
Rhodium and Iridium Pincer Complexes Supported by Bis(phosphino)silyl Ligation:
Applications in Bond Cleavage Chemistry

by

Erin Morgan

Submitted in partial fulfilment of the requirements
for the degree of Doctor of Philosophy

at

Dalhousie University
Halifax, Nova Scotia

May 2013

© Copyright by Erin Morgan, 2013



ii

DALHOUSIE UNIVERSITY

DEPARTMENT OF CHEMISTRY

The undersigned hereby certify that they have read and recommend to the Faculty of

Graduate Studies for acceptance a thesis entitled “Rhodium and Iridium Pincer

Complexes Supported by Bis(phosphino)silyl Ligation: Applications in Bond Cleavage

Chemistry” by Erin Morgan in partial fulfilment of the requirements for the degree of

Doctor of Philosophy.

Dated: May 22, 2013

External Examiner: _________________________________

Research Supervisor: _________________________________

Examining Committee: _________________________________

_________________________________

_________________________________

Departmental Representative: _________________________________



iii

DALHOUSIE UNIVERSITY

DATE: May 22, 2013

AUTHOR: Erin Morgan

TITLE: Rhodium and Iridium Pincer Complexes Supported by Bis(phosphino)silyl
Ligation: Applications in Bond Cleavage Chemistry

DEPARTMENT OR SCHOOL: Department of Chemistry

DEGREE: PhD CONVOCATION: October YEAR: 2013

Permission is herewith granted to Dalhousie University to circulate and to have copied
for non-commercial purposes, at its discretion, the above title upon the request of
individuals or institutions. I understand that my thesis will be electronically available to
the public.

The author reserves other publication rights, and neither the thesis nor extensive extracts
from it may be printed or otherwise reproduced without the author’s written permission.

The author attests that permission has been obtained for the use of any copyrighted
material appearing in the thesis (other than the brief excerpts requiring only proper
acknowledgement in scholarly writing), and that all such use is clearly acknowledged.

_______________________________
Signature of Author



iv

Table of Contents

List of Tables viii

List of Figures xi

List of Schemes xvi

Abstract xxi

List of Abbreviations and Symbols Used xxii

Acknowledgements xxiii

Chapter 1: Introduction 1

1.1 Overview 1

1.2 Pincer Ligand Design and Influence Over Metal Reactivity 2

1.3 Development of PCP Pincer Chemistry 3

1.4 (PCP)Ir Catalyzed C-H Bond Activation Chemistry 5
1.4.1 Development of Alkane

Dehydrogenation Chemistry 5
1.4.2 Catalytic Dehydrogenation of Cyclic

Alkanes by a (PCP)Ir Pincer Complex 6
1.4.3 Catalytic Alkane Dehydrogenation of

Linear Alkanes by a (PCP)Ir Complex 9
1.4.4 Acceptorless Catalytic Alkane

Dehydrogenation by a (PCP)Ir Complex 12
1.4.5 Highly Active Bis(phosphinite) Ir

Complexes for the Catalytic Transfer
Dehydrogenation of Alkanes 14

1.5 (PCP)Ir-Catalyzed N-H Bond Oxidative Addition Chemistry 17
1.5.1 Generation of (PCP)Ir(NH2)(H)

from Activation of N-H Bonds of
Ammonia 17

1.5.2 N-H Bond Activation of Hydrazines
via (PCP)Ir Complexes 21

1.5.3 Investigations into N-H Bond Activation
by Bis(phosphinite) Ir Pincer Complexes 23

1.5.4 N–H Bond Activation via Metal
Ligand Cooperation 25



v

1.6 Cationic Bis(phosphinite) IrIII Pincer Complexes in
Stoichiometric and Catalytic Bond Functionalization 29

1.7 Alternative Pincer Designs – Silyl Pincer Complexes 40

Chapter 2: Synthesis and Reactivity of New Bis(phosphino)silyl Rh
and Ir Amido Hydride Pincer Complexes - A Rare Example
of N-H Bond Oxidative Addition of Ammonia 45

2.1 Introduction 45

2.2 Results and Discussion 46
2.2.1 Synthesis and Characterization

of [Cy-PSiP]ML Complexes 48
2.2.2 Synthesis and Characterization

of [Cy-PSiP]M(H)(NHR) Complexes 53
2.2.3 Synthesis and Characterization

of a Parent Amido Hydride
[Cy-PSiP]Ir(NH2)(H) 58

2.2.4 Generation of [Cy-PSiP]Ir(H)(NHR)
through N-H Bond Activation 62

2.2.5 Generation of [Cy-PSiP]Ir(H)(NH2)
through N-H Bond Activation 64

2.2.6 Generation of RhI species of the
type [Cy-PSiP]Rh(NH2R) 65

2.3 Preliminary Investigations into the Mechanism of Ir-
Mediated N–H Bond Activation 67

2.4 Conclusions 70

2.5 Experimental 70
2.5.1 General Considerations 70
2.5.2 Synthetic Procedures and Characterization

Data 71
2.5.3 Crystallographic Solution and Refinement Details 83

Chapter 3: A Thorough Investigation of N–H Bond Activation
Mediated by [R-PSiP]M 86

3.1 Introduction 86

3.2 Results and Discussion 87
3.2.1 Generation of [iPr-PSiP]IrI 87



vi

3.2.2 N-H Bond Activation of Aniline and
Ammonia by [iPr-PSiP]IrI 91

3.2.3 N-H Bond Activation of Alkyl Amines
by [R-PSiP]IrI (R = Cy, iPr) 93

3.2.4 N-H Bond Activation of Hydrazines
by [R-PSiP]IrI 102

3.2.5 N-H Activation of Benzamides by
[R-PSiP]IrI 105

3.2.6 Reactivity of [Cy-PSiP]RhI with NïH Bonds 108

3.3 Conclusions 118

3.4 Experimental 119
3.4.1 General Considerations 119
3.4.2 Synthetic Procedures and Characterization

Data 120
3.4.3 Crystallographic Solution and Refinement Details 150

Chapter 4: Attempts Towards the Insertion of Unsaturated Substrates
into [R-PSiP]Ir Amido Hydride Complexes 152

4.1 Introduction 152

4.2 Results and Discussion 154
4.2.1 Reactivity of [R-PSiP]Ir(H)(NHRô)

Complexes with Simple Alkenes and Alkynes 154
4.2.2 Reactivity of [R-PSiP]Ir(H)(NHRô) Complexes

with Activated Alkenes and Allenes 161
4.2.3 Reactivity of [Cy-PSiP]Ir(H)(NHRô) Complexes

with Unsaturated Substrates that Possess Polar
C-X (X = O or N) Multiple Bonds 163

4.3 Conclusions 168

4.4 Experimental 169
4.4.1 General Considerations 169
4.4.2 Synthetic Procedures and Characterization

Data 170
4.4.3 Crystallographic Solution and Refinement Details 180

Chapter 5: The Synthesis and Reactivity of Cationic [R-PSiP]IrIII
Complexes 181

5.1 Introduction 181

5.2 Results and Discussion 182



vii

5.2.1 Synthesis and Characterization of
Cationic [R-PSiP]IrIII Complexes 182

5.2.2 Reactivity of [Cy-PSiP]Ir(H)(X)
(X = OTf, BF4, B(C6F5)4) Complexes 193

5.3 Conclusions 208

5.4 Experimental 209
5.4.1 General Considerations 209
5.4.2 Synthetic Procedures and Characterization

Data 210
5.4.3 Crystallographic Solution and Refinement Details 223

Chapter 6 Conclusions 226

6.1 Summary and Conclusions 226

6.2 Future Work 232

Appendix A: Crystallographic Experimental Details 236

References 275



viii

List of Tables

Table 2-1. Selected interatomic distances (Å) and angles (º) for 2-5 52

Table 2-2. Selected NMR spectroscopic data (ppm) for complexes
2-1, 2-2 and 2-6 – 2-9 55

Table 2-3. Selected interatomic distances (Å) and angles (º)
for 2-8, 2-6·OEt2, and 2-7 57

Table 2-4. Selected interatomic distances (Å) and angles (º)
for 2-10 60

Table 3-1. Selected interatomic distances (Å) and angles (º) for 3-2 89

Table 3-2. Selected NMR spectroscopic data (ppm) for
complexes 3-8 – 3-12 95

Table 3-3. Selected interatomic distances (Å) and angles (º)
for 3-8, and 3-11 96

Table 3-4. Selected NMR spectroscopic data (ppm) for
complexes 3-19 – 3-22 103

Table 3-5. Selected interatomic distances (Å) and angles (º) for 3-22 104

Table 3-6. Selected interatomic distances (Å) and angles (º) for 3-24 107

Table 3-7. Selected interatomic distances (Å) and angles (º)
for 3-37, and 3-38·Et2O 114

Table 4-1. Selected interatomic distances (Å) and angles (º)
for 4-13·Et2O 168

Table 5-1. Selected NMR spectroscopic data (ppm)
for complexes 5-1 - 5-6 184

Table 5-2. Selected interatomic distances (Å) and angles (º)
for 5-1·(C6H6)0.5 and 5-3·C6H5F 186

Table 5-3. Selected interatomic distances (Å) and angles (º)
for 5-11 192

Table 5-4. Selected interatomic distances (Å) and angles (º)
for 5-15·(C6H6)0.5 197



ix

Table 5-5. Selected interatomic distances (Å) and angles (º)
for 5-16 199

Table 5-6. Selected interatomic distances (Å) and angles (º)
for 5-19·(C6H5F)1.25 203

Table A1. Crystallographic Experimental Details for
[{3–MeSi(C6H4PCy2)2}Rh(PMe3)] (2-5) 237

Table A2. Crystallographic Experimental Details for
[{3–MeSi(C6H4PCy2)2}IrH(NHPh)]∙Et2O (2-6∙OEt2) 239

Table A3. Crystallographic Experimental Details for
[{3–MeSi(C6H4PCy2)2}IrH(NHC6H3-2,6-Me2)] (2-7) 241

Table A4. Crystallographic Experimental Details for
[{3–MeSi(C6H4PCy2)2}RhH(NHPh)] (2-8) 243

Table A5. Crystallographic Experimental Details for
[{3–MeSi(C6H4PCy2)2}IrH(NH2)] (2-10) 245

Table A6. Crystallographic Experimental Details for
[{3–MeSi(C6H4PiPr2)2}IrHCl] (3-2) 247

Table A7. Crystallographic Experimental Details for
[{3–MeSi(C6H4PCy2)2IrH{HN(1-adamantyl)}]  (3-8) 249

Table A8. Crystallographic Experimental Details for
[{3–MeSi(C6H4PiPr2)2}IrH{HN(1-adamantyl)}] (3-11) 251

Table A9. Crystallographic Experimental Details for
[{3–MeSi(C6H4PiPr2)2}IrH{(4-methylpiperazin-
1-yl)amide}]  (3-22) 253

Table A10. Crystallographic Experimental Details for
[{MeSi(PCy2)2}IrH(NHCOC6F5)]•C6H6 (3-24•C6H6) 255

Table A11. Crystallographic Experimental Details for
[{3–MeSi(C6H4PCy2)2}Rh(4-methylpiperazin-
1-amine)] (3-37) 257



x

Table A12. Crystallographic Experimental Details for
[{3–MeSi(C6H4PCy2)2}Rh
(4-dimethylaminopyridine)]•Et2O (3-38∙Et2O) 259

Table A13. Crystallographic Experimental Details for
[{MeSi(C6H4PCy2)2}IrH{C(NH2)NC6H3Me2}
{CNC6H3Me2}]•C4H10O (4-13∙Et2O) 261

Table A14. Crystallographic Experimental Details for
[{3–MeSi(C6H4PCy2)2}IrH(OSO2CF3)]•0.5C6H6
(5-1∙(C6H6)0.5) 263

Table A15. Crystallographic Experimental Details for
[{3–MeSi(C6H4PCy2)2}IrH(BF4)]•PhF (5-3∙C6H5F) 265

Table A16. Crystallographic Experimental Details for
[{3–MeSi(C6H4PCy2)2IrI(Me)]•1/2Et2O (5-11∙(Et2O)0.5) 267

Table A17. Crystallographic Experimental Details for
[{3–MeSi(C6H4PCy2)2}IrH(SiEt3)]•0.5C6H6
(5-15∙(C6H6)0.5) 269

Table A18. Crystallographic Experimental Details for
[{3–MeSi(C6H4PCy2)2}IrH(H2BF2)]•C6H6
(5-16∙C6H6) 271

Table A19. Crystallographic Experimental Details for
[{3–MeSi(C6H4PCy2)2}IrH{Si(OTf)Ph2}]•1.25PhF
(5-19∙(C6H5F)1.25) 273



xi

List of Figures

Figure 1-1. Traditional LXL pincer ligand design 2

Figure 1-2. PCP pincer complexes synthesized by
Shaw and co-workers 4

Figure 1-3. Oxidative addition of a C-H bond to a metal center 5

Figure 1-4. Net transfer dehydrogenation reaction 6

Figure 1-5. [R-PCP)Ir(H)2 pincer complex used for
catalytic alkane dehydrogenation 7

Figure 1-6. [POCOP]Ir(H)Cl pincer complex developed by
Brookhart and co-workers for catalytic
alkane dehydrogenation 14

Figure 1-7. Comparison of the interaction of 14-electron [PCP]IrI

and [POCOP]IrI fragments with olefins 17

Figure 1-8. Structure of the η1-silane complex
[POCOP]Ir(H)(η1-HSiEt3)+ 31

Figure 1-9. Structure of neutral IrV silyl trihydride for catalytic
reduction of tertiary amides to amines 38

Figure 1-10. Previously reported bi-, tri- and tetradentate
phosphinosilyl complexes 42

Figure 1-11. Rh, Ir and Pt complexes featuring the
tridentate bis(8-quinolyl)silyl (NSiN) ligand 42

Figure 1-12. Bis(phosphino)silyl pincer complexes being
pursued in the Turculet group 43

Figure 2-1. Bis(phosphino)silyl ligand design pursued
in the Turculet group 46

Figure 2-2. The crystallographically determined structures of
2-5, shown with 50% displacement ellipsoids.

All H atoms have been omitted for clarity 52



xii

Figure 2-3. The crystallographically determined structures of
2-8, 2-6·OEt2, and 2-7 shown with 50%
displacement ellipsoids.  With the exception
of H1 and N-H all H atoms as well as the Et2O and
solvate have been omitted for clarity 56

Figure 2-4. The crystallographically determined structure of
2-10 shown with 50% displacement ellipsoids.
With the exception of H1 and N-H all H atoms
as well as the Et2O and solvate have been
omitted for clarity 60

Figure 2-5. Previously reported amido hydride Ir complexes
supported by PCP-type pincer ligands 61

Figure 3-1. The crystallographically determined structure of
3-2 shown with 50% displacement ellipsoids.
With the exception of H1, all H atoms have
been omitted for clarity 89

Figure 3-2. The crystallographically determined structures of
3-8 and 3-11 shown with 50% displacement ellipsoids.
With the exception of H1 and N-H, all H atoms 7
have been omitted for clarity 96

Figure 3-3. The proposed structure for [R-PSiP]Ir(H)NHCH2Ph
complexes 100

Figure 3-4. The crystallographically determined structure of
3-22, shown with 50% displacement ellipsoids.
With the exception of H1 and N-H, all H atoms
have been omitted for clarity 104

Figure 3-5. The crystallographically determined structure 3-24
shown with 50% displacement ellipsoids.  With
the exception of H1 and N-H, all H atoms have
been omitted for clarity 107

Figure 3-6. The crystallographically determined structures of 3-37
and 3-38·Et2O shown with 50% displacement ellipsoids.
With the exception of H1 and N-H, all H atoms, as well
as the Et2O solvate, have been omitted for clarity 113

Figure 4-1. Proposed catalytic cycle for the functionalization
of amines via N-H bond oxidative addition to LnM 153



xiii

Figure 4 -2. Formation of (A) new C-N bonds by insertion of
alkenes into a Rh-N bond and (B) an ethylene amido
intermediate proposed by Hartwig and co-workers76a,b 154

Figure 4-3. Proposed structure of [R-PSiP]Ir(Ph-C≡C-Me)
(4-5, R = Cy; 4-6, R = iPr) 160

Figure 4-4. The crystallographically determined structure of 4-13,
shown with 50% displacement ellipsoids.  With the
exception of H1 and N-H, some C atoms, all H atoms
as well as the Et2O and solvate have been omitted for clarity 167

Figure 5-1. The crystallographically determined structures
of 5-1·(C6H6)0.5 and 5-3·C6H5F shown with 50%
displacement ellipsoids.  With the exception of H1,
all H atoms, as well as the C6H6 and C6H5F solvates,
have been omitted for clarity 186

Figure 5-2. Partial 31P{1H} NMR spectrum (300 MHz, toluene-d8)
of [Cy-PSiP]Ir(H)(DMAP)(BF4) as a function of
temperature 189

Figure 5-3. The crystallographically determined structure of 5-11
shown with 50% displacement ellipsoids.  Only one
of the two crystallographically-independent molecules
of 5-11 is shown. All H atoms and some C atoms have
been omitted for clarity 192

Figure 5-4. The crystallographically determined structure of
5-15·(C6H6)0.5 shown with 50% displacement ellipsoids.
With the exception of H1, all H atoms, as well as the
C6H6 solvate, have been omitted for clarity 197

Figure 5-5. The crystallographically determined structure of 5-16
shown with 50% displacement ellipsoids.  With the

exception of H1, H1ba, and H1bb, all H atoms, as
well as the C6H6 solvate, have been omitted for clarity 199

Figure 5-6. The crystallographically determined structure of
5-20·(C6H5F)1.25 shown with 50% displacement
ellipsoids.  With the exception of H1, all H atoms,
as well as the C6H5F solvate, have been omitted
for clarity 203

Figure 6-1. The crystallographically determined structures of
[Cy-PSiP]Ir(H)PHMes and [Cy-PSiP]Ir(PH2Mes) 233



xiv

Figure A1. ORTEP diagram of [Cy-PSiP]Rh(PMe3) (2-5) 238

Figure A2. ORTEP diagram of [Cy-PSiP]Ir(H)NHPh∙OEt2

(2-6∙OEt2) 240

Figure A3. ORTEP diagram of [Cy-PSiP]Ir(H)NH(2,6-Me2C6H3)
(2-7) 242

Figure A4. ORTEP diagram of [Cy-PSiP]Rh(H)NHPh (2-8) 244

Figure A5. ORTEP diagram of [Cy-PSiP]Ir(H)NH2 (2-10) 246

Figure A6. ORTEP diagram of [iPr-PSiP]Ir(H)Cl (3-2) 248

Figure A7. ORTEP diagram of [Cy-PSiP]Ir(H)NHAd (3-8) 250

Figure A8. ORTEP diagram of [iPr-PSiP]Ir(H)NHAd (3-11) 252

Figure A9. ORTEP diagram of
[iPr-PSiP]Ir(H)NHN(CH2CH2)2NMe (3-22) ) 254

Figure A10. ORTEP diagram of
[Cy-PSiP]Ir(H)NH(CO)C6F5∙C6H6 (3-24∙C6H6) 256

Figure A11. ORTEP diagram of
[Cy-PSiP]Rh(NH2N(CH2CH2)2NMe) (3-37) 258

Figure A12. ORTEP diagram of
[Cy-PSiP]Rh(NC5H4NMe2)∙Et2O (3-38∙Et2O) 260

Figure A.13 ORTEP diagram of
[Cy-PSiP]Ir(H)(CN(2,6-Me2C6H3))
(C(NH2)(N(2,6-Me2C6H3)) ∙Et2O (4-13∙Et2O) 262

Figure A.14 ORTEP diagram of
[Cy-PSiP]Ir(H)(OTf)∙(C6H6)0.5 (5-1∙(C6H6)0.5) 264

Figure A.15 ORTEP diagram of
[Cy-PSiP]Ir(H)(FBF3)∙C6H5F (5-3∙C6H5F) 266

Figure A.16 ORTEP diagram of
[Cy-PSiP]Ir(Me)I∙(Et2O)0.5 (5-11∙(Et2O)0.5) 268



xv

Figure A.17 ORTEP diagram of
[Cy-PSiP]Ir(H)SiEt3∙(C6H6)0.5 (5-15∙(C6H6)0.5) 270

Figure A.18 ORTEP diagram of
[Cy-PSiP]Ir(H)(η2:η2-H2BF2)∙C6H6 (5-16∙C6H6) 272

Figure A.19 ORTEP diagram of
[Cy-PSiP]Ir(H)(SiPh2OTf)∙(C6H5F)1.25
(5-19∙(C6H5F)1.25) 274



xvi

List of Schemes

Scheme 1-1. Early examples of C-H bond activation 5

Scheme 1-2. Proposed mechanism for [R-PCP]Ir-mediated alkane
dehydrogenation with TBE as the hydrogen source 9

Scheme 1-3. Proposed mechanism for (A) [iPr-PCP]Ir-mediated
linear alkane dehydrogenation, (B) traditional
isomerization of α-olefins to internal olefins and
(C) π-allyl pathway for isomerization of α-olefins 11

Scheme 1-4. Proposed mechanism for catalytic alkane
dehydrogenation without a hydrogen acceptor 14

Scheme 1-5. Generation of [POCOP]Ir(H)2 and [POCOP]Ir(COE)
by dehydrochlorination of [POCOP]Ir(H)Cl
in neat COA 16

Scheme 1-6. Generation of [tBuPCP]Ir(NHR)(H) species
through N-H activation 19

Scheme 1-7. Formation of a monomeric IrIII amido hydride
complex via ammonia N-H bond activation 20

Scheme 1-8. Synthesis of (PCP)Ir hydrazido hydride
complexes via N-H bond activation 22

Scheme 1-9. Generation of (A) aminonitrene and
(B) isocyanide (PCP)Ir complexes 23

Scheme 1-10. Equilibria between products resulting from the
reaction of [POCOP]IrI with anilines in
benzene solution 25

Scheme 1-11. General mode of bond activation through
metal ligand cooperativity 26

Scheme 1-12. Aniline N-H bond activation via
metal ligand cooperativity 27

Scheme 1-13. Potential pathway for N-H bond activation
of NH2

iPr by [tBuPNP*]Ru 28

Scheme 1-14. Synthesis of cationic bis(phosphinite) iridium
complexes (A) {[POCOP]Ir(H)(CH2Cl2)}+[BArF]-

and (B) [[POCOP]Ir(H)(acetone)]+[B(C6F5)4]- 30



xvii

Scheme 1-15. Proposed catalytic cycle for (POCOP)Ir catalyzed
reduction of alkyl halides by Et3SiH 32

Scheme 1-16. Cleavage of aryl and alkyl ethers catalyzed by
[[POCOP]Ir(H)(acetone)]+[B(C6F5)4]- 33

Scheme 1-17. Proposed catalytic cycle for (POCOP)Ir catalyzed
ether cleavage 34

Scheme 1-18. Proposed catalytic cycle for (POCOP)Ir catalyzed
hydrosilylation of carbonyl containing compounds 35

Scheme 1-19. Proposed catalytic cycle for CO2 reduction to CH4
by [POCOP]Ir(H)+ and R3SiH 37

Scheme 1-20. Proposed catalytic cycle for reduction of tertiary
amines by [POCOP]Ir(H)3(SiEt2H) 40

Scheme 2-1. Synthesis of the [Cy-PSiP]H ligand precursor 47

Scheme 2-2. C-H bond activation chemistry  mediated by
[Cy-PSiP]IrI 48

Scheme 2-3. Trapping of [CyPSiP]MI species with neutral
L-type donor ligands 51

Scheme 2-4. Synthesis of [Cy-PSiP]M(H)(NHR) complexes
(R = Ph, 2,6-Me2C6H3) via a salt metathesis route 54

Scheme 2-5. Synthesis of the parent amido hydride complex
[Cy-PSiP]Ir(H)(NH2) (2-10) via a salt metathesis
route utilizing LiNH2 59

Scheme 2-6. Synthesis of [Cy-PSiP]Ir(H)(NH2)(PMe3) (2-10·PMe3) 62

Scheme 2-7. Synthesis of [Cy-PSiP]Ir(H)(NHAr)
through N-H bond activation of H2NAr 63

Scheme 2-8. Synthesis of [Cy-PSiP]Ir(H)(NH2) (2-10)
via N-H bond activation of ammonia 65

Scheme 2-9. Generation of RhI amine adducts of the type
[Cy-PSiP]Rh(NH2R) (R = Ph, H) 67



xviii

Scheme 2-10. Proposed mechanism for the formation of
[Cy-PSiP]Ir(D)(ND2) (2-10-d3) through
oxidative addition of ND3 via a [Cy-PSiP]IrI

intermediate 69

Scheme 2-11. Possible mechanism for reaction of
[Cy-PSiP]Ir(H)(NH2) with ND3 69

Scheme 3-1. Synthesis of [iPr-PSiP]H (3-1) and [iPr-PSiP]IrHCl (3-2) 88

Scheme 3-2. Synthesis of (a) [iPr-PSiP]Ir(H)Ph (3-3) via
C-H activation by [iPr-PSiP]IrI (3-4) and
[iPr-PSiP]Ir(C2H4)2 (3-5) 91

Scheme 3-3. Synthesis of [iPr-PSiP]Ir(H)NHR complexes
(3-6, R = Ph; 3-7, R = H) via a salt metathesis route 93

Scheme 3-4. Synthesis of [iPr-PSiP]Ir(H)NHR (3-6, R = Ph;
3-7, R = H) through N-H bond activation 93

Scheme 3-5. Synthesis of [R-PSiP]Ir(H)NHR’ complexes
(R = Cy, iPr; R’ = Ad, tBu, Cy) via a salt
metathesis route 95

Scheme 3-6. Synthesis of [R-PSiP]Ir(H)NHR’ through N-H
bond activation of alkyl amines 97

Scheme 3-7. Synthesis of [R-PSiP]Ir(H)NHCH2Ph through
N-H bond activation of NH2CH2Ph 99

Scheme 3-8. Proposed synthesis of [R-PSiP]Ir(H)2(NH(CH3)Ph)
(3-17, R = Cy; 3-18, R = iPr) 101

Scheme 3-9. Synthesis of [R-PSiP]Ir(H)NHNRn via salt
metathesis and N-H bond activation routes 105

Scheme 3-10. Synthesis of [R-PSiP]Ir(H)NH(CO)Ar through
N-H bond activation of benzamides 106

Scheme 3-11. Generation of RhI alkyl amine adducts
[Cy-PSiP]Rh(NH2R) (R = Ad, tBu, Cy) 109

Scheme 3-12. Generation of RhI amine adducts
[Cy-PSiP]Rh(NH2R) (R = nPr, nOct) 110



xix

Scheme 3-13. Synthesis of RhI amine adduct
[Cy-PSiP]Rh(NH2CH2Ph) (3-33) 111

Scheme 3-14. Synthesis of [Cy-PSiP]Rh(H)NHNR” complexes
via salt metathesis and generation of RhI hydrazine
adducts [Cy-PSiP]Rh(NH2NR”) 112

Scheme 3-15.  Synthesis of RhI amine adduct
[Cy-PSiP]Rh(NC5H4NMe2) (3-38) 114

Scheme 3-16. Synthesis of [Cy-PSiP]Rh(H)NH-N=CPh2 (3-40)
via N-H bond activation 116

Scheme 3-17. Reactivity of [Cy-PSiP]RhI with benzophenone
hydrazone derivatives 117

Scheme 4-1. Proposed isomerization of 1-hexene by
[R-PSiP]Ir(H)(NH2) 155

Scheme 4-2. Formation of iridium alkyne adducts
[R-PSiP]Ir(R1-C≡C-R2) 158

Scheme 4-3. Synthesis of [Cy-PSiP]Ir(nbe) (4-9a,b) 162

Scheme 4-4. Synthesis of [Cy-PSiP]Ir(H)(OC(NH2)(OMe)CH=CH2)
(4-10) 163

Scheme 4-5. Proposed formation of [Cy-PSiP]Ir(H)C(O)Ph (4-11) 165

Scheme 4-6. Synthesis of the insertion products
[Cy-PSiP]Ir(H)(C(NHPh)(N(2,6-Me2C6H3)) (4-12)
and [Cy-PSiP]Ir(H)(CN(2,6-Me2C6H3))
(C(NH2)(N(2,6-Me2C6H3)) (4-13) 166

Scheme 5-1. Synthesis of IrIII complexes [R-PSiP]Ir(H)(X)
(R = Cy, iPr; X = OTf, BF4, B(C6F5)4) 183

Scheme 5-2. Reactivity of [R-PSiP]Ir(H)(OTf) with PMe3 187

Scheme 5-3. Reactivity of [R-PSiP]Ir(H)(OTf) with DMAP 188

Scheme 5-4. Reactivity of [Cy-PSiP]Ir(H)BF4 with L-donors
(PMe3 and DMAP) 190

Scheme 5-5. Synthesis of [Cy-PSiP]Ir(Me)(I) (5-11) 191



xx

Scheme 5-6. Synthesis of [Cy-PSiP]Ir(Me)(OTf) (5-12) 193

Scheme 5-7. Reactivity of [Cy-PSiP]Ir(H)(BF4) (5-3)
with benzaldehyde 194

Scheme 5-8. Potential mechanism for formation of
[Cy-PSiP]Ir(H)2(H)(SiEt3) (5-14) 196

Scheme 5-9. Proposed mechanism for formation of
[Cy-PSiP]Ir(H)(η2: η2-H2BF2) (5-16) 200

Scheme 5-10 Synthesis of [Cy-PSiP]Ir(H)(η2:η2-H2SiMes2) (5-17) 201

Scheme 5-11. Possible mechanisms for formation of
[Cy-PSiP]Ir(H2)(H)(SiPh2OTf)  (5-18) 204

Scheme 5-12. Possible mechanism for formation of
[Cy-PSiP]Ir(H)3(SiPh2BF4) (5-20) 206

Scheme 5-13.  Synthesis of [Cy-PSiP]Ir(H)3(SiHPh2OTf) (5-21) 207

Scheme 6-1. Generation of [Cy-PSiP]Rh(PH2Mes) and
[Cy-PSiP]Ir(H)(PHMes) 232

Scheme 6-2. Proposed synthesis of [Cy-PSiP]Ir=SiR1R2 species 234

Scheme 6-3. Synthetic routes to new silyl pincer ligands 235



xxi

Abstract

Group 9 transition metal pincer complexes have shown tremendous utility in a
variety of E-H (E = main group element) bond activation reactions.  In an effort to access
new types of highly reactive pincer-like transition metal complexes this research focuses
on the development of new late metal complexes supported by tridentate
bis(phosphino)silyl ligands of the type [3-(2-R2PC6H4)2SiMe]- ([R-PSiP]; R = Cy, iPr).
The incorporation of a strongly electron donating and highly trans-labilizing silyl group
at the central anionic position may promote the formation of new coordinatively
unsaturated compounds capable of enhanced reactivity.  In this regard, the synthesis of
coordinatively unsaturated Rh and Ir complexes supported by R-PSiP ligation and their
ability to activate E-H bonds will be detailed.

The synthesis of Cy-PSiP ligated Rh and Ir species and the ability to access the
products of N–H bond oxidative addition with these species was investigated.  Both [Cy-
PSiP]Rh and [Cy-PSiP]Ir complexes were shown to form isolable complexes of the type
[Cy-PSiP]M(H)(NHR) (M = Rh, R = aryl; M = Ir, R = H, aryl).  However, attempts to
generate such amido hydride complexes by N-H activation of the corresponding amine
led to divergent reactivity, where adducts of the type [Cy-PSiP]Rh(NH2R) were obtained
for Rh, while N-H bond oxidative addition was observed for Ir to form the targeted amido
hydride complexes, including a rare example of ammonia N-H bond oxidative addition to
form a monomeric, terminal parent amido complex that was crystallographically
characterized.  Due to the scarcity of transition metal complexes that are capable of N-H
bond oxidative addition, a thorough investigation of the N-H bond activation mediated by
[Cy-PSiP]Rh and Ir with various N-H containing substrates, including alkyl amines,
hydrazine derivatives, and benzamides was initiated. Extension of this reactivity to the
related diisopropylphosphino derivative [iPr-PSiP]IrI was also probed, as the resulting
complexes were envisioned to be less susceptible to potential cyclometalation processes.

Indeed, oxidative addition of primary alkyl amines, hydrazines, and benzamides
was observed for [R-PSiP]Ir.  These results comprise an unprecedented example of a
metal complex that is capable of facile N-H bond activation in such a wide range of
substrates, including challenging substrates such as ammonia and alkyl amines. A rare
example of Rh-mediated N-H oxidative addition was also observed for the reaction of
[Cy-PSiP]RhI with benzophenone hydrazone.

The potential for these [R-PSiP]Ir(H)(NHR) complexes to insert unsaturated
substrates was investigated, as the development of new pathways for the formation of C-
N bonds via transition metal catalyzed N-H bond oxidative addition to a metal center
followed by insertion of an alkene or alkyne into the M-N or M-H bond may provide a
new pathway for accessing intermolecular amination reactions. Insertion chemistry
attempts with various alkenes, alkynes, allenes, C=O and C≡N containing compounds is
described.

Lastly, the synthesis of IrIII complexes of the type {[R-PSiP]IrR'}+X (R = Cy, iPr; R’
= H, Me; X = OTf, BF4, B(C6F5)4) and their interactions with the C-H bonds of arenes
and aldehydes, as well as, the Si-H bonds of hydrosilanes is detailed.  The Si-H bond
activation chemistry observed was typically influenced by the counter anion X.  Thus, the
more coordinating anions OTF and BF4 were shown to coordinate to and stabilize the
highly electrophilic Si in transiently generated Ir silylene species.
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Chapter 1:  Introduction

1.1 Overview
One of the most important applications of modern organometallic chemistry is the

utilization of transition metal complexes to catalyze chemical reactions in an efficient and

selective manner.1 The conversion of abundant and easily accessible substrates (such as

alkanes, alkenes, CO, CO2, H2, H2O, N2, and NH3) into functionalized products in an

efficient catalytic cycle is crucial to the production of both commodity chemicals on an

industrial scale, as well as fine chemicals and pharmaceuticals.  The tremendous impact

of homogeneous transition metal catalysis was recognized in the awarding of the 2001,

2005, and 2010 Nobel Prizes in Chemistry for developments in asymmetric catalysis2,

olefin metathesis,3 and palladium-catalyzed cross-coupling,4 respectively.  Although such

advances have wide-ranging applications, they are ultimately rooted in the fundamental

study of transition metal reactivity.  As such, the starting point for the discovery of new

and/or improved metal-mediated syntheses is the design of metal complexes that exhibit

novel reactivity.  Key to this endeavour is the construction of new types of ancillary

ligands that are able to stabilize a reactive metal center in a unique coordination

environment while simultaneously conferring desirable reactivity properties.

In this context, the research described in this thesis involves the use of novel

bis(phosphino)silyl ‘pincer’-type ancillary ligands.  Specifically, the development of

complexes containing such silyl pincer ligands coordinated to Group 9 transition metals

(Rh and Ir) and the corresponding reactivity of these new complexes with E-H (E = main

group element) bonds will be addressed.  To place the work described in this document in

context, an overview of previous noteworthy advances from the field of transition metal

pincer chemistry will be presented.  This overview will emphasize breakthroughs that

highlight the utility of Group 9 metal pincer complexes in achieving challenging C-H, N-

H, and Si-H bond cleavage reactions and in the subsequent selective functionalization of

such fragments.
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1.2 Pincer Ligand Design and Influence Over Metal Reactivity
The choice of ancillary ligand(s) can influence the structure and reactivity of a

transition metal complex via a combination of steric and electronic effects.  In this regard,

pincer ligands offer an attractive means of controlling these factors due to their relatively

modular design.  Pincer ligands are a class of tridentate ancillary ligands that feature an

LXL-type (L = neutral donor, X = anionic donor) donor framework and that typically

coordinate to the metal center in a meridional fashion (Figure 1-1).5 Upon coordination

to a metal center, such tridentate ligands afford enhanced stability to the resulting

complex.  This stability can be attributed to the chelating nature of the pincer ligand,

which typically leads to the formation of two five-membered metallacycles upon

complexation.  The enhanced stability imparted by pincer ligands can lead to novel

reactivity for the ensuing complexes, especially in comparison with related monodentate,

non-chelating ancillary ligand systems.

Figure 1-1. Traditional LXL pincer ligand design

Variations that involve changing the neutral donor groups (L), the nature of the

central anionic donor (X), as well as the composition of the pincer ligand backbone can

have a dramatic effect on the chemistry of the ensuing pincer metal complexes.  A wide

variety of neutral L donors have been employed in the LXL pincer design.  Traditionally,

the most commonly utilized neutral donors are phosphine5d and amine6 groups, but

examples that feature neutral O,7 S,8 Se,9 as well as C-,10 Si-11 and Ge-based11a donors

have also been reported.  The substitution at these donor atoms also impacts the steric and

electronic profile of the metal center through the use of steric bulk and/or electron
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donating/withdrawing substituents.  By comparison, substantially less variability at the

central X donor position has been reported, and with few exceptions,12-15 the central

anionic donor has typically been limited to carbon (alkyl or aryl)5 or nitrogen (amido)16

donors.  Finally, the backbone of the pincer framework can be comprised of either

aliphatic or aromatic moieties, the choice of which can alter the rigidity of the ligand

scaffold as well as the donor properties of the L and X donors, leading to notable

differences in reactivity.17

Although it is apparent that ligand variability in such pincer architectures is

immense, by far the most prominent examples of pincer complexes in the literature

feature bis(phosphino) L donors and a central carbon-based X donor. It is therefore

appropriate to begin a discussion of pincer ligand development with the prominent PCP-

supported complexes.

1.3 Development of PCP Pincer Chemistry
Pioneering work in the field of pincer chemistry was initiated by Shaw and

coworkers18 nearly 40 years ago.  These initial studies focused on the formation of late

metal PCP pincer complexes by the chelate assisted metalation of an aromatic or aliphatic

C-H bond (Figure 1-2).18 Throughout these investigations it was noted that PCP pincer

complexes were much more stable than traditional complexes containing analogous

monodentate phosphine ligands.  Since the initial groundbreaking work of Shaw and

coworkers, the field of transition metal pincer chemistry has greatly expanded into its

own sub-discipline of organometallic chemistry.
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Figure 1-2. PCP pincer complexes synthesized by Shaw and co-workers

Chelate-assisted cyclometalation remains the most common approach for the

synthesis of new late metal PCP pincer complexes.5a This synthetic route involves M-C

bond formation via initial coordination of the phosphine donors of the ligand precursor to

the metal, such that the cleavage of an sp2- or sp3-hybridized C-H bond becomes a more

facile intramolecular process.  Although this synthetic route has been successfully

utilized to generate PCP pincer complexes, it is nonetheless often plagued by long

reaction times and high temperatures.  The C-H bond cleavage step is often facilitated by

increasing the electron donating ability of the phosphine donors in order to promote

oxidative addition.  Thus, alkyl substituted phosphine donors help to promote the

oxidative addition step.5b

Although numerous examples of platinum group metal PCP pincer complexes

have been prepared and studied since the initial discoveries of Shaw and co-workers, this

thesis will focus specifically on advances involving the chemistry of Group 9 (Rh and Ir)

metal PCP complexes, and the utility of these species for the intermolecular cleavage and

functionalization of C-H, N-H, and Si-H bonds.  The groups of Goldman, Jensen,

Brookhart, and Hartwig have accomplished major breakthroughs in these areas, and their

contributions will be highlighted in the following sections.
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1.4 (PCP)Ir Catalyzed C-H Bond Activation Chemistry
1.4.1 Development of Alkane Dehydrogenation Chemistry

The selective functionalization of unactivated alkanes is viewed as one of the

greatest challenges in modern organometallic chemistry.19,20 A key step in the

conversion of alkanes into functionalized products involves C-H bond activation (or

cleavage) at a reactive metal center.  Although there are different classes of reactions that

can achieve C-H bond activation, significant research efforts have focused on the direct

oxidative addition of a C-H bond to a low-valent metal center to form a hydridoalkyl

metal species (Figure 1-3).

Figure 1-3. Oxidative addition of a C-H bond to a metal center

Pioneering work by both the Bergman and Graham groups in the early 1980s

demonstrated that transition metal mediated intermolecular alkane C-H bond oxidative

addition was indeed possible in a stoichiometric fashion and that the products of C-H

activation were isolable.21 To achieve C-H bond cleavage, both groups used photolysis

to generate an electronically unsaturated IrI species capable of oxidatively adding alkane

C-H bonds (Scheme 1-1).

Scheme 1-1. Early examples of C-H bond activation
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Although C-H bond activation at a metal center has proven possible in a

stoichiometric fashion, significant challenges remain with respect to practical alkane

functionalization.19 One reaction being investigated toward these ends is metal-mediated

alkane dehydrogenation to a terminal alkene.  As this reaction is thermodynamically

uphill, an alternative being pursued is metal-mediated transfer dehydrogenation, where a

hydrogen acceptor is used to shift the equilibrium of the reaction (Figure 1-4).

Figure 1-4. Net transfer dehydrogenation reaction

The highly desirable process of n-alkane dehydrogenation to a terminal alkene

through metal-mediated transfer dehydrogenation was probed using various transition

metal complexes.22 The first efficient system for the thermal transfer dehydrogenation of

alkanes was developed by Goldman and coworkers using the Rh catalyst

Rh(PMe3)2Cl(CO) with a sacrificial alkene hydrogen acceptor.23 Although this system

showed promise for alkane dehydrogenation, a large excess of the sacrificial alkene was

required and the turnover numbers were limited due to competitive (non-transfer)

hydrogenation of the alkene product.  It was clear that a more efficient catalytic system

was needed to achieve effective homogeneous alkane dehydrogenation.

1.4.2 Catalytic Dehydrogenation of Cyclic Alkanes by a (PCP)Ir Pincer
Complex

A breakthrough in the catalytic dehydrogenation of alkanes was established by

Jensen and Goldman who independently reported on a (PCP)Ir pincer system capable of

highly efficient cycloalkane dehydrogenation (Figure 1-5).24
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Figure 1-5. [R-PCP]Ir(H)2 pincer complex used for catalytic alkane dehydrogenation

One of the primary challenges associated with alkane dehydrogenation is that

heating to relatively high temperatures is required to overcome the uphill

thermodynamics of the reaction at room temperature.  Under such conditions, many of

the organometallic complexes that had previously been investigated as catalysts for this

reaction undergo decomposition.  For instance, Crabtree and coworkers had previously

shown that [IrH2(Me2CO)2(P(p-FC6H4)3)2][SbF6] was able to effect the dehydrogenation

of alkanes at 150 ºC in the presence of the hydrogen acceptor tert-butylethylene (TBE),

but the system failed to catalytically turn over because the catalyst decomposed at the

elevated temperatures required for the release of the alkene from intermediate

complexes.25 Complexes of the type [R-PCP]Ir(H)2 (R-PCP = 2,6-(R2PCH2)2C6H3)

utilized by Jensen and Goldman proved advantageous as they exhibited greatly enhanced

thermal stability relative to previous systems without pincer ligands, even at temperatures

up to 200 ºC.26 The enhanced stability imparted by the pincer ligand allowed for the use

of elevated temperatures to complete the catalytic cycle for dehydrogenation of alkanes.

Initial reports of (PCP)Ir-catalyzed alkane dehydrogenation from the Jensen group

involved combining an excess of cyclooctane (COA) with the sacrificial alkene TBE and

0.01 mol % of [tBu-PCP]Ir(H)2 under an Ar atmosphere.24a At 200 ºC the

dehydrogenation of COA occurred with a turnover frequency (TOF) of ca. 12 turnovers

min-1 to produce the desired cyclooctene (COE) product.  It was also found that catalyst

decomposition did not occur at elevated temperatures, which was a great improvement on

previous catalysts used for alkane dehydrogenation.  In a follow-up study, [tBu-

PCP]Ir(H)2 was also shown to catalyze the transfer dehydrogenation of cycloalkanes such
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as cyclohexane and methylcyclohexane to arenes with rates comparable to those found

for the dehydrogenation of cyclooctane.24b

Under similar conditions, the ability of [tBu-PCP]Rh(H)2 to effect alkane

dehydrogenation was much less and rates of 1.8 turnovers h-1 were observed at 200 ºC,

with significant catalyst decomposition observed after 24 h at this temperature.24a This

was surprising since prior to the reported [tBu-PCP]IrH2 catalyst, only Rh catalysts had

been catalytically active in the transfer dehydrogenation of alkanes.23 It has been

postulated, on the basis of computational studies, that the [R-PCP]Rh-mediated C-H bond

activation of alkanes may be unfavorable by comparison with the Ir system, leading to

the observed low activity of the Rh catalysts.26

Focusing on the [tBu-PCP]Ir(H)2 system, it was found that catalytic activity was

suppressed both by the presence of N2 as well as high concentrations of alkene, including

both the sacrificial alkene (TBE) and the dehydrogenated product (COE).24a To achieve

higher TONs, TBE was periodically added to the reaction mixture in small increments

and under such conditions TOFs of 12 turnovers min-1 were maintained until prominent

product inhibition was observed after a total of 1000 turnovers.  In order to avoid catalyst

inhibition by N2, the reaction mixtures were thoroughly degassed prior to heating.

The proposed overall mechanism of transfer dehydrogenation of alkanes by [tBu-

PCP]Ir(H)2 (Scheme 1-2) involves initial dehydrogenation of the dihydride by the

sacrificial alkene (TBE), which is achieved by coordination of TBE to Ir followed by

irreversible insertion of the alkene into the Ir-H bond.27 This is followed by reductive

elimination of tert-butylethane (TBA), which has been observed by NMR spectroscopy.

A new Ir product assigned as the highly unsaturated, 14-electron [tBu-PCP]IrI species is

generated by this reductive elimination step.  This intermediate could not be isolated,

however it was characterized in situ by both 31P and 1H NMR spectroscopy.27 Although

the 14-electron [tBu-PCP]IrI species was proposed based on solution NMR studies, the

possibility of agostic interactions or solvent coordination to the highly unsaturated Ir

center cannot be discounted.
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Scheme 1-2. Proposed mechanism for [R-PCP]Ir-mediated alkane dehydrogenation with
TBE as the hydrogen acceptor

The alkane dehydrogenation portion of the catalytic cycle is proposed to occur via

C-H bond activation of the alkane substrate by the [tBu-PCP]IrI intermediate, which is

likely to occur via C-H bond oxidative addition to form a hydrido alkyl IrIII species

(Scheme 1-2).28 Subsequent β-hydride elimination generates a dihydrido alkene

complex.  Upon loss of the coordinated alkene, [tBu-PCP]Ir(H)2 is regenerated and can

reenter the catalytic cycle.

1.4.3 Catalytic Alkane Dehydrogenation of Linear Alkanes by a
(PCP)Ir Complex

The catalytic ability of the [R-PCP]Ir(H)2 pincer system was further extended by

changing the substituents on the phosphorus donor of the pincer ligand from tBu to iPr

groups.  The pincer complex [iPr-PCP]Ir(H)2 was able to mediate transfer

dehydrogenation of linear n-alkanes for the formation of terminal alkenes (Scheme 1-

3A).29 This reaction has immense potential, as terminal alkenes are the precursors for

many industrially relevant chemical products.  Furthermore, this system represents the

first reported catalyst to achieve functionalization of the terminal position of a linear

alkane under thermal conditions.
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Since internal alkenes are thermodynamically favored over terminal alkenes, the

ability to produce the desired terminal alkene products was a remarkable breakthrough.

Substitution of the tBu groups on the [R-PCP] ligand phosphine donors with iPr groups

led to the formation of a more active dehydrogenation catalyst, such that the major

kinetic product became the terminal alkene.  In addition, it was postulated that the

terminal alkene product could be prevented from isomerizing to an internal alkene by

competition with another alkene, such as the hydrogen acceptor itself.  Isomerization is

traditionally thought to occur through coordination of the terminal alkene to the metal

center, followed by a 2,1-insertion into a metal hydride bond (Scheme 1-3B).  A β-

hydride elimination follows, producing the internal alkene.  However, more recent

experimental and theoretical studies indicate that the [tBu-PCP]Ir system mediates the

isomerization of terminal alkenes via a formal 1,3-hydride shift through a π-allyl complex

formed by dissociation of the Ir-olefin π-bond followed by sp3-C–H bond activation

(Scheme 1-3C).30
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Scheme 1-3. Proposed mechanism for (A) [iPr-PCP]Ir-mediated linear alkane
dehydrogenation, (B) traditional isomerization of α-olefins to internal olefins and (C) π-
Allyl pathway for isomerization of α-olefins
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To improve on the isomer distribution of the alkene products, the catalytic system

was modified such that the sacrificial alkene acting as the hydrogen acceptor was

switched from TBE to either norbornene or 1-decene.  This modification was found to

affect the observed distribution of alkene isomers and it was proposed that the isomer

distribution was determined by the competition between the sacrificial alkene and

product terminal alkene for insertion into the Ir-H bond of [iPr-PCP]Ir(H)2.  Thus, in the

reaction of n-octane with [iPr-PCP]Ir(H)2, when 1-decene was used as the hydrogen

acceptor, after 111 turnovers in 90 minutes, an 80% yield of 1-octene was found.29

Extended reaction times caused the distribution of alkene products to gradually shift to

the thermodynamically preferred internal alkenes.

1.4.4 Acceptorless Catalytic Alkane Dehydrogenation by a (PCP)Ir
Complex

For the catalytic dehydrogenation of alkanes to be feasible on an industrial scale,

a system that does not require a sacrificial hydrogen acceptor is desired.  Once again an Ir

PCP-type pincer complex was found to be an efficient catalyst for acceptorless alkane

dehydrogenation.  Initial studies by Jensen, Goldman and co-workers used the [tBu-

PCP]Ir(H)2 precatalyst to attempt acceptorless alkane dehydrogenation.31 Due to the high

thermal stability of the pincer complex, the precatalyst was refluxed in a high boiling

alkane solvent, such as cyclodecane.  Heating the reaction mixture to 201 ºC led to

cyclodecene formation concurrent with H2 liberation, which was removed from the

reaction mixture by a purge of Ar.  After 24 hours, 360 turnovers were observed.

Although elevated temperatures were used, the pincer system showed high thermal

stability enabling the acceptorless dehydrogenation of alkanes.

A much more efficient acceptorless catalytic alkane dehydrogenation system was

developed by Goldman and coworkers using the less sterically demanding iPr derivative

[iPr-PCP]Ir(H)2.32 Remarkably, the dehydrogenation of cyclooctane (in refluxing

cyclooctane) occurred at a rate of  > 94 turnovers h-1 (compared to the 11 turnovers h-1
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observed with the tBu derivative) and the dehydrogenation of cyclodecane (in refluxing

cyclooctane) occurred at a rate of 460 turnovers h-1.  In addition, the [iPr-PCP]Ir(H)2

precatalyst was also able to catalyze the acceptorless dehydrogenation of linear alkanes,

though the efficiency was much more limited than that of cycloalkanes.

Despite the remarkable thermal stability of these Ir pincer complexes,

decomposition can still occur after prolonged reaction times at the increased temperatures

required to overcome the high enthalpic barrier associated with acceptorless alkane

dehydrogenation.  As a result, Goldman and coworkers modified the [iPr-PCP]Ir(H)2

catalyst by changing the iPr substituents on phosphorus to adamantyl groups with hopes

of yielding a more thermally robust catalyst without sacrificing catalytic activity.33 It was

anticipated that the cage structure of the adamantyl groups might be more resistant to

cyclometallation and P–C bond cleavage, which are potential decomposition pathways.

Indeed, [Ad-PCP]Ir(H)2 was found to be more thermally robust at higher temperatures

(250 ºC) and had greater total turnover numbers for the dehydrogenation of both

cycloalkanes and linear alkanes, despite slightly lower initial turnover frequencies than

the [tBu-PCP]Ir and [iPr-PCP]Ir systems.

Experimental and computational studies support a mechanism for acceptorless

alkane dehydrogenation that involves H2 reductive elimination as the rate determining

step to generate a (PCP)IrI intermediate that subsequently undergoes C-H bond activation

of the substrate alkane (Scheme 1-4).34
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Scheme 1-4. Proposed mechanism for catalytic alkane dehydrogenation without a
hydrogen acceptor

1.4.5 Highly Active Bis(phosphinite) Ir Complexes for the Catalytic
Transfer Dehydrogenation of Alkanes

Until 2004, the Goldman/Jensen [R-PCP]Ir(H)2 precatalyst (described in the

previous sections) was the benchmark for alkane transfer dehydrogenation both in the

presence and absence of a hydrogen acceptor.24, 26-34 Subsequent work conducted by the

Brookhart group on the synthesis of new Ir bis(phosphinite) PCP complexes of the form

[C6H3-2,6-(OP(tBu)2)2]Ir(H)Cl ([POCOP]Ir(H)Cl; Figure 1-6) expanded the utility of

PCP-type pincer complexes as alkane dehydrogenation catalysts.35

Figure 1-6. [POCOP]Ir(H)Cl pincer complex developed by Brookhart and co-workers
for catalytic alkane dehydrogenation
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The rationale behind the synthesis of such bis(phosphinite) complexes was that

there may be an advantage to using a more electron withdrawing pincer ligand to

generate a somewhat electron deficient Ir center, which could bind alkenes less strongly

thereby leading to increased turnover in alkane dehydrogenation.  Indeed, it was found

that these bis(phosphinite) pincer species exhibited unprecedented TOFs in alkane

dehydrogenation and were less susceptible to TBE and product inhibition than the

previously described [R-PCP]Ir analogues.

In situ reactions were conducted to generate the coordinatively unsaturated

[POCOP]IrI intermediate analogous to the highly reactive [PCP]IrI species observed by

Goldman, Jensen and coworkers.  Treatment of [POCOP]Ir(H)Cl with NaOtBu proved to

be an efficient means of generating [POCOP]IrI upon loss of HOtBu and NaCl.35

Combining this unsaturated species with the alkane substrate and TBE as a hydrogen

acceptor led to efficient dehydrogenation, with TONs ranging from 1480-2070

(depending on the alkane used) and TOFs of up to 2.4 s-1 at 200 ºC.  When the Goldman

and Jensen [PCP]Ir(H)2 precatalyst was utilized under the same reaction conditions,

TONs of about 230 were obtained, exemplifying the enhanced activity of the

bis(phosphinite) Ir catalysts.35

To further investigate the nature of the catalytically active species,

[POCOP]Ir(H)Cl was reacted with NaOtBu in neat COA in the absence of TBE.  Two

new products were observed in this reaction and these were identified as [POCOP]Ir(H)2

and [POCOP]Ir(COE) by 31P and 1H NMR spectroscopy.35 The formation of these

products was rationalized by initial dehydrochlorination of [POCOP]Ir(H)Cl to generate

the 14-electron fragment [POCOP]IrI, which undergoes oxidative addition of a C-H bond

of COA followed by β-hydride elimination to generate [POCOP]Ir(H)2 and one equiv of

COE.  The liberated COE could then be trapped by another [POCOP]IrI fragment to yield

[POCOP]Ir(COE) (Scheme 1-5).
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Scheme 1-5. Generation of [POCOP]Ir(H)2 and [POCOP]Ir(COE) by
dehydrochlorination of [POCOP]Ir(H)Cl in neat COA

A comparison of the bisphosphinite [POCOP]Ir system to the Goldman/Jensen

[PCP]Ir catalyst showed several important differences.35b While the Goldman/Jensen

electron rich [PCP]IrI intermediate was capable of oxidatively adding an sp2-CH bond in

TBE through oxidative addition leading to strong catalyst inhibition, Brookhart’s

[POCOP]IrI intermediate simply coordinates the olefin through the π-bond  (Figure 1-7).

Although it was originally postulated that these differences in reactivity were due to the

less electron rich nature of the metal center in the [POCOP]Ir system (due to the presence

of the electronegative oxygen atoms in the ligand backbone), it was later found that

sterics, not electronics, affect the reactivity to a greater extent.36 According to recent

DFT calculations, the [PCP]Ir metal center is much more sterically hindered than that in

[POCOP]Ir. These results were supported experimentally by comparing the

crystallographically characterized complexes [tBu-POCOP]Ir(CO) and [tBu-PCP]Ir(CO),

which feature P–Ir–P bond angles of 157.55(3) and 164.510(8), respectively, where the

smaller angle in the (POCOP)Ir complex indicated a more open geometry about the metal

center.37 Thus due to the differences in sterics between the two catalytically active

species, the rate determining step for alkane dehydrogenation by [POCOP]IrI is olefin

coordination, rather than reductive elimination of TBA, as was observed for the more

hindered [PCP]Ir system.35,36
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Figure 1-7. Comparison of the interaction of 14-electron [PCP]IrI and [POCOP]IrI

fragments with olefins

1.5 (PCP)Ir-Catalyzed N-H Bond Oxidative Addition Chemistry

1.5.1  Generation of (PCP)Ir(NH2)(H) from Activation of the N-H Bonds
of Ammonia

The noteworthy reactivity of PCP pincer complexes has not been limited to C-H

bond activation and functionalization.  Another significant feature of these pincer systems

is the ability to mediate other E-H bond oxidative addition reactions, most notably the

cleavage of N-H bonds.

Due to the tremendous utility of platinum-group metal complexes in E-H bond

cleavage chemistry and catalysis, there is significant interest in developing such late

transition complexes that can insert into the N-H bonds of ammonia and other simple

amines and anilines through oxidative addition, with the goal of developing mild and

selective catalytic amination reactions.  However, there have been relatively few well-

documented examples of N-H bond oxidative addition of amines to date, and only a

handful of examples that involve ammonia activation.38 This scarcity may be attributed

to the inherent ability of NH3 to form stable Werner-type coordination complexes that do

not react further to achieve N-H bond cleavage.  As a result, prior to the work described

in this thesis, only one example of an isolable, monomeric late metal LnM(H)(NH2)

species obtained from N-H bond oxidative addition of ammonia had been reported.  This
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ground breaking initial work was reported by Zhao, Goldman, and Hartwig, who used a

(PCP)Ir pincer complex to achieve ammonia activation.38a

Initial investigations into N-H bond cleavage by PCP-type pincer complexes

began with a study of the reactivity of [tBu-PCP]Ir(H)2 with aniline as well as ammonia.39

The reaction of [tBu-PCP]Ir(H)2 with a hydrogen acceptor such as TBE or norbornene

was used to generate the highly reactive, coordinatively and electronically unsaturated

[tBu-PCP]IrI intermediate, which was reacted in situ with an amine (Scheme 1-6).  When

aniline was used as the amine, N-H bond oxidative addition occurred to form the desired

anilido hydride complex [tBu-PCP]Ir(H)(NHPh).39 However, divergent reactivity was

observed with ammonia, which rather than undergo oxidative addition formed the IrI

ammonia adduct [tBu-PCP]Ir(NH3) (Scheme 1-6).  In order to further probe this

reactivity, the parent amido hydride IrIII complex [tBu-PCP]Ir(NH2)(H) was synthesized

via addition of NH3 to [tBu-PCP]Ir(H)(Cl), followed by reaction with KN(SiMe3)2 at low

temperatures to dehydrochlorinate the intermediate complex [ tBu-PCP)Ir(H)(Cl)(NH3).39

This reaction sequence produced the desired amido hydride complex [ tBu-

PCP]Ir(NH2)(H), which upon warming to room temperature, reductively eliminated NH3

to form [tBu-PCP]Ir(NH3).  This was the first indication that oxidative addition of NH3

was viable, but the resulting amido hydride Ir complex was likely less

thermodynamically stable than the IrI ammonia adduct.
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Scheme 1-6. Generation of [tBu-PCP]Ir(H)(NHR) species through N-H activation

The thermodynamic instability of [tBu-PCP]Ir(H)(NH2) limited the utility of this

complex for further study into the details of N-H bond oxidative addition and the

potential functionalization of ammonia.  Goldman, Hartwig and coworkers sought to

form a more stable monomeric amido hydride complex through modification of the

pincer ligand.  It was proposed that increasing the electron donating ability of the pincer

ligand might render the IrIII oxidation state more favourable, thereby allowing for the

isolation of the N-H bond oxidative addition product.  Towards this end, the introduction

of an aliphatic pincer ligand backbone enabled the formation of an isolable Ir III amido

hydride complex (Scheme 1-7).38a

Treatment of the polyhydride complex [(tBu2P(CH2)2)2CH]Ir(H)4 with excess

propene or 1-pentene dehydrogenated the pincer complex and generated the

corresponding IrI alkene complex (Scheme 1-7).  The alkene complex, in turn, reacted

with an excess (four equiv) of ammonia at room temperature to generate the IrIII amido

hydride species [(tBu2P(CH2)2)2CH]Ir(H)(NH2) upon liberation of the alkene (Scheme 1-
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17).46a Unlike the previously studied [tBu-PCP]Ir system, [(tBu2P(CH2)2)2CH]Ir(H)(NH2)

was isolated and crystallographically characterized.38a

Scheme 1-7. Formation of a monomeric IrIII amido hydride complex via ammonia N-H
bond activation

To investigate the thermodynamics of the ammonia N-H bond oxidative addition

reaction, Hartwig and co-workers sought to determine the stability of the amido hydride

complex relative to the corresponding IrI alkene complex [(tBu2P(CH2)2)2CH]Ir(1-

pentene).38a Upon combining ammonia, 1-pentene, and [(tBu2P(CH2)2)2CH]Ir(1-pentene)

(0.03 M in diethyl ether-d10) in a 15:30:1 ratio, the resulting equilibrium distribution was

a 3.9:1 ratio of the amido hydride IrIII complex to the IrI pentene complex and a 1:2.3

ratio of dissolved ammonia to pentene.  Addition of the same ratio of ammonia and

pentene to a 0.03 M solution of the amido hydride complex led to the same ratio of the

amido hydride IrIII complex to the IrI pentene complex.  These experiments yielded an

equilibrium constant of 9 for the conversion of the alkene complex to the amido hydride

species.  By comparison, the reaction of the alkene complex with H2N(3,5-Me2C6H3)

revealed that the formation of the hydrido arylamide oxidative addition product was

thermodynamically less favorable than the analogous reaction with ammonia, with an

equilibrium constant of 0.09.  This result is somewhat surprising given the N-H bond

strength and greater acidity of the aromatic amine.

Mechanistic studies of ammonia N-H bond cleavage by [(tBu2P(CH2)2)2CH]Ir(1-

pentene) were also conducted.38a Isotopic labelling studies using ND3 were consistent
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with a mechanism involving oxidative addition of ammonia to a [( tBu2P(CH2)2)2CH]IrI

intermediate, as deuterium incorporation was only observed at the Ir-H and Ir-NH2

positions; these observations preclude a possible mechanism involving N-H addition

across the Ir-C bond of a cyclometalated IrIII intermediate.  Kinetic studies were also

conducted to further distinguish between an associative pathway for N-H bond cleavage,

in which ammonia coordinates to [(tBu2P(CH2)2)2CH]Ir(1-pentene), versus a dissociative

pathway, in which the alkene first dissociates from the Ir center to generate a three-

coordinate [(tBu2P(CH2)2)2CH]Ir species that subsequently reacts with ammonia.  The

rate of the reaction was found to be dependent on the concentration of alkene, which is

consistent with the dissociative mechanism.

1.5.2 N-H Bond Activation of Hydrazines via (PCP)Ir Complexes

The study of N-H bond oxidative addition of ammonia can be plagued by

reductive elimination chemistry, preventing thorough investigation into the nature of the

bond cleavage chemistry (vide supra).  As an alternative, organic substrates designated as

ammonia equivalents can be utilized to better understand N-H bond cleavage chemistry.

Hartwig and coworkers have recently reported on the synthesis of hydrazido hydride

complexes formed by the N-H bond oxidative addition of hydrazine derivatives to both

aromatic (PCP)IrI and aliphatic (PCP)IrI complexes.40 Initial studies revealed that the

addition of 1.1 equiv. of benzophenone hydrazone  (NH2NCPh2) to both [tBu-

PCP]Ir(H)Ph or [(tBu2P(CH2)2)2CH]Ir(1-pentene) lead to the formation of stable

hydrazido hydride products of the type [tBu-PCP]Ir(H)(NHNPh2) and

[(tBu2P(CH2)2)2CH]Ir(H)(NHNPh2) after 5 min at room temperature.  These products

were proposed to form via N-H bond activation of NH2NCPh2 by [tBu-PCP]IrI or

[(tBu2P(CH2)2)2CH]IrI after loss of benzene or 1-pentene, respectively (Scheme 1-8).

The resulting hydrazido hydride products were not susceptible to reductive elimination,

even in the presence of excess (10 equiv) benzene or 1-pentene.40
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Scheme 1-8. Synthesis of (PCP)Ir hydrazido hydride complexes via N-H bond activation

N-H bond oxidative addition of 1-aminopiperidine (NH2NC5H10) was also

mediated by [tBu-PCP]IrI and [(tBu2P(CH2)2)2CH]IrI to form either [tBu-

PCP]Ir(H)(NHNC5H10) or [(tBu2P(CH2)2)2CH]Ir(H)(NC5H10), respectively (Scheme 1-8).

Although the latter complex was stable at room temperature for days, a second N-H bond

activation was observed for [tBu-PCP]Ir(H)(NHNC5H10) upon mild heating to give a rare

example of an Ir aminonitrene complex, [tBu-PCP]Ir(N=NC5H10) and H2 (Scheme 1-9).

The nature of the aminonitrene Ir–N bond was examined with DFT calculations and the

results showed that the primary Ir–N interaction involves donation from the lone pair on

N to the metal center, with little backbonding from the metal.

The reactivity of MePhNNH2 and Me2NNH2 was also explored.  The reaction of

[tBu-PCP]IrI with either MePhNNH2 or Me2NNH2 provided two products, [tBu-

PCP]Ir(N=NRR’) (R = Ph, R’ = Me; or R = R’ = Me) and [tBu-PCP]Ir(H)2(C≡NR) (R =

Ph, Me). The aminonitrene product resulted from double N–H bond activation of the

hydrazine derivative, while the isocyanide product likely formed by an initial C–H bond

oxidative addition of an N-Me group followed by N–N bond cleavage via β-NH2

elimination, and subsequent C–H bond activation of the resulting imine before

deinsertion of the isocyanide group (Scheme 1-9).
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The hydrazine N-H bond cleavage chemistry detailed by Hartwig and co-workers

is a rare example of N-H bond oxidative addition and represents an important step

towards understanding such reactions involving electron rich late metal centers. This

work lays the foundation for the development of catalytic chemistry that parallels existing

E-H addition reactions such as hydrogenation, hydroboration, and hydrosilylation.

Scheme 1-9. Generation of (A) aminonitrene and (B) isocyanide (PCP)Ir complexes

1.5.3 Investigations into N-H Bond Activation by Bis(phosphinite) Ir
Pincer Complexes

Having examined the reactivity of electron-deficient bis(phosphinite)

[POCOP]Ir pincer complexes with C-H bonds (vide supra), Brookhart and co-workers

also sought to extend their reactivity studies to the activation of the N-H bonds.41

Previous work had shown that the reaction of [POCOP]Ir(H)Cl with NaOtBu leads to the
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generation of a highly reactive [POCOP]IrI intermediate, which exhibited aggressive

reactivity with alkane C-H bonds.35 This same intermediate was also found to react with

the N-H bonds of anilines and benzamides.  Treatment of [POCOP]IrI with a variety of

anilines in benzene solution at room temperature produced three products in equilibrium

– [POCOP]Ir(H)(Ph), [POCOP]Ir(H)(NHAr) and the Lewis base adduct

[POCOP]Ir(NH2Ar) (Scheme 1-10; Ar = p-X-C6H3; X = OMe, Me, H, Cl, or CF3).41

This product mixture indicates that C-H bond activation of the benzene solvent is

competitive with N-H bond activation.  Thus, [POCOP]Ir(H)(Ph) was formed by the

reaction of [POCOP]IrI with benzene, while [POCOP]Ir(H)(NHAr) and

[POCOP]Ir(NH2Ar) result from the interaction of [POCOP]IrI with aniline (Scheme 1-

10). Equilibrium constants connecting these three species were measured and were found

to be dependent on the nature of the para-substituent on the aniline.  As expected, as the

basicity of the aniline increased with more electron donating para-substituents, the Lewis

base complex [POCOP]Ir(NH2Ar) was found to dominate the product distribution.

However, as the para-substituent was replaced with more electron withdrawing groups,

the basicity of the aniline decreased and the aniline oxidative addition product

[POCOP]Ir(H)(NHAr) was observed as the major product.  Brookhart and co-workers

propose that the latter effect is due to decreased repulsion between filled metal

dorbitals and N p-orbitals.  The rates of reductive elimination from

[POCOP]Ir(H)(NHAr) were measured by heating the IrIII complexes in the presence of

ethylene as a trapping ligand, to form the IrI ethylene adduct [POCOP]Ir(C2H4).  The

reductive elimination barriers fall in the range of 21-22 kcal/mol and increased with the

electron-withdrawing ability of the anilines employed.  By comparison, the barrier of C-

H bond reductive elimination from [POCOP]Ir(H)(Ar) (Ar = 3,5-Me2C6H3) was

determined to be 14.1 kcal/mol.
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Scheme 1-10. Equilibria between products resulting from the reaction of [POCOP]IrI

with anilines in benzene solution

Related N-H bond activation studies with benzamides yielded quantitatively the

IrIII oxidative addition products [POCOP]Ir(H)(NHC(O)Ar).41 X-ray analysis of the

isolated amido hydride products indicated significant interaction between the carbonyl O

and the Ir center.  The barrier to reductive elimination from the benzamide complexes

was determined to be substantially higher than for the related anilido complexes, and the

increased binding energy of the benzamide group to Ir was ascribed to the presence of

stabilizing Ir-O interactions as well as to a decrease in the repulsive d-p interaction due

the strong electron withdrawing ability of the benzamide group.

The work of Brookhart and co-workers represents one of the few detailed

mechanistic studies of N-H bond activation at a late metal center.  It is anticipated that

further mechanistic understanding of such reactivity, along with the further development

of new complexes that can undergo N-H bond cleavage reactions will enable the

development of catalytic cycles that incorporate N-H bond activation steps to achieve

useful organic transformations.  In particular, the functionalization of ammonia is a

highly desirable target.

1.5.4. N–H Bond Activation via Metal Ligand Cooperation
The N–H bond activation chemistry described thus far has involved formal

oxidative addition in order to achieve cleavage of the N–H bond.  However, another

possible route that has recently emerged in the literature for the activation of difficult to

cleave E–H bonds (E = main group element; H, B, C, N, O, etc.) involves metal ligand
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cooperativity where no change in formal oxidation state of the metal occurs.  This bond

cleavage mechanism features aromatization–dearomatization of the pincer ligand

backbone mediated by proton transfer from the substrate to the dearomatized ligand,

leading to net E–H bond cleavage in concert with aromatization of the pincer ligand

(Scheme 1-11).

