. MONASH University

Extending Alkali Metal Mediated
Magnesiation from Nitrogen to
Phosphorus: Synthesis, Structure and
Synergy

A thesis submitted for the degree of Doctor of Philosophy at Monash
University in 2021. Faculty of Science

Michael Stevens

BSci(Hons) Monash University Australia

School of Chemistry
Monash University

February 2021



© Michael Stevens (2021).

I certify that I have made all reasonable efforts to secure copyright permissions for third-
party content included in this thesis and have not knowingly added copyright content to

my work without the owner’s permission.

i



Declaration

This thesis is an original work of my research and contains no material which has been
accepted for the award of any other degree or diploma at any university or equivalent
institution and that, to the best of my knowledge and belief, this thesis contains no material
previously published or written by another person, except where due reference is made in

the text of the thesis.
Signature:

Print name: Michael Stevens

Date: 19/02/2021

iii



Publications during enrolment

Atom Efficient Magnesiation of N-Substituted Alkyl Indoles with a Mixed Sodium-

Magnesium Base.
Stevens, M. A., Blair, V. L.
European Journal of Inorganic Chemistry, 2018, 2018 (1), 74-79.

Contrasting Synergistic Heterobimetallic (Na-Mg) and Homometallic (Na or Mg)
Bases in Metallation Reactions of Dialkylphenylphosphines and Dialkylanilines:

Lateral versus Ring Selectivities
Stevens, M. A., Hashim, F.H., Gwee, E.S.H., Izgorodina, E.I., Mulvey, R.E., Blair, V.L.
Chemistry - A European Journal, 2018, 24, 15669 - 15677

Synthesis, Structure, and Solution Studies of Lithiated Allylic Phosphines and Phos-

phine Oxides

Eren, Nimrod M., Orr, Samantha A., Thompson, Christopher D., Border, Emily C., Stevens,

Michael A., Blair, Victoria L.

Organometallics, 2020, 39, 71, 2080-2090.

v



Contents

1 Introduction 3
1.1 Structural chemistry in organometallic chemistry . . . . . . .. ... .. 5
1.2 The development of Mixed Metal Chemistry . . . . . . . ... ... ... 8
1.3 Alkali Metal Mediated Metallation (AMMM) . . . . . . ... ... ... 14
1.4 Reactivity of the sodium magnesiate

[(TMEDA)Na(TMP)(CH,SiMe;)Mg(TMP)] . . . . . . . ... ... ... 18
1.5 Projectaims and objectives . . . . .. ... ... 20
2 Investigation into the solution state structure and stability of mixed metal
magnesiate bases 23
2.0.1 DOSY NMR studies in organometallic chemistry . . . . . . . .. 27
2.0.2 Aimsand objectives . . . . . .. ... 29
2.1 Synthesis of lithium magnesiate bases . . . . . . . .. ... ... .... 30
2.1.1  Synthesis of [(TMEDA)Li(TMP),Mg(CH,SiMe;)] . . . . . . .. 30
2.1.2  X-ray crystallography of complex3 . . . .. ... ... ... .. 30
2.1.3  Solution state studies of complex3 . . . . ... ... ... ... 32
2.2 Synthesis of [[PMDETA)Li(CH,SiMe; ) Mg(TMP,)] . . . . . .. ... .. 36
2.2.1 X-ray crystallography of complex4 . . . ... ... ... .... 36
2.2.2  Solution state studies of complex4 . . . ... ... ... ... .. 38
2.3 Synthesis of sodium magnesiate bases . . . . . .. ... ... ... ... 39
2.3.1 Synthesis of [ TMEDA)Na(TMP)(CH,SiMe,;)Mg(TMP)]1. . . . 39
2.3.2  X-ray crystallographyof 1 . . . . . .. ... ... oL 39
2.3.3  Solution state studies of complex1 . . . . . ... ... ..... 40
2.4 Synthesis of potassium magnesiate bases . . . . . . ... ... oL 43
2.4.1 Synthesis of [([TMEDA),K]* [Mg(TMP),]- . ... ... ..... 43



3

2.5

2.6
2.7

2.8

24.2 X-ray crystallography of complexS . . . ... ... ... .... 43

2.4.3 Solution state analysis of complex S5 . . . . . . ... ... .... 44
24.4 Reaction of 5 with aromatic solvents . . . . . . .. .. ... ... 45
2.4.5 Synthesis of [([PMDETA)K(TMP)(CH,SiMe; ) Mg(TMP)] . . . . 47
24.6 X-ray crystallography of complex7 . . . .. ... ... ..... 47
2.4.77 Solution state analysis of complex7 . . . . . .. ... ... ... 48
Synthesis of [[PMDETA),Rb]* [MgTMP;]- . . . ... ... ... .... 50
2.5.1 X-ray crystallography of complex8 . . . ... ... ... .... 51
2.5.2 Solution state analysisof 8 . . . . . ... ... 0oL 51
Comparison of structural chemistry . . . . . . . ... .. ... ...... 52
Synthesis and characterisation of Mg(CH,SiMe;), TMEDA . . . . . . .. 54
2.7.1 X-ray crystallography of complex9 . . . ... ... ....... 54
2.7.2  Solution state analysis of complex9 . . . . . .. ... ... ... 55
Conclusions and furtherwork . . . . . . . ... .. ... 0oL 56

Bimetallic metallations of N,N- and P,P-dialkyl substituted anilines and

phenylphosphines 57
3.1 Target anilines and phenylphosphines . . . . .. ... ... ....... 58
3.2 Reaction of magnesiate base 1 with N,N-dimethylaniline . ... ... .. 59
3.3 Reaction of magnesiate base 1 with N,N-diethylaniline . ... .. .. .. 61
3.3.1 X-ray crystallographic analysisof 10 . . . . . . ... ... ... 61
3.3.2 Solution state analysisof 10 . . . . . . . ... ... 62
3.4 Reaction of NaTMP with N,N-diethylaniline . . . . . ... ... ..... 64
3.4.1 X-ray crystallographic analysis of complex 11 . . . . . . . . .. 64
3.4.2 Solution state analysis of complex 11 . . . . . ... .. ... .. 65
3.5 Reaction of magnesiate base 1 with N,N-diisopropylaniline . . . . . . . . 66
3.6 Metallation of P, P-dialkylphenylphosphines . . . . . .. ... ... ... 69
3.7 Synthesis of P, P-dialkylphenylphosphines . . . . . ... ... ... ... 70
3.8 Reaction of magnesiate base 1 with P, P-dimethylphenylphosphine . . . . 70
3.8.1 X-ray crystallographic analysis of complex 12 . . . . . . .. .. 71

vi



3.8.2 Solution state analysisof 12 . . . . . . . ... ... 72

3.9 Reaction of BuNa - TMEDA with P, P-dimethylphenylphosphine . . . . . 74
3.9.1 Solution state analysis of complex 13 . . . . . ... .. ... .. 75
3.10 Reaction of magnesiate base 1 with P, P-diethylphenylphosphine . . . . . 76
3.11 Reaction of NaTMP with P, P-diethylphenylphosphine . . . . . . . . . .. 77
3.11.1 X-ray crystallographic analysis of complex 14 . . . . . . . . .. 77
3.11.2 Solution state analysisof 14 . . . . . . . . ... ... ... ... 79
3.12 Reaction of magnesiate base 1 with P, P-diisopropylphenylphosphine . . . 80
3.12.1 X-ray crystallographic analysis of complex 15 . . . . . .. . .. 81
3.13 Computational pKas of N,N-dialkylanilines and P, P-dialkylphenylphosphines 82
3.14 Conclusions for the reactivity of N,N- and P,P-dialkyl anilines and
phenylphosphines . . . . . . . ... ... ... o 85
3.15 Reaction of magnesiate base 1 with N,N-dimethyl-1-napthylamine . . . . 87
3.15.1 X-ray crystallographic analysis of complex16 . . . . .. .. .. 88
3.15.2 Solution state analysis of complex 16 . . . . . ... .. ... .. 89
3.15.3 Electrophilic quenching studies of complex16 . . . . . . . . .. 90
3.16 Synthesis of P, P-dimethyl(naphthalen-1-yl)phosphane . . . . . . . . . .. 92
3.17 Reaction of magnesiate base 1 with P, P-dimethyl-1-napthylphosphine . . 94
3.17.1 X-ray crystallographic analysis of complex 17 . . . . .. .. .. 94
3.17.2 Solution state analysisof 17 . . . . . .. ... ... ... .... 95
3.18 Conclusions and Future Work . . . . . . ... ... ... ... ... ... 97
Bi-metallic metallations of N-heterocyclic molecules 99
4.0.1 Lithiation of substituted indoles . . . . . ... ... ... .... 100
4.0.2 Magnesiationofindoles . . . . . ... ... oL 104
4.0.3  Alkali metal mediated metallation of indoles . . . . . . ... .. 105
4.1 Synthesis of N-substitutedindoles . . . . . ... ... ... ... .... 106
4.2 Reaction of magnesiate base 1 with N-methylindole . . . . . . ... ... 106
4.2.1 Solid state analysis of [(Na - TMEDA),Mg(a—CyHgN),]118 . . . 107
422 Solutionstudiesof 18 . . . . . . ... oo oL 110

vii



43

4.4

4.5

4.6

4.7

4.8

4.9
4.10

4.11

4.12

4.13
4.14

4.2.3  Electrophilic quenching studiesof 18 . . . . . . . .. ... . .. 110

Reaction of magnesiate base 1 with N-ethylindole . . . . . .. ... ... 111
4.3.1 Solid state analysis of complex 20 . . . . .. ... ... ..... 112
4.3.2 Solution studies of complex 20 . . . . . .. ... ... ... 113
4.3.3 Electrophilic quenching studies of complex20 . . .. ... ... 114
Reaction of magnesiate base 1 with N-isopropylindole . . . . .. .. .. 114
4.4.1 Solid state studies of complex21. . . . . .. ... ... ..... 115
4.4.2 Solution state studies of complex21 . . . . . .. ... ... ... 116
4.4.3 Electophilic quenching studies of complex21 . . . . . . ... .. 117
Synthesis of N-alkyl-3-methyl-indoles . . . . .. ... .......... 117
Reaction of magnesiate base 1 with N-3-dimethylindole . . . . . . . . .. 118
4.6.1 X-ray crystallographic analysis of complex22 . ... .. .. .. 119
4.6.2 Solution state studies of complex22 . . . . . ... ... ..... 120

Reaction of magnesiate base 1 with N—ethyl—3—methyl—1H—indole . . 123
4.7.1 Solution state studies of complex23 . . . . . . ... ... .... 123

Reaction of magnesiate base 1 with N—isopropyl—3—methyl—1H—indole 125

4.8.1 Solid state studies of complex24. . . . . .. .. ... ... ... 126
4.8.2 Solution state studies of complex24 . . . . . .. ... ... ... 127
Synthesis of N-phenylindole . . . . .. ... ... ... ......... 129
Reaction of magnesiate base 1 with N—phenylindole . . . ... ... .. 129
4.10.1 Solid state analysis of complex 25 . . . . .. ... ... ... ... 130
4.10.2 Solution state analysisof 25 . . . . . . ... ... L. 131
Synthesis of N-benzyl-1H-indole . . . . . . ... ... ... ....... 135
Reaction of magnesiate base 1 with N-benzylindole . . . . . . ... . .. 135
4.12.1 X-ray crystallographic analysis of complex26 . . .. ... ... 136
Synthesis of 1-(triisopropylsilyl)-1H-indole . . . . ... ... ... ... 137
Reaction of magnesiate base 1 with N-triisopropylsilyl-1H-indole . . . . 137
4.14.1 Solid state studies of complex 27 . . . . . ... ... ... .... 138
4.14.2 Solution state analysis of complex27 . . . . ... ... ..... 140

viii



4.15 Synthetic utility of 7-azaindoles . . . . . . . ... ... 141

4.16 Synthesis of N- substituted 7-azaindoles . . . . . . ... ... ... ... 142
4.17 Reaction of magnesiate base 1 with N-methyl-7-azaindole . . . ... .. 142
4.18 Reaction of magnesiate base 1 with N-ethyl-7-azaindole . . . ... ... 146
4.19 Conclusions and Future Work . . . . . . .. ... ... ... ... ... 149
Bi-metallic metallations of P-heterocyclic compounds 151
5.1 Synthesis of P-phenylphosphindole . . . . .. ... ........... 152

5.2 Isolation of the di-lithio intermediate in the synthesis of P-

phenylphosphindole . . . . . . . . ... ... .. ... . ... 155
5.2.1 Solid state analysis of complex30 . . . . .. ... ... ..... 156
5.3 Solution state analysis of complex30 . . . . ... ... ... .. .... 157
5.4 Reaction of the magnesiate base 1 with P-phenylphosphindole . . . . . . 159
5.4.1 Solid state structureof 31 . . . . ... ... L 159
5.4.2 Solution state analysisof 31 . . . . . .. ... ... .. ..... 160
5.5 Reaction of the magnesiate base 1 with P-phenylphosphindole oxide . . . 162
5.6 Solidstate analysisof33 . . . . . ... ... ... L. 162
5.6.1 Solution state analysis of complex33 . . . . ... ... ..... 164
5.6.2 EPR characterisation of complex33 . . . . . ... ... ... .. 166
5.7  Synthesis of 5-phenyl-SH-benzo[b]phosphindole oxide . . . . . .. . .. 174

5.7.1 Reaction of the magnesiate base 1 with 5-phenyl-5H-

benzo[b]phosphindole oxide . . . . ... ... ... ....... 176

5.8 Conclusions and futurework . . . . . . ... ... ... 0 L. 179
Overall Project Conclusions and Future Work 181
Experimental Section 183
7.1 Instrumentation . . . . . . . . .. ..o 183
7.1.1 TH-NMRspectra . . . . .. oot v o e 183

712 BCNMRSpectra . . . . . . .o iv i 183

7.1.3 SBIPANMRSPECHra . . . o oot e e 184

ix



7.2

7.3

7.1.4 GC/MSanalysis . . . . . . ... 184

7.1.5 Fourier Transform Infrared (FTIR) analysis . . . . .. ... ... 184
7.1.6  Reactions under anhydrous conditions - Schlenk protocol . . . . . 184
7.177 Microanalysis . . . . ... 185
7.1.8 DOSYNMR . ... . .. 185
7.1.9  X-ray crystallographic analysis. . . . . ... ... ... ..... 186
7.1.10 Powder X-ray diffraction analysis . . . . ... ... ....... 186
7.1.11 Flash Column Chromatography . . . ... ... ... ...... 187
7.1.12 EPR characterisationof 33 . . . . . . . ... ... ... ... .. 187
Precursor Synthesis . . . . . . . ... .. ... o 188
7.2.1 Synthesis of [Mg(CH,SiMe;), ], . - . . . . . . ... ... 188
7.2.2 Synthesisofn-BuNa . . . .. ... ... ... ... .. 189
7.2.3 Synthesisofn-BuK . . . ... ... ... ... . 0 0L 189
7.2.4 Synthesis of Na(CH,SiMe;) . . . ... ... ... ........ 189
7.2.5 Synthesis of K(CH,SiMes) . . . . .. ... ... ... ..... 190
7.2.6  Synthesis of Rb(CH,SiMe;) . . . .. ... ... ... ...... 190
7.2.77 Synthesis of Cs(CH,SiMe;) . . . ... ... ........... 190

7.2.8 General Reaction Procedure 1 (GP1)
Synthesis of [(TMEDA)Na(TMP)(CH,SiMe;)Mg(TMP)]1. . . . 191
7.2.9 General Reaction Procedure 2 (GP2) . . . . . .. ... ... ... 191

Investigation into the solution state structure and stability of mixed metal

magnesiate bases . . . .. ... Lo 192
7.3.1 Synthesis of [[TMEDA)Li(TMP)(CH,SiMe;)Mg(TMP)] . . . . . 192
7.3.2  Synthesis of [[PMDETA)Li(CH,SiMe;)Mg(TMP),] . . . . . .. 192
7.3.3  Synthesis of [(TMEDA)Na(TMP)(CH,SiMe;)Mg(TMP)] . . . . . 193
7.3.4  Synthesis of [([PMDETA)K(TMP)(CH,SiMe;)Mg(TMP)] . . . . 193
7.3.5 Synthesis of [(TMEDA);K]* [Mg(TMP);]- . . .. ... ... .. 194
7.3.6  Synthesis of [[PMDETA),Rb]" [Mg(TMP),]- . . . ... ... .. 194
7.3.7 Synthesis of MgR, TMEDA . . ... ... ... ......... 195



7.4 Bimetallic metallations of N,N- and P, P-dialkyl substituted anilines and

7.5

phenylphosphines . . . . . . . .. ... ... 196
7.4.1 Synthesis of P,P-dimethylphenylphosphine . . . . ... .. ... 196
7.4.2  Synthesis of P,P-diethylphenylphosphine . . . . ... ... ... 196
7.4.3  Synthesis of P,P-diisopropylphenylphosphine . . . . . . ... .. 197
7.4.4  Synthesis of P, P-dichloro(napthalen-1-yl)phosphine . . . . . .. 198
7.4.5 Synthesis of P,P-dimethylnapthyl-1-phosphine . . ... ... .. 199
7.4.6 Reaction of 1 with N,N-dimethylaniline . . . .. ... ... ... 199

7.4.6.1 Characterisation of iodinated species . . . . ... ... 200
7.4.7 Reaction of 1 with N,N-diethylaniline . . .. ... ... ..... 200

7.4.7.1  Characterisation of iodinated species . . . . . . .. .. 201
7.4.8 Reaction of 1 with N,N-diisopropylaniline . . . . . .. ... ... 202

7.4.8.1 Characterisation of iodinated species . . . . ... ... 203
7.4.9 Reaction of 1 with P, P-dimethylphenylphosphine . . . . . . . .. 203

