(l) CQ) CG) 176.83)
C5) CB) CT) 593(2)
C(l) CQ2) C©) 150.94)
C©) CB3) C7) 30.0(2)
C(l) CQ) C7) 1214(@)
CQ2) C@) C3) 30202)
C(3) C(2) C@) 293(2)
CQ2) C@) C(G5) 89.8(4)
C3) CG) C@) 297(2)
C3) C(7) CB) 60.1Q2)
C(3) CG) C6) 90.3(3)
C(3) C(7) C©) 89.2(4)
C3) CG) CT) 60.6(2)
C@) C(7) CG) 304(2)
C@) C(5) C©) 120.0(d)
C@) C(7) C©) 59.503)
C@) CG) CT) 90.3(3)
C(5) C(7) C©) 29.103)
C@©) CG) C(7) 29.7(3)

C(3) C(7) C@ 297(2) W() C@8) N() 36.43@8)

W(l) C@®) CO) 718(2)
W() C®) C(10) 63.1(1)
W) C®) Cal) 64.3(1)
W) C®) C(2) 76.52)
W) C® C(13) 120.303)
W(l) C®) C(4) 86.52)
W(l) C® CA7) 92.9(2)
N(I) C@®) C©) 7720)
N(I) C@®) C(10) 89.0(2)
N(1) C@) C(1) 100.3(2)
W) CO) C14) 123.13)
W(l) C©) C15) 92.8(2)
C@®) C() C10) 107.6(3)
C@® CO) Cdl) 72.0Q)
C@8) CO) C(12) 36.1(2)
C@® C©O) CU3) 278(22)
C@®) C) C(14) 124.5(4)
C@®) C() C(15) 1358(3)
C(10) CO) C(11) 35.6(2)
C(10) C(Y9) C(12) 71.6(2)
C(10) C(9) C(13) 1354(3)
C(10) C(9) C(14) 127.5(4)
C(10) C(9) CU5) 28.6(2)
C(11) CO) C(12) 36.0(1)
C(11) CO) C(3) 99.8(2)

N(1) C(@8) C(14) 74.3(1)
W) CO) C(12) 62.9(1)
C(l) C(7) CB) 60.82)
N(1) C®) C(17) 115.0(2)
W() CO) C(13) 84.8(2)
N(I) C@8) C(13) 87.4(2)
C(l) C(7) CQ) 29.8(2)
N(I) C@®) C(12) 109.12)
C(12) C®) C(13) 126.54) )
C(11) CO) CU4) 162.6(3)
C(12) C®) C(14) 135.8(3)
C(11) CO) C(15) 64.0Q2)
C(12) C®) CA7) 28.12)
C(12) C(9) CQA3) 63.92)
C(13) C@®) C(14) 97.4(3)
C(12) CY) C(14) 160.0(3)
'C(13) C®) C(17) 98.5(3)
C(12) CO) C(15) 99.8(2)
C(14) C8) C(17) 161.9Q2)
C(13) C(Y9) C(14) 96.7(3)
W) CO CB8) 718(2)
C(13) CY) C(15) 162.7(2)
W) C©) C(10) 76.7Q2)
C(14) C(9) C(15) 98.9(3)
W(l) CO) C(I1) 643(l)

C(12) C(10) C(15) 161.6(3) W(1) C(10) C8) 58.2(1)
C(11) C(10) C(12) 36.4(2)

C(12) C(10) C(16) 63.8(2)




Table A8. continued

W() CQ0) C(12)
W() C(10) C(14)
W(l) C(10) C(15)
W(l) C(10) C(16) 90.52)
W(l) C(10) C(18) 46.58(9)
C@®) C(10) CO) 36.3(2)

C(8) C(10) C(11) 72.4(2)

C@®) C(10) C(12) 36.0(1)

C@®) C(10) C(14) 63.2(2)

C@8) C(10) C(15) 159.9(3)
C@8) C(10) C(16) 99.9(2)

C(8) C(10) C(18) 103.0Q2)
C(9) C(10) C(11) 108.7(3)
C(9) C(10) C(12) 72.3(2)

C(9) C(10) C(14) 27.02)

C©9) C(10) C(15) 124.5(4)
C(9) C(10) C(16) 136.2(3)
C©9) C(10) C(18) 96.2(2)

C(10) C(11) C(17) 134.8(3)
C(12) C(11) C(15) 134.5(3)
C(12) C(11) C(16) 125.9(4)
C(12) C(11) C(17) 28.0(2)
C(15) C(11) C(16) 98.9(3)
C(15) C(11) C(17) 160.1(2)
C(16) C(11) C(17) 98.03)
W(l) C(12) C(8) 683(2)

W() C(12) C(9) 583(1)

W(1) C(12) C(10) 61.6(1)
W(l) CU2) C(11) 74.8Q2)
w() C12) C(13) 82.7(2)
W(l) C(12) C(16) 90.6(2)
W(l) C12) C(17) 129.6(3)
CO) C(12) C(10) 36.1(1)

C9) C(12) C(11) 723(2)

C@®) C(17) C(12) 26.5(2)

C(11) C(17) C(12) 26.5(2)
W(l) C(18) C(10) 53.3(1)
W(1) C(18) C(19) 128.2(3)
W(l) C(18) C24) 99.1(2)

C(10) C(18) C(19) 120.0(3)
C(10) C(18) C(20) 128.2(2)
C(10) C(18) C(21) 125.1(2)
C(10) C(18) C(22) 111.9Q2)
C(10) C(18) C(23) 95.3(2)
C(10) C(18) C(24) 104.9(2)
C(19) C(18) C(20) 30.3(2)
C(19) C(18) C21) 59.3(2)
C(19) C(18) C(22) 88.8(2)
C(19) C(18) C(23) 116.3(3)
C(19) C(18) C(24) 29.1(2)
C(20) C(18) C21) 29.1(1)
C(20) C(18) C(22) 58.6(2)
C(20) C(18) C(23) 86.1(2)

61.4(1)
83.6(2)
128.7(3)

C(12) C(10) C(18) 104.7(2)
C(14) C(10) C(15) 97.6(3)
C(14) C(10) C(16) 162.6(2)
C(14) C(10) C(18) 92.7(2)
C(15) C(10) C(16) 98.903)

C(15) C(10) C(18) 82.2(2)

C(16) C(10) C(18) 95.0(2)
W() €A1 C@8) 57.5())
W) C1) C©) 57.5(1)
W) C(1) C10) 71.22)
W(l) Cal) C(12) 71.02)
W() C(11) C(15) 88.92)
W(l) C(11) C16) 127.13)
W) C1) C(17) 89.32)
C@® Cd1) €O 36.1(1)
C@® Cd1) CU0) 71.7(2)
C@®) C(11) C(12) 35.6(2)
C@® C(11) C(15) 99.1(2)
C(10) C(12) C(13) 99.9(2)
C(10) C(12) C(16) 63.9(2)
C(10) C(12) C(17) 160.3(3)
C(1) C(12) C(13) 136.2(3)
C(11) C(12) C16) 27.72)
C(1) C(12) C(17) 125.4(4)
C(13) C(12) C16) 163.7Q2)
C(13) C(12) C(17) 97.93)
C(16) C(12) C(17) 97.8(3)
C@8) C(13) C(Y) 264(2)
C@8) C(13) C(12) 25.92)
C(9) C(13) C12) 52.3(1)
C@®) C(14) COY) 27.1Q)
C@®) C(14) C(10) 52.5(1)
C(11) C(16) C(12) 26.32)
C@®) CAU7) C(l) 52.9(1)
C(21) C(18) C(24) 88.4(2)
C(22) C(18) CQ3) 27.5(2)
C(22) C(18) C4) 117.9Q2)
C(23) C(18) C(24) 145.4(3)
C(18) C(19) C(24) 123.3(3)
C(20) C(19) C21) 28.5(2)
C(20) C(19) C(22) 58.12)
C(20) C(19) C(23) 87.5(3)
C(20) C(19) C(24) 117.5(4)
CQ21) C(19) CQ2) 29.6(1)
C@1) C(19) C23) 59.02)
C(21) C(19) C24) 146.03)
C(22) C(19) C23) 29.4(1)
C(22) C(19) C(24) 175.6(3)
C@3) C(19) C(24) 155.03)
C(18) C(20) C(19) 30.6(2)
C(18) C(20) C21) 91.93)
C(18) C(20) C(22) 61.6(2)
C(18) C(20) C(23) 31.0(1)
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C@®) C(11) C(16) 161.5(3)
C(11) C(10) C(14) 135.5(3)
C@®) C(11) C(17) 63.52)
C©9) C(11) C(0) 35.7(2)
C(11) C10) C(15) 1263(4)
C(11) C(10) C(16) 27.5(2)
©) CA1) C12) 71.7Q)
C(11) C(10) C(18) 99.4(2)
C(9) C(11) C(5) 63.2(2)
C(12) C(10) C(14) 99.1(2)
C(9) C(11) CU6) 162.13)
C(9) C(12) C(13) 63.8(2)
CY) C(11) CA7) 99.4(2)
C(10) C(11) C(12) 107.4(3)
C9) C(12) C(16) 100.0(2)
C(10) C(11) C(15) 27.7Q2)
C9) C(12) C(17) 160.53)
C(10) C(11) C(16) 126.5(4)
C(10) C(12) C(11) 363(2)
C(9) C(14) C(10) 25.6(2)
C@®) C(12) CO) 36.3(2)
C@®) C(12) C(10) 72.4(2)
C(9) C(15) C(10) 26.9(2)
C@®) C(12) C(11) 108.7(3)
CY) C(15) C(ll) 52.8(1)
C@8) C(12) C(13) 27.5(2)
C(10) C(15) C(11) 26.0(2)
C@®) C(12) C(16) 1363(3)
C(10) C(16) C(11) 26.0(2)
C@®) C(12) C(17) 125.3(4)
C(10) C(16) C(12) 52.3(1)
W(l) C(18) C(20) 158.4(2)
C(18) C(19) C(20) 119.1(3)
W(l) C(18) C(21) 172.5Q2)
C(18) C(19) C21) 90.7(3)
W(1) C(18) C(22) 143.0(2)
C(18) C(19) C(22) 61.12)
W(l) C(18) C(23) 115.5(3)
C(18) C(19) C(23) 31.7Q2)
C(22) C(20) C(23) 30.6(1)
C(19) C(22) C(25) 178.5(3)
C(22) CQ0) CQ24) 124.5Q2)
C(20) C(22) CQ1) 29.9(2)
C(23) C(20) C(24) 93.9(2)
C(20) C(22) C(23) 87.8(3)
C(18) C(21) C(19) 30.0(1)
C(20) C(22) C25) 151.8(3)
C(18) CQ1) CQ20) 59.1Q2)
C(21) C(22) C@3) 117.6(4)
C(18) C21) CQ2) 60.8(2)
C(21) C(22) C25) 121.94)
C(18) C(21) C(23) 29.7(1)
C(23) C(22) C25) 120.5(4)




C(20) C(18) C(24)
C(21) C(18) C(22)
C(21) C(18) C(23)
C(19) C(20) C(23)
C(19) C(20) C(24)
C(21) C20) C(22)
C(21) C(20) C(23)
C(21) C(20) C(24)
C(18) C(21) C(25)
C(19) C21) C(20)
C(19) C(21) C(22)
C(19) C21) C(23)
C(19) C(21) C(25)
C(20) CR1) C(22)
C(20) CQ1) C(23)
C(20) CQ1) C(25)
C(22) C21) C3)

Table A8. continued

59.4(2)
29.5(1)
57.002)
61.6(2)
32.3(2)
30.3(2)
60.9(2)
154.8(3)
91.02)
29.1(2)
90.8(2)
59.7(2)
121.02)
119.8(3)
88.7(3)
150.1(3)
31.12)

C(18) C(20) CQ4)
C(19) C(20) CQ1)
C(19) C20) CQ2)
C(18) C(22) C(23)
C(18) C(22) C(Q25)
C(19) C(22) C(0)
C(19) C(22) CQ1)

62.92)
122.5(4)
92.2(3)
27.9(2)
148.4(3)
29.8(1)
59.6(2)

C(19) C(22) C(23) 58.0(2)

C(18) C(23) C(19)
C(18) C(23) C(20)
C(18) C(23) CQ21)
C(18) C(23) C(22)

C(18) C(23) C(25) 155.6(3)

32.002)
62.9(2)
93.3(3)
124.6(4)

C(19) C(23) C(20) 31.0(1)

C(19) C@23) C21)
C(19) C223) C(22)
C(19) C(23) C(25)

613(2)
92.6(3)
123.72)
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C(22) C21) C25) 302(2)
C(20) C(23) C(21) 30.4(1)
C(23) C21) C225) 613(2)
C(20) C(23) C(22) 61.6(2)
(18) CQ2) C(19) 30.1(1)
C(20) C(23) C(225) 92.7(2)
C(18) C(22) C(20) 59.92)
C(21) C(23) CQ22) 313(2)
C318) C(22) C21) 89.7(3)
C(21) C(23) C(25) 62.4(2)
C(22) C(23) C(225) 31.1(2)
C(18) C(24) C(19) 27.6(2)
C(18) C(24) C(20) 57.7(2)
C(19) C(24) C(20) 30.2(2)
C21) C@25) CQ2) 27.8(2)
C21) C@25) C(23) 56.3(2)
C(22) C225) C(23) 28.4(2)

Table A9. Select Dihedral Angles (°) in the Solid-State Molecular Structure Determined for