Scheme 1-11. General mode of bond activation through metal ligand cooperativity

Milstein and co-workers have developed a novel class of pyridine based RPNP

and RPNN (RPNP = 2,6-(CH2-PR2)2C5H3N; RPNN = 2-(CH2-PR2)-6-(CH2-NEt2)C5H3N; R

= tBu, iPr) pincer complexes that have shown tremendous utility in bond activation and

catalysis through metal ligand cooperation by aromatization–dearomatization42 (Scheme

1-11). The reaction of [tBuPNP*]Ru(H)(CO) (* designates dearomatized version of the

ligand) with electron poor anilines, such as 4-nitroaniline and 2-chloro-4-nitroaniline, at

room temperature lead to N–H bond activation where the proton was transferred to the

unsaturated ligand arm and aromatization of the central pyridine ring occurred (Scheme

1-12).  Reaction of [tBuPNP*]Ru(H)(CO) with halo anilines resulted in equilibria of the

starting complex with the N–H activation product, suggesting reversibility of the N–H

bond cleavage process at room temperature (Scheme 1-12).43a
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Scheme 1-12. Aniline N-H bond activation via metal-ligand cooperativity

More electron rich amines such as H2NPh, NH3 and H2NiPr appeared to either

form the corresponding amine complexes [tBuPNP*]Ru(H)(NH2R), or did not react at all

at room temperature.  Although these electron rich amines did not appear to undergo N–

H bond cleavage, mechanistic studies showed that N-H bond activation of such substrates

is kinetically accessible.  Treatment of a benzene-d6 solution of [tBuPNP*]Ru(H)(CO)

with ND3 led to the selectively deuterated product [tBuPNP*]Ru(H)(ND3), where one of

the two methylene CH2 arm signals has also been deuterated, as indicated by its

disappearance in the 1H NMR spectrum of the complex. No exchange was noted

between the methylene C-H and C-D, indicating that the activation process likely

occurred in an intramolecular manner on one face of the ligand.  This was the first report

of reversible N–H bond activation of ammonia via metal-ligand cooperativity.43a

Furthermore, heating of [tBuPNP*]Ru(H)(CO) with 5 equivalents of H2NiPr in a

sealed J. Young tube for one week at 80 ºC generated a 1:1 mixture of a trans-dihydride

complex [tBuPNP*]Ru(H)2(CO) and [tBuPNP*]Ru(H)(CO).  It was proposed that the

dihydride product likely formed after an initial N–H activation of H2NiPr, followed by H2

elimination to produce [tBuPNP*]Ru(NHiPr)(CO). Subsequent β-hydride elimination,

followed by H2 addition could provide the trans-dihydride product observed (Scheme 1-

13).  DFT calculations supported this proposal, as barriers between the H2NiPr adduct and

the corresponding Ru amido complex were between 10 – 20 kcal/mol and therefore

accessible at room temperature.43a
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Scheme 1-13. Potential pathway for N-H bond activation of NH2
iPr by [tBuPNP*]Ru

Activation of the N–H bonds of anilines by dearomatized tBuPNN and iPrPNP Rh

complexes was also recently reported.43b The reaction of [tBuPNN*]Rh(L’) (L’ = N2,

C2H4) and [iPrPNP*]Rh(L’) (L’ = C2H4, COE) with various anilines at 60 ºC yielded

stable Rh anilido products of the type [RPNL]Rh(NHAr) (RPNL = tBuPNN, iPrPNP; Ar =

C6H5, o-Br-C6H4, m-Cl-p-Cl-C6H3, p-NO2-C6H4) via a similar pathway to that

documented for [tBuPNP*]Ru (Scheme 1-12). Upon reaction of the anilido complexes

with CO or PEt3, the N–H bond reformed, to eliminate free aniline and the respective

dearomatized complex [RPNL*]Rh(L’) (L’ = CO, PEt3), which highlights the reversible

nature of the N–H bond cleavage process in this system.

In agreement with the trends in reactivity observed in the [ tBuPNP*]Ru system, N–

H activation was faster with electron poor anilines (i.e. p-nitroaniline) compared to the

more electron rich anilines.43 This same trend was also observed by Brookhart and

coworkers (vide supra) in the oxidative addition of the N–H bond of various anilines with

[POCOP]Ir.41

Although the mechanism for N-H bond cleavage involving RPNP- and RPNN-

ligated Ru and Rh complexes differs from the oxidative addition route for bond cleavage

involving (PCP)Ir and (POCOP)Ir, this work highlights the challenges associated with N-

H bond cleavage of a variety of amines.  Notably, this work showed a rare indirect
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example of N-H bond cleavage involving an alkyl amine. No other examples late metal

mediated N-H bond cleavage in alkyl amines have been reported in the literature thus far.

Therefore, the pursuit of new transition metal complexes that are capable of N-H bond

cleavage in alkyl amines remains an active area of investigation.

1.6. Cationic Bis(phosphinite) IrIII Pincer Complexes in Stoichiometric
and Catalytic Bond Functionalization

Iridium bis(phosphinite) pincer complexes have shown effectiveness in alkane

dehydrogenation chemistry and N–H bond activation (vide supra). Treatment of

[POCOP]Ir(H)Cl with NaOtBu proved to be an efficient means of generating

[POCOP]IrI, the active species in this type of bond cleavage chemistry. Alternatively,

Brookhart and co-workers have demonstrated that the cationic IrIII bis(phosphinite) pincer

complex {[POCOP]Ir(H)(CH2Cl2)}+[BArF] (BArF = 3,5-(CF3)C6H3) can be accessed by

abstraction of the chloride ligand from [POCOP]Ir(H)Cl with NaBArF in CH2Cl2

(Scheme 1-14A).  The resulting in situ generated solvated cationic monohydride complex

has displayed intriguing bond activation activity, including the catalytic reduction of

dichloromethane to methane using Et3SiH as the reducing agent.44a Unfortunately

catalytic studies of the in situ generated [POCOP]Ir(H)+ complex produced inconsistent

results and as such, alternative cationic bis(phosphinite) iridium complexes were targeted.
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Scheme 1-14. Synthesis of cationic bis(phosphinite) iridium complexes (A)
{[POCOP]Ir(H)(CH2Cl2)}+[BArF]- and (B) [[POCOP]Ir(H)(acetone)]+[B(C6F5)4]-

Towards these ends, the solvated complex {[POCOP]Ir(H)(acetone)}+[B(C6F5)4]

was synthesized by treatment of [POCOP]Ir(H)2 with (Ph3C)[B(C6F5)4] in acetone

(Scheme 1-14B).  Remarkably, this complex was shown to be a highly active catalyst for

the reduction of alkyl chlorides, bromides, iodides, and some fluorides to alkanes

utilizing Et3SiH as the reductant.44 The reduction of primary and secondary alkyl halides

catalyzed by [POCOP]Ir(H)(acetone)+ was typically executed in chlorobenzene or in neat

alkyl halides at either 23 or 60 ºC.  For instance, using 0.5 mol % catalyst loading and 3

equiv. Et3SiH, 1-bromopentane was reduced to pentane after 1.5 hours at 60 ºC in greater

than 99 % conversion. [POCOP]Ir(H)(acetone)+ also proved to be a highly efficient

catalyst for the reduction of benzyl halides.  Specifically, with 0.075 mol % of

[POCOP]Ir(H)(acetone)+, rapid and complete reduction of benzyl bromide to toluene was

observed to occur in 2.5 h.
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Figure 1-8. Structure of the η1-silane complex [POCOP]Ir(H)(η1-HSiEt3)+

A potential catalytic cycle involving an η1-silane complex of the type

[POCOP]Ir(H)(η1-HSiEt3)+ (Figure 1-8) as an intermediate was proposed (Scheme 1-15).

This electrophilic Ir silane complex, which was isolated and characterized structurally

and spectroscopically, was found to possess an unprecedented binding mode of the silane

to the IrIII center with Et3SiH bound in an η1 fashion, rather than the typical η2-SiH

coordination mode where the silane is bound side on.45 This [POCOP]Ir(H)(η1-HSiEt3)+

complex was proposed to transfer Et3Si+ to the alkyl halide to form a silyl-substituted

halonium ion, Et3SiXR+ (X = Cl, Br, I, F), which subsequently reacts with an equivalent

of the neutral complex [POCOP]Ir(H)2 to produce the reduced alkane and XSiEt3 and to

regenerate [POCOP]Ir(H)+ (Scheme 1-15).
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Scheme 1-15. Proposed catalytic cycle for (POCOP)Ir catalyzed reduction of alkyl
halides by Et3SiH

In an extension of this reduction chemistry, cationic IrIII bis(phosphinite)

complexes were also shown to catalytically cleave and reduce a variety of alkyl ethers in

the presence of Et3SiH.46 Thus, treatment of a room temperature solution of

[POCOP]Ir(H)(acetone)+ (1 mol%) and Et3SiH in dichlorobenzene with an alkyl ether

produced alkyl triethylsilyl ethers and alkanes (Scheme 1-16).  In some cases the newly

generated triethylsilyl ether underwent a second C-O cleavage reaction to form

hexaethyldisiloxane (Et3SiOEt3) and an additional equivalent of alkane (Scheme 1-16).

This reductive cleavage chemistry was applied to a wide variety of unactivated alkyl

ethers including primary, secondary, and tertiary alkyl ethers as well as aryl alkyl ethers

and even poly(ethylene)glycol.
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Scheme 1-16. Cleavage of aryl and alkyl ethers catalyzed by
[[POCOP]Ir(H)(acetone)]+[B(C6F5)4]

The proposed catalytic cycle for ether cleavage and reduction by

[POCOP]Ir(H)(acetone)+ involves similar components as the cycle described for alkyl

halide reduction (Scheme 1-15). Upon generation of [POCOP]Ir(H)(η1-HSiEt3)+, Et3Si+

is transferred to the ether (R1OR2 where R1, R2 = alkyl, aryl) to produce the

corresponding oxonium ion (R1R2OSiEt3)+ and [POCOP]Ir(H)2.  The neutral dihydride

complex then reduces (R1R2OSiEt3)+ to the corresponding alkane (R1H or R2H) and silyl

ether (R1OSiEt3 or R2OSiEt3) products, forming the monohydride complex

[POCOP]Ir(H)+.  The catalytic cycle is completed by the reaction of Et3SiH with

[POCOP]Ir(H)+ to reform [POCOP]Ir(H)(η1-HSiEt3)+ (Scheme 1-17).
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Scheme 1-17. Proposed catalytic cycle for (POCOP)Ir catalyzed ether cleavage

In the course of exploring the catalytic reduction of alkyl halides and ethers by

[POCOP]Ir(H)(acetone)+, the acetone hydrosilylation product Et3SiOCH(CH3)2 was also

observed.  It was therefore postulated that the reduction chemistry facilitated by such

cationic IrIII bis(phosphinite) species could be extended to the hydrosilylation of other

carbonyl compounds.47 Indeed, the catalytic hydrosilylation of ketones, aldehydes, esters

and amides by [POCOP]Ir(H)(acetone)+ in the presence of excess Et3SiH has been

reported. The reaction of most ketones is complete in under 0.5 h at room temperature

with TONs on the order of ca. 200.  The hydrosilylation of benzaldehyde with 1.2 equiv

Et3SiH provided the corresponding silyl benzyl ether quantitatively in 0.3 h without the

secondary cleavage of the silyl ether, which is known to occur in other systems.46a The

hydrosilylation of esters and amides occurs at slower rates relative to ketones and

aldehydes and results in over-reduction to afford cleavage of C-O bonds.47a The catalytic

hydrosilylation of epoxides was also conducted with 0.5 mol % [POCOP]Ir(H)(acetone)+

in the presence of 1.5 equiv. Et3SiH at room temperature.47b It was determined that the
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resulting silyl-protected alcohols originated from rapid isomerization of the epoxide to a

ketone that underwent subsequent hydrosilylation.

Mechanistic studies revealed that the hydrosilylation of carbonyl compounds

occurs through Et3Si+ transfer to the carbonyl fragment by [POCOP]Ir(H)(η1-HSiEt3)+ to

form an oxocarbenium ion (Et3SiOCR1R2)+ that is subsequently reduced by

[POCOP]Ir(H)2 (Scheme 1-18).47 Low temperature NMR studies showed that the adduct

[POCOP]Ir(H)(O=CR1R2)+ and the η1-silane complex are in equilibrium before

hydrosilylation occurs, and the ketone complex is the likely resting state of the catalyst.

Scheme 1-18. Proposed catalytic cycle for (POCOP)Ir catalyzed hydrosilylation of
carbonyl containing compounds

The reduction of carbonyl containing compounds by the η1-silane complex

[POCOP]Ir(H)(η1-silane)+ has also been recently extended to the catalytic hydrosilylation

of carbon dioxide to methane with trialkylsilane as the reducing agent.48 The reaction 0.3

mol% [POCOP]Ir(H)(acetone)+ with 1 atm of CO2 and 300 equivalents of various tertiary

silanes at 23 ºC formed mixtures of bis(silyl)acetals, methyl silylethers, bis(silyl)ethers,
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and methane. Less bulky silanes such as Me2EtSiH and Me2PhSiH led to both higher

catalytic activity and increased selectivity for methane formation, with no detection of

bis(silyl)acetal and methyl silyl ether intermediates. When Me2PhSiH was used as the

silane with a 0.0077 mol % loading of Ir, greater than 8200 TONs were achieved (where

a TON indicates consumption of 1 equiv of silane).  In addition, long catalyst lifetimes

were observed as introduction of CO2 after the reaction seemed to have stopped

reinitiated catalysis with comparable rates and TONs to the first catalytic run.

A catalytic cycle was proposed for the reduction of CO2 involving the initial

reaction of [POCOP]Ir(H)(acetone)+ with R3SiH to generate [POCOP]Ir(H)(η1-silane)+

(Scheme 1-19).  The silane complex reacts with CO2 to yield a formoxysilane and

[POCOP]Ir(H)+, which can go on to regenerate [POCOP]Ir(H)(η1-silane)+. The

formoxysilane is subsequently reduced in a reaction with [POCOP]Ir(H)(η1-silane)+ to

form the bis(silyl)acetal CH2(OSiR3)2. Successive subsequent hydrosilylations of

CH2(OSiR3)2 mediated by [POCOP]Ir(H)(η1-silane)+ lead to the formation of methane as

well as two equivalents of the bis(silyl)ether (R3Si)2O.
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Scheme 1-19. Proposed catalytic cycle for CO2 reduction to CH4 by [POCOP]Ir(H)+ and
R3SiH

Lastly, cationic iridiumIII bis(phosphinite) complexes have also found application

as pre-catalysts for the reduction of tertiary amides to amines with diethylsilane as the

reductant.49 In recent years, the reduction of tertiary amides via metal catalyzed

hydrogenation has been investigated due to the need for more selective methods of

synthesis for tertiary amines, though mechanistic details about this transformation have

been lacking. Initial studies found that the combination of [POCOP]Ir(H)(acetone)+ (0.5

mol %) with Et2SiH2 (3 equiv) at 60 ºC enabled the catalytic reduction of aromatic,

aliphatic, heteroaromatic and heterocyclic amides to tertiary amines.49 Unlike the

systems described above for the reduction of carbonyl compounds, CO2, alkyl halides and

ethers, mechanistic studies revealed that the catalytically relevant species in the reduction
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of tertiary amides was not the silane complex [POCOP]Ir(H)(η1-silane)+. Rather, the

neutral iridiumV silyl trihydride complex [POCOP]Ir(H)3(SiEt2H) was determined to be

the active species for the reduction of tertiary amides (Figure 1-9, Scheme 1-20).49

Figure 1-9. Strucutre of neutral IrV silyl trihydride for catalytic reduction of tertiary
amides to amines

The catalyst resting state for amide hydrosilylation were first probed by carrying

out the reaction of [POCOP]Ir(H)(acetone)+ with excess Et2SiH2 in the presence of NEt3

as a model for the basic amide and amine product.  An equilibrium mixture of neutral IrIII

complex [POCOP]Ir(H)(SiEt2H) and IrV species [POCOP]Ir(H)3(SiEt2H) was found to be

the resting state during catalysis. This observation suggested that the in situ generated

silane complex [POCOP]Ir(H)(H2SiEt2)+ (resulting from the reaction of

[POCOP]Ir(H)(acetone)+ with excess Et2SiH2) was deprotonated by NEt3 to form

[POCOP]Ir(H)(SiEt2H) and Et3NH+.  The reaction of [POCOP]Ir(H)(SiEt2H) with H2

(from the hydrolysis of Et2SiH2 and adventitious water) provides the IrV complex

[POCOP]Ir(H)3(SiEt2H).49 These neutral silyl hydride complexes could be rationally

prepared by treatment of [POCOP]Ir(H)(Cl) with NaOtBu in the presence of excess

Et2SiH2 at 60 ºC for 4 h.

In order to assess the feasibility of these neutral IrIII and IrV silyl hydride

complexes for the catalytic reduction of tertiary amides, 1 mol% of a mixture of

[POCOP]Ir(H)(SiEt2H) and [POCOP]Ir(H)3(SiEt2H) (0.9:0.1 ratio) was treated with N,N-

dimethylbenzamide and Et2SiH2.  After 1 h, the amide was converted to the hemiaminal

ether and only minimal amine product was observed, even after prolonged reaction times.
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Since the reduction of N,N-dimethylbenzamide with [POCOP]Ir(H)(acetone)+ and excess

Et2SiH2 formed only N,N-dimethylbenzamine, these differing results suggested that the

conjugate acid R3NH+ was catalyzing the conversion of the hemiaminal to the

corresponding amine.  Consequently, treatment of the hemiaminal ether with 1 mol% of

[Et3NH][B(C6F5)4] enabled quantitative amine formation.  Further investigation revealed

that the rate of conversion of the hemiaminal ether was dependent on the ammonium salt

and silane concentration, which indicated that the silane was the hydride donor for the

initial reduction chemistry.  As such, since the iridium(V) complex

[POCOP]Ir(H)3(SiEt2H) has a much more active ‘Et2SiH+’ donor, it was determined to be

the active catalyst for the conversion of amide to hemiaminal ether.49

Based on the above results, a catalytic cycle was proposed for the reduction of

tertiary amides to amines with Et2SiH2 (Scheme 1-20).  Treatment of

[POCOP]Ir(H)(acetone)+ with excess Et2SiH2 provides a mixture of

[POCOP]Ir(H)(SiEt2H) and [POCOP]Ir(H)3(SiEt2H), the later complex being the

catalytically active species.  [POCOP]Ir(H)3(SiEt2H) transfers Et2SiH+ to the amide

substrate to form an oxocarbenium ion intermediate and [POCOP]Ir(H)3
, which can

react together to yield a hemiaminal and [POCOP]Ir(H)2. The neutral Ir dihydride

complex can reenter the catalytic cycle by reacting with Et2SiH2 to regenerate the active

catalyst, [POCOP]Ir(H)3(SiEt2H). In order to obtain the final amine product, the

hemiaminal reacts with a weak acid (such as Et3NH+) to generate an iminium ion that is

then further reduced to the amine by Et2SiH2 (Scheme 1-20). Since it was found that

adventitious H2 encourages the formation of the catalytically active

[POCOP]Ir(H)3(SiEt2H), the most active catalytic system was achieved under an

atmosphere of H2.
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Scheme 1-20. Proposed catalytic cycle for reduction of tertiary amines by
[POCOP]Ir(H)3(SiEt2H)

1.7 Alternative Pincer Designs – Silyl Pincer Complexes
The pincer complexes that have been discussed thus far exclusively feature a PCP

or PNP-type donor framework.  The study of transition metal pincer chemistry has in fact

focused almost exclusively on such PCP/PNP ligated complexes.  However, as was noted

previously, LXL pincer-type ligands have a modular design that allows for variability at

both the neutral (L) and anionic (X) donor positions.  Despite this feature, relatively little

attention has been given to varying the nature of the central anionic donor.  As such, the

chemistry of pincer complexes with ligands bearing other types of central donor groups is

an emerging area, with examples of pincer ligation featuring X = P,12 B,13 Sn,14 Ge,14 and

Si15 having been recently reported. It is anticipated that such novel pincer systems will
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display interesting new reactivity due to changes in the electronic characteristics of the

central donor group.

Of these alternative pincer designs, silyl-based LSiL pincers are the most

established and well-studied. Due to the decreased electronegativity of Si (relative to C),

the substitution of Si for C in a pincer complex is predicted to enable the synthesis of

increasingly electron rich metal complexes that may more readily undergo oxidative

addition reactions.  Silyl groups are also highly trans-labilizing, which can encourage

coordinative unsaturation in the resulting metal complexes – a necessary requirement for

further reactivity.50 Such features may lead to significant structural and reactivity

differences between PCP- and PSiP-supported metal complexes. Indeed, PSiP ligation

has been utilized to prepare unprecedented four-coordinate, trigonal pyramidal Ru

complexes, and computational studies have confirmed the key role of the strongly σ-

donating silyl group in enforcing the unusual coordination geometry. 15f

Silyl PSiP ligands were first reported by Stobart and co-workers in the 1980s,

who prepared a series of platinum group metal complexes supported by various mono-

and bis(phosphino)silyl ligands featuring either aliphatic or benzylic backbones (Figure

1-10C).51 These early studies primarily addressed the fundamental coordination

chemistry of such (phosphino)silyl ligands, specifically focusing on the trans-labilizing

effect of silicon and the stabilization of the M-Si linkage by the chelate effect (Figure 1-

10A). There was little investigation into the organometallic reactivity of these

compounds and their utility in E-H bond cleavage reactions of the type that have been

highlighted for PCP pincer complexes was not evaluated.
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Figure 1-10. Previously reported bi-, tri- and tetradentate phosphinosilyl complexes

More recently, Tilley and co-workers developed an NSiN pincer-type ancillary

ligand based on the bis(8-quinolyl)silyl framework (Figure 1-11).52 The coordination

chemistry of NSiN with Rh, Ir and Pt was investigated.  Although Pt and Rh complexes

supported by NSiN ligation proved relatively unreactive,52b,d the Ir analogues were shown

to activate the Si-H bond of tertiary alkyl and aryl hydrosilanes.52c Ir complexes

supported by NSiN ligation were also shown to catalyze arylsilane redistribution of a

variety of primary and secondary aryl silanes, as well as dehydrogenative arene silylation

of various arenes with a primary silane.52c However, these [NSiN]Ir catalysts were not

very active and lead to poor product yields.52c

Figure 1-11. Rh, Ir and Pt complexes featuring the tridentate bis(8-quinolyl)silyl (NSiN)
ligand

Although the Tilley NSiN ligand system was shown to lead to isolable late

transition metal silyl pincer complexes, a major drawback of the quinolyl-based ligand
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framework is the lack of modularity.  Due to the nature of the quinolyl donors,

substitution at nitrogen is not readily modified, which limits the ability to fine tune the

steric and electronic properties of this tridentate ligand.  Furthermore, N-based peripheral

donors are anticipated to afford late metal complexes that are not very electron-rich, and

thus may not readily undergo oxidative addition reactions with substrates such as

hydrocarbons.

In an effort to further develop the reactivity and bond activation chemistry of

pincer complexes featuring a central silyl donor, work in the Turculet group has targeted

a new class of bis(phosphino)silyl pincer ligands of the type [3-(2-R2PC6H4)2SiMe]- ([R-

PSiP], R = alkyl or aryl; Figure 1-12).15 By comparison with the Stobart phosphinosilyl

ligand architectures, the reduced conformational flexibility and lack of -hydrogens

associated with the ortho-phenylene backbone of [R-PSiP] is anticipated to provide

enhanced stability and selectivity in metal-mediated substrate transformations.

Furthermore, in comparison with the quinolyl-based NSiN system studied by Tilley and

co-workers, [R-PSiP] ligation offers the opportunity to readily tune the steric and

electronic properties of the phosphino donors; the phosphino groups are also more

compatible than quinolyl groups with the preparation of electron-rich platinum group

metal derivatives.  Thus far, [R-PSiP] metal complexes have been shown to participate in

a wide variety of E-H bond activation reactions,15a,b,d,e and have also been shown to be

catalytically active in reactions such as transfer hydrogenation of ketones,15a

hydrosilylation of CO2 to form methane,15g,i-n

Figure 1-12. Bis(phosphino)silyl pincer complexes being pursued in the Turculet group
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The work described in the following chapters builds on previous work from the

Turculet group dealing with the synthesis and reactivity of new [R-PSiP]Rh and [R-

PSiP]Ir pincer complexes.15a,b The studies presented herein will address the synthesis of

new coordinatively and electronically unsaturated Rh and Ir complexes supported by [R-

PSiP] ligation and the reactivity of such complexes with C-H and a variety of N-H bonds.

Mechanistic investigations of this E-H bond activation chemistry that implicate a highly

reactive, 14-electron [PSiP]IrI intermediate will also be discussed. Moreover, results of

attempted functionalization of N–H bond through insertion of unsaturated substrates into

the Ir–N bond of synthesized amido hydride complexes will be addressed.  Finally

extension of the [R-PSiP]IrI bond cleavage chemistry to cationic [R-PSiP]IrIII complexes

and their reactivity will also be presented.
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Chapter 2:  Synthesis and Reactivity of New Bis(phosphino)silyl Rh and
Ir Amido Hydride Pincer Complexes - A Rare Example of N-H Bond

Oxidative Addition of Ammonia

2.1 Introduction
As highlighted in Chapter 1, Group 9 metal pincer complexes have demonstrated

an aptitude for cleaving C-H and N-H bonds in organic substrates such as hydrocarbons

and amines, respectively.  Although some promising breakthroughs towards efficient

catalytic processes that involve such bond cleavage steps have been achieved, there are

still many avenues left to pursue.  In order to advance this field, a significant portion of

current research efforts are focused on investigating alternative pincer ligand

architectures and their influence on reactivity at the metal center.  Towards this end,

research in the Turculet group has focused on a pincer ligand design featuring a central

silyl donor.15a-g The incorporation of strongly electron donating and trans-labilizing silyl

groups into such multidentate ligand architectures may promote the formation of

electron-rich and coordinatively unsaturated complexes that can readily undergo

oxidative addition of a variety of -bonds.

Although metal-silicon chemistry has been well studied across the transition

series,53 the incorporation of a silyl donor into a pincer ancillary ligand framework has

not been widely explored.  As highlighted in the introduction of this thesis, while a few

previous examples of silyl pincer complexes have appeared in the literature, very little

exploration of the reactivity of such complexes has been reported.15,51,52 Investigations

in the Turculet group have focused on new tridentate bis(phosphino)silyl ligands of the

type [3-(2-R2PC6H4)2SiMe]- ([R-PSiP], R = aryl or alkyl; Figure 2-1).  Unlike previously

reported tridentate phosphinosilyl ligands,51 the [R-PSiP] ligand architecture features a

relatively rigid o-phenylene backbone lacking β-hydrogens, which is anticipated to lead

to stable organometallic pincer metal complexes.  Furthermore, the ligand design is

modular, in that the substitution at phosphorus is readily modified in order to alter the

steric and electronic profile of the phosphine donors.
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Figure 2-1. Bis(phosphino)silyl ligand design pursued in the Turculet group

Initial investigations have shown that [R-PSiP]-supported pincer complexes can

exhibit aggressive reactivity.15a-g Specifically, coordinatively unsaturated Ir complexes

supported by the new bis(phosphino)silyl ligand [Cy-PSiP] were reported to undergo

facile intermolecular arene sp2-C-H bond cleavage reactions.  This represents the first

example of room temperature arene C-H bond activation by a silyl pincer complex.15b

This chapter will detail the continued study of Group 9 metal [R-PSiP] pincer

complexes, with the goals of improving the understanding of [R-PSiP]Ir-mediated C-H

bond cleavage chemistry, as well as extending this reactivity to the activation of N-H

bonds.

2.2 Results and Discussion
The synthesis of the [Cy-PSiP]H ligand precursor, which has been reported

previously,15b is readily achieved in three synthetic steps (Scheme 2-1).  The initial Pd

coupling reaction between Cy2PH and 2-iodobromobenzene in the presence of Cs2CO3

yielded 2-dicyclohexylphosphino bromobenzene in 85 % yield.  Lithiation of the aryl

phosphine with nBuLi, followed by in situ treatment with 0.5 equiv of MeSiHCl2,

afforded [Cy-PSiP]H in 69% isolated yield (Scheme 2-1).
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Scheme 2-1. Synthesis of the [Cy-PSiP]H ligand precursor

Oxidative addition of the Si-H bond in [Cy-PSiP]H to a low valent metal center

has been shown to lead to metalation of the ligand and the formation of the desired silyl

pincer complexes.15b Specifically focusing on the chemistry of Rh and Ir complexes

supported by [Cy-PSiP] ligation, previous work has demonstrated that five-coordinate

complexes of the type [Cy-PSiP]M(H)Cl are readily prepared by the reaction of [Cy-

PSiP]H with 0.5 equiv of [(COE)2MCl]2 (2-1, M = Ir; 2-2, M = Rh; COE =

cyclooctene).15b Attempted alkylation of either 2-1 or 2-2 with alkyl lithium reagents

such as MeLi led to the formation of short-lived [Cy-PSiP]M(H)(alkyl) intermediates that

were shown to rapidly eliminate the corresponding alkane and, in the case of M = Ir,

mediate intermolecular aryl C-H bond cleavage processes, including arene exchange, at

room temperature (Scheme 2-2).15b These results constitute the first reported example of

intermolecular C-H bond cleavage mediated by a silyl pincer complex.

In an effort to expand on these initial results, one goal of the current work is to

attempt to shed additional light on the mechanism of C-H bond cleavage by [Cy-PSiP]-

supported Ir complexes.  A possible mechanism for this sp2-C–H bond activation

chemistry involves C-H bond oxidative addition to a highly reactive, 14-electron [Cy-

PSiP]IrI intermediate species that is generated in situ via alkane or arene reductive

elimination from [Cy-PSiP]Ir(H)(alkyl) or [Cy-PSiP]Ir(H)(aryl), respectively.  Such a

mechanism has been postulated previously for related C-H bond cleavage chemistry

involving [PCP]Ir pincer complexes.26,28,34,54
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Scheme 2-2. C-H bond activation chemistry mediated by [Cy-PSiP]IrI

In this context, the trapping, isolation and study of reactive [Cy-PSiP]MI

intermediates represents one avenue of investigation, as the viability of [Cy-PSiP]MI

species (M = Rh, Ir) has not previously been demonstrated.  Furthermore, an additional

goal of the current work is to study the capability of the [Cy-PSiP]M system to carry out

additional aggressive E-H bond cleavage reactions.  In this regard, N-H bonds were

considered suitable candidates for further investigation due to the comparable homolytic

bond strengths of C-H and N-H bonds.55

2.2.1 Synthesis and Characterization of [Cy-PSiP]ML Complexes
Initial attempts to probe the reactivity of 2-1 and 2-2 aimed to prepare MIII

complexes of the type [Cy-PSiP]M(H)(alkyl) (M = Rh, Ir) by the treatment of either 2-1

or 2-2 with alkyl lithium reagents such as MeLi.  In the case of Ir, as mentioned above,

the resulting [Cy-PSiP]Ir(H)(alkyl) species was shown to eliminate the corresponding

alkane (methane, if MeLi was used) and undergo intermolecular C-H bond cleavage of

the arene solvent at room temperature to generate complexes of the type [Cy-

PSiP]Ir(H)(aryl) (Scheme 2-2).15b Complexes of the type [Cy-PSiP]Ir(H)(aryl)

underwent arene exchange reactions and were susceptible to arene loss when exposed to

vacuum, which precluded their isolation.  Experiments utilizing benzene-d6 as the

reaction solvent led to the formation of [Cy-PSiP]Ir(D)(Ph-d5), where 2H incorporation

was observed exclusively at the hydride and Ph positions (2H NMR).  In the case of Rh,
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loss of methane was detected upon the reaction of 2-2 with MeLi in benzene solution, but

intermolecular C-H bond activation of the benzene solvent was not observed.  Instead, an

unidentified Rh-containing product exhibiting a broadened 31P{1H} NMR signal centered

at 62.9 ppm (1JRhP = 162 Hz) and broadened 1H NMR signals resulted.15b

To better understand the reactivity of 2-1 and 2-2 with alkyl lithium reagents,

alkylation reactions were pursued in the non-aromatic solvent cyclohexane-d12.15b When

one equiv of MeLi (1.6 M in Et2O) was added to 2-1 in cyclohexane-d12, 1H NMR

analysis revealed complete consumption of 2-1 and the formation of methane.  Broad

aromatic and cyclohexyl resonances, as well as a broad Ir-H signal centered around -11.3

ppm were also observed.  The 31P{1H} NMR spectrum of the reaction mixture exhibited a

complex multiplet centered at 56.2 ppm.  Both 1H and 31P spectral features did not vary

appreciably between –90-90 ºC.  Although the presence of an Ir-H resonance may

indicate the formation a cyclometalated species where Ir has inserted into one of the PCy

C-H groups, this product could not be unambiguously identified due to the broad nature

of the NMR resonances.  The addition of an excess (100 equiv) of benzene to this

reaction mixture led to the formation of [Cy-PSiP]Ir(H)Ph.

When one equiv of MeLi was reacted with 2-2 in cyclohexane-d12 solution, the

same unidentified Rh-containing product previously observed in attempted alkylation

reactions in arene solvents was once again observed upon loss of methane.15 The

broadened 31P{1H} and 1H NMR resonances were not resolved between –90-100 ºC and

no evidence of a Rh-H was observed.

Several mechanistic possibilities for the C-H bond cleavage chemistry observed

can be proposed, including: (a) alkane reductive elimination from [Cy-PSiP]M(H)(alkyl)

followed by C-H bond oxidative addition of the arene solvent to a 14-electron [Cy-

PSiP]IrI intermediate (or a related agostic complex); and (b) alkane reductive elimination

from [Cy-PSiP]M(H)(alkyl) followed by intramolecular cyclometalation to afford a

metalated [Cy-PSiP]IrIII hydride complex that undergoes subsequent -bond metathesis

with an arene C-H bond.  The results obtained thus far are more consistent with a
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mechanism of type (a), as mechanism (b) would result in 2H incorporation into the ligand

PCy groups, which was not observed by 2H NMR spectroscopy.  Although a possible

cyclometalated species was detected for M = Ir, this species can also serve as a source of

14-electron [Cy-PSiP]IrI upon C-H bond reductive elimination.  The broadened features

of the NMR spectra observed for the intermediates generated in cyclohexane-d12 solution

could potentially arise from fluxional processes involving rapid, reversible intramolecular

metalation of a PCy C-H bond by the [Cy-PSiP]MI fragment.  Although the related Rh

complex does not undergo intramolecular C-H bond activation, it is possible that [Cy-

PSiP]RhI species are generated just the same.  Related 14-electron Rh and Ir species have

previously been proposed in both [PCP]MI and [PNP]MI systems.26,34,35,54,56

Attempts to isolate the [Cy-PSiP]MI reactive intermediates have proven

unsuccessful thus far.  Such coordinatively and electronically unsaturated species are

highly reactive and rarely isolable.57 In light of this, efforts were made to trap these

species with an L-type neutral donor ligand in order to prove the viability of [Cy-PSiP]MI

intermediates (Scheme 2-3).  In this regard, a cyclohexane solution of 2-1 was reacted

with Me3SiCH2Li to generate [Cy-PSiP]IrI.  The reaction mixture was subsequently

degassed and 1 atm of ethylene gas was added to the reaction mixture to trap the

intermediate.  Following heating at 65 ºC for 16 h a new product identified as [Cy-

PSiP]Ir(C2H4) (2-3, Scheme 2-3) was observed (1H and 31P NMR) and subsequently

isolated as an orange solid in 89% yield.  The 31P NMR spectrum of 2-3 features a single

resonance at 65.4 ppm corresponding to the symmetry equivalent phosphine donors of

the [Cy-PSiP] ligand.  The 1H and 13C NMR spectra of 2-3 display a single set of [Cy-

PSiP] ligand backbone aromatic resonances, consistent with a Cs-symmetric complex.

Also, signals for the coordinated ethylene ligand were observed at 2.68 and 37.1 ppm in

the 1H NMR and 13C NMR spectra of 2-3, respectively.

A similar route was pursued to prepare and isolate [Cy-PSiP]Ir(PMe3) (2-4,

Scheme 2-3).  A benzene solution of 2-1 was treated with Me3SiCH2Li to generate the

[Cy-PSiP]Ir(H)Ph species which quickly eliminated benzene upon subsequent treatment
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with PMe3.  The solution turned dark red over 20 minutes at room temperature and the

new product, identified as 2-4 by 1H and 31P NMR spectroscopy, was isolated as a dark

red solid in 77% yield.  Complex 2-4 exhibited Cs symmetry in solution, as evidenced by

the presence of a single 31P{1H} NMR resonance at 70.6 ppm (d, 2JPP = 7 Hz)

corresponding to the [Cy-PSiP] ligand phosphorus donors.  The 31P{1H} NMR spectrum

of 2-4 also features a resonance at -21.2 ppm (t, 2JPP = 7 Hz), which corresponds to the Ir-

bound PMe3 ligand.  In addition, the 1H and 13C NMR spectra of 2-4 (benzene-d6)

featured a single set of [Cy-PSiP] ligand backbone aromatic resonances, as well as

resonances consistent with the coordinated PMe3 ligand (1H, 1.53 ppm, d, 9 H, 2JHP = 6

Hz; 13C{1H}, 25.2, d, 1JCP = 20 Hz).

Scheme 2-3. Trapping of [Cy-PSiP]MI species with neutral L-type donor ligands

Similar trapping experiments were also completed to assess the viability of [Cy-

PSiP]RhI intermediates (Scheme 2-3).  Indeed, addition of PMe3 to in situ generated [Cy-

PSiP]RhI led to complete conversion to the new complex [Cy-PSiP]Rh(PMe3) (2-5), as

evidenced by the appearance of two new 31P{1H} NMR resonances at 70.8 (dd, 2 P, 1JPRh

= 166 Hz, 2JPP = 22 Hz, Cy-PSiP) and -33.1 ppm (dt, 1 P, 1JPRh = 128 Hz, 2JPP = 22 Hz,

PMe3).  Complex 2-5 was isolated as a red solid in 56% yield.  The 1H and 13C NMR

features of 2-5 (benzene-d6) are consistent with the formation of a Cs-symmetric species,

as indicated by the presence of a single set of [Cy-PSiP] ligand backbone resonances.  In

addition, resonances consistent with the coordinated PMe3 ligand are also observed (1H,
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1.38 ppm, d, 9 H, 2JHP = 3 Hz; 13C{1H}, 23.5 ppm, d, 1JCP = 12 Hz).  The X-ray crystal

structure of complex 2-5 (Figure 2-2, Table 2-1) confirmed the formation of a four-

coordinate complex.  Surprisingly the geometry at the metal center is significantly

distorted from square planarity, as indicated by the P3-Rh-Si bond angle of 147.61(2)º.

This unusual structure is unexpected given that examples of related square planar

complexes of the type [Cy-PSiP]MR (M = Ni, Pd, Pt) are known, including structurally

characterized examples where R is a relatively bulky ligand such as diphenylsilyl.15c No

such deviation from square planar geometry was observed in these Group 10 complexes.

Although this distortion can be ascribed to crystalline packing effects, it is also possible

that this structural feature arises due to electronic factors related to the strongly trans-

labilizing properties of Si. Comparably, Grushin and coworkers have reported studies on

the intramolecular exchange of phosphine substituents in polyphosphine complexes of the

type (PPh3)3RhX (X = H, Me, Ph, CF3) which also exhibit distorted square planar

geometries, with P-Rh-P angles of less than 150o.58 When X has a high trans labilizing

influence, this distortion was attributed to both steric and electronic factors to promote

movement of the phosphine trans to X towards an axial position and subsequent

reduction of the P-Rh-P angle as the remaining phosphines move toward the vacant site.58

Figure 2-2. The crystallographically determined structure of 2-5, shown with 50%
displacement ellipsoids.  All H atoms have been omitted for clarity.
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Table 2-1. Selected interatomic distances (Å) and angles (º) for 2-5

Bond Lengths (Å)

Rh-P1 2.2668(4) Rh-P3 2.3597(5)
Rh-P2 2.2703(4) Rh-Si 2.2872(5)

Bond Angles (º)

P1-Rh-P2 146.00(2) P2-Rh-P3 103.86(2)
P1-Rh-P3 105.62(2) P3-Rh-Si 147.61(2)

The successful isolation of complexes of the type [Cy-PSiP]ML confirms for the

first time that RhI and IrI species supported by the [Cy-PSiP] ligation are viable.

Furthermore, the trapping of intermediates generated by alkane elimination from [Cy-

PSiP]M(H)(alkyl) supports the hypothesis that [Cy-PSiP]MI species are generated in situ

in these reaction mixtures.  The large distortion from square planarity observed in the

solid state structure of 2-5 suggests that these [Cy-PSiP]MI species may be highly

strained, which may play a role in their reactivity towards E–H bonds.

2.2.2 Synthesis and Characterization of [Cy-PSiP]M(H)(NHR)
Complexes

Significant research interest exists in developing new atom-efficient and selective

catalytic amination reactions, as amine functional groups are present in many

pharmaceutical and industrially relevant compounds.  Although there are numerous

possible mechanisms by which metal-catalyzed amination may proceed, there is interest

in developing late transition metal complexes that can insert into the N-H bonds of

amines, and especially ammonia, through oxidative addition reactions, as such reactivity

parallels other highly successful catalytic reactions that incorporate E-H bond oxidative

addition steps, including hydrogenation, hydrosilation and hydroboration.  Unfortunately,

the oxidative addition of N-H bonds is challenging due to the presence of a lone pair of

electrons on nitrogen, which can simply coordinate to a transition metal to form a stable

σ-complex rather than undergo N-H bond cleavage.  As such, there are relatively few



54

well-documented examples of such N-H bond cleavage chemistry,38-40,41 and catalytic

amination reactions that utilize N-H bond oxidative addition steps remain an elusive goal.

As described in the introduction of this document, there is some precedent in the

literature for PCP-type Ir pincer complexes being able to activate N-H bonds.38a,39,40,41

Given the rarity of such reactivity, the development of alternate transition metal

complexes that are capable of mediating N-H bond oxidative addition is highly desirable,

as such studies may afford insights into the development of new catalytic amination

reactions.  In this regard, [Cy-PSiP] ligated Rh and Ir species are attractive candidates for

the study of N-H bond activation reactions.

In this context, the direct synthesis of amido hydride complexes of the type [Cy-

PSiP]M(H)(NHR) (M = Rh, Ir) was initially targeted in this study, as these are the type of

complexes expected to result from N-H bond oxidative addition of amines to [Cy-

PSiP]MI.  To establish the viability of such N-H bond activation products they were

rationally prepared by reacting either 2-1 or 2-2 with one equiv of the corresponding

lithium amide reagent in THF solution at room temperature (Scheme 2-4).  Two sets of

anilido hydride complexes of Rh and Ir were synthesized using this route – [Cy-

PSiP]M(H)(NHPh) (M = Ir, 2-6; M = Rh, 2-8) and [Cy-PSiP]M(H)(NH-2,6-Me2C6H3)

(M = Ir, 2-7; M = Rh, 2-9).

Scheme 2-4. Synthesis of [Cy-PSiP]M(H)(NHR) complexes (R = Ph, 2,6-Me2C6H3) via
a salt metathesis route
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In all cases, the formation of the anilido hydride complexes appeared to be

quantitative by 31P-NMR spectroscopy and these complexes were all isolated as orange or

red solids in yields ranging from 80-89%.  Spectroscopic data of the isolated complexes,

including solution 1H, 13C, and 31P NMR spectra indicate the formation of Cs-symmetric

species. Thus, the 31P NMR spectra in all cases feature a single resonance corresponding

to symmetry equivalent [CyPSiP] ligand phosphine donors (Table 2-2).  Furthermore, the
1H NMR spectra (benzene-d6) of all amido hydride complexes feature a characteristic

downfield-shifted hydride resonance, consistent with the formulations given in Scheme

2-4.  In addition, 29Si and 15N spectroscopic data support the structures depicted in

Scheme 2-4 (Table 2-2).

Table 2-2. Selected NMR spectroscopic data (ppm) for complexes 2-1, 2-2 and 2-6 – 2-9
Complex 31P{1H}

NMR
1H NMR
hydridea

1H NMR
NHa,b

15N
NMRb

29Si
NMRc

[Cy-PSiP]Ir(H)Cl (2-1) 61.1 -23.79 (t) - - 7.7
[Cy-PSiP]Ir(H)(NHPh) (2-6) 55.1 -21.16 (t) 6.90 -260.8 13.3
[Cy-PSiP]Ir (H)(NH(2,6-Me2C6H3)) (2-7) 52.8 -21.94 (t) 5.98 -265.0 12.1
[Cy-PSiP]Rh(H)Cl (2-2) 59.8 (d) -18.80 (dt) - - 42.5
[Cy-PSiP]Rh(H)(NHPh) (2-8) 59.6 (d) -16.86 (dt) 4.57 -275.9 44.0
[Cy-PSiP]Rh(H)(NH(2,6-Me2C6H3)) (2-9) 57.3 (d) -17.27 (dt) 3.28 -293.0 43.9

a benzene-d6; b 1H-15N HMQC; c 1H-29Si HMBC

The solid state structures of [Cy-PSiP]Rh(H)(NHPh) (2-8), [Cy-

PSiP]Ir(H)(NHPh) (2-6·OEt2), and [Cy-PSiP]Ir(H)(NH(2,6-Me2C6H3)) (2-7) were

determined using single crystal X-ray diffraction techniques (Figure 2-3; Table 2-3).  In

all three cases the five-coordinate structures exhibit distorted square-based pyramidal

coordination geometry at the metal center, with Si occupying the apical coordination site.

Interestingly, the structures feature relatively acute Si–M–H1 angles (2-8, 67.8º; 2-

6·OEt2, 67.5º; 2-7, 68.8º)58 similar to those previously observed for 2-1 and 2-2 in the

solid state (M = Ir, 68.7(18)º; M = Rh, 65.8(12)º).15b As such, the geometry at the metal

center can also be described as “Y-shaped”, in which the anilido ligand is positioned

opposite to the acute angle of the “Y”.  Such Y-shaped coordination geometry has
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previously been observed for five-coordinate d6 complexes and is attributed to electronic

effects.59 The structures also feature relatively short Si···H1 distances of 2.22 (2-

6·OEt2), 2.25 (2-7), and 2.19 (2-8) Å, respectively, that are comparable to those observed

for 2-1 and 2-2 (M = Rh, 2.14(3) Å; M = Ir, 2.24(5) Å).15b Although these Si···H1

distances fall within the range indicative of an Si-H interaction (typically 1.7 – 2.4 Å;60

sum of van der Waals radii = 3.4 Å) no evidence for such an interaction was observed in

solution for 2-1 and 2-2 (2JSiH < 10 Hz).61 It is noteworthy that these anilido hydride

complexes adopt a structure that differs substantially from that of [ tBu-PCP]Ir(H)(NHPh),

which adopts a square pyramidal geometry with the hydride and anilido ligands

positioned cis to each other and the hydride in the apical position.39 The Ir–N interatomic

distances in 2-6·OEt2 (2.056(2) Å) and 2-7 (2.077(3) Å) are similar to that observed for

[tBu-PCP]Ir(H)(NHPh) (Ir–N = 2.082(2) Å).39 By comparison, complex 2-8 features a

Rh–N distance of 2.123(5) Å, which is slightly longer than that observed for the Ir

complexes.

2-8                                  2-6·OEt2 2-7

Figure 2-3. The crystallographically determined structures of 2-8, 2-6·OEt2, and 2-7
shown with 50% displacement ellipsoids.  With the exception of H1 and N-H all H
atoms, as well as the Et2O and solvate, have been omitted for clarity.
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Table 2-3. Selected interatomic distances (Å) and angles (º) for 2-8, 2-6·OEt2, and 2-7.

Bond Lengths (Å)

2-8
Rh-P1 2.287(15) Rh-H1 1.55
Rh-P2 2.3155(15) Rh-N 2.123(5)
Rh-Si 2.2430(14)

2-6·OEt2

Ir-P1 2.3112(7) Ir-H1 1.55
Ir-P2 2.2939(7) Ir-N 2.056(2)
Ir-Si

2-7
Ir-P1 2.2872(8) Ir-H1 1.55
Ir-P2 2.3016(8) Ir-N 2.077(3)
Ir-Si 2.2791(8)

Bond Angles (º)

2-8 P1-Rh-P2 156.35(5) Si-Rh-H1 67.8
Si-Rh-N 118.28(15) N-Rh-H1 173.9

2-6·OEt2
P1-Ir-P2 158.06(3) Si-Ir-H1 67.5
Si-Ir-N 137.35(8) N-Ir-H1 154.4

2-7 P1-Ir-P2 162.01(3) Si-Ir-H1 68.8
Si-Ir-N 129.72(11) N-Ir-H1 160.7

A notable feature of the [Cy-PSiP]-supported anilido hydride complexes 2-6 – 2-8

is the fact that they do not readily undergo N-H bond reductive elimination, even in arene

solvents.  Previously, Hartwig and co-workers demonstrated that in benzene solution

[tBu-PCP]Ir(H)(NHPh) exists in equilibrium with the benzene C-H bond activation

product [tBu-PCP]Ir(H)Ph.39 Related bisphosphinite [POCOP]Ir(H)(NHR) anilido

hydride complexes reported by Brookhart and co-workers also exist in equilibrium with

the benzene C-H bond activation product [POCOP]Ir(H)Ph.41 Compared to these

previously reported complexes the [Cy-PSiP]M anilido hydride complexes reported

herein exhibit no spectroscopic evidence of an equilibrium between N-H and C-H bond

activation products.  This suggests that complexes of the type [Cy-PSiP]M(H)(NHR) (M

= Rh, Ir) may undergo substantially different reactivity from previously reported PCP

analogues.
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2.2.3 Synthesis and Characterization of the Parent Amido Hydride
Complex [Cy-PSiP]Ir(H)(NH2)

A long sought after goal of catalytic amination chemistry is the development of

reactions for the direct amination of substrates with ammonia, which is an abundant

source of nitrogen.62 The development of ammonia N-H bond oxidative addition

chemistry is therefore highly desirable, as this may lead to the discovery of new reaction

pathways.  However, examples of organometallic species capable of ammonia N-H bond

oxidative addition are exceedingly rare; only one example of a stable, isolable

LnM(H)(NH2) species produced from the oxidative addition of ammonia has been

documented and this transformation was mediated by a [tBu-PCP]Ir pincer complex.38a

As such, there is significant interest in the discovery and study of alternative

organometallic species that can undergo ammonia N-H bond cleavage chemistry, as this

may lead to the development of new catalytic reactions for ammonia functionalization.

In this regard, the direct synthesis of parent amido hydride complexes of the type

[Cy-PSiP]M(H)(NH2) (M = Rh, Ir) were targeted in our study, as these are the type of

complexes expected to result from N-H bond oxidative addition of ammonia to [Cy-

PSiP]MI.  Late transition metal parent amido complexes are quite rare, and can be

challenging to synthesize.38,63 As salt metathesis of the metal chloride complexes 2-1 and

2-2 with lithium anilides proved successful for the synthesis of anilido hydride Rh and Ir

complexes, a similar route was attempted for the synthesis of the related parent amido

complexes. Thus, treatment of 2-1 with five equiv of LiNH2 in THF solution led to the

clean formation of [Cy-PSiP]Ir(NH2)(H) (2-10, Scheme 2-5) upon heating at 65 ºC for 12

h.  Excess LiNH2 was used due to the poor solubility of LiNH2 in THF.  Complex 2-10

was isolated as a yellow solid in 92% yield.  Attempts to synthesize an Rh analogue of

the type [Cy-PSiP]Rh(NH2)(H) were not successful.  The reaction of 2-2 with five equiv

of LiNH2 in THF solution typically led to a reaction mixture containing numerous

unidentified products (31P NMR).  No pure materials could be isolated from such reaction

mixtures.
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Scheme 2-5. Synthesis of the parent amido hydride complex [Cy-PSiP]Ir(H)(NH2) (2-
10) via a salt metathesis route utilizing LiNH2

Complex 2-10 exhibits Cs symmetry in solution, as indicated by the presence of a

single 31P NMR resonance at 55.5 ppm corresponding to the symmetry equivalent

phosphine donors of the [Cy-PSiP] ligand.  The 1H-NMR spectrum of 2-10 (benzene-d6)

features a hydride resonance at -20.13 ppm (t, 2JHP = 15 Hz) as well as a broad triplet at

5.03 ppm (3JHP = 6 Hz) which corresponds to the IrNH2 protons.  The latter resonance

correlates to a 15N NMR resonance observed at -309.8 ppm in a 1H–15N HMQC

experiment (referenced to MeNO2).

The solid state structure of [Cy-PSiP]Ir(H)NH2 (2-10) was determined using

single crystal X-ray diffraction techniques (Figure 2-4, Table 2-4).  In direct analogy with

the iridium anilido hydride solid state structures for 2-6·OEt2 and 2-7, the geometry

about the five coordinate iridium center is described as distorted square-based pyramidal

with silicon in the apical position. The structure of 2-10 features a relatively acute Si–M–

H1 angle of 66.2(17)o, comparable to those previously observed for the five coordinate

iridium hydride structures in the solid state (67.5 – 68.8o).  The Ir–N interatomic distance

in 2-10 (1.980(4) Å) is shorter than those observed for the aryl amido hydride complexes

2-6·OEt2 (2.056(2) Å) and 2-7 (2.077(3) Å) and comparable to that observed for the

related complex [CH(CH2CH2PtBu2)2]Ir(H)(NH2) (1.999(4) Å).38a
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Figure 2-4. The crystallographically determined structures of 2-10 shown with 50%
displacement ellipsoids. Only one of the two crystallographically-independent molecules
of 2-10 is shown. With the exception of H1 and N-H atoms, all H atoms have been
omitted for clarity.

Table 2-4. Selected interatomic distances (Å) and angles (º) for 2-10.

Bond Lengths (Å)

Ir-P1 2.2760(9) Ir-H1 1.40(4)
Ir-P2 2.2823(9) Ir-N 1.980(4)
Ir-Si 2.2808(10)

Bond Angles (º)

P1-Ir-P2 162.87(4) Si-Ir-H1 66.2(17)
Si-Ir-N 138.93(13) N-Ir-H1 154.7(17)

Note: Distances and angles of only one of the two crystallographically-independent molecules of 2-10 are given

Interestingly, 2-10 does not readily undergo N-H bond reductive elimination, even

in arene solvents.  No evidence for N-H bond reductive elimination was observed at room

temperature or at 65 °C (72 h) when 2-10 was dissolved in arene solvents; only under

forcing conditions (100 °C, 48 h, benzene-d6) was NH3 reductive elimination observed to

cleanly generate [Cy-PSiP]Ir(D)(Ph-d5).
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Figure 2-5. Previously reported amido hydride Ir complexes supported by PCP-type
pincer ligands

Comparison of 2-10 to other late transition metal parent amido hydride complexes

is limited to a (DMPE)2Ru(H)(NH2) synthesized by salt metathesis,63b and two PCP-type

pincer complexes (Figure 2-5), both of which appear to be significantly more susceptible

to N-H bond reductive elimination than 2-10.  Hartwig and co-workers reported the

generation of [tBu-PCP]Ir(H)(NH2) by dehydrohalogenation of [tBu-PCP]Ir(H)(Cl)(NH3)

with KN(SiMe3)2; this complex was found to undergo N–H bond reductive elimination

above -10 ºC in THF solution to form [tBu-PCP]Ir(NH3).39 In a subsequent study,

Hartwig and co-workers also synthesized [CH(CH2CH2PtBu2)2]Ir(H)(NH2) via ammonia

N–H bond oxidative addition.38a While the latter complex is stable in alkane and ethereal

solvents at room temperature, in benzene-d6 solution [CH(CH2CH2PtBu2)2]Ir(H)(NH2)

undergoes deuterium incorporation into the backbone methine position of the pincer

ligand, possibly via a mechanism involving N-H reductive elimination.64 Furthermore, a

mixture of [CH(CH2CH2PtBu2)2]Ir(H)(NH2) and [CH(CH2CH2PtBu2)2]Ir(1-pentene) was

formed upon treatment of the latter with excess 1-pentene (Et2O-d10 or benzene-d6),

indicating facile and reversible reductive elimination of ammonia.38a In contrast, when 2-

10 was treated with an atmosphere of ethylene at room temperature in benzene-d6

solution no reaction occurred.  Furthermore, treatment of 2-10 with one equiv of PMe3

led to the quantitative formation of [Cy-PSiP]Ir(H)(NH2)(PMe3) (2-10∙PMe3; 1H and 31P

NMR).  Surprisingly, attempts to isolate this complex led to loss of PMe3 (rather than N–

H reductive elimination) to reform 2-10 upon exposure to vacuum (Scheme 2-6).  These

observations suggest that [Cy-PSiP] ligation is capable of significantly stabilizing amido

hydride complexes from N–H bond reductive elimination.
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Scheme 2-6.  Synthesis of [Cy-PSiP]Ir(H)(NH2)(PMe3) (2-10·PMe3)

2.2.4 Generation of [Cy-PSiP]Ir(H)(NHR) through N-H Bond
Activation

As previously described in Chapter 1, electron rich late metal centers are viable

candidates for amine N-H bond activation by oxidative addition.  Having shown that

amido hydride complexes of the type [Cy-PSiP]M(H)(NHR) (M = Rh, Ir) are readily

synthesized and are isolable, it seemed feasible that such complexes may be generated by

N-H bond oxidative addition of the corresponding amine to in situ generated “[Cy-

PSiP]M” (Scheme 2-7).

Toward these ends, [Cy-PSiP]Ir(H)Cl (2-1) was first treated with one equiv of

Me3SiCH2Li in cyclohexane-d12 solution.  An immediate color change from yellow to

orange was observed and monitoring of the reaction mixture by 31P and 1H NMR

spectroscopy indicated that 2-1 was completely consumed and an equivalent of Me4Si

was generated.  The 31P{1H} NMR spectrum of the reaction mixture featured a very

broad resonance at 56.2 ppm, consistent with formation of the product of C-H reductive

elimination (vide supra).  The reaction mixture was then treated with one equiv of

H2NPh.  Subsequent heating at 65 ºC for 16 h led to quantitative formation of [Cy-

PSiP]Ir(H)(NHPh) (2-6) (1H and 31P NMR).  Using this N-H bond activation pathway,

this reaction was also conducted on a preparative scale and 2-6 was cleanly isolated as an

orange solid in 96% yield by this route.
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Scheme 2-7. Synthesis of [Cy-PSiP]Ir(H)(NHAr) through N-H bond activation of
H2NAr

A similar N-H bond activation route was also utilized for the preparation of the

more sterically hindered anilido hydride complex 2-7.  Complex 2-7 was obtained by

following a procedure similar to that used to synthesize 2-6, with quantitative conversion

obtained (31P and 1H NMR) after 72 h of heating at 65 ºC using 20 equiv of H2N(2,6-

Me2C6H3) in cyclohexane-d12 solution.

Given that 2-6 was readily accessed via N-H bond activation of aniline in

cyclohexane solution, the analogous reaction in benzene solution was also pursued in

order to determine if C–H bond activation of the solvent would be competitive with

aniline N–H bond activation.  Consequently, when 2-1 was reacted with Me3SiCH2Li in

benzene-d6 at room temperature, 1H and 31P NMR spectroscopy indicated the formation

of Me4Si and [Cy-PSiP]Ir(D)(Ph-d5), which had previously been observed.15b When this

reaction mixture was treated in situ with one equiv of H2NPh, 35% conversion to 2-6 was

observed (1H and 31P NMR) after 72 h of heating at 65 ºC, and quantitative conversion

was not attained even after 168 h of heating at this temperature.  By comparison, when 20

equiv of H2NPh were utilized in this reaction, quantitative conversion to 2-6 (1H and 31P

NMR) was obtained after 70 h of heating at 65 ºC. The observed reactivity in benzene

solution suggests that although C-H bond activation competes with N-H bond activation

under these conditions, the thermodynamics of N–H bond activation are more favourable

than arene C–H bond activation.  This observation is in agreement with previous

examples involving PCP-type Ir pincer systems, in which the N-H bond cleavage product
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was also thermodynamically preferred.39,41 However, as described earlier in this

document, the [Cy-PSiP] pincer complexes described herein are substantially more

resistant to reductive elimination in the presence of benzene than the previously reported

PCP systems.  The resistance of [Cy-PSiP]Ir(H)(NH2R) species to N-H bond reductive

elimination is noteworthy and may play an important role in further developing the

chemistry of such complexes.

2.2.5 Generation of [Cy-PSiP]Ir(H)(NH2) through N-H Bond Activation
Having shown that [Cy-PSiP]Ir species are able to mediate N-H bond cleavage of

anilines, including sterically hindered anilines, ammonia N-H bond activation was

pursued as a route to prepare the parent amido hydride complex [Cy-PSiP]Ir(H)(NH2) (2-

10).  Prior to this work, only one example of an isolable, monomeric late transition metal

LnM(H)(NH2) species obtained from oxidative addition of N-H bonds in ammonia had

been reported, as highlighted in Chapter 1.38a

Treatment of 2-1 with one equiv of Me3SiCH2Li in cyclohexane-d12 solution led

to the formation of Me4Si and complete consumption of 2-1 (1H and 31P NMR), as has

been previously documented.  The reaction mixture was subsequently degassed via three

freeze-pump-thaw cycles and an excess of anhydrous gaseous ammonia (ca. 1 atm) was

introduced (Scheme 2-8).  Although no initial reaction was observed at room

temperature, heating at 65 ºC for 14 h led to 72% conversion to 2-10, as evidenced by

solution NMR data.  The 31P NMR spectrum of the reaction mixture exhibited a single

resonance at 55.5 ppm, consistent with the formation of 2-10.  The 1H NMR spectrum of

the product also matched that of the previously prepared 2-10, featuring a hydride

resonance at -20.13 ppm (t, 2JHP = 15 Hz), and a broad triplet at 5.03 ppm (3JHP = 6 Hz)

which corresponded to the Ir-NH2 protons.  In a preparative scale experiment, 2-10 was

obtained as a yellow solid in 69% yield by this ammonia N–H bond activation pathway.
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Scheme 2-8. Synthesis of [Cy-PSiP]Ir(H)(NH2) (2-10) via N-H bond activation of
ammonia

The N-H bond activation of ammonia was also pursued in benzene solution in

order to determine if C-H bond activation of the solvent would compete with N-H bond

activation of ammonia.  Thus, treatment of 2-1 with Me3SiCH2Li in benzene-d6 at room

temperature led to the formation of Me4Si and [Cy-PSiP]Ir(D)(Ph-d5) (1H and 31P NMR),

as previously documented.  This reaction mixture was subsequently degassed via three

freeze-pump-thaw cycles and treated with ca. 1 atm of anhydrous gaseous ammonia.

After heating for 144 h at 65 ºC, 45% conversion to 2-10 was observed (31P and 1H-

NMR).  Further heating led to multiple unidentified products and no further conversion to

2-10.  These results indicate that ammonia N-H bond activation is indeed competitive

with sp2-C-H bond activation and demonstrate a rare example of ammonia N-H bond

cleavage in the presence of a large excess of relatively reactive sp2-hybridized benzene

C-H bonds.  The relative stability of isolated 2-10 in benzene solution (vide supra) is

noteworthy, and may play an important role in developing the reactivity of such N-H

bond activation products.

2.2.6 Generation of RhI species of the type [Cy-PSiP]Rh(NH2R)
In an effort to extend the N-H bond cleavage chemistry observed for [Cy-PSiP]Ir

to Rh, analogous reactions utilizing [Cy-PSiP]Rh species were carried out utilizing both

anilines as well as ammonia.  However, attempts to form amido hydride N–H bond



66

activation products led instead to the apparent generation of RhI amine adducts (Scheme

2-9).

Treatment of [Cy-PSiP]Rh(H)Cl (2-2) with one equiv of Me3SiCH2Li in

cyclohexane-d12 solution resulted in an immediate colour change from yellow to red-

orange.  The 1H and 31P NMR spectra of the reaction mixture indicated the full

consumption of 2-2 along with the formation of one equiv of Me4Si.  Furthermore, a

broad resonance was observed at 62.9 ppm (1JRhP = 162 Hz) in the 31P NMR spectrum of

the reaction mixture, consistent with formation of a RhI product resulting from C-H

reductive elimination from [Cy-PSiP]Rh(H)(CH2SiMe3) (vide supra).  The reaction

mixture was subsequently treated with 20 equiv of H2NPh.  This led to the quantitative

generation (1H and 31P NMR) of a new Rh complex tentatively assigned as [Cy-

PSiP]Rh(NH2Ph) (2-11).  The 31P{1H} NMR spectrum of 2-11 features a resonance at

54.7 ppm (d, 1JRhP = 182 Hz) corresponding to the symmetry equivalent phosphine

donors of the [Cy-PSiP] ligand.  The 13C and 1H-NMR spectra of 2-11 contain a single

set of resonances for the aromatic ligand backbone, consistent with a Cs symmetric

complex.  The 1H NMR spectrum of 2-11 does not feature a hydride resonance, which is

consistent with the absence of N-H bond oxidative addition to Rh.  Subsequent heating of

2-11 at 65 ºC for 72 h led to only ca. 25% conversion to the anilido hydride complex 2-8.

Unfortunately, the isolation of 2-11 was prevented by decomposition of the complex

upon exposure to vacuum to remove excess aniline.

Similarly, when ca. 1 atm of anhydrous gaseous ammonia was added to a

degassed solution of in situ generated [Cy-PSiP]RhI, a new product tentatively assigned

as the ammonia adduct [Cy-PSiP]Rh(NH3) (2-12) was observed to form quantitatively

(1H and 31P NMR, Scheme 2-9).  The 31P{1H} NMR spectrum of the reaction mixture

containing 2-12 features a single resonance at 54.4 ppm (d, 1JRhP = 180 Hz), which

corresponds to the symmetry equivalent phosphine donors of the [Cy-PSiP] ligand.  The
13C and 1H-NMR spectra of 2-12 feature a single set of peaks for the aromatic ligand

backbone, consistent with the formation of a Cs-symmetric complex.  Furthermore, the
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1H NMR spectrum of 2-12 does not contain a Rh-hydride resonance, consistent with the

formation of an ammonia adduct, as opposed to an amido hydride Rh complex.  As in the

case of 2-11, the isolation of 2-12 was prevented by decomposition upon exposure to

vacuum.  Subsequent heating of 2-12 at 65 °C for 48 h did not lead to further reaction.

Scheme 2-9. Generation of RhI amine adducts [Cy-PSiP]Rh(NH2R) (R = Ph, H)

Given that complexes of the type [Cy-PSiP]Rh(H)(NHR) have proven isolable

from salt metathesis reactions involving lithium amide reagents and [Cy-PSiP]Rh(H)Cl,

the observation that amine adducts are formed upon reacting in situ generated [Cy-

PSiP]RhI with aniline and ammonia suggests that the barrier to N-H bond oxidative

addition is prohibitively high in the case of Rh.

2.3 Preliminary Investigations into the Mechanism of Ir-Mediated N–
H Bond Activation

There are various possible mechanisms for the formation of amido hydride

complexes from the reaction of anilines and ammonia with a [Cy-PSiP]Ir species.  For

example, a possible mechanistic pathway leading to N-H bond cleavage may involve a

14-electron [Cy-PSiP]IrI intermediate (or an agostic analogue) generated by the reductive

elimination of alkane from [Cy-PSiP]Ir(H)(alkyl); this [Cy-PSiP]IrI can, in turn,

oxidatively add the N-H bond of aniline or ammonia.  Alternatively, intramolecular C-H

bond activation of a PCy substituent by [Cy-PSiP]IrI may occur, leading to the formation
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of a cyclometalated IrIII intermediate that can, in turn, react with an N-H bond to generate

the observed amido hydride product.

In an effort to begin to understand the mechanism of [Cy-PSiP]Ir-mediated N-H

bond cleavage, preliminary 2H labelling experiments utilizing ammonia-d3 were carried

out.  Treatment of 2-1 with NpLi in cyclohexane-d12 solution led to the rapid reductive

elimination of NpH, as has been previously documented.  Subsequent reaction of the

degassed mixture with ca. 1 atm of ammonia-d3 led to the quantitative formation of [Cy-

PSiP]Ir(D)(ND2) (2-10-d3) after 20 h of heating at 65 ºC (1H and 31P NMR). 2H NMR

analysis of the reaction mixture in benzene solution indicated that deuterium

incorporation had occurred exclusively at the hydride (-20.13 ppm) and amide positions

(5.03 ppm).  Moreover, no deuterium incorporation into the ligand PCy2 fragments was

observed.  These results are consistent with a reaction pathway involving a [Cy-PSiP]IrI

14 e- intermediate, or a reactive equivalent such as an agostic species (Scheme 2-10).

Coordination of ammonia to such a [Cy-PSiP]IrI intermediate was not directly observed,

however there is indirect evidence for the formation of such an intermediate from related

[Cy-PSiP]Rh chemistry (vide supra).  The intermediate [Cy-PSiP]Ir(NH3) could then

undergo N-H bond oxidative addition to generate 2-10 (Scheme 2-10).  The proposal of a

14 e- [Cy-PSiP]IrI reactive intermediate agrees with previous results involving sp2-C–H

bond activation by [Cy-PSiP]Ir (vide supra).  Related 14 e- (PCP)MI species (M = Rh or

Ir) have also been proposed as reactive intermediates in E-H bond activation

reactions.26,28,34,35,38a,41,54,56
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Scheme 2-10. Proposed mechanism for the formation of [Cy-PSiP]Ir(D)(ND2) (2-10-d3)
through oxidative addition of ND3 via a [Cy-PSiP]IrI intermediate

The reaction of 2-10 with an atmosphere of ammonia-d3 was also carried out in

order to assess whether [Cy-PSiP]Ir(H)(NH2) underwent exchange with free ammonia.

After 14 h at room temperature in cyclohexane-d12 solution, 2H incorporation was

observed exclusively at the Ir-NH2 position (1H and 2H NMR).  These results suggest that

this exchange process likely does not occur by a simple reductive elimination of NH3

followed by oxidative addition of ND3.  A possible mechanism might involve

coordination of ND3 to 2-10, followed by deprotonation of the coordinated ND3 by the

NH2 ligand (Scheme 2-11).  Subsequent loss of NH2D from the Ir coordination sphere

would generate the observed product.

Scheme 2-11. Possible mechanism for reaction of [Cy-PSiP]Ir(H)(NH2) with ND3
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2.4 Conclusions
The work discussed in this chapter highlights the continuing study of new

bis(phosphino)silyl Rh and Ir pincer complexes, including their ability to activate E-H

bonds.  Specifically, previous work showed that the [Cy-PSiP] pincer framework was

capable of supporting Ir complexes that underwent remarkably facile sp2-C-H bond

activation through a [Cy-PSiP]IrI reactive intermediate.  This work showcased the utility

of this reactive intermediate in effecting the N-H bond activation of anilines as well as a

rare example of ammonia N-H bond activation under relatively mild conditions to form

complexes of the type [Cy-PSiP]Ir(H)(NHR).  These complexes were shown to be more

resistant to N-H bond reductive elimination in the presence of alkenes and arenes, relative

to their (PCP)Ir counterparts, emphasizing the unique reactivity properties imparted by a

silyl pincer ligand.  The example of ammonia N-H bond activation presented is

exceedingly rare, and may provide inroads to new atom-economical chemical

transformations that incorporate N-H bond oxidative addition steps in the

functionalization of this abundant feedstock.

2.5 Experimental Section
2.5.1 General Considerations

All experiments were conducted under nitrogen in an MBraun glovebox or using

standard Schlenk techniques.  Dry, oxygen-free solvents were used unless otherwise

indicated.  All non-deuterated solvents were deoxygenated and dried by sparging with

nitrogen and subsequent passage through a double-column solvent purification system

purchased from MBraun Inc.  Tetrahydrofuran and diethyl ether were purified over two

activated alumina columns, while benzene, toluene, and pentane were purified over one

activated alumina column and one column packed with activated Q-5.  All purified

solvents were stored over 4 Å molecular sieves.  Benzene-d6 and cyclohexane-d12 were

degassed via three freeze-pump-thaw cycles and stored over 4 Å molecular sieves.  The

compounds [Cy-PSiP]Rh(H)Cl,15b [Cy-PSiP]Ir(H)Cl,15b Me3SiCH2Li,65 PhCH2K,66 and
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NpLi67 were prepared according to literature procedures.  Anhydrous ammonia and

ethylene were purchased from Air Liquide Canada and used as received.  All other

reagents, including ammonia-d3 were purchased from Aldrich and used without further

purification.  Unless otherwise stated, 1H, 13C, 31P NMR, 15N, and 29Si characterization

data were collected at 300K on a Bruker AV-500 spectrometer operating at 500.1, 125.8,

202.5, 50.7 and 99.4 MHz (respectively) with chemical shifts reported in parts per

million downfield of SiMe4 (for 1H, 13C, and 29Si), MeNO2 (for 15N), or 85% H3PO4 in

D2O (for 31P). 1H and 13C NMR chemical shift assignments are based on data obtained

from 13C-DEPTQ, 1H-1H COSY, 1H-13C HSQC, and 1H-13C HMBC NMR experiments.
29Si NMR assignments are based on 1H-29Si HMQC and 1H-29Si HMBC experiments.
15N NMR assignments are based on 1H-15N HMQC experiments.  In some cases, fewer

than expected unique 13C NMR resonances were observed, despite prolonged acquisition

times.  Elemental analyses were performed by Canadian Microanalytical Service Ltd. of

Delta, British Columbia, Canada and by Columbia Analytical Services of Tucson,

Arizona.  Infrared spectra were recorded as Nujol mulls between NaCl plates using a

Bruker VECTOR 22 FT-IR spectrometer at a resolution of 4 cm-1.  X-ray data collection,

solution, and refinement were carried out by Drs. Robert MacDonald and Michael J.