7.49.1  Characterisation of iodinated species . . . . ... . .. 204
7.4.10 Reaction of 1 with P, P-diisopropylphenylphosphine . . . . . . . . 206
7.4.11 Reaction of 1 with N,N-dimethylnapthyl-1-amine . . . . . . . . . 207
7.4.12 Reaction of 1 with P, P-dimethylnapthyl-1-phosphine . . . . . . . 208
Bimetallic metallations of N-heterocyclic molecules . . . . . . . ... .. 209
7.5.1 Synthesis of N-ethylindole . . . . ... ... ........... 209
7.5.2  Synthesis of N-isopropylindole . . . . . . .. ... ... ..... 209
7.5.3  Synthesis of N-phenyl-1H-indole . . . . ... .......... 210
7.5.4 Synthesis of N-benzyl-1H-indole . . . ... ........... 211
7.5.5 Synthesis of N-methyl-7-azaindole . . . . . .. ... ... .... 211
7.5.6  Synthesis of N-ethyl-7-azaindole . . . . . .. ... ... ..... 212
7.5.7 Synthesis of N-isopropyl-7-azaindole . . . ... ... ... ... 213
7.5.8 Synthesis of N-phenyl-7-azaindole . . . . . . ... ... ... .. 214
7.5.9 Synthesis of N,3-dimethyl-1H-indole . . .. ... ... ..... 215
7.5.10 Synthesis of N-ethyl-3-methyl-1H-indole . . . . ... ... ... 215

X1



7.6

7.5.11 Synthesis of N-isopropyl-3-methyl-1H-indole . . . . . . ... .. 216
7.5.12 Synthesis of N-triisopropylsilyl-1H-indole . . . . .. ... ... 217
7.5.13 Reaction of 1 with N-methyl-1H-indole . . . . . ... ... ... 218
7.5.14 Reaction of 1 with N-ethyl-1H-indole . . . . ... ... ... .. 219
7.5.15 Reaction of 1 with N-isopropyl-1H-indole . . . . . .. ... ... 220
7.5.16 lodolysis procedure for complexes 18,20 and21 . . . . . . . .. 221
7.5.17 Cross-coupling procedure for complexes 18,20 and 21 . . . . . . 223
7.5.18 Reaction of 1 with N,3-dimethyl-1H-indole . . . . .. ... ... 224
7.5.19 Reaction of 1 with N-ethyl-3-methyl-1H-indole . . . . . . .. .. 225
7.5.20 Reaction of 1 with N-isopropyl-3-methyl-1H-indole . . . . . .. 226
7.5.21 lodolysis procedure for complexes 22 and23 . . . . . ... ... 226
7.5.22 Characterisation of N-3-dimethyl-2-iodo-indole . . . . . . . . .. 227
7.5.23 Characterisation of N-ethyl-3-methyl-2-iodo-indole . . . . . . . . 227
7.5.24 Reaction of the magnesiate base with N-triisopropylsilyl-1H-indole228
7.5.25 Reaction of magnesiate base 1 with N-phenylindole . . . . . . . . 228
7.5.26 lodolysis procedure for complex25 . . . . ... ... ... ... 229
7.5.27 2-iodo-1-(2-iodophenyl)-1H-indole . . . . ... ... ... ... 230
Bimetallic metallations of P-heterocyclic compounds . . . . . ... ... 231
7.6.1  Synthesis of trimethyl(phenylethynyl)silane . . . . . . ... ... 231
7.6.2  Synthesis of (Z)-3-bromo-{3-trimethylsilylstyrene . . . . . . . . . 231
7.6.3  Synthesis of P-phenyl-2-trimethylsilyl-phosphindole . . . . . . . 232
7.6.4  Synthesis of P-phenylphosphindole . . . . . ... .. ... ... 233
7.6.5 Synthesis of 2,2’-dibromobiphenyl . . . . . ... ... ... L. 234
7.6.6  Synthesis of 5-phenyl-SH-benzo[b]phosphindole . . . . . . . .. 234

xii



Acknowledgements

I wish to acknowledge the people of the Kulin Nations, on whose ancestral lands this
research project was conducted. I pay my respects to their Elders, past, present and
emerging. Sovereignty has never been ceded. I am mindful that within and without the

buildings, the Land always was and always will be, Aboriginal land.

I would like to thank my supervisor Dr Victoria Blair, for always been supportive and
helpful throughout the last four years, and encouraging me to try my hardest and persevere
with what was at times quite challenging chemistry. Your feedback and guidance over the

years has been most appreciated, in both a professional and personal sense.

I’d like to thank Prof Phil Andrews, for all his advice and thoughts along the way. You
always offered a unique perspective, and I value your contribution to my development as a

scientist.

To Kirralee - your company in the lab throughout the years has made the journey way

more bearable. Your friendship both inside and outside the lab will always be appreciated.

To Megan - it’s been great sharing this journey with you as we both started together, as
well as been great office buddies. I wish you all the best in your future career, and I hope

we can keep in touch.

Life doesn’t pause when you’re completing a PhD, and my life and direction vastly
changed throughout the process. To top it off, 2020 was without doubt one of the most
difficult years of my life - attempting to finish a PhD during a global pandemic and during
Melbourne lockdown was no mean feat. Throughout the uncertainty and challenges of
2020, I was glad to have a group of close friends who were sharing this journey. Darcy,
Sam, Sammy, Daniel and Lauren - I don’t think I could have finished this PhD without you.

I hope you realise how much I value your friendship, and how important you all are to me.

Xiii



To Caite - your help and encouragement over the last couple of years helped me get to
where I am now. Your encouragement to always aim high, and put myself out there has

helped me get to the next step in my career, and I will always appreciate it.

I’d like to thank all the past and present members of the Andrews and Blair comrades -
your company and support over the years has been greatly appreciated. In particular, I'd
like to thank Dr Melissa Werrett for being such a positive role model and a great example -

I aspire to as helpful and kind as you in all my future roles.

I wouldn’t have been able to complete this PhD without the technical support within
Monash University Chemistry. I'm particularly thankful for Dr Craig Forsyth, Dr Bou-
jemma Moubaraki, Dr Alasdair Mckay and Scott Blundell for all their help with X-ray

crystallography, NMR and mass spectroscopy.

I’d also like to thank Dr David Turner, who helped me get onto the career and path I am
following today. He gave me a chance in my third year of undergraduate to do a research
project, when I may not have had the requisite marks. This research project inspired me to
work harder and helped get me to where I am now. Furthermore, as Graduate Coordinator

throughout my PhD, you have always been a friendly and kind mentor for advice.

Finally, I’d like to acknowledgement my parents, for all their love and support over the

years of my university degrees.

This research was supported by an Australian Government Research Training Program
(RTP) Scholarship. This research was supported by a Monash University Graduate Re-

search Completion Award.

X1v



Abstract

The primary aim of this research project was to explore the reactivity of the sodium mag-
nesiate base [(TMEDA)Na(TMP)(CH,SiMe;)Mg(TMP)] 1 with a range of functionalised

aromatic compounds through Alkali Metal Mediated Magnesiation (AMMM).

Looking to gain insight into the solution state structure of the sodium magnesiate
[(TMEDA)Na(TMP)(CH,SiMe;)Mg(TMP)], 'H-DOSY studies were conducted, which
revealed the base retained its solid state structure in solution. Looking to further expand
the range of known alkali metal magnesiates, a series of lithium, potassium and rubidium
magnesiates were synthesised, and comprehensively characterised in the solution and solid

state.

Next we explored the reactivity of the sodium magnesiate 1 with N,N- and P, P-dialkyl
substituted anilines and phenylphosphines resulting in predominately meta- or lateral
magnesiation. Some of these magnesiations occurred in the presence of ethyl- groups,
which we have shown are not tolerated by monometallic reagents, instead undergoing
beta-elimination to generate ethene gas. The results of this chapter are supported by
calculated C-H acidities, as well as DFT calculations comparing the stability of all re-
gioisomers. This work was then extended to the N,N-dimethylnapthylamine and P,P-
dimethylnapthylphosphine, where the unprecedented selective 6-magnesiation (for amine)

or lateral-magnesiation (for phosphine) was observed.

The reactivity of the sodium magnesiate 1 is further explored against a variety of N-
heterocyclic indoles and 7-azaindoles. This study resulted in primarily a- magnesiation
occurring. Differing metallated base architectures were observed dependent on the identity
of the directing group, with methyl- and ethyl- groups favouring the more atom efficient
disodium tetraindol-2-ylmagnesiates. In the case of the bulkyl silyl protecting group

triisopropylsilyl-1H-indole, - magnesiation was observed. The use of these metallated



species in in situ iodolysis reactions has been explored, and in Pd-catalysed cross coupling

reactions.

This study was further extended from N-heterocyclic indoles to P-heterocyclic phosphin-
doles. The reactivity of 2 against P-heterocycles was found to be oxidation state dependent
- phosphorus (III) phosphindoles underwent a-magnesiation, whereas the corresponding
phosphorus (V) phosphindole oxides were di-magnesiated at the a- and ortho-positions.
These metallated phosphorus (V) complexes were found to be NMR silent radical species,

which has not been encountered before in Alkali Metal Mediated Magnesiation.



1 Introduction

A key aspect of synthetic chemistry is the regio- and chemo-selective functionalisation
of organic molecules. The deprotonative metallation reaction (the conversion of an
inert C-H bond to a reactive C-M bond) is one of the pre-eminent methods to generate
reactive carbonucleophiles. The requirement for highly reactive species to perform these
reactions leads to the use of organometallic compounds, where strongly electropositive
metals combine with organic reagents to form highly polarised, highly reactive carbon-
metal bonds (or in some cases nitrogen-metal bonds). Organometallic alkyl- and aryl-
lithium compounds (RLi, R = Me, nBu, tBu, Ph, etc.) and lithium secondary amides (the
“utility amides” lithium diisopropylamide (LDA), lithium 1,1,1,3,3,3-hexamethyldisilazide
(LiIHMDS) and lithium 2,2,6,6-tetramethylpiperidide (LiTMP)) are some of the most
widely used reagents for deprotometallation (see Figure 1.1).! Despite their highly reactive
nature, often resulting in pyrophoricity, these reagents find substantial usage in both
academic and industrial laboratories worldwide. Their relative ease of use, combined with
the commercial availability of stable hydrocarbon solutions of organolithiums make them

a powerful tool in the synthetic chemists arsenal.

Alkyllithium reagents give rise to another important class, that of the sterically-hindered
lithium ’utility amides’.! The deprotonation of acidic amines such as diisopropylamine
(DA) and 2,2,6,6-tetramethylpiperidine (TMP(H)) with nBuLi allows the generation of

lithium amides. These lithium secondary amides feature complementary high Brgnsted

P fj\
~. -

'}' /SLN,SI\ I}I
Li

Li Li
LDA LIHMDS LiITMP

Figure 1.1: The lithium utility amides; lithium diisopropylamide (LDA), lithium hexam-
ethyldisilazide (LiHMDS) and lithium tetramethylpiperidide (LiTMP).



basicity as well as poor nucleophilicity. They are often the reagent of choice, particularly
with more sensitive heterocycles where problems arise from the high nucleophilicity of
alkyllithiums. The lithiation of pyridine heterocycles is problematic with alkyl-lithium
reagents - resulting in nucleophilic addition rather then deprotonation. For example,
treatment of pyridines bearing a directing group in the 2- position with nBuLi results in
the nucleophilic addition product, whereas the secondary amides LDA or LiTMP result in

lithiation ortho- to the directing group functionality (see Scheme 1.1).%3

Li
nBuu
(. Ay

° —
THF -10 °C Bu N DG

AN LDA or LiTMP N L
~
THF, -10 °C N DG

N DG

Scheme 1.1: Comparison of the reactivity of nBuLi and the lithium secondary amides
with 2-methoxypyridine

Another key class of organometallic reagents in a synthetic chemists arsenal are organo-
magnesium species, most prominently the Grignard reagent (of the form RMgX). Since
discovery by Victor Grignard at the beginning of the 20th century (for which he received
the 1912 Nobel Prize), Grignard reagents are ubiquitous in organic synthesis as a tool
for carbon-carbon bond formation. Grignard reagents are easily prepared, feature good
stability and their high reactivity make them useful on both the academic laboratory scale
as well as in industrial synthesis. As an example, the industrial production of Tamoxifen,
a selective estrogen receptor modulator used for the treatment of breast cancer, makes use
of phenylmagnesium bromide (see Scheme 1.2).* Tamoxifen is considered an essential

medicine by the World Health Organisation.’
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Scheme 1.2: A key step of the industrial synthesis of the breast cancer drug Tamoxifen




Determination of the solution state of Grignard reagents is particularly challenging due to
the presence of multiple chemical species at thermodynamic equilibrium.® While initially
thought to be of the form RMgX, pioneering work by Schlenk father and son led to the

discovery of the Schlenk equilibrium (see Scheme 1.3).

Basic Schlenk Equilibrium
2RMgX — MgR, + MgX,

Advanced Schlenk Equilibrium
oligomers == (RMgX), == 2RMgX ——= R,Mg - MgX, —= R,Mg + MgX,

Scheme 1.3: Schlenk equilibrium for Grignard reagents in ethereal solvents

More recently, it has become evident that the halide groups in RMgX and MgX, tend to
form bridges between magnesium atoms, leading to a range of dimers and other oligomeric
species present in solution. A comprehensive understanding of the solution state structure
is complex, as the equilibrium “depends on the nature of R, the nature of X, the properties

of the coordinating solvent, concentration and temperature”.’

1.1 Structural chemistry in organometallic chemistry

[nBulil, [tBuLi], [(PMDETA)PhLI]

Figure 1.2: Solid state structures of three organolithium complexes

While organolithium chemistry is often represented as R—Li or R,N—Li, implying a simple

monomeric aggregate, it is rarely the case. The knowledge of organolithium aggregate



structures is fundamental to understanding their reactivity profile.® Alkyl-lithiums often
favour oligomeric structures in the solid state, such as hexamers (for example, [nBuLi]q,
[iPrLi]¢) or tetramers (for example, [MeLi],, [fBuLi] 4).9 The addition of coordinating
solvents or neutral Lewis bases can deaggregate these structures, to dimers or even
monomers ([PhLi(PMDETA)], see Figure 1.2).!° As a general rule, lower aggregate

states tend to produce more reactive organometallic species.

The bulky lithium secondary amides tend to be used in etheral solvents, which leads to
smaller aggregates, generally dimers or monomers. =13 Interestingly, LDA exists as an
infinite polymeric structure in the solid state when crystallised from non-coordinating

n-hexane (see Figure 1.3). !4

[LDA]., [LDA.THF],

Figure 1.3: Solid state structure of unsolvated LDA (left) and [LDA - THF], dimer (right)

Lithium TMP, another important lithium secondary amide, exists in hydrocarbon solutions
to be an equilibrium between the cyclic-trimer and -tetramer. In 1983, studies by Lappert
and co-workers revealed the solid state structure to be the cyclic-tetramer. !> Following
on from this, Collum and Lucht published detailed °Li and >N NMR solution studies
which revealed that both the cyclic-tetramer and a cyclic-trimer exists in solution. '®
Hevia and Mulvey et al. were able to crystallise the cyclic-trimer, where they found
crystallisation temperature the main determining factor of which isomer crystallised (- 35

° C resulted in predominately the cyclic trimer, whereas 5 ° or 25 ° C resulted in the cyclic

tetramer).!” Further NMR spectroscopic studies including '"H DOSY NMR (Diffusion



ordered spectroscopy) were conducted, which showed a similar temperature dependence

between the two oligomers in solution.

Figure 1.4: Solid state structure of unsolvated LiTMP, showing the cyclic-trimer (left)
and cyclic-tetramer (right)

Similarly to LDA, LiTMP tends to exist as either disolvated monomers or various dimeric
structures depending on the nature of the coordinating solvents (see Figure 1.5).'81°
Interestingly, the open dimeric species (right of Figure 1.5) is thought to be an essential

aspect of the reactivity of [(TMEDA)Li,(TMP),].

Figure 1.5: Solid state structure of dimeric LiITMP (left) and the open dimeric structure
(right)

Determination of both the solid and solution state structures of organolithium reagents

is key to understanding their associated reactivity. Lewis basic donor solvents (TMEDA,
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THE, etc.) are often considered essential for the desired reactivity of many organolithium
reagents, and this can be related back to the deaggregation to smaller oligomers these

solvents cause.

1.2 The development of Mixed Metal Chemistry

One common theme amongst the organolithium chemistry discussed so far is the general
requirement for sub-ambient temperatures to increase the functional group tolerance as
well increasing the stability of the lithio-intermediates. This increased energy usage
associated with cryogenic cooling is applicable on the research laboratory scale, but has
the potential to add substantial cost to any process on the industrial scale. For instance,
figures used within the Chemical Development department at GlaxoSmithKline suggest
that performing reactions at temperatures below -40 ° C results in an additional cost of at

least .£250 000 per annum per batch tonne process. >’

This has led numerous research groups across the world to generate new metallating
reagents which can solve aspects of these challenges. This has led to new classes of
organometallic reagents have been developed which incorporate multiple metal species.
The reactivity of these multi-metallic bases is synergic in origin, and are able to afford new

reactivity not previously seen with the mono-metallic components.

Early examples of these mixed metal systems include ‘ate’ complexes pioneered by Wittig
(which took the form ‘RLi.RM’, where M was a heavier alkali metal). More recently,
ate complexes are commonly of the form ‘R;MLi’ or ‘R;MLi,’. The composition of
these reagents is through the combination of an organolithium compound ‘LiR’ and an

organometallic divalent metal ‘MR, (such as magnesium or zinc).