2.12

D@ G @ angle

W(1) N(1) C(1) C2) 78.1(2)
W(1) C(1) C(2) C3) -98.7(4)
W(1) C(12)C(11)CB) 60.2(3)
O(L) N() W(1) C(1) -101(2)
N(1) C(1) C(2) C@) -134.3(5)
N(1) W(1) C(18)C(21) 154(1)
N(1) W(1) C(18)C(23) 157.93)
C(1) W(1) C8) C(13) 62.203)
C(1) W(1) C(18)C(19) -119.4(3)
C(1) W(1) C(18)C(20) -119.2(5)
C(2) W(1) C(18)C(19) -120.5(3)
C(2) W(1) C(18)C(22) 59.9(3)
C(2) W(1) C(18)C(23) 60.7(3)
C(8) W(1) C(9) C(10) -113.93)
C(8) C(9) C(12)C(10) 179.9(4)

D)@ @)@ angle

W(1) C(1)N(1) O(1) 166.3(4)
W(1) C8) N(1) O(1) 179.3(3)
W(1) C(18)C(23)C(19) 179.0(5)
O(1) N(1) W(1) C(18)  133(2)
N(1) W(1) C(18)C(19) -23.3(4)
N(1) W(1) C(18)C(22) 157.1(3)
C(1) W(1) C8) C(9) -176.5(2)
C(1) W(1) C(18)C(23) 61.7(3)
C(1) C2) CR) C@) 177.6(4)
C(2) W(1) C(9) C(13) 70.4(5)
C(2) W(1) C(10)C(8) 118.4(2)
C@2) W(1) C(10)C(9) 157.8(2)
C(6) C2)CR)C(T) 0.603)
C(8) W(1) C(18)C(19) 80.1(4)
C(18)C(19)C(20)C(21) -0.5(6)




236

Table A10. Fractional Atomic Coordinates in the Solid-State Molecular Structure Determined
for 2.12

aom Xy z  Bleq) atom . x y z B

W(l) 0.18170(1) 0.27926(1) 0.177641(7) 0.851(4) O(1) 0.19304) 0.5879(4) 0.0383(2) 2.42(7)
N(1) 0.1826(4) 04709@4) 0.1013(2) 127(6) C(1) -0.0835(5) 03216(5) 0.1758(3) 1.68(8)
C(2) -0.1011(5) 03654(5) 0.2603(3) L54@8) CB3) -0.1275(5) 02484(6) 03403(3) 1.97(9)
C@) -0.1382(6) 02873(7) 04207(3) 3.1(1) CG) -0.1161(6) 04419(9) 0.4235(4) 4.0(1)
C©6) -0.0903(6) 0.55528) 0.3469(4) 3.6(1) C(7) -0.0810(5) 0.5198(6) 0.26533) 2.30(9)
C®) 02659(5) 0.1326(5) 0.0697(2) 133(7) C(©) 04087(5) 0.1380(5) 0.1047(2) 1.26(7)
C(10) 0.4060(5) 0.0394(5) 0.19302) 1508) C(11) 0.2615(5) -0.0236(5) 0.21403) 149(7)
C(12) 0.1772(5) 00313(5) 0.1369(2) L418) C»13) 0.2243(6) 021146) -0.02333) 2.2909)
C(14) 0.5441(5) 02166(6) 0.0518(3) 2.24(9)  C(15) 0.5448(6) -0.0059(6) 0.2491(3) 2.5(1)
C(16) 02136(6) -0.1387(5) 0.2984(3) 2.6(1) C(17) 0.0336(6) -0.0283(6) 0.12433) 2.7(1)
C(18) 0.29654) 03181(5) 02811(2) LI3(7)  C(19) 040015 04276(5) 027292) 1.41(7)
C(20) 04614(5) 04340(5) 03486(3) 174(8) C(1) 042395 03385(5) 04312(3) 1.86(9)
C(22) 03250(5) 02271(5) 04413(2) 148(7) C(23) 0.2656(5) 02197(5) 0.3662(2) 1.32(7)
C(24) 0.4484(5) 05378(5) 0.1872(3) 199(9) C(25 0.2821(6) 0.1184(6) 0.5299(3) 2.34(9)
H(l) -0.1300 04117 0.1276 19834  H2) 20.1233 02231 0.1779 19834

HG3) -0.1383 01387 03397 24920 H@4) 0.1631 02065 04755  3.6347

HG) -0.1174 04639 04818 50885  H(6) -00761 06621 03500  4.2038
H(7) 00612 06035 02108 29200 H®E) 03057 02735 -0.0557 28453

H(9 02246 01244 00532 28453  H(10) 0.1151 02852 -0.0221  2.8453
H(11) 06283 02051 00898 2679  H(12) 05937 01632 00030  2.6796
H(13) 04995 03347 00276 2679  H(l4) 05116 -0.0734 03075  3.0232
H(15) 06415 00707 02209 3.0232 H(6) 05682 00935 02568  3.0232
H(17) 02032 -0.0854 03482 33254  H(18) 01081 -0.1620 02964  3.3254
H(19) 02978 02411 03082 33254  H(20) -0.0552 00683 01042 32767
HQ21) 00665 -0.0933 00794 32767 H22) -00061 00949 0.1801  3.2767

Table A11. Bond Distances (A) in the Solid-State Molecular Structure Determined for 2.14

atom atom distance atom atom distance atom atom distance atom atom distance

W) N(1) 1.764(3) C©) CO) 1.525(7) C(l) C2) 1467(6) C(17) CQ22) 1.499(6)
W) C(1) 2.1814) C(10) C(11) 1.500(6) CQ) C(3) 1.405(6) C(18) C(19) 1.432(6)
W) CQ) 2.491(4) Cc(1) C(12) 1389%6) C@Q) C(7) 1391(6) C(18) CQ23) 1.494(6)
W(l) C(10) 2.225@) C(11) C(16) 13926) C@B) C@) 1.394(6) C(19) CQ0) 1.410(6)
W) C(17) 2.310(4) C(12) C(13) 13857) C@) C(G5) 1.398(7) C(19) C4) 1.517(6)
W(l) C(18) 2.377(d) C(13) C(14) 13828) C@) C@® 15056)  C(0) C21) 1434(6)
W(l) C19) 2.435@4) C(14) C(15) 13808) C(5) C®6) 1.390(7) C(20) C(25) 1.489(6)
W) C0) 2.418@) C(15) C(6) 13857)  O() N(I) 1231(5 C(A7) CQ1) 1.426(6)
W) CQl) 2.313@) C(17) C(18) 14186) C®6) C(7) 1388(6) C(21) C26) 1.508(6)
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Table A12. Bond Angles (°) in the Solid-State Molecular Structure Determined for 2.14

atom atom atom angle atom atom atom angle atom atom atom angle

N(1) W) C(1) 9402) CA7) W) C18) 352(1) N@1) W() C(17) 89.52)
N(1) W(1) CQ2) 940(1) C(17) W(l) C(19) 57.9(1)  C(17) W(I) CR1) 35.9(1)
N(1) W(1) C(10) 94.92) C17) W(I) CQ0) 585(1) N(1) W(1) C(18) 112.02)
N() W() C(19) 1457(2) C(I8) W(1) C20) 57.6(1) C(18) W(1) C(19) 34.6(1)
N(I) W(1) C0) 138.1(2) C(18) W(1) C21) 588(1) N(I) W(l) C21) 103.0(2)
C() W) CQ) 3581) C(I19) W(1) CQ1) 578(1) €19 W(l) C(20) 33.8(1)
C() W() C(10) 124.0(1) CQ0) W(I) CRD) 352(1) C(I) W(l) C(18) 80.0(2)

C(l) W) C(I7) 1086(2) W) N(I) O1) 17043) W() C(1) C@2) 83.7(Q2)

C) W) C(19) 8752) W) CQ) C(1) 60.52)  CI1) W(l) CQ2l) 1388(2)
Cl) W() CQ0) 1202(2) W() C@2) C3) 956(2) W() C2) C(7) 107.13)

C2) W() C(10) 884(1) C(1) CQ2) CB3) 1190¢4) C@) W) C»I8) 113.0(1)
CQ2) W() C(17) 1444()) C(1) CQ) CT) 12194) CG) C2) C7) 1186(@)

C2) W) C(9) 1065(1) C@2) C3) C@) 1208@4) C@2) W() CQ1) 162.9(1)
C2) W() CQ0) 127.91) C@3) C@) CG) 1188¢4) CE3) C@) CO) 120.8(4)

C(10) W(1) C(17) 126.7(1)
C(10) W(1) C(I18) 143.3(1)
C(10) W(1) C(19) 112.5(1)
C(10) W(1) C(20) 85.7(1)
C(10) W(1) C(21) 92.0(1)
C@) C(7) C6) 121.6(4)

C() C@) CE®) 1203(4)
C@) C(5) C6) 121.2(4)
C(5) C©) CT) 118.9(4)
C(5) C©) CO) 120.4(4)
C(7) C©) CO) 120.7(4)

C(18) C(19) C(24) 124.5(4)

C(18) C(17) CQ22) 126.8(4)
C(21) C(17) C(22) 124.9(3)
W(l) C(18) C(17) 69.8(2)
W(l) C(18) C(19) 74.9(2)
W() C(18) C23) 127.1(3)
C(17) C(18) C(19) 107.6(4)

W(l) C10) C(11) 120.1(3) CQ0) C(19) C24) 126.6(4) C(19) C(18) C(23) 126.7(4)
C(10) C(11) C(12) 1220(4) W() C(20) C(19) 738@2) C(17) C(18) C(23) 125.2(4)
C(10) C(11) C(16) 1209(4) W(1) CR0) C21) 684(2) W(I) C(19) C(18) 70.5(2) .
C(12) C(11) C(16) 117.0(4) W(1) CQ0) C25) 127.93) W(I) C(19) C(24) 126.8(3)
CA1) C(12) C(13) 1220(4) C»19) C20) C21) 107.7@) W(I) C(19) C(0) 72.4(2)
C(12) C(13) C(14) 1192(4) C(19) C(20) C(25) 125.5@4) C(18) C(19) C(20) 108.7(4)
C(13) C(14) C(15) 120.7(5) C@1) C20) C(25) 126.54) C(8) C(17) CQ1) 108.2(4)
C(14) C(15) C(16) 118.9(5) W() CR1) C(7) 71.92)  CA7) CQ1) C(26) 124.2(4)
C(1) C(6) C(5) 1222(4) W() CQ21) CQ0) 7642)  C@0) C1) C26) 127.0(4)
W(l) C(I7) C(18) 75.02) W(I) CRl) C26) 12593) W(1) C(17) C(22) 121.3(3)
W) C(17) C21) 72.12) C(17) C2L) C(20) 107.8(4)

Table A13. Dihedral Angles (°) in the Solid-State Molecular Structure Determined for 2.14

1@ G @ angle

W(1) C(1) C2) CB3) -79.3(3)
W(1) C(1) C2) C(T) 92.6(4)
W(1) CQ2) C(3) C@) 114.2(4)
W(1) C2) C(7) C(6) -107.4(4)
W(1) C(10)C(11)C(12) -123 4(4)
W(1) C(10)C(11)C(16) 60.1(5)
W(1) C(17)C(18)C(19) -66.0(3)
W(1) C(17)C(18)C(23) 121.9(4)
W(1) C(17)C21)C(20) 68.6(3)
W(1) C(17)C(21)C(26) -121.5(4)
W(1) C(18)C(17)C21) 65.003)
W(1) C(18)C(17)C(22) -118.2(4)

M@ angle

M@ G @ angle

O()N(D) W(1) C(1) -1102) N(1) W(1) C(21)C(20) 175.2(3)

O()N(D) W(1) C2) -146(2)
O(1) N(1) W(1) C(10)  126(2)
O N W) CAT) -1Q2)

O(1) N(1) W(1) C(18)  -29(2)
O() N(1) W(1) C(19) -18(2)
O(1) N(1) W(1) C20)  37(2)
O() N(D) W(1) C21) 32(2)
N(1) W(1) C(1) C(2) -91.3(3)

N(1) W(1) C2) C(1) 91.3(3)
N(1) W(1) C(2) C(3) -148.4(3)

N(1) W(1) CQ) C(7) -26.2(3)

C(1)CQ) C3) C@) 173.4(4)

N(1) W(1) C21)C(26) 49.1(4)

C(1) C2) C(7) C(6) -172.9(4)

C(1) W(1) C(2) C(3) 1203(4)
C(2) W(1) C(A0)C(11) -142.93)
C(1) W(1) C2) C(7) -117.54)
C(2) W(1) C(17)C(18) -35.3(3)
C(1) W(1) C(10)C(11) -147.23)
C(2) W(1) C(17)C(21) -150.5(3)
C(1) W(1) C(A7)C(18) -37.4(3)
C(2) W(1) CAT)C(22) 89.0(4)
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W(1) C(18)C(19)C(20) 62.7(3)
W(1) C(18)C(19)C(24) 121.8(4)
W(1) C(19)C(18)C(17) 62.6(3)
W(1) C(19)C(18)C(23) -125.4(4)
W(1) C(19)C(20)C(21) 60.4(3)
W(1) C(19)C(20)C(25) 125.4(4)
W(1) C0)C(19)C(18) 61.5(3)
W(1) C(20)C(19)C(24) -123.2(4)
W(1) C0)C1)C(17) -65.6(3)
W(1) C(20)C(21)C(26) 124.9(4)
W(1) C2L)C(17)C(18) 66.9(3)
W(1) CRLC(I7C22) 116.2(4)
W(1) C21)C(20)C(19) 63.8(3)
W(1) C1)C(20)C(25) -122.0(4)
C(1) W(1) C(19)C(24) 43.1(4)
C(1) W(1) C(20)C(19) 16.2(3)
C(1) W(1) C(20)C(21) 133.2(3)
C(1) W(1) C(20)C(25) -106.6(4)
C(1) W(1) CQ1C(17) 41.4(4)
C(1) W(1) C21)C20) -72.93)
C(1) W(1) C(21)C(26) 161.0(3)
C(1) C2) W(1) C(10) -173.93)