Ferguson at the University of Alberta X-ray Crystallography Laboratory, Edmonton,

Alberta.

2.5.2 Synthetic Details and Characterization Data
[Cy-PSiP]Ir(C2H4) (2-3). A solution of 2-1 (0.100 g, 0.122 mmol) in ca. 10 mL

of cyclohexane was treated with Me3SiCH2Li (0.012 g, 0.122 mmol).  The resulting

orange solution was transferred to a resealable thick-walled glass vessel equipped with a

Teflon stopcock and was degassed by three freeze-pump-thaw cycles.  The vessel was

then charged with ca. 1 atm ethylene gas, and the resulting reaction mixture was heated at

65 °C for 16 h.  The volatile components were subsequently removed under vacuum, the

residue was extracted with ca. 10 mL of cyclohexane, and the extract was filtered through
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Celite.  The filtrate was dried in vacuo, and the remaining residue was triturated with

pentane (3  5 mL) to afford 2-3 as an orange powder (0.088 g, 89%). 1H NMR (500

MHz, benzene-d6):  8.24 (d, 2 H, J = 7 Hz, Harom), 7.52 (m, 2 H, Harom), 7.32 (t, 2 H, J =

7 Hz, Harom), 7.18 (t, 2 H, J = 7 Hz, Harom), 2.68 (s, 4 H, C2H4), 2.59 (m, 4 H, PCy), 2.05 –

1.98 (overlapping resonances, 6 H, PCy), 1.73 – 1.04 (overlapping resonances, 30 H,

PCy), 0.88 – 0.79 (overlapping resonances, 7 H, PCy + SiMe; SiMe at 0.86 ppm).
13C{1H} NMR (125.8 MHz, benzene-d6):  160.1 (m, Carom), 145.4 (m, Carom), 132.8

(apparent t, J = 12 Hz, CHarom), 130.0 (CHarom), 129.6 (CHarom), 127.3 (CHarom), 41.0

(apparent t, J = 14 Hz, CHCy), 37.1 (C2H4), 36.4 (apparent t, J = 16 Hz, CHCy), 30.9

(CH2Cy), 30.4 (CH2Cy), 29.8 (CH2Cy), 29.6 (CH2Cy), 28.6 – 27.2 (overlapping resonances,

CH2Cy), 6.4 (SiMe). 31P{1H} NMR (202.5 MHz, benzene-d6):  65.4. 29Si NMR (99.4

MHz, benzene-d6):  60.1.  Anal. Calcd for C39H59P2IrSi: C, 57.82; H, 7.34.  Found: C,

57.58; H, 7.28.

[Cy-PSiP]Ir(PMe3) (2-4). Method 1: A solution of 2-1 (0.050 g, 0.061 mmol)

in ca. 10 mL of benzene was treated with Me3SiCH2Li (0.006 g, 0.061 mmol).  The

reaction mixture was subsequently treated with PMe3 (6.3 L, 0.005 g, 0.061 mmol), and

allowed to stand at room temperature for 20 minutes, over the course of which the

solution turned dark red in color.  The reaction mixture was filtered through Celite and

the filtrate solution was evaporated to dryness.  The remaining residue was triturated with

pentane (3  5 mL) to afford 2-4 as a dark red solid (0.040 g, 77%). Method 2: A

solution of Me3SiCH2Li (0.0011 g, 0.012 mmol) in ca. 0.4 mL of cyclohexane-d12 was

added to a solution of 2-1 (0.010 g, 0.012 mmol) in ca. 0.4 mL of cyclohexane-d12.  An

immediate color change from yellow to orange was observed.  The reaction mixture was

analyzed by 1H and 31P NMR spectroscopy to confirm the complete consumption of [Cy-

PSiP]Ir(H)Cl and the formation of 1 equiv. of Me4Si.  The reaction mixture was

subsequently treated with PMe3 (1.3 L, 0.001 g, 0.012 mmol), and allowed to stand at

room temperature for 20 minutes, over the course of which the solution turned dark red in

color. 1H and 31P NMR analysis of the reaction mixture indicated the quantitative
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formation of 2-4. 1H NMR (500 MHz, benzene-d6):  8.41 (d, 2 H, J = 7 Hz, Harom), 7.60

(m, 2 H, Harom), 7.36 (t, 2 H, J = 7 Hz, Harom), 7.23 (t, 2 H, J = 7 Hz, Harom), 2.68 (m, 2 H,

PCy), 2.22 (br d, 2 H, J = 13 Hz, PCy), 2.11 – 1.12 (overlapping resonances, 49 H, PCy +

PMe3; PMe3 at 1.53 ppm, d, 2JHP = 6 Hz), 0.95 (s, 3 H, SiMe). 13C{1H} NMR (125.8

MHz, benzene-d6):  160.8 (m, Carom), 147.8 (m, Carom), 133.1 (apparent t, J = 11 Hz,

CHarom), 130.2 (CHarom), 129.5 (CHarom), 126.9 (CHarom), 42.2 (apparent t, J = 10 Hz,

CHCy), 37.7 (apparent t, J = 15 Hz, CHCy), 31.9 (CH2Cy), 31.0 (CH2Cy), 30.1 – 27.0

(overlapping resonances, CH2Cy), 25.2 (d, 1JCP = 20 Hz, PMe3), 8.7 (SiMe). 31P{1H}

NMR (202.5 MHz, benzene-d6):  70.6 (d, 2JPP = 7 Hz, Cy-PSiP), -21.2 (t, 2JPP = 7 Hz,

PMe3). 29Si NMR (99.4 MHz, benzene-d6):  68.0.  Anal. Calcd for C40H64P3IrSi: C,

55.98; H, 7.52. Found: C, 55.57; H, 7.27.

[Cy-PSiP]Rh(PMe3) (2-5).  Method 1: A solution of 2-2 (0.060 g, 0.082 mmol)

in ca. 7 mL of THF was treated with PMe3 (8.5 L, 0.006 g, 0.082 mmol), and the

resulting reaction mixture was allowed to stir at room temperature for ca. 30 min.  A

solution of PhCH2K (0.011 g, 0.082 mmol) in ca. 3 mL of THF was then added to the

reaction mixture at room temperature.  A color change to dark red was observed.  The

volatile components of the reaction mixture were removed under vacuum and the

remaining residue was extracted with ca. 10 mL of benzene.  The benzene extract was

filtered through Celite and evaporated to dryness.  The residue was washed with 3  5

mL of pentane and dried in vacuo to afford 2-5 as a red solid (0.035 g, 56%). Method 2:

A solution of Me3SiCH2Li (0.0013 g, 0.014 mmol) in ca. 0.4 mL of cyclohexane-d12 was

added to a solution of 2-2 (0.010 g, 0.014 mmol) in ca. 0.4 mL of cyclohexane-d12.  An

immediate color change from yellow to red-orange was observed.  The reaction mixture

was analyzed by 1H and 31P NMR spectroscopy to confirm the complete consumption of

[Cy-PSiP]Rh(H)Cl and the formation of 1 equiv. of Me4Si.  Neat PMe3 (1.4 L, 0.0011 g,

0.014 mmol) was added to the reaction mixture, resulting in an immediate color change

to dark red.  At this point 1H and 31P NMR analysis of the reaction mixture indicated the

quantitative formation of 2-5. 1H NMR (500 MHz, benzene-d6):  8.34 (d, 2 H, J = 7 Hz,



74

Harom), 7.58 (d, 2 H, J = 7 Hz, Harom), 7.36 (t, 2 H, J = 7 Hz, Harom), 7.24 (t, 2 H, J = 7 Hz,

Harom), 2.45 (m, 2 H, PCy), 2.17 – 1.09 (overlapping resonances, 49 H, PCy + PMe3;

PMe3 at 1.38 ppm, d, 2JHP = 3 Hz), 0.91 (s, 3 H, SiMe), 0.86 (m, 2 H, PCy). 13C{1H}

NMR (125.8 MHz, benzene-d6):  160.8 (m, Carom), 147.2 (m, Carom), 133.0 (apparent t, J

= 12 Hz, CHarom), 130.3 (CHarom), 129.3  (CHarom), 126.9 (CHarom), 41.1 (apparent t, J = 7

Hz, CHCy), 37.6 (apparent t, J = 11 Hz, CHCy), 32.4 (CH2Cy), 31.3 (CH2Cy), 30.9 (CH2Cy),

29.6 (CH2Cy), 28.7 (CH2Cy), 27.8 – 27.5 (overlapping resonances, CH2Cy), 27.1 (CH2Cy),

23.5 (d, 1JCP = 12 Hz, PMe3), 9.6 (SiMe). 31P{1H} NMR (202.5 MHz, benzene-d6): 

70.8 (dd, 2 P, 1JPRh = 166 Hz, 2JPP = 22 Hz, Cy-PSiP), -33.1 (dt, 1 P, 1JPRh = 128 Hz, 2JPP

= 22 Hz, PMe3). 29Si NMR (99.4 MHz, benzene-d6):  69.7.  Anal. Calcd for

C40H64P3RhSi: C, 62.49; H, 8.39. Found: C, 62.24; H, 8.18.  X-Ray quality crystals of 2-

5 were grown from a concentrated benzene solution at room temperature.

[Cy-PSiP]Ir(H)(NHPh) (2-6). Method 1: A solution of LiNHPh (0.010 g,

0.098 mmol) in ca. 5 mL of THF was added dropwise via pipette to a solution of 2-1

(0.080 g, 0.098 mmol) in ca. 5 mL of THF at room temperature.  An immediate color

change from yellow to red was observed.  The reaction mixture was evaporated to

dryness, and the remaining residue was extracted with ca. 10 mL of benzene.  The

benzene extract was filtered through Celite and the filtrate was dried under vacuum.  The

remaining solid residue was triturated with pentane (3  5 mL) to afford 2-6 as a red solid

(0.069 g, 80%). Method 2 - NMR-scale: A solution of Me3SiCH2Li (0.0011 g, 0.012

mmol) in ca. 0.4 mL of cyclohexane-d12 was added to a solution of [Cy-PSiP]Ir(H)Cl

(0.010 g, 0.012 mmol) in ca. 0.4 mL of cyclohexane-d12.  An immediate color change

from yellow to orange was observed.  The reaction mixture was analyzed by 1H and 31P

NMR spectroscopy to confirm the complete consumption of [Cy-PSiP]Ir(H)Cl and the

formation of 1 equiv. of Me4Si.  Aniline (1.1 L, 0.0011 g, 0.012 mmol) was added to the

reaction mixture, and the solution was heated at 65 C for 16 h, at which point 1H and 31P

NMR analysis of the reaction mixture indicated the quantitative formation of 2-6.

Method 2 – preparative-scale: A solution of Me3SiCH2Li (0.0046 g, 0.049 mmol) in ca.
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2 mL of cyclohexane was added to a solution of [Cy-PSiP]Ir(H)Cl (0.040 g, 0.049 mmol)

in ca. 5 mL of cyclohexane.  An immediate color change from yellow to orange was

observed.  An aliquot of the reaction mixture was analyzed by 1H and 31P NMR

spectroscopy to confirm the complete consumption of [Cy-PSiP]Ir(H)Cl and the

formation of 1 equiv. of Me4Si.  Aniline (4.5 L, 0.0046 g, 0.049 mmol) was added to the

reaction mixture, and the solution was heated at 65 C for 16 h, at which point 1H and 31P

NMR analysis of the reaction mixture indicated the quantitative formation of 2-6.  The

reaction mixture was evaporated to dryness, and the remaining residue was extracted with

ca. 10 mL of benzene.  The benzene extract was filtered through Celite and the filtrate

was dried under vacuum.  The remaining solid residue was triturated with pentane (3  5

mL) to afford 2-6 as a red solid (0.041 g, 96%). Method 3: A solution of Me3SiCH2Li

(0.0011 g, 0.012 mmol) in ca. 0.4 mL of benzene-d6 was added to a solution of [Cy-

PSiP]Ir(H)Cl (0.010 g, 0.012 mmol) in ca. 0.4 mL of benzene-d6.  An immediate color

change from yellow to orange was observed.  The reaction mixture was analyzed by 1H

and 31P NMR spectroscopy to confirm the complete consumption of [Cy-PSiP]Ir(H)Cl

and the formation of 1 equiv. of Me4Si.  Aniline (22.0 L, 0.022 g, 0.240 mmol) was

added to the reaction mixture, and the solution was heated at 65 C for 70 h, at which

point 1H and 31P NMR analysis of the reaction mixture indicated the quantitative

formation of 2-6. 1H NMR (500 MHz, benzene-d6):  8.10 (d, 2 H, J = 7 Hz, Harom), 7.44

(m, 2 H, Harom), 7.26 – 7.17 (overlapping resonances, 6 H, Harom), 7.11 (t, 2 H, J = 7 Hz,

Harom), 6.90 (br t, 1 H, 3JHP = 4 Hz, NH), 6.84 (t, 1 H, J = 7 Hz, Harom), 2.61 (m, 2 H,

PCy), 2.47 (br t, 2 H, J = 12 Hz, PCy), 2.32 (br d, 2 H, J = 13 Hz, PCy), 2.07 – 1.10

(overlapping resonances, 34 H, PCy), 0.89 (s, 3 H, SiMe), 0.77 (m, 4 H, PCy), -21.16 (t, 1

H, 2JHP = 17 Hz, IrH). 1H NMR (500 MHz, cyclohexane-d12):  7.99 (d, 2 H, J = 7 Hz,

Harom), 7.47 (m, 2 H, Harom), 7.21 (t, 2 H, J = 7 Hz, Harom), 7.12 (t, 2 H, J = 7 Hz, Harom),

6.91 (t, 2 H, J = 7 Hz, Harom), 6.75 (d, 2 H, J = 7 Hz, Harom), 6.55 – 6.52 (overlapping

resonances, 2 H, Harom + NH), 2.64 (m, 2 H, PCy), 2.33 (br t, 2 H, J = 12 Hz, PCy), 2.09

(br d, 2 H, J = 12 Hz, PCy), 2.04 – 0.88 (overlapping resonances, 36 H, PCy), 0.59 (m, 2
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H, PCy), 0.41 (s, 3 H, SiMe), -21.22 (t, 1 H, 2JHP = 17 Hz, IrH). 13C{1H} NMR (125.8

MHz, benzene-d6):  165.0 (Carom), 159.3 (m, Carom), 144.4 (m, Carom), 132.4 (apparent t,

J = 9 Hz, CHarom), 130.9 (CHarom), 129.5 (CHarom), 129.1 (CHarom), 127.3 (CHarom), 121.7

(CHarom), 117.9 (CHarom), 35.5 (apparent t, J = 16 Hz, CHCy), 33.5 (apparent t, J = 11 Hz,

CHCy), 31.0 (CH2Cy), 30.8 (CH2Cy), 30.6 (CH2Cy), 28.5 (CH2Cy), 28.2 (CH2Cy), 27.8 – 27.6

(overlapping resonances, CH2Cy), 27.1 (CH2Cy), 6.2 (SiMe). 31P{1H} NMR (202.5 MHz,

benzene-d6):  55.1. 31P{1H} NMR (202.5 MHz, cyclohexane-d12):  55.3. 29Si NMR

(99.4 MHz, benzene-d6):  13.3. 15N NMR (50.7 MHz, benzene-d6):  -260.8.  IR (Nujol,

cm-1): 3371 (br, w, N-H), 2134 (m, Ir-H).  Anal. Calcd for C43H62IrNP2Si: C, 59.01; H,

7.14; N, 1.60.  Found: C, 59.38; H, 7.22; N, 1.48. X-Ray quality crystals of 2-6·OEt2

were grown from a concentrated Et2O solution at -30 °C.

[Cy-PSiP]Ir(H)[NH(2,6-Me2C6H3)] (2-7). Method 1: A solution of LiNH(2,6-

Me2C6H3) (0.019 g, 0.150 mmol) in ca. 5 mL of THF was added dropwise via pipette to a

solution of [Cy-PSiP]Ir(H)Cl (0.123 g, 0.150 mmol) in ca. 5 mL of THF at room

temperature.  An immediate color change from yellow to orange was observed.  The

reaction mixture was evaporated to dryness, and the remaining residue was extracted with

ca. 10 mL of benzene.  The benzene extract was filtered through Celite and the filtrate

was dried under vacuum.  The remaining solid residue was triturated with pentane (3  5

mL) to afford 2-7 as an orange solid (0.118 g, 87%). Method 2: A solution of

Me3SiCH2Li (0.0011 g, 0.012 mmol) in ca. 0.4 mL of cyclohexane-d12 was added to a

solution of [Cy-PSiP]Ir(H)Cl (0.010 g, 0.012 mmol) in ca. 0.4 mL of cyclohexane-d12.

An immediate color change from yellow to orange was observed.  The reaction mixture

was analyzed by 1H and 31P NMR spectroscopy to confirm the complete consumption of

[Cy-PSiP]Ir(H)Cl and the formation of 1 equiv. of Me4Si.  Neat H2N(2,6-Me2C6H3) (29.5

L, 0.029 g, 0.240 mmol) was added to the reaction mixture, and the solution was heated

at 65 C for 72 h, at which point 1H and 31P NMR analysis of the reaction mixture

indicated the quantitative formation of 2.7. 1H NMR (500 MHz, benzene-d6):  8.13 (d, 2

H, J = 7 Hz, Harom), 7.45 (m, 2 H, Harom), 7.24 – 7.18 (overlapping resonances, 4 H,



77

Harom), 7.12 (t, 2 H, J = 7 Hz, Harom), 6.89 (t, 1 H, J = 7 Hz, Harom), 5.98 (br t, 1 H, 3JHP =

5 Hz, NH), 2.67 (s, 3 H, 2,6-Me2C6H3), 2.59 (s, 3 H, 2,6-Me2C6H3), 2.50 (br t, 2 H, J = 12

Hz, PCy), 2.30 (br d, 2 H, J = 13 Hz, PCy), 1.96 – 1.12 (overlapping resonances, 38 H,

PCy), 0.94 (s, 3 H, SiMe), 0.69 (m, 2 H, PCy), -21.94 (t, 1 H, 2JHP = 16 Hz, IrH).
13C{1H} NMR (125.8 MHz, benzene-d6):  162.9 (Carom), 159.7 (apparent t, J = 21 Hz,

Carom), 144.9 (apparent t, J = 28 Hz, Carom), 132.8 (apparent t, J = 21 Hz, Carom), 132.4

(apparent t, J = 9 Hz, CHarom), 131.2 (Carom), 130.4 (CHarom), 129.2 (CHarom), 127.2

(CHarom), 120.0 (CHarom), 35.3 (apparent t, J = 16 Hz, CHCy), 34.0 (apparent t, J = 11 Hz,

CHCy), 30.6 (CH2Cy), 30.3 (CH2Cy), 29.5 (CH2Cy), 28.2 (CH2Cy), 28.1 (CH2Cy), 27.7

(CH2Cy), 27.5 – 27.3 (overlapping resonances, CH2Cy), 26.9 (CH2Cy), 21.0 (2,6-Me2C6H3),

20.9 (2,6-Me2C6H3), 5.0 (SiMe). 31P{1H} NMR (202.5 MHz, benzene-d6):  52.8. 29Si

NMR (99.4 MHz, benzene-d6):  12.1. 15N NMR (50.7 MHz, benzene-d6):  -265.0.  IR

(Nujol, cm-1): 3377 (br, w, N-H), 2116 (m, Ir-H).  Anal. Calcd for C45H66IrNP2Si: C,

59.84; H, 7.36; N, 1.55.  Found: C, 59.44; H, 7.49; N, 1.43. X-Ray quality crystals of 2-7

were grown from a concentrated pentane/THF solution at -30 °C.

[Cy-PSiP]Rh(H)(NHPh) (2-8). A solution of LiNHPh (0.011 g, 0.110 mmol) in

ca. 5 mL of THF was added dropwise via pipette to a solution of [Cy-PSiP]Rh(H)Cl

(0.080 g, 0.110 mmol) in ca. 5 mL of THF at room temperature.  An immediate color

change from light yellow to red was observed. The reaction mixture was evaporated to

dryness, and the remaining residue was extracted with ca. 10 mL of benzene.  The

benzene extract was filtered through Celite and the filtrate was dried under vacuum.  The

remaining solid residue was triturated with pentane (3  5 mL) to afford 2-8 as a red-

orange solid (0.077 g, 89%). 1H NMR (500 MHz, benzene-d6):  7.97 (d, 2 H, J = 7 Hz,

Harom), 7.40 (m, 2 H, Harom), 7.25 – 7.21 (overlapping resonances, 4 H, Harom), 7.14 (t, 2

H, J = 7 Hz, Harom), 6.94 (d, 2 H, J = 7 Hz, NPhortho), 6.69 (t, 1 H, J = 7 Hz, NPhpara), 4.57

(s, 1 H, NH), 2.48 (m, 2 H, PCy), 2.37 (m, 2 H, PCy), 2.23 (m, 4 H, PCy), 1.95 – 1.11

(overlapping resonances, 34 H, PCy), 0.90 (m, 2 H, PCy), 0.87 (s, 3 H, SiMe), -16.86

(apparent q, 1 H, 2JHP ~ 1JHRh = 16 Hz, RhH). 13C{1H} NMR (125.8 MHz, benzene-d6): 
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164.0 (Carom), 157.5 (m, Carom), 142.0 (m, Carom), 131.6 (apparent t, J = 10 Hz, CHarom),

130.0 (CHarom), 128.9 (CHarom), 128.4 (CHarom), 127.5 (CHarom), 118.2 (NPhortho), 112.8

(NPhpara), 35.3 (apparent t, J = 12 Hz, CHCy), 33.7 (apparent t, J = 9 Hz, CHCy), 30.8

(CH2Cy), 30.2 (CH2Cy), 29.7 (CH2Cy), 27.6 (CH2Cy), 27.2 – 26.9 (overlapping resonances,

CH2Cy), 26.2 (CH2Cy), 8.9 (SiMe). 31P{1H} NMR (202.5 MHz, benzene-d6):  59.6 (d,
1JPRh = 122 Hz). 29Si NMR (99.4 MHz, benzene-d6):  44.0. 15N NMR (50.7 MHz,

benzene-d6):  -275.9.  IR (Nujol, cm-1): 3340 (br, w, N-H), 2019 (m, Rh-H).  Anal.

Calcd for C43H62RhNP2Si: C, 65.72; H, 7.95; N, 1.78.  Found: C, 65.41; H, 7.82; N, 1.62.

X-Ray quality crystals of 2-8 were grown from a concentrated Et2O/THF solution at -30

°C.

[Cy-PSiP]Rh(H)[NH(2,6-Me2C6H3)] (2-9). A solution of LiNH(2,6-Me2C6H3)

(0.014 g, 0.110 mmol) in ca. 5 mL of THF was added dropwise via pipette to a solution

of [Cy-PSiP]Rh(H)Cl (0.080 g, 0.110 mmol) in ca. 5 mL of THF at room temperature.

An immediate color change from light yellow to red-orange was observed.  The reaction

mixture was evaporated to dryness, and the remaining residue was extracted with ca. 10

mL of benzene.  The benzene extract was filtered through Celite and the filtrate was dried

under vacuum.  The remaining solid residue was triturated with pentane (3  5 mL) to

afford 2-9 as an orange solid (0.077 g, 84%). 1H NMR (500 MHz, benzene-d6):  7.98

(d, 2 H, J = 7 Hz, Harom), 7.42 (m, 2 H, Harom), 7.23 (t, 2 H, J = 7 Hz, Harom), 7.17 (br s, 2

H, Harom), 7.13 (t, 2 H, J = 7 Hz, Harom), 6.36 (t, 1 H, J = 7 Hz, Harom), 3.28 (s, 1 H, NH),

2.63 (br s, 3 H, 2,6-Me2C6H3), 2.42 (br s, 3 H, 2,6-Me2C6H3), 2.33 – 2.09 (overlapping

resonances, 8 H, PCy), 1.84 – 1.10 (overlapping resonances, 34 H, PCy), 0.97 (m, 2 H,

PCy), 0.92 (s, 3 H, SiMe), -17.27 (apparent q, 1 H, 2JHP ~ 1JHRh = 17 Hz, RhH). 13C{1H}

NMR (125.8 MHz, benzene-d6):  163.8 (Carom), 157.8 (m, Carom), 143.1 (m, Carom), 132.4

(apparent t, J = 9 Hz, CHarom), 130.4 (CHarom), 129.6 (CHarom), 127.9 (CHarom), 112.5

(CHarom), 36.6 (apparent t, J = 12 Hz, CHCy), 35.5 (apparent t, J = 8 Hz, CHCy), 30.9

(CH2Cy), 30.5 (CH2Cy), 30.1 (CH2Cy), 28.3 (CH2Cy), 27.9 – 27.5 (overlapping resonances,

CH2Cy), 26.9 (CH2Cy), 20.8 (br, 2,6-Me2C6H3), 19.9 (br, 2,6-Me2C6H3), 8.9 (SiMe).



79

31P{1H} NMR (202.5 MHz, benzene-d6):  57.3 (d, 1JPRh = 129 Hz). 29Si NMR (99.4

MHz, benzene-d6):  43.9. 15N NMR (50.7 MHz, benzene-d6):  -293.0.  IR (Nujol, cm-

1): 3359 (br, w, N-H), 1999 (m, Rh-H).  Anal. Calcd for C45H66RhNP2Si: C, 66.40; H,

8.17; N, 1.72.  Found: C, 66.05; H, 7.81; N, 1.68.

[Cy-PSiP]Ir(H)(NH2) (2-10). Method 1: A slurry of LiNH2 (0.006 g, 0.261

mmol) in ca. 5 mL of THF was added dropwise via pipette to a solution of [Cy-

PSiP]Ir(H)Cl (0.040 g, 0.049 mmol) in ca. 5 mL of THF at room temperature.  The

yellow reaction mixture was transferred to a resealable thick-walled glass vessel

containing a magnetic stir bar and equipped with a Teflon stopcock and was heated at 65

°C for 12 h, over the course of which a color change to orange was observed.  The

reaction mixture was cooled to room temperature and evaporated to dryness, and the

remaining residue was extracted with ca. 10 mL of benzene.  The benzene extract was

filtered through Celite and the filtrate was dried under vacuum.  The remaining solid

residue was triturated with pentane (3  5 mL) to afford 2-10 as a yellow solid (0.036 g,

92%). Method 2 – NMR scale: A solution of Me3SiCH2Li (0.0017 g, 0.018 mmol) in

ca. 0.4 mL of cyclohexane-d12 was added to a solution of [Cy-PSiP]Ir(H)Cl (0.015 g,

0.018 mmol) in ca. 0.4 mL of cyclohexane-d12.  An immediate color change from yellow

to orange was observed.  The reaction mixture was analyzed by 1H and 31P NMR

spectroscopy to confirm the complete consumption of [Cy-PSiP]Ir(H)Cl and the

formation of 1 equiv. of Me4Si.  The reaction mixture was then filtered through Celite to

remove LiCl, and was transferred to a J-Young NMR tube.  The solution was degassed

via three freeze-pump-thaw cycles, and an atmosphere of anhydrous ammonia was

introduced.  The reaction mixture was heated at 65 °C for 14 h.  Analysis of the reaction

mixture by 1H and 31P NMR spectroscopy confirmed the formation of 2-10 (72%) as well

as unidentified side-products at 31P 97.0 (5%), 94.1 (5%) and 37.9 - 36.6 (18%).

Method 2 – preparative scale: A solution of Me3SiCH2Li (0.0069 g, 0.073 mmol) in ca.

2 mL of cyclohexane-d12 was added to a solution of [Cy-PSiP]Ir(H)Cl (0.060 g, 0.073

mmol) in ca. 5 mL of cyclohexane-d12.  An immediate color change from yellow to
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orange was observed.  An aliquot of the reaction mixture was analyzed by 1H and 31P

NMR spectroscopy to confirm the complete consumption of [Cy-PSiP]Ir(H)Cl and the

formation of 1 equiv. of Me4Si.  The reaction mixture was then filtered through Celite to

remove LiCl, and was transferred to a resealable thick-walled glass vessel equipped with

a Teflon stopcock.  The solution was degassed via three freeze-pump-thaw cycles, and an

atmosphere of anhydrous ammonia was introduced.  The reaction mixture was heated at

65 °C for 14 h.  The reaction mixture was cooled to room temperature and evaporated to

dryness, and the remaining residue was washed with ca. 2 mL of cold (-30 °C) pentane,

then dried in vacuo to afford 2-10 as a yellow solid (0.040 g, 69%). Method 3: A

solution of Me3SiCH2Li (0.0023 g, 0.024 mmol) in ca. 0.4 mL of benzene-d6 was added

to a solution of [Cy-PSiP]Ir(H)Cl (0.020 g, 0.024 mmol) in ca. 0.4 mL of benzene-d6.  An

immediate color change from yellow to orange was observed.  The reaction mixture was

analyzed by 1H and 31P NMR spectroscopy to confirm the complete consumption of [Cy-

PSiP]Ir(H)Cl and the formation of 1 equiv. of Me4Si.  The reaction mixture was then

filtered through Celite to remove LiCl, and was transferred to a J-Young NMR tube.  The

solution was degassed via three freeze-pump-thaw cycles, and an atmosphere of

anhydrous ammonia was introduced.  The reaction mixture was heated at 65 °C for 144 h.

Analysis of the reaction mixture by 1H and 31P NMR spectroscopy confirmed the

formation of 2-10 (45%) as well as [Cy-PSiP]Ir(D)(Ph-d5) (31P 56.8, 20%) and

unidentified side-products at31P 95.6 (10%), 94.1 (10%) and 37.3 (15%). 1H NMR

(500 MHz, benzene-d6):  8.16 (d, 2 H, J = 7 Hz, Harom), 7.49 (m, 2 H, Harom), 7.24 (t, 2

H, J = 7 Hz, Harom), 7.12 (t, 2 H, J = 7 Hz, Harom), 5.03 (br t, 2 H, 3JHP = 6 Hz, NH2), 2.61

(br d, 2 H, J = 12 Hz, PCy), 2.47 (br t, 2 H, J = 11 Hz, PCH), 2.20 (br t, 2 H, J = 12 Hz,

PCH), 2.11 (m, 2 H, PCy), 1.94 (m, 4 H, PCy), 1.84 (br d, 2 H, J = 12 Hz, PCy), 1.67 –

1.05 (overlapping resonances, 26 H, PCy), 0.97 (m, 2 H, PCy), 0.94 (s, 3 H, SiMe), 0.82

(m, 2 H, PCy), -20.13 (t, 1 H, 2JHP = 15 Hz, IrH). 1H NMR (500 MHz, cyclohexane-d12):

 7.98 (d, 2 H, J = 7 Hz, Harom), 7.47 (m, 2 H, Harom), 7.19 (t, 2 H, J = 7 Hz, Harom), 7.10

(t, 2 H, J = 7 Hz, Harom), 4.58 (br s, 2 H, NH2) 2.45 (br m, 2 H, PCy), 2.35 (br d, 2 H, J =



81

11 Hz, PCy), 2.18 – 1.02 (overlapping resonances, 38 H, PCy), 0.82 (m, 2 H, PCy), 0.44

(s, 3 H, SiMe), -20.34 (t, 1 H, 2JHP = 15 Hz, IrH). 13C{1H} NMR (125.8 MHz, benzene-

d6):  161.0 (m, Carom), 144.4 (m, Carom), 132.0 (apparent t, J = 9 Hz, CHarom), 130.4

(CHarom), 128.8 (CHarom), 126.6 (CHarom), 34.2 – 33.9 (overlapping resonances, CHCy),

30.3 (CH2Cy), 30.2 (CH2Cy), 29.2 (CH2Cy), 28.0 (CH2Cy), 27.7 – 26.9 (overlapping

resonances, CH2Cy), 26.5 (CH2Cy), 6.0 (SiMe). 31P{1H} NMR (202.5 MHz, benzene-d6):

 55.5. 31P{1H} NMR (202.5 MHz, cyclohexane-d12):  55.7. 29Si NMR (99.4 MHz,

benzene-d6):  14.6. 15N NMR (50.7 MHz, benzene-d6):  -309.8.  IR (Nujol, cm-1): 3418

(w, N-H), 3340 (w, N-H), 2129 (m, M-H).  Anal. Calcd for C37H58IrNP2Si: C, 55.61; H,

7.32; N, 1.75.  Found: C, 55.30; H, 7.18; N, 1.38. X-Ray quality crystals of 2-10 were

grown from a concentrated benzene solution at room temperature.

Generation of [Cy-PSiP]Ir(H)(NH2)(PMe3) (2-10·PMe3). A room temperature

solution of 2-10 (0.015 g, 0.019 mmol) in ca. 0.8 mL of benzene-d6 was treated with

PMe3 (2.0 L, 0.0015 g, 0.019 mmol).  The reaction mixture was transferred to an NMR

tube and analyzed by use of NMR techniques, which confirmed the quantitative

consumption of 2-10 and the clean formation of putative 2-10·PMe3.  Attempts to isolate

2-10·PMe3 by removing the volatile components in vacuo resulted in reformation of 2-

10, as indicated by 1H and 31P NMR spectroscopy of the residue. 1H NMR (500 MHz,

benzene-d6):  8.27 (d, 2 H, J = 7 Hz, Harom), 7.38 (m, 2 H, Harom), 7.22 (t, 2 H, Harom),

7.09 (t, 2 H, Harom), 3.13 (m, 2 H, PCy), 2.88 (br m, 2 H, PCy), 2.13 – 1.06 (overlapping

resonances, 43 H, PCy + PMe3; PMe3 at 1.61 ppm, d, 2JHP = 6 Hz), 1.01 (s, 3 H, SiMe),

0.71 (m, 4 H, PCy), 0.46 (m, 2 H, PCy), -1.38 (br s, 2 H, NH2), -13.77 (dt, 1 H, 2JHPcis =

22 Hz, 2JHPtrans = 127 Hz, IrH) 13C{1H} NMR (125.8 MHz, benzene-d6):  160.5 (m,

Carom), 146.4 (m, Carom), 133.2 (apparent t, J = 9 Hz, CHarom), 129.2 (CHarom), 128.2

(CHarom), 126.7 (CHarom), 37.1 (apparent t, J = 10 Hz, CHCy), 35.6 (apparent t, J = 14 Hz,

CHCy), 29.9 (CH2Cy), 29.4 (CH2Cy), 28.9 (CH2Cy), 28.4 – 26.3 (overlapping resonances,

CH2Cy), 19.4 (br d, 1JCP = 27 Hz, PMe3), 5.8 (SiMe). 31P{1H} NMR (202.5 MHz,
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benzene-d6):  28.9 (br s, 2 P, PSiP), -55.7 (br s, 1 P, PMe3). 29Si NMR (99.4 MHz,

benzene-d6):  22.9.

Generation of [Cy-PSiP]Rh(NH2Ph) (2-11). A solution of Me3SiCH2Li (0.0020

g, 0.021 mmol) in ca. 0.4 mL of cyclohexane-d12 was added to a solution of [Cy-

PSiP]Rh(H)Cl (0.015 g, 0.021 mmol) in ca. 0.4 mL of cyclohexane-d12.  An immediate

color change from yellow to red-orange was observed.  The reaction mixture was

analyzed by 1H and 31P NMR spectroscopy to confirm the complete consumption of [Cy-

PSiP]Rh(H)Cl and the formation of 1 equiv. of Me4Si.  Aniline (38.3 L, 0.039 g, 0.420

mmol) was added to the reaction mixture, and the solution was subsequently analyzed by

use of NMR techniques, which confirmed the clean formation of putative 2-11.  The

coordinated aniline in 2-11 was readily displaced in vacuo, precluding the isolation of

this compound.  Moreover, the presence of excess aniline in the in situ generated solution

of 2-11 precluded the comprehensive assignment of 1H and 13C NMR resonances for this

complex. 1H NMR (500 MHz, cyclohexane-d12):  7.99 (d, 2 H, J = 7 Hz, Harom), 7.38

(br m, 2 H, Harom), 7.21 (m, 2 H, Harom), 7.12 (m, 2 H, Harom), 2.26 – 0.79 (overlapping

resonances, 44 H, PCy), 0.40 (s, 3 H, SiMe). 13C{1H} NMR (125.8 MHz, cyclohexane-

d12):  132.0 (CHarom), 128.2 (CHarom), 126.5 (CHarom), 40.2 (CHCy), 38.6 (CHCy), 31.8

(CH2Cy), 31.3 (CH2Cy), 30.5 (CH2Cy), 29.7 (CH2Cy), 28.0 – 26.6 (overlapping resonances,

CH2Cy), 8.9 (SiMe). 31P{1H} NMR (202.5 MHz, cyclohexane-d12):  54.7 (d, 1JPRh = 182

Hz). 29Si NMR (99.4 MHz, cyclohexane-d12):  59.3.

Generation of [Cy-PSiP]Rh(NH3) (2-12). A solution of Me3SiCH2Li (0.0020 g,

0.021 mmol) in ca. 0.4 mL of cyclohexane-d12 was added to a solution of [Cy-

PSiP]Rh(H)Cl (0.015 g, 0.021 mmol) in ca. 0.4 mL of cyclohexane-d12.  An immediate

color change from yellow to red-orange was observed.  The reaction mixture was

analyzed by 1H and 31P NMR spectroscopy to confirm the complete consumption of [Cy-

PSiP]Rh(H)Cl and the formation of 1 equiv. of Me4Si.  The reaction mixture was then

filtered through Celite to remove LiCl, and was transferred to a J-Young NMR tube.  The

solution was degassed via three freeze-pump-thaw cycles, and an atmosphere of
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anhydrous ammonia was introduced, resulting in a color change to light orange.  The

reaction mixture was subsequently analyzed by use of NMR techniques, which confirmed

the clean formation of putative 2-12.  The coordinated amine in 2-12 was readily

displaced in vacuo, precluding the isolation of this compound.  Moreover, the presence of

excess ammonia in the in situ generated solution of 2-12 prevented the unequivocal

assignment of the RhNH3
1H NMR resonance for this complex. 1H NMR (500 MHz,

cyclohexane-d12):  7.98 (d, 2 H, J = 7 Hz, Harom), 7.37 (m, 2 H, Harom), 7.18 (t, 2 H, J = 7

Hz, Harom), 7.10 (t, 2 H, J = 7 Hz, Harom), 2.22 (br m, 2 H, PCy), 2.14 (br m, 4 H, PCy),

2.03 (t, 2 H, J = 12 Hz, PCy), 1.80 – 1.09 (overlapping resonances, 36 H, PCy), 0.26 (s, 3

H, SiMe). 13C{1H} NMR (125.8 MHz, cyclohexane-d12):  162.0 (m, Carom), 146.6 (m,

Carom), 132.4 (apparent t, J = 12 Hz, CHarom), 129.2 (CHarom), 128.4 (CHarom), 126.9

(CHarom), 41.7 (apparent t, J = 7 Hz, CHCy), 41.0 (apparent t, J = 8 Hz, CHCy), 32.7

(CH2Cy), 30.9 (CH2Cy), 28.5 – 28.2 (overlapping resonances, CH2Cy), 27.7 (CH2Cy), 27.4

(CH2Cy), 8.9 (SiMe). 31P{1H} NMR (202.5 MHz, cyclohexane-d12):  54.4 (d, 1JPRh =

180 Hz). 29Si NMR (99.4 MHz, cyclohexane-d12):  60.8.

2.5.3 Crystallographic Solution and Refinement Details
Crystallographic data for each of 2-5, 2-6·OEt2, 2-7, and 2-8 were obtained at

193(±2) K, while data for 2-10 were obtained at 173(±2) K on a Bruker D8/APEX II

CCD diffractometer using a graphite-monochromated Mo K ( = 0.71073 Å) radiation,

employing a sample that was mounted in inert oil and transferred to a cold gas stream on

the diffractometer.  Programs for diffractometer operation, data collection, and data

reduction (including SAINT) were supplied by Bruker.  Gaussian integration (face-

indexed) was employed as the absorption correction method for 2-5, 2-6·OEt2, 2-7, and

2-8, while multi-scan (TWINABS) was used for 2-10. For 2-5, 2-6·OEt2, 2-7, and 2-8 the

structures were solved by use of the Patterson search/structure expansion, while the for 2-

10 the structure was solved by use of direct methods. All structures were refined by use

of full-matrix least-squares procedures (on F2) with R1 based on Fo
2 (Fo

2) and wR2
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based on Fo
2  –3(Fo

2). Unless otherwise specified, anisotropic displacement

parameters were employed throughout for the non-hydrogen atoms.  During the structure

solution process for 2-6·OEt2 an equiv. of Et2O was located in the asymmetric unit.

Disorder involving this solvent molecule and the N-Ph group was identified during

refinement.  The non-hydrogen atoms of the disordered Et2O solvate were refined over

two positions, where O1S and C1S - C4S were refined with an occupancy factor of 0.65,

while O2S and C5S - C8S were refined with an occupancy factor of 0.35.  Distances

involving analogous pairs of atoms within the solvent diethyl ether molecule were

constrained to be equal (within 0.03 Å) during refinement: d(O1S–C1S) = d(O2S–C5S);

d(O1S–C3S) = d(O2S–C7S); d(C1S–C2S) = d(C5S–C6S); d(C3S–C4S) = d(C7S–C8S);

d(O1S…C2S) = d(O2S…C6S); d(O1S…C4S) = d(O2S…C8S); d(C1S…C3S) =

d(C5S…C7S).  The carbon atoms of the N-Ph group in 2-6·OEt2 were refined over two

positions, where C2A – C7A were refined with an occupancy factor of 0.65, while C2B –

C7B were refined with an occupancy factor of 0.35.  The N–C2A and N–C2B distances

within the HNPh ligand were constrained to be equal (within 0.01 Å) during refinement.

During the structure solution process for 2-10, two crystallographically independent

molecules of [Cy-PSiP]Ir(H)(NH2) (A and B) were located in the asymmetric unit; for

convenience, only molecule A is discussed in the text. Furthermore, in the case of 2-10

the crystal used for data collection was found to display non-merohedral twinning. Both

components of the twin were indexed with the program CELL_NOW (Bruker AXS Inc.,

Madison, WI, 2004).  The second twin component can be related to the first component

by 180º rotation about the [1 0 0] axis in real space and about the [1 1/4 0] axis in

reciprocal space.  Integrated intensities for the reflections from the two components were

written into a SHELXL-97 HKLF 5 reflection file with the data integration program

SAINT (version 8.27B), using all reflection data (exactly overlapped, partially overlapped

and non-overlapped).  The refined value of the twin fraction (SHELXL-97 BASF

parameter) was 0.1061(10). The Ir-H in 2-10 was located in the difference map and

refined isotropically. The Rh-H in 2-8 and the Ir-H in 2-7 were each located in the
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difference map and refined with the restraint that in each case the M-H distance was fixed

at 1.55 Å, thereby allowing for the determination of the hydride isotropic thermal

parameter. In the final refinement cycles, this distance restraint was removed; the

previously determined hydride thermal parameter was retained and the hydride position

was refined by use of a riding model in which the hydride positional changes matched

those of the attached metal center. For 2-6·OEt2 the Ir-H was not located in the

difference map. Instead, an initial Ir-H position similar to that found in 2.7 was selected,

and in the subsequent refinement cycles the Ir-H distance was fixed (1.55 Å) and the

other parameters (X-Ir-H angles, Ir-H thermal parameter) were allowed to vary.  The Ir-H

position in 2-6·OEt2 following refinement in this manner was similar to that found in 2.7.

The N-H in 2-8, 2-6·OEt2 and 2-7 were each located in the difference map and refined

with the restraint that in each case the N-H distance was fixed at 0.88 Å. The N-H atoms

in 2-10 (H1NAand H1NB) were each located in the difference map and refined

isotropically. Otherwise, all hydrogen atoms were added at calculated positions and

refined by use of a riding model employing isotropic displacement parameters based on

the isotropic displacement parameter of the attached atom. Additional crystallographic

information is provided in Appendix A.
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Chapter 3:  A Thorough Investigation of N–H Bond Activation
Mediated by [R-PSiP]M

3.1 Introduction
As discussed previously in this document, the design and synthesis of new classes

of late transition metal complexes that are capable of mediating N-H bond oxidative

addition of a variety of amines under relatively mild conditions to form stable products is

an important goal, as it could provide insight into the development of new pathways for

amine and ammonia functionalization. Given the rarity of systems capable of such

reactivity, the discovery of transition metal complexes that can mediate N-H bond

oxidative addition is highly desirable.

In addition to the previously highlighted examples of N-H bond activation of

anilines and ammonia, there is some precedent in the literature for PCP-type Ir pincer

complexes that are able to activate alternative types of N-H bonds.  Hartwig reported N-

H bond cleavage of hydrazines by [tBu-PCP]IrI species.40 In contrast to the reactivity

observed for aniline and ammonia N-H bond cleavage products in this system,38a,39

hydrazido hydride complexes resulting from the oxidative addition of hydrazines were

not susceptible to N-H bond reductive elimination, although in some cases other

reactivity involving further N-H and/or C-H bond activation processes was observed. In

addition, as part of a detailed mechanistic study of the reactivity of [POCOP]IrI with a

variety of anilines in benzene solution, Brookhart and coworkers also investigated the

reactivity of the [POCOP]IrI species with benzamides.  The oxidative addition products

formed were much more stable than the anilido hydride complexes resulting from N-H

oxidative addition of anilines, likely due to the interaction of the carbonyl oxygen with

the Ir metal center (Scheme 1-10).41 Beyond these studies, no examples of isolable

amido hydride complexes resulting from N-H bond oxidative addition of simple

unactivated amines, such as alkyl amines, can be found in the literature.  Furthermore, to

date no system that can effect N-H bond oxidative addition in a wide range of amines,

including alkyl amines, anilines, ammonia, benzamides and hydrazines has been reported.
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As detailed in Chapter 2, the attempted alkylation of the bis(phosphino)silyl Ir

complex [Cy-PSiP]Ir(H)Cl (Cy-PSiP = κ3-(2-Cy2PC6H4)2SiMe) transiently generated

highly reactive IrI species of the type [Cy-PSiP]IrI that were shown to undergo N-H bond

oxidative addition of anilines and ammonia under relatively mild conditions.  The

resulting [Cy-PSiP]Ir(H)(NHR) (R = H, aryl) products proved remarkably resistant to N-

H bond reductive elimination, even in the presence of arene solvents, which is in direct

contrast to the reactivity observed in (PCP)Ir systems that can undergo similar bond

activation processes (vide supra).

Since N-H oxidative addition processes are exceedingly rare and have not been

studied in detail, especially across a series of different types of N-H containing

molecules, a thorough investigation of N-H bond activation mediated by [Cy-PSiP]RhI

and IrI species with various N-H containing substrates, including alkyl amines, hydrazine

derivatives, and benzamides was initiated. Extension of this reactivity to the related

diisopropylphosphino derivative [iPr-PSiP]IrI was also investigated, as such

diisopropylphosphino silyl pincer complexes were envisioned to be less susceptible to

potential cyclometalation side reactions than their dicyclohexylphosphino counterparts.

In addition, iPr-PSiP ligation may offer more diagnostic 1H and 13C NMR features, which

may make it easier to spectroscopically analyze reaction products.

3.2 Results and Discussion
3.2.1 Generation of [iPr-PSiP]IrI

The tertiary silane ligand precursor [iPr-PSiP]H (3-1) was prepared utilizing

similar steps to those previously developed by our group for the synthesis of the related

tertiary silanes [Ph-PSiP]H and [Cy-PSiP]H (Scheme 3-1).15a,b An initial Pd-coupling

step was utilized to prepare the known compound 2-iPr2PC6H4Br from iPr2PH and 2-

bromoiodobenzene.68,69 2-iPr2PC6H4Br underwent lithium halogen exchange with nBuLi

at -40 °C in Et2O solution to form the known compound 2-iPr2PC6H4Li∙(OEt2)0.7,70 which

was obtained in 63% yield following recrystallization from Et2O at -35°C.  The reaction
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of 2-iPr2PC6H4Li∙(OEt2)0.7 with half an equivalent of Cl2SiMeH at -78 °C in hexanes led

to the formation of the tertiary silane ligand precursor [iPr-PSiP]H (3-1), which was

isolated in 87% yield as a yellow oil.71 The 31P NMR spectrum of 3-1 features a singlet

at 0.4 ppm corresponding to the [iPr-PSiP]H phosphino groups. The 1H and 13C NMR

spectra of 3-1 (benzene-d6) feature a single set of aromatic ligand backbone resonances.

In addition, the 1H NMR spectrum of 3-1contains a diagnostic resonance at 6.27 ppm that

corresponds to the Si-H of the tertiary silane product.

Treatment of 3-1 with 0.5 equiv of [Ir(COE)2Cl]2 (COE = cyclooctene) led to the

formation of [iPr-PSiP]Ir(H)Cl (3-2, Scheme 3-1, 81% isolated yield).  Complex 3-2

exhibits NMR features similar to those of the related Cy-PSiP derivative, [Cy-

PSiP]Ir(H)Cl (2-1), including a single sharp 31P NMR resonance at 69.7 ppm and an Ir

hydride resonance observed in the 1H NMR spectrum (benzene-d6) at -23.90 ppm (cf.

61.1 and -23.79 ppm for 2-1, respectively).

Scheme 3-1. Synthesis of [iPr-PSiP]H (3-1) and [iPr-PSiP]IrHCl (3-2)

An X-ray crystal structure of 3-2 (Figure 3-1) confirmed the formation of a five-

coordinate complex in which the phosphine donors are approximately trans-oriented (P1-
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Ir-P2 = 163.31(3)º), similar to previously reported 2-1 and the related Rh analogue [Cy-

PSiP]Rh(H)Cl (2-2).15b The coordination geometry at Ir is approximately square-based

pyramidal, with Si occupying the apical coordination site, and can also be described as

"Y-shaped".59

Figure 3-1.  The crystallographically determined structure of 3-2 shown with 50%
displacement ellipsoids. With the exception of H1, all H atoms have been omitted for
clarity.

Table 3-1. Selected interatomic distances (Å) and angles (º) for 3-2.

Bond Lengths (Å)

Ir-P1 2.2936(9) Ir-H1 1.40(3)
Ir-P2 2.2913(8) Ir-Cl 2.4017(8)
Ir-Si 2.2646(9)

Bond Angles (º)

P1-Ir-P2 163.31(3) Si-Ir-H1 72.4(13)
Si-Ir-Cl 131.61(3) Cl-Ir-H1 155.7(13)

It was previously reported that the attempted alkylation of 2-1 with a lithium alkyl

reagent in benzene solution led to the evolution of the corresponding alkane and the

formation of the benzene activation product [Cy-PSiP]Ir(H)Ph (Scheme 2-2).15b In an

effort to demonstrate that 3-2 was capable of similar C-H bond cleavage chemistry,

treatment of a room temperature benzene solution of 3-2 with Me3SiCH2Li led to the
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rapid generation of Me4Si and the quantitative (by 31P NMR) formation of the

corresponding benzene activation product [iPr-PSiP]Ir(H)Ph (3-3, Scheme 3-2), which

was isolated in 93% yield. Complex 3-3 was also independently synthesized (91%

isolated yield) by the reaction of 3-2 with PhLi.  Interestingly, unlike the analogous

complex [Cy-PSiP]Ir(H)Ph that eliminated benzene and decomposed upon exposure to

vacuum, complex 3-3 proved to be isolable, possibly due to slightly decreased steric

pressure in the Ir coordination sphere for the isopropyl(phosphino) derivative.

The in situ observation of a putative 14-electron IrI intermediate in the C-H bond

activation of benzene was targeted by carrying out the alkylation of 3-2 in cyclohexane-

d12 solution (Scheme 3-2). At room temperature, this reaction gave rise quantitatively to a

new [iPr-PSiP]Ir-containing species (3-4) that exhibits broad NMR features, including a
31P NMR signal at 66.8 ppm, and a 1H NMR resonance centered at -11.5 ppm that is

consistent with the formation of an Ir hydride species. Neither the 1H nor 31P NMR

spectral features observed for 3-4 varied significantly between -90 - 90 °C

(methylcyclohexane-d14).  These observations are comparable with the results obtained in

the alkylation of 2-1 in cyclohexane-d12 solution (cf. broad 31P{1H} NMR signal at 56.2

ppm, and broad 1H NMR resonance centered at -11.3 ppm),15b and suggest the formation

of a cyclometalated variant of [iPr-PSiP]Ir. As is the case for the [Cy-PSiP]Ir system,

attempts to isolate complex 3-4 were unsuccessful.  However, in situ generated 3-4

appears to serve as a source of [iPr-PSiP]IrI.  To trap 3-4, a cyclohexane solution of 3-2

was treated with an equivalent of Me3SiCH2Li to generate 3-4; the reaction mixture was

subsequently degassed and 1 atm of ethylene gas was introduced.  An immediate colour

change to bright orange was observed and quantitative (by 31P NMR) formation of the

ethylene complex [iPr-PSiP]Ir(C2H4)2 (3-5, Scheme 3-2) was observed. A single 31P

NMR resonance at 72.0 ppm and 29Si shift of 58.1 ppm were observed for the Cs

symmetric product (cf. 65.4 and 60.1 ppm, respectively for 2-1). The coordination of two

molecules of ethylene to the Ir center in 3-5 was confirmed 1H NMR spectroscopy, and

once again highlights the decreased steric crowding in iPr-PSiP-ligated Ir relative to the
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Cy-PSiP analogue, which can only accommodate one ethylene ligand.  Furthermore,

treatment of a reaction mixture containing in situ generated 3-4 with an excess (ca. 2 mL,

250 equivalents) of benzene led to the quantitative formation of the C-H activation

product 3-3 (Scheme 3-1), indicating that 3-4 is the active species initiating the bond

cleavage chemistry.

Scheme 3-2. Synthesis of (a) [iPr-PSiP]Ir(H)Ph (3-3) via C-H activation by [iPr-PSiP]IrI

(3-4) and (b) [iPr-PSiP]Ir(C2H4)2 (3-5)

3.2.2 N-H Bond Activation of Aniline and Ammonia by [iPr-PSiP]IrI

Having shown that an iPr-PSiP analogue (3-4) of [Cy-PSiP]IrI can be accessed in

situ, and that this highly reactive species can mediate benzene C-H bond activation to

yield 3-3, the ability of 3-4 to mediate N-H bond cleavage in aniline and ammonia in a

manner comparable to [Cy-PSiP]Ir was investigated. The direct synthesis of the N-H

bond cleavage products of the type [iPr-PSiP]Ir(H)(NHR) (R = H, Ph) were first targeted

to assess the viability of [iPr-PSiP]Ir to support amido hydride products.  Thus, treatment

of 3-2 with one equiv of LiNHPh in THF at room temperature led to clean formation of
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[iPr-PSiP]Ir(H)(NHPh) (3-6, Scheme 3-3).  Complex 3-6 was isolated as a red solid in

97% isolated yield.  The corresponding synthesis of [iPr-PSiP]Ir(H)(NH2) (3-7) was

achieved by treating 3-2 with 5 equiv LiNH2 in THF solution and heating at 65 °C for 16

h to produce 3-7 as an orange solid in 90% isolated yield (Scheme 3-3). The 31P NMR

spectrum of 3-6 features a resonance at 61.6 ppm, while that of 3-7 features a resonance

at 63.1 ppm, consistent with symmetry equivalent phosphine donors.  The 1H NMR

(benzene-d6) spectrum of 3-6 exhibits a hydride resonance at -20.18 ppm (t, 2JHP = 15

Hz), and that of 3-7 contains a similar resonance at -20.12 ppm (t, 2JHP = 15 Hz), both of

which are consistent with the hydride NMR shifts of the corresponding [Cy-PSiP]Ir

analogues (cf. -21.16 ppm for 2-6 and -20.13 ppm for 2-10).  The 1H NMR spectra of 3-6

and 3-7 also feature a characteristic N-H resonance at 6.84 and 5.06 ppm, respectively.

These resonances correspond to 15N NMR resonances of -259.9 and -307.4 ppm in 1H-
15N HMQC experiments. Complexes 3-6 and 3-7 are stable both in the solid state and in

solution, including benzene solution, with no evidence for reductive elimination of

aniline or ammonia even under vacuum (0.01 mm Hg).  This is comparable to the

previously reported Cy-PSiP analogues that proved similarly resistant to N-H reductive

elimination. By comparison, complexes of the type [PCP]Ir(H)(NHR')46a,47 (PCP = 2,6-

(CH2PtBu2)2C6H3; R' = H, aryl) and [POCOP]Ir(H)(NHR")50 (POCOP = 2,6-

(OPtBu2)2C6H3; R" = aryl) undergo much more facile N-H bond reductive elimination,

and for example exist in equilibrium with the corresponding phenyl hydride species in

benzene solution.
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Scheme 3-3. Synthesis of [iPr-PSiP]Ir(H)NHR complexes (3-6, R = Ph; 3-7, R = H) via a
salt metathesis route

In an effort to access complexes 3-6 and 3-7 via N-H bond oxidative addition to

[iPr-PSiP]IrI, 3-2 was treated with one equiv of Me3CCH2Li in cyclohexane-d12 solution,

which led to the evolution of Me4C, accompanied by the complete consumption of 3-2

and the quantitative (1H and 31P NMR) formation of 3-4.  Treatment of this reaction

mixture with one equiv of PhNH2 led to the formation of 3-6 after 14 hours at 80 °C.

Alternatively, treatment of the aforementioned reaction mixture with an excess of

anhydrous ammonia (ca. 1 atm) led to the quantitative (31P and 1H NMR) formation of

3.7 after heating at 65 °C for 14 h (Scheme 3-4).

Scheme 3-4. Synthesis of [iPr-PSiP]Ir(H)NHR (3-6, R = Ph; 3-7, R = H) through N-H
bond activation

3.2.3 N-H Bond Activation of Alkyl Amines by [R-PSiP]IrI (R = Cy, iPr)
The N-H bonds of alkyl amines are more difficult to oxidatively add than those of

anilines due to the increased basicity of the lone pair on nitrogen, which favours the

formation of amine adducts rather than metal insertion into the N-H bond.  As such, there
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have been no reported examples of N-H bond oxidative addition of alkyl amines at a

platinum group metal center in the literature. As discussed in Chapter 1, a recent

example of N-H bond activation of isopropylamine was reported, but the mode of

activation involved metal/ligand cooperativity, not oxidative addition.  Furthermore the

N-H activation product could not be isolated.43 Therefore, this challenging reaction was

targeted to demonstrate that the electron-rich Ir center of the [PSiP]IrI fragment could

mediate the oxidative addition of such highly Lewis basic amines.

The direct synthesis of the alkyl amido hydride complexes that would be the

products of N-H bond oxidative addition to [R-PSiP]IrI (R = iPr, Cy) was attempted

initially by a salt metathesis route utilizing amido lithium reagents.  Thus, treatment of

either 2-1 or 3-2 with one equiv of Li(NHR') (R' = Ad, tBu, Cy) led to the room

temperature, immediate formation of the corresponding isolable amido hydride

complexes (Scheme 3-5; 3-8, R = Cy, R' = Ad; 3-9, R = Cy, R' = tBu; 3-10, R = R' = Cy;

3-11, R = iPr, R' = Ad; 3-12, R = iPr, R' = tBu) in 76–89% yields .  Spectroscopic data for

the isolated complexes, including solution 1H, 13C, and 31P NMR (benzene-d6) spectra

indicate the formation of Cs-symmetric species.  Additionally, the 1H NMR spectra of

complexes 3-8 – 3-12 each feature a downfield-shifted hydride resonance, as well as a

characteristic N-H resonance (confirmed by the use of 1H-15N HMQC spectroscopy),

consistent with the formation of the targeted amido hydride Ir complexes.  In addition,
29Si and 15N spectroscopic data support the structures represented in Scheme 3-4 (Table

3-2). Notably, 3-10 exhibits diffent NMR features than the other alkyl amido hydride

products and it is possible that the product may not simply be an oxidative addition

product.  However, there were no characteristic 1H or 13C NMR resonances to indicate

evidence of β-hydride elimination. Attempts to synthesize [iPr-PSiP]Ir(H)(NHCy) via a

salt metathesis route led to complex reaction mixtures where no clean products were

isolated.  The reduced steric bulk of iPr compared to Cy substituents on the ligand

phosphine donors may allow further reactivity to occur at the Ir center in the [ iPr-

PSiP]Ir(H)(NHCy) complex, leading to the formation of multiple products.
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Scheme 3-5. Synthesis of [R-PSiP]Ir(H)(NHR’) complexes (R = Cy, iPr; R’ = Ad, tBu,
Cy) via a salt metathesis route

Table 3-2. Selected NMR spectroscopic data (ppm) for complexes 3-8 – 3-12.
Complex 31P{1H}

NMR
1H NMR
hydridea

1H NMR
NHa,b

15N
NMRb

29Si
NMRc

[Cy-PSiP]Ir(H)(NHAd) (3-8) 52.1 -20.73 (t) 6.59 -216.8 16.2
[Cy-PSiP]Ir(H)(NHtBu) (3-9) 52.0 -20.78 (t) 6.67 -219.2 16.0
[Cy-PSiP]Ir (H)(NHCy) (3-10) 54.8 -18.37 (t) –d –d 23.2
[iPr-PSiP]Ir(H)(NHAd) (3-11) 58.9 -20.83 (t) 6.70 -213.4 16.8
[iPr-PSiP]Ir(H)(NHtBu) (3-12) 51.9 -20.91 (t) 6.80 -215.7 16.7

a benzene-d6; b 1H-15N HMQC; c 1H-29Si HMBC; d Not observed by 1H-15N HMQC

Complexes 3-8 – 3-12 are stable both in the solid state and in solution (including

benzene solution) and do not appear to undergo N-H bond reductive elimination.  This is

consistent with the stability observed for [R-PSiP]Ir(H)(NHR') (R = Cy, iPr; R' = aryl, H)

species, which are also resistant to N-H reductive elimination.

The solid state structures of [Cy-PSiP]Ir(H)(NHAd) (3-8) and [iPr-

PSiP]Ir(H)(NHAd) (3-11) were determined using single crystal X-ray diffraction and in

both cases confirm the connectivity proposed for these complexes (Figure 3-2, Table 3-

3). As in the case of complex 3-2, as well as the related anilido hydride species [Cy-

PSiP]Ir(H)(NH(aryl)) (aryl = Ph, 2-6; 2,6-Me2C6H3, 2-7) that have been

crystallographically characterized, the R-PSiP ligand coordinates to the Ir center such that

the phosphino donors are trans-disposed (P1-Ir-P2 = 154.61(2)º for 3-8 and 155.84(6)º

for 3-11), and the coordination geometry can be described as distorted square based

pyramidal with Si in the apical site. The Ir–N bond distance of 2.018(2) Å observed for
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3-8 is slightly shorter than those previously reported for (Cy-PSiP)Ir(H)(NHPh) (2-

6·Et2O, 2.056(2) Å) and (Cy-PSiP)Ir(H)(NH(2,6-Me2C6H3)) (2-7, 2.077(3) Å).

3-8 3-11

Figure 3-2. The crystallographically determined structures of 3-8 and 3-11 shown with
50% displacement ellipsoids.  With the exception of H1 and the N-H atoms, all H atoms
have been omitted for clarity.

Table 3-3. Selected interatomic distances (Å) and angles (º) for 3-8, and 3-11.

Bond Lengths (Å)

3-8
Ir-P1 2.2832(7) Ir-H1 1.55
Ir-P2 2.3105(7) Ir-N 2.018(2)
Ir-Si 2.2941(8)

3-11
Ir-P1 2.2991(18) Ir-H1 1.54(6)
Ir-P2 2.298(2) Ir-N 2.088(8)
Ir-Si 2.2887(14)

Bond Angles (º)

3-8 P1-Ir-P2 154.61(2) Si-Ir-H1 72.6
Si-Ir-N 131.03(7) N-Ir-H1 153.7

3-11
P1-Ir-P2 155.84(6) Si-Ir-H1 70(2)
Si-Ir-N 135.4(2) N-Ir-H1 147(2)

Having demonstrated that Ir alkylamido hydride complexes supported by R-PSiP

ligation are synthetically accessible, the synthesis of such species by N-H bond oxidative
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addition of alkyl amines was pursued in an analogous manner to the arylamido hydride

and parent amido hydride complexes described in Chapter 2.  Towards this end, the

hydrido chloride species 2-1 or 3-2 were initially treated with one equiv of Me3SiCH2Li

in cyclohexane-d12 solution, which led to the immediate evolution of Me4Si and the

quantitative (by 1H and 31P NMR) consumption of the corresponding hydrido chloride

complex in order to provide in situ access to [R-PSiP]IrI species (vide supra).  Having

confirmed spectroscopically that the starting hydrido chloride complex was consumed in

its entirety, an excess (ca. 20 equiv) of the appropriate alkyl amine was added to the

reaction mixture.  Heating of the resulting reaction mixtures at 65 ºC for 14 h led to the

quantitative formation of the [Cy-PSiP]Ir amido hydride species 3-8, 3-9 and 3-10

resulting from N-H bond activation of H2NAd, H2NtBu and H2NCy (Scheme 3-6).  In the

case of [iPr-PSiP]Ir, after heating the reaction mixtures at 65 ºC for 14 h, NMR analysis

indicated 50% conversion to 3-11 and greater than 90% conversion to 3-12. These

represent the first reported examples of N-H bond oxidative addition of alkyl amines.

Scheme 3-6. Synthesis of [R-PSiP]Ir(H)(NHR’) complexes by N-H bond activation of
alkyl amines

The extension of this chemistry to alkyl amines containing potentially reactive β-

hydrogen substituents was also investigated.  The direct synthesis of amido hydride

complexes featuring n-propylamido and n-octylamido ligands by the reaction of 2-1 or 3-

2 with the corresponding lithium amide reagent were attempted.  Treatment of a benzene-

d6 solution of 2-1 or 3-2 with nPrNHLi led to the immediate formation of new products
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with 31P NMR resonances at 48.7 (3-13) and 57.9 (3-14), respectively. 1H and 13C NMR

spectroscopy indicated the formation of Cs-symmetric species with a single set of

aromatic resonances for the pincer ligand backbone.  In addition, two broad hydride

signals (at δ -11.00 (s) and -14.10 (d) for 3-13, as well as δ -11.46 (s) and -14.35 (d) for

3-14) in a 1:2 ratio were observed in both reactions by 1H NMR spectroscopy.

Analogous reactivity was observed for the reaction of 2-1 and 3-2 with nOctNHLi in

benzene-d6 to yield 3-13 and 3-14, respectively, as indicated by 31P and 1H NMR

spectroscopy. Attempts to isolate 3-13 and 3-14 were not successful as exposure to

vacuum led to decomposition. As such, the products of these reactions could not be

unambiguously identified.  The observation of multiple hydride resonances for 3-13 and

3-14 by 1H NMR spectroscopy indicates that likely β-hydride elimination, as well as

additional N-H and/or C-H bond cleavage processes are occurring during the course of

these reactions. Generation of [R-PSiP]IrI species by treatment of 2-1 or 3-2 with one

equivalent of Me3SiCH2Li in cyclohexane (vide supra), followed by subsequent

treatment with 20 equivalents of either nPrNH2 or nOctNH2 resulted in partial conversion

to 3-13 or 3-14, respectively, upon heating for 14 h at 70 oC.  Prolonged heating did not

drive these reactions to completion.

The N-H bond activation reactivity of benzylamine was also investigated (Scheme

3-7).  Treatment of a cyclohexane solution containing in situ generated [Cy-PSiP]IrI (vide

supra) with one equivalent of H2NCH2Ph afforded a white precipitate after heating for 12

hours at 65 °C.  Spectroscopic analysis (benzene-d6) of the precipitate is consistent with

the formation of the desired N-H bond activation product [Cy-PSiP]Ir(H)(NHCH2Ph) (3-

15) in 41% isolated yield.  Interestingly, the solution NMR data for 3-15 indicates that

this complex adopts a C1-symmetric structure in which the Cy-PSiP ligand is bound in a

facial manner, such that one phosphino donor is bound trans to a hydride ligand, while

the other phosphino group is coordinated trans to the benzylamido ligand (Scheme 3-7).

Thus, the 31P NMR spectrum of 3-15 features two doublets at 44.9 and 14.7 ppm,

respectively, with a coupling constant of 12 Hz.  Furthermore, the 1H NMR spectrum of
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3-15 contains a hydride resonance that appears as a doublet of doublets at -9.04 ppm

(2JHPtrans = 135 Hz; 2JHPcis = 22 Hz).  The diastereotopic benzylic protons corresponding to

the NHCH2Ph ligand give rise to resonances at 4.27 (dd, JHH = 13 Hz, JHNH = 5 Hz) and

3.72 in the 1H NMR spectrum of 3-15. Interestingly, the former resonance correlates to

the Cy-PSiP ligand Si in a 1H-29Si HMBC experiment, which suggests the possibility of

an agostic interaction with the Ir metal center (Figure 3-3).

Scheme 3-7. Synthesis of [R-PSiP]Ir(H)NHCH2Ph through N-H bond activation of
NH2CH2Ph

In a related experiment, treatment of a cyclohexane solution containing in situ

generated [iPr-PSiP]IrI (vide supra) with one equivalent of H2NCH2Ph afforded a new

product identified as the corresponding amido hydride complex [iPr-

PSiP]Ir(H)(NHCH2Ph) (3-16, 96% isolated yield, Scheme 3-7) on the basis of

spectroscopic evidence.  The solution NMR data (31P, 1H) for 3-16 are in agreement with

the formation of a C1-symmetric product analogous to 3-15 (Figure 3-3), where the iPr-

PSiP ligand is bound in a facial manner and there is a potential agostic interaction

between the Ir metal center and one of the benzylic protons at 4.17 ppm (dd, 1 H, JHH =

13 Hz, JHNH = 5 Hz), as a correlation between this proton and Si (1H-29Si HMBC) was

observed. The 1JCH of this resonance was found to be 139 Hz (1H coupled 1H-13C

HSQC).  Although this value is not within the range of typical agostic 1JCH values (75-

110 Hz), the analysis is complicated by potential dynamic processes leading to an

averaging of the agostic C-H interaction and non-agostic C-H.72
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Remarkably, the N-H bond oxidative addition of benzylamine by [iPr-PSiP]IrI

occurs at room temperature, whereas heating for 12 hours at 65 °C is required for the

synthesis of the Cy-PSiP analogue, 3-15. The ease with which [iPr-PSiP]IrI is able to

activate the N-H bond of benzylamine demonstrates the impact that phosphine

substituents have on the resulting chemistry at Ir, and may reflect decreased steric bulk in

the coordination sphere of [iPr-PSiP]Ir.

Figure 3-3. The proposed structure for [R-PSiP]Ir(H)NHCH2Ph complexes

The N-H bond activation of secondary alkyl amines by [R-PSiP]IrI (R = Cy, iPr)

was also investigated.  Exposure of a cyclohexane solution containing in situ generated

[Cy-PSiP]IrI to either 1 or 5 equivalents of iPr2NH or Me2NH led to the formation of

complex reaction mixtures that contained numerous unidentified products, as well as 3-13

(31P-NMR). Similar treatment of a cyclohexane solution containing in situ generated

[iPr-PSiP]IrI with Me2NH also led to the formation of a complex reaction mixture that

contained 3-14 (31P-NMR). By comparison, the analogous reaction involving treatment

of [iPr-PSiP]IrI with iPr2NH in cyclohexane-d12 solution cleanly generated 3-14 (1H, 31P

NMR). This reactivity suggests that numerous reaction pathways are accessible in these

examples, including N-H activation and possible -H elimination. By comparison, the

heterocycles piperidine (C5H10NH, 2 equiv) and morpholine (O(CH2CH2)2NH, 2 equiv)

did not undergo any reactivity under similar conditions.