Another prominent example of a mixed metal base is the Lochmann-Schlosser superbase
(commonly abbreviated as LIC-KOR), a bimetallic mixture of nBuLi with potassium tert-
butoxide. The exact composition of this superbase remains elusive, but recent evidence

from the metallation of benzene and toluene suggests that it exists as a mixed organo-



lithium/potassium compound. The LIC-KOR reagent offers unique reactivity compared to
both its individual components and conventional reagents. This can be seen in the case of
reacting LIC-KOR with toluene, where exclusive benzylic metallation is observed (see
Scheme 1.4). However, the LIC-KOR superbase often reacts with poor regioselectivity, as
is the case when attempting to dimetalate the aromatic naphthalene. This reaction results

in a mixture of all ten disubstituted isomers.

LIC-KOR M

©/Me THF
—_— i:/

Scheme 1.4: Exclusive benzylic metallation of toluene with LIC-KOR reagent, where M
represents the mixed organolithium/potassium metalating reagent.

Another prominent example of the potential use of the LICKOR superbase is in the
synthesis of Ibuprofen (see Scheme 1.5). The initial synthesis requires six steps, whereas
the use of the LICKOR superbase can cut this down to three steps,?! which can all be done

in “one-pot’ synthesis without isolating each individual step.

i) LICKOR
/©/Me |I) Mel . /@/\Me
Me Me
i) LICKOR
@/\Me i) Me,CHBr WME'
Me Me

i) LICKOR CO,H
Me

Scheme 1.5: One-pot synthesis of ibuprofen by sequential metallations with the LIC-KOR
superbase

\i

Me Me

Me

Another superbase formed from the addition of nBuli to a metal alkoxide is
[nBuLi—Me,N(CH,),OLi] (BuLi—LiDMAE). This reagent, formed from the addition of
two equivalents of nBuLi to N,N-dimethylaminoethanol, offers up new regioselectivity in

the metallation of 2-functionalised pyridines (see Scheme 1.6). Similarly to LDA (and



LiTMP), nucleophilic addition across the azomethine bonds is avoided, however unique

C-6 lithiation is observed, which can be trapped with a variety of electrophiles to produce

2,6-substituted pyridines.>32223
i) LDA, -78 °C
ii) TMSCI, -78 °C o -TMS
> |l B
THF N Cl
N
| ~
N- Cl i) BuLi-LIDMAE, -78 °C
ii) TMSCI, -78 °C | N
n-hexane ™S N/ o

Scheme 1.6: Comparison of the regioselectivity of LDA (top) and nBuLi-LiDMAE
(bottom)

This reactivity can be explained when considering the mechanism behind this reaction (see
Scheme 1.7). The observed regioselectivity relates to the way the base docks’ the C6-H

in close proximity to the basic nBuLi.??

AN ¥
AN BuLi-LiDMAE H-- | =
| ’ B // // ll\l CI
— u---Lj P
N~ cl hexane \O,,LI “N-Me
Me
-BuH
| AN
AN B}
E -
| — -~ Mév'e L ’ '|\l Cl
E N Cl ~N-"H Li

Scheme 1.7: Mechanism of the reaction of nBuLi-LiDMAE with 2-chloropyridine

Mongin and coworkers have developed a wide range of lithium-ate complexes, combining

lithium with a variety of secondary metals to form a bi-metallic contact ion-pair system.

24-26 25

Prominent examples include the use of zinc, cadmium? or copper?’ (see Scheme 1.8

for the reaction of a lithium cadmate with anisole). Other examples exist of indium,

cobalt,?® iron,? and magnesium.>*3! Highlighting the importance of structural chemistry

10



in the understanding of how these multi-component systems react, recent DOSY (Diffusion-
ordered spectroscopy) NMR experiments have confirmed that rather than a traditional
contact ion-pair lithium cadmate, Li(TMP) and Cd(TMP), exist as separate entities and
the reaction proceeds via a lithiation followed by transmetallation.* It is clear from this

result that the exact structural nature and reactivity path of these reagents is not known.

Me. Me.
Cd(TMP), O  Cd(TMP), + LITMP O

Noreaction - 1HF200 THF, 2hr |
2

88%

Scheme 1.8: Use of a lithium cadmate for the metallation of anisole.

Uchiyama and coworkers have published extensively in s-block metal ’ate’ chemistry. In
2004 they reported the lithium aluminate [{Bu; AI(TMP)L1], and its use as a chemoselective
deprotonating reagent.** Deprotonative aluminium occurred in the presence of carbonyl

and cyano groups, and eliminated benzyne formation in halogenated aromatics (see

Scheme 1.9 for two examples). They have published extensively on aluminium,3*3

35,36 26,37

copper, and a variety of other metal pairings.

CN i) iBusA(TMP)Li, rt, 3 h

CN
| A i) I,0°C, 1.5 h
| NF | |

THF

Y

cl |) iBuzAI(TMP)LI, -78 °C, 12 h cl
ii)l,,0°C,1.5h

Y

THF
Cl C

Scheme 1.9: Use of a lithium aluminate for the metallation of aromatics containing
sensitive functional groups

Another class of bi-metallic reagents are those based on Grignard reagents. Knochel
developed Turbo-Grignard reagents, formed by the addition of a stoichiometric quantity
of LiCl to a Grignard reagent (RMgCIl, where R = iPr or sBu).*® These reagents allow
metal-halogen exchanges to proceed at a higher rate compared to the MgRX or MgR,

species. Highlighting their increasing popularity, Turbo-Grignard reagents are employed

11



in a number of natural product and pharmaceuticals synthesis (see Scheme 1.10 for two

examples).

Anti-HIV Active Integrade Inhibitor Fluoroquinolone

Scheme 1.10: Two examples of complex organic molecules utilising Turbo-Grignard
reagents on a large scale.

Hauser bases were initially prepared in 1947 and had the general formula R,NMgX or
(R,N),Mg.* Unfortunately these reagents had low solubility in common organic solvents,
requiring a large excess of the metallating reagent. This area was further developed
with the introduction of the Knochel-Hauser base, which is a mixed lithium/magnesium
amide base [(TMP)MgCL.LiCl].*! The introduction of LiCl leads to a highly reactive, THF
soluble reagent. The Knochel-Hauser base has been successfully used in functionalising
a wide variety of molecules, and is tolerant of nitriles, esters, halogens and aryl ketones.
(TMP)MgCl - LiCl has been used for the 4-functionlisation of 2-chloropyrimidines (see
Scheme 1.11).

MgCI.LiCl

fi it S
N |N/)\CI

THF, -55t0-40°C, 2 h

Br
Q Br
MgCI.LiCl |
. -
) g
= ~N
N)\CI

68 %

Scheme 1.11: Reaction of the Knochel-Hauser base (TMP)MgClI - LiCl with 2-
chloropyrimidine
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The Mulvey group in 2008 confirmed the solid state structure of the Knochel-Hauser
base (TMP)MgCl - LiCl, revealing a monomeric species with coordinating solvent THF
molecules (see Figure 1.6).*? Highlighting the increasing prevalence of these new Grignard-

based reagents, they are both commercially available from Aldrich.

Figure 1.6: Molecular  structure of the  Knochel-Hauser  base
[(THF),Li(Cl,)Mg(THF)TMP].

The Knochel group has recently begun developing metallation chemistry in continuous flow
reactors.**~* This often leads to increased yields and more desirable reaction conditions,
and in some cases reactivity that cannot be conducted on a batch scale. For example, the
magnesiation of 2,3-dichloro-5-(trifluoromethyl)pyridine with the Knochel-Hauser base
TMPMgCl - LiCl proceeds smoothly at room temperature in flow (compared to -40 ° C
in batch), with complete conversion in 30 seconds (compared to 2 hours in batch, see
Scheme 1.12). This magnesiated intermediate can subsequently be quenched with iodine,
to give the corresponding 2,3-dichloro-5-trifluoro-6-iodopyridine in a high yield of 73 %

(compared to only 56 % yield in batch).*?
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Batch Conditions Batch Conditions
-40°C,2h -40 to 25 °C, 30 min

. CF3 TMPMgCI.LICI cl | o CF3 I, Cl -~ CFs3
| 7 o | g

I ON cl” >N MgelLicl I ONT
Flow Conditions Flow Conditions
25°C,30s 25 °C, 1 min
Scheme 1.12: Comparison of the batch and flow conditions for the metallation of 2,3-
dichloro-5-(trifluoromethyl)pyridine with TMPMgClI - LiCl

Cl

1.3 Alkali Metal Mediated Metallation (AMMM)

Another major development in mixed metal chemistry is the unique reactivity obtained
from alkali metals coupled with less polar, less reactive subordinate metals such as

3051 zinc,? aluminium>? or manganese,>* coined Alkali Metal Mediated Met-

magnesium,
allation.>>" The structural chemistry of these reagents was pioneered by the Mulvey
group, isolating both starting bases and the metallated intermediates for X-ray crystallo-
graphic studies. More recently, solution state 'H-DOSY studies have complemented these
structural and reactivity studies. This differs from most previously mentioned mixed metal

reagents, where little to no structural data is available on either the reagents themselves or

the metallated species.

The earliest examples of these Mulvey-type bases were lithium or sodium magnesiates
which formed inverse-crown structures affording di-metallations of substrates. These
are so called ‘inverse crowns’ as they are typically an eight-membered cationic ring of
alternating amide bridged metal cations. An example of this is the sodium magnesi-
ate [Na,Mg,(TMP)((nBu),], which was used to ortho-meta’ dimagnesiate toluene (see
Scheme 1.13).°® The authors found in this study that the identity of the alkyl group of
the base had an effect on the observed reactivity, with the bulkier CH,SiMe; alkyl chain

resulting in the selective meta-meta’ dimagnesiation.

While attempting to isolate the mixed metal intermediate prior to the deprotonation step,

stoichiometric quantities of the bidentate diamine TMEDA was added in the absence of
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) [NagMgz(TMP)g(nBu);] '@Me
Me i) 1o |
i) [NasMgz(TMP)s(CH,SiMes),]

| Me
i) 1, \(;(
|

Scheme 1.13: Effect of the basic alkyl group on the regioselective dimetallation of toluene

Y

\j

toluene.> The authors were able to structurally characterise the isolated crystals as the
bis-amido monoalkyl magnesiate [(TMEDA)Na(nBu)(TMP)Mg(TMP)], rather than the

expected inverse-crown complex (see Figure 1.7 for the crystal structure).

Figure 1.7: The isolated bis-amido monoalkyl magnesiate
[(TMEDA)Na(nBu)(TMP)Mg(TMP)]. Hydrogen atoms omitted for clarity.

Anisole, an important scaffold in pharmaceutical synthesis, is able to be metallated in
the ortho position using conventional metallation reagents (as would be expected due to
directed ortho metallation).%*% The sodium magnesiate base [Na,Mg,(TMP),(nBu),]
reacts with anisole to form the ortho-meta’ (DomM) dimetallated species, which allows

access to 2,5-disubstituted anisole when quenched with I, (see Scheme 1.14).64

The reaction of the same base with N,N-dimethylaniline and N, N-diisopropylaniline results

15
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Scheme 1.14: Ortho-meta’ dimetallation of anisole using [Na,Mg,(TMP),(nBu),]

in the selective 3,5-magnesiation (or meta-meta’ magnesiation, see Scheme 1.15). Both
these metallated species have been characterised crystallographically, and it is seen that
the formation of an inverse crown base system allows the magnesium to be in close
proximity to the deprotonation site while sodium is able to electrostatically interact
with the deprotonation site (see Figure 1.8). It is clear that the structures are examples of
magnesiation, as evidenced by the magnesium carbon bond length of 2.216(2) A (compared

to the sodium carbon bond length of 2.699(2) A).¢

DG I) Na4Mgz(TMP)6(nBu)2 DG

i) 1o
© DG = NMe,, NiPr,, tBu
I I

Scheme 1.15: Meta-meta’ dimetallation of N,N-dimethylaniline, N,N-diisopropylaniline
and tert-butylbenzene using [Na,Mg,(TMP),(nBu), ]

Figure 1.8: Crystal structure of the meta-meta’ dimagnesiated compound
[Na,Mg,(TMP),(C4H;NMe,)]. Hydrogen atoms omitted for clarity.
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This directed meta-meta’ metallation (DmmM) overrides the conventional directed ortho
metallation effect observed in anilines. In both DomM and DmmM, the observed reactivity
is heavily influenced by both electronic and steric effects.® The nature of the directing
group on the arenes determined the reaction speed, with stronger directing groups proceed-
ing more rapidly and at lower temperatures when compared to those with weak directing
groups. Furthermore, the spatial nature of the directing group can redirect the metallation

to the meta-meta’ position. %

| I
'OO' Pal:
R

R=Ph,H

Figure 1.9: A selection of the multi-iodoarenes accessible through the use of the sodium
magnesiate [Na,Mg,(TMP)(nBu),]

When this inverse-crown based base was utilised in the metallations of polyaryl systems, a
new series of previously inaccessible multi-iodoarenes were established (see Figure 1.9).9
These substrates are difficult to metallate with conventional s-block organometallics (such
as n-butyl lithium, which requires activation with TMEDA), as they lack a directing group
to guide the metallation, or to act as a strong acidifying group. Access to these iodo-
substituted substrates is of interest, as they can then be further utilised in transition metal

catalysed cross-coupling reactions allowing access to a vast range of possible substitutions

(see Scheme 1.16 for an example cross-coupling reaction).
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i) [NayMgz(TMP)s(nBu)] N
ii) 1o/ THF 2 carbazole
. N
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9

Scheme 1.16: Meta-meta’ dimagnesiation of biphenyl followed by iodolysis and copper
catalysed cross coupling with carbazole

1.4 Reactivity of the sodium magnesiate

[(TMEDA)Na(TMP)(CH,SiMe;)Mg(TMP)]

Sit

Figure 1.10: The sodium magnesiate [(TMEDA)Na(TMP)(CH,SiMe;)Mg(TMP)]

Of particular relevance to the contents of this thesis is the sodium magnesiate
[(TMEDA)Na(TMP)(CH,SiMe;)Mg(TMP)] 1 (see Figure 1.10). It has only been briefly
explored in the literature, where it has been utilised in the deprotometallation of furan,

tetrahydrofuran, thiophene and tetrahydrothiophene. %%

The cyclic ether tetrahydrofuran (THF) has always been troublesome for an organometallic
chemist.”® While incredibly useful due to higher solubilities of organometallic species,
and increased reaction kinetics (in comparison to nonpolar hydrocarbon solvents),”!
it is sensitive to decomposition.’”’>”"* Many reactive organometallic species depro-

tonate at the - carbon adjacent to the oxygen heteroatom, inducing spontaneous
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ether cleavage via reverse [3 + 2] cycloaddition to form ethene and the corresponding
metal enolate.”” The sodium magnesiate [(TMEDA)Na(TMP)(CH,SiMe;)Mg(TMP)]
induces ether cleavage of stoichiometric THF.®® Remarkably, all the components
of this decomposition are captured by the components of the base 1, and sta-
ble enough to be crystallographically characterised as [Na,Mg,(TMP),O] and
[{(TMEDA)Na(TMP), },{1,4—[Mg(TMP)],—C,H, }] (see Scheme 1.17). In comparison,
the sodium zincate [(TMEDA)Na(TMP)(CH,SiMe,)Zn(CH,SiMe,)] is able to perform

an a-zincation, without inducing cyclic ether cleavage.

Y

© [(TMEDA)Na(TMP)(CH,SiMe3)Mg(TMP) «7 Na
hexane, r.t. \

TMID\—Na—TMP
Mg-Q-Mg

TMP—Na-TMP

Scheme 1.17: Reaction of the sodium magnesiate 1 with tetrahydrofuran

Two differing reactivity profiles are observed when the sodium magnesiate 1 is reacted
with tetrahydrothiophene and thiophene. In the case of tetrahydrothiophene, 1 shows
alkyl-basicity, losing its alkyl group to afford the bis amido - magnesiated complex
[(TMEDA)Na(TMP)(a—C,H,S)Mg(TMP)] (seen on the left of Figure 1.11). When 1 is
reacted with thiophene, it exhibits tri-basicity, losing both its alkyl and two amido basic
groups to afford the a- magnesiated complex [(TMEDA)Na(a—C,H;S);Mg(TMEDA)]

(seen on the right of Figure 1.11).
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Figure 1.11: Comparison of the reactivity of the sodium magnesiate 1 with tetrahydroth-
iophene (left) and thiophene (right)

When the sodium magnesiate 1 is used in the magnesiation of furan, it once again
shows dual basicity, however the unexpected dodecasodium hexamagnesiate ate complex
[{(TMEDA);Na,Mg,(CH,SiMe;)(2,5 —C,H,))(2 —C,H;0)s },] is isolated. This complex

contains ten alpha-deprotonated and six twofold «,’ deprotonated furan ligands.

1.5 Project aims and objectives

This thesis has a particular focus on expanding the reactivity of the sodium magnesiate
base [(TMEDA)Na(TMP)(CH,SiMe;)Mg(TMP)] 1 against a variety of nitrogen- and
phosphorus- based systems. When compared to the breadth of knowledge on s-block metal
amides, it is evident that the analogous phosphorus compounds have been largely ignored.
The analogous nitrogen systems will also be explored (where previously unstudied), to

allow the development of fundamental concepts in s-block chemistry.

Chapter two focuses on the synthesis and extended characterisation of a series of Group
1 metal magnesiates. The magnesiates synthesised are characterised in the solid state
by Single-crystal X-ray diffraction, and their solution state behaviour is explored using
NMR spectroscopy in d,,-cyclohexane, including 'H-DOSY and 'H—'H-NOESY NMR

spectroscopy.
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Chapter three focuses on the reactivity of the sodium magnesiate 1 against a variety of
N,N- and P, P-dialkyl substituted anilines and phenylphosphines. This study features both
analysis of crystalline metallated intermediates, as well as electrophile quenching studies.
The regioselectivities observed are explored computationally with pKa calculations, and
further developed with calculations comparing the relative energies of differing isomers.