N(1) W(1) C(10)C(11) -49.1(3)
N(1) W(1) C(17)C(18) -131.5(2)
N(1) W(1) C(IT)C21) 113.3(3)
N(1) W(1) CA7)C(22) -7.2(4)
N(1) W(1) C(18)C(17) 53.9(3)
N(1) W(1) C(18)C(19) 169.5(2)
N(1) W(1) C(18)C(23) -65.5(4)
N(1) W(1) C(19)C(18) -17.4(4)
N(1) W(1) C(19)C(20) 100.5(3)
N(1) W(1) C(19)C(24) -136.5(4)
N(1) W(1) C(20)C(19) -124.0(3)
N(1) W(1) C20)C(21) -6.9(4)
N(1) W(1) C(20)C(25) 113.3(4)
N(1) W(1) CR1)C(17) -70.5(3)
C(2) W(1) C(20)C(21) 175.8(2)
C(2) W(1) C0)C(25) -64.0(5)
C(2) W(1) C21)C(17) 103.0(5)
C(2) W(1) C21)C(0) -11.2(6)
C(2) W(1) C1)C(26) -137.4(5)
C(2) C(1) W(1) C(10) 7.4(3)
C(2) C(1) W(1) C(17) 177.9(2)
C(2) C(1) W(1) C(18) 157.13)
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C(1) W(1) C(AT)CQ1) -152.6(2)
C(2) W(1) C(18)C(17) 158.6(2)
C() W(1) CAT)C(22) 86.8(4)
C(2) W(1) C(18)C(19) -85.93)
C(1) W(1) C(18)C(17) 144.2(3)
C(2) W(1) C(18)C(23) 39.1(4)
C(1) W(1) C(18)C(19) -100.2(3)
C(2) W(1) C(19)C(18) 106.7(3)
C(1) W(1) C(18)C(23) 24.8(4)
C(2) W(1) C(19)C(20) -135.3(2)
C(1) W(1) C(19)C(18) 76.0(3)
C(2) W(1) C(19)C(24) -12.4(4)
CQ) W(1) C(19)C(20) -166.1(3)
C(2) W(1) C20)C(19) 58.8(3)
C(2) C(7) C(6) C(5)  0.4(7)

C(10)W(1) C(19)C(18) -158.0(2)

CQ) C(7) C(6) CO) 177.7(4)

C(10)W(1) C(19)C(20) -40.1(3)

C(3) C2) W(1) C(10) -53.6(3)

C(10)W(1) C(19)C(24) 82.9(4)

C@3) CQ) W(1) C(17) 116.9(3)

C(10)W(1) C(20)C(19) 143.4(3)

C(1) CQ2) W(1) C(17) -3.4(4)
C(1) C(2) W(1) C(18) -24.6(3)
C(1) C2) W(1) C(19) -60.8(3)
C(1) C(2) W(1) C(20) -90.5(3)
“C(1) C(2) W(1) C(21) -82.4(5)
C(3) C2) W(1) C21) 37.9(6)
C(3)CQ) C(7) C©) -1.0(6)
C(3) CA) C(5) C©B) 0.5(6)
C(4)C3) CR)C(T) 13(6)
C@4) C(5) C(6) C(7) -0.1(7)
C(4) C(5) C(6) C(9) -177.4(4)
C(6) C(5) C(4) C(8) 177.6(4)
C(7) C(2) W(1) C(19) -178.3(3)
C(7) C2) W(1) C(20) 152.0(3)

C(2) C(1) W(1) C(19) 123.1(3)
C(2) C(1) W(1) C(20) 114.1(2)
C(2) C(1) W(1) C21) 153.7(2)
C(2) C(3) C@) C(B5) -1.0(6)
C(2) C(3) C(4) C(8) -178.1(4)

C(3) CQ) W(1) C(18) 95.7(3)
C(10)W(1) C20)C(21) -99.5(3)
C(3) CQ2) W(1) C(19) 59.5(3)
C(10)W(1) CQ0)C(25) 20.7(4)
C(3) C(2) W(1) C(20) 29.8(3)
CA0W(1) CEHCRO) 79.73)  CUOW(1) CR1)C(17) -166.0(2)
C10)W(1) C21)CQ26) -46.4(4)  C(7) C(2) W(1) C(10) 68.6(3)
C(10)C(11)C(12)C(13) -176.9(5)  C(11)C(10)W(1) C(20) 88.9(3)
C(10)C(1)CU6)C(15) 177.7(d) CUDCUOW() C2L) 54.2(3)
CADCAOW(L) C(17) 44.0@)  C7) C2) W(1) C(17) -120.9(3)
CADC0)W(L) C(18) 89.1(4) C(7) CQR) W(1) C(18) -142.1(3)
C(1DHCAOW() C19) 109.93)  C1CU2)C(13)C(14) -0.9(9)
C(L1)C(16)C(15)C(14) -0.58)  C(7) C(2) W(1) C(21) 160.2(4)
C(12CUDCI6)CA5) 10(T)  C(12)CUA3)CI4)CIS5) 1.509)

C(10)W(1) C(17)C(18) 132.8(2)
C(10)W(1) C(17T)C1) 17.5(3)

C(10)W(1) C(17)C(22) -103.0(4)
C(10)W(1) C(18)C(17) -80.3(3)
C(10)W(1) C(18)C(19) 35.3(4)
C(10)W(1) C(18)C(23) 160.3(3)
C(17)W(1) C(19)C(24) -156.9(5)
C(1T)W(1) C0)C(19) -78.2(3)
C(ITW(1) CQOYC(21) 38.9(2)
C(17YW(1) C0)C(25) 159.1(5)
CTW(1) C21)C(20) -114.3(4)
CAHW(1) CR1)C(26) 119.6(5)
CATC8)W(1) C(19) -115.6(3)
C(17)C8)W(1) C(20) -80.0(3)
CA7CAW(L) C21) -384(2)
CATCA8)C(19)C20) 0.1(5)

CATC8)C(19)C(24) -175.6(4)

C(13)C(12)C(IDC(16) 0.3(7)
C(13)C(14)C(15)C(16) -0.8(9)
C(17)W(1) C(18)C(19) 115.6(3)
CTYW(L) C(18)C(23) -119.5(5)
CANW(L) C(19)C(18) -37.9(2)
CITYW(I) C(19)C(20) 80.1(3)
C(I8)C(1T)W(1) C0) 77.2(3)
C(18)C(17)W(1) C21) 115.2(3)
C(8)C(17)C2DCR0) 1.7(5)
C(18)C(17CE21C26) 171.6(4)
C(18)C(19)W(1) C(20) -118.0(4)
C(18)CA9)W(1) C21) -80.6(3)
C(I8)C19)CRCE21) 1.1(5)
C(18)C(19)C(20)C(25) -173.1(4)
C(19)W(1) C(17)C(21) -78.0(3)
C(19)W(1) C17)C(22) 161.4(4)
C(19)W(1) C(18)C23) 125.0(5)

C(18)W(1) CAT)C(21) -115.2(3)

C(19)C(18)W(1) C21) 77.2(3)

C(18)W(1) C(17)C(22) 124.2(3)
C(18)W(1) C(19)C(20) 118.0(4)
C(19)CU8)CINCRL) -1.0(5)
C(19)C(18)C17)C(22) 175.8(4)
C(18)W(1) C(19)C(24) -119.1(5)
C(19)CQO)W(1) CQ1) -117.1(4)
CQRO)C(I9)W(1) C21) 37.4(2)
C(20)C(19)C(18)C(23) 171.9(4)
C(0)CDC(17)C(22) -175.2(4)
CRDHW(1) C(17)C(22) -120.5(5)
CRDHW(1) C(18)C(23) -157.8(4)
CEDW(1) C(19)C(24) 160.3(4)
CEHW(1) CQ0)C(25) 120.2(5)
C21C(17)CA8)C(23) -173.1(4)
CQ1CRO)C(19)C24) 176.5(4)



Table A13. continued

CIDCRDHW() C(18) 37.5(2)
CANCEDHW() C(19) 78.4(3)
CATCQDW(1) C(20) 114.3(4)
C(INCERDHCQ0)C19) -1.7(5)
CO7)CR1)CR0)CR5) 172.54)
C(18)W(1) C(20)C(19) -36.4(2)
C(18)W(1) C20)C(21) 80.6(3)

C(19)W(1) C20)CR1) 117.1(4)
C(19)W(1) C(20)C(25) -122.7(5)
C(19)W(1) C21)C(20) -35.8(2)
C(19)W(1) C21)C(26) -162.0(4)
C(19)C(18)W(1) C20) 35.6(2)
C(19)C20)C(21)C(26) -171.3(4)
CQO)W(1) C(17)C(21) -38.02)
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C(22)CANCAS)CE23) 3.7(7)
C(22)C(17)C21)C(26) -5.3(7)
C(23)C(18)C(19)CQ24) -3.6(7)
C(24)C(19)C(20)C(25) 2.2(7)
C(25)C(20)C(21)C(26) 3.0(7)
CQRO)W(1) C1)C(26) -126.1(5)
C(I8)CITIW(1) C(19) 37.2(2)

C(18)W(1) C(20)C(25) -159.2(5)
C(18)W(1) C(21)C(20) -76.7(3)

CQRO)W(1) C(17)C(22) -158.6(4)
CQOYW(1) C(18)C(23) 160.5(5)

CQRO)W(1) C(19)C(24) 122.9(5)
C(18)W(1) C1CQ26) 157.1(4)

Table A14. Fractional Atomic Coordinates in the Solid-State Molecular Structure Determined

for 2.14

atom X y z B(eq) atom X y z B(eq)
W() 0.69108(2) 0.374242(5) 0.17644(1) 0.8094) H() 0.7341 04106 -0.0754 1.6577
O(1) 1.0037(4) 03335(1) 0.1614(4) 2.53(8) H(2) 0.5609 04255 -0.0626 1.6577
N() 0.8812(4) 0.3542(1) 0.1708(4) 1.18(7) H3) 05197 04753 0.1420 1.8079
C(1) 0.6683(5) 0.420002) -0.0103(4) 1.40(8) H@4) 08939 0.5472 03819 21934
C2) 0.7321(5) 0.4585(1) 0.09084) 121(8) H(S) 0.9623 0.4513 0.0778 1.6964
C3) 06323(5) 0.4822(1) 0.1651(5) 1.47(8) H®E) 05934 05754 0.3475 2.9202
C4) 06911(6) 0.5154(2) 0.2721(5) 1.75(9) H(7) 04768  0.5295 03168  2.9202
C(5) 085206) 0.5242(2) 0.3060(5) 1.81(9) H®) 06157  0.5296 0.4530 2.9202
C®) 0.9529(5) 0.5009(2) 0.2346(5) 1.72(8) H®) 11668  0.4992 0.3742 3.3592
C(7) 0.8916(5) 0.4682(2) 0.1280(4) 1.39(8) H(10) 1.1817 04907 02154 33592
C@®) 0.5847(6) 0.5395(2) 0.3546(5) 2.4(1) H(11) 1.1504  0.5447 0.2681 3.3592
CH 11287(6) 0.5094(2) 0.2774(6) 2.8(1) H(12) 038171 04331 0.3902 1.3378
C(10) 0.7563(5) 0.4030(1) 0.3944(4) 1.12(7) H(13) 0.6587 04113 0.4226 1.3378
C(11) 0.8498(5) 03717(1) 0.5087(4) 1.19(8) H(14) 0.6933 03718 0.6384  2.3509
C(12) 0.7972(6) 03604(2) 0.6295(5) 1.97(9) H(15) 0.8478  0.3262 0.8225 3.2982
C(13) 0.8868(6) 0.33352) 0.7378(5) 2.8(1) H(l6) 1.0954 02973 0.8001 3.6602
C(14) 1.0322(7) 03168(2) 0.7249(6) 3.0(1) H{I17) 1.1935 03162  0.5992 3.1782
C(15) 1.0896(6) 0.3277(2) 0.6073(5) 2.7(1) H(18) 1.0391 0.3631 0.4175 1.8464
C(l6) 0.9982(5) 0.3551(2) 0.5011(5) 1.58(8) H(19) 0.6658  0.2255 0.0910 2.0772
C(17) 0.598(5) 0.2966(1) 0.1090(4) 1.15(7) H20) 0.6923 02599 -0.0349 2.0772
C(18) 04961(5) 0.3294(2) 0.0191(4) 1.21(8) H21) 0.8080  0.2637 0.1155  2.0772
C(19) 0.4125(5) 03572(2) 0.1038(5) 1.40(8) H(22) 0.3931 03550 -0.1752  2.6244
C(20) 0.4607(5) 03419(2) 0.2443(5) 1.43(8) H(23) 0.5664 03347 -0.1666  2.6244
C(21) 0.5779(5) 03047(1) 0.2488(4) 1.37(8) H(24) 04248 02970 -0.1724  2.6244
C(22) 0.6995(5) 0.2580(2) 0.0664(5) 1.72(9) H(25) 0.2458 04084  0.1258  2.8700
C(23) 04677(6) 03291(2) -0.1372(5) 2.2(1) H(26) 0.3265 0.4201  -0.0031 2.8700
C(24) 0.2844(5) 03940(2) 0.0471(6) 2.4(1) H(27) 0.1987 03773 0.0162 2.8700
C(25) 0.3901(6) 03580(2) 0.3628(6) 2.6(1) H(28) 0.3995 0.3936 0.3737 3.0709
C(26) 0.6486(6) 02727(2) 0.3720(5) 2.1(D) H(29) 02796  0.3485 0.3437 3.0709
H(30) 04451 03418  0.4493 3.0709 H(32) 06110 0.2390  0.3543 2.5166
H(31) 0.6183 02854  0.4565 2.5166 H(33) 07627 02735 03852 25166
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Table A15. Bond Distances (A) in the Solid-State Molecular Structure Determined for 5.10

atom

Ww(D)
WD)
W()
W()
W(D)
w(1)
w()
w(I)