The reaction of in situ generated [R-PSiP]IrI (R = Cy, iPr) with five equivalents of

the secondary amine HNMePh (65 ºC, 16 h, cyclohexane) led to the quantitative (31P
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NMR) formation of new products (3-17 for R = Cy and 3-18 for R = iPr) that each feature

a single 31P NMR resonance (53.9 ppm for 3-17 and 63.7 ppm for 3-18).  Complexes 3-

17 and 3-18 are formulated as adducts of the type [R-PSiP]Ir(H)2(NH(CH3)Ph) based on

solution NMR data (benzene-d6), including the appearance of two hydride resonances in

the 1H NMR spectrum (for 3-17: -9.86 (td, 1 H, 2JPH = 15 Hz, 2JHH = 3 Hz) and -14.10

ppm (td, 1 H, 2JPH = 20 Hz, 2JHH = 3 Hz; for 3-18: -10.26 (td, 1H, 2JPH = 15 Hz, 2JHH = 4

Hz and -14.10 ppm (td, 1 H, 2JPH = 20 Hz, 2JHH = 4 Hz)).  Furthermore, a 1H NMR

resonance at 2.30 ppm (d, J = 5 Hz) for 3-17 could be attributed to an N-methyl group

based on 1H-13C HMQC and 13C DEPT NMR experiments. A possible route for the

formation of complexes 3-17 and 3-18 involves initial N-H activation of N-methylaniline

to form the unobserved amido hydride species [R-PSiP]Ir(H)(NMePh), followed by

subsequent β-hydride elimination to yield an imine (Scheme 3-8). In the presence of

excess aniline, an equivalent of HNMePh can coordinate to the metal center to produce

the target complex.

Scheme 3-8. Proposed synthesis of [R-PSiP]Ir(H)2(NH(CH3)Ph) (3-17, R = Cy; 3-18, R
= iPr)
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3.2.4 N-H Bond Activation of Hydrazines by [R-PSiP]IrI

In an effort to expand the scope of N-H bond oxidative addition by [R-PSiP]IrI (R

= Cy, iPr), the reactivity of hydrazine derivatives was investigated in this context.

Hydrazine derivatives are often utilized as ammonia surrogates in cases where reactivity

with ammonia is not feasible, and are thus of synthetic utility in the synthesis of amines.

However, only one previous example of N-H bond oxidative addition of hydrazines to a

single metal center to form isolable hydrido hydrazido complexes has been previously

reported.40 As detailed in Chapter 1, Hartwig and co-workers have demonstrated that

(PCP)IrI species (PCP = CH(CH2CH2PtBu2)2 or 2,6-(CH2PtBu2)2C6H3) undergo facile N-

H bond activation of hydrazines, and in some cases subsequent -H migration resulted in

the formation of aminonitrene species.

The direct synthesis of the hydrazido hydride complexes that would result from

N-H bond oxidative addition of hydrazine to [R-PSiP]IrI (R = iPr, Cy) was targeted

initially in order to determine if such species are isolable.  Thus, the lithium salts of 1-

aminopiperidine (C5H10NNH2) and 4-methyl-1-aminopiperazine (MeN(CH2CH2)2NNH2)

were reacted with hydrido chloride complexes 2-1 or 3-2, respectively, in THF at room

temperature, to furnish the desired hydrido hydrazido species (R-PSiP)Ir(H)(NHNR')

(Scheme 3-9; 3-19, R = Cy, R' = C5H10; 3-20, R = Cy, R' = (CH2CH2)2NMe; 3-21, R =
iPr, R' = C5H10; 3-22, R = iPr, R' = (CH2CH2)2NMe) quantitatively by 31P NMR

spectroscopy.  These complexes were isolated as orange solids in 73 – 96% yields.  The
31P NMR spectra of complexes 3-19 – 3-22 indicate nonequivalent phosphino groups, as

evidenced by the observation of an AB spin system centered at 55.6, 55.8, 62.6, and 62.7

ppm, respectively.  This phenomenon is likely due to hindered rotation about the Ir–N

bond, as was previously observed for related (PCP)Ir hydrazido hydride complexes

reported by Hartwig and co-workers.40 Furthermore, the 1H NMR spectra of complexes

3-19 – 3-22 featured a characteristic hydride resonance (-20.33 – -20.64 ppm), as well as

an N-H resonance (6.45 – 6.58 ppm) that was assigned on the basis of 1H-15N HMQC

data, both characteristic of the targeted hydrazido hydride species (Table 3-4).
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Complexes 3-19 – 3-22 were stable at room temperature both in solution and in the solid

state, and did not undergo reductive elimination or -H migration, even upon heating up

to 70 ºC (benzene-d6) over the course of 3 days.

Table 3-4. Selected NMR spectroscopic data (ppm) for complexes 3-19 – 3-22
Complex 31P{1H}

NMR
1H NMR
hydridea

1H NMR
NHa,b

15N
NMRb

29Si
NMRc

[Cy-PSiP]Ir(H)NHNC5H10 (3-19) 55.6 -20.64 (t) 6.51 - 185.0 15.1
[Cy-PSiP]Ir(H)NHN(CH2CH2)2NMe (3-20) 55.8 -20.62 (t) 6.45 -190.2 14.9
[iPr-PSiP]Ir(H)NHNC5H10 (3-21) 62.6 -20.33 (t) 6.58 -182.7 15.4
[iPr-PSiP]Ir(H)NHN(CH2CH2)2NMe (3-22) 62.7 -20.40 (t) 6.50 -189.2 15.2

a benzene-d6; b 1H-15N HMQC; c 1H-29Si HMBC

The solid state structure of 3-22 was determined using single crystal X-ray

diffraction techniques and is consistent with the formulation of 3-22 as a five-coordinate

hydrazido hydride complex (Figure 3-4, Table 3-5).  As in the case of complexes 3-8 and

3-11, the PSiP ligand coordinates to the Ir center such that the phosphino donors are

trans-disposed (P1-Ir-P2 = 160.69(3)º), and the coordination geometry can be described

as distorted square based pyramidal with Si in the apical site. The short Ir-N bond

distance of 1.985(3) Å (cf. 2.018(2) Å for 3-8, 2.056(2) Å for (Cy-PSiP)Ir(H)NHPh (2-

6·OEt2), and 2.077(3) Å for (Cy-PSiP)Ir(H)NH(2,6-Me2C6H3) (2-7)) is comparable to

those reported previously for the related (PCP)Ir complexes

[(tBu2PCH2CH2)2CH]Ir(H)(NH(NC5H10)) (Ir-N = 1.9875(18) Å),

[(tBu2PCH2CH2)2CH]Ir(H)NHNCPh2 (Ir-N = 2.018(7) Å), and [2,6-

(CH2PtBu2)2C6H3]Ir(H)NHNCPh2 (Ir-N = 2.022(3) Å)40 and indicates potential Ir-N

double bond character.  This potential -donation from the nitrogen lone pair to Ir would

lead to hindered rotation about the Ir-N bond and could provide an explanation for the

nonequivalent phosphino groups observed in solution (vide supra).
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Figure 3-4. The crystallographically determined structure of 3-22, shown with 50%
displacement ellipsoids.  With the exception of H1 and N-H, all H atoms have been
omitted for clarity

Table 3-5. Selected interatomic distances (Å) and angles (º) for 3-22.

Bond Lengths (Å)

Ir-P1 2.2715(7) Ir-H1 1.52(3)
Ir-P2 2.2908(7) Ir-N 1.985(3)
Ir-Si 2.2833(7) N-N 1.395(3)

Bond Angles (º)

P1-Ir-P2 160.69(3) Si-Ir-H1 68.5(12)
Si-Ir-N 137.92(8) N-Ir-H1 153.6(12)

Having demonstrated that PSiP-supported Ir hydrazido hydride complexes are

indeed isolable, the synthesis of such complexes by N-H bond activation of hydrazine

derivatives was attempted.  Treatment of a cyclohexane solution containing in situ

generated [R-PSiP]IrI (R = Cy, iPr) (vide supra) with 1.1 equiv of 1-aminopiperazine or

4-methyl-1-aminopiperidine resulted in the quantitative (31P NMR) formation of the

corresponding N-H bond cleavage products 3-19 – 3-22 upon heating of the reaction

mixtures at 65 °C for 14 h.  The hydrazido hydride complexes 3-19 – 3-22 prepared via

this N-H bond activation process were isolated in yields comparable (78 – 91%) to those
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obtained in the direct synthesis of these species from complexes 2-1 or 3-2, respectively

(Scheme 3-9).  Related reactions utilizing either [Cy-PSiP]IrI or [iPr-PSiP]IrI and

benzophenone hydrazone resulted in complex reaction mixtures (31P NMR) from which

no isolable products were obtained. This reactivity is not surprising given the potential

for competing C(sp2)–H activation of the aryl groups of benzophenone hydrazone that

could be facilitated by [R-PSiP]IrI species.

Scheme 3-9. Synthesis of [R-PSiP]Ir(H)NHNRn via salt metathesis and N-H bond
activation routes

3.2.5 N-H Activation of Benzamides by [R-PSiP]IrI

The N-H bond oxidative addition of benzamides by [R-PSiP]IrI (R = Cy, iPr) was

also investigated in the course of this study.  Treatment of a cyclohexane solution

containing in situ generated [R-PSiP]IrI (R = Cy, iPr) with 1.1 equiv of H2N(CO)Ph or

H2N(CO)(C6F5) led to the quantitative formation (31P NMR) of the corresponding IrIII

oxidative addition products [R-PSiP]Ir(H)(NHC(O)R') (Scheme 3-10; 3-23, R = Cy, R' =

Ph; 3-24, R = Cy, R' = C6F5; 3-25, R = iPr, R' = Ph; 3-26, R = iPr, R' = C6F5) upon heating

of the reaction mixtures for 2 hours at 65 ºC.  Complexes 3-23 – 3-26 were isolated as

pale yellow solids in 70 - 99% yields, and are stable both in solution and in the solid

state.
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Scheme 3-10. Synthesis of [R-PSiP]Ir(H)NH(CO)Ar through N-H bond activation of
benzamides

The 31P NMR spectra of 3-23 – 3-26 feature a single resonance in the range of

50.9 - 60.1 ppm, consistent with the formation of Cs-symmetric complexes in solution.

The 1H NMR spectra (benzene-d6) of 3-23 – 3-26 feature a hydride resonance (-20.89 – -

21.28 ppm), as well as a characteristic N-H resonance in the range of 5.24 - 5.73 ppm that

was assigned on the basis of 1H-15N HMQC data.  The IR spectra of complexes 3-23 – 3-

26 do not feature an amide carbonyl stretch, likely due to coordination of the carbonyl

group to the Ir center to form 2-amide species.41,73 Indeed, the X-ray crystal structure of

3-24 (Figure 3-5, Table 3-6) features a short Ir–O distance of 2.4285(14) Å, which falls in

the range of Ir-O bond distances reported for other IrIII 2-amide complexes (2.290 -

2.550 Å).41,73 The amide nitrogen is coordinated trans to the hydride ligand (N-Ir-H =

167.8(9)º), as has been the case for all structurally characterized products of N-H bond

oxidative addition to [R-PSiP]IrI, while the carbonyl oxygen is positioned trans to silicon

(Si-Ir-O = 169.84(4)º).   The Ir–N bond distance of 2.1615(19) Å is longer than those

reported for the aryl and alkyl amido hydride complexes [Cy-PSiP]Ir(H)NHPh (2.6,

2.056 (2) Å) and [Cy-PSiP]Ir(H)NHAd (3-8, 2.018 (2) Å), but is comparable to the

related 2-amide complex [POCOP]Ir(H)(NHC(O)Ph), which features an Ir-N distance of

2.171(3) Å.41
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Figure 3-5. The crystallographically determined structure 3-24 shown with 50%
displacement ellipsoids. With the exception of H1 and N-H, all H atoms have been
omitted for clarity.

Table 3-6. Selected interatomic distances (Å) and angles (º) for 3-24.

Bond Lengths (Å)

Ir-P1 2.2942(5) Ir-H1 1.51(2)
Ir-P2 2.2926(5) Ir-N 2.1615(19)
Ir-Si 2.2636(5) Ir-O 2.4285(14)

Bond Angles (º)

P1-Ir-P2 162.273(18) Si-Ir-H1 79.3(9)
Si-Ir-N 112.81(5) N-Ir-H1 167.8(9)
Si-Ir-O 169.84(4) O-Ir-N 57.03(6)

Only one prior example of N-H bond oxidative addition of benzamides has been

reported by Brookhart and co-workers.41 Thus the reactivity exhibited by the [R-PSiP]Ir

fragment represents another rare example of N-H bond oxidative addition.  The relatively

facile N-H bond activation observed for benzamides (2 h at 65 ºC) compared to aryl and

alkyl amines (14 h at 65 ºC), reflects the fact that amide N-H bonds are likely more

activated toward bond cleavage than amine N-H bonds due to the presence of electron

withdrawing substituents.
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3.2.6 Reactivity of [Cy-PSiP]RhI with N–H Bonds
In addition to the N-H bond oxidative chemistry observed with [R-PSiP]Ir (R =

Cy, iPr) complexes, there was interest in investigating the reactivity of related Rh

complexes with N-H bonds. In Chapter 2 attempts to synthesize rhodium amido hydride

complexes of the type [Cy-PSiP]Rh(H)NHR from the reaction of [Cy-PSiP]Rh(H)Cl (2-

2) with LiNHR were discussed. Efforts towards the synthesis of the product of ammonia

N-H bond cleavage by the reaction of 2-2 with LiNH2 led to complex reaction mixtures

with no isolable products (Scheme 2-5).  Conversely, the anilido hydride complex [Cy-

PSiP]Rh(H)(NHPh) formed readily upon treatment of 2-2 with LiNHPh, and proved to be

isolable and resistant to N-H bond reductive elimination (Scheme 2-4). Attempts to form

the amido and anilido hydride products by N-H bond activation of ammonia or aniline,

respectively, utilizing in situ generated [Cy-PSiP]RhI were not successful.  Instead, the

quantitative formation of RhI amine adducts of the type [Cy-PSiP]Rh(NH2R) (Scheme 2-

9, R = H, Ph) was observed.  Attempts to isolate these adducts were unsuccessful as the

coordinated amine was removed upon exposure to vacuum.

In an effort to expand on these initial studies, further exploration of N-H bond

activation of other types of amine-containing substrates utilizing [R-PSiP]Rh (R = Cy,
iPr) was conducted in parallel with studies on [R-PSiP]Ir mediated N-H bond cleavage.

Preparation of a Rh precursor complex of the type [iPr-PSiP]Rh(H)Cl (3-27) was

attempted by treatment of 3-1 with a series of Rh starting materials, including

[Rh(COD)Cl]2, [Rh(COE)Cl]2, and RhCl(PPh3)3.  Unfortunately, we were unable to

cleanly isolate the targeted Rh complex 3-27 by any of these routes.  As such, the study

of N-H bond activation is restricted to the chemistry of the [Cy-PSiP]Rh fragment.

As in the case of the related Ir species, initial investigations focused on the

reactivity of alkyl amine substrates.  We were unable to directly synthesize complexes of

the type [Cy-PSiP])Rh(H)(NHR) (R = Ad, tBu, Cy) by the reaction of 2-2 with the

corresponding LiNHR species in THF, as such reactions immediately led to intractable

reaction mixtures from which no pure material could be isolated.  Conversely, treatment
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of a benzene-d6 solution of 2-2 with TMSCH2Li resulted in an immediate colour change

from yellow to dark red. Complete consumption of 2-2 and formation of Me4Si was

observed (1H and 31P NMR).  Subsequently five equiv of NH2R (R = Ad, tBu, Cy) were

added to the reaction mixture which led to the rapid and quantitative (31P NMR)

formation of new Rh complexes, which were tentatively assigned as the corresponding

amine adducts [Cy-PSiP]Rh(NH2R) (Scheme 3-11; 3-28, R = Ad; 3-29, R = tBu; 3-30, R

= Cy).  As was previously observed for the related complexes [Cy-PSiP]Rh(NHR) (R =

H, Ph), these alkyl amine adducts could only be observed in situ, as the amine was easily

removed upon exposure of the complexes to vacuum, which prevented their isolation.

The 31P NMR spectra of in situ generated 3-28 – 3-30 feature a single resonance in the

range of 52.1 - 54.8 ppm.  The 1H NMR spectra of these complexes lack the

characteristic upfield shifted hydride resonance that would be expected if the targeted

amido hydride species had been generated. The 13C and 1H-NMR spectra of 3-28 – 3-30

feature a single set of peaks for the aromatic ligand backbone, indicating symmetry in the

Cs-symmetric complexes. No further reactivity was observed upon heating of complexes

3-28 – 3-30 in benzene-d6 solution (up to 100 ºC).

Scheme 3-11. Generation of RhI alkyl amine adducts [Cy-PSiP]Rh(NH2R) (R = Ad, tBu,
Cy)

Interestingly, the reaction of 2-2 with one equiv of LiNHR' (R' = nPr, nOct) in

THF solution cleanly generated amine adducts of the type (Cy-PSiP)Rh(NH2R') (Scheme

3-12; 3-31, R' = nPr; 3-32, R' = nOct).  As in the case of 3-28 – 3-30, these complexes
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could only be observed in situ, as the amine was easily removed upon exposure of the

complexes to vacuum, which prevented their isolation. Thus treatment of 2-2 with the

appropriate lithium salt in benzene-d6 yielded 3-31 and 3-32 allowed characterization of

these amine adducts which exhibited a single set of ligand aromatic resonances (1H and
13C) and no upfield hydride resonance was observed.  Formation of 3-31 and 3-32 in

these reactions is consistent with facile N-H bond reductive elimination from complexes

of the type [Cy-PSiP]Rh(H)(NHR').  Thus it appears that unlike the anilido hydride

complex [Cy-PSiP]Rh(H)(NHPh) (2-8) that proved resistant to N-H bond reductive

elimination, related alkyl amido hydride complexes readily undergo alkyl amine

reductive elimination. Complexes 3-31 and 3-32 were also synthesized via treatment of

in situ generated [Cy-PSiP]RhI with 5 equiv of the appropriate amine.

Scheme 3-12. Generation of RhI amine adducts [Cy-PSiP]Rh(NH2R) (R = nPr, nOct)

Although the RhI amine adducts 3-28 – 3-32 were not isolable, an isolable amine

adduct [Cy-PSiP]Rh(NH2CH2Ph) (3-33) that survived exposure to vacuum by the

treatment of in situ generated [Cy-PSiP]RhI (vide supra) with one equiv of benzylamine

(Scheme 3-13).  Complex 3-33 was isolated as an orange solid in 93% yield.  The 31P

NMR spectrum of 3-33 contains a resonance at 54.3 ppm (d, 1JRhP = 180 Hz), consistent

with the 31P chemical shift range observed for 3-28 – 3-32, while the 1H NMR spectrum

(benzene-d6) features a single set of PSiP ligand and benzylamine aromatic resonances as

well as a resonance at 3.89 ppm (br singlet) that integrates as two protons and

corresponds to the NH2 group of the coordinated benzylamine (confirmed by a 1H-15N
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HMQC experiment).  Heating of 3-33 (70 ºC for 1 days in benzene-d6 solution) did not

result in subsequent N-H bond activation.

Scheme 3-13. Synthesis of RhI amine adduct [Cy-PSiP]Rh(NH2CH2Ph) (3-33)

The reactivity of (Cy-PSiP)Rh species with hydrazine derivatives was also

investigated. Direct synthesis of isolable hydrido hydrazido complexes of the type [Cy-

PSiP]Rh(H)(NHNR) (Scheme 3-14; 3-34, R = C5H10; 3-35, R = (CH2CH2)2NMe) was

achieved by the reaction of 2-2 with the lithium salts of 1-aminopiperadine (C5H10NNH2)

and 4-methyl-1-aminopiperazine (MeN(CH2CH2)2NNH2), respectively.  These products

of N-H bond activation of hydrazine derivatives were isolated as orange solids in 69 – 90

% yield.  Both 3-34 and 3-35 are stable both in the solid state and in solution, and as in

the case of the Ir analogues 3-19 – 3-22, no subsequent reductive elimination or -H

migration was observed.  The 31P NMR spectra of complexes 3-34 and 3-35 exhibit broad

singlets at 63.6 and 63.7 ppm, respectively.  This phenomenon is likely due to hindered

rotation about the Rh–N bond, as was previously observed for related Ir hydrazido

hydride complexes 3-19 – 3-22 (vide supra). Furthermore, the 1H NMR spectra of

complexes 3-34 and 3-35 featured a characteristic hydride resonance (-16.74 and -16.78

ppm, respectively), as well as an N-H resonance (4.75 and 4.69 ppm, respectively) that

was assigned on the basis of 1H-15N HMQC data, both characteristic of the targeted

hydrazido hydride species.

Attempts to generate complexes 3-34 and 3-35 by N-H bond activation of the

corresponding hydrazines using in situ generated [Cy-PSiP]RhI led to the quantitative
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(31P NMR) formation of RhI hydrazine adducts of the type [Cy-PSiP]Rh(NH2NR)

(Scheme 3-14; 3-36, R = C5H10; 3-37, R = (CH2CH2)2NMe).  As was previously observed

for amine and aniline adducts of (Cy-PSiP)Rh, complexes 3-36 and 3-37 could only be

observed in situ and decomposed upon attempted isolation.  The formation of these Rh I

adducts in the presence of one equiv of the corresponding hydrazine derivative was

monitored by 31P and 1H NMR spectroscopy (benzene-d6 solution), which were

consistent with the clean generation of new (Cy-PSiP)Rh species that do not exhibit a Rh-

H resonance and feature a 1H NMR resonance at 3.56 and 3.45 ppm, respectively,

corresponding to the NH2 group of the coordinated hydrazine.  No further reactivity was

observed upon heating of 3-36 or 3-37 up to 70 ºC for 2 days in benzene-d6 solution.

Scheme 3-14. Synthesis of [Cy-PSiP]Rh(H)NHNR” complexes via salt metathesis and
generation of RhI hydrazine adducts [Cy-PSiP]Rh(NH2NR”)

Although we were unable to isolate bulk samples of complexes 3-36 and 3-37, a

minute amount of crystalline material was obtained from a reaction mixture containing 3-
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37, which enabled the solid state characterization of this complex by use of single crystal

X-ray diffraction techniques (Figure 3-6, Table 3-7). The Rh center in 3-37 exhibits the

expected square planar coordination geometry (Si-Rh-N1 = 168.05(8)º, P1-Rh-P2 =

152.25(3)º), with the hydrazine ligand coordinated trans to Si.  The Rh-N1 distance of

2.295(3) Å is significantly longer than the Rh-N distance of 2.123(5) Å observed for the

anilido hydride complex [Cy-PSiP]Rh(H)(NHPh) and the Ir-N distance of 1.985(3) Å

observed for the Ir hydrazido hydride complex [iPr-PSiP]Ir(H)(NHN(CH2CH2)2NMe) (3-

22).

3-37 3-38

Figure 3-6. The crystallographically determined structures of 3-37 and 3-38·Et2O
shown with 50% displacement ellipsoids.  With the exception of H1 and N-H, all H
atoms, as well as the Et2O solvate, have been omitted for clarity.
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Table 3-7. Selected interatomic distances (Å) and angles (º) for 3-37, and 3-38·Et2O

Bond Lengths (Å)

3-37
Rh-P1 2.2674(8) Rh-N1 2.295(3)
Rh-P2 2.2616(9) N1-N2 1.443(4)
Rh-Si 2.2482(8)

3-38·Et2O
Rh-P1 2.2628(4) Rh-N1 2.2027(14)
Rh-P2 2.2678(4)
Rh-Si 2.2634(5)

Bond Angles (º)

3-37 P1-Rh-P2 152.25(3) Si-Rh-N 168.05(8)
3-38·Et2O P1-Rh-P2 161.216(16) Si-Rh-N 179.77(4)

As a comparison, an easily isolable RhI adduct was synthesized and the resulting

X-ray crystal structure was studied. In this regard, in situ generation of [Cy-PSiP]RhI

from 2-2 and TMSCH2Li in benzene solution followed by addition of 4-

dimethylaminopyridine (DMAP) yielded a new product with a 31P NMR resonance

centered at 53.0 ppm, after stirring at room temperature for 0.5 h.  The [Cy-

PSiP]Rh(DMAP) pyridine adduct (3-38) was easily isolated in 95 % yield (Scheme 3-

15).  Spectroscopic data supported the formation of a Cs-symmetric complex with one set

of ligand aryl resonances (1H and 13C NMR) as well as a broad singlet for the two Me

groups of the coordinated DMAP ligand.  The resulting X-ray crystal structure of 3-38

was obtained and confirmed the proposed geometry.  The structure of 3-38 exhibited a

Rh-N distance of 2.2027(14) Å, which is close to that observed for 3-37 (Figure 3-6).

Scheme 3-15.  Synthesis of RhI pyridine adduct [Cy-PSiP]Rh(DMAP) (3-38)
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Remarkably, the reaction of in situ generated [Cy-PSiP]RhI with benzophenone

hydrazone led to the first example of N-H bond activation mediated by a

bis(phosphino)silyl rhodium complex (Scheme 3-16).  Upon addition of one equiv of

benzophenone hydrazone to a benzene-d6 solution of in situ generated [Cy-PSiP]RhI at

room temperature the formation of two new Rh-containing species was observed by 31P

NMR spectroscopy.  The major product (3-39) gives rise to a 31P NMR resonance at 55.9

ppm (d, 1JRhP = 184 Hz), while the minor product (3-40) gives rise to a resonance at 63.1

ppm (d, 1JRhP = 122 Hz; 9:1 ratio of 3-39:3-40).  After standing at room temperature for

three days, the ratio of 3-39:3-40 was circa 1:1.  Subsequent heating of the reaction

mixture for 14 h at 65 ºC led to quantitative conversion to 3-40, which was isolated in

86% yield in a preparative scale reaction.  The 1H NMR spectrum of isolated 3-40 is

consistent with a hydrido hydrazido complex of the type [Cy-PSiP]Rh(H)(NH˗N=CPh2)

and features a Rh-H resonance at -17.3 ppm, as well as a resonance at 8.35 ppm that

integrates as one proton and corresponds to the N-H proton of the Rh bound NH˗N=CPh2

ligand. 1H NMR analysis of the reaction mixture containing 3-39 and 3-40 indicates that

complex 3-40 does not give rise to a Rh-H resonance, and thus we tentatively assign this

intermediate in the formation of 3-39 as the RhI adduct [Cy-PSiP]Rh(NH2˗N=CPh2)

(Scheme 3-16). Rhodium complexes that can mediate N-H bond oxidative addition are

relatively rare.16b
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Scheme 3-16. Synthesis of [Cy-PSiP]Rh(H)NH-N=CPh2 (3-40) via N-H bond activation

To further probe the scope of this Rh-mediated N-H bond oxidative addition, [Cy-

PSiP]RhI was reacted with 4,4’-dichlorobenzophenone hydrazone and 4,4’-

dimethoxybenzophenone hydrazone (Scheme 3-17). Treatment of in situ generated [Cy-

PSiP]RhI with 1 equiv of 4,4’-dichlorobenzophenone hydrazone led to the formation of a

new product (3-41) that has been assigned as the RhI adduct [Cy-PSiP]Rh(NH2˗N=C(p-

ClC6H4)2) on the basis of 1H and 31P NMR spectroscopy.  Complex 3-41 was isolated in

83% yield and exhibited a single 31P resonance at 47.3 ppm (d, 1JRhP = 113 Hz)

corresponding to the symmetry equivalent phosphine donors of the [Cy-PSiP] ligand.

The 1H NMR spectrum of 3-41 does not feature a hydride resonance, which is consistent

with a lack of N-H bond oxidative addition to Rh.  Prolonged heating (70 ºC for 72 h) of

a benzene-d6 solution of complex 3-41 did not encourage any further reactivity.

Conversely, treatment of in situ generated [Cy-PSiP]RhI with 1 equiv of 4,4’-
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dimethoxybenzophenone hydrazone led to the formation of a complex reaction mixture

from which no clean (Cy-PSiP)Rh-containing product could be isolated.

Scheme 3-17. Reactivity of [Cy-PSiP]RhI with benzophenone hydrazone derivatives

The observed reactivity of [Cy-PSiP]RhI with the N-H bond of benzophenone

hydrazone stands in contrast to what has previously been observed for the reaction of

[Cy-PSiP]RhI with aryl amines, alkyl amines, and ammonia, where amine adducts are

formed preferentially.  This difference in reactivity may be explained by the subtle

relationship between more basic amines (alkyl amines, ammonia) being able to

coordinate strongly to transition metal centers, while less basic amines (benzophenone

hydrazone), although not able to coordinate as strongly to the metal center, are more

likely to undergo N-H bond cleavage chemistry due to the weaker N-H bond. As a result,

the weaker N-H bond in benzophenone hydrazone may be easier to cleave by the less
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electron rich Rh center, compared to the [R-PSiP]Ir systems which are capable of

cleaving a variety of N-H bonds.

3.3 Conclusions
In summary, the ability of Rh and Ir bis(phosphino)silyl pincer complexes to

mediate N-H bond activation has been thoroughly investigated, including a

comprehensive study of the interaction of [Cy-PSiP]RhI and [R-PSiP]IrI (R = Cy, iPr)

with the N-H bonds of anilines, alkyl amines, hydrazines, benzamides, and ammonia.

Alkyl amines are inherently more difficult to activate due to the propensity for the more

basic lone pair on nitrogen to coordinate to a metal center rather than undergo oxidative

addition.  Remarkably, the highly reactive [R-PSiP]IrI (R = Cy, iPr) intermediates were

shown to mediate the oxidative addition of highly Lewis basic amines, such as

adamantylamine, tert-butylamine, cyclohexyl amine and benzyl amine. This represents

the first known example of facile N-H bond oxidative addition of alkyl amines to form

isolable amido hydride complexes. The reactivity of primary and secondary alkyl amines

that contained -hydrogens was complicated by possible -hydride elimination. In

addition, the N-H bond oxidative addition of hydrazine derivatives was also investigated.

The N-H bonds of 1-aminopiperidine and 4-methyl-1-aminopiperazine were activated,

showing the variability in N-H bonds that are cleaved by the [R-PSiP]IrI system.  Finally,

the facile N-H bond activation of benzamides by [R-PSiP]IrI was also documented.

In contrast to the N-H bond cleavage reactivity observed for [Cy-PSiP]IrI, the Rh

analogue [Cy-PSiP]RhI reacted with primary and secondary alkyl amines, as well as with

hydrazine derivatives to form simple amine adducts, in direct relation to the reactivity

previously observed for this fragment with ammonia and anilines. Although for the most

part such amine adducts were stable only in the presence of excess amine and were not

isolable, the benzyl amine adduct [Cy-PSiP]Rh(NH2CH2Ph) proved to be isolable.

Interestingly, the first example of [Cy-PSiP]RhI mediated N-H bond activation was

observed with the hydrazine derivative benzophenone hydrazone to yield [Cy-
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PSiP]Rh(H)(NHNCPh2).  This represents a rare example of N-H bond activation

mediated by Rh.

The remarkable ability of bis(phosphino)silyl ligated Ir complexes to mediate the

N-H bond activation of a wide variety of amine substrates represents the first documented

example of such comprehensive N-H bond oxidative addition chemistry. This reactivity

will enable the careful investigation of the chemical transformations of such late metal

amido complexes, with the ultimate goal of developing of new pathways for the

formation of C-N bonds.

3.5 Experimental Section
3.5.1 General Considerations

All experiments were conducted under nitrogen in an MBraun glovebox or using

standard Schlenk techniques.  Dry, oxygen-free solvents were used unless otherwise

indicated.  All non-deuterated solvents were deoxygenated and dried by sparging with

nitrogen and subsequent passage through a double-column solvent purification system

purchased from MBraun Inc.  Tetrahydrofuran and diethyl ether were purified over two

activated alumina columns, while benzene, toluene, and pentane were purified over one

activated alumina column and one column packed with activated Q-5.  All purified

solvents were stored over 4 Å molecular sieves.  Benzene-d6 and cyclohexane-d12 were

degassed via three freeze-pump-thaw cycles and stored over 4 Å molecular sieves.  The

compounds [Cy-PSiP]Rh(H)Cl,15b [Cy-PSiP]Ir(H)Cl,15b Me3SiCH2Li,66 and NpLi67 were

prepared according to literature procedures.  Anhydrous ammonia and ethylene were

purchased from Air Liquide Canada and used as received.  All other reagents were

purchased from Aldrich and used without further purification.  Unless otherwise stated,
1H, 13C, 31P NMR, 15N, and 29Si characterization data were collected at 300K on a Bruker

AV-500 spectrometer operating at 500.1, 125.8, 202.5, 50.7 and 99.4 MHz (respectively)

with chemical shifts reported in parts per million downfield of SiMe4 (for 1H, 13C, and
29Si), MeNO2 (for 15N), or 85% H3PO4 in D2O (for 31P). 1H and 13C NMR chemical shift
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assignments are based on data obtained from 13C-DEPTQ, 1H-1H COSY, 1H-13C HSQC,

and 1H-13C HMBC NMR experiments. 29Si NMR assignments are based on 1H-29Si

HMQC and 1H-29Si HMBC experiments. 15N NMR assignments are based on 1H-15N

HMQC experiments.  In some cases, fewer than expected unique 13C NMR resonances

were observed, despite prolonged acquisition times.  Elemental analyses were performed

by Canadian Microanalytical Service Ltd. of Delta, British Columbia, Canada and by

Columbia Analytical Services of Tucson, Arizona.  Infrared spectra were recorded as

Nujol mulls between NaCl plates using a Bruker TENSOR 27 FT-IR spectrometer at a

resolution of 4 cm-1.  X-ray data collection, solution, and refinement were carried out by

Drs. Robert MacDonald and Michael J. Ferguson at the University of Alberta X-ray

Crystallography Laboratory, Edmonton, Alberta.

3.5.2 Synthetic Details and Characterization Data
[iPr-PSiP]H (3-1). A solution of 2-iPr2PC6H4Li∙(Et2O)0.7 (0.40 g, 1.58 mmol) in

ca. 2 mL of hexanes was cooled to -78 °C and subsequently treated with 0.5 equiv of

Cl2SiMeH (0.091 g, 0.79 mmol).  The resulting clear peach solution was allowed to warm

to room temperature over the course of 18 h, and the volatile components of the reaction

mixture were then removed in vacuo.  The remaining residue was dissolved in ca. 5 mL

of benzene and filtered through Celite.  The filtrate solution was dried in vacuo to afford

3-1 (0.29 g, 87%) as a pale yellow oil. 1H NMR (500.1 MHz, benzene-d6): δ 7.71 (d, 2

H, J = 7 Hz, Harom), 7.36 (d, 2 H, J = 7 Hz, Harom), 7.19 – 7.12 (overlapping resonances, 4

H, Harom), 6.27 (m, 1 H, SiH), 1.97 – 1.88 (overlapping resonances, 4 H, PiPr), 1.12 –

1.06 (overlapping, 12 H, PiPr), 0.92 (d, 3 H, SiMe, 3JHH = 4 Hz), 0.90 – 0.84 (m, 12 H,

PiPr). 13C{1H} NMR (125.8 MHz, benzene-d6): δ 147.3 (d, J = 45 Hz, Carom), 144.9 (d, J

= 17 Hz, Carom), 138.0 (d, JCP = 15 Hz, CHarom), 132.5 (CHarom), 129.4 (CHarom), 128.8

(CHarom), 26.2 (d, JCP = 15 Hz, CHiPr), 25.8 (d, JCP = 14 Hz, CHiPr), 21.2 – 20.7

(overlapping resonances, CH3iPr), -1.1 (SiMe). 31P{1H} NMR (202.5 MHz, benzene-d6):
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δ 0.4 (s). 29Si NMR (99.4 MHz, benzene-d6): δ75.4. IR (Thin Film, cm-1): 2177 (m, Si-

H).

[iPr-PSiP]Ir(H)Cl (3-2). A solution of 3-1 (0.63 g, 1.49 mmol) in ca. 13 mL of THF was

added to [Ir(COE)2Cl]2 (0.66 g, 0.75 mmol). The mixture was heated at 80 °C for 3 days,

prior to removing the volatile components in vacuo. The resulting brown oil was

extracted with ca. 10 mL benzene, and the extract was filtered through a plug of Celite

and silica. The yellow filtrate solution was retained and concentrated to dryness. The

remaining residue was subsequently triturated with hexanes (4 × 2 mL) to afford 3-2

(0.79 g, 81%) as a yellow solid. 1H NMR (500.1 MHz, benzene-d6): δ 7.95 (d, 2 H, J = 7

Hz, Harom), 7.26 (m, 2 H, Harom), 7.17 (m, 2 H, Harom), 7.06 (m, 2 H, J = 7 Hz, Harom), 3.04

(m, 2 H, PiPr), 2.62 (m, 2 H, PiPr), 1.49 – 1.21 (overlapping resonances, 12 H, PiPr),

1.08 – 1.02 (overlapping resonances, 6 H, PiPr), 0.88 – 0.80 (overlapping resonances, 6

H, PiPr), 0.74 (s, 3 H, SiMe), -23.90 (t, 1 H, Ir-H, 2JHP = 12 Hz). 13C{1H} NMR (125.8

MHz, benzene-d6): δ 158.5 (Carom), 142.8 (Carom), 132.2 (apparent t, Carom, J = 9 Hz),

131.2 (Carom), 129.9 (Carom), 127.9 (Carom), 26.3 (apparent t, CHiPr, JCP = 15 Hz), 25.3

(apparent t, CHiPr, JCP = 12 Hz). 31P{1H} NMR (101.3 MHz, benzene-d6): δ 68.9 (s).
29Si NMR (99.4 MHz, benzene-d6): δ8.4. IR (Thin Film, cm-1): 2215 (m, Ir-H). Anal.

Calcd for C25H40ClIrP2Si: C, 45.61; H, 6.12. Found: C, 45.39; H, 6.16. X-Ray quality

crystals of 3-2 were grown from slow evaporation of a concentrated benzene solution at

room temperature.

[iPr-PSiP]Ir(H)Ph (3-3). Method 1 – A solution of PhLi (1.8 mol/L in nBu2O,

50.7 μL, 0.092 mmol) was added to a room temperature cyclohexane solution of 3-2

(0.060 g, 0.09 mmol). The reaction mixture was concentrated to dryness, and the

remaining residue was taken up in ca. 3 mL of benzene, filtered through Celite and dried

under vacuum. The remaining solid residue was triturated with pentane (4 × 2 mL) to

afford 3-3 as a pale yellow solid (0.058 g, 91%). Method 2 – NMR scale: A solution of

Me3SiCH2Li (0.007 g, 0.075 mmol) in ca. 0.5 mL benzene-d6 was added to a solution of

3-2 (0.047 g, 0.075 mmol) in ca. 0.5 mL benzene-d6. The reaction mixture was analyzed
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after 2 hours at which point 1H and 31P NMR analysis of the reaction mixture indicated

complete consumption of 3-2 and formation of 1 equiv. of Me4Si, and quantitative

formation of 3-3. 1H NMR (500.1 MHz, benzene-d6): δ 7.95 (m, 2 H, Harom), 7.45 (m, 2

H, Harom), 7.21 – 7.17 (overlapping resonances, 4 H, Harom), 7.17 – 7.10 (overlapping

resonances, 3 H, Harom), 6.99 (m, 2 H, Harom), (2.85 (m, 2 H, PiPr), 2.39 (m, 2 H, PiPr),

1.31 (m, 6 H, PiPr), 1.01 (m, 12 H, PiPr), 0.80 (m, 6 H, PiPr), 0.52 (s, 3 H, SiMe), -11.95

(t, 1 H, 2JHP = 16 Hz, Ir-H). 13C{1H} NMR (125.8 MHz, benzene-d6): δ 178.2 (Carom,

IrPh), 157.4 (Carom), 143.8 (Carom), 132.3 (CHarom), 130.5 (CHarom), 129.8 (CHarom), 129.5

(CHarom), 127.9 (CHarom), 113.6 (CHarom), 30.0 (CHiPr,), 29.3 (CHipr), 21.0 (CH3iPr), 20.1

(CH3iPr), 19.3 (CH3iPr), 17.9 (CH3iPr), 4.7 (SiMe). 31P{1H} NMR (202.5 MHz, benzene-

d6): δ 65.3. 29Si NMR (99.4 MHz, benzene-d6): δ 7.00.

[iPr-PSiP]Ir(C2H4)2 (3-5). A solution of 3-2 (0.100 g, 0.15 mmol) in ca. 10 mL

cyclohexane was treated with Me3SiCH2Li (0.014 g, 0.15 mmol).  The resulting orange

solution was transferred to a resealable thick-walled glass vessel equipped with a Teflon

stopcock and was subsequently degassed via three freeze-pump-thaw cycles.  The vessel

was then charged with ca. 1 atm ethylene gas, resulting in an immediate colour change to

bright orange.  The reaction mixture was filtered through Celite and the filtrate dried in

vacuo before the remaining residue was triturated with pentane (3 x 5 mL) to afford 3-5

as an orange powder (0.084 g, 86%). 1H NMR (500.1 MHz, benzene-d6): d, 2 H,

J = 7 Hz, Harom), 7.36 (d, 2 H, J = 7 Hz, Harom), 7.28 (t, 2 H, J = 7 Hz, Harom), 7.12 (m, 2

H, Harom), 2.67 (m, 2 H, CHiPr), 2.58 – 2.54 (overlapping resonances, 6 H, C2H4 + CHiPr),

1.39 (s, 4 H, C2H4), 1.04 (m, 6 H, CH3iPr), 0.97 – 0.85 (overlapping resonances, 12 H,

CH3iPr), 0.80 (s, 3 H, SiMe), 0.72 (m, 6 H, CH3iPr). 13C{1H} NMR (125.8 MHz, benzene-

d6):  159.7 (apparent t, J = 29 Hz, Carom), 145.2 (apparent t, J = 24 Hz, Carom), 132.7

(apparent t, J = 11 Hz, CHarom), 130.1 (CHarom), 129.5 (CHarom), 127.3 (CHarom), 36.3

(CH2C2H4), 31.0 (apparent t, J = 15 Hz, CHiPr), 27.8 (CH2C2H4), 26.8 (apparent t, J = 15

Hz, CHiPr), 20.5 (CH3iPr), 20.2 (CH3iPr), 19.6 (CH3iPr), 18.9 (CH3iPr), 5.8 (SiMe). 31P{1H}

NMR (202.5 MHz, benzene-d6):  72.0 (s). 29Si NMR (99.4 MHz, benzene-d6):  58.1.
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[iPr-PSiPIr(H)NHPh (3-6). Method 1 – A solution of LiNHPh (0.008 g, 0.087

mmol) in ca. 5 mL THF was added to a solution of 3-2 (0.054 g, 0.087 mmol) and

allowed to stir at room temperature for 5 minutes. The reaction mixture was evaporated

to dryness, and the remaining residue was extracted with ca. 5 mL benzene which was

further filtered through Celite and dried under vacuum. The remaining solid residue was

triturated with pentane (4 × 2 mL) to afford 3-6 as a pale yellow solid (0.057 g, 97%).

Method 2 – NMR scale: A solution of NpLi (0.001 g, 0.015 mmol) in ca. 0.3 mL of

cyclohexane-d12 was added to a solution of 3-2 (0.010 g, 0.015 mmol) in ca. 0.3 mL of

cyclohexane-d12. The reaction mixture was analyzed by 1H and 31P{1H} NMR

spectroscopy to ensure complete consumption of 3-2 and formation of 1 equiv of Me4C.

Aniline (1.4 μL, 0.0014 g, 0.015 mmol) was added to the reaction mixture, and the

solution was heated at 80°C for 14 h, at which point 1H and 31P NMR analysis of the

reaction mixture indicated the quantitative formation of 3-6. 1H NMR (500 MHz,

benzene-d6): δ 8.06 (d, 2 H, J = 7 Hz, Harom), 7.27 (m, 2 H, Harom), 7.23 (t, 2 H, J = 7 Hz,

Harom), 7.18 (t, 2 H, J = 7 Hz, Harom), 7.11 (d, 2 H, J = 7 Hz, Harom), 7.05, (d, 2 H, J = 7

Hz, Harom), 6.87 – 6.84 (overlapping resonances, 2 H, Harom + NH; NH at 6.84 ppm based

on 15N-1H HSQC), 2.55 (m, 2 H, PiPr), 2.36 (m, 2 H, PiPr), 1.18 (m, 6 H, PiPr), 0.99 –

0.92 (overlapping resonances, 12 H, PiPr), 0.88 – 0.83 (overlapping resonances, 9 H,

PiPr + SiMe; SiMe at 0.87), -21.59 (t, 1 H, 2JHP = 17 Hz, IrH). 13C{1H} NMR (125.8

MHz, benzene-d6): δ 165.1 (Carom), 159.3 (apparent t, J = 20 Hz, Carom), 144.0 (apparent t,

J = 29 Hz, Carom), 132.2 (apparent t, J = 8 Hz, CHarom), 130.5 (CHarom), 129.4 (CHarom),

128.7 (CHarom), 127.1 (CHarom), 121.9 (CHarom), 118.1 (CHarom),  25.8 (apparent t, J = 15

Hz, CHiPr), 24.5 (apparent t, J = 10 Hz, CHiPr), 21.0 (CH3iPr), 20.4 (CH3iPr), 19.2 (CH3iPr),

17.3 (CH3iPr), 5.5 (SiMe). 31P{1H} NMR (202.5 MHz, benzene-d6): δ 61.6. 29Si NMR

(99.4 MHz, benzene-d6): δ 13.7. 15N NMR (50.7 MHz, benzene-d6):  δ –259.9 IR

(Nujol, cm-1): 3375 (w, N-H), 2130 (m, Ir-H).

[iPr-PSiP]Ir(H)(NH2) (3-7). Method 1:  A slurry of LiNH2 (0.014 g, 0.61 mmol)

in ca. 4 mL of THF was added dropwise via pipette to a solution of 3-2 (0.080 g, 0.13
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mmol) in ca. 4 mL of THF at room temperature.  The yellow reaction mixture was

transferred to a resealable thick walled glass vessel containing a magnetic stir bar and

equipped with a Teflon stopcock and was heated at 65 °C for 12 h, over the course of

which a color change to orange was observed.  The reaction mixture was cooled to room

temperature and evaporated to dryness, and the remaining residue was extracted with ca.

8 mL of benzene.  The benzene extract was filtered through Celite and the filtrate was

dried under vacuum.  The remaining solid residue was triturated with pentane (3 × 5 mL)

to afford 3-7 as a yellow solid (0.075 g, 90%). Method 2 – NMR scale: A solution of

Me3SiCH2Li (0.0021 g, 0.023 mmol) in ca. 0.4 mL of cyclohexane-d12 was added to a

solution of 3-2 (0.015 g, 0.023 mmol) in ca. 0.4 mL of cyclohexane-d12.  An immediate

color change from yellow to orange was observed.  The reaction mixture was analyzed by
1H and 31P NMR spectroscopy to confirm the complete consumption of 3-2 and the

formation of 1 equiv. of Me4Si.  The reaction mixture was then filtered through Celite to

remove LiCl, and was transferred to a J-Young NMR tube. The solution was degassed

via three freeze-pump-thaw cycles, and an atmosphere of anhydrous ammonia was

introduced.  The reaction mixture was heated at 65 °C for 14 h.  Analysis of the reaction

mixture by 1H and 31P NMR spectroscopy confirmed the formation of 3-7. 1H NMR (500

MHz, benzene-d6): δ 8.11 (d, 2 H, J = 7 Hz, Harom), 7.37 (m, 2 H, Harom), 7.22 (t, 2 H, J =

7 Hz, Harom), 7.09 (t, 2 H, J = 7 Hz, Harom), 5.06 (br s, 2 H, NH2), 2.45 (m, 2 H, PiPr),

2.20 (m, 2 H, PiPr), 1.24 (m, 6 H, PiPr), 1.16 (m, 6 H, PiPr), 1.05 (m, 6 H, PiPr), 0.88 –

0.84 (overlapping resonances, 9 H, PiPr + SiMe; SiMe at 0.87), -20.18 (t, 1 H, 2JHP = 15

Hz, IrH). 13C{1H} NMR (125.8 MHz, benzene-d6): δ 161.8 (m, Carom), 145.5 (m, Carom),

132.6 (apparent t, J = 9 Hz, CHarom), 130.8 (CHarom), 129.5 (CHarom), 127.2 (CHarom),

25.2 (apparent t, J = 15 Hz, CHiPr), 24.8 (apparent t, J = 13 Hz, CHiPr), 21.1 (CH3iPr), 17.9

(CH3iPr), 6.3 (SiMe). 31P{1H} NMR (202.5 MHz, benzene-d6): δ 62.8. 29Si NMR (99.4

MHz, benzene-d6): δ 15.5. 15N NMR (50.7 MHz, benzene-d6):  δ -307.4.  IR (thin film,

cm-1): 3377 (w, N-H), 3335 (w, N-H), 2133 (m, M-H).  Anal. Calcd for C25H42IrNP2Si:

C, 47.00; H, 6.63; N, 2.19.  Found: C, 46.83; H, 6.75; N, 2.45.
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[Cy-PSiP]Ir(H)NHAd (3-8). Method 1: A solution of LiNH(Ad) (0.019g,

0.122 mmol) in ca. 5 mL of THF was added dropwise via pipette to a solution of 2-1

(0.100 g, 0.122 mmol) in ca. 5 mL of THF at room temperature.  An immediate color

change from yellow to light yellow was observed.  The reaction mixture was evaporated

to dryness, and the remaining residue was extracted with ca. 10 mL of benzene.  The

benzene extract was filtered through Celite and the filtrate was dried under vacuum.  The

remaining solid residue was triturated with pentane (3  5 mL) to afford 3-8 as an yellow

solid (0.146 g, 89%). Method 2: A solution of Me3CCH2Li (0.0011 g, 0.012 mmol) in

ca. 0.4 mL of cyclohexane-d12 was added to a solution of 2-1 (0.010 g, 0.012 mmol) in

ca. 0.4 mL of cyclohexane-d12.  An immediate color change from yellow to orange was

observed.  The reaction mixture was analyzed by 1H and 31P NMR spectroscopy to

confirm the complete consumption of [Cy-PSiP]Ir(H)Cl and the formation of 1 equiv. of

CMe4.  An excess of H2NAd (0.037 g, 0.244 mmol) was added to the reaction mixture,

and the solution was heated at 65 C for 14 h, at which point 1H and 31P NMR analysis of

the reaction mixture indicated the quantitative formation of 3-8. 1H NMR (500 MHz,

benzene-d6):  8.18 (d, 2 H, J = 7 Hz, Harom), 7.48 (m, 2 H, Harom), 7.24 (t, 2 H, J = 7 Hz,

Harom), 7.12 (t, 2 H, J = 7 Hz, Harom), 6.59 (apparent t, 1 H, J = 8 Hz, NH), 2.56 (m, 6 H,

PCy), 2.22 (m, 2 H, PCy), 1.97 (m, 6 H, PCy), 1.92 (s, 6 H, HAd), 1.89 – 1.22

(overlapping resonances, 25 H, PCy + HAd), 1.01 (s, 3 H, SiMe), 0.95 (apparent d, 1 H, J

= 7 Hz, HAd), 0.89 – 0.77 (overlapping resonances, 10 H, PCy + HAd), 0.71 (m, 3 H, PCy)

-20.73 (t, 1 H, 2JHP = 19 Hz, IrH). 13C{1H} NMR (125.8 MHz, benzene-d6):  159.9

(Carom), 132.4 (apparent t, J = 8 Hz, CHarom), 130.0 (CHarom), 129.1 (CHarom), 126.7

(CHarom), 50.4 (CH2Ad), 37.7 (CH2Ad), 34.2 (overlapping resonances, CHCy), 31.8 (CHAd),

30.6 – 27.0 (overlapping resonances, CH2Cy + CHAd), 6.1 (SiMe). 31P{1H} NMR (202.5

MHz, benzene-d6):  52.1 (br s). 29Si NMR (99.4 MHz, benzene-d6):  16.2. 15N NMR

(50.7 MHz, benzene-d6):  -216.8.  IR (Thin Film, cm-1): 3353 (br, w, N-H), 2130 (m, Ir-

H). X-Ray quality crystals of 3-8 were grown from a concentrated Et2O/THF solution at

-30 °C.
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[Cy-PSiP]Ir(H)NHtBu (3-9). Method 1: A solution of LiNH(tBu) (0.014g,

0.183 mmol) in ca. 5 mL of THF was added dropwise via pipette to a solution of 2-1

(0.150 g, 0.183 mmol) in ca. 5 mL of THF at room temperature.  An immediate color

change from yellow to dark yellow/orange was observed.  The reaction mixture was

evaporated to dryness, and the remaining residue was extracted with ca. 10 mL of

benzene.  The benzene extract was filtered through Celite and the filtrate was dried under

vacuum.  The remaining solid residue was triturated with pentane (3  5 mL) to afford 3-

9 as an orange solid (0.132 g, 86%). Method 2: A solution of Me3CCH2Li (0.0011 g,

0.012 mmol) in ca. 0.4 mL of cyclohexane-d12 was added to a solution of 2-1 (0.010 g,

0.012 mmol) in ca. 0.4 mL of cyclohexane-d12.  An immediate color change from yellow

to orange was observed.  The reaction mixture was analyzed by 1H and 31P NMR

spectroscopy to confirm the complete consumption of 2-1 and the formation of 1 equiv.

of CMe4.  An excess of H2NtBu (25.8 μL, 0.0089 g, 0.244 mmol) was added to the

reaction mixture, and the solution was heated at 65 C for 14 h, at which point 1H and 31P

NMR analysis of the reaction mixture indicated the quantitative formation of 3-9. 1H

NMR (500 MHz, benzene-d6):  8.18 (d, 2 H, J = 7 Hz, Harom), 7.48 (m, 2 H, Harom), 7.23

(t, 2 H, J = 7 Hz, Harom), 7.12 (t, 2 H, J = 7 Hz, Harom), 6.67 (apparent t, 1 H, J = 7 Hz,

NH), 2.54 – 2.48 (overlapping resonances, 6 H, PCy), 1.99 (m, 6 H, PCy), 1.85 (m, 3 H,

PCy), 1.76 – 1.54 (overlapping resonances, 13 H, PCy), 1.54 (s, 9 H, NHtBu), 1.34 – 1.19

(overlapping resonances, 12 H, PCy), 1.00 (s, 3 H, SiMe), 0.81 (m, 2 H, PCy), 0.71 (m, 2

H, PCy) -20.78 (t, 1 H, 2JHP = 19 Hz, IrH). 13C{1H} NMR (125.8 MHz, benzene-d6): 

160.0 (Carom), 145.5 (Carom), 132.4 (apparent t, J = 9 Hz, CHarom), 130.1 (CHarom), 129.1

(CHarom), 126.7 (CHarom), 36.5 (CH3tBu), 34.5 – 34.1 (overlapping resonances, CHCy), 30.9

– 30.4 (overlapping resonances, CH2Cy), 28.5 – 27.7 (overlapping resonances, CH2Cy),

27.0 (CH2Cy), 5.8 (SiMe). 31P{1H} NMR (202.5 MHz, benzene-d6):  52.0 (br s). 29Si

NMR (99.4 MHz, benzene-d6):  16.0. 15N NMR (50.7 MHz, benzene-d6):  - 219.2.  IR

(Nujol, cm-1): 3331 (br, w, N-H), 2206 (m, Ir-H).  Anal. Calcd for C41H66IrNP2Si: C,

57.58; H, 7.78; N, 1.64.  Found: C, 57.25; H, 7.61; N, 1.37.
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[Cy-PSiP]Ir(H)NHCy (3-10). Method 1: A solution of LiNHCy (0.010g, 0.098

mmol) in ca. 4 mL of THF was added dropwise via pipette to a solution of 2-1 (0.080 g,

0.098 mmol) in ca. 4 mL of THF at room temperature.  A gradual color change from

yellow to dark orange was observed over 24 hours at room temperature.  The reaction

mixture was evaporated to dryness, and the remaining residue was extracted with ca. 8

mL of benzene.  The benzene extract was filtered through Celite and the filtrate was dried

under vacuum.  The remaining solid residue was triturated with pentane (3  5 mL) to

afford 3-10 as an orange solid (0.077 g, 89%). Method 2: A solution of Me3SiCH2Li

(0.0014 g, 0.015 mmol) in ca. 0.4 mL of cyclohexane-d12 was added to a solution of 2-1

(0.012 g, 0.015 mmol) in ca. 0.4 mL of cyclohexane-d12.  An immediate color change

from yellow to orange was observed.  The reaction mixture was analyzed by 1H and 31P

NMR spectroscopy to confirm the complete consumption of 2-1 and the formation of 1

equiv. of SiMe4.  H2NCy (1.7 μL, 0.0015 g, 0.244 mmol) was added to the reaction

mixture, and the solution was heated at 65 C for 14 h, at which point 1H and 31P NMR

analysis of the reaction mixture indicated the quantitative formation of 3-10. 1H NMR

(500 MHz, benzene-d6): δ 8.17 (d, 2 H, J = 7 Hz, Harom), 7.48 (m, 2 H, Harom), 7.26 (t, 2

H, J = 7 Hz, Harom), 7.12 (m, 2 H, Harom), 2.63 (m, 2 H, PCy), 2.53 (m, 4 H, PCy), 2.34

(m, 4 H, PCy), 2.11 – 1.14 (overlapping resonances, 30 H, PCy + NHCy), 0.99 (s, 3 H,

SiMe), 0.88 – 0.83 (overlapping resonances, 16 H, PCy + NHCy), -18.37 (t, 1 H, 2JHP =

16 Hz, IrH). 13C{1H} NMR (125.8 MHz, benzene-d6): δ 161.9 (apparent t, J = 23 Hz,

Carom), 144.9 (Carom), 132.8 (apparent t, J = 8 Hz, CHarom), 130.6 (CHarom), 129.3

(CHarom), 127.0 (CHarom), 38.3 (CH2), 38.0 (CH2), 36.1 (apparent t, J = 13 Hz, CHCy),

34.2 (apparent t, J = 15 Hz, CHCy), 30.6 (CH2Cy), 30.3 (CH2Cy), 30.0 (CH2Cy), 29.0 – 26.9

(overlapping resonances, CH2Cy), 7.4 (SiMe). 31P{1H} NMR (202.5 MHz, benzene-d6): δ

54.8. 29Si NMR (99.4 MHz, benzene-d6): δ 23.2. 15N NMR (50.7 MHz, benzene-d6): δ -

307.4.  IR (Thin Film, cm-1): 3358 (br, w, N-H), 2112 (m, Ir-H).  Anal. Calcd for

[iPr-PSiP]Ir(H)NHAd (3-11). Method 1: A solution of LiNH(Ad) (0.019 g,

0.12 mmol) in ca. 4 mL of THF was added dropwise via pipette to a solution of 3-2
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(0.080 g, 0.12 mmol) in ca. 4 mL of THF at room temperature.  An immediate color

change from yellow to light orange was observed.  The reaction mixture was evaporated

to dryness, and the remaining residue was extracted with ca. 8 mL of benzene.  The

benzene extract was filtered through Celite and the filtrate was dried under vacuum.  The

remaining solid residue was triturated with pentane (3  5 mL) to afford 3-11 as an

yellow solid (0.070 g, 76%). Method 2: A solution of Me3CCH2Li (0.0018 g, 0.023

mmol) in ca. 0.4 mL of cyclohexane-d12 was added to a solution of 3-2 (0.015 g, 0.023

mmol) in ca. 0.4 mL of cyclohexane-d12.  An immediate color change from yellow to

orange was observed.  The reaction mixture was analyzed by 1H and 31P NMR

spectroscopy to confirm the complete consumption of 3-2 and the formation of 1 equiv.

of CMe4.  An excess of H2NAd (0.069 g, 0.46 mmol) was added to the reaction mixture,

and the solution was heated at 65 C for 14 h, at which point 1H and 31P NMR analysis of

the reaction mixture indicated 50% conversion to 3-11. 1H NMR (500 MHz, benzene-

d6): δ 8.15 (d, 2 H, J = 8 Hz, Harom), 7.33 (m, 2 H, Harom), 7.20 (t, 2 H, J = 7 Hz, Harom),

7.08 (t, 2 H, J = 7 Hz, Harom), 6.70 (apparent t, 1 H, J = 7 Hz, NH), 2.69 (br m, 2 H, PiPr),

2.57 (br m, 2 H, PiPr), 2.19 (br s, 2 H, HAd), 1.93 – 1.90 (overlapping resonances, 6 H,

HAd), 1.75 (m, 3 H, HAd), 1.53 – 1.47 (m, 4 H, HAd), 1.29 (m, 6 H, PiPr), 1.11 – 1.07 (m,

12 H, PiPr), 0.99 (s, 3 H, SiMe), 0.87 (m, 6 H, PiPr), -20.83 (t, 1 H, 2JHP = 19 Hz, IrH).
13C{1H} NMR (125.8 MHz, benzene-d6):  159.9 (Carom), 132.3 (apparent t, J = 9 Hz,

CHarom), 130.0 (CHarom), 129.3 (CHarom), 126.6 (CHarom), 57.8 (CAd), 50.3 (CH2Ad), 47.0

(CH2Ad), 37.7 (CH2Ad), 37.0 (CH2Ad), 31.8 (CHAd), 30.7 (CHAd), 25.0 (br m, CHiPr), 21.2

(CH3iPr), 20.7 (CH3iPr), 19.8 (CH3iPr), 17.3 (CH3iPr), 5.8 (SiMe). 31P{1H} NMR (202.5

MHz, benzene-d6):  58.9 (br s). 29Si NMR (99.4 MHz, benzene-d6): δ 16.8. 15N NMR

(50.7 MHz, benzene-d6): δ -213.4. IR (Nujol, cm-1): 3234 (br, w, N-H), 2126 (m, Ir-H).

X-Ray quality crystals of 3-11 were grown from a concentrated pentane solution at -30

ºC.

[iPr-PSiP]Ir(H)NHtBu (3-12). Method 1: A solution of LiNH(tBu) (0.010g,

0.122 mmol) in ca. 4 mL of THF was added dropwise via pipette to a solution of 3-2
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(0.080 g, 0.122 mmol) in ca. 4 mL of THF at room temperature.  An immediate color

change from yellow to dark yellow/orange was observed.  The reaction mixture was

evaporated to dryness, and the remaining residue was extracted with ca. 8 mL of benzene.

The benzene extract was filtered through Celite and the filtrate was dried under vacuum.

The remaining solid residue was triturated with pentane (3  5 mL) to afford 3-12 as an

orange solid (0.072 g, 87%). Method 2: A solution of Me3CCH2Li (0.0018 g, 0.023

mmol) in ca. 0.4 mL of cyclohexane-d12 was added to a solution of 3-2 (0.015 g, 0.023

mmol) in ca. 0.4 mL of cyclohexane-d12.  An immediate color change from yellow to

orange was observed.  The reaction mixture was analyzed by 1H and 31P NMR

spectroscopy to confirm the complete consumption of 3-2 and the formation of 1 equiv.

of CMe4.  An excess of H2NtBu (48.3 μL, 0.033 g, 0.456 mmol) was added to the

reaction mixture, and the solution was heated at 65 C for 14 h, at which point 1H and 31P

NMR analysis of the reaction mixture indicated greater than 90% conversion to 3-12. 1H

NMR (500 MHz, benzene-d6): δ 8.14 (d, 2 H, J = 7 Hz, Harom), 7.32 (m, 2 H, Harom), 7.19

(t, 2 H, J = 7 Harom), 7.07 (t, 2 H, J = 7 Hz, Harom), 6.80 (apparent t, 1 H, J = 7 Hz, NH),

2.63 – 2.55 (overlapping resonances, 4 H, PiPr), 1.52 (s, 9 H, CH3tBu), 1.26 (m, 6 H,

PiPr), 1.06 (m, 12 H, PiPr), 0.98 (s, 3 H, SiMe), 0.86 (m, 6 H, PCy), -20.91 (t, 1 H, 2JHP =

19 Hz, IrH). 13C{1H} NMR (125.8 MHz, benzene-d6): δ 160.0 (Carom), 150.9 (Carom),

132.5 (apparent t, J = 9 Hz, CHarom), 130.2 (CHarom), 129.5 (CHarom), 126.8 (CHarom), 36.6

(CH3tBu), 25.1 (CH3tBu), 24.0 (CHtBu), 21.3 (CH3iPr), 20.9 (CH3iPr), 19.8 (CH3iPr), 17.5

(CH3iPr), 5.8 (SiMe). 31P{1H} NMR (202.5 MHz, benzene-d6): δ 51.9 (br s). 29Si NMR

(99.4 MHz, benzene-d6): δ 16.7. 15N NMR (50.7 MHz, benzene-d6): δ -215.7. IR (Nujol,

cm-1): 3234 (br, w, N-H), 2388 (m, Ir-H).

[Cy-PSiP]Ir(H)NHCH2Ph (3-15). A solution of PhLi (50.9 μL, 1.8 M in

(C4H9)2O, 0.092 mmol) was added to a room temperature solution of 2-1 (0.075 g, 0.092

mmol) in ca. 8 mL of cyclohexane.  An immediate color change from yellow to orange

was observed.  Neat H2NCH2Ph (10.0 μL, 0.010 g, 0.0916 mmol) was added to the

reaction mixture, and the solution was heated at 65 C for 12 h to yield a white solid in a
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bright orange solution.  The solution was removed by pipet and the resulting solid was

triturated with pentane (3  5 mL) to afford 3-15 as an white solid (0.034g, 41 %). 1H

NMR (500 MHz, benzene-d6): δ 8.18 (d, 1 H, J = 7 Hz, Harom), 7.86 (d, 1 H, J = 7 Hz

Harom),  7.62 (m, 1 H, Harom) 7.32 – 7.26 (overlapping resonances, 3 H, Harom), 7.19 – 7.17

(m, 1 H, Harom), 7.10 (m, 2 H, Harom), 7.03 – 6.94 (overlapping resonances, 3 H, Harom),

6.73 (t, 1 H, J = 7 Hz, Harom), 4.27 (apparent dd, 1 H, 2JHH = 13 Hz, 3JHNH = 5 Hz, CH2)

3.72 (td, 1 H, J1 = 25 Hz, J2 = 4 Hz, CH2), 3.42 (m, 1 H, PCy), 2.87 (m, 1H, PCy), 2.70,

(m, 2 H, PCy), 2.48 (m, 1 H, PCy), 2.26 (m, 1 H, PCy),  1.95 (m, 2 H, PCy), 1.85 – 1.20

(overlapping resonances, 25 H, PCy), 1.12 (s, 3 H, SiMe), 1.08 – 0.97 (overlapping

resonances, 8 H, PCy), 0.67 (m, 1H, PCy), 0.53 (m, 1 H, PCy), 0.02 (m, 1H, PCy), -0.54

(m, 1H, PCy), -9.04 (dd, 1 H, 2JHPtrans = 135 Hz, 2JHPcis = 22 Hz, IrH). 13C{1H} NMR

(125.8 MHz, THF-d8): δ 161.1 (Carom), 158.6 (Carom), 150.1 (Carom), 147.3 (Carom), 142.1

(CHarom), 133.6 (apparent d, J = 19 Hz, CHarom), 132.8 (apparent d, J = 19 Hz, CHarom),

130.3 (CHarom), 129.2 (CHarom), 129.0 (apparent d, J = 16 Hz, CHarom), 127.9-127.8

(CHarom), 127.3 (CHarom), 125.2 (CHarom), 120.7 (apparent d, J = 21 Hz CHarom), 59.1

(CH2), 31.8 (CH2Cy), 31.7 (CH2Cy), 30.9 (CH2Cy), 30.1 (CH2Cy), 29.9 (CH2Cy), 29.5

(CH2Cy), 29.4 (CH2Cy), 29.3 (CH2Cy), 29.2 (CH2Cy), 29.1 (CH2Cy), 28.9 (CH2Cy), 28.8

(CH2Cy), 28.6 (CH2Cy), 28.5 (CH2Cy), 28.0 (CH2Cy), 27.8 (CH2Cy), 27.7 (CH2Cy), 27.4

(CH2Cy), 27.3 (CH2Cy), 27.2 (CH2Cy), 0.6 (SiMe). 31P{1H} NMR (202.5 MHz, benzene-

d6): δ 44.9 (d, 2JPPcis = 12 Hz), 14.7 (d, 2JPPcis = 12 Hz). 29Si NMR (99.4 MHz, benzene-

d6): δ 23.1. IR (Nujol, cm-1): 3322 (br, w, N-H), 2008 (m, Ir-H).  Anal. Calcd for

C45H64IrNP2Si: C, 59.43; H, 7.25; N, 1.58.  Found: C, 59.75; H, 7.06; N, 1.30.

[iPr-PSiP]Ir(H)NHCH2Ph (3-16). A solution of Me3SiCH2Li (0.007 g, 0.08

mmol) in ca. 3 mL of cyclohexane was added to a solution of 3-2 (0.052 g, 0.08 mmol) in

ca. 3 mL of cyclohexane.  An immediate color change from yellow to orange was

observed.  Neat H2NCH2Ph (8.6 μL, 0.0085 g, 0.08 mmol) was added to the reaction

mixture, and the solution was stirred at room temperature for 20 minutes.  The reaction

mixture was filtered through Celite and the filtrate was dried under vacuum.  The
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remaining solid residue was triturated with pentane (3  5 mL) to afford 3-16 as an

orange solid (0.056 g, 96 %). 1H NMR (500 MHz, benzene-d6): δ 8.20 (d, 1 H, J = 7 Hz,

Harom), 7.88 (d, 1 H, J = 7 Hz Harom),  7.55 (m, 1 H, Harom) 7.35 – 7.31 (overlapping

resonances, 2 H, Harom), 7.19 – 7.05 (overlapping resonances, 6 H, Harom), 6.93 (t, 1 H, J

= 7 Hz, Harom), 6.74 (t, 1 H, J = 7 Hz, Harom), 4.17 (dd, 1 H, 2JHH = 13 Hz, 3JHNH = 5 Hz,

CH2) 3.61 (td, 1 H, J1 = 18 Hz, J2 = 5 Hz, CH2), 2.88 (m, 1 H, PiPr), 2.26 (m, 1H, NH),

2.33, (septet, 1 H, J = 7 Hz, PiPr), 2.06 (m, 1 H, PiPr), 1.90 (m, 1 H, PiPr),  1.42 (m, 3 H,

PiPr2), 1.20 (dd, 3 H, 3JHP = 17 Hz, 3JHH = 8 Hz, PiPr), 1.11 (s, 3 H, SiMe), 0.96 (dd, 3 H,
3JHP = 15 Hz, 3JHH = 7 Hz, PiPr), 0.85 (dd, 3 H, 3JHP = 15 Hz, 3JHH = 7 Hz, PiPr), 0.74 –

0.67 (overlapping resonances, 6 H, PiPr), 0.35 (m, 3 H, PiPr), -0.18 (dd, 3 H, 3JHP = 14

Hz, 3JHH = 7 Hz, PiPr), -9.09 (dd, 1 H, 2JHPtrans = 135 Hz, 2JHPcis = 22 Hz, IrH). 13C{1H}

NMR (125.8 MHz, benzene-d6): δ 160.6 (Carom), 158.4 (Carom), 150.1 (Carom), 149.0

(Carom), 142.7 (CHarom), 142.3 (Carom), 133.5 (CHarom), 132.7 (CHarom), 130.0 (CHarom),

129.4 (CHarom), 129.2 (CHarom), 127.6 (CHarom), 127.3 (CHarom), 126.0 (CHarom), 121.4

(CHarom), 121.1 (CHarom), 58.9 (CH2), 30.6 (CHiPr), 29.8 (CHiPr), 28.6 (CHiPr), 27.9

(CHiPr), 27.5 (CH3iPr), 27.1 (CH3iPr), 20.8 (CH3iPr), 20.1 (d, J = 14 Hz, CH3iPr), 19.8 – 19.6

(overlapping resonances, CH3Cy), 19.3 – 19.1 (overlapping resonances, CH3Cy), 1.0

(SiMe). 31P{1H} NMR (202.5 MHz, benzene-d6): δ 48.9 (d, 2JPPcis = 12 Hz), 21.2 (d,
2JPPcis = 12 Hz). 29Si NMR (99.4 MHz, benzene-d6): δ 22.9. 15N NMR (50.7 MHz,

benzene-d6): δ -397.9. IR (Nujol, cm-1): 3383 (br, w, N-H), 2034 (m, Ir-H).