This work is then extended to changing the aryl- substituent to napthyl-based systems.

Chapter four focuses on the use of sodium magnesiates for the functionalisation of N-
heterocycles. A range of differing base architectures is observed, as well as differing
regioselectivities. The usage of these magnesiated species in in situ iodolysis reactions is

conducted, as well as in some cases Pd-catalysed cross-coupling reactions.

Chapter five explores the reactivity of the sodium magnesiate 1 with P-heterocyclic
compounds. This leads to the discovery of unique redox-state induced polymetallations, as
well as the generation of stable radical species. This chapter features X-ray characterisation
of metallated intermediates, NMR and EPR spectroscopic studies as well as electrophile

studies.
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2 Investigation into the solution state structure and sta-

bility of mixed metal magnesiate bases

Bimetallic base formulations are finding increasing synthetic utility in both academia
and industrial settings,® offering unique reactivity and chemistry that can be interpreted
in terms of synergistic effects. The coupling of an alkali metal with a lower polarity

3

metal such as magnesium,”’ zinc,>? aluminium?? or gallium’® have emerged as powerful

metallation tools for the regioselective funtionalisation of weakly acidic molecules.

Our group has been particularly interested in heteroleptic alkali metal mediated magne-
siation. The earliest example of a lithium magnesiate was prepared by Wittig in 1951,
where he combined equimolar quantities of phenyllithium and diphenylmagnesium to

form Ph;LiMg.” The chemistry of lithium magnesiates was pioneered by Wittig, 308!

and has more recently been extended by the Davies®* and Mongin 3?3

groups via in situ
reaction mixtures. These lithium magnesiate reagents tend to be of the form “R;MgLi”
or “R,MgLi,”, formed by the combination of an organolithium compound ‘LiR’ with an

organometallic divalent magnesium compound “MgR,”. Various Lewis donors are often

used within these mixtures to aid solubility and reactivity.

2 R R
Cl ™ VR
Pr—9_ U | | TMEDANE &@—TMP {( i @
Cl ‘R \_N R
Knochel Mulvey-type heteroleptic Hevia homoleptic
Turbo-Grignard sodium magnesiate lithium magnesiate

Figure 2.1: Chemdraw representation of the structures of typical alkali metal magnesiates

Mongin and co-workers have pioneered numerous bimetallic ’ate’ formations for the

metallation of functionalised arenes, predominately focusing on lithium coupled with a

more electropositive metal such as magnesium, 33! zinc2+2% or copper.?’ These metallating
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reagents consist typically of a mixed alkyl or amido lithium species with either a divalent

metal salt of a dialkyl/amido metallic species.

i) 1/3 equiv BugMgLi

THF, rt., 2 h E
@ =~ I3
i) Electrophile, r.t. 7
iii) H,O

E=175%
E = CH(OH)-3,4,5-
trimethoxyphenyl, 71 %

Scheme 2.1: Reaction of the lithium magnesiate Bu;MgLi with furan®!

The homoleptic lithium magnesiate Bu;MgLi proved to be an efficient metallator of
aromatic substrates such as furan (Scheme 2.1).3! The higher order dilithium tetrabutyl-
magnesiate (Bu,)MgLi, was also used, and found to be more efficient at metallating furans.
When moving to another aromatic substrate, thiophene, Mongin and co-workers found
that the addition of the Lewis donor TMEDA to Bu;MgLi resulted in much higher yields
of the deprotonated substrate, presumably through the complexation of TMEDA to the

lithum ion of of the magnesiate (Scheme 2.2).3°

i) 1/3 equiv BugMgLi(TMEDA)

S THF, 1t., 2 h E
R ii) Electrophile, r.t. R
iii) H,0

R=H,E=1,90%
R=0OMe,E=1,75%

R = H, E = CH(OH)-3,4,5-
trimethoxyphenyl, 96 %

R = OMe, E = CH(OH)-3,4,5-
trimethoxyphenyl, 87 %

Scheme 2.2: Reaction of the lithium magnesiate Bu;MgLi(TMEDA) with thiophene*°

The Hevia group has expanded the structural characterisation of lithium magnesiates,
predominately focussing on homoleptic basic alkyl components.®¥3* These studies have
highlighted an array of structural motifs upon changing both the alkyl component and the
Lewis donor, with oxygen donors (THF and dioxane) favouring polymeric compositions
in contrast to discrete monomeric units obtained with nitrogen Lewis donors (TMEDA

and PMDETA) (see Scheme 2.3).
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Scheme 2.3: Structural comparison of homoleptic lithium magnesiates when changing
the alkyl component

Potassium magnesiates have only briefly been explored in the literature. The earliest exam-
ple was the use of three equivalents of TMP(H) being added to a stoichiometric mixture of
nBuK and nBu,Mg suspended in n-hexane. The authors proposed this formed an in situ
mixture of K(TMP)/Mg(TMP),. When a large excess of either benzene or toluene was
added, the new complexes [(TMP),,KMg/(CsHs)¢] and [(TMP),,K;Mg.(CcH,CH;),]
were formed in high yields.® While the authors postulated the formation of an amido
potassium magnesiate, based on the solubilisation of the reaction mixture, no analysis was

done on the reaction mixture pre-metallation of the arene solvents.

Another example of a potassium magnesiate was in the direct magnesiation of
bis(benzene)chromium.® When an equimolar mixture of potassium HMDS and mag-
nesium bis(HMDS) were employed, no metallation occurred, but coordination of the
bis(benzene)chromium to the potassium cation occurred, and formation of an anionic
[Mg(HMDS);]™ fragment. When the authors moved to the more basic TMP(H) amide,
they instead found mono-metallation to exclusively occur (in comparison to organolithium

reagents, where predominately di-metallation occurs). When the synergic base mixture of
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benzylpotassium, dibutylmagnesium, TMP(H) and TMEDA (in a 1:1:3:1 mixture) were em-
ployed in a 4-fold molar excess with bis(benzene)chromium, the mono-magnesiated com-

plex [(TMEDA)K(TMP){Cr(CcH;)(CcH,) }Mg(TMP)] was afforded (see Scheme 2.4).

\/
4 BzK, 4 Bu,Mg N, /TMP\ T™P
(@) 12 TMP(H), 4 TMEDA [N,K\ Mg—
Cr VA G
@ n-hexane, reflux %
45 min @fr

Scheme 2.4: Reaction of a potassium magnesiate with bis(benzene)chromium

In a similar vein to the [Mg(HMDS);]™ anion in the previous publication, 3¢ Garcia-Alvarez
and O’Hara et al. synthesised a series of potassium cations with chiral diamine ligands,
with a corresponding [Mg(HMDS),]" anion.?” This publication focused on the synthe-
sis, solid-state and solution state structure of these compounds, without presenting any

reactivity studies.

The first example of a structurally defined mixed alkyl-amido potassium mag-
nesiate was isolated Conway and Mulvey et al, and used in the ortho-
magnesiation of the aromatic ether anisole.®® When KCH,SiMe;, MgBu,, TMP(H)
and PMDETA were mixed in a 1:1:2:1 ratio, the mixed alkyl/amido mag-
nesiate [(PMDETA)K(TMP)(CH,SiMe;)Mg(TMP)] was isolated. Interestingly,
the authors were able to show through time-resolved NMR studies and crys-
tallography that the kinetic product of the ortho-magnesiation of anisole was
[(PMDETA)K(TMP)(0o—C-H,OMe)Mg(CH,SiMe,)] whereas the thermodynamic prod-
uct was identified as [(PMDETA)K(TMP)(o—CcH,OMe)Mg(TMP)] (see Scheme 2.5).
In these two complexes, either amido or alkyl basicity were observed, respectively.
Furthermore, all three complexes (the starting base, kinetic and thermodynamic product)

were fully characterised by NMR and single-crystal X-ray diffraction studies. %

The most recent example of potassium magnesiates in the literature are the homoleptic
complexes of the form [(C4H,)KMgR,] formed from the addition of K(CH,SiMe,) and

Mg(CH,SiMe;), in a mixture of n-hexane and benzene. This initial mixture forms a
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-Me,sSi | + TMP(H)

l/
[ N . TMP
@--—EK\ Mg—TMP
NI
\> o
Me
Scheme 2.5: Reaction of the potassium magnesiate

[(PMDETA)K(TMP)(CH,SiMe;)Mg(TMP)] with anisole, highlighting both the
kinetic amido basicity and the thermodynamic alkyl- basicity

lower-order magnesiate in the solid state, with an infinitely aggregated structure combining
K-C and Mg-C bonds with medium-long K - Me eletrostatic interactions. When the
Lewis donors TMEDA or PMDETA were added to this reaction mixture, a redistribution
to higher-order magnesiates occurred, with the isolation of [(PMDETA),K,MgR,] and
[((TMEDA),K,MgR,].%

2.0.1 DOSY NMR studies in organometallic chemistry

As previously outlined, while single crystal X-ray diffraction has been essential to the
development of organometallic s-block chemistry, it does not necessarily translate into
a full understanding of a molecules reactivity. In solution, organometallics are known
to exist as complex equilibria of multiple co-existing aggregates. To fully understand
the reactivity of these systems, it is therefore important to gain further insight into their

solution state structure.

Pulsed gradient spin-echo (PGSE) diffusion NMR spectroscopy was designed in the mid
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1960s as a tool to measure the hydrodynamic radius of molecules in solutions.**? In 1992,
the PGSE sequence was included in a psuedo two-dimensional NMR experiment allowing
the comparison of chemical shift information with particle size, now commonly referred to
as diffusion-ordered NMR spectroscopy (DOSY).*? Since the early 2000s, it has been used
extensively as a characterisation technique for reactive organometallic intermediates by a
number of groups, allowing for the correlation of solution state aggregates and solvates
with solid-state crystal structures and the determination of organolithium aggregates in

dynamic equilibrium in solution.”*

Highlighted in a recent study by Mulvey and Robertson, utilising 'H-DOSY NMR the
originally proposed lithium cadmate “LiCd(TMP),;” as a cadmating (Cd-H exchange)
agent, the reactivity observed is the result of a lithiation followed by a transmetallation

with a cadmium reagent (see Figure 2.2).3?

Y [

=

-
B
TPhN “ ﬂ T
Rl “Cd(TMP),” -3
‘ “ PhN -
! TMP(H)[D m -3
ThE 8 ‘ T™S ‘3
8 & a4 2 F2pem

Figure 2.2: Pseudo 2D '"H-DOSY spectrum of CdCl, + 3Li(TMP) in dg—THF at 27 °C
in the presence of the inert standards tetraphenylnapthalene (TPhN), phenylnapthalene
(PhN) and tetramethylsilane(TMS). Reproduced with permission from the Royal Society
of Chemistry

This has led to two distinct concepts within mixed metal metallations, that of co-

complexation vs trans-metal trapping.®> In co-complexation, base reactivity occurs syn-
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ergistically, with the lower polarity metal performing a direct metallation of the desired
substrate. Conversely, in trans-metal trapping, sequential reactivity is observed, with the
more reactive alkali metal typically affording the metallation event, followed by transmet-
allation by the lower polarity metal. This enables the stabilisation of the kinetic products
in many cases.®® In both these reaction pathways, a combination of solid state and solution

state characterisation was essential to elucidate the differential mechanism of reaction.

2.0.2 Aims and objectives

In this chapter, we aimed to synthesis a range of Group 1 heteroleptic metal magnesiates
containing the alkyl- group CH,SiMe; and amido group TMP, and fully characterise
them in the solid state (by single crystal X-ray diffraction) and solution state (NMR
studies as well as DOSY-NMR studies). Looking to the literature, only the sodium
magnesiate [(TMEDA)Na(TMP)(CH,SiMe;)Mg(TMP)] 1 and the potassium magnesiate
[(PMDETA)K(TMP)(CH,SiMe;)Mg(TMP)] have been previously reported. This study
was initially inspired by some unexpected reactivity of the sodium magnesiate 1, seen
within this thesis as well as within other research projects within our group. Solution state
studies presented in this chapter will be conducted in C,D,,, as previous experience with
these alkali metal magnesiates indicate they react with many other typical NMR solvents,
such as C;D¢, d;—THF and d;—toluene. Furthermore, deuterated cyclohexane (C;D,,)
will be the most representative of the solution state behaviour of these bases in n-hexane,
the solvent they are typically utilised in, while being cost effective (deuterated n-hexane is

cost prohibitive).
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2.1 Synthesis of lithium magnesiate bases

2.1.1 Synthesis of [[TMEDA)Li(TMP),Mg(CH,SiMe;)]

To synthesise a lithium magnesiate base, LiCH,SiMe,; was reacted with an in sifu mix-
ture of MgTMP, (formed by refluxing 2 molar equivalents of TMP(H) with ntMgBu,
for 6 hours), followed by the addition of a molar equivalent of TMEDA to give
a light yellow solution. After filtration and storage of the resulting solution at -
30 °C, a crop of colourless crystals were deposited. X-ray crystallographic analy-
sis of these crystals revealed them to be the anticipated lithium magnesiate complex

[(TMEDA)Li(TMP)(CH,SiMe,)Mg(TMP)] 3.

In an alternative method to synthesise 3, nMgBu, can be replaced by Mg(CH,SiMe,), to

form Mg(TMP),, resulting in the same isolated lithium magnesiate.

2 TMP(H)
MgBu, >  MgTMP,
hexane, reflux 6 hrs

TMEDA ( N, TMR
MgTMP, + LiR -\ Mg—TMP
hexane, r.t. ]//
/SI\
Scheme  2.6: Synthetic  protocol for  the synthesis of 3,

[(TMEDA)Li(TMP),Mg(CH,SiMe,)]

2.1.2 X-ray crystallography of complex 3

Complex 3 crystalises in the Pna2; space group. It exhibits a contact ion pair co-complex
arrangement with a 4-atom Li-N-Mg-C ring motif core. The coordination environment of
the magnesium atom is a N,C trigonal planar arrangement, with one terminal TMP ligand
(Mg - N distance 1.997(4) A), and a bridging TMP (Mg - N distance 2.094(4) A) and
CH,SiMe; unit (Mg - C distance 2.184(5) A). The lithium atom has a distorted tetrahedral

arrangement, with a bridging TMP (Li - N distance 2.143(10) A), bridging CH,SiMe,
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Figure 2.3: Molecular structure of [(TMEDA)Li(TMP)(CH,SiMe;)Mg(TMP)], 3. Ther-
mal ellipsoids shown at 40 % probability. Hydrogen atoms omitted for clarity. Selected
bond lengths (A) and angle (°): Li(1) —= N(1), 2.143(10); N(1) — Mg(1), 2.094(4); Mg(1) —
N(2), 1.997(4); Mg(1) — C(1), 2.184(5); Li(1) — C(1), 2.489(11); Li(1) — N(1) — Mg(1),
84.5(3) ; N(1) — Mg(1) — N(2), 132.9(2); N(2) — Mg(1) — C(1), 124.4(2).

(Li - C distance 2.489(11) A) and a chelating bidentate TMEDA ligand completing the

coordination environment.

To examine whether the crystal structure Figure 2.3 is representative of the bulk crystalline
phase, a powder X-ray diffraction experiment was performed on bulk 3. This analysis
confirmed that the bulk crystalline solid phase matched the single-crystal X-ray diffraction

structure of 3 (see Figure 2.4).
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Figure 2.4: PXRD of a crystalline sample of 3 (bottom, red line) compared to a calculated
pattern based on the crystal structure (top, black line)

2.1.3 Solution state studies of complex 3

"H and 7Li NMR spectroscopic analysis was performed on crystalline 3 in d,,—cyclo-
hexane. The '"H NMR spectrum elucidated that one dominant species was present, with
signals assigned in Figure 2.5. However, some small impurities are noticeable. The
dominant species shows signals related to coordinated TMEDA, deprotonated TMP as
well as signals for the alkyl group CH,SiMe;. Impurities were particularly evident in the
TMP region as well as the CH,SiMe, region of the 'H NMR spectrum. The "Li NMR
spectrum is shown in Figure 2.6, which shows one dominant species at 1.08 ppm, with a

minor Li containing impurity present at 1.23 ppm.

To determine whether this major species was consistent with the solid state crystal struc-
ture, 'TH-DOSY NMR studies were performed, with the resulting DOSY plot shown in
Figure 2.7. This spectrum indicated that the solid state structure of 3 is retained in solution,

as indicated by a similar diffusion constant for all signals within the dominant species.
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Figure 2.5: '"H NMR spectrum of 3 in C¢D,, at 298 K

T T
26 25 24 2

T T T T T T T T T T T T T T T T T T T T T
322 21 20 19 18 17 16 15 14 1.3 1.2 i1 10 09 08 07 06 05 04 03 02 0.1 0.0 -0.1 -0.2

f1 (ppm)

Figure 2.6: 'Li NMR spectrum of 3 in C¢D, at 298 K
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Figure 2.7: '"H DOSY NMR spectrum of 3 in C¢,D,, at 298 K

Interestingly, it became clear when monitoring the 'H NMR spectrum over time that
3 was rearranging or decomposing in solution, with the appearance of new signals (see
Figure 2.5). After six hours stored at room temperature, the dominant species is no longer 3,
and many other species (characterised by signals in the SiCH,, SiICH; and TMP/TMEDA
region of the spectra). These other species have not been identified. Multiple species are
also present in the ’Li NMR spectrum (see Figure 2.9). It is not clear at this stage whether

this is a decomposition process, or a fluctional rearrangement occurring in solution.