C(7) HE)

atom

N
C)
C(7)
C®)

distance

1.762(3)
2.186(3)
2.218(4)
2.363(4)
C(12) 2.306(3)
C(13) 2.398(3)
C(15) 2.389(3)
C(16) 2.306(3)
1.06(4)

atom atom distance atom atom distance atom atom distance
C(5) C@©) 1.401(6) o) N(1) 1.224(4) C(13) C(18) 1.510(6)
C(7) C@B) 1.439%6) C() C@2) 1406(5 C(14) C(15) 1.403(6)
C@8) C(9 1.365(5) C) C@®) 13974) C(14) C(19) 1.501(5)
C9) CU0) 1.495(5) C2) C(B) 1.383(5 C(15) C(16) 1.405(5)
C9) CA1) 1.500(5) C(3) CH@ 1.375(6) C(15) C(20) 1.489(6)
C(12) C(13) L4116) W(1) C(I4) 2.430(3) C(12) C(16) 1.408(6)
C(12) CA7) 15136) C@) C(G5) 1.368(7) C(16) C21) 1.502(5)
C(13) C(14) 1409(7) C(7) H() 091@®) C(19) HQ22) 0.984
C(19) H21) 0.981 C(8) H(8) 1.00(5)

Table A16. Bond Angles (°) in the Solid-State Molecular Structure Determined for 5.10

atom atom atom angle

N(1)
N(1)
N(1)
N(I)
N(1)
(1)
C(1)
C()
C()
C(1)
C(h
C(D)
C(n
C(7)
C(n
C(7
C(7)
(N
C®)
C@®)
C@®)
C@®)
C@®)

w(l) C(12) C(13)
W(l) C(12) C(16)
w(l) C(12) C(17) 121.1(3)
C(13) C(12) C(16) 107.6(3)

W)
W)
W()
w(l)
W(l)
WD)
WO
w()
W(l)
W)
w()
WD)
W)
W)
W)
WD)
Ww(l)
W)
W(l)
W)
W)
W)
W)

) 93.3(1)
C7) 92.1Q2)
C@®) 104.6(1)
C(12) 95.4(1)
ca3) 127.7(1)
C(7) 130.1(1)
C@®) 94.7(1)

C(12)
C(13)
C(14)
c(15)
C(16)

133.1(1)
129.6(1)
95.8(1)
78.5(1)
98.2(1)

C@) 36.4Q)

C(12)
C(13)
C(14)
C(15)
C(16)
C(12)
C(13)
C(14)
C(15)
C(16)

95.5(1)
81.8(1)

103.8(2)
136.5(1)
131.1(1)
127.0(1)
100.5(1)
103.6(1)
133.4(1)
158.1(1)
76.12)
72.2(2)

N(I) W) C(4) 149.5(1)
C@®) C(7) H®6) 113(2)
W(l) C®) H@®) 106(3)

atom atom atom angle

C(12) W(l) C(13) 34.8(2)

atom atom atom angle

N() W(@Q) CQA6) 92.3())

C(12) W(1) C(14) 57.8(1) C(14) W(1) C(15) 33.8(1)

C(12) W(l) C(15) 57.8(1)
C(12) W(1) C(16) 35.6(1)
C(13) W(1) C(14) 33.9Q2)
C(14) W(l) C(16) 57.6(1)
C(15) W(l) C(16) 34.8(1)

W) N(I) O) 169.53)
W) C(1) C2) 123.0Q)
W) CQ1) C6) 121.4(Q)
C@2) C) CE) 115503)

C() C2) CB) 1225(3)

CQ) CB) C@) 1203(4)

C(3) C@) CG) 1193(4)

C@) C(5) C©E) 120.4(4)

Cc) C6) CG) 121.9(4)
W) C7) CB) 773(Q2)
W) C®) C(7) 663(2)
W(l) C@®) CO) 92.002)
C(T) C®) CO) 124.84)
C@®) CO) CA0) 124.3(4)
C@®) CO) C11) 120.6(4)
C(10) C9) CA1) 113.503)

W(l) C(16) CQ1) 121.7(2)
C(12) C(16) C(15) 107.733)
C(12) C(16) CQ1) 126.9(5)
C(15) C(16) C(21) 125.2(5)

W() C(7) H6) 110Q2)
C@® C(7) HT) 116(3)
C(7) C@®) H®) 117(3)

N(1) W(l) C(15) 121.7(1)
C(13) W(1) C(16) 57.8(1)
C(13) W(1) C(15) 56.4(1)
W(l) C(16) C(15) 75.92)
W(l) C(6) C(12) 72.2(2)
C(16) C(15) C(20) 124.6(5)
C(14) C(15) C(20) 125.7(5)
C(14) C(15) C(16) 109.0(3)
W(l) C(15) CQ0) 129.5(3)
W(1) C(15) C(16) 69.4(2)
W(l) C(5) C(14) 74.72)
C(15) C(14) C(19) 128.7(5)
C(13) C(14) C(19) 123.8(5)
C(13) C(14) C(15) 107.1(3)
W(l) C(14) C(19) 128.1(3)
W(l) C(14) C(15) 71.5(2)
W(l) C(14) C(13) 71.8(2)
C(14) C(13) C(18) 124.3(5)
C(12) C(13) C(18) 126.7(5)
C(12) C(13) C(14) 108.6(3)
W(l) C(13) C(18) 128.8(3)
W(l) C(13) C(14) 743(2)
W(l) C(13) C(12) 69.0(2)
C(16) C(12) C(17) 125.2(5)
C(13) C(12) C(17) 127.1(5)
W) C(7) H(T) 12003)
H6) C(7) H7) 1154)
CO9) C®8) H@B) 11803)
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Table A17. Dihedral Angles (°) in the Solid-State Molecular Structure Determined for 5.10

D@ @ angle

W(1) C(1) CQ2) C3) 175.6(3)
W(1) C(1) C(6) C(5) -175.9(3)
W(1) C(7) C(8) C9) 75.0(4)
W(1) C(8) C(9) C(10) 82.3(4)
W(1) C(8) C(9) C(11) -113.3(3)
W(1) C(12)C(13)C(14) -64.2(3)
W(1) C(12)C(13)C(18) 123.4(4)
W(1) C(12)C(16)C(15) 68.2(2)
W(1) C(12)C(16)C(21) -116.7(3)
W(1) C(13)C(12)C(16) 65.9(2)
W(1) C(13)C(12)C(17) -118.8(4)
W(1) C(13)C(14)C(15) -63.2(2)
W(1) C(13)C(14)C(19) 124.2(4)
W(1) C(15)C(16)C21) 119.0(3)
W(1) C(16)C(12)C(13) -68.5(2)
W(1) C(16)C(12)C(17) 116.0(4)
W(1) C(16)C(15)C(14) 64.7(2)
W(1) C(16)C(15)C(20) -124.5(3)
O()N(L) W(1) C(1)  114(2)
N(1) W(1) C(16)C(21) 26.8(5)
C(1) W(1) C(7) C(8) -15.8(3)
C(1) W(1) C®) C(7) 167.9Q2)
C(1) W(1) C(8) C(9) 40.5(3)
C(1) W(1) C(12)C(13) 100.6(3)
C(1) W(1) C(12)C(16) -13.4(3)
C(1) W(1) C(12)C(17) -134.2(4)
C(1) W(1) C(13)C(12) -111.3(3)
C(1) W(1) C(13)C(14)  6.303)
C(1) W(1) C(13)C(18) 127.9(5)
C(1) W(1) C(14)C(13) -175.2(2)
C(1) W(1) C(14)C(15) -59.3(2)
C(1) W(1) C(14)C(19) 65.8(5)
C2)C) W) CB) 61.403)
C(2) C(1) W(1) C(12) -93.0(3)
C(2) C(1) W(1) C(13) 46.3(3)
C(2) C(1) W(1) C(14) 42.8(3)
C(7) W(1) C16)C(12) -1.3(3)
C(7) W(1) C(16)C(15) -115.5(3)
C(7) W(1) C(16)C(21) 121.6(5)
C(7) C®) W(1) C(16) -66.3(5)
C(7) C(8) C(9) C(10) 20.0(6)
C(7) C(8) C(9) C(11) -175.5(4)
C(8) W(1) C(12)C(13) ~46.8(3)
C(8) W(1) C(12)C(16) -160.8(2)
C(8) W(1) C12)C(17) 78.4(5)
C(®) W(1) C(13)C(12) 143.72)
C(8) W(1) C(13)C(14) -98.8(2)
C(8) W(1) C(13)C(18) 22.8(6)
C(8) W(1) C(14)C(13) 88.6(2)

O(1) N(1) W(1) C(7)

O(1) N(1) W(1) C(12)
O(1) N(1) W(1) C(13) -35(2)

@ )@ angle

-116(2)
O() N(1) W(1) C®) -150(2)
20(2)

O(HN() W(1) C(14)  6(2)
O(1) N(1) W(1) C(15)  35(2)
O(1) N(1) W(1) C(16)  15(2)
N(1) W(1) C(1) C(2) 166.4(3)
N(1) W(1) C(1) C(6) -17.7(3)
N(1) W(1) C(7) C@8) -112.02)
N(1) W(1) C@)C(7) 73.3(2)
N(1) W(1) C8) C(9) -54.2(3)

N(1) W(1) C(12)C(13) -159.7(2)

N(1) W(1) C(14)C(19) 172.5(4)
N(1) W(1) C(15)C(14) -154.0(2)
N(1) W(1) C(15)C(16) -36.4(3)
N(1) W(1) C(15)C(20) 82.1(5)
N(L) W(1) C(16)C(12) -96.1(2)

N(1) W(1) C(16)C(15) 149.7(2)

C(2) C(1) W(1) C(15) -72.0(3)

C(2) C(1) W(1) C(16) -100.8(3)
C(2)C(1) C6)CB) 03(5)
C2)CB)CH CB)

-0.1(6)
C(3) C(2) C(1) C©) -0.5(5)
C(3) C4) C(5) CE) 0.1(7)
C(6) C(1) W(1) C(7) -113.3(3)
C(6) C(1) W(1) C@®) -122.6(3)

C(6) C(1) W(1) C(12) 82.93)

C(6) C(1) W(1) C(13) 129.7(3)
C(6) C(1) W(1) C(14) 133.2(3)
C(6) C(1) W(1) C(15) 104.03)
C(6) C(1) W(1) C(16) 75.1(3)

C(7) W(1) C(14)C(19) -68.0(5)

C(7) W(1) C(15)C(14) -18.53)
C(7) W(1) C(15)C(16) 99.1(3)
C(7) W(1) C(15)C(20) -142.5(5)
C(8) C(7) W(1) C(13) 120.3(2)
C®) C(7) W(1) C(14) 94.2(2)
C(8) C(7) W(1) C(15) 104.7(2)
C(9) C(8) W(1) C(15) 119.0(2)

C(9) C®) W(1) C(16) 166.3(3)

C(12)W(1) C(13)C(14) 117.53)
C(12)W(1) C(13)C(18) -120.8(7)
C(12)W(1) C(14)C(13) -36.8(2)
C(12)W(1) C(14)C(15) 79.1Q2)
C(12)W(1) C(14)C(19) -155.8(6)
C(12)W(1) C(15)C(14) -78.8(3)
C(12)W(1) C(15)C(16) 38.8(2)
C(12)W(1) C(15)C(20) 157.2(6)