[Cy-PSiP]Ir(H)2N(CH3)Ph (3-17) A solution of Me3CCH2Li (0.012 g, 0.12

mmol) in ca. 4 mL of cyclohexane was added to a solution of 2-1 (0.100 g, 0.12 mmol) in

ca. 4 mL of cyclohexane.  An immediate color change from yellow to orange was

observed.  Neat HN(CH3)Ph (66.2 μL, 0.065 g, 0.61 mmol) was added to the reaction

mixture, and the solution was heated at 65 C for 14 h.   A gradual color change from

orange to dark orange was observed.  The reaction mixture was evaporated to dryness,

and the remaining residue was extracted with ca. 8 mL of benzene.  The benzene extract

was filtered through Celite and the filtrate was dried under vacuum.  The remaining solid
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residue was triturated with pentane (3  5 mL) to afford 3-17 as an orange solid (0.104 g,

96%). 1H NMR (500 MHz, benzene-d6): δ 8.33 (d, 2 H, J = 7 Hz, Harom), 7.48 (m, 2 H,

Harom), 7.29 ( t, 2 H, J = 7 Hz, Harom), 7.19 – 7.10 (overlapping resonances, 3 H, Harom),

6.85 (apparent t, 2 H, J = 7 Hz, Harom), 6.74 (apparent t, 1 H, J = 7 Hz, Harom), 6.39 (d, 1

H, J = 7 Hz, Harom), 3.92 (br s, 1 H, NH), 2.56 (m, 4 H, PCy), 2.30 (d, 3 H, 3JHNH = 5 Hz,

NCH3), 2.23 (m, 4 H, PCy), 1.96 – 1.85 (overlapping resonances, 10 H, PCy), 1.70 – 0.75

(overlapping resonances, 28 H, PCy + SiMe; SiMe at 1.17 ppm), -9.86 (dt, 1 H, 2JHP = 15

Hz, 2JHH = 3 Hz, IrH), -14.10 (dt, 1H, 2JHP = 20 Hz, 2JHH = 3 Hz, IrH). 13C{1H} NMR

(125.8 MHz, benzene-d6): δ 162.3 (apparent t, J = 20 Hz, Carom), 146.5 (apparent t, J = 28

Hz, Carom), 133.6 (apparent t, J = 10 Hz, CHarom), 132.1 (Carom), 129.9 (CHarom), 129.6

(apparent d, J = 18 Hz, CHarom), 127.1 (CHarom), 126.9 (CHarom), 125.8 (CHarom), 112.9

(CHarom), 40.0 (apparent t, J = 13 Hz, CHCy), 33.4 (apparent t, J = 18 Hz, CHCy), 30.7

(CH3NCH3), 30.4 (CH2Cy), 29.2 (CH2Cy), 28.8 (CH2Cy), 28.2 – 27.0 (overlapping

resonances CH2), 7.2 (SiMe). 31P{1H} NMR (202.5 MHz, benzene-d6): δ 53.9. 29Si

NMR (99.4 MHz, benzene-d6):  35.8.  IR (Thin Film, cm-1): 2095 (m, Ir-H), 2008 (m, Ir-

H).

[iPr-PSiP]Ir(H)2N(CH3)Ph (3-18) A solution of Me3CCH2Li (0.010 g, 0.11

mmol) in ca. 0.4 mL of cyclohexane was added to a solution of 3-2 (0.070 g, 0.11 mmol)

in ca. 0.4 mL of cyclohexane.  An immediate color change from yellow to orange was

observed.  Neat HN(CH3)Ph (57.5 μL, 0.056 g, 0.53 mmol) was added to the reaction

mixture, and the solution was heated at 65 C for 14 h.   A gradual color change from

orange to dark orange was observed.  The reaction mixture was evaporated to dryness,

and the remaining residue was extracted with ca. 1 mL of benzene.  The benzene extract

was filtered through Celite and the filtrate was dried under vacuum.  The remaining solid

residue was triturated with pentane (3  2 mL) to afford 3-18 as an orange solid (0.073 g,

92%). 1H NMR (500 MHz, benzene-d6): δ 8.29 (d, 2 H, J = 7 Hz, Harom), 7.35 (m, 2 H,

Harom), 7.26 ( t, 2 H, J = 7 Hz, Harom), 7.12 (t, 2 H, J = 7 Hz, Harom), 7.02 (d, 2 H, J = 7

Hz, Harom), 6.81 (t, 2 H, J =  Hz, Harom), 6.74 (m, 1 H, Harom), 3.49 (br s, 1H, NH), 2.32 –
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2.25 (overlapping resonances, 4 H, PiPr), 2.03 (br m, 3 H, NCH3), 1.43 (m, 6 H, PiPr),

1.17 (m, 6 H, PiPr), 1.10 (s, 3 H, SiMe), 0.98 (m, 6 H, PiPr), 0.79 (m, 6 H, PiPr), -10.26

(td, 1 H, 2JHP = 15 Hz, 2JHH = 3 Hz, IrH), -14.41 (td, 1H, 2JHP = 20 Hz, 2JHH = 3 Hz, IrH).
13C{1H} NMR (125.8 MHz, benzene-d6): δ 161.9 (apparent t, J = 20 Hz, Carom), 153.2

(Carom), 146.9 (apparent t, J = 29 Hz, Carom), 133.5 (apparent t, J = 9 Hz, CHarom), 129.9

(Carom), 129.6 (CHarom), 129.4 (CHarom), 127.2 (CHarom), 126.9 (CHarom), 125.8 (CHarom),

30.3 (apparent t, J = 13 Hz, CHiPr), 27.9 (CH3NCH3), 24.5 (apparent t, J = 19 Hz, CHiPr),

20.5 (CH3iPr), 20.3 (CH3iPr), 19.4 (CH3iPr), 18.0 (CH3iPr), 7.2 (SiMe). 31P{1H} NMR

(202.5 MHz, benzene-d6): δ 63.7. 29Si NMR (99.4 MHz, benzene-d6): δ 36.0. IR (Thin

Film, cm-1): 2279 (m, Ir-H), 2095 (m, Ir-H).

[Cy-PSiP]Ir(H)NHNC5H10 (3-19). Method 1: A solution of LiNHNC5H10

(0.019 g, 0.18 mmol) in ca. 4 mL of THF was added dropwise via pipette to a solution of

2-1 (0.150 g, 0.18 mmol) in ca. 4 mL of THF at room temperature.  A gradual color

change from yellow to orange was observed over 1 hour at room temperature.  The

reaction mixture was evaporated to dryness, and the remaining residue was extracted with

ca. 8 mL of benzene.  The benzene extract was filtered through Celite and the filtrate was

dried under vacuum.  The remaining solid residue was triturated with pentane (3  5 mL)

to afford 3-19 as an orange solid (0.152 g, 96%). Method 2: A solution of Me3CCH2Li

(0.076 g, 0.098 mmol) in ca. 4 mL of cyclohexane was added to a solution of 2-1 (0.080

g, 0.098 mmol) in ca. 4 mL of cyclohexane.  An immediate color change from yellow to

orange was observed.  Neat H2NNC5H10 (11.6 μL, 0.011 g, 0.108 mmol) was added to

the reaction mixture, and the solution was heated at 65 C for 14 h.   A gradual color

change from orange to dark orange was observed.  The reaction mixture was evaporated

to dryness, and the remaining residue was extracted with ca. 4 mL of benzene.  The

benzene extract was filtered through Celite and the filtrate was dried under vacuum.  The

remaining solid residue was triturated with pentane (3  5 mL) to afford 3-19 as an

orange solid (0.077 g, 91%). 1H NMR (500 MHz, benzene-d6): δ 8.17 (d, 2 H, J = 7 Hz,

Harom), 7.56 (t, 1 H, J = 7 Hz, Harom), 7.47 (t, 1 H, J = 7 Hz, Harom), 7.24 (m, 2 H, Harom),
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7.12 (m, 2 H, Harom), 6.51 (m, 1 H, NH), 3.56 (m, 1 H, PCy), 3.31 – 3.22 (overlapping

resonances, 2 H, PCy), 2.59 – 2.41 (overlapping resonances, 7 H, PCy + NC5H10), 2.17 –

1.13 (overlapping resonances, 36 H, PCy + NC5H10), 0.97 (s, 3 H, SiMe), 0.85 (m, 8 H,

PCy), -20.64 (t, 1 H, 2JHP = 16 Hz, IrH). 13C{1H} NMR (125.8 MHz, benzene-d6): δ

161.7 (Carom), 146.1 (Carom), 132.6 (apparent d, J = 16 Hz, CHarom), 132.3 (apparent d, J =

15 Hz, CHarom), 130.7 (CHarom), 129.2 (CHarom), 129.0 (CHarom), 126.8 (CHarom), 34.5 –

33.8 (overlapping resonances, CHCy), 32.9 (CHCy), 32.8 (CHCy), 31.0 (CH2Cy), 30.7

(CH2Cy), 30.4 (CH2Cy), 28.9 (CH2Cy), 28.1 – 26.9 (overlapping resonances CH2Cy +

CH2NC5H10), 24.9 (CH2Cy), 6.4 (SiMe). 31P{1H} NMR (202.5 MHz, benzene-d6): δ 55.6

(AB quartet). 29Si NMR (99.4 MHz, benzene-d6): δ 15.1. 15N NMR (50.7 MHz,

benzene-d6): δ -185.0.  IR (Thin Film, cm-1): 3157 (br, w, N-H), 2132 (m, Ir-H).  Anal.

Calcd for C42H67IrN2P2Si: C, 57.18; H, 7.65; N, 3.18.  Found: C, 57.00; H, 7.52; N, 2.78.

[Cy-PSiP]Ir(H)NHN(CH2CH2)2NMe (3-20) Method 1: A solution of

LiNHN(CH2CH2)2NMe (0.022 g, 0.18 mmol) in ca. 4 mL of THF was added dropwise

via pipette to a solution of 2-1 (0.150 g, 0.18 mmol) in ca. 4 mL of THF at room

temperature.  A gradual color change from yellow to orange was observed over 1 hour at

room temperature.  The reaction mixture was evaporated to dryness, and the remaining

residue was extracted with ca. 8 mL of benzene.  The benzene extract was filtered

through Celite and the filtrate was dried under vacuum.  The remaining solid residue was

triturated with pentane (3  5 mL) to afford 3-20 as an orange solid (0.149 g, 92%).

Method 2: A solution of Me3CCH2Li (0.0023 g, 0.024 mmol) in ca. 1 mL of

cyclohexane was added to a solution of 2-1 (0.020 g, 0.024 mmol) in ca. 1 mL of

cyclohexane.  An immediate color change from yellow to orange was observed.  Neat

H2NN(CH2CH2)2NMe (3.2 μL, 0.0031 g, 0.027 mmol) was added to the reaction mixture,

and the solution was heated at 65 C for 14 h.   A gradual color change from orange to

dark orange was observed.  The reaction mixture was evaporated to dryness, and the

remaining residue was extracted with ca. 4 mL of benzene.  The benzene extract was

filtered through Celite and the filtrate was dried under vacuum.  The remaining solid
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residue was triturated with pentane (3  5 mL) to afford 3-20 as an orange solid (0.017 g,

80%). 1H NMR (500 MHz, benzene-d6): δ 8.17 (d, 2 H, J = 7 Hz, Harom), 7.55 (t, 1 H, J =

7 Hz, Harom), 7.47 (t, 1H, J = 7 Hz, Harom), 7.25 (m, 2 H, Harom), 7.17 – 7.10 (overlapping

resonances, 2 H, Harom), 6.45 (d, 1 H, J = 9 Hz, NH), 3.56 (m, 1 H, PCy), 3.42 (br s, 1 H,

PCy), 3.28 (m, 1 H, PCy), 3.17 (br s, 1 H, PCy), 2.71 – 2.22 (overlapping resonances, 14

H, PCy + N(CH2CH2)2NMe), 2.17 (s, 3 H, N(CH2CH2)2NMe), 2.13 – 1.13 (overlapping

resonances, 28 H, PCy + CH2N(CH2CH2)2NMe), 0.97 (s, 3 H, SiMe), 0.90 – 0.78 (overlapping

resonances, 6 H, PCy), -20.62 (t, 1 H, 2JHP = 16 Hz, IrH). 13C{1H} NMR (125.8 MHz,

benzene-d6): δ 162.1 (Carom), 144.8 (Carom), 132.6 (apparent d, J = 16 Hz, CHarom), 132.4

(apparent d, J = 13 Hz, CHarom), 130.7 (apparent d, J = 11 Hz, CHarom), 129.3 (CHarom),

129.0 (CHarom), 126.9 (CHarom), 63.2 (CH2N(CH2CH2)2NMe), 56.6 (CH2N(CH2CH2)2NMe), 46.6

(CH3N(CH2CH2)2NMe), 34.5 – 33.7 (overlapping resonances, CHCy), 33.0-32.8 (overlapping

resonances, CHCy), 31.0 (CH2Cy), 30.6 (CH2Cy), 30.4 (CH2Cy), 29.3 (CH2Cy), 28.9 (CH2Cy),

28.5 (CH2Cy), 28.2 – 27.2 (overlapping resonances CH2Cy), 26.9 (CH2Cy), 6.4 (SiMe).
31P{1H} NMR (202.5 MHz, benzene-d6): δ 55.8 (AB quartet). 29Si NMR (99.4 MHz,

benzene-d6): δ 14.9. 15N NMR (50.7 MHz, benzene-d6): δ -190.2. IR (Thin Film, cm-1):

3162 (br, w, N-H), 2124 (m, Ir-H).  Anal. Calcd for C42H68IrN3P2Si: C, 56.22; H, 7.64;

N, 4.68.  Found: C, 56.48; H, 7.65; N, 4.54.

[iPr-PSiP]Ir(H)NHNC5H10 (3-21). Method 1: A solution of LiNHNC5H10

(0.013 g, 0.122 mmol) in ca. 3 mL of THF was added dropwise via pipette to a solution

of 3-2 (0.080 g, 0.122 mmol) in ca. 3 mL of THF at room temperature.  A gradual color

change from yellow to orange was observed over 1 hour at room temperature.  The

reaction mixture was evaporated to dryness, and the remaining residue was extracted with

ca. 6 mL of benzene.  The benzene extract was filtered through Celite and the filtrate was

dried under vacuum.  The remaining solid residue was triturated with pentane (3  5 mL)

to afford 3-21 as an orange solid (0.064 g, 73%). Method 2: A solution of Me3CCH2Li

(0.0023 g, 0.024 mmol) in ca. 2 mL of cyclohexane was added to a solution of 3-2 (0.020

g, 0.024 mmol) in ca. 2 mL of cyclohexane.  An immediate color change from yellow to
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orange was observed.  Neat H2NNC5H10 (2.9 μL, 0.0027 g, 0.027 mmol) was added to

the reaction mixture, and the solution was heated at 65 C for 14 h.   A gradual color

change from orange to dark orange was observed.  The reaction mixture was evaporated

to dryness, and the remaining residue was extracted with ca. 4 mL of benzene.  The

benzene extract was filtered through Celite and the filtrate was dried under vacuum.  The

remaining solid residue was triturated with pentane (3  5 mL) to afford 3-21 as an

orange solid (0.017 g, 78%). 1H NMR (500 MHz, benzene-d6): δ 8.13 (d, 2 H, J = 7 Hz,

Harom), 7.45 (apparent t, 1 H, J = 7 Hz, Harom), 7.35 (apparent t, 1H, J = 7 Hz, Harom), 7.22

(m, 2 H, Harom), 7.09 (m, 2 H, Harom), 6.58 (m, 1 H, NH), 3.50 (m, 1 H, PiPr), 2.60 (m, 1

H, PiPr), 2.43 (m, 1 H, PiPr), 2.19 (m, 1 H, PiPr), 1.61 (br s, 5 H, NC5H10), 1.38 – 0.81

(overlapping resonances, 32 H, PiPr + NC5H10 + SiMe; SiMe at 0.91 ppm), -20.33 (t, 1

H, 2JHP = 16 Hz, IrH). 13C{1H} NMR (125.8 MHz, benzene-d6): δ 161.6 (Carom), 144.8

(Carom), 135.5 (CHarom), 132.6 – 132.3 (overlapping resonances, CHarom), 130.6 (CHarom),

129.4 (CHarom), 129.1 (CHarom), 126.8 (CHarom), 27.0 (CH2NC5H10), 24.9 (CHiPr),  24.5 –

24.3 (overlapping resonances, CHiPr), 23.3 – 23.1 (overlapping resonances, CHiPr), 22.5 –

22.9 (overlapping resonances, CHiPr), 21.1 – 20.8 (overlapping resonances, CH3iPr), 19.2

(CH3iPr), 18.5 (CH3iPr), 18.2 (CH3iPr), 17.1 (CH3iPr), 6.3 (SiMe). 31P{1H} NMR (202.5

MHz, benzene-d6): δ 62.6 (AB quartet). 29Si NMR (99.4 MHz, benzene-d6):  15.4. 15N

NMR (50.7 MHz, benzene-d6): δ -182.7.  IR (Thin Film, cm-1): 3157 (br, w, N-H), 2122

(m, Ir-H).

[iPr-PSiP]Ir(H)NHN(CH2CH2)2NMe (3-22) Method 1: A solution of

LiNHN(CH2CH2)2NMe (0.015 g, 0.122 mmol) in ca. 2 mL of THF was added dropwise

via pipette to a solution of 3-2 (0.080 g, 0.122 mmol) in ca. 2 mL of THF at room

temperature.  An immediate color change from yellow to orange was observed at room

temperature.  The reaction mixture was evaporated to dryness, and the remaining residue

was extracted with ca. 4 mL of benzene.  The benzene extract was filtered through Celite

and the filtrate was dried under vacuum.  The remaining solid residue was triturated with

pentane (3  5 mL) to afford 3-22 as an orange solid (0.081 g, 90%). Method 2: A
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solution of Me3CCH2Li (0.011 g, 0.122 mmol) in ca. 4 mL of cyclohexane was added to

a solution of 3-2 (0.080 g, 0.121 mmol) in ca. 4 mL of cyclohexane.  An immediate color

change from yellow to orange was observed.  Neat H2NN(CH2CH2)2NMe (14.6 μL,

0.014 g, 0.122 mmol) was added to the reaction mixture, and the solution was heated at

65 C for 14 h.   A gradual color change from orange to dark orange was observed.  The

reaction mixture was evaporated to dryness, and the remaining residue was extracted with

ca. 8 mL of benzene.  The benzene extract was filtered through Celite and the filtrate was

dried under vacuum.  The remaining solid residue was triturated with pentane (3  5 mL)

to afford 3-22 as an orange solid (0.073 g, 82%). 1H NMR (500 MHz, benzene-d6): δ

8.12 (d, 2 H, J = 8 Hz, Harom), 7.44 (m, 1 H, Harom), 7.34 (m, 1H, Harom), 7.25 – 7.04

(overlapping resonances, 4 H, Harom), 6.50 (m, 1 H, NH), 3.51 (m, 1 H, PiPr), 3.35 (m, 1

H, PiPr), 3.15 (m, 1 H, PiPr), 3.03 (m, 1 H, PiPr), 2.64 – 2.58 (m, 4 H,

N(CH2CH2)2NMe), 2.42 – 2.38 (m, 4 H, N(CH2CH2)2NMe), 2.17 (s, 3 H,

N(CH2CH2)2NMe), 1.34 – 0.83 (overlapping resonances, 27 H, PiPr2 + SiMe), -20.40 (t, 1

H, 2JHP = 16 Hz, IrH). 13C{1H} NMR (125.8 MHz, benzene-d6): δ 161.2 (Carom), 145.1

(Carom), 132.7 (m, CHarom), 130.8 (CHarom), 129.6 (CHarom), 127.0 (CHarom), 46.7

(CH3N(CH2CH2)2NMe), 25.0 – 23.8 (overlapping resonances, CHiPr), 21.5 – 21.0 (overlapping

resonances, CH2N(CH2CH2)2NMe), 20.3 – 16.2 (overlapping resonances, CH3iPr), 6.6 (SiMe).
31P{1H} NMR (202.5 MHz, benzene-d6): δ 62.7 (AB quartet). 29Si NMR (99.4 MHz,

benzene-d6): δ 15.2. 15N NMR (50.7 MHz, benzene-d6): δ -189.2.  IR (Nujol, cm-1): 3163

(br, w, N-H), 2124 (m, Ir-H).

[Cy-PSiP]Ir(H)NH(CO)Ph (3-23). A solution of Me3SiCH2Li (0.012 g, 0.122

mmol) in ca. 4 mL of cyclohexane was added to a solution of 2-1 (0.100 g, 0.122 mmol)

in ca. 4 mL of cyclohexane.  An immediate color change from yellow to orange was

observed.  The reaction mixture was analyzed by 31P NMR spectroscopy to confirm the

complete consumption of 2-1.  H2N(CO)Ph (0.016 g, 0.122 mmol) was added to the

reaction mixture, and the solution was heated at 65 C for 2 h.  The reaction mixture was

evaporated to dryness, and the remaining residue was extracted with ca. 4 mL of benzene.
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The benzene extract was filtered through Celite and the filtrate was dried under vacuum.

The remaining solid residue was triturated with pentane (3  5 mL) to afford 3-23 as an

orange solid (0.109 g, 99%). 1H NMR (500 MHz, benzene-d6): δ 8.13 (d, 2 H, J = 7 Hz,

Harom), 7.80 (d, 2 H, J = 7 Hz, Harom), 7.49 (m, 2 H, Harom), 7.25 (m, 2 H, J = 7 Hz, Harom),

7.15 – 7.13 (overlapping resonances, 2 H, Harom), 7.09 – 7.06 (overlapping resonances, 3

H, Harom), 5.73 (br m, 1 H, NH), 2.59 (m, 2 H, PCy), 2.41 (m, 4 H, PCy), 2.27 (m, 6 H,

PCy), 2.11 (m, 4 H, PCy), 1.90 – 0.89 (overlapping resonances, 33 H, PCy), 0.74 (s, 3 H,

SiMe), -20.89 (t, 1 H, 2JHP = 16 Hz, IrH). 13C{1H} NMR (125.8 MHz, benzene-d6): δ

159.2 (apparent t, J = 14 Hz, Carom), 144.5 (apparent t, J = 26 Hz, Carom), 139.9 (Carom),

139.4 (apparent t, J = 14 Hz, CHarom), 130.3 (CHarom), 130.0 (CHarom), 129.3 (CHarom),

127.5 (CHarom), 126.6 (CHarom), 37.2 (CHCy), 36.7 (CH2Cy), 30.5 (CH2Cy), 30.3 (CH2Cy),

29.8 (CH2Cy), 29.7 (CH2Cy), 28,4 – 27.0 (overlapping resonances, CH2Cy), 4.6 (SiMe).
31P{1H} NMR (202.5 MHz, benzene-d6): δ 50.9. 29Si NMR (99.4 MHz, benzene-d6): δ

11.9. IR (Thin Film, cm-1): 3400 (br, w, N-H), 2174 (m, Ir-H). X-Ray quality crystals of

3.20 were grown from slow evaporation from a concentrated benzene solution at room

temperature.

[Cy-PSiP]Ir(H)NH(CO)C6F5 (3-24). A solution of Me3SiCH2Li (0.012 g, 0.122

mmol) in ca. 4 mL of cyclohexane was added to a solution of 2-1 (0.100 g, 0.122 mmol)

in ca. 4 mL of cyclohexane.  An immediate color change from yellow to orange was

observed.  The reaction mixture was analyzed by 31P NMR spectroscopy to confirm the

complete consumption of 2-1.  H2N(CO)C6F5 (0.028 g, 0.134 mmol) was added to the

reaction mixture, and the solution was heated at 65 C for 2 h.  The reaction mixture was

evaporated to dryness, and the remaining residue was extracted with ca. 4 mL of benzene.

The benzene extract was filtered through Celite and the filtrate was dried under vacuum.

The remaining solid residue was triturated with pentane (3  5 mL) to afford 3-24 as an

orange solid (0.110 g, 91%). 1H NMR (500 MHz, benzene-d6): δ 8.10 (d, 2 H, J = 7 Hz,

Harom), 7.50 (m, 2 H, Harom), 7.24 (t, 2 H, J = 8 Hz, Harom), 7.15 (m, 2 H, Harom), 5.24 (br s,

1 H, NH), 2.73 (m, 2 H, PCy), 2.51 – 2.39 (overlapping resonances, 4 H, PCy), 2.21 (m, 2
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H, PCy), 2.13 (m, 2 H, PCy), 2.03 (m, 2 H, PCy), 1.92 (m, 2 H, PCy), 1.78 – 1.56

(overlapping resonances, 14 H, PCy), 1.45 – 1.20 (overlapping resonances, 10 H, PCy),

0.95 – 0.85 (overlapping resonances, 6 H, PCy), 0.72 (s, 3 H, SiMe), -21.13 (t, 1 H, 2JHP =

17 Hz, IrH). 13C{1H} NMR (125.8 MHz, benzene-d6): δ 162.4 (Carom), 158.4 (apparent t,

J = 21 Hz, Carom), 143.3 (apparent t, J = 28 Hz, Carom), 132.3 (apparent t, J = 9 Hz,

CHarom), 130.4 (CHarom), 130.0 (CHarom), 129.5 (CHarom), 127.6 (CHarom), 36.1 (apparent t,

J = 15 Hz, CHCy), 34.7 (apparent t, J = 11 Hz, CHCy), 30.6 (CH2Cy), 29.8 (CH2Cy), 29.0

(CH2Cy), 28.1 – 27.6 (overlapping resonances, CH2Cy), 27.0, (CH2Cy), 4.2 (SiMe).
31P{1H} NMR (202.5 MHz, benzene-d6): δ 52.9. 29Si NMR (99.4 MHz, benzene-d6): δ

9.6. IR (Thin Film, cm-1): 3383 (br, w, N-H), 2186 (m, Ir-H).

[iPr-PSiP]Ir(H)NH(CO)Ph (3-25). A solution of Me3SiCH2Li (0.003 g, 0.030

mmol) in ca. 0.4 mL of cyclohexane was added to a solution of 3-2 (0.020 g, 0.030

mmol) in ca. 0.4 mL of cyclohexane.  An immediate color change from yellow to orange

was observed.  The reaction mixture was analyzed by 31P NMR spectroscopy to confirm

the complete consumption of 3-2.  H2N(CO)Ph (0.004 g, 0.030 mmol) was added to the

reaction mixture, and the solution was heated at 65 C for 14 h.  The reaction mixture

was evaporated to dryness, and the remaining residue was extracted with ca. 4 mL of

benzene.  The benzene extract was filtered through Celite and the filtrate was dried under

vacuum.  The remaining solid residue was triturated with pentane (3 3 mL) to afford 3-

25 as an light orange solid (0.016 g, 70 %). 1H NMR (500 MHz, benzene-d6): δ 8.10 (d,

2 H, J =7 Hz, Harom), 7.78 (d, 2 H, J = 7 Hz, Harom), 7.36 (m, 2 H, Harom), 7.22

(overlapping resonances, 3 H, Harom), 7.15 – 7.09 (overlapping resonances, 4 H, Harom),

5.73 (br m, 1 H, NH), 2.69 (m, 2 H, PiPr2), 2.36 (m, 2 H, PiPr2), 1.48 (m, 6 H, PiPr2),

1.10 – 0.97 (overlapping resonances, 18 H, PiPr2), 0.76 (s, 3 H, SiMe), -21.34 (t, 1 H,
2JHP = 16 Hz, IrH). 13C{1H} NMR (125.8 MHz, benzene-d6): δ 159.4 (apparent t, J = 16

Hz, Carom), 144.5 (Carom), 139.8 (Carom), 132.6 (apparent t, J = 9 Hz, CHarom), 130.4

(CHarom), 130.3 (CHarom), 127.6 (CHarom), 126.8 (CHarom), 27.3 (CHiPr), 26.4 (CHiPr), 21.0

(CH3iPr), 20.1 (CH3iPr), 19.1 (CH3iPr), 18.1 (CH3iPr), 4.4 (SiMe). 31P{1H} NMR (202.5
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MHz, benzene-d6): δ 57.9. 29Si NMR (99.4 MHz, benzene-d6): δ 11.2. IR (thin film, cm-

1): 3382 (br, w, N-H), 2182 (m, Ir-H).

[iPr-PSiP]Ir(H)NH(CO)C6F5 (3-26). A solution of Me3SiCH2Li (0.009 g, 0.122

mmol) in ca. 3 mL of cyclohexane was added to a solution of 3-2 (0.080 g, 0.122 mmol)

in ca. 3 mL of cyclohexane.  An immediate color change from yellow to orange was

observed.  The reaction mixture was analyzed by 31P NMR spectroscopy to confirm the

complete consumption of 3-2.  H2N(CO)C6F5 (0.026 g, 0.122 mmol) was added to the

reaction mixture, and the solution was heated at 65 C for 14 h.  The reaction mixture

was evaporated to dryness, and the remaining residue was extracted with ca. 6 mL of

benzene.  The benzene extract was filtered through Celite and the filtrate was dried under

vacuum.  The remaining solid residue was triturated with pentane (3  5 mL) to afford 3-

26 as an light yellow solid (0.098 g, 98 %). 1H NMR (500 MHz, benzene-d6): δ 8.06 (d,

2 H, J = 7 Hz, Harom), 7.35 (m, 2 H, Harom), 7.22 (t, 2 H, J = 7 Hz, Harom), 7.11 (t, 2 H, J =

8 Hz, Harom), 5.25 (br s, 1 H, NH), 2.73 (m, 2 H, PiPr2), 2.63 (m, 2 H, PiPr2), 1.54 (m, 6

H, PiPr2), 1.15 – 0.95 (overlapping resonances, 18 H, PiPr2), 0.67 (s, 3 H, SiMe), -21.28

(t, 1 H, 2JHP = 17 Hz, IrH). 13C{1H} NMR (125.8 MHz, benzene-d6): δ 162.5 (Carom),

158.4 (apparent t, J = 21 Hz, Carom), 143.1 ( apparent t, J = 28 Hz, Carom), 132.3 (apparent

t, J = 9 Hz, CHarom), 130.3 (CHarom), 129.6 (CHarom), 127.6 (CHarom), 26.8 (apparent t, J =

15 Hz, CHiPr), 25.6 (apparent t, J = 13 Hz, CHiPr), 20.8 (CH3iPr), 20.1 (CH3iPr), 18.7

(CH3iPr), 17.7 (CH3iPr), 4.1s (SiMe). 31P{1H} NMR (202.5 MHz, benzene-d6): δ 60.1.
29Si NMR (99.4 MHz, benzene-d6):  9.8. IR (Nujol, cm-1): 3398 (br, w, N-H), 2175 (m,

Ir-H).  Anal. Calcd for C32H41F5IrNOP2Si: C, 46.14 H, 4.96; N, 1.68.  Found: C, 46.74;

H, 4.96; N, 1.68.

[Cy-PSiP]Rh(NH2Ad) (3-28). A solution of Me3SiCH2Li (0.002 g, 0.021 mmol)

in ca. 0.4 mL of benzene-d6 was added to a solution of 2-2 (0.015 g, 0.021 mmol) in ca.

0.4 mL of benzene-d6.  An immediate color change from yellow to orange was observed.

The reaction mixture was analyzed by 1H and 31P NMR spectroscopy to confirm the

complete consumption of 2-2 and the formation of 1 equiv. of Me4Si.  Adamantyl amine
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(0.016 g, 0.103 mmol) was added to the reaction mixture, and the solution was

subsequently analyzed by use of NMR techniques, which confirmed the clean formation

of putative 3-28.  The coordinated amine in 3-28 was readily displaced in vacuo,

precluding the isolation of this compound.  Moreover, the presence of excess amine in the

in situ generated solution of 3-25 precluded the comprehensive assignment of 1H and 13C

NMR resonances for this compound. 1H NMR (500 MHz, benzene-d6): δ8.30 (d, 2 H, J

= 7 Hz, Harom), 7.56 (d, 2 H, J = 8 Hz, Harom), 7.34 (t, 2H, J = 7 Hz, Harom), 7.24 (t, 2 H, J

= 8 Hz, Harom), 5.73 (br m, 2 H, NH2), 2.44 (br m, 4 H, PCy), 2.08 – 1.01 (overlapping

resonances, 55 H, PCy + NH2Ad), 0.97 (s, 3 H, SiMe). 13C{1H} NMR (125.8 MHz,

benzene-d6): δ 161.2 (Carom), 146.3 (Carom), 132.0 (m, CHarom), 129.2 (CHarom), 128.2

(CHarom), 126.5 (CHarom), 40.1 (CHCy), 38.9 (CHCy), 31.9 – 26.1 (overlapping resonances,

CH2NC5H10 + CH2Cy), 8.6 (SiMe). 31P{1H} NMR (202.5 MHz, benzene-d6): δ 51.5 (d, JRhP

= 184 Hz). 29Si NMR (99.4 MHz, benzene-d6): δ 58.7.

[Cy-PSiP]Rh(NH2
tBu) (3-29). A solution of Me3SiCH2Li (0.002 g, 0.021 mmol)

in ca. 0.4 mL of benzene-d6 was added to a solution of 2-2 (0.015 g, 0.021 mmol) in ca.

0.4 mL of benzene-d6.  An immediate color change from yellow to orange was observed.

The reaction mixture was analyzed by 1H and 31P NMR spectroscopy to confirm the

complete consumption of 2-2 and the formation of 1 equiv. of Me4Si. Tert-butyl amine

(10.9 μL, 0.008 g, 0.103 mmol) was added to the reaction mixture, and the solution was

subsequently analyzed by use of NMR techniques, which confirmed the clean formation

of putative 3-29.  The coordinated amine in 3-29 was readily displaced in vacuo,

precluding the isolation of this compound.  Moreover, the presence of excess amine in the

in situ generated solution of 3-26 precluded the comprehensive assignment of 1H and 13C

NMR resonances for this compound. 1H NMR (500 MHz, benzene-d6): δ 8.27 (d, 2 H, J

= 7 Hz, Harom), 7.53 (d, 2 H, J = 7 Hz, Harom), 7.33 (t, 2H, J = 8 Hz, Harom), 7.23 (t, 2 H, J

= 8 Hz, Harom), 2.34 (br m, 4 H, PCy), 2.08 – 1.00 (overlapping resonances, 40 H, PCy),

0.94 (s, 3 H, SiMe). 13C{1H} NMR (125.8 MHz, benzene-d6): δ 132.7 (m, CHarom), 130.0

(CHarom), 129.2 (CHarom), 127.2 (CHarom), 32.1 (CH2Cy), 30.8 (CH2Cy), 30.0 (CH2Cy), 28.5
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– 26.2 (overlapping resonances, CH2Cy), 8.6 (SiMe), 0.4 (CH3tBu). 31P{1H} NMR (202.5

MHz, benzene-d6): δ 52.3 (d, JRhP = 180 Hz). 29Si NMR (99.4 MHz, benzene-d6): δ 60.2.

[Cy-PSiP]Rh(NH2Cy) (3-30). A solution of Me3SiCH2Li (0.002 g, 0.021 mmol)

in ca. 0.4 mL of benzene-d6 was added to a solution of 2-2 (0.015 g, 0.021 mmol) in ca.

0.4 mL of benzene-d6.  An immediate color change from yellow to orange was observed.

The reaction mixture was analyzed by 1H and 31P NMR spectroscopy to confirm the

complete consumption of 2-2 and the formation of 1 equiv. of Me4Si.  Cyclohexylamine

(11.8 μL, 0.010 g, 0.103 mmol) was added to the reaction mixture, and the solution was

subsequently analyzed by use of NMR techniques, which confirmed the clean formation

of putative 3-30.  The coordinated amine in 3-30 was readily displaced in vacuo,

precluding the isolation of this compound.  Moreover, the presence of excess amine in the

in situ generated solution of 3-30 precluded the comprehensive assignment of 1H and 13C

NMR resonances for this compound. 1H NMR (500 MHz, benzene-d6): δ 8.27 (d, 2 H, J

= 7 Hz, Harom), 7.57 (d, 2 H, J = 7 Hz, Harom), 7.35 (t, 2 H, J = 7 Hz, Harom), 7.25 (t, 2 H, J

= 7 Hz, Harom), 2.48 – 0.85 (overlapping resonances, 47 H, PCy + SiMe). 13C{1H} NMR

(125.8 MHz, benzene-d6): δ 132.3 (CHarom), 129.8 (CHarom), 129.2 (CHarom), 126.6

(CHarom), 30.4 (CH2Cy), 29.7 (CH2Cy), 28.8 – 26.3 (overlapping resonances, CH2Cy), 6.9

(SiMe). 31P{1H} NMR (202.5 MHz, benzene-d6): δ 54.0 (d, JRhP = 184 Hz). 29Si NMR

(99.4 MHz, benzene-d6): δ 61.3.

[Cy-PSiP]Rh(NH2Pr) (3-31). Method 1: A solution of LiNH(Pr) (0.002g,

0.027 mmol) in ca. 0.4 mL of benzene-d6 was added dropwise via pipette to a solution of

2.2 (0.020 g, 0.027 mmol) in ca. 0.4 mL of benzene-d6 at room temperature.  An

immediate color change from yellow to orange was observed.  The solution was

subsequently analyzed by use of NMR techniques, which confirmed the clean formation

of putative 3-31.  The coordinated amine in 3-31 was readily displaced in vacuo,

precluding the isolation of this compound. Method 2: A solution of Me3CCH2Li

(0.0016 g, 0.021 mmol) in ca. 0.4 mL of benzene-d6 was added to a solution of 2-2 (0.015

g, 0.021 mmol) in ca. 0.4 mL of benzene-d6.  An immediate color change from yellow to
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red was observed.  The reaction mixture was analyzed by 1H and 31P NMR spectroscopy

to confirm the complete consumption of 2-2 and the formation of 1 equiv. of CMe4. Five

equivalents of H2NPr (8.5 μL, 0.0061 g, 0.10 mmol) were added to the reaction mixture,

at which point 1H and 31P NMR analysis of the reaction mixture indicated the quantitative

formation of 3-31.  The coordinated amine in 3-31 was readily displaced in vacuo,

precluding the isolation of this compound. 1H NMR (500 MHz, benzene-d6): δ 8.32 (d, 2

H, J = 7 Hz, Harom), 7.56 (d, 2 H, J = 8 Hz, Harom), 7.35 (t, 2 H, J = 7 Hz, Harom), 7.25 (t, 2

H, J = 8 Hz, Harom), 2.66 (m, 2 H, PCy), 2.31 (m, 4 H, PCy), 2.13 (m, 2 H, PCy), 1.97 (m,

2 H, PCy), 1.88 (m, 2 H, PCy), 1.74 – 1.15 (overlapping resonances, 36 H, PCy + CH2Pr),

0.91 (s, 3 H, SiMe), 0.80 (t, 3 H, J =  8 Hz, CH3Pr). 13C{1H} NMR (125.8 MHz, benzene-

d6): δ 162.0 (Carom), 146.7 (Carom), 132.7 (m, CHarom), 129.9 (CHarom), 129.0 (CHarom),

127.2 (CHarom), 47.1 (CH2Pr), 41.0 (CHCy), 39.0 (CHCy), 32.2 (CH2Cy), 31.8 (CH2Cy), 30.8

(CH2Cy), 30.3 (CH2Cy), 28.6 – 26.2 (overlapping resonances, CH2Cy + CH2Pr), 12.0

(CH3Pr), 9.3 (SiMe). 31P{1H} NMR (202.5 MHz, benzene-d6): δ 54.4 (d, J = 182 Hz).
29Si NMR (99.4 MHz, benzene-d6): δ 60.8.

[Cy-PSiP]Rh(NH2Oct) (3-32). Method 1: A solution of LiNH(Oct) (0.0037g,

0.027 mmol) in ca. 0.4 mL of benzene-d6 was added dropwise via pipette to a solution of

2-2 (0.020 g, 0.027 mmol) in ca. 0.4 mL of benzene-d6 at room temperature.  An

immediate color change from yellow to orange was observed.  The solution was

subsequently analyzed by use of NMR techniques, which confirmed the clean formation

of putative 3-32.  The coordinated amine in 3-32 was readily displaced in vacuo,

precluding the isolation of this compound. Method 2: A solution of Me3CCH2Li

(0.0016 g, 0.021 mmol) in ca. 0.4 mL of benzene-d6 was added to a solution of 2-2 (0.015

g, 0.021 mmol) in ca. 0.4 mL of benzene-d6.  An immediate color change from yellow to

red was observed.  The reaction mixture was analyzed by 1H and 31P NMR spectroscopy

to confirm the complete consumption of 2-2 and the formation of 1 equiv. of CMe4.  Five

equivalents of H2NnOct (17.0 μL, 0.013 g, 0.10 mmol) were added to the reaction

mixture, at which point 1H and 31P NMR analysis of the reaction mixture indicated the
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quantitative formation of 3-32.  The coordinated amine in 3-32 was readily displaced in

vacuo, precluding the isolation of this compound. 1H NMR (500 MHz, benzene-d6): δ

8.34 (d, 2 H, J = 7 Hz, Harom), 7.59 (d, 2 H, J = 7 Hz, Harom), 7.36 (t, 2 H, J = 8 Hz, Harom),

7.27 (t, 2 H, J = 8 Hz, Harom), 2.67 (m, 2 H, PCy), 2.34 – 2.28 (overlapping resonances, 8

H, PCy), 1.79 – 1.03 (overlapping resonances, 44 H, PCy + CH2Oct), 0.93 – 0.86

(overlapping resonances, 6 H, CH3Oct + SiMe; SiMe at 0.93 ppm). 13C{1H} NMR (125.8

MHz, benzene-d6): δ 162.2 (Carom), 146.8 (Carom), 132.8 (m, CHarom), 129.9 (CHarom),

129.0 (CHarom), 127.2 (CHarom), 40.8 (CHCy), 39.5 (CHCy), 34.9 (CH2Cy), 32.6 – 27.1

(overlapping resonances, CH2Cy + CH2Oct), 25.8 (CH2Pr), 23.4 (CH2Pr), 23.2 (CH2Pr), 14.6

(CH3Pr), 9.4 (SiMe). 31P{1H} NMR (202.5 MHz, benzene-d6): δ 56.7 (br s). 29Si NMR

(99.4 MHz, benzene-d6): δ 61.2.

[Cy-PSiP]Rh(NH2CH2Ph) (3-33). A solution of Me3SiCH2Li (0.019 g, 0.21

mmol) in ca. 4 mL of C6H6 was added to a solution of 2-2 (0.150 g, 0.21 mmol) in ca. 4

mL of C6H6.  An immediate color change from pale yellow to bright orange was

observed.  Neat H2N(CH2Ph) (22.5 μL, 0.022 g, 0.21 mmol) was added to the reaction

mixture, and the solution was stirred at room temperature for 20 minutes.  The reaction

mixture was evaporated to dryness, and the remaining residue was extracted with ca. 10

mL of benzene.  The benzene extract was filtered through Celite and the filtrate was dried

under vacuum.  The remaining solid residue was triturated with pentane (3  5 mL) to

afford 3-33 as an orange solid (0.156g, 93 %). 1H NMR (500 MHz, benzene-d6): δ 8.33

(d, 2 H, J = 7 Hz, Harom), 7.55 – 7.50 (overlapping resonances, 4 H, Harom),  7.35 (t, 2 H, J

= 7 Hz, Harom) 7.25 (t, 2 H, J = 7 Hz, Harom), 7.19 (t, 2 H, J = 8 Hz, Harom), 7.08 (t, 1 H, J

= 8 Hz, Harom), 3.89 (broad s, 2 H, NH2) 2.24 – 1.15 (overlapping resonances, 36 H, PCy

+ CH2), 0.98 (s, 3 H, SiMe). 13C{1H} NMR (125.8 MHz, benzene-d6): δ 161.6 (Carom),

147.1 (Carom), 142.4 (Carom), 132.7 (CHarom), 129.8 (CHarom), 129.2 (CHarom), 129.0 –

128.0 (overlapping resonances, CHarom), 127.3 (CHarom), 49.6 (CH2Cy), 31.8 (CH2Cy), 30.8

(CH2Cy), 30.1 (CH2Cy), 28.3 – 27.6 (overlapping resonances, CH2Cy), 27.0 (CH2Cy), 23.1
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(CH2Cy), 9.3 (SiMe). 31P{1H} NMR (202.5 MHz, benzene-d6): δ 54.3 (d, JRhP = 180 Hz).
29Si NMR (99.4 MHz, benzene-d6): δ 60.6.

[Cy-PSiP]Rh(H)NHNC5H10 (3-34). A solution of LiNHNC5H10 (0.022 g, 0.21

mmol) in ca. 5 mL of THF was added dropwise via pipette to a solution of 2-2 (0.150 g,

0.21 mmol) in ca. 5 mL of THF at room temperature.  A gradual color change from

yellow to dark orange was observed over 1 hour at room temperature.  The reaction

mixture was evaporated to dryness, and the remaining residue was extracted with ca. 10

mL of benzene.  The benzene extract was filtered through Celite and the filtrate was dried

under vacuum.  The remaining solid residue was triturated with pentane (3  5 mL) to

afford 3-34 as an orange solid (0.151 g, 90%). 1H NMR (500 MHz, benzene-d6): δ 8.09

(d, 2 H, J = 7 Hz, Harom), 7.50 (m, 2 H, Harom), 7.27 (apparent t, 2 H, J = 7 Hz, Harom),

7.16 (m, 2 H, Harom), 4.75 (m, 1 H, NH), 2.54 (m, 2 H, PCy), 2.35 (m, 4 H, PCy), 2.16 –

1.90 (overlapping resonances, 14 H, PCy + NC5H10), 1.71 – 1.18 (overlapping

resonances, 34 H, PCy + NC5H10), 0.99 (s, 3 H, SiMe), -16.74 (apparent q, 1 H, 2JHP = 16

Hz, RhH). 13C{1H} NMR (125.8 MHz, benzene-d6): δ 159.6 (Carom), 142.8 (Carom), 132.5

(apparent t, J = 9 Hz, CHarom), 130.8 (CHarom), 129.2 (CHarom), 127.0 (CHarom), 34.1

(apparent t, J = 14 Hz, CHCy), 31.2 (CHCy), 30.7 (CHCy), 29.1 (CHCy), 28.1 – 26.8

(overlapping resonances CH2Cy + CH2NC5H10), 23.1 (CH2Cy), 10.0 (SiMe). 31P{1H} NMR

(202.5 MHz, benzene-d6): δ 63.7 (br s). 29Si NMR (99.4 MHz, benzene-d6): δ 41.2. IR

(thin film, cm-1): 3256 (br, w, N-H), 2095 (m, Ir-H).  Anal. Calcd for C42H67RhN2P2Si: C,

63.62; H, 8.52; N, 3.53.  Found: C, 62.31; H, 8.41; N, 3.52.

[Cy-PSiP]Rh(H)NHN(CH2CH2)2NMe (3-35). A solution of

LiNHN(CH2CH2)2NMe (0.025 g, 0.21 mmol) in ca. 5 mL of THF was added dropwise

via pipette to a solution of 2-2 (0.150 g, 0.21 mmol) in ca. 5 mL of THF at room

temperature.  A gradual color change from yellow to orange was observed over 1 hour at

room temperature.  The reaction mixture was evaporated to dryness, and the remaining

residue was extracted with ca. 10 mL of benzene.  The benzene extract was filtered

through Celite and the filtrate was dried under vacuum.  The remaining solid residue was
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triturated with pentane (3  5 mL) to afford 3-35 as an orange solid (0.117 g, 69%). 1H

NMR (500 MHz, benzene-d6): δ 8.09 (d, 2 H, J = 8 Hz, Harom), 7.49 (m, 2 H, Harom), 7.27

(apparent t, 2 H, J = 7 Hz, Harom), 7.15 (m, 2 H, Harom), 4.69 (m, 1 H, NH), 3.26 (m, 3 H,

PCy), 2.85 – 2.33 (overlapping resonances, 16 H, PCy + N(CH2CH2)2NMe), 2.20 (s, 3 H,

N(CH2CH2)2NMe), 2.16 – 1.17 (overlapping resonances, 33 H, PCy), 0.99 (s, 3 H, SiMe),

-16.78 (apparent q, 1 H, 2JHP = 17 Hz, RhH). 13C{1H} NMR (125.8 MHz, benzene-d6): δ

159.6 (Carom), 141.3 (Carom), 132.4 (apparent d, J = 10 Hz, CHarom), 130.8 (CHarom), 129.3

(CHarom), 129.3 (CHarom), 127.1 (CHarom), 64.2 (CH2N(CH2CH2)2NMe), 57.0

(CH2N(CH2CH2)2NMe), 46.7 (CH3N(CH2CH2)2NMe), 35.3 (apparent t, J = 13 Hz, CHCy), 34.0

(apparent t, J = 15 Hz, CHCy), 31.1 (CH2Cy), 30.7 (CH2Cy), 30.2 (CH2Cy), 29.3 (CH2Cy),

28.1 – 26.7 (overlapping resonances, CH2Cy), 23.1 (CH2Cy), 10.1 (SiMe). 31P{1H} NMR

(202.5 MHz, benzene-d6): δ 63.7 (br s). 29Si NMR (99.4 MHz, benzene-d6): δ 41.1. IR

(Thin Film, cm-1): 3253 (br, w, N-H), 2096 (m, Ir-H).

[Cy-PSiP]Rh(NH2NC5H10) (3-36). A solution of Me3SiCH2Li (0.002 g, 0.021

mmol) in ca. 0.4 mL of benzene-d6 was added to a solution of 2-2 (0.015 g, 0.021 mmol)

in ca. 0.4 mL of benzene-d6.  An immediate color change from yellow to orange was

observed.  The reaction mixture was analyzed by 1H and 31P NMR spectroscopy to

confirm the complete consumption of 2-2 and the formation of 1 equiv. of Me4Si.  1-

Aminopiperidine (2.2 μL, 0.002 g, 0.021 mmol) was added to the reaction mixture, and

the solution was subsequently analyzed by use of NMR techniques, which confirmed the

clean formation of putative 3-36.  The coordinated amine in 3-36 was readily displaced in

vacuo, precluding the isolation of this compound.  Moreover, the presence of excess

amine in the in situ generated solution of 3-36 precluded the comprehensive assignment

of 1H and 13C NMR resonances for this compound. 1H NMR (500 MHz, benzene-d6): δ

8.32 (d, 2 H, J = 10 Hz, Harom), 7.59 (d, 2 H, J = 7 Hz, Harom), 7.36 (t, 2 H, J = 7 Hz,

Harom), 7.27 (t, 2 H, J = 7 Hz, Harom), 3.56 (broad s, 2 H, NH2), 2.63 – 0.99 (overlapping

resonances, 54 H, PCy + NC5H10), 0.89 (s, 3 H, SiMe). 13C{1H} NMR (125.8 MHz,

benzene-d6): δ 161.2 (Carom), 146.3 (Carom), 132.0 (m, CHarom), 129.2 (CHarom), 128.2
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(CHarom), 126.5 (CHarom), 40.1 (CHCy), 38.9 (CHCy), 31.9 – 26.1 (overlapping resonances,

CH2NC5H10 + CH2Cy), 8.6 (SiMe). 31P{1H} NMR (202.5 MHz, benzene-d6): δ 54.8 (d, JRhP

= 182 Hz). 29Si NMR (99.4 MHz, benzene-d6): δ 60.9.

[Cy-PSiP]Rh(NH2N(CH2CH2)2NMe) (3-37). A solution of Me3SiCH2Li (0.002

g, 0.021 mmol) in ca. 0.4 mL of benzene-d6 was added to a solution of 2-2 (0.015 g,

0.021 mmol) in ca. 0.4 mL of benzene-d6.  An immediate color change from yellow to

orange was observed.  The reaction mixture was analyzed by 1H and 31P NMR

spectroscopy to confirm the complete consumption of 2-2 and the formation of 1 equiv.

of Me4Si.  4-methyl-1-aminopiperazine (12.4 μL, 0.012 g, 0.103 mmol) was added to the

reaction mixture, and the solution was subsequently analyzed by use of NMR techniques,

which confirmed the clean formation of putative 3-37.  The coordinated amine in 3-37

was readily displaced in vacuo, precluding the isolation of this compound.   Moreover,

the presence of excess amine in the in situ generated solution of 3-37 precluded the

comprehensive assignment of 1H and 13C NMR resonances for this compound. 1H NMR

(500 MHz, benzene-d6): δ 8.32 (d, 2 H, J = 7 Hz, Harom), 7.58 (d, 2 H, J = 7 Hz, Harom),

7.36 (m, 2 H, Harom), 7.27 (m, 2 H, Harom), 3.45 (br m, 2 H, NH2), 2.28 – 1.15

(overlapping resonances, 55 H, N(CH2CH2)2NMe + N(CH2CH2)2NMe + PCy), 0.89 (s, 3

H, SiMe). 13C{1H} NMR (125.8 MHz, benzene-d6): δ 162.3 (Carom), 141.1 (Carom), 132.9

(m, CHarom), 130.2 (CHarom), 129.2 (CHarom), 127.5 (CHarom), 55.6 (CH2N(CH2CH2)2NMe),

46.3 (CH3N(CH2CH2)2NMe), 41.0 (CHCy), 39.5 (CHCy), 32.3 – 27.5 (overlapping resonances,

CHCy), 9.48 (SiMe). 31P{1H} NMR (202.5 MHz, benzene-d6): δ 54.8 (d, 2JRhP = 182 Hz).
29Si NMR (99.4 MHz, benzene-d6): δ 60.2.

[Cy-PSiP]Rh(NC5H4NMe2) (3-38). A solution of Me3SiCH2Li (0.002 g, 0.021

mmol) in ca. 1 mL of benzene was added to a solution of 2-2 (0.015 g, 0.021 mmol) in

ca. 1 mL of benzene.  An immediate color change from yellow to orange was observed.

A solution of 4-dimethylaminopyridine (0.0028 g, 0.023 mmol) was added to the reaction

mixture.  A gradual color change from orange to lighter orange was observed over the

course of 30 minutes.  The reaction mixture was evaporated to dryness, and the remaining



148

residue was extracted with ca. 2 mL of benzene.  The benzene extract was filtered

through Celite and the filtrate was dried under vacuum.  The remaining solid residue was

triturated with pentane (3  2 mL) to afford 3-38 as a light orange solid (0.015 g, 95 %).
1H NMR (500 MHz, benzene-d6): δ 8.63 (br s, 2 H, Harom), 8.45 (d, 2 H, J = 7 Hz, Harom),

7.68 (d, 2 H, J = 8 Hz, Harom), 7.41 (t, 2 H, J = 7 Hz, Harom), 7.30 (t, 2 H, J = 7 Hz, Harom),

6.10 (d, 2 H, J = 5 Hz, Harom), 2.80 (br m, 2H, PCy), 2.54 (m, 2 H, PCy), 2.34 – 2.20

(overlapping resonances, 6 H, PCy), 2.14 (br s, 10 H, PCy + NMe2), 2.01 (m, 3 H, PCy),

1.88 – 1.13 (overlapping resonances, 25 H, PCy), 0.97 (s, 3 H, SiMe), 0.86 (m, 4 H, PCy).
13C{1H} NMR (125.8 MHz, benzene-d6): δ 163.1 (apparent t, J = 28 Hz, Carom), 147.2

(Carom), 132.8 (apparent t, J = 13Hz, CHarom), 130.0 (CHarom), 128.8 (CHarom), 127.1

(CHarom), 107.2 (CHarom), 39.1 (apparent t, J = 13 Hz, CHCy), 38.6 (CH3pyridine), 38.2

(apparent t, J = 8 Hz, CHCy), 31.3 (CH2Cy), 31.1 (CH2Cy), 30.6 (CH2Cy), 30.1 (CH2Cy),

28.6 – 26.7 (overlapping resonances, CH2Cy), 10.3 (SiMe). 31P{1H} NMR (202.5 MHz,

benzene-d6): δ 53.0 (d, JRhP = 178 Hz). 29Si NMR (99.4 MHz, benzene-d6): δ 59.9.  X-

Ray quality crystals of 3-38 were grown from a concentrated Et2O/THF solution at -30

°C.

[Cy-PSiP]Rh(H)NH(NCPh2) (3-40). A solution of Me3SiCH2Li (0.019 g, 0.21

mmol) in ca. 8 mL of benzene was added to a solution of 2-2 (0.150 g, 0.21 mmol) in ca.

8 mL of benzene.  An immediate color change from yellow to red was observed.  A

solution of benzophenone hydrazone (0.040 g, 0.21 mmol) was added to the reaction

mixture, and the solution was heated at 65 C for 14 h.  A gradual color change from red

to dark orange was observed.  The reaction mixture was evaporated to dryness, and the

remaining residue was extracted with ca. 15 mL of benzene.  The benzene extract was

filtered through Celite and the filtrate was dried under vacuum.  The remaining solid

residue was triturated with pentane (3  5 mL) to afford 3-40 as an orange solid (0.160 g,

86%). 1H NMR (300K, 500 MHz, benzene-d6): δ 8.35 (br s, 1 H, Harom), 8.03 (d, 2 H, J

= 7 Hz, Harom), 7.95 (d, 2 H, J = 8 Hz, Harom), 7.44 (m, 2 H, Harom), 7.35 – 7.23

(overlapping resonances, 6 H, Harom), 7.13 – 7.06 (overlapping resonances, 5 H, Harom),
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4.99 (br s, 1 H, NH), 2.80 (br m, 2 H, PCy), 2.40 (m, 4 H, PCy), 2.16 (m, 2 H, PCy), 2.03

– 1.11 (overlapping resonances, 32 H, PCy), 0.98 (s, 3 H, SiMe), 0.80 (m, 4 H, PCy), -

17.33 (apparent q, 1 H, J = 16 Hz, Rh-H). 13C{1H} NMR (125.8 MHz, benzene-d6): δ

159.4 (apparent t, J = 23 Hz, Carom), 142.8 (Carom), 142.7 (Carom), 140.0 (Carom), 138.1

(Carom), 132.4 (apparent t, J = 9 Hz, CHarom), 131.9 (CHarom), 131.2 (CHarom), 129.9

(CHarom), 129.6 (CHarom), 127.6 (CHarom), 127.4 (CHarom), 125.6 (CHarom), 124.9 (CHarom),

34.7 (apparent t, J = 11 Hz, CHCy), 34.0 (apparent t, J = 10 Hz, CHCy), 31.0 (CH2Cy), 30.8

(CH2Cy), 28.0 (CH2Cy), 27.8 – 27.5 (overlapping resonances, CH2Cy), 26.9 (CH2Cy), 9.8

(SiMe). 31P{1H} NMR (202.5 MHz, benzene-d6): δ 63.1 (d, 2 P, JRhP = 126 Hz, Cy-

PSiP). 29Si NMR (99.4 MHz, benzene-d6): δ 41.9.  IR (Thin Film, cm-1): 3420 (br, w, N-

H), 2045 (m, Ir-H).

[Cy-PSiP]Rh(NH2-N=C(p-ClC6H5)2) (3-41). A solution of Me3SiCH2Li (0.010

g, 0.11 mmol) in ca. 2 mL of benzene was added to a solution of 2-2 (0.080 g, 0.11

mmol) in ca. 2 mL of benzene.  An immediate color change from yellow to red was

observed.  A solution of 4,4’-dichlorobenzophenone hydrazone (0.029 g, 0.11 mmol) was

added to the reaction mixture, and the solution was stirred at room temperature for 30

min.  A gradual color change from red to orange was observed.  The reaction mixture was

evaporated to dryness, and the remaining residue was extracted with ca. 8 mL of benzene.

The benzene extract was filtered through Celite and the filtrate was dried under vacuum.

The remaining solid residue was triturated with pentane (3  5 mL) to afford 3-41 as an

orange solid (0.088 g, 83%). 1H NMR (500 MHz, benzene-d6): δ 8.28 (d, 1 H, J = 7 Hz,

Harom), 7.95 (d, 1 H, J = 7 Hz, Harom), 7.88 (d, 2 H, J = 7 Hz, Harom), 7.78 (d, 1 H, J = 7

Hz, Harom), 7.66 (m, 1 H, Harom), 7.46 (m, 2 H, Harom), 7.29 (d, 2 H, J = 8 Hz, Harom), 7.21

– 7.06 (overlapping resonances, 4 H, Harom), 6.97 (d, 2 H, J = 7 Hz, Harom), 3.14 (br m, 2

H, PCy), 2.88 (m, 2 H, PCy), 2.26 – 0.81 (overlapping resonances, 37 H, PCy + SiMe,

SiMe at 0.99 ppm), 0.83 (m, 4 H, PCy), 0.56 (m, 2 H, PCy). 13C{1H} NMR (125.8 MHz,

benzene-d6): δ 156.8 (apparent t, J = 20 Hz, Carom), 142.1 (Carom), 13 (Carom), 138.1

(Carom), 132.4 (apparent t, J = 9 Hz, CHarom), 131.9 (CHarom), 131.2 (CHarom), 129.9
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(CHarom), 129.6 (CHarom), 127.6 (CHarom), 127.4 (CHarom), 125.6 (CHarom), 124.9 (CHarom),

34.7 (apparent t, J = 11 Hz, CHCy), 34.0 (apparent t, J = 10 Hz, CHCy), 31.0 (CH2Cy), 30.8

(CH2Cy), 28.0 (CH2Cy), 27.8 – 27.5 (overlapping resonances, CH2Cy), 26.9 (CH2Cy), 9.8

(SiMe). 31P{1H} NMR (202.5 MHz, benzene-d6): δ 47.3 (d, 2 P, JRhP = 113 Hz, Cy-

PSiP). 29Si NMR (99.4 MHz, benzene-d6): δ 46.2.

3.4.3 Crystallographic Solution and Refinement Details
Crystallographic data for each of 3-2, 3-8, 3-11, 3-22, 3-24·C6H6, 3-37, and 3-

38·Et2O were obtained at 193(±2) K on a Bruker D8/APEX II CCD diffractometer using

a graphite-monochromated Mo K ( = 0.71073 Å) radiation, employing a sample that

was mounted in inert oil and transferred to a cold gas stream on the diffractometer.

Programs for diffractometer operation, data collection, and data reduction (including

SAINT) were supplied by Bruker.  Gaussian integration (face-indexed) was employed as

the absorption correction method in each case. The structure for 3-24·C6H6 was solved

by the use of direct methods, while all remaining structures were solved by use of the

Patterson search/structure expansion. All structures were refined by use of full-matrix

least-squares procedures (on F2) with R1 based on Fo
2 (Fo

2) and wR2 based on Fo
2  –

3(Fo
2). Unless otherwise specified, anisotropic displacement parameters were

employed throughout for the non-hydrogen atoms.  During the solution and refinement

process for 3-11 disorder involving the Ir-NHAd group was identified.  The nitrogen atom

of the disordered Ir-NHAd group was refined anisotropically over two positions, where

N1A was refined with an occupancy factor of 0.55 and N1B was refined with an

occupancy factor of 0.45. The Ir–N1A and Ir–N1B distances were constrained to be

equal (within 0.05 Å) during refinement. The carbon atoms of the disordered Ir-NHAd

group were refined over two positions, where C50A - C59A were refined with an

occupancy factor of 0.55, while C50B - C59B were refined with an occupancy factor of

0.45. The following groups of chemically-equivalent atoms were refined with common

isotropic displacement parameters: {C50A, C50B}, {C51A, C55A, C56A, C51B, C55B,
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C56B}, {C52A, C54A, C57A, C52B, C54B, C57B}, {C53A, C58A, C59A, C53B,

C58B, C59B}. The N1A–C50A and N1B–C50B distances were constrained to be equal

(within 0.03 Å) during refinement.  The C–C bond distances within the two conformers

of the disordered 1-adamantyl group were constrained to be equal (within 0.03 Å) to a

common refined value. During the structure solution process for 3-24·C6H6 an

equivalent of benzene was located in the asymmetric unit and refined in a satisfactory

manner. During the structure solution process for 3-38·Et2O an equivalent of diethyl

ether was located in the asymmetric unit and refined in a satisfactory manner. The Ir-H

in 3-8 was not located in the difference map. Instead, an initial Ir-H position similar to

that found in related complexes such as 2-7 was selected, and in the subsequent

refinement cycles the Ir-H distance was fixed (1.55 Å) and the other parameters (X-Ir-H

angles, Ir-H thermal parameter) were allowed to vary.  The Ir-H position in 3-8 following

refinement in this manner was similar to that found in 2-7. The Ir-H atoms in 3-2, 3-11,

3-22, and 3-24·C6H6 were each located in the difference map and refined isotropically.

The N-H atoms in 3-22, 3-24·C6H6 and 3-37 were each located in the difference map and

refined isotropically.  Otherwise, all hydrogen atoms were added at calculated positions

and refined by use of a riding model employing isotropic displacement parameters based

on the isotropic displacement parameter of the attached atom. Additional

crystallographic information is provided in Appendix A.
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Chapter 4: Attempts Towards the Insertion of Unsaturated Substrates
into [R-PSiP]Ir Amido Hydride Complexes

4.1 Introduction
Transition metal catalyzed amination chemistry of alkenes and alkynes represents

a versatile methodology for forming new C-N bonds, ideally through the use of the most

abundant source of nitrogen, ammonia.  Classic methods to synthesize amines involve

either substitution reactions of alkyl halides or reductive amination chemistry where

carbonyl groups are converted to amines.  Unfortunately, these methods are often

unselective and have poor atom economy.  Transition metal catalyzed methods for the

formation of C-N bonds, therefore, have emerged as a promising methodology for the

synthesis of amines.  More specifically hydroamination, or the formation of a new C-N

bond via addition of an N-H bond across an unsaturated substrate, has recently become a

prolific research area.74 Significant challenges remain associated with this reaction.

Notably, the intermolecular hydroamination of unactivated alkenes with simple amines

(alkyl, aryl, or ammonia) is rare.75

The development of hydroamination processes that operate via N-H bond

oxidative addition to a metal center may provide a new pathway for accessing such

intermolecular amination reactions.  A proposed cycle for the hydroamination of

unsaturated substrates via N-H bond activation is shown in Figure 4-1.  In addition to

challenging N-H bond oxidative addition, the cycle also features an intermolecular

transfer of an amido group to an olefin through insertion chemistry.  Currently, there are

few examples of insertion of unactivated olefins into the M-N bond of isolated amido

complexes,38b,76 which stands in contrast to the breadth of chemistry focused on transfer

of alkyl or aryl groups to olefins by insertion mechanisms.77 A seminal example of this

type of chemistry was pubished by Milstein and co-workers on the IrI catalyzed

hydroamination of the activated alkene norbornene with aniline via a catalytic cycle

related to that shown in Figure 4-1.38b However, this system was limited to the amination
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of norbornene with aniline and required the stoichiometric addition of the Lewis acid

ZnCl2 to achieve relatively poor turnover numbers (TON) of 2-6.38b

Figure 4-1. Proposed catalytic cycle for the functionalization of amines via N-H bond
oxidative addition to LnM

In more recent examples, the Hartwig group has reported a monomeric rhodium

arylamido complex (PEt3)3RhNHAr that reacts with excess (15-30 equiv) styrene, 1-

hexene or 1-propene to generate products containing new C-N bonds, resulting from

insertion of the olefin into the Rh-amide bond. (Scheme 4-2A).76a Moreover, ethylene

was also observed to insert into the Pd-N bond of isolated Pd amido complexes, with

evidence for an intermediate that features ethylene coordinated to the metal center of a Pd

amido species (Figure 4-2B).76b,c Although the Rh and Pd amido complexes studied by

Hartwig and co-workers were not generated by N-H bond oxidative addition, this work

establishes precedent for the formation of intermediates that contain both an amido ligand

and a coordinated alkene on the pathway to migratory insertion into a metal-amido

linkage.
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Figure 4 -2. Formation of (A) new C-N bonds by insertion of alkenes into a Rh-N bond
and (B) an ethylene amido intermediate proposed by Hartwig and co-workers102a,b

Comparably, the iridium catalyzed intermolecular addition of N-H bonds of

anilines, benzamides, and sulfonamides to bicyclic alkenes was recently reported to

involve N-H bond oxidative addition steps followed by alkene migratory insertion to

form the new C-N bond.78 Therefore, the incorporation of N-H bond oxidative addition

steps into the hydroamination process may provide new pathways for accessing

intermolecular amination chemistry.  Towards these ends, the work presented in this

chapter will detail stoichiometric studies involving the insertion chemistry of complexes

of the type [R-PSiP]Ir(H)NHR’ (R = Cy, iPr; R’ = H, alkyl, aryl).

4.2 Results and Discussion

4.2.1 Reactivity of [R-PSiP]Ir(H)(NHR’) Complexes with Simple
Alkenes and Alkynes

To investigate the insertion chemistry of [R-PSiP]Ir(H)(NHR’) (R = Cy, iPr; R’ =

H, alkyl, aryl), the complexes [Cy-PSiP]Ir(H)(NHPh) (2-6), [Cy-PSiP]Ir(H)(NHtBu) (3-

9), [Cy-PSiP]Ir(H)(NH2) (2-10), and [iPr-PSiP]Ir(H)NH2 (3-7) were selected as

representative products of the N-H bond oxidative addition process described in previous

chapters.  Correspondingly, reactions of these complexes with unactivated alkenes and

alkynes were attempted.  Treatment of either 2-6 or 3-9 with 1 or 20 equiv of 1-hexene in

benzene-d6 solution did not result in any reactivity (by 1H and 31P NMR), even after

heating of the reaction mixtures for up to 2 days at 70 °C. Similar treatment of a
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benzene-d6 solution of 2-10 or 3-7 with 1-hexene (10-20 equiv) and subsequent heating

at 70 oC appeared to leave 2-10 and 3-7 intact (by 1H and 31P NMR), while also giving

rise to new olefinic resonances between 4 and 6 ppm in the 1H NMR spectrum of the

reaction mixtures.  The appearance of new olefinic resonances likely results from

isomerization of the terminal double bond in 1-hexene to an internal position via insertion

of the olefin into the Ir-H bond, followed by subsequent β-hydride elimination, which

would regenerate 2-10 or 3-7 (Scheme 4-1).  This result was somewhat surprising as

some computational studies have suggested that it is more favorable for olefins to insert

into the M-N bond of a late transition metal amido hydride complex, rather than insert

into the M-H bond.79

Scheme 4-1.  Proposed isomerization of 1-hexene by [R-PSiP]Ir(H)(NH2)

The insertion of the simplest alkene, ethylene, was also attempted.  Reaction

mixtures of the appropriate amido hydride complex in benzene-d6 were degassed via

three freeze-pump-thaw cycles and ethylene gas (ca. 1 atm) was added to the reaction
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mixture.  In all experiments, no initial reaction was observed and subsequent heating (up

to 100 oC) led to no further reaction.  Specifically, when 2-10 was treated with excess

ethylene in this manner, no reaction was observed upon heating for 3 days at 65 oC,

followed by heating for 4 days at 80 oC, and subsequent heating for 1 day at 100 oC.