It was also noticed that crystalline sample of 3 stored at room temperature in an argon
glovebox decomposed over a period of a few weeks. It is not clear why this base is unstable

in both solution (in C¢D,,) and solid state.
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Figure 2.8: '"H NMR spectrum of 3 in C;D,, after 6 hours at 298 K
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Figure 2.9: 'Li NMR spectrum of 3 in C¢D, after 6 hours at 298 K
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2.2 Synthesis of [([PMDETA)Li(CH,SiMe;)Mg(TMP,)]

Similarly to 3, when LiCH,SiMe; was reacted with an in situ mixture of MgTMP, (formed
by refluxing 2 molar equivalents of TMP(H) with nMgBu, for 6 hours), followed by the
molar addition of PMDETA, a light yellow solution developed. Upon storage of this
solution at -30 °C, a large crop of colourless crystals were deposited. X-ray crystallographic
analysis of these crystals revealed them to the be the unanticipated lithium magnesiate
complex [(PMDETA)Li(CH,SiMe;)Mg(TMP,)] 4. An alternative synthesis of complex 4

is possible substituting nMgBu, for Mg(CH,SiMe,), for the formation of Mg(TMP),.

2 TMP(H)
MgBu, >  MgTMP,
hexane, reflux 6 hrs
TMP
N
PMDETA ™\ )
MgTMP, + LiR > N’/Ll\\ Mg-TMP
hexane, r.t. &N o
/SI\
Scheme  2.7: Synthetic ~ protocol  for  the synthesis of 4,

[(PMDETA)Li(CH,SiMe,)Mg(TMP,)]

2.2.1 X-ray crystallography of complex 4

In the molecular structure of compound 4 [(PMDETA)Li(CH,SiMe;)Mg(TMP),], the
lithium cation exists in a different environment to the related TMEDA adduct 3. The
lithium cation is pulled further away from the anionic magnesium centre, interacting
with the CH, and the silicon of the alkyl basic arm (Li-C bond length of 2.373(3) and
Li-Si bond length of 3.160(3) A) leaving a three-coordinate magnesium centre with two
terminal TMP fragments (Mg-N distances of 2.0302(13) and 2.0101(12) A). This species
can be envisioned as an intermediate between a contact-ion pair co-complex, and a solvent
separated ion pair. A similar structural motif is seen in the homoleptic lithium magnesiate

complex [(PMDETA)LiMg(CH,SiMe;),].53
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Figure 2.10: Molecular structure of [(PMDETA)Li(CH,SiMe;)Mg(TMP),], 4. Thermal
ellipsoids shown at 40 % probability. Hydrogen atoms omitted for clarity. Selected bond
lengths (A) and angle (°): Li(1) — C(1), 2.373(3); Li(1) — Si(1), 3.160(3); Mg(1) — C(1),
2.2328(15); Mg(1) — N(1), 2.0302(13); Mg(1) — N(2), 2.0101(12); N(1) — Mg(1) — N(2),
126.11(5); N(1) — Mg(1) - C(1), 115.62(6); N(2) - Mg(1) — C(1), 118.10(6).

To determine whether the bulk crystalline product matches the single-crystal structure, Pow-
der X-ray Diffraction (PXRD) on a crystalline sample was undertaken (see Figure 2.11).
This indicated that the bulk crystalline phase of 4 was consistent with the single-crystal
X-ray diffraction structure. Crystalline sample will be used in the solution state studies to

rule out co-crystallising species.

Counts

AL L Ll Lﬁ .huii@il Al Nt e b ool s

2Theta (Coupled TwoTheta/Theta) WL=1.54060

Figure 2.11: Powder XRD of crystalline complex 4 (top) vs calculated pattern (bottom)
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2.2.2 Solution state studies of complex 4

Crystalline complex 4 was dissolved in C¢,D,, and analysed by 'H and "Li NMR spec-
troscopy. Similarly to 3, this species was found to rapidly rearrange or decompose in
C¢D,,, inhibiting any meaningful NMR analysis. It is unclear why these lithium magnesi-
ates 3 and 4 decompose or rearrange in the solution phase - further work would be required
to identify the exact composition of these species. To identify these species, reactivity

studies could be particularly useful, if they selectively react with one species present in

solution.
SiMe,
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TMEDA
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TMP
region
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Figure 2.12: 'H NMR spectrum of crystalline complex 4 in C¢D,, at 298 K, showing the
presence of numerous species
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Figure 2.13: 'Li NMR spectrum of crystalline complex 4 in C¢D,, at 298 K, showing the
presence of numerous species
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2.3 Synthesis of sodium magnesiate bases

2.3.1 Synthesis of [ TMEDA)Na(TMP)(CH,SiMe;)Mg(TMP)] 1

The sodium magnesiate base 1 was synthesised according to literature procedures.%” The
sodium magnesiate base 1 was synthesised by the reaction of molar equivalents of NaTMP,
TMP(H), Mg(CH,SiMe;) and TMEDA to give a light yellow solution. Storage of the

resulting solution at -30 °C resulted in the deposition of a large crop of colourless crystals.

i) Mg(CH,SiMes), N, TMP
i) TMEDA \Na\ Mg—-TMP
BuNa + 2TMP(H) R N
hexane, r.t. RN
/SI\
Scheme  2.8: Synthetic ~ protocol  for  the  synthesis of 1,

[(TMEDA)Na(TMP)(CH,SiMe;)Mg(TMP)]

2.3.2 X-ray crystallography of 1

Figure 2.14: Molecular structure of [(TMEDA)Na(TMP)(CH,SiMe;)Mg(TMP)], 1.
Thermal ellipsoids shown at 40 % probability. Hydrogen atoms omitted for clarity. Se-
lected bond lengths (A) and angle (°): Mg(1) - C(1), 2.179(2); Mg(1) - N(1), 1.9895(18);
Mg(1) - N(2), 2.068(3); Na(1) - C(1), 2.6783(2); Na(1) - N(2), 2.454(4); Na(1) - N(4),
2.433(2); Na(1) - N(5), 2.488(3); C(1) - Mg(1) - N(1), 123.36(10), C(1) - Mg(1) - N(2),
106.67(13); N(1) - Mg(1) - N(2), 128.70(14).
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Similarly to complex 3, the molecular structure of complex 1 features a trigonal planar
magnesium centre, bonding to a terminal TMP (Mg - N bond length 1.9895(18) A), a
bridging TMP (Mg - N bond length 2.068(3) A)and a bridging alkyl CH,SiMe, group
(Mg - C bond length 2.179(2) A). The sodium atom is four coordinate, with a bridging
TMP (Na - N bond length 2.454(4) A), interacting with the CH, of the alkyl group (Na -
C bond length 2.6783(2) A), and a bidentate, chelating TMEDA (Na - N bond lengths of
2.433(2) and 2.488(3) A).

To confirm the bulk crystalline phase was consistent with the crystal structure of 1,
PXRD of the bulk crystals was performed (see Figure 2.15). This confirmed that the
bulk crystalline phase (to be used in solution state studies) is consistent with the crystal

structure of 1, and no co-crystalline impurities are present.
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Figure 2.15: PXRD of a crystalline sample of 1 (bottom, red line) compared to a calculated
pattern based on the crystal structure (top, black line)

2.3.3 Solution state studies of complex 1

Crystalline complex 1 was dissolved in C¢D,, and analysed by 'H and '*C NMR spec-
troscopy (see Figure 2.16). In agreement with the solid state structure, the 'H spectrum

matches well with the retention of the solid state structure in solution. Single signals
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are present for coordinated TMEDA, TMP, and the alkyl CH,SiMe; group. In order
to investigate this further, 'H-DOSY NMR studies were conducted. As can be seen in
Figure 2.17, there is only one dominant species present in solution at room temperature.
Complementary to this, a 'H-'H-NOESY study of 1 shows no interchange peaks present,

indicating that no signals are interchanging on the NMR time-scale (see Figure 2.18).

In comparison to 3 and 4, a sample of 1 in C¢D,, is stable for at least one week at room

temperature.
TMP-CH,
Si(CH;);
TMEDA
C\Hg T™P
B-CH,
CsD1 SiCH,
TMEDA T™P ﬁ
CH, | I y-CH, |
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Figure 2.16: 'H-NMR of complex 1 in C¢D,, at 298 K
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Figure 2.17: '"H DOSY NMR sprectrum of complex 1 in C¢D,, at 298 K
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Figure 2.18: NOESY NMR spectrum of complex 1 in C;D, at 298 K
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2.4 Synthesis of potassium magnesiate bases

2.4.1 Synthesis of [(TMEDA);K]" [Mg(TMP),]

When attempting to isolate a potassium analogue of the aforementioned 1, we unexpectedly
isolated the solvent separated potassium magnesiate [K(TMEDA),]*[Mg(TMP),]~ 5. The
rational synthesis of this complex was also achieved, by refluxing MgBu, with three
equivalents of TMP(H), followed by the addition of KCH,SiMe, and three equivalents
of the Lewis donor TMEDA. Storage of the resulting solution at - 30 °C resulted in the

deposition of large colourless crystals.

3 TMP(H), 3 TMEDA
K(CH,SiMe3) + Mg(CH,SiMes), »  [K(TMEDA)3]* [Mg(TMP)3]
hexane, r.t.
- SiMey

Scheme 2.9: Synthetic protocol for the synthesis of 5, [K(TMEDA),]"[Mg(TMP),]”

2.4.2 X-ray crystallography of complex 5

Figure 2.19: Molecular structure of [(TMEDA),K]*[Mg(TMP),]~, 5. Thermal ellipsoids
shown at 40 % probability. Hydrogen atoms omitted for clarity. Selected bond lengths
(A) and angle (°): Mg(1) — N(1), 2.0389(16); Mg(1) — N(2), 2.0493(16); Mg(1) — N(3),
2.0365(17); N(1) — Mg(1) — N(2), 120.23(7); N(2) — Mg(1) — N(3), 121.35(7); N(3) -
Mg(1) — N(1), 118.40(7).
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Complex 5 exists as the solvent separated ion pair [(TMEDA),K]*"[Mg(TMP),;]". This
complex features a three-coordinate trigonal planar anionic magnesium centre bonded
to three basic TMP units (average Mg-N distance 2.0416 A), and a charge separated
potassium cation encapsulated by three TMEDA molecules to form a distorted octa-
hedral environment. Complex S resembles the previously reported sodium magnesiate
[Na(PMDETA)Z]"[Mg(TMP)3]‘96 while having structural similarities to a variety of sol-

vent separated alkali metal stabilised [Mg(HMDS);]~ anionic complexes. 368797

2.4.3 Solution state analysis of complex 5

Crystalline complex 5 was dissolved in C¢D,, and analysed by 'H NMR spectroscopy (see
Figure 2.20). Signals corresponding to coordinated TMEDA, and deprotonated TMP(H)
are evident. A small amount of free TMP(H) is also present, likely from residual TMP(H)

from the synthesis.
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Figure 2.20: 'H NMR spectra of 5 in C;D, at 298 K
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Complex 5 was also analysed by 'H-DOSY NMR, shown in Figure 2.21. In the DOSY
spectra, signals are evident for K(TMEDA);~ and Mg(TMP);*, confirming their existence
as a solvent separated ion pair. Some free TMP(H) is also present, likely from the initial
synthesis. Due to the highly soluble nature of S in n-hexane, difficulties were experienced

washing the obtained crystals without them redissolving.

Free
“ TMP(H)[

CDyy |

-8.8

K(TMEDA)

|

—r 1
4 3 2 F2 [ppm]

Figure 2.21: 'H-DOSY NMR spectrum of complex 5 in C,D,, at 298 K, showing
K(TMEDA);*, Mg(TMP);~, and free TMP(H)

2.4.4 Reaction of 5 with aromatic solvents

Interestingly, when S was dissolved in C,D, for NMR analysis, a crop of crystals were
deposited in the NMR tube over the course of a few days. These crystals were suitable
for single crystal X-ray diffraction and were analysed to be the previously reported 24-
membered (KNMgN), macrocyclic complex [(TMP)K Mg.(CcHs)] 6,% which was

synthesised originally by an in situ mixture of K(TMP)/Mg(TMP,) with benzene.
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Figure 2.22: Asymmetric unit of complex 6. Thermal ellipsoids shown at 40 % probability.
Hydrogen atoms omitted for clarity. Selected bond lengths (A) and angles (°): Mg(1) -
C(1),2.1797(7); Mg(1) - N(1), 2.0318(3); Mg(1) - N(2), 2.0258(3); K(1) - N(2), 3.0893(7);
K(1) - C(1), 3.0692(5); K(1) - C(2), 3.3491(6); N(2) - Mg(1) - N(1), 136.2(1); N(2) -
Mg(1) - C(1), 113.2(1); C(1) - Mg(1) - N(1), 110.6(2).

Figure 2.23: Full molecular structure of 6
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2.4.5 Synthesis of [(PMDETA)K(TMP)(CH,SiMe;)Mg(TMP)]

The potassium magnesiate base 7 was synthesised according to a literature procedure. %
The addition of a n-hexane suspension of Mg(TMP), to KCH,SiMe, followed by the
addition of PMDETA resulted in the formation of a clear, colourless solution. Upon
storage at - 30 °C, a crop of colourless crystals were isolated. These were found to be the

expected complex [(PMDETA)K(TMP)(CH,SiMe,)Mg(TMP)] 7.

2 TMP(H)
MgBu, >  MgTMP-
hexane, reflux 6 hrs

N
pmpeTA (N TMR
MgTMP, + KR - NK Mg-TMP
hexane, r.t. &N .
/SI\
Scheme  2.10: Synthetic ~ protocol  for  the  synthesis of 7,

[(PMDETA)K(CH,SiMe;)Mg(TMP), ]

2.4.6 X-ray crystallography of complex 7

Complex 7 features a trigonal planar Mg centre, bonding to a terminal TMP [Mg - N bond
length 1.996(5) A, a bridging TMP [Mg - N bond length 2.055(5) Aland a bridging alkyl
CH,SiMe, group [Mg - C bond length 2.219(7) A). The potassium cation is five-coordinate,
bonding to a bridging TMP [K - N bond length 2.925(4) Al a bridging alkyl CH,SiMe,
[K - C bond length 3.033(8) Al, and a chelating, tridentate PMDETA ligand. Complex
7 adopts a similar structural motif to [(TMEDA)Li(TMP)(CH,SiMe;)Mg(TMP)] 3 and
[(TMEDA)Na(TMP)(CH,SiMe;)Mg(TMP)] 1.
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Figure 2.24: Molecular structure of [(PMDETA)K(CH,SiMe;)Mg(TMP), ], 7. Thermal
ellipsoids shown at 40 % probability. Hydrogen atoms omitted for clarity. Selected bond
lengths (A) and angle (°): Mg(1) - C(1), 2.219(7); Mg(1) - N(1), 1.996(5); Mg(1) - N(2),
2.055(5); K(1) - N(2), 2.925(4); K(1) - C(1), 3.033(8); N(2) - Mg(1) - N(1), 129.34(19);
N(2) - Mg(1) - C(1), 110.6(2); C(1) - Mg(1) - N(1), 119.5(3); K(1) - N(2) - Mg(1), 90.94;
K(1) - C(1) - Mg(1), 85.1(2).

2.4.7 Solution state analysis of complex 7

Complex 7 was dissolved in C¢D,, and analysed by '"H NMR spectroscopy (see Fig-
ure 2.25). It would appear that only one species is present in solution, with minor
impurities also present (TMP(H) predominately, as well as impurities related to the alkyl
group). Signals are evident for coordinated PMDETA, deprotonated TMP(H) as well as

signals corresponding to the alkyl group CH,SiMe,.
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Figure 2.25: 'H NMR spectrum of 7 in C¢,D,, at 298 K

The 'H-DOSY NMR spectrum of complex 7 was conducted, to confirm whether the
solid state structure is retained in solution (see Figure 2.26). While one dominant species
appears to be present in solution, the impurities present lead to a broadening in the diffusion
coefficients of the overlapping signals. While attempts were made to further purify this

complex, difficulties arose from the highly n-hexane soluble nature of complex 7.
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Figure 2.26: 'H-DOSY NMR spectrum of complex 7 in C¢D,, at 298 K

2.5 Synthesis of [([PMDETA),Rb]* [MgTMP;]~

Moving to the heavier alkali metal rubidium, the addition of MgTMP, to a hexane solution
of RbCH,SiMe, followed by the addition of two equivalents of PMDETA resulted in
the formation of viscous yellow oils. Storage of these oils at - 30 °C afforded a crop of
colourless crystals, which were suitable for single crystal X-ray diffraction. These were

found to be the complex [Rb(PMDETA), ] [Mg(TMP),]* 8.

3 TMP(H), 2 PMDETA
Rb(CH,SiMe3) + Mg(CH,SiMes), » [Rb(PMDETA),]* [Mg(TMP)3]"
hexane, r.t.
- SiMe4

Scheme 2.11: Synthetic protocol for the synthesis of 8, [Rb(PMDETA), | [Mg(TMP);]~
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2.5.1 X-ray crystallography of complex 8

Figure 2.27: Molecular structure of [(PMDETA),Rb]* [MgTMP;]~, 8. Thermal ellipsoids
shown at 40 % probability. Hydrogen atoms omitted for clarity. Selected bond lengths
(A) and angle (°): Mg(1) — N(1), 2.053(2); Mg(1) — N(2), 2.0471(19); Mg(1) — N(3),
2.0396(19); N(1) — Mg(1) — N(2), 122.16(8); N(2) — Mg(1) — N(3), 121.60(8); N(1) —
Mg(1) = N(3), 116.21(8).