M@ E @ ange

W(1) C(14)C(13)C(12) 60.9(2)
N(1) W(1) C(12)C(16) 86.4(2)
W(1) C(14)C(13)C(18) -126.5(4)
N(1) W(1) C(12)C(17) -34.5(5)
W(1) C(14)C(15)C(16) 61.3(2)
N(1) W(1) CA3)C(12) 25.93)
W(1) C(14)C(15)C(20) 128.0(4)
N(1) W(1) C(13)C(14) 143.4(2)
W(1) C(15)C(14)C(13) 63.4(2)
N(1) W(1) C(13)C(18) -95.0(6)
W(1) C(15)C(14)C(19) -124.5(4)
N(1) W(1) C(14)C(13) -68.5(4)
W(1) C(15)C(16)C(12) -65.7(2)
N(1) W(1) C(14)C(15) 47.4(4)
C(1) W(1) C(15)C(14) 119.2(2)
C(7) W(1) C8) C9) -127.5(4)
C(7) W(1) C(12)C(13) 67.003)
C(1) W(1) C(15)C(16) -123.2(2)
C(1) W(1) C(15)C(20) -4.7(5)
C(7) W(1) C(12)C(16) 179.0(2)
C(1) W(1) C(16)C(12) 170.2(2)
C(7) W(1) C(12)C(17) 58.2(5)
C(1) W(l) C(16)C(15) 55.9(2)
C(7) W(1) C(13)C(12) 1122(3)
C(1) W(1) C(16)CQ1) 66.9(5)
C(1)CQR)CB)CH@) 0.4(6)
C(7) W(1) C(13)C(14) -130.2(3)
C(7) W(l) C(13)C(18) -8.6(6)
C(7) W(1) C(14)C(13) 51.13)
C(1) C6)C5) C@ 0.0(7)
C(2) CL) WD) C(7)  70.7(3)
C(7) W(1) C(14)C(15) 167.0(2)
C@®) C(7) W(1) C(16) 153.1(2)
C(7) C®8) W(1) C(12) -35.3(3)
C(7) C(8) W(1) C(13) 60.4(3)
C(9) C(8) W(1) C(12) -162.8(2)
C(7) C@8) W(1) C(14) -95.0(3)
C(9) C(8) W(1) C(13) 172.2(3)
C(7) C®) W(1) C(15) -113.5(3)
C(9) C8) W(1) C(14) 137.6(2)
C(12)C(16)W(1) C(15) 114.2(3)
C(14)W(1) C(16)C(15) -35.7(2)
C(12)C(16)CA5)C(14) -1.1(4)
CU4HW(1) C(16)C(21) -158.6(5)
C(12)C(16)C(15)C(20) 169.7(3)
C(14)C(13)W(L) C(15) 37.0(2)
C(13)W(1) C(12)C(16) -113.93)
C(19)C(13)W(L) C(16) 78.6(3)
C(13)W(1) C(12)C(17) 125.2(6)
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C(8) W(1) C(14)C(15) -155.5(2)
C(8) W(1) C(14)C(19) -30.4(5)
C(8) W(1) C(15)C(14) 33.7(3)
C(8) W(1) C(15)C(16) 151.3(2)
C(8) W(1) C(15)C(20) -90.2(5)
C(8) W(1) C(16)C(12) 44.9(5)
C(8) W(1) C(16)C(15) -69.3(5)
C(8) W(1) C(16)C(21) 167.8(5)
C(8) C(7) W(1) C(12) 152.4(2)
C(13)W(1) C(15)C(20) -161.0(6)
CA3)W(1) C(16)C(15) -76.1(2)
C(13)W(1) C(16)C(21) 161.0(5)
C(13)C(12)W(1) C(14) 35.8(2)
CA3)C12)W(1) C(15) 76.0(3)
CA3)C(12)W(1) C(16) 113.9(3)
C(13)C(12)C(16)C(15) 0.4(4)
C(13)C(12)C(16)C21) 174.8(3)
C3)C(14)W(1) C(15) -115.93)
CA4)W(1) C(12)C(17) 161.0(5)
CA4W() C(13)C(18) 121.6(6)
CA4)W(1) C(15)C(16) 117.6(3)

C(12)W(D) C6)C(15)-114.2(3)
C(12)W(1) C(16)CRL) 122.9(5)
C(12)C(13)W(1) C(14) -117.5(3)
C(12)C(13)W(1) C(15) -80.6(3)
C(12)C(13)W(1) C(16) -38.9(2)
C(12)C(13)C(14)C(15) -2.3(4)
C(12)C(13)C(14)C(19) -175.03)
C(12)C6)W(1) C(13) 38.1(2)
C(12)C(16)W(L) C(14) 78.5(2)
C(15W(1) C(12)C(17) -158.8(5)
C5)W(1) C(13)C(18) 158.6(6)
C(15)W(1) C(14)C(19) 125.1(6)
C(15)W(1) C(16)C(21) -122.9(6)
C(15)C14W(1) C(16) 36.7(2)
C(15)C(14)C(13)C(18) 170.3(4)
C(15)C16)C(12)C(17) -175.8(3)
C(16)W(1) C(12)C(17) -120.9(5)
C(16)W(1) C(13)C(18) -159.7(6)
C(1T)C(12)C(13)C(18)  4.6(6)
C(17)C(12)C(16)C(21) -0.7(6)
C(18)C(13)C(14)C(19) -2.4(6)
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C(14)C(13)C(12)C(16) 1.7(4)
C(13)W(1) C(14)C(15) 115.93)
C(13)W(1) C(14)C(19) -119.0(6)
C(14)C(13)C(12)C(17) 177.0(4)
C(13)W(1) C(15)C(14) -37.1(2)
C(14)C(15W(1) C(16) -117.6(3)
C(14)C(15)C(16)C(21) -176.3(3)
C(13)W(1) C(15)C(16) 80.5(2)
C15)W(1) C(12)C(16) -37.92)
C(13)C(149)W(1) C(16) -79.1(3)
C16)W(1) C(14)C(19) 161.8(6)
C(13)C(14)C(15)C(16) 2.14)
C(16)W(1) C(15)C(20) 118.5(6)
C(13)C(14)C(15)C(20) -168.6(3)
C(16)C(12)C(13)C(18) -170.7(4)
C(14)W(1) C(12)C(16) -78.1(2)
C(16)C(15)C(14)C(19) 174.3(3)
CQ0)C(15)C(16)C21) -5.5(5)
C(14)W(1) C(15)C(20) -123.9(6)
C(19)C(14)C15)C(20) 3.6(6)

Table A18. Fractional Atomic Coordinates in the Solid-State Molecular Structure Determined

for 5.10

atom X y z B(eq) atom X y zZ B(eq)
W(1) 0.220191(8) 0.87001(1) 0.856033(7) 0.996(3) C(11) 0.5013(3) 1.0023(5) 0.8605(3) 2.87(9)
O(1) 0.1084(2) 1.1493(3) 0.8912(2) 3.09(7) C(10) 0.3722(3) 1.1414(4) 0.9393(3) 2.59(9)
N(l) 0.1631(2) 1.0416(3) 0.8786(2) 1.70(6) C(9) 0.40693) 0.99394) 0.9097(2) L1.8%7)
C(1) 0.296(2) 0.9582(3) 0.7523(2) 1.22(6) C(® 03738(3) 0.8610(4) 0.9379(3) 2.04(8)
C(2) 0.3756(3) 0.88193) 0.7140(2) 1.91(7) C(7) 0.2805(3) 0.8399(5) 0.9807(2) 2.47(8)
C(3) 0.4186(3) 0.9343(5) 0.6454(2) 2.58(8) C(12) 0.0714(3) 0.7322(4) 0.8701(2) 2.44(8)
C4) 03852(4) 1.0660(5) 0.61193) 3.12(9)  C(13) 0.1521(4) 0.6269(3) 0.8782(3) 2.46(8)
C(5) 03088(4) 1.1446(4) 0.6473(3) 2.85(9) C(14) 0.2026(3) 0.6184(3) 0.8055(3) 2.23(8)
C6) 026493) 1.0916(4) 0.7167(2) 2.10(7) C(15) 0.1500(3) 0.7144(4) 0.75192) 2.02(7)
C(le6y 0.0701(3) 0.7860(3) 0.7913(3) 2.11(7) C(20) 0.1643(5) 0.7217(7) 0.6644(3) 5.6(1)
C(17) 0.0063(4) 0.7726(7) 0.9316(4) 6.0(2) C21) -0.0076(4) 0.8909(4) 0.7530(4) 5.5(2)
C(18) 0.1734(6) 0.5242(6) 0.94814) 6.7(2) H() 04011 07882  0.7368 22738
C(19) 0.2871(4) 0.5093(5) 0.7896(5) 5.4(1) H2) 04728 08770 06202  3.1180
H@3) 04164 1.1029  0.5633  3.7031 H(S5) -0.0042 08801 09409  7.3304
H@) 02847 1.2387  0.6238  3.4746 H(l6) -0.0760  0.7437 09124  7.3304
H(G) 02105 1.1495 07408  2.5032 H(18) 0.1288 05521 09918  8.1366
H®) 0261(3) 0.934(5) 1.015(3) 2.7(8) H(17) 00118 07210 09817  7.3304
H(@) 0273(3) 0.750(5) 1.005(3) 2.6(8) H(19) 0.1579 04222 09318  8.1366
H@E) 04124) 0770(5) 092233) 3.7(8) H(20) 02462 05327 0.9661 8.1366
H®) 03004 11295 09658  3.1228 HZ1) 02601 04082  0.7945  6.5712
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Table A18. continued

H(10) 04251 1.1804 09775 3.1228 H(22) 0.3103 05239 07350  6.5712
H(11) 03628 12098  0.8945 3.1228 H(23) 03454 05242 08276  6.5712
H(12) 04877 1.0697 0.8152 34718 H(24) 0.2245 06619 06511 6.8006
H(13) 05172 0.9032 0.8401 34718 H26) 0.1757  0.8250 0.6489  6.8006
H(14) 0.5603 1.0390 " 0.8933 34718 H(25) 0.1020  0.6835 0.6359  6.8006
H(27) 00286  0.9761 0.7309  6.6209 H(29) -0.0553 09258  0.7932  6.6209
H(28) -0.0473 0.8397  0.7103 6.6209




244

Appendix B. Plots of Kinetic Data and Corresponding

Regression Analyses for Systems Studied Kinetically in

this Thesis
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Figure B1. First-Order Plot of Loss of Starting Material vs Time for the Thermolysis of

Cp*W(NO)(CHz‘CMe3)2 (1) in Benzene-ds. Note that the slope of the regression line is -

4.6(1)x 10° s and R*=0.9995.
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Figure B2. First-Order Plot of Loss of Starting Material vs Time for the Thermolysis of
Cp*W(NO)(CH,C¢Hs)(CH,CMe;) (2) in Benzene-ds. Note that the slope of the

regression line is -4.9(1) x 10” s and R*= 0.9996.
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Figure B3. First-Order Plot of Loss of Starting Material vs Time for the Thermolysis of

Cp*W(NO)(CH,CMe;3)(CsHs-2-Me) (2.1¢) in Benzene-ds. Note that the slope of the

regression line is -6.6(3) x 10 s and R* = 0.9929.
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Figure B4. First-Order Plot of Loss of Starting Material vs Time for the Thermolysis of
Cp*W(NO)(CH2CsHs)(CsHs-2-Me) (2.2¢) in Benzene-ds. Note that the slope of the

regression line is -1.9(1) x 10* s and R? = 0.9997.
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Figure BS. First-Order Plot of Loss of Starting Material vs Time for the Thermolysis of
Cp*W(NO)(CH,CMe;)(1’-1,1-Me,-C3Hs) (5.9) in Benzene-ds. Note that the slope of the

regression line is -2.2(1) x 10* s and R* = 0.9992..
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Appendix C. Optimized Geometries, Z-Matrices and
Energies Calculated by DFT Methods for Toluene

Activation by Methylidene C
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Data for CpW(NO)(=CH;)(H-CH,C¢Hs) (D)
Selected Bond Distances and Angles

W(1)-C(28) = 2.7056
W(1)-C(14) = 1.9474
W-HG1) = 2.0645
W(1)-H(30) = 2.5844
W(1)-H(29) = 3.3156
C(28)-H(31) = 1.1420
C(28)-H(30) = 1.0979
C(28)-H(29)= 1.0936

C(28)-W(1)-C(14) = 102.4
W(1)-C(28)-C(27) = 130.5
W(1)-C(28)-H(31) = 44.3
C(14)-W(1)-C(28)-C(27) = -60.7
H-(31)-C(14)-W(1)-C(28) = 9.2

) P %, 3
# s
/}7'4” kT n
(?? =
% 7
7
s =
1 #
] #
20(19)
# 7
# 7
s &
¢ Yy
«C{21)
#



Data for CpW(NO)(=CH;)(H-CH,C¢Hs) (D) cont’d

31
scf done: -702.044530
Thermal corr. to free
W 0.666802 0
N 0.666802 0
() 0.725678 0
C 1.562466 0
H 0.9306777 1
C 2.055370 -0
H 1.835761 -1
C 2.904698 -0
H 3.435928 -0
C 2.901831 1
H 3.486159 1
C 2.098257 1
H 1.951955 2
c -0.641328 2
H -0.819029 2
H -1.215020 2
C -2.021907 — 1
H -1.225066 -0
C -3.063069 -1
H =-3.058327 =1
C -4.,107485 =2
H -4.910604 -3
C -4.105442 =3
H -4.907237 -3
C -3.064066 -2
H -3.069205 -3
C -2.013999 -1
C -0.892439 -1
H -0.966302 -1
H 0.084401 -1

H

energy:
.735765
« 139765
.735765
.881085
.004927
. 369833
.349988
.100929
.830653
.329467
.858697
+ 933963
« 993755
.163371
.664696
. 628595
.526258
.900322
.940366
.631424
.748625
.066345
.140840
.764183
.726404
.033044
.920232
.493593
.972610
.747383

-1.053906 -0.382606 -0.559441

0.199358

=0
.446438
.697692
.656192
.529048
«132831
.537480
.015785
.419830
.795968
.056833
.838867
.984809
.542583
.506444
.268035
.940350
.334076
.789981
.832425
.298470
.959127
.946957
«557970
.094716
.949951
583595
«350259
.330611
.081932

OO OOoOooOoMNDWNDNDE

[N
(=N il =)

335071




253
Data For CpW(NO)(H,CeeeHeeeC;H,4-CHs3)

Selected Bond Distances and Angles

W(1)-C(28) = 2.3960
W(1)-C(14) = 1.9705
W-H(31) = 1.8018

11
C(14)-HG1) = 1.7156 ,,;,G,m,,.,_ﬁwz}%%l_mts)
C(28)-HB1) = 1.4747 - ‘Wyf /

C(28)-W(1)-C(14) = 91.8 i 4
W(1)-C(28)-C(27) = 127.0 Y 4
W(1)-C(28)-H(31) = 48.6 4

H(31)-W(1)-C(28) = 37.9
H(31)-W(1)-C(14) = 53.9
C(14)-W(1)-C(28)-C(27) = -52.1
H-(31)-C(14)-W(1)-C(28) = -1.3




Data For CpW(NO)(H,CeeeHeeeC;H4-CH3) con’td

scf done:
Thermal corr.
One imaginary frequency:
0.
.602960
.674625
.483569
.844082
.189081
.161145
.962970
.617554
« 705851
.168254
.809043
.451747
.094429
.450601
.793326
.704460
.841174
816711
.795848
.955308
.814076
.972376
.845231
.857882
.877666
.709999
.511054
.604526
.399378
-1.023278