Conversely, since the ethylene coordination product [Cy-PSiP]Ir(C2H4) (2-3) could be

isolated, the hydroamination of 2-3 with ammonia was also attempted.  Unfortunately

degassing a cyclohexane-d12 solution of 2-3 and introduction of 1 atm of anhydrous

ammonia did not produce any new product and no reactivity was observed, even after

heating for 3 days at 65 oC, followed by heating for 4 days at 80 oC.  During the course of

these experiments Leitner and coworkers published a theoretical study examining the

potential of (PCP)Ir and (PSiP)Ir complexes to mediate intermolecular hydroamination of

ethylene with ammonia.80 This work assessed the potential of two types of catalytic

cycles where (i) coordination of ethylene to an amido hydride  complex followed by

insertion into either the Ir-H or Ir-NH2 bond and subsequent NH3 coordination allowing

for σ-bond metathesis or (ii) initial generation of an Ir-NH3 adduct followed by N-H bond

oxidative addition to form the amido hydride complex which coordinates ethylene,

undergoes migratory insertion into Ir-H or Ir-NH2, resulting in species that undergoes

reductive elimination of ethylamine. In the (PSiP)Ir case, it was found that the energetic

barriers for the catalytic turnover for the hydroamination of ethylene with ammonia

would not be surmountable experimentally in either σ-bond metathesis (ΔG‡ = 26.3 –

54.7 kcal/mol) or oxidative addition/reductive elimination pathways (ΔG‡ = 26.3 – 40.1

kcal/mol). The same barriers in the (PCP)Ir system were also insurmountable

experimentally (ΔG‡ = 19.8 – 67.9 kcal/mol).80

When 20 equiv of phenylacetylene was added to a benzene-d6 solution of the aryl

amido hydride complex 2-6 or the alkyl amido hydride complex 3-9, spectroscopic

analysis of the reaction mixture revealed the quantitative formation of a new product (4-

1), as indicated by the appearance of a new 31P NMR resonance at 39.0 ppm. The 1H

NMR spectrum of complex 4-1 does not contain a hydride resonance.  Comparably, when



157

the parent amido hydride complex 2-10 was treated with excess (five equiv) of

phenylacetylene, an immediate reaction to form 4-1 in 70% yield by 31P NMR

spectroscopy. The tentative assignment of 4-1 as a alkyne adduct [Cy-PSiP]Ir(Ph-C≡C-

H) (Scheme 4-2), from the elimination of an equivalent of NH2R (R = H or tBu) could not

be definitively confirmed. Complex 4-1 was isolated in 72 % yield, and featured a 1H

NMR resonance at 5.65 ppm could be due to an acetylene C-H (correlating to a 13C NMR

resonance at 121.3 ppm in a 1H-13C HSQC experiment) or from an enyne coordinated

organometallic product resulting from insertion of a second equivalent of

phenylacetylene into an iridium alkynyl bond. Complex 4-1 could not be prepared by

generation of [Cy-PSiP]IrI (from 2-1 and TMSCH2Li in cyclohexane solution) and

subsequent treatment with phenylacetylene (Scheme 4-2).  No immediate reaction was

observed upon addition of phenylacetlyene to [Cy-PSiP]IrI and heating of the reaction

mixture for 14 h at 70 oC led to an intractable mixture of products (31P NMR). In

relation, treatment of 3-7 with 10 equivalents of phenylactylene showed >90%

conversion to a new product at 45.8 ppm (31P NMR).  As in the case of 4-1, the identity

of 4-2 was not straightforward and although 4-2 could be [iPr-PSiP]Ir(Ph-C≡C-H)

(Scheme 4-2), an iridium enyne product could also be postulated. 4-2 was generated by

independent synthesis through generation of [iPr-PSiP]IrI (from 3-2 and TMSCH2Li in

cyclohexane solution) and subsequent treatment with excess phenylacetylene. Complex

4-2 was isolated in 88% yield as a bright orange solid and features a 1H NMR (benzene-

d6) acetylene C-H resonance at 5.76 ppm (correlates to a 13C NMR resonance at 121.4

ppm in a 1H-13C HSQC experiment). Further investigation is required to unambiguously

assign the structure of 4-1 and 4-2.



158

Scheme 4-2. Formation of iridium alkyne adducts [R-PSiP]Ir(R1-C≡C-R2) (4-1 – 4-8)

Treatment of complexes 2-6, 3-9, 2-10 and 3-7 with diphenylacetylene, which led

to the formation of the iridium alkyne adducts [R-PSiP]Ir(Ph-C≡C-Ph) (4-3, R = Cy; 4-4,

R = iPr; Scheme 4-2). Treatment of 2-6 with one equivalent of diphenylacetylene led to

no initial reaction at room temperature.  Monitoring the reaction by 31P NMR

spectroscopy showed that upon heating the reaction mixture for 3 days at 65 oC, a new

product (4-3), giving rise to a resonance at 50.4 ppm, began to form. Continued heating

at 80 oC (3 days) led to a 1:1 mixture of 2-6:4-3. 1H NMR analysis of this reaction

mixture (benzene-d6) indicated that 4-3 does not give rise to an Ir-H resonance.

Similarly, treatment of 3-9 with one equivalent of diphenylacetylene and subsequent

heating for 4 days at 65 oC led to the quantitative (31P NMR) formation of 4-3. Complex

2-10 did not react with one equivalent of diphenylacetylene upon addition. However,

after heating for 4 days at 65 oC, a 30 % conversion to 4-3 was noted (31P NMR).

Continued heating of this reaction mixture at 100 oC for 2 days did not lead to further
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clean conversion to 4-3, resulting instead in the formation of an intractable mixture of

products. Moreover the reaction of 3-7 with 10 equivalents of diphenylacetylene showed

50 % conversion by 31P NMR (benene-d6) to a new product at 57.0 ppm (4-4) with no

new hydride appearing in the 1H NMR. Prolonged reaction times (1 week) and elevated

temperatures (65 oC) did not lead to further conversion to 4-4 and decomposition was

observed. Both alkyne adducts 4-3 and 4-4 were prepared independently in 95 and 89 %

isolated yields, by treating cyclohexane solutions of in situ generated [R-PSiP]IrI with

one equivalent of diphenylacetylene (Scheme 4-2). The 13C NMR spectra of 4-3 and 4-4

feature resonances at 143.9 and 143.2 ppm, respectively, for the alkynyl carbon atoms.

The reactivity of 1-phenyl-1-propyne (Ph-C≡C-Me) with complexes 2-6, 3-9, 2-

10 and 3-7 was also investigated. No reaction was observed upon treatment of these

amido hydride complexes with one equivalent of 1-phenyl-1-propyne at room

temperature, and subsequent heating for 12 h at 70 oC led to complex reaction mixtures

(by 31P NMR) from which no pure product could be isolated. The synthesis of the alkyne

coordination products [R-PSiP]Ir(Ph-C≡C-Me) (R = Cy, 4-5; R = iPr, 4-6) was attempted

in order to determine if 4-5 or 4-6 were generated in the course of these reactions.

Treatment of a cyclohexane solution of in situ generated [R-PSiP]IrI with one equivalent

of 1-phenyl-1-propyne led to the clean generation of 4-5 and 4-6 (Scheme 4-2), which

were isolated as orange powders in 91 and 98% yield.  Unlike 4-1 – 4-4, which each

feature one 31P NMR resonance corresponding to the symmetry equivalent phosphino

donors of the silyl pincer ligand, 4-5 and 4-6 each gave rise to two doublets centered at

55.8 and 48.6 ppm (2JPPcis = 24 Hz), as well as 63.8 and 56.6 (2JPPcis = 75 Hz) in the 31P

NMR spectrum of the isolated complex, consistent with nonequivalent phosphino groups.

The 1H NMR spectrum indicates that this complex adopts a C1-symmetric structure

where the Cy-PSiP ligand is bound in a facial manner as the ligand halves are

inequivalent.  Furthermore the resonance corresponding to the Me group of the

coordinated Ph-C≡C-Me correlates to the Cy-PSiP ligand Si in a 1H-29Si HMBC

experiment, which suggests the possibility of an interaction of the Me group with the Ir
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metal center (Figure 4-3). Having rationally synthesized the 1-phenyl-1-propyne adduct,

analysis of the reaction mixtures of the amido hydride complexes with 1-phenyl-1-

propyne reveal the presence of either 4-5 or 4-6.  For 2-6, 3-9, and 2-10, after 4 days at

70 oC about 45, 40, and 50% conversion to 4-5 was noted, whereas 40% conversion to 4-

6 was observed for 3-7.

Figure 4-3. Proposed structure of [R-PSiP]Ir(Ph-C≡C-Me) (4-5, R = Cy; 4-6, R = iPr)

Lastly, the reactivity of aliphatic alkynes with complexes 2-6, 3-9, 2-10 and 3-7

was also investigated. Treatment of these amido hydride species with 1-hexyne resulted

in complex reaction mixtures from which no clean products could be isolated. In

contrast, treatment of 2-6 and 3-9 with one equivalent of 3-hexyne did not show any

reaction, even upon heating (2 days at 70 oC).  However, treatment of the parent amido

hydride complex 2-10 with one equivalent of 3-hexyne and subsequent heating at 70 oC

(12 h) gave rise to a new product (4-7, 40% conversion by 31P NMR) that features a 31P

NMR resonance at 53.3 ppm. Complex 4-7 was also generated upon treatment of [Cy-

PSiP]IrI with 3-hexyne, and is assigned as the corresponding alkyne adduct [Cy-

PSiP]Ir(Et-C≡C-Et) (Scheme 4-2). Consistent with this formulation, the 1H NMR

spectrum of isolated 4-7 does not feature an Ir-H resonance, while the 13C NMR spectrum

features a resonance at 161.0 ppm corresponding to the alkyne carbons. Similarly

reaction of 3-7 with 10 equivalents of 3-hexyne followed by heating at 70 oC for 3 days

produced the alkyne adduct [iPr-PSiP]Ir(Et-C≡C-Et) (4-8) quantitatively by 31P NMR.

Complex 4-8 was alternatively prepared by treatment of in situ generated [iPr-PSiP]IrI

with 10 equivalents of 3-hexyne and subsequent heating for 14 h at 70 oC. The 1H NMR
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spectrum of 4-8 does not reveal a hydride resonance and the 13C NMR spectrum exhibits

a resonance at 161.5 ppm for the alkyne carbons.

4.2.2 Reactivity of [R-PSiP]Ir(H)(NHR’) Complexes with Activated
Alkenes and Allenes

Due to the lack of alkene and alkyne insertion chemistry noted thus far for

complexes 2-6, 3-9, 2-10 and 3-7, the reactivity of activated alkene substrates was

investigated with the hope of promoting C-N bond formation processes.  In light of the

report by Milstein and coworkers of an IrI complex that catalyzed the addition of aniline

across the olefin of norbornene (nbe) via a pathway involving N-H bond oxidative

addition steps,46b the reactivity of norbornene was investigated initially. Treatment of 2-6

or 3-9 with one or 20 equivalent of norbornene did not lead to any observed reactivity,

even after prolonged heating (7 days at 70 °C) of the reaction mixture. Similar reactions

were attempted with the parent amido hydride 2-10 and treatment of a benzene-d6

solution of 2-10 with 20 equivalents of norbornene led to complete conversion to two

new products (4-9a and 4-9b, 31P NMR) upon heating for 2 days at 70 °C. 31P NMR

spectroscopy indicated that these two complexes were present in a 3:2 ratio, as indicated

by two resonances at 62.7 (4-9a) and 61.1 ppm (4-9b). No hydride resonance was

observed in the 1H NMR spectrum of the product mixture. Attempts to isolate either

product from this reaction mixture were unsuccessful.  To confirm the identity of 4-9a

and 4-9b, a cyclohexane solution of in situ generated [Cy-PSiP]IrI was treated with one

equivalent of norbornene to form the same 3:2 product ratio (31P NMR) of 4-9a and 4-9b.

Heating a solution (3 days at 75 oC) of 4-9a and 4-9b did not result in conversion to

either product and attempts to separate the products were not successful. These results

suggest that 4-9a and 4-9b likely correspond to isomeric versions of an Ir norbornene

complex (Scheme 4-3). During the course of these investigations, Shimada and co-

workers published the synthesis of [Cy-PSiP]Ir(H)4, and reported that this complex
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reacted with three equivalents of norbornene to yield the same mixture of 4-9a and 4-9b,

which the authors also describe as a mixture of isomers.15o The authors were able to

obtain a crystal structure of [Cy-PSiP]Ir(nbe), where back bonding from Ir to the

coordinated norbornene was noted based on the elongated C-C bond distance of

1.433(4)Å (cf. 1.334(1) Å in free norbornene).15o

Scheme 4-3. Synthesis of [Cy-PSiP]Ir(nbe) isomers (4-9a,b)

Styrene, methyl acrylate, and dimethoxyacetylene dicarboxylate were also

investigated as substrates in a similar series of reactions with 2-6, 3-9, 2-10 and 3-7. In

the case of styrene, an excess (10-20 equivalents) was added to benzene-d6 solution of the

appropriate amido hydride complex and the course of the reactions were monitored by
31P and 1H NMR spectroscopy. No reactivity was observed even after prolonged heating

at elevated temperatures (up to 4 days at 65 °C and 2 days at 100 °C).

Treatment of both 2-6 and 3-9 with one equivalent of methyl acrylate showed no

initial reactivity and heating of the reaction mixtures for 14 h at 70 °C produced multiple

unidentified products. In contrast, treatment of a benzene-d6 solution of 2-10 with one

equivalent of methyl acrylate led to the immediate formation of a new product (4-10)

featuring a 31P NMR resonance at 43.0 ppm. Attempts to isolate this product led to

decomposition, however in situ (benzene-d6) characterization revealed that 4-10 features

olefinic resonances at 7.23 (1H-13C HSQC), 5.38 (br d, 1 H, 3JHHtrans = 13 Hz,) and 4.62

(d, 1 H, 3JHHcis = 7 Hz), as well as a hydride resonance at -18.63 ppm (t, 2JHP = 18 Hz).

A resonance at 165.8 ppm in the 13C NMR was observed for the CO group. Based on this
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data, 4-10 is proposed to be [CyPSiP]Ir(H)(OC(NH2)(OMe)CH=CH2) containing either

an O,O or N,O κ2-ligand (Scheme 4-4). This product would result from an insertion of

the C=O group of methyl acrylate into the Ir-N bond.

The related reactions of 2-6, 3-9, 2-10 and 3-7 respectively, with one equivalent

of dimethoxyacetylene dicarboxylate resulted in intractable mixtures (31P NMR) from

which no pure product could be isolated.  This is not surprising given the reactive nature

of this activated alkyne and the potential for decarbonylation chemistry.

The allene 3-methyl-1,2-butadiene was also reacted with benzene-d6 solutions of

the amido hydride complexes 2-6, 3-9, 2-10 and 3-7.  In all cases no initial reactivity was

observed and both metal complex and free 3-methyl-1,2-butadiene were observed in the
1H NMR. Unremarkably, heating the reaction mixture at 70 °C for 3 days did not show

any change.

Scheme 4-4. Synthesis of [CyPSiP]Ir(H)(OC(NH2)(OMe)CH=CH2) (4-10)

4.2.3 Reactivity of [Cy-PSiP]Ir(H)(NHR’) Complexes with Unsaturated
Substrates that Possess Polar C-X (X = O or N) Multiple Bonds

A natural extension of the chemistry described so far includes a study of the

reactivity of [Cy-PSiP]Ir amido hydride complexes with substrates containing C=O,

C≡O, and C≡N bonds. The reactivity of other late transition metal amido complexes with

these types of substrates have been reported in the literature to probe the basicity of the

coordinated nitrogen.81 Insertion into the N-H bond of (Cp*)(PMe3)(Ph)Ir(NH2) was

observed with isocyanates, carbodiimides, whereas the reactivity of isocyanides lead to
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loss of NH3 and generation of an unusual η4-tetramethyl fullvene complex.81e The

reaction of (DMPE)2Ru(H)NH2 with phenylacetonitrile resulted in deprotonation of

phenylacetonitrile and loss of NH3.81c Furthermore, insertion of CO2 and

dimethoxyactylene dicarboxylate into the M-N or M-H bond of the Ni anilide complex

Ni(PMe3)2(NHPh)(Mes) has been reported.81h Perhaps the most extensive example of

insertion chemistry with late transition metal amide complexes involved the reactivity of

[PCP]Ru(CO)(PMe)(NHPh) with nitriles, carbodiimides, isocyanates and

benzaldehyde.81i The resulting complexes were formed via coordination followed by

insertion of the unsaturated substrate into the Ru-N bond to form κ2-ligands.81i Based on

the extent of reactivity possible, probing the chemistry of [R-PSiP]Ir amido hydride

complexes with similar polar substrates is part of a complete study of insertion chemistry.

Benzene-d6 solutions of 2-6, 3-9, and 2-10 were degassed via freeze-pump-thaw

cycles and an excess of CO (~1 atm) was added to the reaction mixtures. In all cases,

analysis of the reaction mixtures by 31P and 1H NMR spectroscopy indicated the

formation of multiple hydride-containing products, but prolonged reaction times and

temperatures did not lead to the formation of a single isolable species.

Addition of either one or five equivalents of benzaldehyde to a benzene-d6

solution of 2-6 at room temperature resulted in the formation of two new products that

exhibited 31P NMR resonances at 53.6 and 47.9 ppm, respectively.  Attempts to drive the

reaction to one of these products by heating at 70 °C led to the formation of an intractable

mixture of products. Alternatively, when five equivalents of benzaldehyde were added to

a benzene-d6 solution of 3-9, 31P NMR analysis of the reaction mixture indicated the

formation of a single product (4-11) featuring a resonance at 53.6 ppm (31P NMR). The
1H NMR spectrum of 4-11 displayed an Ir-H resonance at -26.54 ppm (t, 2JHP = 16 Hz).

Complex 4-11 was isolated in 78% yield and featured a 13C NMR shift at 177.2 ppm as

well as a C=O stretch at 1721 cm-1 by IR spectroscopy. This complex decomposes in

benzene-d6 solution to unidentified products.  Based on this data, complex 4-11 is

tentatively proposed to be the acyl hydride complex [Cy-PSiP]Ir(H)C(O)Ph (Scheme 4-
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5).  Attempts to obtain crystals to unambiguously identify 4-11 have thus far remained

ineffective. These types of acyl complexes with open coordination sites on the metal

center typically undergo decarbonylation or reductive elimination of the aldehyde.82

However, there are examples of stable coordinatively unsaturated acyl hydride complexes

that have been isolated83 including a comparable (Cp*)(PMe)3Ir(H)C(O)Ph which only

underwent decarbonylation during thermolysis.83e

Complex 4-11 could result from elimination of NH2
tBu upon coordination of

benzaldehyde, followed by Ir-mediated C-H bond cleavage of the aldehydic C-H to yield

the observed product (Scheme 4-5). Similarly, the reaction of 2-10 with five equivalents

of benzaldehyde also led to the rapid formation of 4-11 (1H and 31P NMR), likely via loss

of NH3.

Scheme 4-5. Potential mechanism for formation of [Cy-PSiP]Ir(H)C(O)Ph (4-11)

The reaction of 2-6 with one equivalent of xylyl isocyanide at room temperature

led to the first observation of clean insertion chemistry into the Ir-N linkage of [Cy-

PSiP]Ir(H)(NHR) species.  The insertion product [Cy-PSiP]Ir(H)(C(NHPh)(N(2,6-

Me2C6H3)) (4-12) was isolated as an orange solid in 98% yield (Scheme 4-6). The 31P

NMR spectrum of 4-12 exhibited a single resonance at 34.9 ppm, consistent with the

formation of a Cs-symmetric complex.  In addition, the 1H NMR spectrum (benzene-d6)

of the product featured a hydride resonance at -19.29 (t, 2JHP = 17 Hz), and a singlet at

2.50 ppm that was assigned to the ortho-Me substituents of the xylyl fragment.  An IR

stretch of 1591 cm-1 was also found to correspond to the C=N group of the insertion
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product. Unfortunately, reacting 3-9 with one or two equivalents of xylyl isocyanide

generated multiple products that were not isolated.

Scheme 4-6. Synthesis of the insertion products [Cy-PSiP]Ir(H)(C(NHPh)(N(2,6-
Me2C6H3)) (4-12) and [Cy-PSiP]Ir(H)(CN(2,6-Me2C6H3))(C(NH2)(N(2,6-Me2C6H3)) (4-
13)

When analogous reactivity was attempted with 2-10, a different insertion product

resulted.  Treatment of 2-10 with one equivalent of xylyl isocyanide initially resulted in a

1:1 mixture of two products giving rise to 31P NMR resonances at 41.5 and 40.7 ppm,

respectively. Addition of a second equivalent of xylyl isocyanide led to complete

conversion to the complex giving rise to the latter resonance (4-13), which was obtained

as a orange solid in 84% isolated yield (Scheme 4-6). The solid state structure of 4-13

was determined by the use of single crystal X-ray crystallographic techniques (Figure 4-

4, Table 4-1) and revealed a six-coordinate complex featuring one equivalent of xylyl

isocyanide coordinated to the Ir metal center and a second inserted into the Ir-N bond of

the parent amido complex to form a complex of the type [Cy-PSiP]Ir(H)(CN(2,6-

Me2C6H3))(C(NH2)(N(2,6-Me2C6H3)).  The coordinated xylyl isocyanide ligand had a C-

N bond distance of 1.167(5) Å, consistent with a C-N triple bond.  The inserted xylyl

isocyanide group had C-N bond distances of 1.285(5) Å and 1.387(5) Å, for the C=NAr
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and C–NH2 groups, respectively. The 13C NMR spectrum of 4-13 (benzene-d6) featured

a single set of [Cy-PSiP] ligand backbone aromatic resonances, as well as resonances at

171.6 and 68.2 ppm, consistent with the C≡N fragment of the xylyl isocyanide ligand

coordinated Ir and the N=C–NH2 fragment of the inserted xylyl isocyanide, respectively.

Furthermore, the IR spectrum of 4-13 featured bands at 2117 (C≡N) and 1590 (C=N).

Notably, when two equivalents of xylyl isocyanide were added to 2-6, coordination of a

second equivalent to the Ir center was not observed.  The difference in reactivity between

2-6 and 2-10 with xylyl isocyanide may be attributed to steric hindrance involved in

coordination of the second equivalent of xylyl isocyanide when the insertion product

contains a N-Ph rather than N-H substituent.

Figure 4-4. The crystallographically determined structure of 4-13, shown with 50%
displacement ellipsoids. With the exception of H1 and N-H, some C atoms, all H atoms
as well as the Et2O and solvate have been omitted for clarity.

Table 4-1. Selected interatomic distances (Å) and angles (º) for 4-13∙OEt2
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Bond Lengths (Å)

Ir-P1 2.3414(18) Ir-C2 2.177(6)
Ir-P2 2.2488(18) Ir-I0 2.6982(6)
Ir-Si 2.2810(18)

Bond Angles (º)

P1-Ir-P2 97.53(6) Si-Ir-I0 124.29(5)
Si-Ir-C2 89.22(18)

4.3 Conclusions
The work detailed in this chapter was initiated to investigate the propensity for

bis(phosphino)silyl Ir amido hydride complexes [R-PSiP]Ir(H)NHR’ (R = Cy, iPr; R’ =

H, alkyl, aryl) to insert unsaturated substrates into Ir-N or Ir-H bonds.  This type of

reactivity could provide insight into new or improved amination chemistry based on

complexes derived from N-H oxidative addition.

Stoichiometric studies involving representative amido hydride complexes [Cy-

PSiP]Ir(H)(NHPh) (2-6), [Cy-PSiP]Ir(H)(NHtBu) (3-9), [Cy-PSiP]Ir(H)(NH2) (2-10), and

[iPr-PSiP]Ir(H)(NH2) (3-7) began with unactivated alkenes and alkynes. In most

instances, insertion chemistry was not observed and instead elimination of the

corresponding amine and formation of the IrI alkene/alkyne adduct resulted. Notably, the

reactivity of the parent amido hydride complexes 2-10 and 3-7 with 1-hexene did

promote the isomerization of 1-hexene to internal alkenes, which would be a direct

consequence of insertion into the Ir-H bond followed by β-hydride elimination.

To circumvent the challenging nature of this type of insertion process more

activated unsaturated substrates were targeted for further studies. The strained alkene

norbornene did not insert into the Ir-H or Ir-N bonds and instead an isomeric mixture of

norbornene coordinated IrI centers resulted.  Moreover, reactions with 3-methyl-1,2-

butadiene and dimethoxyacetylene dicarboxylate lead to no reactivity or complex

reaction mixtures. However, treatment of 2-10 with methyl acrylate lead to the first
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observation of insertion chemistry to form [Cy-PSiP]Ir(H)(NH2)(CH2CH(CO)OMe) (4-

11), representing a rare instance of C-N bond formation by a complex generated via N-H

bond oxidative addition. Unfortunately, this complex undergoes decomposition over

time in solution.

The reactivity of polar substrates containing multiple bonds was also probed.

Although no products were isolated from reaction mixtures of the amido hydride

complexes with CO, the reactivity of 3-9 and 2-10 with excess benzaldehyde resulted in

formation of a new product tentatively assigned as [Cy-PSiP]Ir(H)C(O)Ph (4-11). The

generation of this complex could result from initial amine loss, followed by C-H bond

cleavage of the aldehyde. Further reactivity was also observed in the reaction of the

strongly coordinating xylyl isocyanide [Cy-PSiP]Ir(H)(NHPh) (2-6) and [Cy-

PSiP]Ir(H)NH2 (2-10).  In both reactions, one equivalent of xylyl isocyanide cleanly

inserted into the Ir-N bond, and in the case of 2-6, the insertion product [Cy-

PSiP]Ir(H)(C(NHPh)(N(2,6-Me2C6H3)) resulted. Comparatively, the parent amido

hydride complex 2-10 coordinated a second equivalent of xylyl isocyanide to cleanly

generate [Cy-PSiP]Ir(H)(CN(2,6-Me2C6H3))(C(NH2)(N(2,6-Me2C6H3)) (4-13). These

latter two reactions with xylyl isocyanide represent a rare example of C-N bond

formation involving a metal amido fragment derived from N-H bond oxidative addition.

4.4 Experimental Section
4.4.1 General Considerations

All experiments were conducted under nitrogen in an MBraun glovebox or using

standard Schlenk techniques.  Dry, oxygen-free solvents were used unless otherwise

indicated.  All non-deuterated solvents were deoxygenated and dried by sparging with

nitrogen and subsequent passage through a double-column solvent purification system

purchased from MBraun Inc.  Tetrahydrofuran and diethyl ether were purified over two

activated alumina columns, while benzene, toluene, and pentane were purified over one

activated alumina column and one column packed with activated Q-5.  All purified
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solvents were stored over 4 Å molecular sieves. Benzene-d6 was degassed via three

freeze-pump-thaw cycles and stored over 4 Å molecular sieves.  The compounds [Cy-

PSiP]Ir(H)Cl,15b Me3SiCH2Li,65 and NpLi67 were prepared according to literature

procedures.  Anhydrous ammonia and ethylene were purchased from Air Liquide Canada

and used as received.  All other reagents were purchased from Aldrich and used without

further purification.  Unless otherwise stated, 1H, 13C, 31P NMR, 15N, and 29Si

characterization data were collected at 300K on a Bruker AV-500 spectrometer operating

at 500.1, 125.8, 202.5, 50.7 and 99.4 MHz (respectively) with chemical shifts reported in

parts per million downfield of SiMe4 (for 1H, 13C, and 29Si), MeNO2 (for 15N), or 85%

H3PO4 in D2O (for 31P). 1H and 13C NMR chemical shift assignments are based on data

obtained from 13C-DEPTQ, 1H-1H COSY, 1H-13C HSQC, and 1H-13C HMBC NMR

experiments. 29Si NMR assignments are based on 1H-29Si HMQC and 1H-29Si HMBC

experiments. 15N NMR assignments are based on 1H-15N HMQC experiments.  In some

cases, fewer than expected unique 13C NMR resonances were observed, despite

prolonged acquisition times.  Elemental analyses were performed by Canadian

Microanalytical Service Ltd. of Delta, British Columbia, Canada and by Columbia

Analytical Services of Tucson, Arizona.  Infrared spectra were recorded as Nujol mulls

between NaCl plates using a Bruker TENSOR 27 FT-IR spectrometer at a resolution of 4

cm-1.  X-ray data collection, solution, and refinement were carried out by Drs. Robert

MacDonald and Michael J. Ferguson at the University of Alberta X-ray Crystallography

Laboratory, Edmonton, Alberta.

4.4.2 Synthetic Details and Characterization Data
[Cy-PSiP]Ir(Ph-C≡C-H) (4-1). Ten equivalents of phenylacetylene (94.1 μL,

0.088 g, 0. 86 mmol) was added to a solution of 2-6 (0.075 g, 0.086 mmol) in ca. 5 mL

of benzene producing an immediate colour change to orange. The volatile components

were subsequently removed under vacuum, the remaining residue was triturated with

pentane (3 × 5 mL) to afford 4-1 as an orange powder (0.063 g, 83%). 1H NMR (500
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MHz, benzene-d6): δ 7.98 (d, 2 H, J = 7 Hz, Harom), 7.67 (d, 2 H, J = 7 Hz, Harom), 7.50

(m, 2 H, Harom), 7.38 (m, 2 H, Harom), 7.18 – 7.08 (overlapping resonances, 5 H, Harom),

5.65 (s, 1 H, C≡C-H), 3.06 (br t, 1 H, J = 12 Hz, PCy), 2.96 (br m, 2 H, PCy), 2.77 (br m,

1 H, PCy), 2.61 (br m, 2 H, PCy), 2.50 – 2.15 (overlapping resonances, 10 H, PCy), 1.90

(m, 2 H, PCy), 1.75 – 1.00 (overlapping resonances, 24 H, PCy), 0.89 (s, 3 H, SiMe),

0.712 (m, 2 H, PCy). 13C{1H} NMR (125.8 MHz, benzene-d6):  δ 168.2 (C≡C), 156.7

(apparent t, J = 19 Hz, Carom), 153.9 (Carom), 141.1 (apparent t, J = 28 Hz, Carom), 131.3

(apparent t, J = 10 Hz, CHarom), 130.3 (CHarom), 129.5 (CHarom), 129.0 (CHarom), 127.6

(CHarom), 126.1 (CHarom), 124.6 (CHarom), 121.3 (C≡C), 38.1 (apparent t, J = 16 Hz,

CHCy), 36.1 (apparent t, J = 15 Hz, CHCy), 33.0 (CH2Cy), 30.1 (CH2Cy), 29.0 (CH2Cy),

28.4 – 27.9 (overlapping resonances, CH2Cy), 27.3 (CH2Cy), 27.1 (CH2Cy), 26.7 (CH2Cy)

7.4 (SiMe). 31P{1H} NMR (202.5 MHz, benzene-d6): δ 39.0. 29Si NMR (99.4 MHz,

benzene-d6): δ 7.3. IR (thin film, cm-1): 2092 (m, C≡C).

[iPr-PSiP]Ir(Ph-C≡C-H) (4-2). A solution of 3-2 (0.150 g, 0.228 mmol) in ca. 5

mL of cyclohexane was treated with a 5 mL cyclohexane solution of Me3CCH2Li (0.0215

g, 0.0228 mmol). Phenylacetylene (125.0 μL, 0.115 g, 1.14 mmol) was added to the

reaction mixture, producing an immediate colour change to orange. The volatile

components were subsequently removed under vacuum, the residue was extracted with

ca. 5 mL of benzene, and the extract was filtered through Celite.  The filtrate was dried in

vacuo, and the remaining residue was triturated with pentane (3 × 5 mL) to afford 4-2 as

an orange powder (0.147 g, 88%). 1H NMR (500 MHz, benzene-d6): δ 7.97 (d, 2 H, J = 7

Hz, Harom), 7.55 (d, 2 H, J = 7 Hz, Harom), 7.37 (m, 2 H, Harom), 7.31 (t, 2 H, J = 7 Hz,

Harom), 7.19 – 7.06 (overlapping resonances, 5 H, Harom), 5.76 (br m, 1 H, C≡C-H), 3.00

(m, 2 H, PiPr), 2.0 (m, 2 H, PiPr), 1.63 (m, 6 H, PiPr), 1.12 (m, 6 H, PiPr), 1.07 – 0.99

(overlapping resonances, 12 H, PiPr), 0.98 (s, 3 H, SiMe). 13C{1H} NMR (125.8 MHz,

benzene-d6):  δ 165.7 (C≡C), 156.6 (d, J = 19 Hz, Carom), 154.3 (Carom), 141.5 (d, J = 27

Hz, Carom), 131.2 (apparent t, J = 9 Hz, CHarom), 130.5 (CHarom), 129.3 (CHarom), 129.0

(CHarom), 127.5 (CHarom), 126.2 (CHarom), 124.0 (CHarom), 28.0 (apparent t, J = 14 Hz,



172

CHiPr), 27.2 (apparent t, J = 14 Hz, CHiPr), 23.3 (CH3iPr), 20.2 (CH3iPr), 19.7 (CH3iPr), 19.0

(CH3iPr), 7.6 (SiMe). 31P{1H} NMR (202.5 MHz, benzene-d6): δ 45.8. 29Si NMR (99.4

MHz, benzene-d6): δ 7.7.

[Cy-PSiP]Ir(Ph-C≡C-Ph)  (4-3). A solution of 2-1 (0.060 g, 0.073 mmol) in ca.

2 mL of cyclohexane was treated with a 2 mL cyclohexane solution of Me3CCH2Li

(0.0057 g, 0.073 mmol).  Diphenylacetylene (0.013 g, 0.073 mmol) was added to the

reaction mixture, and the solution was heated at 65 C for 14 h, yielding a dark orange

solution.  The volatile components were subsequently removed under vacuum, the

residue was extracted with ca. 5 mL of benzene, and the extract was filtered through

Celite.  The filtrate was dried in vacuo, and the remaining residue was triturated with

pentane (3 × 2 mL) to afford 4-3 as an orange powder (0.068 g, 95%). 1H NMR (500

MHz, benzene-d6): δ 7.83 (d, 2 H, J = 7 Hz, Harom), 7.50 (m, 2 H, Harom), 7.33 (d, 4 H, J =

7 Hz, Harom), 7.19 (t, 2 H, J = 7 Hz, Harom), 7.11 – 7.04 (overlapping resonances, 4 H,

Harom), 7.00 – 6.91 (overlapping resonances, 4 H, Harom), 2.66 (m, 2 H, PCy), 2.20 (m, 4

H, PCy), 1.92 (m, 2 H, PCy), 1.76 (m, 2 H, PCy), 1.61 – 1.06 (overlapping resonances, 22

H, PCy), 0.93 – 0.77 (overlapping resonances, 13 H, PCy + SiMe; SiMe at 0.87 ppm),

0.62 (m, 2 H, PCy). 13C{1H} NMR (125.8 MHz, benzene-d6):  δ 158.0 (d, J = 50 Hz,

Carom), 146.9 (d, J = 44 Hz, Carom), 143.9 (C≡C), 132.5 – 132.3 (overlapping resonances,

CHarom), 129.4 (CHarom), 128.9 (CHarom), 128.7 (CHarom), 127.5 (CHarom), 126.2 (CHarom),

121.1 (C≡C), 39.6 (CHCy), 37.9 (CHCy), 31.6 (CH2Cy), 29.8 (CH2Cy), 29.6 (CH2Cy), 28.6

(CH2Cy), 28.2 (CH2Cy), 27.6 – 27.1 (overlapping resonances, CH2Cy), 26.3 (CH2Cy), 2.9

(SiMe). 31P{1H} NMR (202.5 MHz, benzene-d6): δ 50.4. 29Si NMR (99.4 MHz,

benzene-d6): δ 26.0.

[iPr-PSiP]Ir(Ph-C≡C-Ph)  (4-4). A solution of 3-2 (0.060 g, 0.091 mmol) in ca.

2 mL of cyclohexane was treated with a 2 mL cyclohexane solution of Me3SiCH2Li

(0.0086 g, 0.091 mmol).  Diphenylacetylene (0.016 g, 0.091 mmol) was added to the

reaction mixture, and the solution was heated at 65 C for 14 h, yielding an orange

solution. The volatile components were subsequently removed under vacuum, the
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residue was extracted with ca. 5 mL of benzene, and the extract was filtered through

Celite.  The filtrate was dried in vacuo, and the remaining residue was triturated with

pentane (3 × 2 mL) to afford 4-4 as an orange powder (0.060 g, 82%). 1H NMR (500

MHz, benzene-d6): δ 7.86 (d, 2 H, J = 7 Hz, Harom), 7.51 (d, 2 H, J = 7 Hz, Harom), 7.34 (d,

4 H, J = 7 Hz, Harom), 7.19 – 6.92 (overlapping resonances, 10 H, Harom), 2.66 (m, 2 H,

PiPr), 2.39 (m, 2 H, PiPr), 1.25 (m, 6 H, PiPr), 1.03 (m, 6 H, PiPr), 0.93 – 0.84

(overlapping resonances, 9 H, PiPr + SiMe; SiMe at 0.87), 0.65 (m, 6 H, PiPr). 13C{1H}

NMR (125.8 MHz, benzene-d6):  δ 165.6 (d, J = 47 Hz, Carom), 157.9 (d, J = 49 Hz,

Carom), 146.1 (apparent d, J = 44 Hz, Carom), 143.2 (C≡C), 132.5 – 132.3 (overlapping

resonances, CHarom), 129.6 (CHarom), 128.8 (CHarom), 128.5 (CHarom), 127.4 (CHarom),

126.4 (CHarom), 29.0 (apparent t, J = 10 Hz, CHiPr), 27.9 (CHCy), 20.6 (CH3iPr), 19.9

(CH3iPr), 19.7 (CH3iPr), 19.2 (CH3iPr), 2.0 (SiMe). 31P{1H} NMR (202.5 MHz, benzene-

d6): δ 57.0. 29Si NMR (99.4 MHz, benzene-d6): δ 27.0.

[Cy-PSiP]Ir(Ph-C≡C-Me)  (4-5). A solution of 2-1 (0.050 g, 0.061 mmol) in ca.

2 mL of cyclohexane was treated with a 2 mL cyclohexane solution of Me3CCH2Li

(0.0048 g, 0.061 mmol).  1-pheynyl-1-propyne (7.6 μL, 0.0071 g, 0.061 mmol) was

added to the reaction mixture, producing an immediate colour change to dark orange. The

volatile components were subsequently removed under vacuum, the residue was

extracted with ca. 5 mL of benzene, and the extract was filtered through Celite.  The

filtrate was dried in vacuo, and the remaining residue was triturated with pentane (3 × 2

mL) to afford 4-5 as an orange powder (0.051 g, 91%). 1H NMR (500 MHz, benzene-

d6): 7.87 (d, 1 H, J = 7 Hz, Harom), 7.74 (d, 1 H, J = 7 Hz Harom),  7.64 (m, 1 H, Harom),

7.47 (m, 1 H, Harom), 7.26 – 7.22 (overlapping resonances, 3 H, Harom), 7.13 – 7.06

(overlapping resonances, 5 H, Harom), 6.98 (m, 1 H, Harom), 2.92 (apparent d, 3 H, JHP = 5

Hz, CH3) 2.69 (m, 1 H, PCy), 2.59 (m, 1 H, PCy), 2.39 (m, 1H, PCy), 2.16 (m, 3 H, PCy),

2.02 (m, 2 H, PCy), 1.82 – 0.91 (overlapping resonances, 34 H, PCy),  0.80 – 0.75

(overlapping resonances, 4 H, PCy + SiMe; SiMe at 0.80 ppm), 0.24 (m, 1H, PCy).
13C{1H} NMR (125.8 MHz, benzene-d6): 162.3 (C≡C), 158.2 (d, J = 50 Hz, Carom),
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147.4 (d, J = 30 Hz, Carom), 146.2 (d, J = 34 Hz, Carom), 145.0 (Carom), 132.3 (apparent t, J

= 23 Hz, CHarom), 129.5 (CHarom), 129.3 (CHarom), 128.9 (CHarom), 128.8 (CHarom), 127.9

(CHarom), 127.5 – 127.4 (overlapping resonances, CHarom), 125.6 (CHarom), 40.2 (apparent

d, J = 18 Hz, CHCy), 39.5 (apparent d, J = 18 Hz, CHCy), 38.2 (apparent d, J = 29 Hz,

CHCy), 37.6 (apparent d, J = 29 Hz, CHCy), 33.3 (CH2Cy), 30.2 (CH2Cy), 29.8 (CH2Cy),

29.1 (CH2Cy), 28.7 – 28.5 (overlapping resonances, CH2Cy), 28.0 (CH2Cy), 27.6 – 27.3

(overlapping resonance, CH2Cy), 26.9 (CH2Cy), 26.5 (CH2Cy), 20.4 (CH3), 3.2 (SiMe).
31P{1H} NMR (202.5 MHz, benzene-d6): 55.8 (d, 2JPPcis = 24 Hz), 48.6 (d, 2JPPcis = 24

Hz). 29Si NMR (99.4 MHz, benzene-d6): 26.9.

[iPr-PSiP]Ir(Ph-C≡C-Me)  (4-6). A solution of 2-1 (0.045 g, 0.068 mmol) in ca.

2 mL of cyclohexane was treated with a 2 mL cyclohexane solution of Me3SiCH2Li

(0.0064 g, 0.068 mmol).  1-pheynyl-1-propyne (8.6 μL, 0.0079 g, 0.068 mmol) was

added to the reaction mixture, producing an immediate colour change to dark orange. The

volatile components were subsequently removed under vacuum, the residue was

extracted with ca. 5 mL of benzene, and the extract was filtered through Celite.  The

filtrate was dried in vacuo, and the remaining residue was triturated with pentane (3 × 2

mL) to afford 4-6 as an orange powder (0.050 g, 98%). 1H NMR (500 MHz, benzene-

d6): 7.88 (d, 1 H, J = 7 Hz, Harom), 7.75 (d, 1 H, J = 7 Hz Harom),  7.52 (m, 1 H, Harom),

7.30 – 6.95 (overlapping resonances, 10 H, Harom), 2.77 (apparent d, 3 H, JHP = 5 Hz,

CH3) 2.69 (m, 2 H, PiPr), 2.37 (m, 1 H, PiPr), 2.20 (m, 1H, PiPr), 1.28 – 1.16

(overlapping resonances, 9 H, PiPr), 1.00 – 0.83 (overlapping resonances, 12 H, PiPr),

0.76 (s, 3 H, SiMe), 0.21 (dd, 3 H, 3JHP = 15 Hz, 3JHH = 7 Hz). 13C{1H} NMR (125.8

MHz, benzene-d6): 162.5 (apparent d, J = 55 Hz, C≡C), 160.1 (apparent d, J = 45 Hz,

C≡C), 158.0 (d, J = 53 Hz, Carom), 146.9 (d, J = 34 Hz, Carom), 145.7 (apparent d, J = 43

Hz, Carom), 144.6 (Carom), 132.3 (apparent t, J = 20 Hz, CHarom), 129.7 (CHarom), 129.4

(CHarom), 129.0 (CHarom), 128.0 (CHarom), 127.6 – 127.4 (overlapping resonances,

CHarom), 125.7 (CHarom), 30.1 (d, J = 20 Hz, CHiPr), 28.5 – 28.0 (overlapping resonances,

CHiPr), 27.5 (d, J = 28 Hz, CHCy), 22.8 (CH3iPr), 20.8 – 17.8 (overlapping resonances,
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CH3iPr + CH3C≡C-Me), 3.3 (SiMe). 31P{1H} NMR (202.5 MHz, benzene-d6): 63.8 (d,
2JPPcis = 75 Hz), 56.6 (d, 2JPPcis = 75 Hz). 29Si NMR (99.4 MHz, benzene-d6): 28.2.

[Cy-PSiP]Ir(Et-C≡C-Et) (4-7). A solution of 2-1 (0.045 g, 0.055 mmol) in ca. 2

mL of cyclohexane was treated with a 2 mL cyclohexane solution of Me3SiCH2Li

(0.0052 g, 0.055 mmol). 3-hexyne (6.2 μL, 0.0045 g, 0.055 mmol) was added to the

reaction mixture, and the solution was heated at 65 C for 14 h, yielding a dark orange

solution.  The volatile components were subsequently removed under vacuum, the

residue was extracted with ca. 5 mL of benzene, and the extract was filtered through

Celite.  The filtrate was dried in vacuo, and the remaining residue was triturated with

pentane (3 × 2 mL) to afford 4-7 as an orange powder (0.043 g, 90%). 1H NMR (500

MHz, benzene-d6): δ 7.78 (d, 2 H, J = 7 Hz, Harom), 7.55 (d, 2 H, J = 7 Hz, Harom), 7.15

(m, 2 H, Harom), 7.08 (t, 2 H, J = 7 Hz, Harom), 3.53 (br m, 2 H, CH2hexyne), 3.20 (m, 2 H,

CH2hexyne), 2.62 (m, 2 H, PCy), 2.14 – 2.04 (overlapping resonances, 6 H, PCy), 1.79 –

1.10 (overlapping resonances, 40 H, PCy + CH3hexyne; CH3hexyne at 1.24 ppm), 0.93 (m, 2

H, PCy), 0.76 (s, 3 H, SiMe). 13C{1H} NMR (125.8 MHz, benzene-d6):  δ 161.0 (C≡C),

157.7 (d, J = 49 Hz, Carom), 146.0 (d, J = 42 Hz, Carom), 131.7 (CHarom), 128.7 (CHarom),

128.3 (CHarom), 126.7 (CHarom), 39.2 (CHCy), 37.2 (CHCy), 30.9 (CH2Cy), 29.4 (CH2Cy),

29.6 (CH2Cy), 27.6 (CH2hexyne), 27.4 – 26.3 (overlapping resonances, CH2Cy), 14.4

(CH3hexyne), 3.2 (SiMe). 31P{1H} NMR (202.5 MHz, benzene-d6): δ 52.5. 29Si NMR

(99.4 MHz, benzene-d6): δ 26.8.

[iPr-PSiP]Ir(Et-C≡C-Et) (4-8). A solution of 3-2 (0.045 g, 0.068 mmol) in ca. 2

mL of cyclohexane was treated with a 2 mL cyclohexane solution of Me3SiCH2Li

(0.0064 g, 0.068 mmol). 3-hexyne (7.8 μL, 0.0056 g, 0.068 mmol) was added to the

reaction mixture, and the solution was heated at 65 C for 14 h, yielding an orange

solution. The volatile components were subsequently removed under vacuum, the

residue was extracted with ca. 5 mL of benzene, and the extract was filtered through

Celite.  The filtrate was dried in vacuo, and the remaining residue was triturated with

pentane (3 × 2 mL) to afford 4-8 as an orange powder (0.046 g, 98%). 1H NMR (500
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MHz, benzene-d6): δ 7.79 (d, 2 H, J = 7 Hz, Harom), 7.41 (m, 2 H, Harom), 7.14 (m, 2 H,

Harom), 7.05 (t, 2H, J = 7 Hz, Harom), 3.39 (m, 2 H, CH2hexyne), 3.16 (m, 2 H, CH2hexyne),

2.68 (m, 2 H, PiPr), 2.35 (m, 2 H, PiPr), 1.22 (t, 6 H, J = 7 Hz, CH3hexyne), 1.12 (m, 12 H,

PiPr), 1.00 (m, 6 H, PiPr), 0.78 (s, 3 H, SiMe), 0.74 (m, 6 H, PiPr). 13C{1H} NMR (125.8

MHz, benzene-d6):  δ 161.5 (C≡C), 158.5 (d, J = 53 Hz, Carom), 150.9 (Carom), 132.2

apparent t, J = 42 Hz, CHarom), 129.5 (CHarom), 128.8 (CHarom), 127.2 (CHarom), 29.1

(apparent t, J = 35 Hz, CHiPr), 27.8 (CH2hexyne), 20.8 (CH3iPr), 20.3 (CH3iPr), 19.6 (CH3iPr),

18.9 (CH3iPr), 14.7 (CH3hexyne) 4.0 (SiMe). 31P{1H} NMR (202.5 MHz, benzene-d6): δ

61.2. 29Si NMR (99.4 MHz, benzene-d6): δ 29.2.

[Cy-PSiP]Ir(nbe) (4-9). A solution of 2-1 (0.089 g, 0.11 mmol) in ca. 4 mL of

cyclohexane was treated with a 4 mL cyclohexane solution of Me3CCH2Li (0.010 g, 0.11

mmol). Norbornene (0.010 g, 0.11 mmol) was added to the reaction mixture, and the

solution was left at room temperature for 14 h, yielding a dark orange solution.  The

volatile components were subsequently removed under vacuum, the residue was

extracted with ca. 8 mL of benzene, and the extract was filtered through Celite.  The

filtrate was dried in vacuo, and the remaining residue was triturated with pentane (3 × 5

mL) to afford a 3:2 mixture (31P NMR) of 4-9a and 4-9b as an orange powder (0.064 g,

68%). 1H NMR (500 MHz, benzene-d6): δ 8.24 (d, 2 H, J = 7 Hz, Harom in 4-9a), 7.61 –

7.58 (overlapping resonances, 4 H, Harom in 4-9b), 7.49 (d, 2 H, J = 7 Hz, Harom in 4-9a),

7.31 (t, 2 H, J = 7 Hz, Harom in 4-9a), 7.17 (t, 2 H, J = 7 Hz, Harom in 4-9a), 7.08 (m, 4 H,

arom in 4-9b), 3.62 (br s, 1 H, CHnbe in 4-9a), 3.36 (br m, 2 H, CHnbe in 4-9a + 4-9b), 3.14

(br s, CHnbe, in 4-9a + 4-9b), 2.91 (m, 3 H, PCy in 4-9a + 4-9b), 2.73 (m, 3 H, PCy in 4-

9a + 4-9b), 2.20 – 1.10 (82 H, PCy + nbe in 4-9a + 4-9b), 0.76 (s, 3 H in 4-9a, SiMe),

0.35 (s, 3 H in 4-9b, SiMe), - 0.48 (d, 1H, J = 9 Hz, CHnbe in 4-9b). 13C{1H} NMR

(125.8 MHz, benzene-d6):  δ 159.9 (apparent t, J = 29 Hz, Carom), 155.0 (d, J = 51 Hz,

Carom), 145.8 (apparent t, J = 24 Hz, Carom), 132.8 (apparent t, J = 11 Hz, CHarom), 131.4

(d, J = 21 Hz, CHarom), 129.9 (CHarom), 129.2 (CHarom), 129.0 (CHarom), 128.7 (CHarom),

127.7 (CHarom), 127.1 (CHarom), 55.3 (CHnbe), 51.6 (CHnbe), 47.4 (CHnbe), 44.0 (d, J = 28
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Hz, CHCy), 43.2 (CH2nbe), 41.7 – 41.3 (overlapping resonances, CHCy + CHnbe), 38.5

(CHCy), 37.1 (CH2Cy), 36.8 (CH2Cy), 36.0 (CHCy), 34.8 (CH2Cy), 32.8 (CH2Cy), 31.5

(CH2Cy), 30.4 – 27.0 (overlapping resonances, CH2Cy + CH2nbe), 23.1 (CH2Cy) 5.4 (SiMe

in 4-9a), - 2.4 (SiMe in 4-9b). 31P{1H} NMR (202.5 MHz, benzene-d6): δ 62.7 (s, 4-9a),

61.0 (br s, 4-9b). 29Si NMR (99.4 MHz, benzene-d6): δ 62.7 (4-9a), 5.1 (4-9b).

[CyPSiP]Ir(H)(OC(NH2)(OMe)CH=CH2) (4-10). A solution of 2-10 (0.015 g,

0.019 mmol) in ca. 0.4 mL of benzene-d6 was treated with a 0.4 mL benzene-d6 solution

of Me3CCH2Li (0.0015 g, 0.019 mmol). One equivalent of methyl acrylate was (1.7 μL,

0.0016 g, 0.019 mmol) was added to the reaction mixture, at which point 1H and 31P

NMR analysis of the reaction mixture indicated the quantitative formation of 4-10.

Attempts to isolate 4-10 upon exposure to vacuum lead to multiple products and 4-10 was

characterized in situ. 1H NMR (500 MHz, benzene-d6): δ 8.14 (d, 2 H, J = 7 Hz, Harom),

7.56 (m, 2 H, Harom), 7.25 (m, 3 H, Harom + HC=CH2), 7.18 – 7.08 (overlapping

resonances, 4 H, Harom + NH2), 5.38 (br d, 1 H, 3JHHtrans = 13 Hz, HC=CH2), 4.62 (d, 1 H,
3JHHcis = 7 Hz, HC=CH2), 3.68 (s, 3 H, CO2Me), 2.61 (br t, 2 H, J = 11 Hz, PCy), 2.44 (br

t, 2 H, J = 12 Hz, PCy), 2.02 – 20.79 (overlapping resonances, 40 H, PCy), 0.45 (s, 3 H,

SiMe), -18.63 (t, 1 H, 2JHP = 18 Hz, Ir-H). 13C{1H} NMR (125.8 MHz, benzene-d6):  δ

165.8 (C-O), 160.6 (CHC=C), 159.2 (apparent t, J = 21 Hz, Carom), 145.0 (apparent t, J =

26 Hz, Carom), 132.7 (t, J = 9 Hz, CHarom), 129.9 (CHarom), 129.3 (CHarom), 127.7 (d, J =

23 Hz, CHarom), 77.5 (CH2C=C), 50.3 (CH3OMe), 37.2 (apparent t, J = 10 Hz, CHCy), 36.1

(apparent t, J = 13 Hz, CHCy), 29.7 (CH2Cy), 29.1 – 27.0 (overlapping resonances, CH2Cy),

2.5 (SiMe). 31P{1H} NMR (202.5 MHz, benzene-d6): δ 43.0. 29Si NMR (99.4 MHz,

benzene-d6): δ 12.8.

[Cy-PSiP]Ir(H)C(O)Ph (4-11). A solution of 3-9 (0.015 g, 0.018 mmol) in ca.

0.8 mL of benzene was treated with five equivalents of benzaldehyde (8.9 μL, 0.0093 g,

0.88 mmol) was added to the reaction mixture, producing an immediate colour change to

yellow.  The volatile components were subsequently removed under vacuum, the residue

was triturated with pentane (3 × 2 mL) to afford 4-11 as an yellow film (0.015 g, 94%).



178

Rapid decomposition in benzene-d6 solution prevented the comprehensive assignment of
1H and 13C NMR resonances for this complex. 1H NMR (500 MHz, benzene-d6): δ 8.45

(d, 2 H, J = 7 Hz, Harom), 7.45 (m, 2 H, Harom), 7.25 (t, 2 H, J = 7 Hz, Harom), 7.26 – 7.01

(overlapping resonances, 7 H, Harom), 2.56 – 0.84 (overlapping resonances, 47 H, PCy +

SiMe). 13C{1H} NMR (125.8 MHz, benzene-d6):  δ 177.2 (C=O), 159.2 (Carom), 137.1

(Carom), 130.6 (CHarom), 129.5 (CHarom), 128.7 (CHarom), 35.6 (CHCy), 34.4 (CHCy), 30.8 –

2683 (overlapping resonances, CH2Cy). IR (thin film, cm-1): 2225 (m, Ir-H), 1721 (s,

C=O).

[Cy-PSiP]Ir(H)(C(NHPh)(N(2,6-Me2C6H3)) (4-12). A solution of 2,6-

xylylisocyanide (0.012g, 0.091 mmol) in ca. 5 mL of C6H6 was added dropwise via

pipette to a solution of 2-6 (0.080 g, 0.091 mmol) in ca. 5 mL of C6H6 at room

temperature leading to a color change from red to orange.  The reaction mixture was

evaporated to dryness under vacuum.  The remaining solid residue was triturated with

pentane (3 5 mL) to afford 4-7 as an orange solid (0.091 g, 98%). 1H NMR (250 MHz,

benzene-d6): 8.45 (d, 2 H, J = 7 Hz, Harom), 8.12 (d, 2 H, J = 7 Hz, Harom), 7.45 (m, 3 H,

Harom), 7.17 – 7.15 (overlapping resonances, 3 H, Harom), 6.76 – 6.69 (overlapping

resonances, 4 H, Harom), 6.57 (d, 1 H, J = 7 Hz, Harom), 6.43 (t, 1 H, J = 7 Hz, Harom),

2.69 (m, 2 H, PCy), 2.55 – 2.44 (overlapping resonances, 8 H, PCy + NArMe2; a singlet

at 2.50 ppm was assigned as NArMe resonances on the basis of 1H-13C HMBC

experiment), 2.25 (m, 2 H, PCy), 2.11 – 2.05 (overlapping resonances, 5 H, PCy), 1.73 –

1.39 (overlapping resonances, 20 H, PCy), 1.25 – 1.04 (overlapping resonances, 16 H,

PCy), 0.76 (s, 3 H, SiMe), -19.29 (t, 1 H, 2JHP = 17 Hz, IrH). 13C{1H} NMR (125.8 MHz,

benzene-d6): 161.3 (Carom), 159.6 (apparent t, J = 21 Hz, Carom), 153.8 (Carom), 144.6

(apparent t, J = 28 Hz, Carom ), 135.7 (Carom), 135.1 (Carom), 133.5 (apparent t, J = 9 Hz,

CHarom), 129.9 – 129.7 (overlapping resonances, CHarom), 129.2 (CHarom), 128.8 (CHarom),

127.8 (CHarom), 108.2 (CHarom), 38.1 (apparent t, J = 13 Hz, CHCy), 37.5 (apparent t, J =

14 Hz, CHCy), 29.9 (CH2Cy), 29.6 (CH2Cy), 28.8 (CH2Cy), 28.3 (CH2Cy), 28.1 (CH2Cy), 27.9

(CH2Cy), 27.6 – 27.5 (overlapping resonances, CH2Cy), 27.1 (CH2Cy), 20.0 (NArMe), 19.7
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(NArMe), 4.1 (SiMe). 31P{1H} NMR (202.5 MHz, benzene-d6): 34.9. 29Si NMR (99.4

MHz, benzene-d6): 39.9. IR (thin film, cm-1): 3380 (br, w, N-H), 2097 (m, Ir-H), 1591

(s, N=C).

[Cy-PSiP]Ir(H)(CN(2,6-Me2C6H3))(C(NH2)(N(2,6-Me2C6H3)) (4-13). A

solution of 2,6-xylylisocyanide (0.013g, 0.10 mmol) in ca. 4 mL of C6H6 was added

dropwise via pipette to a solution of [Cy-PSiP]Ir(H)NH2 (0.040 g, 0.050 mmol) in ca. 4

mL of C6H6 at room temperature.  No colour change was observed.  The reaction mixture

was evaporated to dryness under vacuum.  The remaining solid residue was triturated

with pentane (3 5 mL) to afford 4-8 as an orange solid (0.045 g, 84%). 1H NMR (500

MHz, benzene-d6): 8.27 (d, 2 H, J = 7 Hz, Harom), 7.68 (m, 2 H, Harom), 7.32 – 7.28

(overlapping resonances, 3 H, Harom), 7.18 (m, 2 H, Harom), 7.02 (m, 1 H, Harom), 6.74 –

6.70 (overlapping resonances, 4 H, Harom + NH2), 6.58 (d, 2 H, J = 7 Hz, Harom), 3.15 (m,

2 H, PCy), 2.87 (m, 3 H, PCy), 2.63 (s, 6 H, NArMe2), 2.58 – 2.31 (overlapping

resonances, 8 H, PCy), 2.06 (s, 6 H, NArMe2), 1.82 (m, 3 H, PCy), 1.80 – 1.00

(overlapping resonances, 26 H, PCy), 0.98 (s, 3 H, SiMe), 0.57 (m, 2 H, PCy), -13.09 (t, 1

H, 2JHP = 19 Hz, IrH). 13C{1H} NMR (125.8 MHz, benzene-d6): 171.6 (N=C-N), 163.6

(Carom), 161.1 (apparent t, J = 20 Hz, Carom), 153.5 (Carom), 147.4 (apparent t, J = 29 Hz,

Carom), 135.6 (Carom), 133.4 (apparent t, J = 11 Hz, CHarom), 130.1 (CHarom), 129.6

(CHarom), 128.7 (CHarom), 128.0 (CHarom), 127.7 (CHarom), 120.6 (CHarom), 68.2 (C≡NAr),

38.8 (apparent t, J = 14 Hz, CHCy), 38.2 (apparent t, J = 15 Hz, CHCy), 29.6 (CH2Cy), 29.3

(CH2Cy), 28.9 (CH2Cy), 28.2 (CH2Cy), 27.6 – 26.7 (overlapping resonances, CH2Cy), 26.4

(CH2Cy), 21.5 (NArMe), 19.0 (NArMe), 9.3 (SiMe). 31P{1H} NMR (300K, 202.5 MHz,

benzene-d6): 40.7. 29Si NMR (99.4 MHz, benzene-d6): 33.7. IR (Nujol, cm-1): 3452

(br, w, N-H), 3234 (br, w, N-H), 2280 (m, Ir-H), 2117 (s, C≡N), 1590 (s, C=N). X-Ray

quality crystals of 4-13 were grown from a concentrated Et2O/THF solution at -30 °C.
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4.4.3 Crystallographic Solution and Refinement Details
Crystallographic data for 4-13·Et2O were obtained at 173(±2) K on a Bruker

D8/APEX II CCD diffractometer using a graphite-monochromated Mo Kα ( = 0.71073

Å) radiation, employing a sample that was mounted in inert oil and transferred to a cold

gas stream on the diffractometer.  Programs for diffractometer operation, data collection,

and data reduction (including SAINT) were supplied by Bruker.  Gaussian integration

(face-indexed) was employed as the absorption correction method. The structure was

solved by use of direct methods and was refined by use of full-matrix least-squares

procedures (on F2) with R1 based on Fo
2 (Fo

2) and wR2 based on Fo
2 –3 (Fo

2).

Unless otherwise specified, anisotropic displacement parameters were employed for the

non-hydrogen atoms.  During the structure solution process two crystallographically

independent molecules of [Cy-PSiP]Ir(H)(CN(2,6-Me2C6H3))(C(NH2)(N(2,6-Me2C6H3))

(A and B) along with two equivalents of diethyl ether were located in the asymmetric

unit; for convenience, only molecule A is discussed in the text. One ether molecule

refined satisfactorily, while a second was disordered. The corresponding oxygen and

carbon atoms of the disordered ether molecule were modeled over two positions (O2S,

O3S, C5S - C12S) and were refined with an occupancy of 0.50 and a common isotropic

displacement parameter. The C–C and C–O distances within the disordered solvent

diethyl ether molecules were restrained to be 1.530(5) and 1.430(5) Å, respectively. The

Ir-H was located in the difference map and the Ir-H distance was fixed at 1.55 Å during

refinement. Otherwise, all hydrogen atoms were added at calculated positions and

refined by use of a riding model employing isotropic displacement parameters based on

the isotropic displacement parameter of the attached atom. Additional crystallographic

information is provided in Appendix A.
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Chapter 5:  The Synthesis and Reactivity of Cationic [R-PSiP]IrIII

Complexes

5.1 Introduction
As discussed previously in this document, Ir pincer complexes have proven highly

effective in a variety of bond activation processes, most notably C-H bond oxidative

addition chemistry, which has led to their use in catalytic alkane and alkyl group

dehydrogenation reactions. The catalytically relevant species is typically a neutral, three

coordinate IrI fragment that can readily undergo oxidative addition reactions to generate

IrIII products. In the search for new reactivity mediated by Ir pincer complexes, while

variation of the ligand framework has received significant attention, much less emphasis

has been placed on modifying the electrophilicity of the Ir center by generating cationic

IrIII pincer complexes.

Pioneering work by Bergman with the cationic IrIII system [Cp*(PMe3)Ir(R)]+ (R

= H, Me) has shown the importance of cationic IrIII complexes in bond activation

chemistry, such as the activation of silane Si-H bonds, aldehyde C-H bonds, and mild C-

H bond activation of methane and other hydrocarbons.84 The choice of counter anion

plays an important role in this reactivity, with the most "non-coordinating" anion leading

to the most highly reactive Ir species.84d The mechanism of bond activation by such

cationic IrIII species has been the subject of some debate, with the two most likely

pathways being either direct oxidative addition to generate an IrV intermediate, or -bond

metathesis.84c,g The synthesis of cationic IrIII pincer complexes has been initiated by the

groups of both Tilley and Brookhart, respectively. Tilley and co-workers have reported

the synthesis of cationic (PNP) supported Ir silylene species that have been shown to

undergo alkene hydrosilation, alcoholysis and aminolysis.85 Brookhart and co-workers

have reported on the synthesis of cationic complexes of the type [(POCOP)Ir(H)]+ that

can facilitate the reduction of alkyl halides with Et3SiH, hydrosilylation of carbonyl

containing compounds and epoxides, the reduction of tertiary amides to amines, as well

as the reduction of carbon dioxide to methane.44-49
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In an effort to access increasingly reactive silyl pincer complexes that can mediate

challenging bond cleavage processes, the synthesis and reactivity of cationic iridiumIII

pincer species supported by [Cy-PSiP] ligation was investigated. Complexes of the type

[R-PSiP]Ir(R’)(X) (R = Cy, iPr; R’ = H, CH3; X = OTf, BF4, and B(C6F5)4) were targeted,

and their synthesis will be discussed in this chapter. Furthermore, the interaction of these

complexes with the C-H bonds of arenes and aldehydes, as well as, the Si-H bonds of

silanes will be discussed.

5.2 Results and Discussion

5.2.1 Synthesis and Characterization of Cationic [R-PSiP]IrIII

Complexes

As an entry point into the chemistry of cationic iridiumIII silyl pincer complexes,

the synthesis of complexes of the type {[R-PSiP]Ir(R’)}+[X] (5-1: R = Cy, R’ = H, X =

OTf; 5-2:  R = iPr; R’ = H, X = OTf; 5-3: R = Cy, R’ = H, X = BF4; 5-4: R = iPr, R’ =

H, X = BF4; 5-5: R = Cy, R’ = H, X = B(C6F5)4; 5-6: R = iPr, R’ = H, X = B(C6F5)4))

was initially targeted. The extent of charge separation in complexes such as 5-1 - 5-6

will depend on the nature of the anion X and its ability to coordinate to the Ir center, such

that for X = OTf, the formation of complexes that feature inner sphere OTf ligands is

anticipated, whereas for X = B(C6F5)4, the anion is expected to be outer sphere.86

Tetrafluoroborate anions originally described as non-coordinating are significantly more

likely to coordinate to the metal center than B(C6F5)4.86 The iridium hydride species 5-1 -

5-6 were prepared by reacting either 2-1 or 3-2, respectively, with one equivalent of the

appropriate silver or lithium salt of X in CH2Cl2 or C6H5F solution at room temperature

(Scheme 5-1).
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Scheme 5-1. Synthesis of IrIII complexes [R-PSiP]Ir(H)(X) (R = Cy, iPr; X = OTf, BF4,
B(C6F5)4)

The formation of 5-1 - 5-6 was quantitative by in situ 31P{1H}-NMR analysis of

the reaction mixtures and the complexes were isolated as yellow or orange powders in 72

– 97% yields.  Spectroscopic data for the isolated complexes (Table 5-1) support the

formation of Cs-symmetric species, as indicated by the presence of a single 31P{1H}

NMR resonance for each complex in conjunction with symmetry equivalent ligand aryl

resonances.  In addition, the 1H NMR spectra of 5-1 - 5-6, respectively, feature a

characteristic downfield-shifted hydride resonance (Table 5-1), consistent with the

formulations given in Scheme 5-1.  The 11B, 19F, and 29Si spectroscopic data (Table 5-1)

are also in agreement with the structures proposed in Scheme 5-1. Complexes 5-3 and 5-

4 exhibit broad singlets at -177.6 and -179.1 ppm in the 19F NMR spectrum (benzene-d6),

indicating a dynamic process where coordination/decoordination of the fluorine atoms of
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BF4
 to the iridium centers is likely occurring. This η1-BF4 coordination is not

unprecedented in the literature as examples of similar structures have been reported with

metals across the periodic table87 including Rh87g,h and Ir87i,j. Variable temperature NMR

experiments were conducted in toluene-d8 to attempt to freeze out separate 19F resonances

of the terminal and bridging fluorine atoms of the coordinated η1-BF4, however, separate

resonances were not observed. In a room temperature toluene-d8 solution, a single broad
19F resonance at -170.7 ppm (Δν1/2 = 647 Hz) observed.  In contrast, a broad 19F

resonance at -177.6 ppm (Δν1/2 = 108 Hz) was noted in room temperature benzene-d6

solution. The cause of these solvent effects remains unclear.  Upon decreasing the

temperature of a toluene-d8 solution of 5-3, no decoalescence was detected. Despite the

lack of decoalescence, a BF4
 interaction with iridium is inferred from the broad nature of

the 19F resonance and was later confirmed in the solid state structure (vide infra).

Moreover, the 19F resonance has a temperature dependent chemical shift, which implies

an equilibrium process, likely between coordinated and decoordinated BF4 containing

species.  Similar spectral features were observed for IrMe2(PMe2Ph)3(FBF3) and related

rhodium species [PCP]Rh(Me)(FBF3).87h,i

Table 5-1. Selected NMR spectroscopic data (ppm) for complexes 5-1 - 5-6
Complex 31P{1H}

NMR
1H NMR
hydridea

11 B{1H}
NMR

19F{1H}
NMR

29Si
NMRb

[Cy-PSiP]Ir(H)OTf (5-1) 61.2 -20.21 (t) - -76.1 7.3
[iPr-PSiP]Ir(H)OTf (5-2) 67.6 -29.49 (t) - -76.4 8.0
[Cy-PSiP]Ir(H)BF4 (5-3) 62.2 -32.98 (t) 0.6 -177.6 (br s) 5.6
[iPr-PSiP]Ir(H)BF4 (5-4) 69.1 -33.30 (t) 0.7 -179.1 (br s) 5.4
[Cy-PSiP]Ir(H)B(C6F5)4 (5-5) 61.5 -25.07 (t) -16.0 -132.6 (br s),

-162.0 (t), -166.2
(br t)

8.9

[Cy-PSiP]Ir(H)B(C6F5)4 (5-6) 72.1 -27.03 (t) -16.0 -132.4 (d), -162.2
(t), -166.5 (br t)

11.8

a benzene-d6; b resonances determined on the basis of 1H-29Si HMBC experiments

The solid state structures of 5-1·(C6H6)0.5 and 5-3·C6H5F were determined using

single crystal X-ray diffraction techniques (Figure 5-1, Table 5-2). The structures for
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both complexes feature a five-coordinate Ir center due to inner sphere coordination of the

OTf and BF4 anions, respectively, in the solid state. In both cases the metal center

exhibits distorted square-based pyramidal coordination geometry with Si occupying the

apical position, similar to the geometries observed for the [Cy-PSiP]IrIII structures

discussed in previous chapters.  In the case of 5-1·(C6H6)0.5 the Ir–O interatomic distance

of 2.288(2) Å is longer than Bergman’s Cp*(PMe3)Ir(Me)(OTf) Ir–O distance of

2.216(10) Å.84a In the case of 5-3·C6H5F the Ir-F1 distance of 2.288(3) Å is shorter than

the Ir-F distance of 2.389(7) Å in IrMe2(PMe2Ph)3(FBF3)87i but comparable to that of

IrH(PPh3)2Cl(CO)(FBF3) (2.272 Å).87j Complex 5-3 also features a relatively short

Ir···F2 distance of 2.553(3) Å in the solid state which is within the sum of the van der

Waals radii. Examples of an additional M–F interaction in other mononuclear BF4

coordinated complexes are rare as only examples of Mo, Ag, and Zn complexes with a

M-F interaction besides the terminal κ1-bound BF4, have been crystallographically

characterized.88 The short Ir···F2 distance may simply be due to coincidental orientation

of the bound BF4.  Although the BF4 anion appears to be coordinated to the Ir center of

complex 5-3 in the solid state, in benzene or toluene solution at room temperature there is

no 19F NMR evidence for inequivalent F atoms (vide supra), indicating that the BF4 anion

may exchange fluorines intramolecularly or exhibit fluxionality between inner and outer

sphere coordination modes in solution. As in the case of the solid state structure of [Cy-

PSiP]IrHCl (2-1) and all other [Cy-PSiP]IrIII structures discussed herein, both 5-

1·(C6H6)0.5 and 5-3·C6H5F feature relatively acute Si–M–H1 angles (78.3(10)º for 5-

1·(C6H6)0.5 and 80.2(19)º for 5-3·C6H5F). Notably these bis(phosphino)silyl IrIII

complexes adopt a structure that differs from that of the related cationic species

{[POCOP]Ir(H)(acetone)}+[B(C6F5)4]-, which exhibit square-based pyramidal geometry

with the hydride ligand positioned in the apical site.44b This phenomenon likely reflects

the strong trans-directing properties of the silyl group.15f,50
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5-1·(C6H6)0.5
5-3·C6H5F

Figure 5-1. The crystallographically
determined structures of 5-1·(C6H6)0.5 and 5-3·C6H5F shown with 50% displacement
ellipsoids.  With the exception of H1, all H atoms, as well as the C6H6 and C6H5F
solvates, have been omitted for clarity.

Table 5-2. Selected interatomic distances (Å) and angles (º) for 5-1·(C6H6)0.5 and 5-
3·C6H5F.