Similarly to its potassium analogue 5, complex 8 features a trigonal planar magnesium
centre bonded to three basic TMP units (average Mg-N bond 2.0416 A) while the rubidium
atom is encapsulated by two PMDETA molecules in a six-coordinate irregular coordi-
nation polyhedron. This geometry has previously being observed with [(PMDETA),K]*
cation. *®% Looking to the literature, to the best of our knowledge complex 8 represents a
rare structurally characterised example of a rubidium magnesiate, with only one previously

reported complex [Rb(toluene);]* [Mg(HMDS),]~ ' to date (CCDC search 02/2021).

2.5.2 Solution state analysis of 8

Crystalline complex 8 was dissolved in C¢D, and analysed by '"H NMR spectroscopy
(see Figure 2.28, this complex was found too insoluble in C,D,, for analysis). Signals
are evident for coordinated PMDETA, as well as TMP. Unfortunately, a clean '"H NMR
spectrum of 8 was not possible, as the sample decomposed over a short period of time in

C6D6.
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Figure 2.28: 'H NMR spectrum of 8 in C¢Dg at 298 K. Impurities are evident as the
complex was unstable in solution, decomposing over a short period of time.

2.6 Comparison of structural chemistry

Complexes 1, 3, 4 and 7 exist as contact-ion pairs, while complexes 5 and 8 exist as
solvent-separated ion pairs in the solid state. Complex 4 is the most distinct, featuring
only one bridging alkyl group between the anionic magnesium centre and the cationic
lithium. In comparison, 1, 3 and 7 feature the more typical bridging amido and alkyl
group seen in similar alkali metal magnesiate complexes. Similarly to the previously
reported homoleptic complex [(PMDETA)Li(CHZSiMe3)Mg(CHZSiMe3)2],83 complex 4
can be seen as an intermediate between a solvent-separated ion pair and a contact ion
pair species. As the alkali metal size increases between 3 (Li), 1 (Na) and 7 (K), a
lengthening in the alkali metal bridging alkyl lengths (from 2.489(11) to 3.034(7) A) and
the alkali metal bridging amido lengths (from 2.142(10) to 2.929(4) A) are observed. The
coordination environment around the magnesium centre remains essentially unchanged.

The anionic environments of complex S and 8 are essentially isostructural, with the cationic
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environments varying in their geometry based on the denticity of the Lewis donor (TMEDA

in 5 vs PMDETA in 8). A comparison of the bond lengths of the complexes 3,4,1,5,7,8
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During the synthetic aspects of this chapter, it was noticed that the crystal structure for
Mg(CH,SiMe;), TMEDA was not known. As it was considered possible that this species
may be an impurity present in a number of the magnesiates present, it was synthesised to

allow comparison of the NMR chemical shifts.

2.7 Synthesis and characterisation of Mg(CH,SiMe;), TMEDA

To a stirred suspension of Mg(CH,SiMe,), in hexane, one molar equivalent of TMEDA
was added dropwise at room temperature. This resulted in the complete dissolution of the
suspension as the TMEDA coordinates to the magnesium centre. The resulting solution
was stored overnight in a - 30 °C freezer, resulting in a large crop of colourless crystals
which were suitable for single-crystal X-ray diffraction. These were identified to be the

mononuclear [(TMEDA)Mg(CH,SiMe;),] 9.

/\N/\\

| | TMEDA |  N—
Ssi i ——=  >si_Mg
Si__Mg__Si
APINAMIASIN hexane - \\/
_Si

|
Scheme 2.12: Synthetic protocol for the synthesis of 9, [[TMEDA)Mg(CH,SiMe;), ]

2.7.1 X-ray crystallography of complex 9

In the molecular structure of complex 9, the magnesium is in a distorted tetrahedral
environment. The magnesium forms short bonds to the anionic C atoms (Mg-C bond

lengths of 2.141(2) A).

The polymeric structure of Mg(CH,SiMe,), has been broken down into a monomeric unit
by the bidentate nitrogen donor TMEDA (Mg - N bond lengths of 2.234(2) and 2.239(2)
A).
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Figure 2.29: Molecular structure of MgR, TMEDA. Thermal ellipsoids shown at 40 %
probability. Hydrogen atoms omitted for clarity. Selected bond lengths (A) and angle (°):
Mg(1) - C4), 2.141(2); Mg(1) - C(5), 2.141(2); Mg(1) - N(1), 2.234(2); Mg(1) - N(2),
2.239(2); N(1) - Mg(1) - N(2), 81.99(7); N(1) - Mg(1) - C(4), 112.27(9); N(1) - Mg(1) -
C(5), 104.68(8); N(2) - Mg(1) - C(4), 106.64(8); N(2) - Mg(1) - C(5), 113.33(9); C(4) -
Mg(1) - C(5), 128.32(10).

2.7.2 Solution state analysis of complex 9

Crystalline complex 9 was dissolved in C¢D, and analysed by 'H NMR spectroscopy.
Signals were evident for TMEDA, as well as the CH; and CH, of the alkyl groups. The

'H NMR spectrum was consistent with the retention of the solid state structure of 9 in

solution.
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Figure 2.30: 'H NMR spectrum of 9 in C;Dg at 298 K
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2.8 Conclusions and further work

In this chapter, a series of alkali metal homo- and hetero-leptic magnesiates were syn-
thesised, resulting in the isolation and characterisation of the novel lithium magnesiates
[(TMEDA)Li(TMP)(CH,SiMe;)Mg(TMP)] and [(PMDETA)Li(TMP),Mg(CH,SiMe,)],
potassium magnesiate [(TMEDA);K][Mg(TMP);] and the rubidium magnesiate
[(PMDETA);Rb][Mg(TMP),]. The solution state chemistry of the lithium magnesi-
ates was found to be complex - dynamic fluctional processes occurring in C¢D,;,, not
allowing the positive identification of the solution state species in each case. Further
reactivity studies of the lithium magnesiates should be conducted, in order to gain insight

into their solution state structure, as well as any potential synthetic utility.
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3 Bimetallic metallations of N,N- and P,P-dialkyl substi-

tuted anilines and phenylphosphines

Anilines are a class of substituted aromatics that are weak ortho metallation directors in
established organolithium chemistry.® This is a result of the delocalisation of the nitrogen
lone pair into the aryl ring, not allowing the coordination of an incoming organolithium
reagent. This results in the need for either harsh reactions conditions or activation of the
organolithium reagent. For instance, the reaction of N,N-dimethyl or N,N-diethyl aniline
with n-BuLi results in negligible ortho-lithiated product after one week, however when n-
BuLi is activated by TMEDA the lithiation occurs in high yields within three hours. '*! The
sodiation of N,N-dimethylaniline can be readily achieved at 0 °C with n-BuNa activated

by TMEDA. %2

Me\N,Me Me. _Me \N/
nBuM.TMEDA N / j

n-hexane, 0 °C N

/\

M = Li, Na

Scheme 3.1: Reaction of nBuLi-TMEDA and nBuNa-TMEDA with N,N-dimethylaniline
to give the ortho-metallated complex

The metallation of N,N-dimethylaniline has been previously achieved with a bimetallic sys-
tem, using the mixed sodium zincate [(TMEDA)Na(rBu)(TMP)Zn(¢Bu)], in which a novel
meta-zincation was observed (Scheme 3.2).!9 Subsequent in situ electrophilic quenching

studies with iodine revealed a mixture of ortho-, meta- and para- iodoanilines. '°?
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Me. -Me i) [(TMEDANa(BU)(TMP)Zn(tB)]  Me.  -Me (Gyerall Conversion 72 %

ii) I in THF meta 73 %
> X para 21 %
n-hexane, r.t. | /@ ortho 6 %

Scheme 3.2: Reaction of the zincate base [(TMEDA)Na(tBu)(TMP)Zn(tBu)] with N,N-
dimethylaniline

3.1 Target anilines and phenylphosphines

Looking to extend the metallation chemistry of the sodium magnesiate 1,
[(TMEDA)Na(TMP)(CH,SiMe;)Mg(TMP)], a series of N,N-dialkylanilines and P, P-
dialkylphenylphosphines were targeted (see Figure 3.1). The anilines targeted are
commercially available, whereas the phosphines were synthesised from commercially
available P,P-dichlorophenylphosphine and a corresponding Grignard reagent (this

synthesis will be detailed later).
Me\N,Me /\N/\ )\NJ\
Me\P,Me A NpN )\PJ\

0 O C

Figure 3.1: The target anilines and phenylphosphines in this study
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3.2 Reaction of magnesiate base 1 with N,N-dimethylaniline

Me. .Me

Me. _Me Me\N,Me N

N [(TMEDA)Na(TMP)(CH,SiMe3)Mg(TMP)]
- e
(Mg

n-hexane, reflux, 2 hours

Scheme 3.3: Reaction of the magnesiate base 1 with N,N-dimethylaniline

Starting with the simplest benchmark methyl substituted aniline, reaction of 1 with N, N-
dimethylaniline in n-hexane at room temperature resulted in a viscous oil identified (via
"H NMR spectroscopy) as predominately starting material (<10 % metallated species).
When the reaction mixture was heated to reflux (two hours), a mixture of meta- and
para-magnesiated N,N-dimethylaniline products were observed (overall conversion 29%;
meta-18 %, para-22 %, see Figure 3.2). Heating beyond two hours leads to decomposition

of the base and an oil which was consistent with starting amine confirmed via NMR

spectroscopy.

Me. _.Me Me. -Me
N

H, ‘
. m il |l
| | , i
\ I\ i W orrom
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4 & E- ) R A
N B QI . S N N oM
o (=] - O o - o o~ (=]
7.8 7.7 76 7.5 7.4 7.3 7.2 71 7.0 6.9 68 6.7 6.6 6.5 6
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Figure 3.2: Aromatic section of the 'H NMR spectrum (at 298 K) for the reaction of 1
with Me,NPh for two hours at reflux. The black asterisks indicate the aromatic signals of
unreacted N,N-dimethylaniline
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Me\N,Me i) [(TMEDA)Na(TMP)(CH,SiMe3)Mg(TMP)] Me\N,Me
n-hexane, reflux 2 hours
> AN
ii) I, in THF, 0 °C N
L D

Scheme 3.4: Reaction of the magnesiate base 1 with N,N-dimethylaniline, followed by
quenching with iodine

meta 73 %
para 27 %

Overall Conversion 26 %I

As no clean product could be obtained from this reaction, we turned to electrophilic
quenching studies with I, to isolate the organic products (see Scheme 3.4). Taking our
optimised metallation conditions (two hours reflux), we then proceeded to quench the
reaction mixture with an excess of I, in THF (1 M). The 'H NMR spectrum of the crude
quenched product resulted in a 26 % overall conversion, with a meta:para- ratio of 73:27,

in agreement with the reaction mixture pre-quench (see Figure 3.3).

| |
| ‘ H, \
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7.8 7.7 7.6 7.5 7.4 7.3 7.2 7.1 7.0 6.9 6.8 6.7 6.6 6.5 64 63 6.2
f1 (ppm)

Figure 3.3: Aromatic section of the reaction of 1 with Me,NPh for two hours at reflux,

followed by quenching with iodine in C¢D,. The black asterisks indicate the aromatic
signals of unreacted N,N-dimethylaniline
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3.3 Reaction of magnesiate base 1 with N,N-diethylaniline

/
(\ T™P
@ B

/\N/\ /N

[(TMEDA)Na(TMP)(CH,SiMe3)Mg(TMP)]

>
n-hexane, r.t. \\N

/

Scheme 3.5: Reaction of the magnesiate base 1 with N,N-diethylaniline, resulting in the
selective meta-magnesiation

Moving to the bulkier N,N-diethylaniline, the addition of a molar equivalent of N,N-
diethylaniline to a stirred hexane solution of 1 resulted in the deposition of a large quantity
of white precipitate after stirring overnight (Scheme 3.5). This solid was isolated via
filtration, washed with hexane and transferred to a glove box for storage. X-ray quality
single crystals were obtained on one synthesis upon recrystallisation from n-hexane and
slow cooling in an oil bath. This compound was identified as the mera- magnesiated

[(TMEDA)Na(TMP)(m—C.H,NEt,)Mg(TMP)], isolated in a 65 % crystalline yield.

3.3.1 X-ray crystallographic analysis of 10

The molecular structure of 10 (Figure 3.4) retains a trigonal planar magnesium atom,
bonding to a terminal TMP (Mg-N bond length 1.9989(17) A), bridging TMP (Mg-N bond
length 2.0794(16) A) and a bridging meta-deprotonated N,N-diethylaniline based unit
(Mg-C bond length 3.036(2) A). As the terminal TMP unit has been retained, the product
of this reaction can be seen as the result of alkyl basicity, with the elimination of a SiMe,.
Furthermore, the magnesium atom is coplanar to the aromatic ring, in comparison to the
sodium which lies almost perpendicular to the ring, forming electrostatic interactions
with both the meta- and para- positions (Na-C bond lengths of 3.036(2) and 2.648(2)
A respectively). The sodium is formally in a three coordinate environment, bonding

to the bidentate Lewis donor TMEDA and a bridging TMP unit (Na(1) - N(3) bond
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Figure 3.4: Molecular structure of [(TMEDA)Na(TMP)(m—C,H,NEt,)Mg(TMP)] 10.
Hydrogen atoms omitted for clarity. Thermal ellipsoids shown at 40 % probability.
Selected bond lengths (A) and angles (°): Mg(1) - C(3),2.182(2); Mg(1) - N(3), 2.0794(16);
Mg(1) - N(2), 1.9989(17); Na(1) - C(3), 3.036(2); Na(1) - C(4), 2.648(2); Na(1) - N(3),
2.4779(18); Na(1) - N(4), 2.5401(18); Na(l) - N(5), 2.5291(18); N(2)- Mg(1)- C(3),
120.48(8); N(2)- Mg(1)- N(3), 134.32(7); N(3)- Mg(1) - C(3), 105.16(7); Na(1) - N(3) -
Mg(1), 89.35(6).

length 2.4779(18) A), while the electrostatic interactions with the phenyl ring complete its

coordination environment.

3.3.2 Solution state analysis of 10

Crystalline material of compound 10 was dissolved in C¢,D, and analysed by 'H and
BC{'H} NMR spectroscopy. The disappearance of the aromatic signals at 7.24, 6.76 and
6.62 ppm corresponding to the parent aniline and the appearance of four new aromatic
signals, at 7.45 (doublet), 7.12 (singlet), 7.11 (doublet) and 6.48 ppm (doublet of doublet
of triplets) are characteristic of a meta-deprotonated species (see Figure 3.5). Signals at
3.17 (quartet, 4 H) and 1.04 ppm (triplet, 6 H) correspond to the ethyl groups present on
the N-aniline. Signals evident at 1.98 - 1.87 (m, 4 H), 1.66 (s, 24 H) and 1.44 - 1.31 ppm
(m, 8 H) correspond to the TMP unit and signals at 1.63 (s, 12 H) and 1.55 ppm (s, 6 H)
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Figure 3.5: 'H NMR spectra of 10, [(TMEDA)Na(TMP)(m—C¢H,NEt,) Mg(TMP)] in
CeDg at 298 K

show the presence of coordinated TMEDA. Similarly, the appearance of a 3*C{'H} NMR

signal downfield at 173.41 ppm is characteristic of the newly formed Mg—C bond.

Iodolysis of the reaction mixture leads to the expected N, N-diethyl-3-iodoaniline in a
reasonable unoptimised yield of 67 %. Interestingly, small quantities (<10 %) of N,N-
diethyl-4-iodoaniline were also present, likely resulting from the electrophilic aromatic

substitution of iodine with free N, N-diethylaniline. %

PRI i) [(TMEDA)Na(TMP)(CH,SiMe3)Mg(TMP)] AN
n-hexane, 16 hours

'
ii) I, in THF, 0 °C “

Scheme 3.6: Reaction of the magnesiate base 1 with N,N-diethylaniline followed by the
in situ 1odolysis to yield the expected N,N-diethyl-3-iodoaniline in a yield of 67 %
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3.4 Reaction of NaTMP with N,N-diethylaniline

To investigate whether the reaction of magnesiate base 1 with N, N-diethylaniline was the
result of synergistic character, the reaction of the individual homometallic components of
1, namely NaTMP - TMEDA and Mg(CH,SiMe;), were explored. The reaction of a molar
equivalent of Mg(CH,SiMe,), with N,N-diethylaniline resulted in quantitative return of
starting material, even at reflux for 8 hours. Interestingly, the reaction of NaTMP - TMEDA
with a molar equivalent of N, N-diethylaniline resulted in the isolation of the new sodium

amide [{(TMEDA)Na(EtNCHs)},] 11 in a 46 % crystalline yield.

\
SN

—N
NaTMP, TMEDA y \>
- AN@\

?