W

ITIZIQOQIZDO@DNOQO@DQEDNOQEZQDNID QN Q@DQTnQImOQEmQO0o=

H

31

HFWhDwbdhDNDNDORFE OO

=

-702.027569
to free energy:
1169.25i cm™*
=i
L
2.
—2.
.463779
~1..
.253202

602960

0.
.688568
.688568
.832172
. 747807
.249119
.288212
.289173
.263845
.708891
.408599
.040363
.031892
.661174
.990816
.934998
.791028
.380472
.224528
.155146
.740023
. 073135
.817683
213775
.386541
.456548
.874170
.430221
.746370
.876970
-0.052953 -0.483109

(@}

|
PP WNNMNEHEHOOKEOOOO

688568

0.197909

-3

-2

=0
=0
=
=0
— k..
.136791
.490942
.478232
.306883
.872788
« 389999
.615413
.700453
.963902
.541855
« 558725
.044470
.185681
«272396
.460681
.358465
.402610
. 057652

OQONEFEF WNDDNE

=)

254987
523056
771969
595430

951910

874387
214400
813424
131699
896807




Data For CpW(NO)(CH3)(CH2C¢Hs)

Selected Bond Distances and Angles

W(1)-C(28) = 2.1761
W(1)-C(14) = 2.1723
C(28)-W(1)-C(14) = 121.5
W(1)-C(28)-C(27) = 89.2
C(14)-W(1)-C(28)-C(27) = -4.0
H-(31)-C(14)-W(1)-C(28)
=46.0
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Data For CpW(NO)(CH3)(CH,CsHs) con’td

31
scf done: -702.094021
Thermal corr. to free energy: 0.203558
W 0.561877 0.099848 0.133479
N 0.561877 0.099848 1.904079
¢} 0.682978 0.099848 3150155
C 1.705850 0.3129013 =2.160179
H 1.193871 -0.003919 -3.103482
c 2.284424 -0.911282 -1 .355318
H 2.282974 -1.967431 -1.584612
c 2.875865 -0.312066 -0.192792
H 3.419574 -0.824474 0.588495
C 2.653639 1.116786 -0.274719
H 3.012983 1.854829 0.428534
c 1.939134 1.376126 -1.497359
H 1.617776 2.348069 -1.843207
C -0.625547 1.910749 -0.038164
H = 921201 2.124483 -1.075417
H -0.059412 2.771196 0.348525
€ -2.454832 -0.924142 1.037657
H -2.073276 -1.223208 2.010743
c -3.680771 —0.251137 0937333
H -4.252475 -0.033135 1.835857
c -4.169187 0.150592 -0.324686
H -5.117764 0.677144 -0.398734
€ -3.429481 -0.138781 -1.488199
H -3.808234 0.160393 -2.462491
C =2 «2 03323 -0.816547 -1.389742
H -1.643753 -1.060943 -2.290978
C -1.688742 -1.223614 -0.125499
C -0.342440 -1.873163 -0.024186
H -0.070922 -2.431497 -0.924018
H -0.210072 —-2.490306 0.867301

H -1.533498 1817129 0.571375




Data For CpW(NO)(=CH,)(H-CsH4CHj3) (E), (ortho, anti)

Selected Bond Distances and Angles

W(1)-C(30) = 2.7562
W(1)-C(17) = 2.4741
W(1)-C(14) = 1.9516
W(1)-H31) = 3.1117
C(14)-H(31) = 2.7885
C(30)-H(31) = 1.0829
C(17)-H(18) = 1.0886
W(1)-H(18) = 2.8235
C(14)-H(18) = 3.8367
C(30)-W(1)-C(14) = 77.9
H(31)-W(1)-C(14) = 61.9
W(1)-C(17)-C(30) = 85.4
C(14)-W(1)-C(17)-C(30) = -26.4
H-(31)-C(30)-W(1)-C(14) = 35.3
C(17)-W(1)-C(14) = 106.0
H(18)-W(1)-C(14) = 105.5
W(1)-C(17)-C(18) = 106.3
C(14)-W(1)-C(17)-H(18) = 91.8
Q—:ﬁ.}.f-:-g.-,?m@.x@% S
m{{{{{”ﬁﬂﬂfm};_ .

e

H22)

257
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Data For CpW(NO)(=CH,)(H-C¢H4+CHs) (E), (ortho, anti) con’td

31

scf done: -702.057827

Thermal corr. to free energy: 0.200872

W -0.420106 0.472311 -0.188084
N -0.420106 0.472311 1.587729
o] -0.376718 0.472311 2.840594
c 0.040374 1.314056 -2.528128
H —0.399497 0.884006 -3.417372
C 1.338599 1.003947 -1.985298
H 2.029325 0.274268 -2.387214
C 1.572286 1.833107 -0.847808
H 2.458928 1.848911 -0.228831
€ 0.393143 2.644442 -0.643938
H 0.273071 3.415084 0.104220
C -0.535441 2.343676 -1.711120
H -1.488483 2.826426 -1.867844
C -2.351390 0.,323789 -0.426040
H -2.843068 0.493882 -1.396786
H -3.081217 0.151527 0.375120
c 0.476066 -1.821905 -0.421715
H 0.674664 -1.780539 -1.491284
C 1.597280 =1.,913219 0.485569
e 2.996348 -1.585549 0.004991
H 3.189606 =2,011981 -0.988332
H 3.147892 -0.500904 -0.069372
H 3.752001 -1.976629 0.694641
C 1.370386 -2.337108 1.798118
H 2.203587 —2. 393851 2.494227
c 0.070562 -2.701679 2.237027
H -0 .073573 -3.023833 3.264849
C -1.013141 -2.674619 1.356086
H -2.001668 -2.980618 1.685143
c -0.818436 -2.247181 0.017608

H -1.619022 -2.352439 -0.703902



Data For CpW(NO)(=CH,)(H-CsH4CH3) (E), (meta, anti)

Selected Bond Distances and Angles

W(1)-C(30) = 2.8191
W(1)-C(17) = 2.4547
W(1)-C(14) = 1.9474
W(1)-H(31) = 3.1862
C(14)-H(31) = 2.8732
C(30)-H(31) = 1.0835

C(17)-H(18) = 1.0881
W(1)-H(18) = 2.7963
C(14)-H(18) = 3.6839

C(30)-W(1)-C(14) = 80.4
H(G1)-W(1)-C(14) = 62.7
W(1)-C(17)-C(30) = 89.0
C(14)-W(1)-C(17)-C(30) = -37.9
H-(31)-C(30)-W(1)-C(14) = 24.10

C(17)-W(1)-C(14) = 104.8
H(18)-W(1)-C(14) = 100.4
W(1)-C(17)-C(18) = 96.6
C(14)-W(1)-C(17)-H(18) = 81.5
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Data For CpW(NO)(=CHz)(H-CsH4CH3) (E), (meta, anti) con’td

31
scf done: -702.059438
Thermal corr. to free energy: 0.201754

W -0.571597 0.357309 -0.294731
N -0.571597 0.357309 1.481375
0] -0.493742 0.357309 2.734227
C -0.317385 1.291348 -2.633475
H -0.688527 0.791287 -3.517414
c 1.026362 1.229128 -2.120749
H 1.833872 0.646173 -2.545504
C 1.123924 2.076148 -0.976247
H 2.005126 2.246380 -0.372734
C -0.182959 2.645901 =0l 738158
H -0.430695 3.372495 0.022732
c -1.062583 2.182664 -1.789284
H -2.091393 2.480560 -1.925240
c -2.416289 -0.210936 -0.552989
H -2.:8916952 -0.157001 -1.532322
H -3.105896 -0.525007 0.240477
c 0.759776 -1.684086 =i 58TOTT
H 0.776244 =1.666935 -1.674880
c 1.948295 -1.342099 0.143698
H 2.748929 -0.818081 -0.373537
c 2.102397 -1.673863 1.495451
c 3.332240 -1.258930 2.277702
H 3.740245 -2.096111 2.858756
H 4.124988 -0.886444 1.618788
H 3.082275 -0.459367 2.988729
& 1.055616 =2.395788 2.136331
H 1.163586 =2.662601 3+185337
& -0.101752 -2.768343 1.446045
H -0.886072 -3.,321127 1.954656
c -0.264730 -2.419310 0.083846

H -1.123905 -2.775702 -0.471763
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Data For CpW(NO)(=CHz)(H-CsH4+CH3) (E), (para)

Selected Bond Distances and Angles

W(1)-C(30) = 2.8479
W(1)-C(17) = 2.4474
W(1)-C(14) = 1.9474
W(1)-H(31) = 3.2139
C(14)-H(31) = 2.8971
C(30)-H(31) = 1.0839
C(17)-H(18) = 1.0883
W(1)-H(18) = 2.7831
C(14)-H(18) = 3.6571
C(30)-W(1)-C(14) = 80.4
H(31)-W(1)-C(14) = 62.8
W(1)-C(17)-C(30) = 90.6
C(14)-W(1)-C(17)-C(30) = -38.6
H-(31)-C(30)-W(1)-C(14) = 23.7
C(17)-W(1)-C(14) = 104.3
H(18)-W(1)-C(14) = 99.8
W(1)-C(17)-C(18) = 100.8
C(14)-W(1)-C(17)-H(18) = 81.1

261
" K(i1)
Mf“,?m__ms)
F y 4
# #
;7

&




262

Data For CpW(NO)(=CH;)(H-C¢H4+CH3) (E), (para) cont’d

31
scf done: -702.060912
Thermal corr. to free energy: 0.201210

W -0.558078 0.306070 =0 370055
N =0 558078 0.306070 1.404956
0 -0.478139 0.306070 2.658847
c =0 5883177 1.242825 -2.718387
H -0.782857 0.657889 -3.592730
c 0.790661 1.494198 -2.212670
H 1.708286 1.104132 -2.634911
C 0.696548 2.358422 -1.080008
H 1.518186 2.7133508 -0.484732
€ -0.704687 2.619773 -0.842229
H -1.108596 3.282168 -0.089659
c -1.459360 1.952846 =1.881121
H =2.529472 2.006133 =2:013951
e -2.213649 -0.687803 -0.622109
H -2.716469 -0.756286 -1.599402
H -2.805692 -1.156989 0.173563
c 1.201188 -1.376875 -0.619804
H 1.210008 -1.375988 -1.708059
c 2.275079 -0.754127 0.102974
H 2.931974 -0.061231 -0.416892
€ 2.492917 =1.039680 1.450852
H 3.297110 -0.540112 1.985947
c 1.665879 -1.966986 2.147050
€ 1.886036 =2 227183 3.620472
H 2.953430 -2.256429 3.872798
H 1.424994 -1.419453 4.204366
H 1.428135 -3.170540 3.938065
c 0.640433 -2.618890 1.439052
H 0.009618 -3.340539 1.950986
c 0.402064 =2::3376T9 0.076044

H -0.348800 -2.899515 -0.467506
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Data For CpW(NO)(=CH;)(H-C¢H4+CHs) (E), (meta, syn)

Selected Bond Distances and Angles

W(1)-C(30) = 2.7651
W(1)-C(17) = 2.4697
W(1)-C(14) = 1.9474
W(1)-H(31) = 3.0924
C(14)-H(31) = 2.8973
C(30)-H(31) = 1.0842
C(30)-W(1)-C(14) = 83.7
H(31)-W(1)-C(14) = 63.9
W(1)-C(17)-C(30) = 86.0
C(14)-W(1)-C(17)-C(30) = -50.0
H-(31)-C(30)-W(1)-C(14) = 12.3
C(17)-W(1)-C(14) = 104.3
C(14)-W(1)-C(17)-H(18) = 69.1
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Data For CpW(NO)(=CH;)(H-CsH4CH3) (E), (meta, syn) cont’d

31

scf done: -702.060383

Thermal corr. to free energy: 0.201617

w -0.167953 0.574053 -0.277104
N -0.167953 0.574053 1.500017
0 -0, 115025 0.574053 2.754426
c 0.439616 1.390288 -2.599223
H -0.165026 1.1923"%6 -3.473561
c 1.588559 0.640166 -2.172800
H 1.981298 -0.239340 -2.666851
c 2.133549 1.253552 -1.003317
H 3.002284 0.925965 -0.448745
®: 1.297369 2.384085 -0.670046
H 1.471755 3.090094 0.129558
C 0.265631 2.481092 -1.679057
H -0.480356 3.258685 -1.744394
C -2.058721 0.967075 -0.527673
H -2.467321 1.283064 -1.499716
H -2.815625 1.015539 0.265397
C 0.007593 -1.856608 -0.677593
H =0.199892 -1.794690 -1.744490
C 1.326349 -2.199466 -0.228976
H 2.158791 =2.,150578 =10:.925535
c 1.531262 -2.616805 1.086432
H 2.531735 -2.871380 1.426287
C 0.438578 -2.712274 1.987017
H 0.617944 -3.032716 3.010556
C -0.867074 -2.399067 1.584331
c -2.028249 -2.445914 2.552566
H -2.941897 -2.821346 2.074860
H -2.235902 -1.433794 2.926311
H -1.806831 -3.079296 3.418856
c -1.079923 -1.984969 0.238204

H -2.093815 -1.840226 -0.117587
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Data For CpW(NO)(=CHz)(H-CsH4CH3) (E'), (ortho, syn)
Selected Bond Distances and Angles

W(1)-C(14) = 1.9527
W(1)-C(30) = 2.5756
W(1)-C(17) = 2.6843
W(1)-C(25) = 3.3975
W(1)-HG1) = 2.8179
C(14)-H@31) = 2.8331
C(30)-H(31) = 1.0846