Bond Lengths (Å)

5-1·(C6H6)0.5

Ir-P1 2.3198(7) Ir-H1 1.47(3)
Ir-P2 2.3041(7) Ir-O1 2.288(2)
Ir-Si 2.2618(7)

5-3·C6H5F
Ir-P1 2.2968(9) Ir-H1 1.494(10)
Ir-P2 2.3102(11) Ir-F1 2.288(3)
Ir-Si 2.2600(11) Ir-F2 2.553(3)

Bond Angles (º)

5-1·(C6H6)0.5
P1-Ir-P2 156.97(2) Si-Ir-O1 105.28(5)
Si-Ir-H1 78.3(10)

5-3·C6H5F
P1-Ir-P2 163.34(5) Si-Ir-F1 113.84(9)
Si-Ir-H1 80.2(19)

In an effort to assess the lability of the coordinated OTf and BF4 ligands in 5-1

and 5-3, the strongly donating neutral donor ligands PMe3 and DMAP were introduced.
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Treatment of a benzene solution of 5-1 with one equivalent of PMe3 led to an immediate

colour change from yellow to pale yellow.  Analysis of the reaction mixture by 31P NMR

spectroscopy indicated the formation of a mixture of two major products in a 2:1 ratio.

Attempts to drive the reaction mixture to one product by heating (14 h at 65 ºC) did not

change the ratio of these products. However, if two equivalents of PMe3 were added to

5-1, quantitative formation of {[Cy-PSiP]Ir(H)(PMe3)2}+[OTf] (5-7) was observed

(Scheme 5-2). Not surprisingly, the OTf ligand becomes non-coordinating upon the

introduction of the strong L-donor PMe3. Complex 5-7 was isolated as a pale yellow

solid in 84% yield where the 31P NMR of 5-2 exhibits a broad singlet at 26.6 ppm for

ligand phosphine groups as well as two multiplets exhibiting second order splitting at -

71.1 and -73.0 ppm for the coordinated PMe3 groups. The 1H NMR contains one set of

ligand resonances for the symmetry equivalent halves of the ligand, as well as a doublet

of multiplets centered at -14.91 ppm (2JHPtrans = 94 Hz) for the Ir bound hydride.

Scheme 5-2. Reactivity of [R-PSiP]Ir(H)(OTf) with PMe3

In a related experiment, treatment of 5-1 with one equivalent of DMAP led to the

quantitative (31P NMR) formation of a new product (5-8) that featured a broad 31P NMR

resonance at 50.3 ppm and is tentatively assigned as the DMAP adduct [Cy-

PSiP]Ir(H)(OTf)(DMAP) (Scheme 5-3).  Complex 5-8 was isolated as a pale yellow solid

in 96% yield.  Spectroscopic data (benzene-d6) are consistent with the formation of a Cs-

symmetric species as indicated by the single set of ligand aryl resonances (1H and 13C

NMR). The 1H NMR spectrum of 5-8 features sharp aryl resonances corresponding to
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the bound DMAP ligand, as well as a broad resonance at -21.7 ppm that corresponds to

the Ir-H.  The broad NMR features suggest a dynamic behavior that may be indicative of

the reversible coordination of the OTf ligand to the Ir center. Variable temperature NMR

studies (toluene-d8) revealed decoalescence of the 31P{1H} NMR resonance at 0 °C and

three phosphorus resonances were clearly observed at -30 °C at 50.3, 33.5 and 33.1 ppm.

The peak at 50.3 is expected to correspond to {[Cy-PSiP]Ir(H)(DMAP)}+[OTf] (5-8c)

where the OTf ligand is no longer coordinated to the metal center, whereas the two peaks

at 33.5 and 33.1 ppm are likely due to [Cy-PSiP]Ir(H)(OTf)(DMAP) isomers with similar

chemical shifts where the OTf ligand is inner sphere and either trans to the Ir-H (5-8a) or

the ligand backbone Si-Me (5-8b) (Scheme 5-3, Figure 5-2).

Scheme 5-3. Reactivity of [R-PSiP]Ir(H)(OTf) with DMAP
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Figure 5-2. Partial 31P{1H} NMR spectrum (300 MHz, toluene-d8) of [Cy-
PSiP]Ir(H)(DMAP)(BF4) as a function of temperature

Comparable reactivity was investigated with 5-3 to evaluate the lability of the

coordinated BF4 anion.  In contrast to the 5-1, 5-3 reacts cleanly with one equivalent of

PMe3 to quantitatively generate a new product 5-9 by 31P{1H} NMR where a doublet at

52.8 (2JPP = 16 Hz) corresponds to the two ligand phosphine donors and a triplet at -22.3

(2JPP = 16 Hz) is observed for the PMe3 ligand.  Complex 5-9 was isolated as a pale

yellow powder in 91% yield and this Cs-symmetric product assigned as {[Cy-

PSiP]Ir(H)(PMe3)}+[BF4] (5-9, Scheme 5-4) based on solution NMR data including a
19F{1H} shift of -152.1, corresponding to free (non-coordinated) BF4

. Furthermore,

addition of DMAP to a fluorobenzene solution of 5-3 yielded a broad 31P{1H} NMR

(benzene-d6) resonance at 55.0 ppm.  This product was isolated as a pale yellow solid in

93% yield and is tentatively assigned as {[Cy-PSiP]Ir(H)(DMAP)}+[BF4] (5-10), based

on 31P{1H}, 1H, and 13C NMR (benzene-d6) (Scheme 5-4).  The broad 31P{1H} NMR

resonance indicates dynamic behaviour, anticipated to be analogous to the reactivity of 5-

1 with DMAP where structures of both coordinated and uncoordinated OTf anion were

revealed at low temperatures (vide supra).  Interestingly, a sharp 19F{1H} NMR

resonance at -151.4 ppm (benzene-d6) for 5-10 is observed at room temperature,

implicating non-coordinated BF4.
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Scheme 5-4. Reactivity of [Cy-PSiP]Ir(H)BF4 with L-donors (PMe3 and DMAP)

The synthesis of cationic bis(phosphino)silyl iridium methyl complexes was also

pursued, due to their direct relation to the Cp*(PMe3)Ir(Me)+ cation that has

demonstrated remarkable bond activation reactivity.84 In order to access [Cy-

PSiP]Ir(Me)+ species, the corresponding [Cy-PSiP]Ir(Me)(I) (5-11) complex were first

targeted as it represents a convenient precursor for anion exchange via salt metathesis

reactions similar to those used for the synthesis of [R-PSiP]Ir(H)+ species (vide supra).

Treatment of an in situ generated [Cy-PSiP]IrI with MeI led to intractable reaction

mixtures.  Alternatively, treatment of [Cy-PSiP]Ir(C2H4) with MeI in THF yielded the

desired [Cy-PSiP]Ir(Me)(I) complex as a dark orange solid in 52% isolated yield

(Scheme 5-5). Complex 5-11 exhibits Cs-symmetry in solution based on a single broad
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31P{1H} NMR resonances at 35.7 ppm.  As the solid state structure of 5-11 reveals a

facial binding mode of the ligand (vide infra), the broad 31P{1H} NMR spectrum likely

indicates a fluxional process where both fac-PSiP and mer-PSiP ligand orientations are

exchanging. Furthermore, the 1H NMR (benzene-d6) spectra of 5-11 features a resonance

corresponding to an Ir-Me ligand at 2.06 ppm.

Scheme 5-5. Synthesis of [Cy-PSiP]Ir(Me)(I) (5-11)

The solid state structure of 5-11 was obtained using single crystal X-ray

diffraction techniques (Figure 5-3, Table 5-3). The five-coordinate complex adopts a

distorted square based pyramidal structure with the [Cy-PSiP] ligand bound in a facial

manner, such that the phosphino donors are cis-disposed, with one phosphine arm bound

trans to a Me group while the other is coordinated trans to the iodide ligand (Figure 5-3).

The silyl donor is bound in the apical position trans to an empty coordination site.

Interestingly, although there have been previous examples of fac-[Cy-PSiP] metal

complexes reported,15f this is the first example of a crystallographically characterized

[Cy-PSiP]Ir species where the tridentate ligand is not bound to Ir in a meridonal

fashion.89 It is noteworthy that all previous examples of crystallographically

characterized mer-[Cy-PSiP]Ir complexes also feature hydrido ligands (e.g. mer-[Cy-

PSiP]Ir(H)(Cl), 2-1), and highly acute Si-Ir-H angles (66.2 – 79.3o), which are potentially

indicative of a Si-H interaction in the solid state.90 It is possible that such an Si-H

interaction facilitates the mer-[Cy-PSiP] coordination observed for these Ir complexes.

In the absence of a hydride ligand, 5-11 adopts the observed fac-[Cy-PSiP] structure.
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Figure 5-3. The crystallographically
determined structure of 5-11 shown with 50%
displacement ellipsoids. Only one of
the two crystallographically-independent molecules of 5-11 is shown. All H atoms and
some C atoms have been omitted for clarity.

Table 5-3. Selected interatomic distances (Å) and angles (º) for 5-11

Bond Lengths (Å)

Ir-P1 2.3414(18) Ir-C2 2.177(6)
Ir-P2 2.2488(18) Ir-I0 2.6982(6)
Ir-Si 2.2810(18)

Bond Angles (º)

P1-Ir-P2 97.53(6) Si-Ir-I0 124.29(5)
Si-Ir-C2 89.22(18)

Note: Distances and angles of only one of the two crystallographically-independent molecules of 5-11 are given

Attempts to access [Cy-PSiP]Ir(Me)+ species via treatment of 5-11 with the

silver or lithium salt of X (X = OTf, BF4, or B(C6F5)4) were hindered due to challenges

associated with clean synthesis of precursor 5-11.  As a result, only [Cy-

PSiP]Ir(Me)(OTf) (5-12) was synthesized by treatment of 5-11 with AgOTf and isolated

as an orange solid in 81% yield (Scheme 5-5).  The 31P NMR spectrum of 5-12 features

two doublets centered at 52.5 and -24.5 ppm (2JPP = 300 Hz), respectively, indicative of a

C1-symmetric species. In addition, the 1H and 13C NMR spectra (benzene-d6) of 5-12
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indicate two sets of ligand aryl resonances, which is also consistent with a C1-symmetric

complex that features fac-[Cy-PSiP] coordination.  Furthermore, the 1H NMR spectrum

of 5-12 also features two Me resonances at 1.13 and -0.12 ppm for the ligand Si-Me and

Ir-Me, respectively.  A correlation between the ligand Si and both Me groups (1H-29Si

HMBC) indicates the Ir-Me is trans to Si (Scheme 5-6).  Unfortunately, further reactivity

was not pursued due to the difficulties in reliable synthesis of 5-11.

Scheme 5-6. Synthesis of [Cy-PSiP]Ir(Me)(OTf) (5-12)

5.2.2 Reactivity of [Cy-PSiP]Ir(H)(X) (X = OTf, BF4, B(C6F5)4)
Complexes

The reactivity of complexes 5-1, 5-3 and 5-5 with simple hydrocarbons was

initially probed by dissolving the complexes in benzene, THF, or cyclohexane.

Prolonged heating (up to 5 days at 100 ºC) did not result in any reactivity and limited

decomposition.  Subsequently cleavage of the sp-hybridized terminal CH bond of

phenylacetylene was investigated by treatment of fluorobenzene solutions of 5-1, 5-3 and

5-5 with 1 equiv of phenylacetylene. These reactions resulted in the formation of

intractable reaction mixtures that contained multiple products, as evidenced by 31P NMR

spectroscopy.  Subsequent heating of these reaction mixtures for 14 h at 70 ºC did not

lead to clean product formation (31P NMR).

The reactivity of complexes 5-1, 5-3 and 5-5 with aldehyde C-H bonds was also

investigated.  Treatment of fluorobenzene solutions of either 5-1 or 5-5 with
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benzaldehyde (either 1 or 5 equiv) or acetaldehyde (20 equiv) did not result in any

reactivity at room temperature or upon heating at temperatures up to 70 ºC.  Conversely,

treatment of fluorobenzene solutions of 5-3 with 5 equiv of benzaldehyde led to the

immediate quantitative formation of a new product (5-13) featuring a 31P NMR resonance

at 57.8 ppm. Exposure of this reaction mixture to vacuum (ca. 0.01 mm Hg), led to the

isolation of a 1:1 mixture of [Cy-PSiP]Ir(H)C(O)Ph (4-11) and 5-3 (31P and 1H NMR).

These results suggest that the reaction of 5-3 with benzaldehyde initially forms an

intermediate (5-13), which is likely a benzaldehyde adduct of the type {[Cy-

PSiP]Ir(H)(O=CPhH)2}(BF4) (Scheme 5-7).91 Subsequent exposure of 5-13 to vacuum

can lead to loss of the coordinated benzaldehyde to reform 5-3.  Upon loss of only one

equivalent of coordinated benzaldeyde from 5-13, C-H activation of the remaining

aldehyde ligand may occur and subsequent loss of HBF4 would provide the observed acyl

complex [Cy-PSiP]Ir(H)C(O)(Ph) (4-11) (Scheme 5-6)

Scheme 5-7. Reactivity of [Cy-PSiP]Ir(H)(BF4) (5-3) with benzaldehyde

The reactivity of complexes 5-1, 5-3, and 5-5 with the Si-H bonds of hydrosilanes

was also explored. Treatment of a fluorobenzene solution of 5-1 with one equivalent of

Et3SiH resulted in ca. 50% conversion (31P NMR) to a new species (5-14) that featured a
31P NMR resonance at 42.7 ppm. Subsequent addition of a second equivalent of Et3SiH

resulted in quantitative (31P NMR) formation of 5-14. Complex 5-14 was isolated as a

pale yellow solid (62 % yield) where the 1H NMR spectrum (benzene-d6) of 5-14 features
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two broad hydride signals at -10.23 (2 H) and -12.48 (1 H) ppm. On the basis of these

data 5-14 was tentatively assigned as the trihydride complex [Cy-PSiP]Ir(H)3(SiEt3). The
29Si resonance (1H-29Si HMQC) at 3.1 ppm corresponding to the SiEt3 ligand shows no

correlation with the Ir hydride ligands.  Although no coupling is observed, Si-H

interactions cannot be ruled out (see below for discussion). Variable temperature NMR

studies (toluene-d8) reveal decoalescence of the upfield Ir bound hydride signals to three

peaks at -9.87, -10.33, and -12.55 ppm at 273 K. Measurement of the T1 relaxation times

at different temperatures using the null method92 revealed estimated T1min of 188 ms (243

K), 216 ms (253 K) and 209 ms (253 K) at 300 MHz. Moreover, the IR spectrum of 5-14

shows broad bands at 1997, and 1965 cm-1 for the Ir bound hydrides, none of which

indicate Si-H interactions as these are typically observed as broad, intense bands between

1650 and 1800 cm-1.93 This collection of data indicates the presence of classical iridium

bound hydride ligands.94

The formation of 5-14 can be envisioned to occur via the initial reaction of one

equivalent of Et3SiH with 5-1 to form either an IrIII σ-Si-H complex or an IrV silyl

hydride (Scheme 5-8). Subsequent loss of Et3SiOTf, followed by oxidative addition of a

second equivalent of Et3SiH yields 5-14. Consistent with this formulation, a 1H-29Si

HMBC experiment revealed two Si resonances for 5-14 at 3.1 ppm (for the Ir-bound

SiEt3 ligand) and 37.4 ppm (for the SiMe of the ligand backbone), as well as a resonance

at 44.0 ppm that corresponds to free Et3SiOTf.95
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Scheme 5-8. Potential mechanism for formation of [Cy-PSiP]Ir(H)2(H)(SiEt3) (5-14)

A single crystal suitable for X-ray diffraction was obtained from a concentrated

benzene solution of 5-14 at room temperature.  The resulting structure (Figure 5-4, Table

5-4) revealed a complex where an equivalent of H2 was lost from 5-14 to generate the

silyl hydride complex 5-15·(C6H6)0.5.  The five coordinate complex exhibits a distorted

square-based pyramidal geometry at Ir, with the SiEt3 ligand occupying the apical

coordination site.  The structure features an acute Si2-Ir-H1 angle between the SiEt3 and

hydride ligands (67.5(19)º). Unlike related crystallographically characterized complexes

of the type [Cy-PSiP]Ir(H)(X), which feature acute Si-Ir-H angles involving the hydride

ligand and the pincer silyl donor, 5-15 does not contain a potentially -donating X ligand

in the Ir coordination sphere.  Such a -donor has previously been implicated in the

preference for "Y-shaped" coordination geometry in d6 ML5 complexes.96 This suggests

that the acute Si2-Ir-H1 angle observed in the solid state structure of 5-15 may derive

from an alternative source, such as a weak Si-H interaction in the solid state. The Ir-Si1

distance of 2.3850(10) Å is shorter than the Ir-Si2 distance of 2.4966(11) Å, likely due to

the steric profile of the bulky SiEt3 group.
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Figure 5-4. The crystallographically determined structure of 5-15·(C6H6)0.5 shown with
50% displacement ellipsoids.  With the exception of H1, all H atoms, as well as the C6H6
solvate, have been omitted for clarity.

Table 5-4. Selected interatomic distances (Å) and angles (º) for 5-15·(C6H6)0.5.

Bond Lengths (Å)

Ir-P1 2.3114(9) Ir-H1 1.51(5)
Ir-P2 2.3127(9) Ir-Si2 2.4966(1)
Ir-Si1 2.3850(10)

Bond Angles (º)

P1-Ir-P2 152.80(3) Si2-Ir-H1 67.5(19)
Si1-Ir-H1 159.5(19) Si1-Ir-Si2 132.95(4)

Treatment of a fluorobenzene solution of 5-3 with one equivalent of Et3SiH

resulted in 50% conversion (31P NMR) to a new [Cy-PSiP]Ir species (5-16) that features a
31P NMR resonance at 52.3 ppm. Addition of a second equivalent of Et3SiH to this

reaction mixture led to quantitative conversion to 5-16, which was isolated in 94% yield.

The 1H and 13C NMR spectra of 5-16 (benzene-d6) are consistent with a Cs-symmetric
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species, as indicated by the observation of only one set of ligand aromatic resonances.

The 1H NMR spectrum of 5-16 also contained three broad Ir-H resonances at -6.59, -9.20,

and -14.4 ppm, each integrating to one H. The hydride resonances at -6.59 and -9.20

sharpen in the 1H{11B} NMR to broad triplets with 2JHP = 34 Hz and 2JHP = 26 Hz,

indicating that these H atoms are closely associated with a boron atom.  The IR spectrum

of 5-16 reveals a sharp peak at 2138 cm-1 for the terminal Ir-H as well as a broad band at

1844 cm-1, in the range for a bridging B-H stretch in an η2 complex.97 In the 19F{1H}

NMR a peak at -54.9 ppm was observed for 5-16. Also, the 11B NMR has a single broad

resonance at 30.5 ppm, which sharpens upon 1H decoupling.

The solid state structure of 5-16·C6H6 was determined by use of single crystal X-

ray diffraction techniques, and revealed the formation of the hydroborate complex [Cy-

PSiP]Ir(H)(η2:η2-H2BF2) (Figure 5-5, Table 5-5), which is consistent with the solution

NMR data available for this complex.  The six coordinate complex exhibits a pseudo

octahedral geometry where the ligand phosphine donors occupy the axial positions and

the silicon, hydride and bridging B-H groups occupy the equatorial plane. The structure

features an acute Si-Ir-H1 angle (77.3(14)º), comparable to related [Cy-PSiP]IrIII

crystallographically characterized complexes described herein. Although, no literature

examples were found containing hydroborates of the type BH2F2
, related

tetrahydroborate η2-BH4 transition metal complexes have been reported in the literature

for pincer complexes, including [PNX]Ru(H)(BH4) (X = P, N),97d [tBuPCP]Ni(BH4),97b

[RPOCOP]Ni(BH4) (R = tBu, iPr, cPe)97c and [tBuPOCOP]Ir(H)2(BH3)97a where the

complex is described more as an Ir σ-BH3 complex with a second activated B-H bond.

The bridging B-H bond distances in 5-16 (B-H1ba = 1.44(3) Å, B-H1bb = 1.25(3) Å) are

comparable to that of [tBuPOCOP]Ir(H)2(BH3), which has a σ-B–H  bond distance of

1.45(5) Å.  Furthermore the Ir…B bond distance of 2.158(3) Å for 5-16 is shorter than the

η1-BH3 of [tBuPOCOP]Ir(H)2(BH3) and is slightly shorter than that of related Ni and Ru

pincer complexes containing η2-borate ligands (2.180 - 2.214 Å)97c,d.
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Figure 5-5. The crystallographically determined structure of 5-16 shown with 50%
displacement ellipsoids. With the exception of H1, H1ba, and H1bb, all H atoms, as well
as the C6H6 solvate, have been omitted for clarity.

Table 5-5. Selected interatomic distances (Å) and angles (º) for 5-16.

Bond Lengths (Å)

Ir-P1 2.3003(7) Ir…B 2.158(3)
Ir-P2 2.3079(7) B-H1ba 1.44(3)
Ir-Si 2.3477(7) B-H1bb 1.25(3)
Ir-H1 1.55(4) B-F1 1.351(4)

Ir-H1ba 1.77(3) B-F2 1.350(4)
Ir-H1bb 1.91(3)

Bond Angles (º)

P1-Ir-P2 163.42(3) Si-Ir-H1ba 102.0(10)
Si-Ir-H1 77.3(14) Si-Ir-H1bb 176.7(9)

The formation of 5-16 from 5-3 and 2 equiv Et3SiH could result from an H/F

exchange process where two of the F atoms of the η1-BF4 unit in 5-3 are progressively

transferred to Si in Et3SiH (Scheme 5-9).  Although the exact mechanism of this process
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remains ambiguous, theoretical calculations on various isomers of [ tBuPCP]Ni(BFxH4-x)

(x = 1-3) have shown that η1- and η2-borohydride Ni complexes are predicted on the

pathway interconverting [tBuPCP]Ni(BH3F) to [tBuPCP]Ni(BF4).97b In situ 19F NMR

spectroscopy of reaction mixtures in which 5-16 is generated feature a resonance at -54.9

ppm for 5-16 as well as a resonance at -175.1 ppm for free Et3SiF, consistent with the

evolution of fluorosilane during the formation of 5-16.98 Unfortunately the reaction of

Et3SiH (1 or 5 equivalents) with 5-5 did not yield any new isolable product.

Scheme 5-9. Proposed mechanism for formation of [Cy-PSiP]Ir(H)(η2: η2-H2BF2) (5-16)

The reactivity of secondary silanes with [Cy-PSiP]Ir(H)(X) (X = OTf, BF4,

B(C6F5)4) was also explored.  In this regard, addition of one or two equivalents of

Mes2SiH2 to 5-1 did not result in any observed reaction, even upon heating of the reaction

mixtures to 80 ºC. Treatment of a fluorobenzene solution of 5-3 with two equivalents of

Mes2SiH2 led to the quantitative (31P NMR) formation of 5-16. The 19F NMR spectrum

of the reaction mixture features a resonance at -54.9 ppm for 5-16, as well as a resonance

at -167.2 ppm for free Mes2SiHF.  The 29Si NMR spectroscopy (29Si-1H HMBC) of the

reaction mixture also revealed a resonance at -10.1 ppm, due to liberation of Mes2SiHF.

The mechanism to generate 5-16 and Mes2SiHF likely follows similar steps to those

depicted in Scheme 5-9.

Complex 5-5 also reacted with one equivalent of Mes2SiH2 to afford quantitative

(31P NMR) formation of a new [Cy-PSiP]Ir species (5-17) that featured a 31P NMR
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resonance at 46.9 ppm. Complex 5-17 was isolated as an orange solid in 92% yield and

is tentatively assigned on the basis of 1H and 29Si NMR spectroscopy as the

dimesitylsilane complex [Cy-PSiP]Ir(H)(η2:η2-H2SiMes2) that features bis(σ-Si–H)

coordination (Scheme 5-10). The 1H NMR spectrum of 5-17 (benzene-d6) features three

upfield-shifted resonances at -15.00 (br s), -5.06 (br s) and -0.67 (br s) ppm that

correspond to the terminal Ir-H and the two -Si-H ligands, respectively.  The latter two

resonances correlate to a 29Si resonance at 62.7 ppm in a 1H-29Si HMQC experiment, with

one bond Si-H coupling constants of 140 and 101 Hz, respectively, which fall in the

range commonly associated with -silane complexes (typical 1JSiH values in free silanes

fall near 200 Hz, while 1JSiH values in metal silyl species range between ca. 140 - 220

Hz)93 Furthermore, in keeping with -Si-H coordination to a metal center, the IR

spectrum of 5-17 exhibits IR bands at 2155 cm-1 for the terminal Ir-H, as well as bands at

1643 and 1605 cm-1, a region characteristic of η2-Si-H metal species.93

Scheme 5-10. Synthesis of [Cy-PSiP]Ir(H)(η2:η2-H2SiMes2) (5-17)

Alternatively, the reaction of 5-1 with one equivalent of Ph2SiH2 led to

quantitative (31P NMR) formation of a new complex (5-18) featuring a 31P NMR

resonance at 42.0 ppm.  Complex 5-18 was isolated in 92% yield and has been assigned

as [Cy-PSiP]Ir(H)3(SiPh2OTf) on the basis of 1H and 29Si NMR data. The 1H NMR

spectrum of isolated 5-18 (benzene-d6) features two Ir-H resonances at -8.83 (2 H) and -

12.13 (1 H) ppm. The 29Si NMR spectrum of 5-18 exhibits two resonances at 28.0 and
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57.7 ppm, corresponding to the ligand SiMe group and the coordinated SiPh2OTf ligand,

respectively. 29Si-1H correlation experiments did not show any Si-H coupling, however

Si-H interactions cannot be ruled out (vide infra). IR bands were observed at 2037, and

1968 cm-1, in the range of terminal iridium hydrides. Low temperature NMR studies

(toluene-d8) showed the presence of three upfield resonances at – 11.55, - 11.91, and –

14.19 at 283 K that exhibited estimated (null method) T1 relaxation times of 215 ms (253

K), 247 ms (263 K) and 241 ms (253 K) at 300 MHz. This data indicates the presence of

classical iridium bound hydride ligands.92,94 Attempted crystallization of 5-18 from a

concentrated fluorobenzene solution afforded single crystals that upon X-ray diffraction

analysis proved to be [Cy-PSiP]Ir(H)(SiPh2OTf) (5-19·(C6H5F)1.25, Figure 5-6, Table 5-

6), the product of H2 loss from 5-19·(C6H5F)1.25. The five coordinate complex exhibits a

distorted square-based pyramidal geometry at Ir, with the SiPh2OTf ligand occupying the

apical coordination site, comparable to the structure of 5-15·(C6H6)0.5 also bearing a silyl

ligand.  The structure features an acute Si2-Ir-H1 angle between the SiPh2OTf and

hydride ligand (71.6(16)º). The Ir-Si1 distance of 2.4074(10) is comparable in length to

the Ir-Si2 distance of 2.3853(11) Å.
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Figure 5-6. The crystallographically determined structure of 5-19·(C6H5F)1.25 shown
with 50% displacement ellipsoids.  With the exception of H1, all H atoms, as well as the
C6H5F solvate, have been omitted for clarity.

Table 5-6. Selected interatomic distances (Å) and angles (º) for 5-19·(C6H5F)1.25.

Bond Lengths (Å)

Ir-P1 2.3330(10) Ir-Si1 2.4074(10)
Ir-P2 2.3316(11) Ir-Si2 2.3853(11)
Ir-H1 1.498(10) Si2-O1 1.807(3)

Bond Angles (º)

P1-Ir-P2 159.37(4) Si2-Ir-H1 71.6(16)
Si1-Ir-H1 139.3(16)

Possible routes for the generation of 5-18 would proceed via the initial formation

of an Ir silyl species either through Si-H oxidative addition to generate an IrV

intermediate, similar to those proposed by Bergman and Tilley in the silane Si-H bond

cleavage mediated by Cp*(PMe3)Ir(Me)(OTf),84g or alternatively via -bond metathesis

to generate an IrIII silyl triflate complex and H2, which may coordinate to the metal center
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(Scheme 5-11). Dissociation of the OTf ligand would provide an open coordination site

at the metal, allowing for an -hydride migration from Si to Ir to generate a cationic Ir

silylene hydride species.84 Cationic metal silylene species are known to be highly

electrophilic at Si and often exhibit reactivity analogous to silylium cations.  Thus, such a

cationic Ir silylene species would readily coordinate OTf to generate 5-18 (Scheme 5-

11).84

Scheme 5-11. Possible mechanisms for formation of [Cy-PSiP]Ir(H2)(H)(SiPh2OTf) (5-
18)

The reaction of 5-3 with one equivalent of Ph2SiH2 led to the quantitative (31P

NMR) formation of a new product (5-20) that featured a 31P NMR resonance at 43.9

ppm. Complex 5-20 was isolated as an orange solid in 79% yield, and is assigned on the

basis of 1H, 19F and 29Si NMR spectroscopy as an analogue of 5-18 featuring a π-donor

stabilized Ir silylene IrSi(BF4)Ph2 ligand derived from an electrophilic diphenylsilylene

intermediate, likely formed from an initial Si-H activation followed by α-H migration

(Scheme 5-12). Base stabilized silylenes are fairly well known in the literature and are

often precursors to base-free metal silylene species.85 As in the case of 5-18, the 1H

NMR spectrum (benzene-d6) of 5-20 features two upfield shifted resonances at -9.27 (2
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H) and -11.86 (1 H) ppm, consistent with three Ir-H ligands also observed in the IR

spectrum as bands at 2004, and 1957 cm-1. Variable temperature 1H NMR (toluene-d8)

showed that at 323 K the hydride signals coalesce into one broad resonance at -9.82 ppm.

At 273 K the hydride resonances decoalesce into three peaks integrating to 1 H each at -

9.02, -9.58 and -11.90 ppm with estimated (null method)92 T1(min) values of 202 ms (253

K), 214 ms (263 K) and 214 ms (263 K), respectively, supporting the trihydride nature of

5-20. The 11B NMR features a single resonance at 0.51 ppm, while the 19F{1H} NMR

shows resonances at -130.4 ppm and -141.7 for the BF4 unit coordinated to Si through

one F atom. Two 29Si NMR resonances were observed for 5-20 (29Si-1H HMBC) at 32.1

(1JSiF = 237 Hz) and 35.2 ppm, corresponding to the Ir-SiPh2BF4 and Ir-SiMe, groups

respectively. Interestingly, unlike the reactivity observed for 5-3 with Et3SiH and

Mes2SiH2, no evidence for the formation of 5-16 was observed. However, when two

equivalents of Ph2SiH2 were initially added to 5-3, 31P NMR spectroscopy reveals the

generation of both 5-20 and 5-16 (2:1 ratio).  Unfortunately, the reaction of 5-5 with

either one or two equivalents of Ph2SiH2 generated multiple products (31P NMR), none of

which could be identified or isolated.
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Scheme 5-12. Possible mechanism for formation of [Cy-PSiP]Ir(H)3(SiPh2BF4) (5-20)

The reactivity of the primary silane PhSiH3 was also investigated during the

course of these studies.  A fluorobenzene solution of 5-1 reacted cleanly with one equiv

of PhSiH3 to quantitatively (31P NMR) generate a new product (5-21) featuring an AB

quartet centered at 43.6 ppm by 31P NMR spectroscopy, consistent with a [Cy-PSiP]Ir

species that contains inequivalent phosphorus donors. Complex 5-21 was isolated as an

orange solid in 96% yield.  Spectroscopic data for 5-21 (benzene-d6) are consistent with a

formulation of the type [Cy-PSP]Ir(H)3(SiHPhOTf) (Scheme 5-13). Thus, the 1H NMR

spectrum of 5-21 features three upfield-shifted resonances are observed at -9.21, -9.48,

and -11.80 ppm, corresponding to the Ir-H ligands, respectively. In addition, the 1H

NMR spectrum of 5-21 contains an Si-H resonance at 7.7 ppm for the Ir-SiHPhOTF

ligand that correlates to a 29Si resonance at 32.5 ppm (1JSiH = 190 Hz) in a 29Si-1H HMQC

experiment.  The Ir-SiMe group in the ligand backbone gives rise to a 29Si NMR

resonance at 31.5 ppm (29Si-1H HMBC).  Moreover, the IR spectrum of 5-21 confirms

the presence of terminal Ir-bound hydride atoms and an Si-H with peaks at 2113, 2033,
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and 1975 cm-1.  All other [Cy-PSiP]Ir(H)3X complexes described so far exhibit two IR

bands for the Ir-H groups and no Si-H band. The formation of this complex likely occurs

via a similar mechanism to that proposed for formation of 5-18 and 5-20 (Schemes 5-11

and 5-12) -hydride migration from Si to Ir to form a silylene intermediate that could

coordinate OTf to generate the observed product. Moreover, reactivity of 5-3 and 5-6

with the primary silane PhSiH3 led to complex reaction mixtures with no isolable

products.

Scheme 5-13. Synthesis of [Cy-PSiP]Ir(H)3(SiHPh2OTf) (5-21)

With respect to the reactivity of silanes with [Cy-PSiP]IrIII complexes described

herein, the unequivocal assignment of structure is challenging due to the presence of both

silyl and hydride ligands which can exhibit non-classical interligand interactions.  There

have been many literature examples and reviews highlighting the difficulty in

unambiguously assigning the extent of Si-H activation as either a classical silyl hydride

or a non-classical η2-silane, due to the potential for secondary interaction between Si and

H atoms within the metal sphere.93,99,100 Although no long range Si-H coupling constants

were observed in 29Si-1H HMBC experiments for the [Cy-PSiP]IrIII silyl polyhydride

complexes, this does not preclude  a σ-interaction as 1JSiH and 2JSiH values could have

opposite signs and lead to a lower observed JSiH.100
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5.3 Conclusions
In summary, the work discussed in this chapter highlights the continuing study of

new bis(phosphino)silyl Ir pincer complexes, with focus placed on the synthesis of

(PSiP)IrIII species, including their ability to activate E-H bonds.  Specifically, the work in

this chapter places emphasis on modifying the electrophilicity of the Ir center by

targeting IrIII complexes of the type [R-PSiP]Ir(R’)(X) (R = Cy, iPr; R’ = H, CH3; X =

OTf, BF4, and B(C6F5)4). Solid state structures showed that both OTf and BF4

coordinated directly to the metal center. Through the addition of coordinating ligands,

the lability of the anions were assessed showing that both OTf and BF4 anions can be

displaced in solution.

The reactivity of [Cy-PSiP]Ir(H)(X) (X = OTf, BF4, and B(C6F5)4) with simple

hydrocarbons, terminal alkynes and aldehydes was probed.  However the most extensive

reactivity of these IrIII species was observed with hydrosilanes, yielding products of Si-H

activation where the coordinating anion (X) often behaves in a non-innocent fashion and

is involved in formation of the final products.  Specifically, the reaction of [Cy-

PSiP]Ir(H)(OTf) (5-1) or [Cy-PSiP]Ir(H)(BF4) (5-3) with two equivalents of Et3SiH led

to the formation of [Cy-PSiP]Ir(H)3SiEt3 (5-14) and the hydroborate complex [Cy-

PSiP]Ir(H)(η2:η2-H2BF2) (5-16), respectively. Formation of 5-16 resulting from loss of

two equivalents of Et3SiF highlights the non-innocent nature of the anions.  In the case of

{[Cy-PSiP]Ir(H)}+[B(C6F5)4] (5-5) reaction with Mes2SiH2 generated the dimesitylsilane

complex [Cy-PSiP]Ir(H)(η2:η2-H2SiMes2) (5-17) that features bis(σ-Si–H) coordination.

Finally, The reaction of Ph2SiH2 or PhSiH3 with [Cy-PSiP]Ir(H)(OTf) (5-1)

yielded [Cy-PSiP]Ir(H)3(SiOTfR1R2) (R1 = R2 =Ph or R1 = H and R2 = Ph), proposed to

form via initial Si-H cleavage, followed by OTf ligand dissociation and an -hydride

migration from Si to Ir to generate an intermediate cationic Ir silylene hydride species

that subsequently coordinated the OTf anion. In comparable reactivity, [Cy-
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PSiP]Ir(H)(BF4) (5-3) reacted with Ph2SiH2 to produce the analogue [Cy-

PSiP]Ir(H)3(Si(BF4)Ph2) (5-20), where the BF4
 anion is coordinated to the Si center.

5.4 Experimental Section
5.4.1 General Considerations

All experiments were conducted under nitrogen in an MBraun glovebox or using

standard Schlenk techniques.  Dry, oxygen-free solvents were used unless otherwise

indicated.  All non-deuterated solvents were deoxygenated and dried by sparging with

nitrogen and subsequent passage through a double-column solvent purification system

purchased from MBraun Inc.  Tetrahydrofuran and diethyl ether were purified over two

activated alumina columns, while benzene, toluene, and pentane were purified over one

activated alumina column and one column packed with activated Q-5.  All purified

solvents were stored over 4 Å molecular sieves.  Benzene-d6 and bromobenzene-d5 were

degassed via three freeze-pump-thaw cycles and stored over 4 Å molecular sieves.  All

other reagents, were purchased from Aldrich and used without further purification.

Unless otherwise stated, 1H, 13C, 31P NMR, and 29Si characterization data were collected

at 300K on a Bruker AV-500 spectrometer operating at 500.1, 125.8, 202.5, 50.7 and

99.4 MHz (respectively) with chemical shifts reported in parts per million downfield of

SiMe4 (for 1H, 13C, and 29Si) or 85% H3PO4 in D2O (for 31P). All 11B and 19F

characterization data were collected at 300K on a Bruker AV-300 spectrometer operating

at 96.3 and 282.3 MHz with chemical shifts reported in parts per million downfield of

BF3•OEt2 and relative to a standard sample of 0.5% CF3C6H5 in chloroform-d at -63.7

ppm, respectively. 1H and 13C NMR chemical shift assignments are based on data

obtained from 13C-DEPTQ, 1H-1H COSY, 1H-13C HSQC, and 1H-13C HMBC NMR

experiments. 29Si NMR assignments are based on 1H-29Si HMQC and 1H-29Si HMBC

experiments.  In some cases, fewer than expected unique 13C NMR resonances were

observed, despite prolonged acquisition times. Relaxation rate (T1) experiments were
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measured using the T1 null method. This technique involves finding the value of the

recovery delay in the standard inversion recovery experiment that yields a null signal

(τnull) and calculating T1 according to T1 = 1.443(τnull).92 Elemental analyses were

performed by Canadian Microanalytical Service Ltd. of Delta, British Columbia, Canada

and by Columbia Analytical Services of Tucson, Arizona.  Infrared spectra were recorded

as thin films between NaCl plates using a Bruker TENSOR 27 FT-IR spectrometer at a

resolution of 4 cm-1.  X-ray data collection, solution, and refinement were carried out by

Drs. Robert MacDonald and Michael J. Ferguson at the University of Alberta X-ray

Crystallography Laboratory, Edmonton, Alberta.

5.4.2 Synthetic Details and Characterization Data
[Cy-PSiP]Ir(H)OTf (5-1). A solution of AgOTf (0.031g, 0.122 mmol) in ca. 5

mL of CH2Cl2 was added dropwise via pipette to a solution of 2-1 (0.100 g, 0.122 mmol)

in ca. 5 mL of CH2Cl2 or C6H5F at room temperature.  An immediate precipitate was

observed with no observable color change from yellow.  The reaction mixture was

filtered through Celite and dried under vacuum.  The remaining solid was triturated with

pentane (3  5 mL) to afford 5-1 as a pale yellow solid (0.107 g, 94%). 1H NMR (500

MHz, benzene-d6):  7.92 (d, 2 H, J = 7 Hz, Harom), 7.32 (m, 2 H, Harom), 7.18 (t, 2 H, J =

7 Hz, Harom), 7.08 (t, 2 H, J = 8 Hz, Harom), 2.94 (m, 2 H, PCy), 2.79 (m, 2 H, PCy), 2.49

(m, 2 H, PCy), 2.29 (m, 2 H, PCy), 2.28 (m, 2 H, PCy), 2.03 (m, 2 H, PCy), 1.69 (m, 2 H,

PCy), 1.61 – 1.17 (overlapping resonances, 24 H, PCy), 0.79 – 0.71 (overlapping

resonances, 7 H, PCy + SiMe; SiMe at 0.77), -20.21 (t, 1 H, 2JHP = 15 Hz, IrH). 13C{1H}

NMR (125.8 MHz, benzene-d6):  156.3 (Carom), 141.1 (Carom), 132.3 (apparent t, J = 9

Hz, CHarom), 131.4 (CHarom), 130.1 (CHarom), 128.3 (CHarom), 35.5 (apparent t, J = 16 Hz,

CHCy), 35.2 (apparent t, J = 12 Hz, CHCy), 31.0 (CH2Cy), 30.1 (CH2Cy), 29.9 (CH2Cy), 28.6

(CH2Cy), 28.0 – 27.4 (overlapping resonances, CH2Cy), 26.9 (CH2Cy), 2.5 (SiMe). 31P{1H}

NMR (202.5 MHz, benzene-d6):  61.2. 29Si NMR (99.4 MHz, benzene-d6):  7.3. 19F
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NMR (282.4 MHz, benzene-d6):  -76.1. IR (film, cm-1): 2283 (m, Ir-H). X-Ray quality

crystals of 5-1 were grown from vapour diffusion of pentane into a concentrated benzene

solution at room temperature.

[iPr-PSiP]Ir(H)OTf (5-2).  A solution of AgOTf (0.039 g, 0.152 mmol) in ca. 5

mL of C6H5F was added dropwise via pipette to a solution of 3-2 (0.100 g, 0.152 mmol)

in ca. 5 mL of C6H5F at room temperature. An immediate precipitate was observed with

no observable color change from yellow.  The reaction mixture was filtered through

Celite and dried under vacuum. The remaining solid was triturated with pentane (3  5

mL) to afford 5-2 as a pale yellow solid (0.112 g, 96%). 1H NMR (500 MHz, benzene-

d6):  7.86 (d, 2 H, J = 7 Hz, Harom), 7.15 – 7.11 (overlapping resonances, 4 H, Harom),

7.01 (t, 2 H, J = 7 Hz, Harom), 3.05 (m, 2 H, PiPr), 2.72 (m, 2 H, PiPr), 1.44 (m, 6 H,

PiPr), 1.10 (m, 6 H, PiPr), 0.94 (m, 6 H, PiPr), 0.78 (m, 6 H, PiPr), 0.69 (s, 3 H, SiMe), -

29.49 (t, 1 H, 2JHP = 15 Hz, IrH). 13C{1H} NMR (125.8 MHz, benzene-d6):  156.0

(apparent t, J = 20 Hz, Carom), 140.5 (apparent t, J = 26 Hz, Carom), 132.0 (apparent t, J =

9 Hz, CHarom), 131.0 (CHarom), 130.0 (CHarom), 128.0 (CHarom), 26.2 (apparent t, J = 16

Hz, CHiPr), 25.7 (apparent t, J = 12 Hz, CHiPr), 20.6 (CH3iPr), 19.8 (CH3iPr), 18.7 (CH3iPr),

17.7 (CH3iPr), 2.9 (SiMe). 31P{1H} NMR (202.5 MHz, benzene-d6):  67.6. 29Si NMR

(99.4 MHz, benzene-d6):  8.0. 19F NMR (282.4 MHz, benzene-d6):  -76.4. IR (film,

cm-1): 2280 (m, Ir-H).

[Cy-PSiP]Ir(H)(FBF3) (5-3). A solution of AgBF4 (0.06g, 0.183 mmol) in ca. 5

mL of CH2Cl2 was added dropwise via pipette to a solution of 2-1 (0.150 g, 0.183 mmol)

in ca. 5 mL of CH2Cl2 at room temperature.  An immediate precipitate was observed with

no observable color change from yellow.  The reaction mixture was filtered through

Celite and dried under vacuum.  The remaining solid was triturated with pentane (3  5

mL) to afford 5-3 as a pale yellow/orange solid (0.155 g, 72%). 1H NMR (500 MHz,

benzene-d6):  7.91 (d, 2 H, J = 8 Hz, Harom), 7.30 (m, 2 H, Harom), 7.18 (t, 2 H, J = 7 Hz,

Harom), 7.08 (t, 2 H, J = 8 Hz, Harom), 2.89 (m, 2 H, PCy), 2.68 (m, 2 H, PCy), 2.41 (m, 2
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H, PCy), 2.30 (m, 2 H, PCy), 2.28 (m, 2 H, PCy), 2.03 (m, 2 H, PCy), 1.83 – 1.76

(overlapping resonances, 4 H, PCy), 1.64 – 1.46 (overlapping resonances, 14 H, PCy),

1.39 – 1.00 (overlapping resonances, 14 H, PCy), 0.74 (s, 3 H, SiMe), -32.98 (t, 1 H, 2JHP

= 15 Hz, IrH). 13C{1H} NMR (125.8 MHz, benzene-d6):  156.0 (apparent t, J = 20 Hz,

Carom), 140.9 (apparent t, J = 26 Hz, Carom), 132.2 (apparent t, J = 13 Hz, CHarom), 131.3

(CHarom), 130.0 (CHarom), 128.1 (CHarom), 36.3 (apparent t, J = 11 Hz, CHCy), 35.8

(apparent t, J = 15 Hz, CHCy), 34.8 (CH2Cy), 30.6 (CH2Cy), 29.9 (CH2Cy), 29.5 (CH2Cy),

28.6 (CH2Cy), 27.7 – 27.4 (overlapping resonances, CH2Cy), 26.6 (CH2Cy), 2.9 (SiMe).
31P{1H} NMR (202.5 MHz, benzene-d6):  62.2. 29Si NMR (99.4 MHz, benzene-d6): 

5.6. 11B NMR (96.3 MHz, benzene-d6):  0.6. 19F NMR (282.4 MHz, benzene-d6):  -

177.6. IR (film, cm-1): 1960 (m, Ir-H). Anal. Calcd for C37H56BF4IrP2Si: C, 51.09; H,

6.49. Found: C, 50.79; H, 6.26. X-Ray quality crystals of 5-3 were grown from vapour

diffusion of pentane into a concentrated fluorobenzene solution at room temperature.

[iPr-PSiP]Ir(H)(FBF3) (5-4). A solution of AgBF4 (0.034 g, 0.173 mmol) in ca.

5 mL of C6H5F was added dropwise via pipette to a solution of 3-2 (0.114 g, 0.173 mmol)

in ca. 5 mL of C6H5F at room temperature.  An immediate precipitate was observed with

no observable color change from yellow.  The reaction mixture was filtered through

Celite and dried under vacuum.  The remaining solid was triturated with pentane (3  5

mL) to afford 5-4 as a pale yellow/orange solid (0.111 g, 92%). 1H NMR (500 MHz,

benzene-d6):  7.86 (d, 2 H, J = 7 Hz, Harom), 7.15 – 7.03 (overlapping resonances, 4 H,

Harom), 7.03 (t, 2 H, J = 7 Hz, Harom), 2.95 (m, 2 H, PiPr), 2.65 (m, 2 H, PiPr), 1.43 (m, 6

H, PiPr), 1.13 (m, 6 H, PiPr), 0.94 (m, 6 H, PiPr), 0.74 (m, 6 H, PiPr), 0.65 (s, 3 H,

SiMe), - 33.30 (t, 1 H, 2JHP = 15 Hz, IrH). 13C{1H} NMR (125.8 MHz, benzene-d6): 

156.0 (apparent t, J = 20 Hz, Carom), 140.5 (apparent t, J = 26 Hz, Carom), 132.1 (apparent

t, J = 9 Hz, CHarom), 131.1 (CHarom), 130.0 (CHarom), 127.3 (CHarom), 26.7 (apparent t, J =

11 Hz, CHiPr), 26.4 (apparent t, J = 15 Hz, CHiPr), 20.4 (CH3iPr), 19.7 (CH3iPr), 18.4

(CH3iPr), 18.0 (CH3iPr), 2.7 (SiMe). 31P{1H} NMR (202.5 MHz, benzene-d6):  69.1. 29Si
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NMR (99.4 MHz, benzene-d6):  5.4. 11B NMR (96.3 MHz, benzene-d6):  0.7. 19F

NMR (282.4 MHz, benzene-d6):  - 179.1 (br s). IR (film, cm-1): 2199 (m, Ir-H).

[Cy-PSiP]Ir(H){B(C6F5)4} (5-5). A solution of LiB(C6F5)4·2Et2O (0.106g, 0.122

mmol) in ca. 5 mL of CH2Cl2 was added dropwise via pipette to a solution of 2-1 (0.100

g, 0.122 mmol) in ca. 5 mL of CH2Cl2 at room temperature.  An immediate color change

from yellow to orange was observed.  The reaction mixture was filtered through Celite

and dried under vacuum.  The remaining solid was triturated with pentane (3  5 mL) to

afford 5-5 as an orange solid (0.173 g, 97%). 1H NMR (500 MHz, benzene-d6):  7.91

(d, 2 H, J = 7 Hz, Harom), 7.30 (m, 2 H, Harom), 7.21 (t, 2 H, J = 7 Hz, Harom), 7.12 (t, 2 H,

J = 8 Hz, Harom), 2.72 (m, 2 H, PCy), 2.59 (m, 2 H, PCy), 2.19 (m, 2 H, PCy), 2.10 (m, 2

H, PCy), 1.82 – 0.72 (overlapping resonances, 36 H, PCy), 0.65 (s, 3 H, SiMe), -25.1 (br

s, 1 H, IrH). 13C{1H} NMR (125.8 MHz, benzene-d6):  150.4 (Carom), 148.4 (Carom),

140.3 (Carom), 138.3 (Carom), 136.3 (Carom), 132.3 (CHarom), 131.2 (CHarom), 130.5

(CHarom), 130.2 (CHarom), 35.3 (CHCy), 34.9 (CHCy), 31.0 (CH2Cy), 30.6 (CH2Cy), 29.7

(CH2Cy), 28.0 – 26.5 (overlapping resonances, CH2Cy), 4.6 (SiMe). 31P{1H} NMR (202.5

MHz, benzene-d6):  61.5. 29Si NMR (99.4 MHz, benzene-d6):  8.9. 11B NMR (96.3

MHz, benzene-d6):  -16.0. 19F NMR (282.4 MHz, benzene-d6):  -132.6 (br s,

B(C6F5)4), -162.0 (J = 22 Hz, B(C6F5)4), -166.2 (br t, J = 18 Hz, B(C6F5)4). IR (film, cm-

1): 2246 (m, Ir-H). Anal. Calcd for C61H56BF20IrP2Si: C, 50.11; H, 3.86. Found: C,

49.85; H, 4.01.

[iPr-PSiP]Ir(H){B(C6F5)4} (5-6). A solution of LiB(C6F5)4·2Et2O (0.040g, 0.023

mmol) in ca. 2 mL of C6H5F was added dropwise via pipette to a solution of 3-2 (0.030 g,

0.023 mmol) in ca. 2 mL of C6H5F at room temperature.  An immediate color change

from yellow to orange was observed.  The reaction mixture was filtered through Celite

and dried under vacuum.  The remaining solid was triturated with pentane (3  5 mL) to

afford 5-6 as an orange solid (0.025 g, 84%). 1H NMR (500 MHz, benzene-d6):  7.83

(d, 2 H, J = 7 Hz, Harom), 7.20 – 7.12 (overlapping resonances, 6 H, Harom), 2.71 (m, 2 H,
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PCy), 2.57 (m, 2 H, PCy), 1.13 (m, 6 H, PiPr), 1.01 (m, 6 H, PiPr), 0.92 (m, 6 H, PiPr),

0.73 (m, 6 H, PiPr), 0.58 (s, 3 H, SiMe), -27.03 (br t, 1 H, J = 16 Hz, IrH). 13C{1H}

NMR (125.8 MHz, benzene-d6):  150.4 (Carom), 148.5 (Carom), 140.3 (Carom), 138.4

(Carom), 136.5 (Carom), 132.3 (CHarom), 132.1 (apparent t, J = 16 Hz, CHarom), 130.8

(CHarom), 129.2 (CHarom), 128.7 (CHarom), 27.1 (br m, CHiPr), 20.2 (CH3iPr), 18.1 (CH3iPr),

15.0 (CH3iPr), 14.6 (CH3iPr), 4.1 (SiMe). 31P{1H} NMR (202.5 MHz, benzene-d6):  72.1.
29Si NMR (99.4 MHz, benzene-d6):  11.8. 11B NMR (96.3 MHz, benzene-d6):  -16.0.
19F NMR (282.4 MHz, benzene-d6):  -132.5 (d, J = 8.5 Hz, B(C6F5)4), -162.2 (t, J = 20

Hz, B(C6F5)4), -166.5 (br t, J = 17 Hz, B(C6F5)4). IR (film, cm-1): 2268 (m, Ir-H).

{[Cy-PSiP]Ir(H)(PMe3)2}+[OTf] (5-7). Two equiv of PMe3 (9.8 µL, 0.0073 g,

0.097 mmol) were syringed into a solution of [Cy-PSiP]Ir(H)OTf (0.045 g, 0.048 mmol)

in ca. 4 mL of benzene at room temperature.  An immediate color change from yellow to

pale yellow was observed.  The reaction mixture was dried under vacuum.  The

remaining solid was triturated with pentane (3  3 mL) to afford 5-7 as a pale yellow

solid (0.0414 g, 80%). 1H NMR (500 MHz, benzene-d6):  7.59 (d, 1 H, J = 7 Hz, Harom),

7.54 (m, Harom), 7.15 – 7.10 (overlapping resonances, 4 H, Harom), 2.30 (m, 2 H, PCy),

2.11 – 1.87 (overlapping resonances, 18 H, PCy + PMe3; PMe3 at 1.96), 1.71 – 1.04

(overlapping resonances, 42 H, PCy + PMe3; PMe3 at 1.42), 0.45 (s, 3 H, SiMe), -14.91

(m, IrH). 13C{1H} NMR (125.8 MHz, benzene-d6):  155.1 (Carom), 144.1 (Carom), 132.2

(apparent t, J = 9 Hz, CHarom), 131.5 (CHarom), 129.9 (CHarom), 128.4 (CHarom), 42.7

(apparent t, J = 14 Hz, CHCy), 40.3 (apparent t, J = 8 Hz, CHCy), 30.0 –26.5 (overlapping

resonances, CH2Cy), 25.1 (apparent d, J = 28 Hz, PMe3), 24.1 (apparent d, J = 30 Hz,

PMe3), 9.0 (SiMe). 31P{1H} NMR (202.5 MHz, benzene-d6):  26.6 (br s, Cy-PSiP), -

71.1 (m, PMe3), -73.0 (m, PMe3). 29Si NMR (99.4 MHz, benzene-d6):  36.8. 19F NMR

(282.4 MHz, benzene-d6):  -77.3. IR (film, cm-1): 2166 (m, Ir-H). Anal. Calcd for

C44H74F3IrO3P4SSi: C, 48.74; H, 6.88. Found: C, 48.88; H, 6.62.
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[Cy-PSiP]Ir(H)(OTf)(DMAP) (5-8). A solution of 4-dimethylaminopyridine

(0.004 g, 0.032 mmol) in ca. 2 mL of benzene was added dropwise via pipette to a

solution of 5-1 (0.030 g, 0.032 mmol) in ca. 2 mL of benzene at room temperature.  An

immediate color change from yellow to pale yellow was observed.  The reaction mixture

was dried under vacuum.  The remaining solid was triturated with pentane (3  3 mL) to

afford 5-8 as a pale yellow solid (0.032 g, 96%). The NMR spectra of 5-8 at 300K

exhibit line broadening.  Where possible, variable temperature characterization data are

provided. 1H NMR (300K, 500 MHz, benzene-d6):  8.72 (d, 2 H, J = 7 Hz, Harom), 8.09

(d, 2 H, J = 7 Hz, Harom), 7.47 (m, 2 H, Harom), 7.26 (t, 2 H, J = 7 Hz, Harom), 7.15 (m, 2

H, Harom), 6.48 (d, 2 H, J = 5 Hz, Harom), 2.31 – 2.22 (overlapping resonances, 10 H, PCy

+ MeDMAP), 2.09 (br s, 2 H, PCy), 1.95 (br m, 4 H, PCy), 1.80 (m, 2 H, PCy), 1.70 – 0.87

(overlapping resonances, 28 H, PCy), 0.75 (s, 3 H, SiMe), -21.69 (br s, 1 H, IrH).
13C{1H} NMR (125.8 MHz, benzene-d6):  154.6 (Carom), 153.6 (CHarom), 143.0 (Carom),

132.4 (CHarom), 130.6 (CHarom), 129.8 (CHarom), 129.1 (CHarom), 38.9 (MeDMAP), 36.7

(CHCy), 36.2 (CHCy), 29.7 (CH2Cy), 29.1 (CH2Cy), 28.4 (CH2Cy), 27.9 – 26.7 (overlapping

resonances, CH2Cy), 26.1 (CH2Cy), 4.7 (SiMe). 31P{1H} NMR (300K, 202.5 MHz,

benzene-d6):  50.3 (br s). 31P{1H} NMR (243K, 202.5 MHz, benzene-d6):  50.3 (s, 5-

8c), 33.5 (s, 5-8a), 33.1 (s, 5-8b). 29Si NMR (99.4 MHz, benzene-d6):  5.6. 19F NMR

(282.4 MHz, benzene-d6):  -77.3. IR (film, cm-1): 2184 (m, Ir-H).

{[Cy-PSiP]Ir(H)(PMe3)}+[BF4]- (5-9). One equiv of PMe3 (3.3 µL, 0.0044 g,

0.057 mmol) was syringed into a solution of 5-1 (0.050 g, 0.057 mmol) in ca. 4 mL of

benzene at room temperature.  An immediate color change from yellow to pale yellow

was observed.  The reaction mixture was dried under vacuum.  The remaining solid was

triturated with pentane (3  3 mL) to afford 5-9 as a pale yellow solid (0.047 g, 87%). 1H

NMR (500 MHz, benzene-d6):  7.82 (d, 1 H, J = 7 Hz, Harom), 7.31 (m, Harom), 7.13 –

7.04 (overlapping resonances, 4 H, Harom), 3.05 (m, 2 H, PCy), 2.33 – 1.64 (overlapping

resonances, 29 H, PCy + PMe3; PMe3 at 1.79), 1.44 – 1.02 (overlapping resonances, 18 H,
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PCy), 0.60 (m, PCy), 0.55 (s, 3 H, SiMe), 0.33 (m, PCy), -10.62 (dt, 1 H, 2JHPtrans = 105

Hz, 2JHPcis = 19 Hz, IrH). 13C{1H} NMR (125.8 MHz, benzene-d6):  154.4 (Carom),

142.8 (Carom), 131.9 (apparent t, J = 9 Hz, CHarom), 130.1 (CHarom), 129.4 (CHarom), 127.7

(CHarom), 36.7 – 35.7 (overlapping resonances, CHCy), 30.8 (CH2Cy), 29.7 (CH2Cy), 28.1 –

26.2 (overlapping resonances, CH2Cy), 20.6 (apparent d, J = 29 Hz, PMe3), 4.0 (SiMe).
31P{1H} NMR (202.5 MHz, benzene-d6):  52.8 (d, 2 P, 2JPP = 16 Hz, PSiP), - 22.3 (t, 1

P, 2JPP = 16 Hz, PMe3). 29Si NMR (99.4 MHz, benzene-d6):  4.5. 11B NMR (96.3 MHz,

benzene-d6):  0.2. (19F NMR (282.4 MHz, benzene-d6):  -152.1. IR (film, cm-1): 2104

(m, Ir-H).

{[Cy-PSiP]Ir(H)(DMAP)}+[BF4] (5-10). A solution of 4-

dimethylaminopyridine (0.006 g, 0.052 mmol) in ca. 3 mL of benzene was added

dropwise via pipette to a solution of 5-3 (0.045 g, 0.052 mmol) in ca. 3 mL of benzene at

room temperature.  An immediate color change from yellow to pale yellow was observed.

The reaction mixture was dried under vacuum.  The remaining solid was triturated with

pentane (3  3 mL) to afford 5-10 as a pale yellow solid (0.032 g, 96%). 1H NMR (500

MHz, benzene-d6):  8.43 (d, 2 H, J = 7 Hz, Harom), 8.02 (d, 2 H, J = 7 Hz, Harom), 7.40

(m, 2 H, Harom), 7.25 (t, 2 H, J = 7 Hz, Harom), 7.16 (m, 2 H, Harom), 6.67 (d, 2 H, J = 5

Hz, Harom), 2.62 (m, 2 H, PCy), 2.46 (br s, 6 H, MeDMAP), 2.41 (br s, 3 H, MeDMAP), 2.22 –

2.15 (overlapping resonances, 8 H, PCy), 1.67 – 0.80 (overlapping resonances, 40 H,

PCy), 0.75 (s, 3 H, SiMe), 0.62 (m, 2 H, PCy), -21.35 (br s, 1 H, IrH). 13C{1H} NMR

(125.8 MHz, benzene-d6):  156.5 (CHarom), 154.7 (Carom), 142.4 (Carom), 132.2 (apparent

t, J = 9 Hz, CHarom), 130.8 (CHarom), 130.0 (CHarom), 128.4 (CHarom), 39.1 (MeDMAP), 37.1

(CHCy), 30.0 (CH2Cy), 29.4 (CH2Cy), 28.5 (CH2Cy), 27.6 – 26.7 (overlapping resonances,

CH2Cy), 4.4 (SiMe). 31P{1H} NMR (303K, 202.5 MHz, benzene-d6):  55.0 (br s). 29Si

NMR (99.4 MHz, benzene-d6):  8.0. 11B NMR (96.3 MHz, benzene-d6):  0.4. 19F

NMR (282.4 MHz, benzene-d6):  -151.4. IR (film, cm-1): 2184 (m, Ir-H).



217

[Cy-PSiP]Ir(Me)I (5-11).  MeI (7.7 µL, 0.18 g, 0.123 mmol) was syringed into a

solution of 2-3 (0.100 g, 0.123 mmol) in ca. 8 mL of THF at room temperature.  A

gradual colour change to red-brown was observed while stirring for 4 days at room

temperature.  The reaction mixture was dried under vacuum.  The remaining solid was

triturated with pentane (3  5 mL) to afford 5-10 as a dark orange-brown solid (0.059 g,

52%). 1H NMR (500 MHz, benzene-d6):  7.91 (d, 2 H, J = 7 Hz, Harom), 7.40 (m, 2 H,

Harom), 7.22 (t, 2 H, J = 7 Hz, Harom), 7.11 (t, 2 H, J = 7 Hz, Harom), 3.37 (m, 2 H, PCy),

2.88 (m, 2 H, PCy), 2.40 (m, 2 H, PCy), 2.11 (m, 2 H, PCy), 2.07 (t, 3 H, 3JHP = 3 Hz, Ir-

Me), 1.90 – 1.06 (overlapping resonances, 36 H, PCy), 0.55 (s, 3 H, SiMe). 13C{1H}

NMR (125.8 MHz, benzene-d6):  163.1 (Carom), 155.9 (Carom), 133.2 (apparent t, J = 9

Hz, CHarom), 131.7 (CHarom), 130.2 (CHarom), 41.2 (apparent t, J = 13 Hz, CHCy), 36.8

(apparent t, J = 13 Hz, CHCy), 31.4 (CH2Cy), 30.6 (CH2Cy), 30.4 (CH2Cy), 9.3 (CH2Cy),

28.3 – 26.8 (overlapping resonances, CH2Cy), 4.0 (SiMe). 31P{1H} NMR (202.5 MHz,

benzene-d6):  35.7 (br s). 29Si NMR (99.4 MHz, benzene-d6):  24.6.

[Cy-PSiP]Ir(Me)OTf (5-12). A solution of AgOTf (0.014 g, 0.054 mmol) in ca.

3 mL of C6H5F was added dropwise via pipette to a solution of 5-11 (0.050 g, 0.054

mmol) in ca. 3 mL of C6H5F at room temperature.  An immediate precipitate was

observed with no observable color change from yellow.  The reaction mixture was

filtered through Celite and dried under vacuum.  The remaining solid was triturated with

pentane (3  5 mL) to afford 5-12 as a pale yellow solid (0.039 g, 76%). 1H NMR (500

MHz, benzene-d6):  7.37 (m, 2 H, Harom), 7.13 – 7.09 (overlapping resonances, 2 H,

Harom), 6.64 – 6.61 (overlapping resonances, 2 H, Harom), 6.50 – 6.46 (overlapping

resonances, 2 H, Harom), 6.20 (dd, J = 7 Hz, J = 4 Hz, Harom), 3.12 (m, 1 H, PCy), 2.70 –

2.59 (overlapping resonances, 4 H, PCy), 2.39 – 1.96 (overlapping resonances, 9 H, PCy),

1.80 – 1.18 (overlapping resonances, 22 H, PCy), 1.14 (s, 3 H, SiMe), 1.10 – 0.91

(overlapping resonances, 8 H, PCy), -0.12 (s, 3 H, Ir-Me). 13C{1H} NMR (125.8 MHz,

benzene-d6):  150.9 (Carom), 145.8 (Carom), 138.4 (Carom), 137.4 (apparent d, J = 9 Hz,
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CHarom), 136.2 (Carom), 133.3 (CHarom), 133.1 (CHarom), 132.0 (CHarom), 130.8 (CHarom),

129.9 (CHarom), 129.1 (CHarom), 128.6 (CHarom), 127.4 (CHarom), 123.3 (apparent d, J = 8

Hz, CHarom), 43.9 – 43.5 (overlapping resonances, CHCy), 41.5 (CHCy), 37.7 (CH2Cy),

37.5 (CH2Cy), 36.1 – 34.9 (overlapping resonances, CH2Cy), 4.4 (SiMe), 3.6 (Ir-Me).
31P{1H} NMR (202.5 MHz, benzene-d6):  52.5 (d, 2JPP = 300 Hz), -24.5 (d, 2JPP = 300

Hz). 29Si NMR (99.4 MHz, benzene-d6):  14.5. 19F NMR (282.4 MHz, benzene-d6):  -

77.0.

[Cy-PSiP]Ir(H)(O=PhH)2}+[BF4](5-13).  5 equiv of benzaldehyde (8.9 μL,

0.091 g, 0.086 mmol) were added to a 0.2 mL C6D55Br solution of 5-3 (0.015 g, 0.017

mmol) at room temperature.  An immediate color change from yellow to pale yellow was

observed. The reaction mixture was transferred to an NMR tube and analyzed by use of

NMR techniques, which confirmed the quantitative consumption of 5-3 and the clean

formation of putative 5-13.  Attempts to isolate 5-13 by removing the volatile

components in vacuo resulted in a 1:1 mixture of 4-6 and reformed 5-3, as indicated by
1H and 31P NMR spectroscopy of the residue. Moreover, the presence of excess

benzaldehyde in the in situ generated solution of 5-13 precluded the comprehensive

assignment of 1H and 13C NMR resonances for this complex. 1H NMR (500 MHz,

bromobenzene-d5):  8.26 (d, 2 H, J = 7 Hz, Harom), 7.72 (br m, 2 H, Harom), 7.49 (m, 2 H,

Harom), 7.38 (m, 2 H, Harom), 3.07 – 0.89 (overlapping resonances, 44 H, PCy), 0.87 (s, 3

H, SiMe). 13C{1H} NMR (125.8 MHz, cyclohexane-d12):  191.3 (HC=O), 155.1 (Carom),

140.6 (Carom), 133.2 (CHarom), 129.5 (CHarom), 127.6 (CHarom), 127.3 (CHarom), 35.0

(apparent t, J = 11 Hz, CHCy), 34.2 (apparent t, J = 15 Hz, CHCy), 28.6 (CH2Cy), 27.8

(CH2Cy), 27.7 (CH2Cy), 26.8 (CH2Cy), 26.2 – 25.7 (overlapping resonances, CH2Cy), 25.1

(CH2Cy), 1.6 (SiMe). 31P{1H} NMR (bromobenzene-d5): br s). 29Si NMR (99.4

MHz, bromobenzene-d5):  5.8. 11B NMR (96.3 MHz, bromobenzene-d5):  -2.6. 19F

NMR (282.4 MHz, bromobenzene-d5):  -159.7 (br s). IR (C6D5Br, cm-1): 2261 (m, Ir-

H), 1704 (s, C=O).
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[Cy-PSiP]Ir(H)3SiEt3 (5-14). Two equivs of Et3SiH (20.6 µL, 0.015 g, 0.128

mmol) were syringed into a solution of 5-1 (0.060 g, 0.064 mmol) in ca. 4 mL of C6H5F

at room temperature. An immediate color change from yellow to pale yellow was

observed.  The reaction mixture was dried under vacuum.  The remaining solid was

triturated with pentane (3  3 mL) to afford 5-14 as a pale yellow solid (0.046 g, 62%).
1H NMR (500 MHz, benzene-d6):  8.18 (d, 2 H, J = 7 Hz, Harom), 7.34 (d, 2 H, J = 7 Hz,

Harom), 7.22 (t, 2 H, J = 7 Hz, Harom), 7.06 (t, 2 H, J = 7 Hz, Harom), 2.28 (m, 2 H, PCy),

2.18 (m, 2 H, PCy), 2.00 (m, 2 H, PCy), 1.88 (m, 6 H, PCy), 1.74 (m, 4 H, PCy), 1.62 (m,

12 H, PCy), 1.40 – 1.08 (overlapping resonances, 34 H, PCy + SiEt3 + SiMe), -10.23 (br

m, 2 H, IrH), -12.48 (br m, 1 H, IrH). 13C{1H} NMR (125.8 MHz, benzene-d6):  159.0

(apparent t, J = 20 Hz, Carom), 145.9 (Carom), 133.1 (apparent t, J = 8 Hz, CHarom), 129.5

(CHarom), 129.3 (CHarom), 127.1 (CHarom), 36.7 (apparent t, J = 11 Hz, CHCy), 34.1

(CHCy), 30.8 (CH2Cy), 30.2 (CH2Cy), 29.3 (CH2Cy), 28.5 (CH2Cy), 27.9 – 26.9 (overlapping

resonances, CH2Cy), 13.3 (CH2SiEt3), 9.5 (CH3SiEt3),  8.2 (SiMe), 6.0 (CH3SiEt3OTf), 5.2

(CH2SiEt3OTf). 31P{1H} NMR (202.5 MHz, benzene-d6):  42.7. 29Si NMR (99.4 MHz,

benzene-d6):  44.0 (SiEt3OTf), 37.4 (SiMe), 3.1 (SiEt3).  IR (film, cm-1): 1997 (br m, Ir-

H), 1965 (br m, Ir-H). Anal. Calcd for C43H764IrP2Si2: C, 57.10; H, 7.74. Found: C,

57.36; H, 8.17. X-Ray quality crystals of [Cy-PSiP]Ir(H)SiEt3 (5-15·(C6H6)0.5) were

grown from vapour diffusion of pentane into a concentrated C6H6 solution at room

temperature.

[Cy-PSiP]Ir(H)(η2:η2-BH2F2) (5-16).  Method 1: Two equivs of Et3SiH (22.0

µL, 0.016 g, 0.138 mmol) were syringed into a solution of 5-3 (0.060 g, 0.069 mmol) in

ca. 4 mL of C6H5F at room temperature. An immediate color change from yellow to pale

yellow was observed.  The reaction mixture was dried under vacuum.  The remaining

solid was triturated with pentane (3  3 mL) to afford 5-16 as a pale yellow solid (0.056

g, 94%). Method 2: A solution of Mes2SiH2 (0.025 g, 0.092 mmol) in ca. 3 mL of

C6H5F was added dropwise via pipette to a solution of 5-3 (0.040 g, 0.046 mmol) in ca. 3
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mL of C6H5F at room temperature.  An immediate colour change from yellow to pale

yellow was observed.  The reaction mixture was dried under vacuum.  The remaining

solid was triturated with pentane (3  5 mL) to afford 5-16 as a pale yellow solid (0.036

g, 94%). 1H NMR (500 MHz, benzene-d6):  8.12 (d, 2 H, J = 7 Hz, Harom), 7.40 (m, 2 H,

Harom), 7.23 (t, 2 H, J = 8 Hz, Harom), 7.09 (t, 2 H, J = 8 Hz, Harom), 2.52 – 2.45

(overlapping resonances, 4 H, PCy), 2.25 (m, 2 H, PCy), 2.00 (m, 6 H, PCy), 1.84 (m, 8

H, PCy), 1.63 – 1.10 (overlapping resonances, 18 H, PCy), 1.06 (s, 3 H, SiMe), 0.69 (m, 6

H, PCy), -6.59 (br m, 1 H, IrH), -9.20 (br m, 1 H, IrH), -14.42 (br m, 1 H, IrH). 13C{1H}

NMR (125.8 MHz, benzene-d6):  159.3 (apparent t, J = 21 Hz, Carom), 143.2 (apparent t,

J = 28 Hz, Carom), 133.3 (apparent t, J = 10 Hz, CHarom), 130.4 (CHarom), 130.1 (CHarom),

127.5 (CHarom), 36.3 (apparent t, J = 15 Hz, CHCy), 32.9 (apparent t, J = 18 Hz, CHCy),

30.5 (CH2Cy), 30.1 (CH2Cy), 28.0 – 26.9 (overlapping resonances, CH2Cy), 8.2 (SiMe).
31P{1H} NMR (202.5 MHz, benzene-d6):  52.3. 29Si NMR (99.4 MHz, benzene-d6): 

31.7. 19F NMR (22.4 MHz, benzene-d6):  -54.9. IR (film, cm-1): 2138 (m, Ir-H), 1840

(br m, η2-B-H). Anal. Calcd for C37H58BF2IrP2Si: C, 53.29; H, 7.01. Found: C, 52.92; H,

7.01. X-Ray quality crystals of 5-16 were grown from vapour diffusion of pentane into a

concentrated fluorobenzene solution at room temperature.