}N
n-hexane, r.t. l \

- -2

Scheme 3.7: Reaction of the monometallic NaTMP - TMEDA with N,N-diethylaniline

3.4.1 X-ray crystallographic analysis of complex 11

The centrosymmetric molecular structure of 11 shows that a S-hydrogen elimination
process has occurred, eliminating one of the ethyl groups of N, N-diethylaniline (Figure 3.6).
The molecular structure of 11 is a dimer with a planar Na,N, core with the sodium atoms
in a tetrahedral environment. The phenyl groups of the two N-ethylaniline units are
orientated trans to each other. The sodium atoms make additional electrostatic interactions
to both C(1) and C(2) of the phenyl ring (bond lengths of 2.8782(12) and 2.8805(13)
A respectively), as well as to the chelating bi-dentate ligand TMEDA. As NaTMP was
generated in situ, this mono-metallic metallation is the product of an amido base. The

active base in this reaction, [ TMEDA)Na(TMP)], is known. %
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Figure 3.6: Molecular structure of [{(TMEDA)Na(EtNC¢Hs)},] 11. Thermal ellipsoids
shown at 40 % probability. Compound 11 is centrosymmetric, and thus the asymmetric
unit contains half the molecule, symmetry operator > =1 - x, 1 -y, 1 -z. Hydrogen atoms
omitted for clarity. Selected bond lengths (A) and angles (°): Na(1)-N(4), 2.4116(10);
Na(1)-C(1), 2.8782(12); Na(1)-C(2), 2.8805(13); Na(1)-N(2), 2.4744(11); Na(1)-N(3),
2.4825(10); Na(1)-N(4)-Na(1), 79.85(3); C(1)-N(4)-Na(1), 92.04(7)

3.4.2 Solution state analysis of complex 11

The "H NMR spectrum of complex 11 in C¢Dy is consistent with the retention of the crystal
structure in solution (Figure 3.7). A downfield shift of the remaining ethyl protons to 3.32
and 1.48 ppm (c.f. to 2.99 and 0.89 ppm in the parent compound N, N-diethylaniline) and
integral analysis confirm the loss of one ethyl group. Resonance signals for the aromatic
protons at 7.29 (broad signal), 6.61 (doublet) and 6.42 (triplet) ppm are observed, as well
as signals for TMEDA at 1.77 and 1.66 ppm. The 3C{'H} NMR spectrum of complex 11

is consistent with the expected chemical shifts.
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Figure 3.7: '"H NMR spectrum of 11 in C¢Dg at 298 K

3.5 Reaction of magnesiate base 1 with N, N-diisopropylaniline

PPN
)\NJ\ [(TMEDA)Na(TMP)(CH,SiMe3)Mg(TMP)] )\ NJ\ N

» +
hexane, reflux, 4 hours O
fvg

Overall Conversion 25 %]

meta 70 %
para 30 %

Scheme 3.8: Reaction of the magnesiate base 1 with N, N-diisopropylaniline, resulting in a
mixture of the meta- and para- magnesiated N,N-diisopropylaniline as well as substantial
starting material

Increasing the steric bulk on the directing group further, we next investigated the reaction
of 1 with N,N-diisopropylaniline in n-hexane at room temperature which resulted in a
viscous oil identified (via "H NMR spectroscopy) as predominately starting material (<10

% metallated species). When the reaction mixture was heated to reflux (four hours), a
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mixture of meta- and para-magnesiated N, N-diisopropylaniline were observed (overall
conversion 25 %; meta- 70 %, para- 30 %, see Figure 3.8). Heating beyond four hours
lead to decomposition of the base and an oil which was consistent with starting amine

confirmed via 'H-NMR spectroscopy.
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Figure 3.8: Aromatic section of the reaction of 1 with iPr,NPh for 4 hours at reflux in
C¢Dg, indicating meta- and para- magnesiation as well as substantial starting material,

designated as black asterisks

)\ J\ i) [(TMEDA)Na(TMP)(CH,SiMe3)Mg(TMP)]
N

hexane, reflux, 4 hours

U
S e

Scheme 3.9: Reaction of the magnesiate base 1 with N, N-diisopropylaniline, followed by
quenching with iodine resulting in the formation of N,N-diisopropyl-3-iodoaniline and
N, N-diisopropyl-4-iodoaniline

meta 73 %

Overall Conversion 26 %
para 27 %

As no selective metallation product could be obtained from the reaction, we turned
to electrophilic quenching studies with I, to isolate the organic products. Taking our
optimised metallation conditions (four hours at reflux), we then proceeded to quench the

reaction mixture with an excess of I, in THF at O ° C (see Scheme 3.9). This led to the
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isolation of a mixture of meta- and para- iodinated species, as well as substantial starting
material (see Figure 3.9). With an overall conversion of 25 %, the meta:para-iodo ratio

was 7:3, identical to the '"H NMR of the metallated species prior to the iodine quench (see

Figure 3.9).
* *
PP PPN
H1 l H4 H5 ‘ H5
* H, Cid He He
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Hy
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H,; Hs
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Q N ™ N M ® ~N Q
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Figure 3.9: Aromatic section of the reaction of 1 with iPr,NPh for 4 hours at reflux,
followed by quenching with iodine. The asterisks indicate the aromatic signals of unreacted
N, N-diisopropylaniline
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3.6 Metallation of P,P-dialkylphenylphosphines

Phosphorus based ligands find extensive usage in catalyst design, !°® material chemistry
and the stabilisation of main group and transition-metal complexes.!'?” In comparison
to the plethora of studies on the mono- and bi-metallic metallation chemistry of tertiary
amines (such as anilines), studies on tertiary phosphines are scarce. While in medicinal
chemistry, alkali metal amide complexes feature prominently, 1% phenylphosphines [P(III)]
or phenylphosphine oxides [P(V)] have been generally overlooked. Recently, Brigatinib
(AP26113), a promising drug for the treatment of lung cancer was approved by the
FDA which contained an ortho-substituted dimethylphenylphosphine oxide unit, a unique

structural feature. 193109

In comparison to their analogous anilines, P, P-dialkylphenylphosphines would have their
lone pair localised on the phosphorus, which would result in acidic lateral protons. Confirm-
ing this, the selective lateral-lithiation of P, P-dimethylphenylphosphine can be achieved
smoothly with nBuLi - TMEDA (see Scheme 3.10). When attempting to perform the
lithiation with r/BuLi, much longer reaction times are required and were poor yielding (43
% yield at 48 hours, as confirmed by carbonation). The authors note that the reactivity with
tBuLi was complicated by the presence of unidentified dianionic species, which could be
avoided using nBuLi - TMEDA. '1°
W

Me . ,Me \
P nBuLi.TMEDA

- Me\P/CHZ
THF, 0 °C

Scheme 3.10: Reaction of BuLi - TMEDA with P, P-dimethylphenylphosphine to yield
lateral lithiation
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3.7 Synthesis of P,P-dialkylphenylphosphines

Cl._.Cl i) 2.5 RMgX R.__R
P i) H,O P

?
THF or Et,O

Scheme 3.11: Synthesis of compounds P,P-dialkylphenylphosphines from their corre-
sponding Grignard reagent and P, P-dichlorophenylphosphine

The P, P-dialkylphenylphosphines (alkyl = methyl, ethyl or isopropyl) were synthesised by
the addition of 2.5 equivalents of the corresponding Grignard reagent (RMgX, R = Me
X =Br, R =Et X =Br,R =iPr X = Cl) to a solution of P, P-dichlorophenylphopshine in
either diethyl ether (R = Me, Et) or THF (R =1Pr) at 0 ° C. After stirring for two hours, the
solution was quenched with deoxygenated water, the organic layer separated and solvent
removed in vacuo. The resulting oils were vacuum distilled to yield the corresponding
P, P-dialkylphenylphosphines as air-sensitive, viscous oils in reasonable to high yields (65

% - 81 %).

3.8 Reaction of magnesiate base 1 with P,P-dimethylphenylphosphine

T™MP
Me._.Me . @ T™P
P [(TMEDA)Na(TMP)(CH,SiMe)Mg(TMP)] N

- / c:H2
hexane, r.t. Me

Scheme 3.12: Synthesis of complex [(TMEDA)Na(TMP)(CH,PCH,CH,)Mg(TMP)] 12

Reacting a n-hexane solution of the synergic base 1 with a molar equivalent of P,P-
dimethylphenylphosphine resulted in the deposition of a white precipitate overnight.
Upon hot filtration and storage of the solution at 5 °C, a large crop of colourless crys-

tals were deposited. These crystals were isolated in a 58 % crystalline yield, and
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characterised by single crystal X-ray diffraction to be the lateral magnesiated complex

[(TMEDA)Na(TMP)(C H,PCH,CH,)Mg(TMP)] 12 (see Scheme 3.12).

3.8.1 X-ray crystallographic analysis of complex 12

Figure 3.10: Molecular structure of [(TMEDA)Na(TMP)(C,H;PCH,;CH,)Mg(TMP)]
12. Hydrogen atoms omitted for clarity. Thermal ellipsoids shown at 40 % proba-
bility. Selected bond lengths (A) and angles (°): Mg(1)-N(1), 2.069(5); Mg(1)-N(2),
2.001(5); Mg(1)-C(1), 2.182(6); Na(1)-N(1), 2.463(5); Na(1)-N(3), 2.528(6); Na(1)-N(4),
2.495(5); Na(1)-P(1), 2.919(2); P(1)-C(1), 1.777(6); P(1)-C(2), 1.823(8); N(1)-Na(1)-P(1),
95.24(12); Na(1)-N(1)-Mg(1), 103.5(2); N(1)-Mg(1)-C(1), 108.8(2); Mg(1)-C(1)-P(1),
118.4(3); C(1)-P(1)-Na(1), 88.40(19).

The bimetallic monomer is composed of one sodium atom connected to magnesium via
an amido TMP bridge (Mg-N bond length 2.069(5) A) with the magnesium coordination
completed by a further terminal TMP (Mg-N bond length 2.001(5) A)and a CH, unit
of a metallated phosphine (Mg-C bond length 2.182(6) A). The sodium atom occupies
a distorted tetrahedral environment (bond angles range 73.88°— 134.47°), comprising a
TMP bridge (Na-N bond length 2.463(5) A), a bridging anionic [[C,H;PCH,CH,]™ (Na-P
bond length 2.919(2) A) and a bidentate chelating TMEDA ligand (Na-N bond lengths
2.528(6) and 2.495(5) A). The sodium atom forms a strong bond with the phosphorus
lone pair [Na(1) - P(1) 2.919(2) A] to close a central 5-atom 5-element (NaNMgCP)

ring. The coordination environment of the magnesium atom is essentially trigonal planar
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(3" bond angles = 359.96°) in common with this structural motif, with a terminal and
bridging TMP molecule and a methyl magnesiated P, P-dimethylphenylphosphine anionic
unit, with a typical covalent Mg - C bond length of 2.182(6) A. Overall, 1 has executed
alkyl basicity, with the loss of a SiMe, unit. Previous studies on the lateral metallation of
P, P-dimethylphenylphosphine with nBuLi in the presence of the activating bidentate ligand

TMEDA have been reported 1%!!! revealing the dimer [(TMEDA)Li(CH,PCH,Ph)],.

3.8.2 Solution state analysis of 12

4.,%, — .f_r.—'; -
n o N oo ™~ |
b < Mmoo <
o o~ (=T o] i
T T T T T T T T T T T 1
80 79 78 77 76 75 74 73 72 71 7.0 ‘
1 (ppm) ‘ h”
||I H
TR
" | [ /
AR
il \”vl \ /\ Y L NN I\ I I
b - = WV L
A, N LY \ Jﬁ%ﬁm%ﬁ‘—%k— R B
n o NN o @Wmm— o~ e} ©
< o m o o =2} u.iv—Idj\D.r"?I-nﬂ'_ < -
o o o= - < —w O NT TN — —
T T T T T T
.0 78 76 74 72 7.0 6.8 24 22 2.0 1. 1.6 14 12 10 08 06 04 02 00 -02 -04
f1 (ppm)

Figure 3.11: 'H NMR spectra of 12 in C4D at 298 K

'H and *'"P{'H} NMR analysis of 12 was conducted in C¢Ds. Interestingly, this returned
some unexpected results. While evident in the 'H NMR spectrum (Figure 3.11), the
appearance of a second set of signals is more evident in the 3'P NMR spectrum (Fig-
ure 3.12). In the proton NMR spectrums, the major species can be identified from a set of
aromatic triplets at 7.65, 7.27 and 7.12 ppm (corresponding to the ortho-, meta- and para-
protons respectively) and aliphatic signals at 1.40 ppm for the CH; and two non-equivalent

signals for the MgCH, protons at 0.60 and -0.23 ppm (assigned by 'H—'*C HSQC, see
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Figure 3.11). In the *'P{'H} NMR spectrum, two signals are present, one dominate species
at -29.67 ppm and a smaller signal present at -28.58 ppm (see Figure 3.12). The 'H NMR
spectrum also contains signals corresponding to resonances for TMEDA (1.68 ppm and

1.74 ppm) and TMP (1.95, 1.41 - 1.45 and 1.36 - 1.30 ppm).

0.25+
1.00+

-24 -25 -26 27 -28 -29 -30 -31 32 -33 -34
f1 (ppm)

Figure 3.12: 3'P{'"H} NMR spectra of 12 in C4D;

In an attempt to identify the second species present, C:H:N analysis was carried out,
which confirmed the expected ratio of C:H:N present for a mono-magnesiated P,P-
dimethylphenylphosphine complex 12. This indicated that either it is a solution state
isomerisation, or multiple co-crystalline regioisomers. To further look into the observed
reactivity, we next sought to complete electrophilic quenching studies, with both I, and
D,0. For ease of handling and purification, the quenched products were subject to aerial
oxidation during workup to give the corresponding phosphorus(V) oxide organic com-

pounds.

Iodine (and aerial oxidation) quenching studies revealed two dominant species, namely

bis(iodomethylphenyl)phosphine oxide and iodomethylmethylphenylphosphine oxide, and
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traces of (4-iodophenyl)dimethylphenylphosphine oxide. Unfortunately, this was not
as conclusive at uncovering the solution state behaviour as one may have hoped. The
presence of a di-iodinated species is curious, however as the base retains reactive arms
during the initial metallation, it is possible that it is able to re-metallate another methyl-

group following the initial quench.

Me. _Me i) [[TMEDA)Na(TMP)(CH,SiMe3)Mg(TMP)]

(o) O
ﬁpj hexane, 16 hours CD/\E’/\@ Me\lFL/\@

> +
ii) 1, in THF, 0 °C

O
Me. 1 _Me
P

Scheme 3.13: Iodine quenching studies of 12

3.9 Reaction of BuNa - TMEDA with P,P-dimethylphenylphosphine

NN
—N N
Me. _Me i) nBuNa S
P i) TMEDA @

ME\P,CHZ
hexane, -78 °C

Scheme 3.14: Reaction of nBuNa - TMEDA with P, P-dimethylphenylphosphine

While the reaction of BuLi - TMEDA with P, P-dimethylphenylphosphine is known in the
literature, the equivalent reaction with sodium organometallics have not been reported. !
To investigate the monometallic reactivity of the components of the magnesiate 1 with
P, P-dimethylphenylphosphine, a molar equivalent of the phosphine was added to a stirred
suspension of BuNa at -78 ° C, followed by addition of a molar equivalent of TMEDA.
After stirring overnight (18 hours), the resulting suspension was filtered, washed with

n-hexane and dried in vacuo. The resulting solid was transferred to a glovebox for storage,
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and found to be the lateral-sodiated complex [PhPCH,;CH,Na - TMEDA] 13, supported
by 'H and 3'P{'H} NMR spectroscopy.

3.9.1 Solution state analysis of complex 13
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Figure 3.13: 'H NMR spectrum of complex 13 in C¢Dg at 298 K

The 'H NMR spectrum of complex 13 in C,Dy revealed the lateral-sodiated complex
is retained in solution (see Figure 3.14). The appearance of a new singlet at -0.01 ppm
integrating as 2 H, with coupling (as evidenced by 'H-'H cosy NMR spectroscopy) to
a singlet at 1.64 ppm is evident of a lateral-sodiated species. Aromatic signals at 7.99
(triplet), 7.37 (triplet) and 7.15 (multiplet) are evident, as well as TMEDA signals evident

at 1.98 and 1.87 ppm, showing that complex 13 retains its composition in solution.
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Figure 3.14: 3'P{'H} NMR spectrum of complex 13 in C;D,

The 3'P{'"H} NMR spectrum of complex 13 in C;D revealed the presence of one main
species at -25.40 ppm, and a minor species present at -25.70 ppm (c.f. *'P{'H} signal of
-46.52 for free P, P-dimethylphenylphosphine). The identity of this apparent minor side

species is unknown.

3.10 Reaction of magnesiate base 1 with P, P-diethylphenylphosphine

Moving to the ethyl substituted phosphine, the magnesiate 1 showed only negligible
reactivity towards P, P-diethylphenylphosphine, even under reflux conditions. Solution
studies of the oils produced from room temperature reactions indicated that no reaction
had occurred, whereas heating to reflux led to minimal (<5 % metallation). As only trace
quantities of reactive species were observed, further work to identify the species present

was not conducted.
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/\P/\ .
[(TMEDA)Na(TMP)(CH,SiMe3)Mg(TMP)]

no reaction

hexane, r.t.

Scheme 3.15: Attempted reaction of 1 with P, P-diethylphenylphosphine

3.11 Reaction of NaTMP with P, P-diethylphenylphosphine

Looking to establish the monometallic reactivity of the components of complex 1 towards
P, P-diethylphenylphosphine, we next investigated the potential for magnesiations using
Mg(CH,SiMe;),. No reaction was observed between Et,PPh and Mg(CH,SiMe;),, even

at reflux for 16 hours in hexane.

Next, the reactivity towards NaTMP - TMEDA was investigated. Similarly to complex 11,
rather than ring metallation, (3- elimination of an ethyl fragment was observed to generate
the monometallic complex [{(TMEDA)Na(Et,NC¢H;)},] 14 in a 70 % crystalline yield.
Interestingly however, NaTMP - TMEDA reacts with half an equivalent of Et,PPh to form
a mixed sodium amido/sodium phosphido ladder complex, retaining basic NaTMP groups.
The rational synthesis of this complex, using two molar equivalents of NaTMP - TMEDA

with one equivalent of P, P-diethylphenylphosphine proceeds in high yield (70 %).