C(30)-W(1)-C(14) = 88.9
W(1)-C(30)-C(21) = 100.8
H(31)-C(14)-W(1)-C(30) = -33.3
H(31)-C(30)-C(17)-C(19) = 166.0
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Data For CpW(NO)(=CH,)(H-CsH4sCH3) (E’), (ortho, syn) cont’d

31
scf done: -702.058520

Thermal corr. to free energy: 0.200707
W -0.024922 0.626555 0.369503
N -0.024922 0.626555 2.150421
0 0.044494 0.626555 3.402400
c 0.743746 1.277384 -1.919114
H 0.082876 1.290008 -2.774493
c 1.586710 0.186136 -1.515827
H 1.645903 -0.775324 -2.004864
€ 2.339662 0.584241 -0.364297
H 3.065649 -0.015454 0.167339
e 1.925272 1.920540 -0.011476
H 2.324863 2.519829 0.794434
c 0.952512 2.355417 -0.990288
H 0.491756 3.331138 -1.027443
c -1.709586 1.5948009 D. 175752
H -2.010718 2.086450 -0.762381
H -2.404297 1.829269 0.992521
c -0.199745 -2.002912 0.880052
H -0.203697 -1.867920 1,956209
c 0.804424 -2.819763 0.278992
H 1.646949 -3.156100 0.877224
c 0.666277 -3.224393 -1.048985
H 1.409950 =3 879186 -1.497767
c -0.452363 =2.803110 -1.822380
H -0.547110 -3.138934 -2.852796
G -1.445696 -1.988560 -1.269334
e -2.668959 -1.570733 -2.054847
H -2.799509 -0.481172 -2.013614
H -2.602786 -1.876231 -3.104778
H -3.578900 -2.017530 —1.630523
€ -1.320693 -1.583655 0.105263

H -2.187553 -1.164598 0.604537
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Data For CpW(NO)(=CH_)(H-CsH4CH3) (E'), (meta, syn)
Selected Bond Distances and Angles

W(1)-C(14) = 1.9480
W(1)-C(30) = 2.5027
W(1)-C(17) = 3.1300
W(1)-C(28) = 3.2439
W(1)-H(31) = 2.3620
C(14)-H@31) = 2.8086
C(30)-H(31) = 1.1001

C(30)-W(1)-C(14) = 100.2 |
W(1)-C(30)-C(21) = 121.1 ‘
H(31)-C(14)-W(1)-C(30) = -42.0

H(31)-C(30)-C(17)-C(19) = 168.0

Qe
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Data For CpW(NO)(=CH,)(H-CsHsCH3) (E'), (meta, syn) cont’d

31
scf done: -702.056457
Thermal corr. to free
W -0.054534 0
N -0.054534 0
0 0.034989 0
e 0.891511 1
H 0.286690 1
@ 1.600757 0
H 1.579981 =7
C 2+331862 0
H 2.963749 -0
C 2036036 1
H 2.468473 2
C 1.172593 2
H 0.823759 3
¢ -1.587219 1
H -1.832074 2
H =2:231493 2
c =0.250936 =2
H 0.006192 =2
C 0.319373 -3
H 1.045205 -3
C -0.062964 3
H 0.376538 -4
c -1.014839 —2
& -1.434335 -2
H -1.246597 -2
H -0.891389 =3
H =2 507620 =3
c ~-1.576934 =7
H -2.324809 =1
[ -1.190063 -1

H

energy:
.813443
.813443
.813443
.129794
.130590
.000002
.007472
.427091
.188114
.826688
.458727
.263951
.274002
.992090
.445331
.379914
.265549
.098801
.324066
« 981792
.542984
.374253
.719584
.979810
.105145
.829112
.202696
655973
.009307
.414086

-1.788279 -0.713652 0.910081

0.1986640

.419168
.199166
.452134
.883795
.779910
+ 335697
« 129437
« 187152
.438806
+ 026772
.785394
.050849
.204859
.184289
. 789533
- 983185
.946636
.988317
.217247
.687864
.122228
.670884
.769577
.205048
.842106
.634276
.269968
.032483
.486565
.308594
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Data For CpW(NO)(=CH,)(H-C¢H,4CHs) (E’), (para)
Selected Bond Distances and Angles

W(1)-C(14) = 1.9473
W(1)-C(30) = 2.4918
W(1)-C(17) = 3.2462
W(1)-C(28) = 3.1194
W(1)-H(31) = 2.3663
C(14)-H(31) = 2.7835
C(30)-H(31) = 1.0996

C(30)-W(1)-C(14) = 100.4
W(1)-C(30)-C(21) = 121.0

H(31)-C(14)-W(1)-C(30) = -37.8
H(31)-C(30)-C(17)-C(19) = 12.7

’H(ﬂ)
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Data For CpW(NO)(=CHz)(H-CsH4+CH3) (E'), (para)

31
scf done: -702.057786
Thermal corr. to free energy: 0.199214

W =0 22102 93 0.896293 0.330005
N =0 220293 0.896293 2+11012%
¢} -0.131632 0.896293 3.363476
€ 0.703062 1.244010 =1.977191
H 0.096497 1.196857 -2.870980
& 1.478584 0.164381 -1.417073
H 1.516522 -0.845989 —1.801157%
c 2.184210 0.646942 -0.275171
H 2.850056 0.076606 0.358011
C 1.805615 2.028865 -0.076073
H 2.201799 2.694341 0.677792
e 0.918368 2.402415 -1.158586
H 0.508863 3.387824 -1.323085
c -1.814444 1.990181 0.097840
H -2.088600 2.429944 -0.874437
H -2.476224 2.341444 0.899421
c -1.496081 -1.702465 -1.138559
H -2.243839 -1.124514 -1.675182
C -0.814367 =2 752281 -1.769675
H =1+029212 -2.991005 -2.809116
e 0.148610 =3+518631 -1.063772
c 0.856076 -4.672884 -1.746100
H 0.188478 -5.542515 -1.826322
H 1.165750 -4.408720 -2.764854
H 1.744622 -4.988594 -1.188949
c 0.411449 -3.206910 0.290048
H 1.144174 -3.781263 0.841498
€ =0+.275652 =2+163131 0.936196
H -0.097782 =1.952655 1.986912
c -1.219142 =1 383710 0.217067

H -1.902053 -0.712530 0.757683




271

Data For CpW(NO)(=CH_,)(H-CsH4CH3) (E'), (ortho, anti)

Selected Bond Distances and Angles

W(1)-C(14) = 1.9453
W(1)-C(30) = 2.5875
W(1)-C(17) = 3.3895
W(1)-C(28) = 2.6960
W(1)-H(31) = 2.8146
C(14)-H(31) = 3.3932
C(30)-H(31) = 1.0858

C(30)-W(1)-C(14) = 103.1
W(1)-C(30)-C(24) = 100.8
H(31)-C(14)-W(1)-C(30) = -52.8
H(31)-C(30)-C(17)-C(22) = 166.3

g, & 4
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Data For CpW(NO)(=CHz)(H-C¢H4+CH3) (E’), (ortho, anti) cont’d

31
scf

Aro@nQDOoOIQIDIDIQQEDN T ODQIZIQQIZOOTEnOQ0=zSs

H

done: -702.059541
Thermal corr. to free energy:
-0.191383 0.723892
-0.191383 0.723892
-0.092272 0.723892
0.801423 1.093894
0.242079 0.979561
1.620605 0.081823
1.745484 -0.932254
2.245168 0.646612
2.919487 0.142297
1.763810 2.004161
2.074035 2.714832
0.906942 2.285951
0.436389 3.235326
-1.788681 1.813640
-2.074953 2.:255519
-2.437870 2.163025
-0.104068 -2.565811
0.300166 -2.759894
0.573905 -1.803795
1.145541 -3.450501
-0.534516 -3.166433
0.478206 -3.289%61
1.253028 -4.028180
0.054798 =3:130810
0.503824 -3.740823
-0.937230 =2+ 204713
-1.272367 -2.083338
-1.5511.02 -1.438577
-2.441398 -0.859289
-1.146347 -1.630447
-1.754646 -1.226932 1.360094

0.201471

.066925
.847972
.099697
.207322
.125393
.577821
.928742
.428652
.250010
.289611
.463400
.421823
.629300
.145688
.113655
.666482
.878706
«324119
.787069
.416615
. 912398
.161534
.067815
.509458
290397
.831166
.857947
.795104
.009977
. 556310
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Data For CpW(NO)(H,CeeeHeeeC;H,-CHs), (ortho, anti)
Selected Bond Distances and Angles

W(1)-C(30) = 2.2673
W(1)-C(14) = 1.9827
W(1)-H(31) = 1.8493
C(14)-H(31) = 1.6961
C(30)-H(31) = 1.4472

C(30)-W(1)-C(14) = 91.8
H(31)-W(1)-C(14) = 52.4
H(31)-W(1)-C(30) = 39.5
W(1)-C(30)-H(31) = 54.4
W(1)-C(30)-C(28) = 120.6
C(14)-W(1)-C(30)-C(28) = 87.4
H-(31)-C(14)-W(1)-C(30) = 3.1




Data For CpW(NO)(H,CeeeHeeeC;H,-CH3), (ortho, anti) cont’d

31
scf done:
Thermal

One Imaginary Frequency:

o

EFNMNNMNWNMRHEREFOREOO

Ao QA@DnQAED DI OOODNIDI QNI ZQEQOIm Q0=
|
N

=702
COLL

089585

.089585
- A758931
.050907
.460510
.805886
.845934
.491567
.147554
.134141
.518883
.263667
.B51185
.655982
.041489
.346955
.982189
+ 825505
.431164
.221345
.149020
+225786
.288581
.391636
.583488
.327332
.457230
.084285
.062767
.881187
H -1.582189 0.002335 -0.129587

.008563
to free energy:

0.781718
s 181718
.T81718
.974158
.850636
.054648
.096952
.534002
.024369
.932967
.662046
.202554
.167712
.694317
.991485

1.969667
-2.062755
-1.456533
-0.553246
=1 . 202167
~Z2,:158891
-3.444211
-4.046762
-4.049460
-5.119342
-3.278934
=3, 758338
-1.896465
=1.293588
-1.263645

o

HFFEFWNMNNMMRFEF OORKR OO oo

0.198850

1190.231i cm™t

.003536
.779433
.026753
.311631
.209510
.639339
.923533
.532310
.160047
.483618
.215692
.604129
.862577
.222558
.209224
.582069
.052697
.360536
.416854
.519671
.127316
.949980
.853352
.308720
.374446
.493254
.462388
.375962
.283539
.117020
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Data For CpW(NO)(H,CeeeHeeeC;H,-CH3), (meta, anti)

Selected Bond Distances and Angles

W(1)-C(30) = 2.2673
W(1)-C(14) = 1.9824
W(1)-HG1) = 1.8499
C(14)-H(31) = 1.6954
C(30)-H(31) = 1.4469

C(30)-W(1)-C(14) = 91.8
HG1)-W(1)-C(14) = 52.4
H(31)-W(1)-C(30) = 39.5
W(1)-C(30)-H(31) = 54.5
W(1)-C(30)-C(28) = 120.8
C(14)-W(1)-C(30)-C(28) = 87.5
H-(31)-C(14)-W(1)-C(30) = 2.9

%
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Data For CpW(NO)(H,CeeeHeeeC;H,-CH3), (meta, anti) cont’d

scf done:
Thermal corr.
Imaginary Frequency:
0.
.205762
.336080
.020424
. 392260
.766067
.761078
.511861
.174975
.202729
.637413
.299135
.908134
.582534
.993442
.236449
.983978
.816414
273332
.310305
.066497
.340216
.533645
. 510501
.746153
.461270
.663473
.166608
.160930
.897119
-1.558402 0.184530

W

aAraoaxaQaEma@DD@maoanoamnIEDaoa@naoano@mnOEmQEmQo=Zz

H

31

HFNMNMNMDWNREREREROR OO

-702.039770

140883

to free energy:
1131.981 cm™*

.910876
: 892969
.874645
.092366
.995430
033579
.007005
.589770
.052458
.999167
.709152
: 306563
+ 286535
.878222
.197070
.165840
-1.903148
-1.444289
-3.282705
-4.120276
-4.912369
-4.606130
-3.505056
-3.869762
-4.930764
-3.082975
-3.553392
-1.721364
-1.127410
-1.102328
-0.078609

NN WNMNNHFEF OO OO OOO

0.196342

.004828
.779263
.022881
.343292
.218562
.708158
.001427
.623387
.040696
.550312
«139285
.634363
.869181
.150638
.120142
.680225
.074802
.046114
.016012
.282210
.218536
.460515
.161113
.247638
. 311693
.420628
.385296
.347892
.260103
.096157
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Data For CpW(NO)(H,CeeeHeeeC;H,-CHj3), (para)
Selected Bond Distances and Angles

W(1)-C(30) = 2.2625
W(1)-C(14) = 1.9827
W(1)-H(31) = 1.8508
C(14)-H(31) = 1.6910
C(30)-H(31) = 1.4494

C(30)-W(1)-C(14) = 91.8
H(31)-W(1)-C(14) = 52.1
H(31)-W(1)-C(30) = 39.7
W(1)-C(30)-H(31) = 54.7
W(1)-C(30)-C(28) = 121.1
C(14)-W(1)-C(30)-C(28) = 87.5
H-(31)-C(14)-W(1)-C(30) = 3.0




Data For CpW(NO)(H,CeeeHeeeC;H,-CH3), (para) cont’d

31

scf done:

=702

Thermal corr.