{[Cy-PSiP]Ir(H)(η2:η2-SiH2Mes2)}+{B(C6F5)4
-} (5-17). A solution of Mes2SiH2

(0.015 g, 0.055 mmol) in ca. 2 mL of C6H5F was added dropwise via pipette to a solution

of 5-5 (0.080 g, 0.055 mmol) in ca. 2 mL of C6H5F at room temperature.  An immediate

color change from orange to yellow was observed.  The reaction mixture was dried under

vacuum and the remaining solid was triturated with pentane (3  3 mL) to afford 5-17 as

a pale yellow solid (0.087 g, 92%). 1H NMR (500 MHz, benzene-d6):  8.10 (m, 2 H,

Harom), 7.55 (m, 2 H, Harom), 7.45 (t, 2 H, J = 8 Hz, Harom), 7.08 (s, 2 H, Harom), 7.03 (s, 2

H, Harom), 6.87 (m, 2 H, Harom), 2.80 (s, 6 H, CH3Mes), 2.67 (s, 6 H, CH3Mes), 2.38 – 1.10

(overlapping resonances, 4 H, PCy + CH3Mes), 2.25 (m, 2 H, PCy), 2.00 (m, 6 H, PCy),

1.84 (m, 8 H, PCy), 1.63 – 1.10 (overlapping resonances, 18 H, PCy), 1.06 (s, 3 H, SiMe),
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0.69 (m, 6 H, PCy), -6.59 (br m, 1 H, IrH), -14.42 (br m, 1 H, IrH). 13C{1H} NMR

(125.8 MHz, bromobenzene-d5): 152.7 (Carom), 148.7 (Carom), 146.8 (Carom), 143.6

(Carom), 133.3 (apparent t, J = 10 Hz, CHarom), 130.4 (CHarom), 130.1 (CHarom), 127.5

(CHarom), 36.3 (apparent t, J = 15 Hz, CHCy), 32.9 (apparent t, J = 18 Hz, CHCy), 30.5

(CH2Cy), 30.1 (CH2Cy), 28.0 – 26.9 (overlapping resonances, CH2Cy), 8.2 (SiMe). 31P{1H}

NMR (202.5 MHz, benzene-d6):  46.9. 29Si NMR (99.4 MHz, benzene-d6):  62.8

(SiH2Mes2),  33.7 (SiMe). 11B NMR (96.3 MHz, benzene-d6):  -15.9. 19F NMR (22.4

MHz, benzene-d6):  -131.9 (d, J = 8 Hz, B(C6F5)4), -162.5 (t, J = 20 Hz, B(C6F5)4), -

166.3 (br t, J = 20 Hz, B(C6F5)4). IR (film, cm-1): 2155 (m, Ir-H), 1643 (m, η2-Si-H),

1605 (m, η2-Si-H).

[Cy-PSiP]Ir(H)3SiOTf(Ph)2 (5-18). One equiv of Ph2SiH2 (15.9 µL, 0.016 g,

0.086 mmol) was syringed into a solution of 5-3 (0.080 g, 0.086 mmol) in ca. 5 mL of

C6H5F at room temperature. An immediate color change from yellow to pale yellow was

observed.  The reaction mixture was dried under vacuum.  The remaining solid was

triturated with pentane (3  3 mL) to afford 5-18 as a pale yellow solid (0.088 g, 92%).
1H NMR (500 MHz, benzene-d6):  8.38 (d, 4 H, J = 7 Hz, Harom), 8.10 (d, 2 H, J = 7 Hz,

Harom), 7.31 (t, 4 H, J = 8 Hz, Harom), 7.24 – 7.17 (overlapping resonances, 6 H, Harom),

7.02 (t, 2 H, J = 7 Hz, Harom), 2.20 (m, 2 H, PCy), 2.11 (m, 2 H, PCy), 1.88 – 1.82

(overlapping resonances, 6 H, PCy), 1.73 (m, 2 H, PCy), 1.66 (m, 2 H, PCy), 1.58 (m, 4

H, PCy), 1.46 (m, 4 H, PCy), 1.38 – 1.17 (overlapping resonances, 13 H, PCy + SiMe),

1.03 – 0.89 (overlapping resonances, 8 H, PCy), 0.57 (m, 2 H, PCy), 0.30 (m, 2 H, PCy), -

8.83 (br m, 2 H, IrH), -12.1 (br m, 1 H, IrH). 13C{1H} NMR (125.8 MHz, benzene-d6): 

157.4 (apparent t, J = 19 Hz, Carom), 144.9 (apparent t, J = 28 Hz, Carom), 143.3 (Carom),

137.2 (CHarom), 132.9 (apparent t, J = 9 Hz, CHarom), 129.9 (CHarom), 129.7 (CHarom),

127.9 (CHarom), 127.8 (CHarom), 35.2 (apparent t, J = 14 Hz, CHCy), 33.8 (apparent t, J =

18 Hz, CHCy), 29.8 (CH2Cy), 29.2 (CH2Cy), 27.4 – 26.2 (overlapping resonances, CH2Cy),

8.6 (SiMe). 31P{1H} NMR (202.5 MHz, benzene-d6):  42.0. 29Si NMR (99.4 MHz,
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benzene-d6):  58.0 (SiPh2OTf), 28.5 (SiMe). 19F NMR (282.4 MHz, benzene-d6):  -

76.3. IR (film, cm-1): 2037 (m, Ir-H), 1968 (m, Ir-H). X-Ray quality crystals of [Cy-

PSiP]Ir(H)SiOTf(Ph)2 (5-19·(C6H5F)1.25) were grown from vapour diffusion of pentane

into a concentrated C6H5F solution at room temperature.

[Cy-PSiP]Ir(H)3(Si(FBF3)Ph2) (5-20). One equiv Ph2SiH2 (12.8 µL, 0.013 g,

0.069 mmol) were syringed into a solution of 5-3 (0.060 g, 0.069 mmol) in ca. 5 mL of

C6H5F at room temperature.  An immediate color change from yellow to pale yellow was

observed.  The reaction mixture was dried under vacuum.  The remaining solid was

triturated with pentane (3  3 mL) to afford 5-20 as a pale yellow solid (0.054 g, 74%).
1H NMR (500 MHz, benzene-d6):  8.17 (d, 2 H, J = 7 Hz, Harom), 8.06 (d, 2 H, J = 7 Hz,

Harom), 7.32 (m, 2 H, Harom), 7.33 – 7.21 (overlapping resonances, 6 H, Harom), 7.12 (t, 2

H, J = 7 Hz, Harom), 7.06 (t, 2 H, Harom), 2.28 – 2.19 (overlapping resonances, 4 H, PCy),

1.99 (m, 2 H, PCy), 1.84 – 0.93 (overlapping resonances, 37 H, PCy + SiMe; SiMe at

1.35), 0.64 (m, 2 H, PCy), 0.39 (m, 2 H, PCy), -9.27 (br m, 2 H, IrH), -11.8 (br m, 1 H,

IrH). 13C{1H} NMR (125.8 MHz, benzene-d6):  158.8 (apparent t, J = 19 Hz, Carom),

149.2 (apparent d, J = 21 Hz, Carom), 145.4 (apparent t, J = 28 Hz, Carom), 135.4 (CHarom),

133.0 (apparent d, J = 9 Hz, CHarom), 129.7 (CHarom), 130.0 (CHarom), 128.8 (CHarom),

128.3 (CHarom), 127.3 (CHarom), 127.5 (CHarom), 35.4 (apparent t, J = 15 Hz, CHCy), 33.7

(apparent t, J = 20 Hz, CHCy), 30.0 (CH2Cy), 29.3 (CH2Cy), 27.6 (CH2Cy), 27.5 (CH2Cy),

26.9 – 26.6 (overlapping resonances, CH2Cy), 9.5 (SiMe). 31P{1H} NMR (202.5 MHz,

benzene-d6):  43.8. 29Si NMR (99.4 MHz, benzene-d6):  32.1 (1JSiF = 237 Hz,

Si(FBF3)Ph2), 35.2 (SiMe). 11B NMR (96.3 MHz, benzene-d6):  0.5. 19F NMR (282.4

MHz, benzene-d6):  -130.4, -141.7. IR (film, cm-1): 2004 (m, Ir-H), 1957 (m, Ir-H).

[Cy-PSiP]Ir(H)3SiHPhOTf (5-21). One equiv of PhSiH3 (10.6 µL, 0.0093 g,

0.086 mmol) were syringed into a solution of 5-1 (0.080 g, 0.086 mmol) in ca. 5 mL of

C6H5F at room temperature. An immediate color change from yellow to pale yellow was

observed.  The reaction mixture was dried under vacuum.  The remaining solid was
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triturated with pentane (3  3 mL) to afford 5-21 as a pale yellow solid (0.088 g, 98%).
1H NMR (500 MHz, benzene-d6):  8.08 – 8.03 (overlapping resonances, 4 H, Harom),

7.76 (m, 1 H, SiH(OTF)(Ph)), 7.30 (m, 1 H, Harom), 7.27 – 7.23 (overlapping resonances,

3 H, Harom), 7.19 (m, 2 H, Harom), 7.09 (t, 1 H, J = 8 Hz, Harom), 7.06 (m, 2 H, Harom), 2.26

– 1.80 (overlapping resonances, 14 H, PCy), 1.67 – 0.80 (overlapping resonances, 29 H,

PCy + SiMe), 0.62 (m, 2 H, PCy), 0.46 (m, 1 H, PCy), 0.34 (m, 1H, PCy), -9.21 (br s, 1

H, IrH), -9.48 (br s, 1 H, IrH), -11.80 (br m, 1 H, IrH). 13C{1H} NMR (125.8 MHz,

benzene-d6):  158.5 (Carom), 158.2 (Carom), 144.4 (Carom), 143.3 (Carom), 134.3 (CHarom),

133.1 (apparent d, J = 8 Hz, CHarom), 132.9 (apparent d, J = 9 Hz, CHarom), 130.0

(CHarom), 129.8 (CHarom), 128.1 (CHarom), 127.8 (CHarom), 35.5 (apparent t, J = 6 Hz,

CHCy), 35.3 (apparent t, J = 6 Hz, CHCy), 29.8 (CH2Cy), 29.6 (CH2Cy), 29.4 (CH2Cy), 29.1

(CH2Cy), 28.1 (CH2Cy), 27.6 (CH2Cy), 27.4 – 26.7 (overlapping resonances, CH2Cy), 9.4

(SiMe). 31P{1H} NMR (202.5 MHz, benzene-d6):  43.6 (AB Quartet). 29Si NMR (99.4

MHz, benzene-d6):  32.5 (d, 1JSiH = 190 Hz, SiHPhOTf), 31.5 (SiMe). 19F NMR (282.4

MHz, benzene-d6):  -77.0. IR (film, cm-1): 2113 (m, Ir-H), 2033 (m, Ir-H), 1976 (m, Si-

H). Anal. Calcd for C44H64F3IrO3P2SSi2: C, 50.80; H, 6.20. Found: C, 50.54; H, 5.93.

5.4.3 Crystallographic Solution and Refinement Details
Crystallographic data for each of 5-1·(C6H6)0.5, 5-3·C6H5F, 5-11·(Et2O)0.5, 5-

15·(C6H6)0.5, 5-16·C6H6, 5-19·(C6H5F)1.25 were obtained at 173(±2) K on a Bruker

D8/APEX II CCD diffractometer using graphite-monochromated Mo K ( = 0.71073

Å) radiation, employing a sample that was mounted in inert oil and transferred to a cold

gas stream on the diffractometer.  Programs for diffractometer operation, data collection,

and data reduction (including SAINT) were supplied by Bruker.  Gaussian integration

(face-indexed) was employed as the absorption correction method in each case.  All

structures were solved by use of the Patterson search/structure expansion and were

refined by use of full-matrix least-squares procedures (on F2) with R1 based on Fo
2
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(Fo
2) and wR2 based on Fo

2  –3(Fo
2). Unless otherwise noted, anisotropic

displacement parameters were employed throughout for non-hydrogen atoms. During the

structure solution process for 5-1·(C6H6)0.5, half an equivalent of C6H6 was located in the

asymmetric unit and refined in a satisfactory manner.  During the structure solution

process for 5-3·C6H5F, one equivalent of fluorobenzene was located in the asymmetric

unit. The fluorine atom in the disordered fluorobenzene molecule was refined

anisotropically over two positions (F1S and F2S) with an occupancy factor of 0.5.

Restraints were applied to distances within the disordered fluorobenzene molecule:

d(F1S–C1S) = d(F2S–C3S) = 1.33(1) Å; d(F1S···C2S) = d(F1S···C6S) = d(F2S···C2S) =

d(F2S···C4S) = 2.36(1) Å. During the structure solution process for 5-11·(Et2O)0.5, two

crystallographically independent molecules of [Cy-PSiP]Ir(Me)(I) (A and B) along with

an equivalent of diethyl ether were located in the asymmetric unit; for convenience, only

molecule A is discussed in the text. The non-hydrogen atoms of the disordered diethyl

ether solvate were refined with a common isotropic displacement parameter over two

positions, where O1S and C1S - C4S were refined with an occupancy factor of 0.65,

while O2S and C5S - C8S were refined with an occupancy factor of 0.35. Distances

within the disordered diethyl ether molecule were restrained during refinement: d(O1S–

C1S) = d(O1S–C3S) = d(O2S–C5S) = d(O2S–C7S) = 1.46(1) Å; d(C1S–C2S) = d(C3S–

C4S) = d(C5S–C6S) = d(C7S–C8S) = 1.52(1) Å; d(O1S…C2S) = d(O1S…C4S) =

d(O2S…C6S) = d(O2S…C8S) = 2.40(1) Å. During the structure solution process for 5-

15·(C6H6)0.5, half an equivalent of benzene was located in the asymmetric unit. The

benzene solvate was disordered across the crystallographic inversion center (1/2, 1/2,

1/2). Carbon atoms of the disordered solvent molecule (C1S - C6S) were refined with a

common isotropic displacement parameter and an occupancy factor of 0.5. Bond

distances within the disordered benzene molecule were restrained to be 1.39(2) Å during

refinement.  The six carbon atoms were constrained to be (nearly) coplanar during

refinement, i.e. by defining them as the vertices of a polyhedron that could occupy a
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volume of no more than 0.01 Å3 (SHELXL-97 FLAT instruction). During the structure

solution process for 5-16·C6H6, one equivalent of benzene was located in the asymmetric

unit.  Carbon atoms of the disordered benzene solvate were refined with a common

isotropic displacement parameter over two positions, where C11S – C16S were refined

with an occupancy factor of 0.75 and C21S - C26S were refined with an occupancy factor

of 0.25.  During the structure solution process for 5-19·(C6H5F)1.25, 1.25 equivalents of

fluorobenzene were located in the asymmetric unit.  Disorder involving one P-Cy group,

one Si-Ph group, and the fluorobenzene solvate was identified during refinement.

Carbon atoms for the disordered cyclohexyl group (C51A - C56A and C51B - C56B) and

for the disordered phenyl ring (C81A - C86A and C81B - C86B) were refined

anisotropically over two positions with an occupancy factor of 0.5.  The fluorine atom for

one equivalent of fluorobenzene was refined isotropically over two positions (F1S and

F2S) with an occupancy factor of 0.5. For the remaining 0.25 equivalents of

fluorobenzene, the carbon atoms (C7S, C8S, and C9S) were refined isotropically with an

occupancy factor of 0.5, while the fluorine atom F3S was refined isotropically with an

occupancy factor of 0.25. The Ir-H in 5-1·(C6H6)0.5, 5-15·(C6H6)0.5 and 5-16·C6H6 were

located in the difference map and refined isotropically in a satisfactory manner. For 5-

16·C6H6 the bridiging Ir-H-B hydrides (H1BA and H1BB) were also located in the

difference map and refined with a common isotropic displacement parameter. For 5-

3·C6H5F and 5-19·(C6H5F)1.25 the Ir-H (H1 for both structures) was located in the

difference map and refined isotropically with the Ir-H distance restrained to an idealized

value of 1.50(1) Å during refinement. Furthermore, for 5-19·(C6H5F)1.25 the P1…H1 and

P2…H1 distances were constrained to be equal (within 0.03 Å) during refinement.

Otherwise, all hydrogen atoms were added at calculated positions and refined by use of a

riding model employing isotropic displacement parameters based on the isotropic

displacement parameter of the attached atom. Additional crystallographic information is

provided in Appendix A.
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Chapter 6: Conclusions

6.1 Summary and Conclusions
The synthesis of new Rh and Ir pincer complexes supported by

bis(phosphino)silyl ligation, as well as their reactivity with C-H, N-H and Si-H bonds,

have been detailed in this document. Building on previous studies showing that a [Cy-

PSiP]IrI reactive intermediate was capable of mediating room temperature sp2-C-H bond

activation, the ability of this reactive intermediate to cleave N-H bonds in anilines and

ammonia was detailed in Chapter 2. Such N-H bond cleavage reactivity occurred under

relatively mild conditions to afford isolable, monomeric amido hydride complexes of the

type [Cy-PSiP]Ir(H)(NHR) (R = H, aryl), several of which were crystallographically

characterized.  Unlike similar (PCP)Ir pincer species, these amido hydride complexes

were shown to be resistant to N-H bond reductive elimination chemistry, even in the

presence of arenes and alkenes.  This divergent reactivity showcases the ability of the

silyl pincer framework to support complexes with unique reactivity.  Similar N-H bond

cleavage chemistry was attempted by the [Cy-PSiP]RhI reactive intermediate, however

upon introduction of aniline or ammonia, formation of RhI amine adducts of the type

[Cy-PSiP]Rh(NH2R) was observed.

Preliminary investigations into the nature of the [Cy-PSiP]Ir-mediated N-H bond

cleavage were carried out using 2H labeling experiments.  It was found that upon

treatment of in situ generated [Cy-PSiP]IrI with ammonia-d3 and subsequent heating, the

N-H activation product [Cy-PSiP]Ir(D)(ND2) was observed, where deuterium had been

incorporated exclusively into the hydride and amide positions.  The lack of deuterium

incorporation into the ligand PCy2 groups is consistent with oxidative addition by a 14 e

[Cy-PSiP]IrI intermediate (or a reactive equivalent) in the N-H bond cleavage step. A

preliminary mechanism was therefore proposed to involve NH3 coordination to [Cy-

PSiP]IrI to form an initial amine adduct.  Although the Ir amine adduct was not observed,

indirect evidence for its formation comes from the characterization of related [Cy-

PSiP]Rh(NH3) complex (2-12).  Subsequent N-H bond oxidative addition could then
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yield the parent amido hydride complex [Cy-PSiP]Ir(H)(NH2) (2-10). This example of

ammonia N-H bond activation presented is exceedingly rare, and may provide inroads to

new atom-economical chemical transformations that incorporate N-H bond oxidative

addition steps in the functionalization of this abundant feedstock.

Due to the scarcity of complexes capable of mediating N-H bond oxidative

addition, the work described in Chapter 3 expanded on the initial results presented in

Chapter 2 and probed the reactivity of Rh and Ir silyl pincer complexes with a variety of

N-H containing substrates, including alkyl amines, hydrazine derivatives, and

benzamides. At the outset of these investigations, a diisopropylphosphino silyl ligand

precursor [iPr-PSiP]H (3-1) was synthesized, as resulting [iPr-PSiP]M (M = Rh, Ir)

complexes were envisioned to be less susceptible to potential cyclometalation processes

that could occur in the [Cy-PSiP]M system. The N-H bond activation reactivity of such

[iPr-PSiP]Ir complexes was investigated in parallel to that of the analogous [Cy-PSiP]Ir

species.

Alkyl amines were initially targeted for N-H bond activation studies as they are

notoriously difficult substrates to activate, as alkyl substitution at N renders the amine

more nucleophilic and therefore the amine is more likely to simply coordinate to a metal

center rather than undergo oxidative addition. Remarkably, highly reactive [R-PSiP]IrI

(R = Cy, iPr) species generated in situ were shown to mediate the oxidative addition of

highly Lewis basic amines, such as adamantylamine, tert-butylamine, and in the case of

[Cy-PSiP]IrI, cyclohexylamine.  Extension of this reactivity to the N-H bond activation of

benzylamine yielded the first example of room temperature N-H bond activation

mediated by [iPr-PSiP]IrI to synthesize [iPr-PSiP]Ir(H)(NHCH2Ph) (3-16).  The [Cy-

PSiP]Ir(H)(NHCH2Ph) (3-15) analogue was also synthesized by N-H bond activation of

benzylamine, but required heating in order to achieve this transformation.  This observed

difference in reactivity highlights the impact that phosphine substituents have on the

resulting chemistry at Ir, and may reflect decreased steric bulk in the coordination sphere

of [iPr-PSiP]Ir in relation to analogous [Cy-PSiP]Ir species. The reactivity of primary
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and secondary amines that contained -hydrogens was complicated by the occurrence of

-hydride elimination and other side reactions.

The reactivity of [Cy-PSiP]RhI with alkyl amines yielded amine adducts of the

type [Cy-PSiP]Rh(NH2R), in direct relation to the reactivity previously observed with

ammonia and anilines.  These adducts proved stable only in the presence of excess amine

and were not isolable.  Remarkably, the benzyl amine adduct [Cy-PSiP]Rh(NH2CH2Ph)

(3-33) was the first instance where the amine adduct was isolable.

The N-H bonds of hydrazine derivatives were also targeted for bond activation

studies, due to the potential for these substrates to be utilized as ammonia surrogates in

reactions where reactivity with ammonia is challenging.101 Specifically, [R-PSiP]IrI was

shown to mediate the N-H bond activation of 1-aminopiperidine and 4-methyl-1-

aminopiperazine, with no secondary reactions (e.g. -H migration to Ir) occurring.

Although N-H bond cleavage was not observed in the reactions of [Cy-PSiP]RhI with 1-

aminopiperidine and 4-methyl-1-aminopiperazine, the first example of [Cy-PSiP]RhI

mediated N-H bond activation was observed with the hydrazine derivative benzophenone

hydrazone to yield [Cy-PSiP]Rh(H)NH-N=CPh2 (3-41).  This represents a rare example

of N-H bond activation mediated by Rh and could provide insight into new methods for

Rh catalyzed functionalization of N-H bonds.

The N-H bond activation of benzamides by [R-PSiP]IrI was also described in

Chapter 3.  Both the parent benzamide and pentafluorobenzamide were shown to undergo

N-H bond activation with both [Cy-PSiP]IrI and [iPr-PSiP]IrI reactive species, where

bond cleavage occurred after heating for two hours (compared to heating for 12-18 h

typically required for other N-H containing substrates).  The facile N-H bond activation

may be promoted by coordination of the carbonyl oxygen to the Ir center.

The remarkable ability of bis(phosphino)silyl ligated Ir complexes to mediate the

N-H bond activation of a wide variety of N-H containing substrates is unprecedented.

This N-H bond oxidative addition chemistry could potentially be harnessed for the

development of new pathways for the formation of C-N bonds. For example, a
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hydroamination processes that operates via transition metal catalyzed N-H bond oxidative

addition to a metal center followed by insertion of an unsaturated substrate into the M-N

or M-H bond may provide new types of selectivity in such amination chemistry. Along

these lines, Chapter 4 details the reactivity of a variety of unsaturated substrates with [R-

PSiP]Ir amido hydride complexes derived from N-H oxidative addition, where [Cy-

PSiP]Ir(H)(NHPh), [Cy-PSiP]Ir(H)(NHtBu), [Cy-PSiP]Ir(H)(NH2), and [iPr-

PSiP]Ir(H)(NH2) were chosen as representative complexes for the investigation.

Initial attempts at insertion chemistry looked at the reaction of the representative

amido hydride complexes with unactivated alkenes and alkynes. Although no insertion

chemistry was observed with ethylene or 1-hexene, the parent amido hydride complexes

[R-PSiP]Ir(H)(NH2) (2-10, R = Cy; 3-7, R = iPr) promoted the isomerization of 1-hexene

to internal alkenes.  Isomerization would result from insertion of the terminal alkene into

the Ir-H bond, followed by β-hydride elimination to move the double bond to an internal

position.  These results were unexpected as previously reported calculations had

predicted that alkene insertion into M-N bonds is more favourable than into M-H bonds.79

Treatment of the representative amido hydride complexes with unactivated

alkynes (phenyl acetylene, diphenyl acetylene, 1-phenyl-1-propyne, and 3-hexyne) led to

elimination of the corresponding amine and the formation of IrI alkyne complexes of the

type [R-PSiP]Ir(R’-C≡C-R”) (R = Cy, iPr; R’, R” = aryl, alkyl).

These results highlighted the challenging nature of such insertion processes

involving unsaturated substrates and Ir amido species. Interestingly, after the initiation of

these investigations, a computational study was published that predicted that pathways

for the catalytic hydroamination of ethylene with ammonia via the insertion of ethylene

into either [Cy-PSiP]Ir(H)(NH2) or (PCP)Ir(H)(NH2) (PCP = [3-(tBu2PC2H4)2CH])

complexes are too high in energy for turnover to occur.80 As a result, more activated

unsaturated substrates were targeted for further studies. In this context, the reactivity of

the strained alkene norbornene was investigated and it was found that this substrate also

did not undergo insertion, leading instead to amine loss followed by alkene coordination
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to the IrI center. In addition, no reactivity was observed with the allene 3-methyl-1,2-

butadiene, and complex reaction mixtures resulted from the reaction of the amido hydride

complexes with dimethoxyacetylene dicarboxylate. The first observation of insertion

chemistry, however, resulted upon treatment of [Cy-PSiP]Ir(H)NH2 (2-10) with one

equivalent of methyl acrylate.  The carbonyl group inserts into the Ir-N bond generating

[Cy-PSiP]Ir(H)(OC(NH2)(OMe)CH=CH2) (4-10).  Although this complex underwent

decomposition over time in solution, it’s observation provides insight into potential C-N

bond forming processes involving products of N-H bond oxidative addition.

Finally, the reactivity of the amido hydride complexes with molecules containing

polar bonds was also examined. The addition of an atmosphere of CO to the

representative complexes led to the formation of multiple products that were not isolable.

Alternatively, when excess benzaldehyde was reacted with [R-PSiP]Ir(H)(NHR’) (R =

Cy, iPr; R’ = Ph, tBu, H), the formation of [Cy-PSiP]Ir(H)C(O)Ph (4-11) was observed,

likely resulting from amine elimination, followed by aldehyde C-H bond cleavage.  The

strongly coordinating xylyl isocyanide also showed reactivity with [Cy-

PSiP]Ir(H)(NHPh) and [Cy-PSiP]Ir(H)NH2.  One equivalent of xylyl isocyanide cleanly

inserted into the Ir-N bond of the aryl amido hydride [Cy-PSiP]Ir(H)(NHPh) to generate

[Cy-PSiP]Ir(H)(C(NHPh)(N(2,6-Me2C6H3)).  Comparatively, two equivalents of xylyl

isocyanide were necessary for the complete conversion of [Cy-PSiP]Ir(H)(NH2) to the

insertion product [Cy-PSiP]Ir(H)(CN(2,6-Me2C6H3))(C(NH2)(N(2,6-Me2C6H3)), which

also features an equivalent of the isocyanide coordinated to the Ir center. These latter two

reactions with xylyl isocyanide represent a rare example of C-N bond formation

involving a metal amido fragment derived from N-H bond oxidative addition.

Having probed aspects of C-H and N-H bond activation chemistry facilitated by

[R-PSiP]IrI species, the focus of Chapter 5 was to examine how altering the

electrophilicity of the Ir center by targeting cationic [Cy-PSiP]IrIII complexes would

affect E-H bond cleavage chemistry.  As an entry point into this chemistry, the synthesis

of complexes of the type {[R-PSiP]Ir(H)}+[X] (R = Cy, iPr; X = OTf, BF4, B(C6F5)4)
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was pursued. Both the OTf and BF4 derivatives featured inner-sphere coordination of the

anion in the solid state. Related methyl derivatives of the type {[R-PSiP]Ir(Me)}+[X]

were also pursued but their isolation proved to be synthetically challenging.

The hydride complexes {[Cy-PSiP]Ir(H)}+[X] showed extensive reactivity with

primary, secondary, and tertiary hydrosilanes.  The products typically resulted from Si-H

activation and interactions with the X anion.  More specifically, the reaction of [Cy-

PSiP]Ir(H)(OTf) (5-1) with two equivalents of Et3SiH led to the formation of [Cy-

PSiP]Ir(H)3SiEt3 (5-14) with the concomitant loss of Et3SiOTf.  Comparatively, the

reaction of [Cy-PSiP]Ir(H)(BF4) (5-3) with two equivalents of either Et3SiH or Mes2SiH2

produced the hydroborate complex [Cy-PSiP]Ir(H)(η2:η2-H2BF2) (5-16) resulting from

loss of two equivalents of Et3SiF or Mes2SiHF, respectively. In the case of {[Cy-

PSiP]Ir(H)}+[B(C6F5)4] (5-5) reaction with Mes2SiH2 generated the dimesitylsilane

complex [Cy-PSiP]Ir(H)(η2:η2-H2SiMes2) (5-17) that features bis(σ-Si–H) coordination.

The reaction of Ph2SiH2 or PhSiH3 with {[Cy-PSiP]Ir(H)}+[B(C6F5)4] (5-5) did

not yield any new, isolable products.  However, similar reactions with [Cy-

PSiP]Ir(H)(OTf) (5-1) yielded [Cy-PSiP]Ir(H)3(SiOTfR1R2) (R1 = R2 =Ph or R1 = H and

R2 = Ph).  These complexes likely resulted from initial Si-H cleavage, OTf ligand

dissociation and an -hydride migration from Si to Ir to generate an intermediate cationic

Ir silylene hydride species that subsequently coordinated the OTf anion. Alternatively,

the reaction of [Cy-PSiP]Ir(H)(BF4) (5-3) with Ph2SiH2 yielded a comparable analogue

[Cy-PSiP]Ir(H)3(Si(BF4)Ph2) (5-20), where the BF4 anion is coordinated to the Si center.

These studies profile the rich reaction chemistry of [Cy-PSiP]IrIII species with Si-H bonds

and highlight the significant influence of the counter anion on the reactivity of cationic

metal complexes.
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6.2 Future Work

Building on the success of the 14-electron [R-PSiP]IrI (R = Cy, iPr) fragment in

the activation of both C-H and N-H bonds, future efforts will also be directed towards

exploring the possibility of other types of E-H (E = main group element; e.g. B, Si, P, O)

bond activation reactions mediated by [R-PSiP]MI (M = Rh, Ir). Towards these ends,

preliminary studies of complexes of the type [R-PSiP]M(H)(PR2) and [R-

PSiP]M(H)(OR) (M = Rh, Ir; R = alkyl, aryl, or H) were undertaken.  Preliminary results

suggest that the Rh and Ir phosphido products obtained from the reaction of [Cy-

PSiP]M(H)Cl with LiPHMes exhibit divergent reactivity.  The Ir product appears isolable

as [Cy-PSiP]Ir(H)(PHMes) (Scheme 6-1, Figure 6-1), whereas the Rh analogue appears

to undergo P-H reductive elimination to form [Cy-PSiP]Rh(PH2Mes) (Scheme 6-1).

Reductive elimination is also observed upon attempted synthesis of [Cy-

PSiP]Ir(H)(PiPr2), as the final product from the reaction of [Cy-PSiP]Ir(H)Cl with LiPiPr2

appears to be the IrI species [Cy-PSiP]Ir(PHiPr2) (Figure 6-1).

Scheme 6-1. Generation of [Cy-PSiP]Rh(PH2Mes) and [Cy-PSiP]Ir(H)(PHMes)
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Preliminary results also indicate that complexes of the type [Cy-PSiP]Ir(H)(OtBu)

can be synthesized by the reaction of [Cy-PSiP]Ir(H)Cl with KOtBu.  Future work is

aimed at the isolation and complete characterization of such alkoxo and phosphido

complexes and the exploration of their reactivity, as well as at pursuing O-H and P-H

bond oxidative addition routes for their synthesis, respectively.

[Cy-PSiP]Ir(H)PHMes [Cy-PSiP]Ir(PHiPr2)

Figure 6-1. The crystallographically determined structures of [Cy-PSiP]Ir(H)PHMes and
[Cy-PSiP]Ir(PHiPr2)

In the course of examining the reactivity of [Cy-PSiP]Ir(H)(OTf) with

hydrosilanes, products of the type [Cy-PSiP]Ir(H)3(SiOTfR1R2) (R1 = R2 = Ph; R1 = H,

R2 = Ph) were isolated.  Interestingly, these complexes can be viewed as base stabilized

silylene complexes where the OTf anion coordinates to an electrophilic Si center.

Transition metal silylene complexes featuring a double bond between silicon and a metal

center are of interest as they are often proposed as intermediates in a number of catalytic

cycles involving organosilicon compounds.68 Thus there has been significant effort

dedicated to the synthesis of silylene complexes in order to probe the structures and

reactivity properties of these often difficult to isolate species. As such, abstraction of the
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Lewis basic OTf group from [Cy-PSiP]Ir(H)3(SiOTfR1R2) could act as an entry point for

synthesizing cationic [Cy-PSiP]Ir=SiR1R2 species.  Indeed, preliminary research reveals

that treatment of a C6H5F solution of [Cy-PSiP]Ir(H)3(SiOTfPh2) with LiB(C6F5)4·2Et2O

led to quantitative (31P NMR) formation of a new product featuring a 31P NMR resonance

at 43.6 ppm. However, the presence of Et2O in the reaction mixture is undesirable, as it

is likely to coordinate to the silylene fragment.  As such, alternative sources of B(C6F5)4
,

such as AgB(C6F5)4 could be utilized to attempt the synthesis and isolation of cationic

[Cy-PSiP]Ir=SiR1R2 species (Scheme 6-2).

Scheme 6-2. Proposed synthesis of [Cy-PSiP]Ir=SiR1R2 species

Finally, as the [R-PSiP] ligand system used throughout these investigations has a

modular design, it may be beneficial to investigate the effects of varying the ligand

backbone and/or the nature of the substituents on phosphorus in order to see how

reactivity is affected by changes in the steric and/or electronic properties of the pincer

ligand. Potential new ligand architectures to pursue as well as possible synthetic routes

to such ligands are depicted in Scheme 6-3. As previous results from PCP-pincer

systems have clearly demonstrated (vide supra), changes in ligand backbone and in the

donor substituents can lead to pronounced changes in the reactivity of the resulting

complexes.
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Scheme 6-3. Synthetic routes to new silyl pincer ligands
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Appendix A: Crystallographic Experimental Details



237

Table A1. Crystallographic Experimental Details for [{3–MeSi(C6H4PCy2)2}
Rh(PMe3)] (2-5).

A.  Crystal Data
formula C40H64P3RhSi
formula weight 768.82
crystal dimensions (mm) 0.45  0.25  0.19
crystal system monoclinic
space group P21/c (No. 14)
unit cell parameters

a (Å) 11.9620 (6)
b (Å) 18.5340 (9)
c (Å) 18.7300 (10)
 (deg) 103.2047 (6)
V (Å3) 4042.7 (4)
Z 4

calcd (g cm-3) 1.263
µ (mm-1) 0.597

B.  Data Collection and Refinement Conditions
diffractometer Bruker D8/APEX II CCD
radiation ( [Å]) graphite-monochromated Mo K (0.71073)
temperature (°C) –100
scan type  scans (0.3) (20 s exposures)
data collection 2 limit (deg) 55.04
total data collected 35047 (-15  h  15, -23  k  24, -24  l 
24)
independent reflections 9291 (Rint = 0.0248)
number of observed reflections (NO) 8142 [Fo2  2(Fo2)]
structure solution method Patterson/structure expansion (DIRDIF–
2008)
refinement method full-matrix least-squares on F2 (SHELXL–
97)
absorption correction method Gaussian integration (face-indexed)
range of transmission factors 0.8966–0.7738
data/restraints/parameters 9291 [Fo2  –3(Fo2)] / 0 / 406
goodness-of-fit (S) 1.038 [Fo2  –3( Fo2)]
final R indicesf

R1 [Fo2  2(Fo2)] 0.0264
wR2 [Fo2  –3( Fo2)] 0.0693

largest difference peak and hole 1.131 and –0.483 e Å-3
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Figure A1. ORTEP diagram of [Cy-PSiP]Rh(PMe3) (2-5)
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Table A2. Crystallographic Experimental Details for [{3–MeSi(C6H4PCy2)2}IrH
(NHPh)]∙Et2O (2-6∙OEt2)

A.  Crystal Data
formula C47H72IrNOP2Si
formula weight 949.29
crystal dimensions (mm) 0.38  0.26  0.14
crystal system orthorhombic
space group Pbca (No. 61)
unit cell parameters

a (Å) 18.8460 (6)
b (Å) 17.5996 (5)
c (Å) 27.5460 (8)
V (Å3) 9136.5 (5)
Z 8

calcd (g cm-3) 1.380
µ (mm-1) 3.053

B.  Data Collection and Refinement Conditions
diffractometer Bruker D8/APEX II CCD
radiation ( [Å]) graphite-monochromated Mo K (0.71073)
temperature (°C) –100
scan type  scans (0.3) (20 s exposures)
data collection 2 limit (deg) 55.06
total data collected 76763 (-24  h  24, -22  k  22, -35  l 
35)
independent reflections 10506 (Rint = 0.0353)
number of observed reflections (NO) 8132 [Fo2  2(Fo2)]
structure solution method Patterson/structure expansion (DIRDIF–
2008)
refinement method full-matrix least-squares on F2 (SHELXL–
97)
absorption correction method Gaussian integration (face-indexed)
range of transmission factors 0.6816–0.3916
data/restraints/parameters 10506 [Fo2  –3(Fo2)] / 8a / 575
goodness-of-fit (S)f 1.088 [Fo2  –3( Fo2)]
final R indicesg

R1 [Fo2  2(Fo2)] 0.0236
wR2 [Fo2  –3( Fo2)] 0.0618

largest difference peak and hole 1.048 and –0.430 e Å-3

a The N–C2A and N–C2B distances (within the disordered HNPh group) were
constrained to be equal (within 0.01 Å) during refinement.  Distances involving
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analogous pairs of atoms within the solvent diethyl ether molecule were constrained
to be equal (within 0.03 Å) during refinement: d(O1S–C1S) = d(O2S–C5S); d(O1S–
C3S) = d(O2S–C7S); d(C1S–C2S) = d(C5S–C6S); d(C3S–C4S) = d(C7S–C8S);
d(O1S…C2S) = d(O2S…C6S); d(O1S…C4S) = d(O2S…C8S); d(C1S…C3S) =
d(C5S…C7S).

Figure A2. ORTEP diagram of [Cy-PSiP]Ir(H)NHPh∙OEt2 (2-6∙OEt2)
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Table A3. Crystallographic Experimental Details for [{3–MeSi(C6H4PCy2)2}IrH
(NHC6H3-2,6-Me2)] (2-7)

A.  Crystal Data
formula C45H66IrNP2Si
formula weight 903.22
crystal dimensions (mm) 0.26  0.18  0.12
crystal system monoclinic
space group P21/n (an alternate setting of P21/c [No. 14])
unit cell parameters

a (Å) 12.0501 (6)
b (Å) 19.8548 (10)
c (Å) 17.7790 (9)
 (deg) 91.6341 (7)
V (Å3) 4251.9 (4)
Z 4

calcd (g cm-3) 1.411
µ (mm-1) 3.275

B.  Data Collection and Refinement Conditions
diffractometer Bruker D8/APEX II CCD
radiation ( [Å]) graphite-monochromated Mo K (0.71073)
temperature (°C) –100
scan type  scans (0.3) (25 s exposures)
data collection 2 limit (deg) 54.86
total data collected 36901 (-15  h  15, -25  k  25, -22  l 
23)
independent reflections 9694 (Rint = 0.0380)
number of observed reflections (NO) 8035 [Fo2  2(Fo2)]
structure solution method Patterson/structure expansion (DIRDIF–
2008)
refinement method full-matrix least-squares on F2 (SHELXL–
97)
absorption correction method Gaussian integration (face-indexed)
range of transmission factors 0.6947–0.4820
data/restraints/parameters 9694 [Fo2  –3(Fo2)] / 0 / 454
goodness-of-fit (S) 1.043 [Fo2  –3( Fo2)]
final R indicesf

R1 [Fo2  2(Fo2)] 0.0262
wR2 [Fo2  –3( Fo2)] 0.0610

largest difference peak and hole 1.210 and –0.533 e Å-3
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Figure A3. ORTEP diagram of [Cy-PSiP]Ir(H)NH(2,6-Me2C6H3) (2-7)
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Table A4. Crystallographic Experimental Details for [{3–MeSi(C6H4PCy2)2}RhH
(NHPh)] (2-8)

A.  Crystal Data
formula C43H62NP2RhSi
formula weight 785.88
crystal dimensions (mm) 0.24  0.23  0.06
crystal system monoclinic
space group P21/c (No. 14)
unit cell parameters

a (Å) 11.7712 (19)
b (Å) 17.415 (3)
c (Å) 20.937 (3)
 (deg) 105.739 (2)
V (Å3) 4131.1 (11)
Z 4

calcd (g cm-3) 1.264
µ (mm-1) 0.549

B.  Data Collection and Refinement Conditions
diffractometer Bruker D8/APEX II CCD
radiation ( [Å]) graphite-monochromated Mo K (0.71073)
temperature (°C) –100
scan type  scans (0.3) (25 s exposures)
data collection 2 limit (deg) 50.76
total data collected 25644 (-13  h  14, -21  k  21, -25  l 
25)
independent reflections 7558 (Rint = 0.0974)
number of observed reflections (NO) 4460 [Fo2  2(Fo2)]
structure solution method Patterson/structure expansion (DIRDIF–
2008)
refinement method full-matrix least-squares on F2 (SHELXL–
97)
absorption correction method Gaussian integration (face-indexed)
range of transmission factors 0.9657–0.8776
data/restraints/parameters 7558 [Fo2  –3(Fo2)] / 0 / 434
goodness-of-fit (S) 1.009 [Fo2  –3( Fo2)]
final R indicesf

R1 [Fo2  2(Fo2)] 0.0519
wR2 [Fo2  –3( Fo2)] 0.1241

largest difference peak and hole 0.869 and –0.600 e Å-3
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Figure A4. ORTEP diagram of [Cy-PSiP]Rh(H)NHPh (2-8)
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Table A5. Crystallographic Experimental Details for [{3–MeSi(C6H4PCy2)2}IrH
(NH2)] (2-10)

A.  Crystal Data
formula C37H58IrNP2Si
formula weight 799.07
crystal dimensions (mm) 0.33  0.33  0.14
crystal system triclinic
space group P1 (No. 2)
unit cell parameters

a (Å) 12.6766 (9)
b (Å) 14.0704 (11)
c (Å) 21.2108 (16)
 (deg) 79.8717 (10)
 (deg) 89.5751 (10)
 (deg) 76.8335 (10)
V (Å3) 3624.3 (5)
Z 4

calcd (g cm-3) 1.464
µ (mm-1) 3.831

B.  Data Collection and Refinement Conditions
diffractometer Bruker D8/APEX II CCD
radiation ( [Å]) graphite-monochromated Mo K (0.71073)
temperature (°C) –100
scan type  scans (0.3) (30 s exposures)
data collection 2 limit (deg) 55.34
total data collected 86270 (-16  h  16, -17  k  18, -27  l 
27)
independent reflections 16571 (Rint = 0.0532)
number of observed reflections (NO) 13255 [Fo2  2(Fo2)]
structure solution method direct methods (SHELXS–97c)
refinement method full-matrix least-squares on F2 (SHELXL–
97)
absorption correction method multi-scan (TWINABS)
range of transmission factors 0.6161–0.3681
data/restraints/parameters 16571 / 0 / 784
goodness-of-fit (S) [all data] 1.036
final R indicese

R1 [Fo2  2(Fo2)] 0.0300
wR2 [all data] 0.0719

largest difference peak and hole 1.551 and –1.017 e Å-3
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Figure A5. ORTEP diagram of [Cy-PSiP]Ir(H)NH2 (2-10)
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Table A6. Crystallographic Experimental Details for [{3–MeSi(C6H4PiPr2)2}IrHCl] (3-
2)

A. Crystal Data
formula C25H40ClIrP2Si
formula weight 658.25
crystal dimensions (mm) 0.22  0.21  0.06
crystal system monoclinic
space group C2/c (No. 15)
unit cell parameters

a (Å) 32.2169 (15)
b (Å) 11.5194 (5)
c (Å) 15.4081 (7)
 (deg) 99.6903 (6)
V (Å3) 5636.7 (4)
Z 8

calcd (g cm-3) 1.551
µ (mm-1) 4.999

B.  Data Collection and Refinement Conditions
diffractometer Bruker D8/APEX II CCD
radiation ( [Å]) graphite-monochromated Mo K (0.71073)
temperature (°C) –100
scan type  scans (0.3) (20 s exposures)
data collection 2 limit (deg) 55.06
total data collected 24449 (-41  h  41, -14  k  14, -19  l 
19)
independent reflections 6460 (Rint = 0.0386)
number of observed reflections (NO) 5219 [Fo2  2(Fo2)]
structure solution method Patterson/structure expansion (DIRDIF–
2008)
refinement method full-matrix least-squares on F2 (SHELXL–
97)
absorption correction method Gaussian integration (face-indexed)
range of transmission factors 0.7603–0.4073
data/restraints/parameters 6460 / 0 / 275
goodness-of-fit (S) [all data] 1.026
final R indicesf

R1 [Fo2  2(Fo2)] 0.0235
wR2 [all data] 0.0512

largest difference peak and hole 0.633 and –0.647 e Å-3
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Figure A6. ORTEP diagram of [iPr-PSiP]Ir(H)Cl (3-2)
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Table A7. Crystallographic Experimental Details for [{3–MeSi(C6H4PCy2)2IrH{HN
(1-adamantyl)}] (3-8)

A.  Crystal Data
formula C47H72IrNP2Si
formula weight 933.29
crystal dimensions (mm) 0.34  0.33  0.13
crystal system monoclinic
space group P21/c (No. 14)
unit cell parameters

a (Å) 12.2243 (5)
b (Å) 17.5649 (7)
c (Å) 21.0860 (8)
 (deg) 101.4818 (4)
V (Å3) 4437.0 (3)
Z 4

calcd (g cm-3) 1.397
µ (mm-1) 3.140

B.  Data Collection and Refinement Conditions
diffractometer Bruker D8/APEX II CCD
radiation ( [Å]) graphite-monochromated Mo K (0.71073)
temperature (°C) –100
scan type  scans (0.3) (15 s exposures)
data collection 2 limit (deg) 54.96
total data collected 38895 (-15  h  15, -22  k  22, -27  l 
27)
independent reflections 10156 (Rint = 0.0231)
number of observed reflections (NO) 8658 [Fo2  2(Fo2)]
structure solution method Patterson/structure expansion (DIRDIF–
2008)
refinement method full-matrix least-squares on F2 (SHELXL–
97)
absorption correction method Gaussian integration (face-indexed)
range of transmission factors 0.6856–0.4193
data/restraints/parameters 10156 / 0 / 470
goodness-of-fit (S)e [all data] 1.091
final R indicesf

R1 [Fo2  2(Fo2)] 0.0252
wR2 [all data] 0.0598

largest difference peak and hole 1.377 and –1.096 e Å-3
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Figure A7. ORTEP diagram of [Cy-PSiP]Ir(H)NHAd (3-8)



251

Table A8. Crystallographic Experimental Details for [{3–MeSi(C6H4PiPr2)2}IrH
{HN(1-adamantyl)}] (3-11)

A.  Crystal Data
formula C35H56IrNP2Si
formula weight 773.04
crystal dimensions (mm) 0.29  0.24  0.16
crystal system monoclinic
space group P21/c (No. 14)
unit cell parameters

a (Å) 11.0624 (3)
b (Å) 10.5841 (3)
c (Å) 29.9001 (9)
 (deg) 90.3705 (4)
V (Å3) 3500.80 (17)
Z 4

calcd (g cm-3) 1.467
µ (mm-1) 3.963

B.  Data Collection and Refinement Conditions
diffractometer Bruker PLATFORM/APEX II CCD
radiation ( [Å]) graphite-monochromated Mo K (0.71073)
temperature (°C) –100
scan type  scans (0.3) (15 s exposures)
data collection 2 limit (deg) 54.70
total data collected 29918 (-14  h  14, -13  k  13, -38  l 
38)
independent reflections 7892 (Rint = 0.0251)
number of observed reflections (NO) 6355 [Fo2  2(Fo2)]
structure solution method Patterson/structure expansion (DIRDIF–
2008)
refinement method full-matrix least-squares on F2 (SHELXL–
97)
absorption correction method Gaussian integration (face-indexed)
range of transmission factors 0.5626–0.3907
data/restraints/parameters 7892 / 26a / 350
goodness-of-fit (S)f [all data] 1.084
final R indicesg

R1 [Fo2  2(Fo2)] 0.0453
wR2 [all data] 0.1107

largest difference peak and hole 2.229 and –5.006 e Å-3

a The Ir–N1A and Ir–N1B distances were constrained to be equal (within 0.05 Å) during
refinement.  (b) The N1A–C50A and N1B–C50B distances were constrained to be equal
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(within 0.03 Å) during refinement.  (c) The C–C bond distances within the two
conformers of the disordered 1-adamantyl group were constrained to be equal (within
0.03 Å) to a common refined value.

Figure A8. ORTEP diagram of [iPr-PSiP]Ir(H)NHAd (3-11)
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Table A9. Crystallographic Experimental Details for [{3–MeSi(C6H4PiPr2)2}IrH{(4-
methylpiperazin-1-yl)amide}] (3-22)

A.  Crystal Data
formula C30H52IrN3P2Si
formula weight 736.98
crystal dimensions (mm) 0.23  0.17  0.15
crystal system monoclinic
space group P21/c (No. 14)
unit cell parameters

a (Å) 12.1108 (4)
b (Å) 14.1354 (5)
c (Å) 19.5155 (7)
 (deg) 91.5654 (4)
V (Å3) 3339.6 (2)
Z 4

calcd (g cm-3) 1.466
µ (mm-1) 4.152

B.  Data Collection and Refinement Conditions
diffractometer Bruker D8/APEX II CCD
radiation ( [Å]) graphite-monochromated Mo K (0.71073)
temperature (°C) –100
scan type  scans (0.3) (20 s exposures)
data collection 2 limit (deg) 55.08
total data collected 29269 (-15  h  15, -18  k  18, -25  l 
25)
independent reflections 7688 (Rint = 0.0374)
number of observed reflections (NO) 6519 [Fo2  2(Fo2)]
structure solution method Patterson/structure expansion (DIRDIF–
2008)
refinement method full-matrix least-squares on F2 (SHELXL–
97)
absorption correction method Gaussian integration (face-indexed)
range of transmission factors 0.5673–0.4472
data/restraints/parameters 7688 / 0 / 342
goodness-of-fit (S) [all data] 1.020
final R indices

R1 [Fo2  2(Fo2)] 0.0226
wR2 [all data] 0.0510

largest difference peak and hole 0.816 and –0.780 e Å-3
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Figure A9. ORTEP diagram of [iPr-PSiP]Ir(H)NHN(CH2CH2)2NMe (3-22)
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Table A10. Crystallographic Experimental Details for [{MeSi(PCy2)2}IrH
(NHCOC6F5)]•C6H6 (3-24•C6H6)

A.  Crystal Data
formula C50H63F5IrNOP2Si
formula weight 1071.24
crystal dimensions (mm) 0.49  0.45  0.10
crystal system triclinic
space group P1 (No. 2)
unit cell parameters

a (Å) 10.6476 (4)
b (Å) 14.1039 (5)
c (Å) 16.3130 (6)
 (deg) 77.7977 (4)
 (deg) 83.6358 (4)
 (deg) 89.2749 (4)
V (Å3) 2379.52 (15)
Z 2

calcd (g cm-3) 1.495
µ (mm-1) 2.955

B.  Data Collection and Refinement Conditions
diffractometer Bruker D8/APEX II CCD
radiation ( [Å]) graphite-monochromated Mo K (0.71073)
temperature (°C) –100
scan type  scans (0.3) (20 s exposures)
data collection 2 limit (deg) 54.98
total data collected 20915 (-13  h  13, -18  k  18, -21  l 
21)
independent reflections 10754 (Rint = 0.0148)
number of observed reflections (NO) 10183 [Fo2  2(Fo2)]
structure solution method direct methods (SHELXS–97c)
refinement method full-matrix least-squares on F2 (SHELXL–
97)
absorption correction method Gaussian integration (face-indexed)
range of transmission factors 0.7566–0.3271
data/restraints/parameters 10754 / 0 / 559
goodness-of-fit (S) [all data] 1.068
final R indicese

R1 [Fo2  2(Fo2)] 0.0173
wR2 [all data] 0.0458

largest difference peak and hole 0.830 and –0.308 e Å-3
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Figure A10. ORTEP diagram of [Cy-PSiP]Ir(H)NH(CO)C6F5∙C6H6 (3-24∙C6H6)



257

Table A11. Crystallographic Experimental Details for [{3–MeSi(C6H4PCy2)2}Rh(4-
methylpiperazin-1-amine)] (3-37)

A.  Crystal Data
formula C42H68N3P2RhSi
formula weight 807.93
crystal dimensions (mm) 0.24  0.18  0.13
crystal system monoclinic
space group P21/c (No. 14)
unit cell parameters

a (Å) 9.7964 (4)
b (Å) 23.7656 (10)
c (Å) 18.0199 (8)
 (deg) 98.7288 (6)
V (Å3) 4146.8 (3)
Z 4

calcd (g cm-3) 1.294
µ (mm-1) 0.550

B.  Data Collection and Refinement Conditions
diffractometer Bruker D8/APEX II CCD
radiation ( [Å]) graphite-monochromated Mo K (0.71073)
temperature (°C) –100
scan type  scans (0.3) (30 s exposures)
data collection 2 limit (deg) 52.88
total data collected 33197 (-12  h  12, -29  k  29, -22  l 
22)
independent reflections 8520 (Rint = 0.0609)
number of observed reflections (NO) 6427 [Fo2  2(Fo2)]
structure solution method Patterson/structure expansion (DIRDIF–
2008)
refinement method full-matrix least-squares on F2 (SHELXL–
97)
absorption correction method Gaussian integration (face-indexed)
range of transmission factors 0.9329–0.8793
data/restraints/parameters 8520 / 0 / 451
goodness-of-fit (S) [all data] 1.008
final R indicesf

R1 [Fo2  2(Fo2)] 0.0396
wR2 [all data] 0.0926

largest difference peak and hole 1.397 and –0.688 e Å-3
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Figure A11. ORTEP diagram of [Cy-PSiP]Rh(NH2N(CH2CH2)2NMe) (3-37)
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Table A12. Crystallographic Experimental Details for [{3–MeSi(C6H4PCy2)2}Rh(4-
dimethylaminopyridine)]•Et2O (3-38∙Et2O)

A.  Crystal Data
formula C48H75N2OP2RhSi
formula weight 889.04
crystal dimensions (mm) 0.53  0.36  0.32
crystal system monoclinic
space group P21/c (No. 14)
unit cell parameters

a (Å) 10.7149 (4)
b (Å) 21.9879 (8)
c (Å) 20.2091 (8)
 (deg) 100.6717 (5)
V (Å3) 4678.9 (3)
Z 4

calcd (g cm-3) 1.262
µ (mm-1) 0.495

B.  Data Collection and Refinement Conditions
diffractometer Bruker D8/APEX II CCD
radiation ( [Å]) graphite-monochromated Mo K (0.71073)
temperature (°C) –100
scan type  scans (0.3) (15 s exposures)
data collection 2 limit (deg) 55.12
total data collected 41021 (-13  h  13, -28  k  28, -26  l 
26)
independent reflections 10768 (Rint = 0.0261)
number of observed reflections (NO) 9482 [Fo2  2(Fo2)]
structure solution method Patterson/structure expansion (DIRDIF–
2008)
refinement method full-matrix least-squares on F2 (SHELXL–
97)
absorption correction method Gaussian integration (face-indexed)
range of transmission factors 0.8569–0.7801
data/restraints/parameters 10768 / 0 / 499
goodness-of-fit (S) [all data] 1.026
final R indicesf

R1 [Fo2  2(Fo2)] 0.0269
wR2 [all data] 0.0711

largest difference peak and hole 1.008 and –0.306 e Å-3
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Figure A12. ORTEP diagram of [Cy-PSiP]Rh(NC5H4NMe2)∙Et2O (3-38∙Et2O)
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Table A13. Crystallographic Experimental Details for [{MeSi(C6H4PCy2)2}IrH
{C(NH2)NC6H3Me2}{CNC6H3Me2}]•C4H10O (4-13∙Et2O)

A.  Crystal Data
formula C59H86IrN3OP2Si
formula weight 1135.54
crystal dimensions (mm) 0.44  0.28  0.08
crystal system monoclinic
space group P21/c (No. 14)
unit cell parametersa

a (Å) 18.7880 (13)
b (Å) 23.8079 (17)
c (Å) 25.5213 (18)
 (deg) 96.0760 (10)
V (Å3) 11351.6 (14)
Z 8

calcd (g cm-3) 1.329
µ (mm-1) 2.470

B.  Data Collection and Refinement Conditions
diffractometer Bruker D8/APEX II CCDb

radiation ( [Å]) graphite-monochromated Mo K (0.71073)
temperature (°C) –100
scan type  scans (0.3) (15 s exposures)
data collection 2 limit (deg) 53.08
total data collected 90942 (-23  h  23, -29  k  29, -31  l 
31)
independent reflections 23464 (Rint = 0.0413)
number of observed reflections (NO) 19527 [Fo2  2(Fo2)]
structure solution method direct methods (SHELXS–97c)
refinement method full-matrix least-squares on F2 (SHELXL–
97c)
absorption correction method Gaussian integration (face-indexed)
range of transmission factors 0.8345–0.4068
data/restraints/parameters 23464 [Fo2  –3(Fo2)] / 12d / 1203
goodness-of-fit (S)e 1.109 [Fo2  –3( Fo2)]
final R indicesf

R1 [Fo2  2(Fo2)] 0.0326
wR2 [Fo2  –3( Fo2)] 0.0875

largest difference peak and hole 2.867 and –1.218 e Å-3

a The C–C and C–O distances within the disordered solvent diethylether molecules were
restrained to be 1.530(5) and 1.430(5) Å, respectively.
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Figure A.13 ORTEP diagram of [Cy-PSiP]Ir(H)(CN(2,6-Me2C6H3))(C(NH2)(N(2,6-
Me2C6H3)) ∙Et2O (4-13∙Et2O)
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Table A14. Crystallographic Experimental Details for [{3–MeSi(C6H4PCy2)2}IrH
(OSO2CF3)]•0.5C6H6 (5-1∙(C6H6)0.5)

A.  Crystal Data
formula C41H59F3IrO3P2SSi
formula weight 971.17
crystal dimensions (mm) 0.22  0.13  0.07
crystal system monoclinic
space group P21/n (an alternate setting of P21/c [No. 14])
unit cell parametersa

a (Å) 11.6753 (6)
b (Å) 17.4028 (9)
c (Å) 20.1125 (10)
 (deg) 92.6090 (6)
V (Å3) 4082.3 (4)
Z 4

calcd (g cm-3) 1.580
µ (mm-1) 3.481

B. Data Collection and Refinement Conditions
diffractometer Bruker D8/APEX II CCDb

radiation ( [Å]) graphite-monochromated Mo K (0.71073)
temperature (°C) –100
scan type  scans (0.3) (20 s exposures)
data collection 2 limit (deg) 55.04
total data collected 35632 (-15  h  15, -22  k  22, -26  l 
26)
independent reflections 9370 (Rint = 0.0392)
number of observed reflections (NO) 8011 [Fo2  2(Fo2)]
structure solution method Patterson/structure expansion (DIRDIF–
2008c)
refinement method full-matrix least-squares on F2 (SHELXL–
97d)
absorption correction method Gaussian integration (face-indexed)
range of transmission factors 0.7927–0.5175
data/restraints/parameters 9370 / 0 / 473
goodness-of-fit (S)e [all data] 1.021
final R indicesf

R1 [Fo2  2(Fo2)] 0.0233
wR2 [all data] 0.0536

largest difference peak and hole 0.717 and –1.238 e Å-3
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Figure A.14 ORTEP diagram of [Cy-PSiP]Ir(H)(OTf)∙(C6H6)0.5 (5-1∙(C6H6)0.5)
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Table A15. Crystallographic Experimental Details for [{3–MeSi(C6H4PCy2)2}IrH
(BF4)]•PhF (5-3∙C6H5F)

A.  Crystal Data
formula C43H61BF5IrP2Si
formula weight 965.96
crystal dimensions (mm) 0.29  0.23  0.12
crystal system orthorhombic
space group Pca21 (No. 29)
unit cell parameters

a (Å) 17.8330 (8)
b (Å) 13.4805 (6)
c (Å) 17.9199 (8)
V (Å3) 4307.9 (3)
Z 4

calcd (g cm-3) 1.489
µ (mm-1) 3.252

B.  Data Collection and Refinement Conditions
diffractometer Bruker D8/APEX II CCD
radiation ( [Å]) graphite-monochromated Mo K (0.71073)
temperature (°C) –100
scan type  scans (0.3) (20 s exposures)
data collection 2 limit (deg) 55.04
total data collected 33905 (-23  h  23, -17  k  17, -22  l 
23)
independent reflections 9844 (Rint = 0.0383)
number of observed reflections (NO) 8675 [Fo2  2(Fo2)]
structure solution method Patterson/structure expansion (DIRDIF–
2008)
refinement method full-matrix least-squares on F2 (SHELXL–
97)
absorption correction method Gaussian integration (face-indexed)
range of transmission factors 0.7041–0.4481
data/restraints/parameters 9844 / 7a / 492
Flack absolute structure parameterf –0.001(5)
goodness-of-fit (S)g [all data] 1.069
final R indicesh

R1 [Fo2  2(Fo2)] 0.0240
wR2 [all data] 0.0683

largest difference peak and hole 0.682 and –0.402 e Å-3

a The Ir–H1 distance was restrained to a target value of 1.50(1) Å.  Restraints were
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applied to distances within the disordered solvent fluorobenzene molecule: d(F1S–
C1S) = d(F2S–C3S) = 1.33(1) Å; d(F1S…C2S) = d(F1S…C6S) = d(F2S…C2S) =
d(F2S…C4S) = 2.36(1) Å.

Figure A.15 ORTEP diagram of [Cy-PSiP]Ir(H)(FBF3)∙C6H5F (5-3∙C6H5F)
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Table A16. Crystallographic Experimental Details for [{3–MeSi(C6H4PCy2)2}
IrI(Me)]•1/2Et2O (5-11∙(Et2O)0.5)

A.  Crystal Data
formula C40H63IIrO0.5P2Si
formula weight 961.03
crystal dimensions (mm) 0.16  0.11  0.08
crystal system triclinic
space group P1̄ (No. 2)
unit cell parameters

a (Å) 10.5671 (5)
b (Å) 19.6008 (9)
c (Å) 19.8145 (10)
 (deg) 91.2033 (6)
 (deg) 101.4191 (6)
 (deg) 95.7738 (6)
V (Å3) 3998.9 (3)
Z 4

calcd (g cm-3) 1.596
µ (mm-1) 4.249

B.  Data Collection and Refinement Conditions
diffractometer Bruker D8/APEX II CCD
radiation ( [Å]) graphite-monochromated Mo K (0.71073)
temperature (°C) –100
scan type  scans (0.3) (20 s exposures)
data collection 2 limit (deg) 52.70
total data collected 31839 (-13  h  13, -24  k  24, -24  l 
24)
independent reflections 16262 (Rint = 0.0574)
number of observed reflections (NO) 11303 [Fo2  2(Fo2)]
structure solution method Patterson/structure expansion (DIRDIF–
2008)
refinement method full-matrix least-squares on F2 (SHELXL–
97)
absorption correction method Gaussian integration (face-indexed)
range of transmission factors 0.7411–0.5497
data/restraints/parameters 16262 / 14a / 808
goodness-of-fit (S)f [all data] 0.998
final R indicesg

R1 [Fo2  2(Fo2)] 0.0494
wR2 [all data] 0.0873

largest difference peak and hole 1.042 and –1.469 e Å-3
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a Distances within the disordered solvent diethyl ether molecule were restrained during
refinement: d(O1S–C1S) = d(O1S–C3S) = d(O2S–C5S) = d(O2S–C7S) = 1.46(1) Å;
d(C1S–C2S) = d(C3S–C4S) = d(C5S–C6S) = d(C7S–C8S) = 1.52(1) Å;
d(O1S…C2S) = d(O1S…C4S) = d(O2S…C6S) = d(O2S…C8S) = 2.40(1) Å.

Figure A.16 ORTEP diagram of [Cy-PSiP]Ir(Me)I∙(Et2O)0.5 (5-11∙(Et2O)0.5)
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Table A17. Crystallographic Experimental Details for [{3–MeSi(C6H4PCy2)2}
IrH(SiEt3)]•0.5C6H6 (5-15∙(C6H6)0.5)

A.  Crystal Data
formula C46H74IrP2Si2
formula weight 937.37
crystal dimensions (mm) 0.58  0.38  0.27
crystal system triclinic
space group P1 (No. 2)
unit cell parameters

a (Å) 11.1098 (6)
b (Å) 14.2527 (8)
c (Å) 16.0056 (9)
 (deg) 77.3352 (6)
 (deg) 78.6419 (7)
 (deg) 67.7812 (6)
V (Å3) 2270.8 (2)
Z 2

calcd (g cm-3) 1.371
µ (mm-1) 3.093

B.  Data Collection and Refinement Conditions
diffractometer Bruker D8/APEX II CCD
radiation ( [Å]) graphite-monochromated Mo K (0.71073)
temperature (°C) –100
scan type  scans (0.3) (15 s exposures)
data collection 2 limit (deg) 55.12
total data collected 20137 (-14  h  14, -18  k  18, -20  l 
20)
independent reflections 10340 (Rint = 0.0164)
number of observed reflections (NO) 9743 [Fo2  2(Fo2)]
structure solution method Patterson/structure expansion (DIRDIF–
2008)
refinement method full-matrix least-squares on F2 (SHELXL–
97)
absorption correction method Gaussian integration (face-indexed)
range of transmission factors 0.4867–0.2671
data/restraints/parameters 10340 / 9a / 457
goodness-of-fit (S) [all data] 1.091
final R indices

R1 [Fo2  2(Fo2)] 0.0317
wR2 [all data] 0.0777

largest difference peak and hole 5.664 and –2.443 e Å-3
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a The solvent benzene molecule was disordered across the crystallographic inversion
center (1/2, 1/2, 1/2).  Bond distances within this molecule were restrained to be
1.39(2) Å during refinement.  The six carbon atoms were constrained to be (nearly)
coplanar during refinement, i.e. by defining them as the vertices of a polyhedron that
could occupy a volume of no more than 0.01 Å3 (SHELXL-97 FLAT instruction).

Figure A.17 ORTEP diagram of [Cy-PSiP]Ir(H)SiEt3∙(C6H6)0.5 (5-15∙(C6H6)0.5)
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Table A18. Crystallographic Experimental Details for [{3–MeSi(C6H4PCy2)2}IrH
(H2BF2)]•C6H6 (5-16∙C6H6)

A.  Crystal Data
formula C43H64BF2IrP2Si
formula weight 911.98
crystal dimensions (mm) 0.33  0.31  0.21
crystal system triclinic
space group P1 (No. 2)
unit cell parameters

a (Å) 10.2859 (4)
b (Å) 12.4678 (5)
c (Å) 19.1353 (8)
 (deg) 103.1939 (4)
 (deg) 96.5031 (4)
 (deg) 114.1028 (4)
V (Å3) 2121.21 (15)
Z 2

calcd (g cm-3) 1.428
µ (mm-1) 3.288

B.  Data Collection and Refinement Conditions
diffractometer Bruker D8/APEX II CCD
radiation ( [Å]) graphite-monochromated Mo K (0.71073)
temperature (°C) –100
scan type  scans (0.3) (15 s exposures)
data collection 2 limit (deg) 55.12
total data collected 18888 (-13  h  13, -16  k  16, -24  l 
24)
independent reflections 9675 (Rint = 0.0173)
number of observed reflections (NO) 8963 [Fo2  2(Fo2)]
structure solution method Patterson/structure expansion (DIRDIF–
2008)
refinement method full-matrix least-squares on F2 (SHELXL–
97)
absorption correction method Gaussian integration (face-indexed)
range of transmission factors 0.5451–0.4064
data/restraints/parameters 9675 / 0 / 423
goodness-of-fit (S) [all data] 1.055
final R indicesf

R1 [Fo2  2(Fo2)] 0.0249
wR2 [all data] 0.0639

largest difference peak and hole 1.313 and –0.609 e Å-3
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Figure A.18 ORTEP diagram of [Cy-PSiP]Ir(H)(η2:η2-H2BF2)∙C6H6 (5-16∙C6H6)
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Table A19. Crystallographic Experimental Details for [{3–MeSi(C6H4PCy2)2}IrH
{Si(OTf)Ph2}]•1.25PhF (5-19∙(C6H5F)1.25)

A.  Crystal Data
formula C57.5H72.25F4.25IrO3P2SSi2
formula weight 1234.53
crystal dimensions (mm) 0.32  0.16 x 0.16
crystal system monoclinic
space group P21/n (an alternate setting of P21/c [No. 14])
unit cell parametersa

a (Å) 12.8714 (6)
b (Å) 16.4929 (8)
c (Å) 26.1916 (13)
 (deg) 93.9390 (7)
V (Å3) 5547.0 (5)
Z 4

calcd (g cm-3) 1.478
µ (mm-1) 2.603

B.  Data Collection and Refinement Conditions
diffractometer Bruker D8/APEX II CCDb

radiation ( [Å]) graphite-monochromated Mo K (0.71073)
temperature (°C) –100
scan type  scans (0.3) (20 s exposures)
data collection 2 limit (deg) 53.14
total data collected 39888 (-16  h  16, -20  k  20, -32  l 
32)
independent reflections 11514 (Rint = 0.0490)
number of observed reflections (NO) 9151 [Fo2  2(Fo2)]
structure solution method Patterson/structure expansion (DIRDIF–
2008c)
refinement method full-matrix least-squares on F2 (SHELXL–
97d)
absorption correction method Gaussian integration (face-indexed)
range of transmission factors 0.6778–0.4869
data/restraints/parameters 11514 / 2e / 749
goodness-of-fit (S)f [all data] 1.020
final R indicesg

R1 [Fo2  2(Fo2)] 0.0336
wR2 [all data] 0.0850

largest difference peak and hole 1.316 and –0.945 e Å-3

a The Ir–H1 distance was constrained to be 1.50(1) Å during refinement.  (b) The P1…H1
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and P2…H1 distances were constrained to be equal (within 0.03 Å) during refinement.

Figure A.19 ORTEP diagram of [Cy-PSiP]Ir(H)(SiPh2OTf)∙(C6H5F)1.25
(5-19∙(C6H5F)1.25)
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