One imaginary frequency:
0.
117599
.201104
.074869
.489093
.859545
.930879
.526468
«195506
+127773
.490132
.250111
.809165
.642954
.034411
.336419
.904077
.783383
.130032
.174144
.303141
.577161
372233
.964068
.629447
.245515
.386389
.019172
.007449
.819370

araaDnaa@DnoDnDQAQIEQAIENQAEDNITIQIZIQDIQIEIQIDIOQIE Q0 =S

H

HFNMNMDWNREREORKR OO

117599

.040158

to free energy:0.195989

0.977454
.977454
.977454
.160196
.004400
. 165021
.880077
.791812
.312392
.180387
.931636
.405469
+ 353422
.861671
.155007
2.125808
-1.885057
-1.427702
-3.267778
-3.859423
-3.906440
=5,396149
-5.789666
-5.954788
-5.615312
-3.108581
-3.572329
-1.724552
-1.137546
-1.078526

NEFEF WMNMNMNNOODODOKHEFE OO

-1.545247 0.175907 -0.005732

1154.273i cm™?t

.127987
.903909
.151590
.189575
.085534
.500341
.767939
.403063
.298364
.377264
.310477
.502220
.776562
.095276
.080745
.710920
.178526
.156445
.090108
.003078
.159872
.241048
.243316
.477052
.009013
.324623
.299376
.241572
.158724
.009464
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Data For CpW(NO)(H,CeeeHeeeC;H,-CHs), (meta, syn)

Selected Bond Distances and Angles

W(1)-C(30) = 2.2672
W(1)-C(14) = 1.9827
W(1)-H(31) = 1.8493
C(14)-H31) = 1.6962
C(30)-H(31) = 1.4471

C(30)-W(1)-C(14) = 91.8
H(31)-W(1)-C(14) = 52.4
H(31)-W(1)-C(30) = 39.5
W(1)-C(30)-H(31) = 54.4
W(1)-C(30)-C(28) = 120.7
C(14)-W(1)-C(30)-C(28) = 87.4
H-(31)-C(14)-W(1)-C(30) = 3.1

mﬁxw 3
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280
Data For CpW(NO)(H,CeeeHeeeC;H,-CH3), (meta, syn) cont’d

31
scf done: -702.039402
Thermal corr. to free energy: 0.196508
One imaginary frequency: 1134.49i cm™

W 0.121910 0.897702 0.247861
N 0.121910 0.897702 2.023758
0] 0.208257 0.897702 3.271078
2 1.083217 1.090138 =2,067312
H 0.492811 0.966622 -2.965186
€ 1.838211 0.061338 =1.395030
H 1.878267 -0.980965 -1.679228
C 2.523899 0.650000 -0.288012
H 3.179905 0.140377 0.404336
c 2.166477 2.048938 -0.239283
H 2.551224 2.778006 0.460033
c 1.295999 2.318533 -1.359804
H 0.883527 3.283696 -1.618250
& =1.623651 1.810313 0.021765
H -2.009147 2.107484 -0.964904
H -2+314626 2.085665 0.826388
C -0.949876 -1.946768 1,297025
H -0 . 832511 -1.492709 2.276578
€ -1.193478 -3.328223 1.194313
H -1.256281 -3.930769 2.097687
c -1.359313 -3.933486 -0.064383
H -1.551162 -5.003368 -0.130108
C -1.294990 =3+162983 -1.248930
o -1.483590 =3.815702 -2.607656
H -1.536648 -3.068717 -3.407978
H -0.652103 -4.495534 -2.840824
H -2.406461 -4.409480 -2.640721
C -1.051937 -1.780514 -1.131649
H -1.030394 -1.177640 -2.039227
C -0.848857 -1.147662 0.127287
H -1.549857 0.118306 0.114726
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Data For CpW(NO)(H,CeeeHeeeCsH,-CHs), (ortho, syn)
Selected Bond Distances and Angles

W(1)-C(30) = 2.2767
W(1)-C(14) = 1.9839
W(1)-H(31) = 1.8488
C(14)-H(31) = 1.6816
C(30)-H(31) = 1.4758

C(30)-W(1)-C(14) = 92.0
H(31)-W(1)-C(14) = 51.9
H(31)-W(1)-C(30) = 40.3
W(1)-C(30)-H(31) = 54.1
W(1)-C(30)-C(25) = 125.1
C(14)-W(1)-C(30)-C(25) = 80.4
H-(31)-C(14)-W(1)-C(30) = 3.9

m:-mmsﬁmz.%‘) ;



Data For CpW(NO)(H,CeeeHeeeCsH,-CHj3), (ortho, syn) cont’d

scf done:
Thermal corr.
One Imaginary Frequency:
0.
.142683
.245065
.163187
« D 171T9855
« 195329
.751071
.514017
.103915
.298760
.734361
.478127
« 162752
.567428
.940111
.242503
.873189
.616304
.159841
.107275
. 522945
152743
.612448
.924885
.317613
.478268
.874765
.161278
« 5210035
907875
566863

TO@D T IIQOO@D Q@D Q@ QIO DT QDO QIDZ QDN QT Q0o0=2s

Sl

EFNNWNRERORFE OO

=

-702.035440
to free energy:

142683

0.

o

|
NMNHFWNNMNHFRF OORFRORKR KO

0.198789
1207.41 ecm !

760497 0.203100
.760497 1.976919
.760497 3.223387
.102882 -2.079790
.136362 -2.987846
.060244 -1.513315
.065643 -1.909014
.338981 -0.341000
.303173 0.298655
.753538 -0.151319
.362914 0.628053
.222205 -1.241658
.244345 -1.398729
.741843 -0.016328
.067303 -0.998927
.045530 0.791358
.030144 1.290748
.551040 2.229975
.403793 1.290004
.967295 2.218413
.041248 0.088438
.104302 0.076441
.288278 -1.094205
.774471 -2.016870
.906264 -1.116880
.161698 -2.431740
.149960 -2.283584
.698456 -3.099972
.059683 -2.957972
.256274 0.093018
.064242 0.099222
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Data For CpW(NO)(CHj3)(CsH4-CHs), (ortho, anti)

Selected Bond Distances and Angles

W(1)-C(30) = 2.1095
W(1)-C(14) = 2.1415
C(30)-W(1)-C(14) = 109.9
W(1)-C(30)-C(25) = 110.4
C(14)-W(1)-C(30)-C(25) = 50.2
H-(31)-C(14)-W(1)-C(30) = 56.3

N
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Data For CpW(NO)(CHj3)(CsH4-CHs), (ortho, anti) cont’d

31
scf done: -702.091840
Thermal corr. to free energy: 0.201020
W 0.083544 0.682488 0.039265
N 0.138575 0.842825 1.799320
¢ 0:296372 1.014807 3.02893%7
& 1.042863 0.937947 -2.332834
H 0.474287 0.766643 -3.236861
c 1.813008 -0.038036 -1.622257
H 1.917144 -1.080859 -1.886125
c 2.410720 0.603403 -0.480394
H 3.084246 0.149260 0.232953
c 2.016237 1.995043 -0.498883
H 2,331885 2.750866 0.206552
© 1.164882 2.189679 -1.638720
H 0.697076 3.121345 =1.924107
c -1.564682 2.030140 =0+191639
H -1.835353 2.232063 -1.237034
H -1.419015 2.985650 0+330336
c -0.528351 -2.374696 0.903649
c 0.354296 -2.289587 2.135772
c -1.299556 -3.538771 0.695851
H -1.243536 -4.345935 1.423976
© -2.144433 -3.678646 -0.423434
H =2, 730751 -4.586304 -0.549651
® -2.212006 =2.652699 =1+381535
H -2.847129 -2.754344 -2.258299
c -1.423952 -1.500461 =1 203559
| c -0.602356 -1.310288 -0.052504
H -2.406355 1.521120 0.310280
H 0.391452 -3.252314 2.658847
H 1.381385 -2.002066 1.878482
H -0.014539 -1.533783 2.839067

H -1.464056 -0.731862 -1.977838
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| Data For CpW(NO)(CH;)(CsH4-CH3), (para)

Selected Bond Distances and Angles

W(1)-C(30) = 2.1069
W(1)-C(14) = 2.1394
C(30)-W(1)-C(14) = 108.9
W(1)-C(30)-C(28) = 120.2
C(14)-W(1)-C(30)-C(28) = 77.4
H-(31)-C(14)-W(1)-C(30) = 33.0
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286
Data For CpW(NO)(CHj3)(CsH4-CH3), (para) cont’d
scf done: -702.095728
Thermal corr. to free energy: 0.199403
W 0.405126 0.747698 0.168553
N 0.405126 0.747698 1.937264
0 0.520095 0.747698 3.183172
c 1.496051 0.925416 -2.146535
H 0.942203 0.934262 -3..075583
€ 1.998371 -0.232647 -1.469706
H 1.882542 =1.259013 -1.787530
© 2.679341 0.201204 -0.276618
H 3.204038 -0.429230 0.427540
C 2.613187 1.645209 -0.233056
H 3.055897 2.275442 0.525569
c 1.871923 2.081908 -1.379756
H 1.633481 3.107599 -1.623130
c -0.861029 2.463650 -0.002585
H -1.035345 2.787473 -1.037650
H -0.524766 3325280 0.590133
c -1.309959 -1.699861 1.084986
H -1.000719 -1.423658 2.089593
c -2.238933 -2.738066 0.920968
H -2.630868 -3.251971 1.797600
C -2.680459 -3.127303 -0.366486
c -3.689351 -4.247468 -0.53252%
H -4.638904 -3.999082 -0.038671
H =3.901897 -4.445824 -1.588811
H =3.325010 -5.179504 =0. 079559
c -2.152280 -2.444966 -1.484957
H -2.473259 -2.730002 -2.485379
c -1.210404 -1.414058 =1.321967
H -0.822721 -0.928791 -2.216927
C -0.770395 -0.989412 -0.030964

H -1.817026 2.130221 0.438901




Selected Bond Distances and Angles

W(1)-C(30) = 2.1254
W(1)-C(14) = 2.1317
C(30)-W(1)-C(14) = 112.5
W(1)-C(30)-C(28) = 122.5
C(14)-W(1)-C(30)-C(28) = 49.9
H-(31)-C(14)-W(1)-C(30) = 25.9
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Data For CpW(NO)(CH3)(CsH4-CH3), (meta, syn)
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Data For CpW(NO)(CHj3)(C¢Hs-CH3), (meta, syn) cont’d

sSC
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31
f done: -702.094580
Thermal corr. to free energy: 0.199477
0.346358 0.687192
0.346358 0.687192
0.463956 0.687192
1.441689 0.873181
0.889861 0.889312
1.942309 -0.290187
1.825079 -1.313907
2.619890 0.133922
3.140922 -0.502599
2.551674 1.577349
2.994069 2.2010098
1.814329 2.023638
1.577410 3.051379
-0.940716 2.384541
-1.109540 2.706333
—-0.625971 3.250806
-1.259483 -1.837154
-0.912011 -1.590294
-2.166678 -2.897590
=2.505291 -3.466747
-2.643839 =3.221517
-3.348109 -4.043247
-2.217222 -2.495015
-2.747991 -2.838342
-3.809093 -2.568183
-2.199175 -2.304003
-2.667160 -3.913870
-1.288999 -1.450954
-0.948990 -0.908839
-0.800592 =1 .075199
-1.894833  2.032651 0.534097

H

.281002
.049474
.294753
.034148
.964286
.364946
.690651
.167154
.534261
.110449
.653620
.257071
.493362
.101945
.934566
.699519
.196032
.195579
.023265
.886330
.260355
.384270
.396206
777741
.873348
+ 561925
.983283
.206956
.090132
.082767
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Data For CpW(NO)(CHj3)(CsHs-CH3), (ortho, syn)

Selected Bond Distances and Angles

W(1)-C(30) = 2.1069
W(1)-C(14) = 2.1394
C(30)-W(1)-C(14) = 108.9
W(1)-C(30)-C(25) = 120.2
C(14)-W(1)-C(30)-C(25) = 77.4
H-(31)-C(14)-W(1)-C(30) = 33.0

-@:’(i!l‘?:‘:‘x?b:&iﬁt‘i&i‘:«{{ﬁ

289

H(13)

é‘g'f-'
m‘\‘x\-ﬁ, &

H{15)
: H(16)




Data For CpW(NO)(CH3;)(CsHs-CH3), (ortho, syn) cont’d

energy:

654281

.654281
.654281
.032937
.063338
.130760
.140435
. 271955
.364766
.703510
.312824
.161411
.182722
« 203223
« 566525
.060174
«281323
.019141
.594475
.330264
.944520
.955%23
.975231
.244736
.656362
.654097
.038705
«160137
« 039135
.284783

31
scf done: -702.089244
Thermal corr. to free
W 0.155645 0.
N 0.155645 0
0 0.285000 0
c 1.286029 1
H 0.767009 1
C 1.840627 -0
H 1.798928 e
C 2.457534 0
H 3.006228 -0
(] 2.290005 1
H 2.676821 2
C 1.555668 2
H 1.256583 3
C -1.296807 2
H -1.444413 2
H =1:152476 3
C -0.380667 -2
H 0.258973 -2
C -0.871362 -3
H -0.599216 -4
(54 -1.732134 -3
H -2.125811 -4
C -2.090103 -2
H =2.: 768033 =3
c =1.586671 =1
c -2.063479 =0
H =-1.267313 0
H -2.430467 =1
H -2.886879 0
C -0.701879 -1
H -2217781 1.690149 0.360933

0.200402

.207205
.974795
.217063
.099507
.047809
.478271
.861738
.240104
.440029
.108564
. 696173
.252052
.441776
.019587
.005701
.689820
.028389
.867914
.940208
« 693525
~118032
-.195567
.071448
.880139
.007402
.047794
«350008
.948620
.657024
.059450
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