A NpN @Qﬁ(—%
2 NaTMP, 2TMEDA
© hexane, r.t. b/

Scheme 3.16: Reaction of the monometallic NaTMP - TMEDA with PP-
diethylphenylphosphine

3.11.1 X-ray crystallographic analysis of complex 14

The mixed sodium-amide/sodium-phosphide ladder molecule is composed of a central

(Na,P,) strictly planar core (2 Na-P bond angles = 360°) and two outer planar (NaN-
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NaP) rings lying out of the central plane by 26.87(4)°. Displaced from the central core
+1.230(1) A, the outer Na atoms [Na(2) and Na(2)’] are capped by a chelating TMEDA
molecule, while the inner two engage in two Na- - -C electrostatic interactions, one short
[Na(1)-C(1) 2.7474(19) A] to the ipso-carbon and one long [Na(1) - C(2) 2.983(2) A]
to the ortho-carbon of the phenyl ring.!'!? Comparable to the previously discussed com-
plex 11, the P, P-diethylphenylphosphine substrate has lost one of its ethyl limbs, most
likely occurring from a -elimination reaction and concurrent formation of ethene. In-
terestingly, unlike in complex 11, where all the basic TMP arms have been consumed,
two NaTMP units remain unreacted in 14. Thus 14 can be regarded as an example of a
hybrid co-complex between a sodium amide and a sodium phosphide, with the closest
structurally characterised example being the monomeric amino-functionalised sodium
phosphanide complex [[(Me;Si),CH(C H,—2—NMe,)P]Na(TMEDA)]!!? and the pyridyl
functionalised phosphanide [(Me;Si),CH(2 —CsH,N)P]Na], (Et,0)], '* which adopts a

Figure 3.15: Molecular structure of [(TMEDA)Na,(TMP)(C,HsPEt)], 14. Hydrogen
atoms omitted for clarity. Thermal ellipsoids shown at 40 % probability. Symmetry
operator’ =1-x, 1 -y, 1 -z, Selected bond lengths (10%) and angles (°): Na(l) - P(1),
2.9256(8); Na(1) - N(1)’, 2.318 (4); Na(2) - P(1), 2.9891(9); Na(2) - N(1), 2.408(4); Na(1)’
- P(1), 2.8848(8); Na(1) - C(1), 2.7474(19); Na(1) - C(2), 2.983(2); Na(2)-P(1)-Na(1),
68.41(2); P(1)-Na(1)-N(1)’, 75.96(4); Na(1) - N(1)’ - Na(2)’, 88.64(5); P(1) - Na(1)’ -
N(1), 104.04(4); P(1) - Na(1)’ - P(1)’, 104.29(2); P(1)’ - Na(2)’ - N(1)’, 98.80(4).

78



similar dimer of dimers motif to 14. The composition of complex 14 fits the laddering
principle established in lithium amide chemistry'!'* with 14 representing a product of

‘secondary laddering’ assembly.

3.11.2 Solution state analysis of 14
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Figure 3.16: 'H NMR analysis of 14 in C¢Dg at 298 K

A crystalline sample of 14 was dissolved in C¢D, and analysed by 'H, 3'P{'H} and
BC{'H} NMR spectroscopy. A downfield shift of the remaining ethyl protons to
2.31 and 1.52 ppm (compared to 1.51 and 0.94 ppm in the parent compound P,P-
diethylphenylphosphine) and integral analysis confirm the loss of an ethyl group. Res-
onance signals for the aromatic protons at 7.37 (triplet), 7.12 (triplet) and 6.72 (triplet)
ppm are observed, as well as signals for TMEDA (1.85 and 1.76 ppm) and TMP (2.05,
1.49-1.43 and 1.27 ppm). The *'P{'H} spectrum of 14 shows a substantial upfield shift
from a sharp singlet at -16.59 ppm to a broad, less resolved signal at -55.85 ppm, which

lies in the typical range for alkali-metal bis(o-anisyl)phosphides. %7113
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Figure 3.17: *'P{'"H} NMR analysis of 14 in C;D; at 298 K

3.12 Reaction of magnesiate base 1 with P, P-diisopropylphenylphosphine

/
( N tve
)\pj\ [(TMEDA)Na(TMP)(CH,SiMe3)Mg(TMP)] N@ ™P
» /N N

n-hexane, r.t.

Scheme 3.17: Reaction of 1 with P, P-diisopropylphenylphosphine

Looking to increase the steric bulk further on the phenylphosphine substrate, P, P-diiso-
propylphenylphosphine was next investigated. Upon addition of a molar equivalent of
P, P-diisopropylphenylphosphine to a stirred solution of the magnesiate base 1, resulted in
the immediate formation of a bright yellow solution (Scheme 3.17). Following stirring
overnight, the solution was filtered and storage of the solution at -30 °C deposited a
large crop of colourless crystals. These were suitable for X-ray analysis, and were found
to be compound [(TMEDA)Na(TMP)(m—C.H,PiPr,)Mg(TMP)] 15, isolated in a 31 %

crystalline yield.
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Figure 3.18: Molecular structure of [(TMEDA)Na(TMP)(m—C,H,PiPr,)Mg(TMP)] 15.
Thermal ellipsoids shown at 40 % probability. Hydrogen atoms omitted for clarity. Selected
bond lengths (A) and angles (°): Mg(1)-C(3), 2.181(4); Mg(1)-N(1), 1.994(3); Mg(1)-
N(3), 2.071(3); Na(1)-N(3), 2.485(3); Na(1)-N(2), 2.457(3); Na(1)-N(4), 2.569(3); Na(1)-
C(2), 3.038(4); Na(1)-C(3), 2.684(4); N(1)-Mg(1)-N(3), 133.51(13); N(1)-Mg(1)-C(3),
119.21(14); C(3)-Mg(1)-N(3), 107.11(13); Na(1)-N(3)-Mg(1), 87.25(11).

3.12.1 X-ray crystallographic analysis of complex 15

The molecular structure of complex 15 (Figure 3.18) retains a trigonal planar magnesium
atom, bonding to a terminal TMP [Mg(1) - N(1), 1.994(3) A], a bridging TMP [Mg(1) -
N(3), 2.0171(3) A] and a bridging P, P-diisopropylphenylphosphine based unit [Mg(1) -
C(3), 2.184(4) A]. As the terminal TMP has been retained, the deprotonation can be seen
as a product of alkyl basicity, eliminating SiMe,. The magnesium atom is found to be
bonding to the meta- position of the P, P-diisopropylphenylphosphine, as seen from the
Mg(1) - C(3) bond length of 2.181(4) A. Furthermore, the magnesium atom is coplanar to
the aromatic ring, whereas the sodium atom lies almost perpendicular to the ring, forming
electrostatic interactions with both the ortho- and meta- position [Na(1) - C(2), 3.038(4)
and Na(l) - C(3), 2.686(4) A respectively]. The sodium atom is formally in a three
coordinate environment, while making close interactions with another two carbon atoms

of the phenyl ring. The sodium atom is bound to a bridging TMP, a terminal TMEDA
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chelating ligand as well as interacting with the metallated P, P-diisopropylphenylphosphine

based unit.

3.13 Computational pKas of N,N-dialkylanilines and P, P-dialkylphenylphosphines

In an attempt to rationalise the different metallation regioselectivities observed by the
homo- and hetero-bimetallic bases, DFT calculations ' of the C—H acidities in THF (see
Figure 3.19) of the different dialkyl-substituted phenylphosphine and aniline substrates
were conducted in colloboration with Dr Ekaterina Izgorodina. All geometry optimisations
were performed with the M06-2Z functional,'!” cc-pVTZ Dunnings basis set''® and a
universal solvation model based on density(SMD) " with THF as a solvent. Frequency
calculations were carried out to ensure the location of the energy minima'!” which calcu-
lated the six substrates to have typical weak CH acidities covering a broad 35.5 - 53.6 pKa

span in this polar solvent.
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N ONTNB32 ONT N g
48.5 49.2 48.6
49.0 48.7 49.2
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X484 47.4 | X48.9
~ 48.1 47.8 ~ 48.9
47.6 48.0 48.5

Figure 3.19: Calculated pKas of the various proton environments on N,N- dialkyl substi-
tuted anilines and P, P-dialkyl substituted phenylphosphines

Overall the acidity of the phenyl ring H atoms across all six substrates shows little to
no variation comparing the ortho-, meta- and para-protons of the analogous P versus N
substrates. These minor differences in pKa values rationalise the non-selective metallation

seen for the reaction of 1 with dimethyl- and diisopropyl-aniline where a mixture of
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regioisomers are observed (albeit predominately the meta-species). Interestingly, the
experimentally observed regioselectivities of the isolated meta-isomers (10 and 15) of the
N,N-diethylaniline and P, P-diisopropylphenylphosphine substrates conflict with the most
acidic H atoms belonging to the methylene (pKa 35.5, 10) and iPrC-H (pKa 36.8, 15)
groups (Figure 3.19). This would suggest metallation of these substrates is controlled by

other contributing factors such as sterical orientation and electrostatic interactions.

The largest differences in calculated relative C-H acidity are seen upon changing the alkyl
substituent on the P and N centres. In the dimethyl case, the P—CH, hydrogen atoms
are significantly more acidic (pKa 43.0) than the analogous N—CH; atoms (pKa 50.0),
consistent with the observed lateral metallation seen with phosphine complex 12. In
contrast, ring metallation is favoured for the nitrogen system, where pKa change is not
so significant but still goes the other way and favours ring metallation (pKa ring average

48.9; methyl 50.0).

The experimental findings from the homometallic reaction of NaTMP with the P, P-diethyl-
phenylphosphine and N, N-diethylaniline substrates fit the predicted acidity values well.
Here the 5-elimination of one of the ethyl groups via ethene evolution is supported by the

most acidic methylene protons in both the N (pKa 35.5) and P (pKa 36.0) systems.

To further investigate the reactivity observed using computational methods, calculations
were performed to determine the relative stability of the possible isomers in the systems
where mixtures were observed. Geometry optimisations and subsequent frequency calcu-
lations were performed on the systems at the B3LYP/6+31(d) level of theory. The results

found were in good agreement with the experimental results.

In the case of N,N-dimethylaniline (see Figure 3.20), the most stable regioisomer found
was the meta-magnesiated complex (similar optimised geometry to the crystal structure of
10). While overall metallation was low (26 % overall conversion), the meta-regioisomer
was indeed the most favoured experimentally with a yield of 73 %. The remaining 27 %

was para-magnesiated, which was only 2.7 kJ/mol higher in energy than the meta-system.
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Figure 3.20: Computational studies of the relative energies of the regioisomers for the
magnesiation of N,N-dimethylaniline with the sodium magnesiate 1. The most stable
regioisomer has been set as 0.0 kJ/mol. Modelled at the B3LYP/6+31(d) level of theory.

In comparison, the ortho-magnesiated species (not observed experimentally), was found

to be +13.3 kJ/mol more unfavourable, significantly higher than the meta-species.
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Figure 3.21: Computational studies of the relative energies of the regioisomers for the
magnesiation of N, N-diisopropylphosphine with the sodium magnesiate 1. The most stable
regioisomer has been set as 0.0 kJ/mol. Modelled at the B3LYP/6+31(d) level of theory.

Similar results were found in the case of N, N-diisopropylaniline (see Figure 3.21). The
most stable regioisomer observed once again was the meta-magnesiated species, however
the para-magnesiated species was only 0.5 kJ/mol higher in energy - not significantly
higher and within chemical accuracy (of 4 kJ/mol), indicating that these two species are
very similar in energy. In comparison, the ortho-magnesiated species is dramatically
higher in energy (39.3 kJ/mol), which would be expected based upon the increase in steric

bulk around the nitrogen directing group.
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Moving onto the simplest phosphorus substrate, P,P-dimethylphenylphosphine, where
we found a mixture of lateral-magnesiated (by solid state) and a mixture of lateral- and
para-magnesiation in solution state. Computationally, the most stable isomer was indeed
observed to be the lateral-magnesiated product, which was observed experimentally in the
solid state. The next most stable regioisomer computationally was the para-magnesiated
product, which was 5.3 kJ/mol less stable. This aligns well with experimental results,
where it was found that in solution a mixture of the lateral- and para-magnesiated species

(in approximately a 75 % - 25 % ratio).
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Figure 3.22: Computational studies of the relative energies of the regioisomers for the
magnesiation of P, P-dimethylphenylphosphine with the sodium magnesiate 1. The most
stable regioisomer has been set as 0.0 kJ/mol. Modelled at the B3LYP/6+31(d) level of
theory.

3.14 Conclusions for the reactivity of N,N- and P P-dialkyl anilines and

phenylphosphines

The reactivity profile of the sodium magnesiate 1 against a range of N,N-dialkylanilines
and P, P-dialkylphenylphosphines has been established. Computational studies have been

used to justify the reactivity observed.

In the case of N,N-diethylaniline, selective meta-magnesiation occurs resulting in the
new magnesiate [(TMEDA)Na(TMP)(m—CH,NEt,)Mg(TMP)] - something not possi-
ble with more conventional monometallic reagents. The reactivity of the monometallic
NaTMP and Mg(CH,SiMe;), were also explored, giving rise to the new sodium amide

[{(TMEDA)Na(EtNC(H,)},] 11.
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In the case of both N,N-dimethyl and N,N-diisopropyl- aniline, non-selective magnesiation
was found to occur at the meta- and para- positions, albeit in low yields. When iodolysed,

the corresponding meta- and para- iodo-anilines could be isolated.

Moving onto the related phosphorus complexes, the lateral-magnesiation of P P-
dimethylphenylphosphine was achieved and characterised in both the solid-state and
solution state. Interestingly, evident in the 'H and *'P{!H} was the existence
of a secondary minor species, which was identified to be the para- magnesiated
species. lodination of the magnesiated species unexpectedly led to the di-iodinated
species bis(iodomethylphenyl)phosphine oxide being isolated, as well as iodomethyl-
methylphenylphosphine oxide and traces of (4-iodophenyl)dimethylphenylphosphine

oxide.

The sodium magnesiate 1 had minimal reactivity against P, P-diethylphenylphosphine,
even under reflux conditions. On the other hand, the reactivity of NaTMP was established.
This resulted in the [-elimination of an ethyl fragment to generate the monometallic
complex [(TMEDA)Na,(TMP)(C,H;PEt)], 14. This can be viewed as an example of a

hybrid co-complex between a sodium amide and a sodium phosphide.

In the case of P, P-diisopropylphenylphosphine, selective meta-magnesiation was observed.
In this case, the solution state behaviour was simpler, confirming the retention of the solid

state structure in solution. The meta-iodinated species could be isolated.

Overall, this study has extended the reactivity profile of the sodium magnesiate 1 and
offers new pathways to meta- and para- functionalised anilines, as well as lateral- and

meta- functionalised phenylphosphines.
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Extending the series to napthyl-based derivatives

To further extend this study, it was decided to vary the nature of the aromatic moiety
present on the substrate. By moving to N,N-dimethyl-1-napthylamine, the reactivity can be
compared to N,N-dimethylaniline, where a mixture of meta- and para- magnesiated prod-
ucts were observed. The corresponding P, P-dimethylnapthyl-1-phosphine was also able to

be readily synthesised extending the corresponding phosphorus series (see Figure 3.23).

Me. .Me Me. _Me
N P

Figure 3.23: The napthyl-substituted amines and phenylphosphine targeted in this study

3.15 Reaction of magnesiate base 1 with V,N-dimethyl-1-napthylamine

To a stirred solution of the magnesiate base 1, a molar equivalent of N, N-dimethyl-1-
napthylamine was added dropwise. After stirring overnight, a large quantity of a white solid
was deposited (see Scheme 3.18). This was isolated by filtration, washed with n-hexane
and dried in vacuo. This solid was transferred to a glovebox for storage. On one repeat
synthesis, crystals suitable for X-ray crystallographic analysis were obtained from a hot
filtration of the suspension, and sitting at room temperature overnight. These crystals found
to be the new 6-magnesiated product [(TMEDA)Na(TMP)(6 —Me,N—C,,H,)Mg(TMP)]
16.

N’ [(TMEDA)Na(TMP)(CH,SiMe3)Mg(TMP)] AN

>
OO hexane, r.t.

Scheme 3.18: Reaction of magnesiate base 1 with N,N-dimethylnapthyl-1-amine

g
Me
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3.15.1 X-ray crystallographic analysis of complex 16

Figure 3.24: Molecular structure of [( TMEDA)Na(TMP)(6 —Me,N—C,,H,)Mg(TMP)]
16. Thermal ellipsoids shown at 40 % probability. Hydrogen atoms omitted for clarity.
Selected bond lengths (A) and angles (°): Mg(1) - C(6), 2.182(6); Mg(1) - N(2), 2.073(5);
Mg(1) - N(3), 1.990(5); Na(1) - C(5), 3.059(7); Na(1) - C(6), 2.706(6); Mg(1) - C(6) -
Na(1), 79.71(18); Mg(1) - N(2) - Na(1), 86.7(2); N(2) - Mg(1) - C(6), 108.9(2); N(3) -
Mg(1) - C(6), 117.7(2); N(3) - Mg(1) - N(2), 133.5(2); N(2) - Na(1) - C(5), 102.13(17);
N(2) - Na(1) - C(6), 83.16(17).

The molecular structure of complex 16 (see Figure 3.24) features a distorted trigonal planar
magnesium centre (bond angles range from 108.9(2)° to 133.5(2)°). The magnesium is
bonded to the 6-position of the N,N-dimethylnapthyl-1-amine unit, indicated by the
magnesium carbon bond length of 2.182(6) A. The coordination environment of the
magnesium is completed by a terminal TMP [Mg(1) - N(3) bond length 1.990(5) A]
and a bridging TMP unit [Mg(1) - N(2) bond length 2.073(5) A]. The sodium atom
makes close interactions with both the 5- and 6- positions of the napthyl-1-amine unit
(Na - C bond lengths of 3.059(7) and 2.706(6) A respectively). The sodium completes its
coordination environment with a bridging TMP unit [Na(1) - N(2) bond length 2.073(5)
A] and the bidentate Lewis donor TMEDA. It can be seen from the crystal structure that

the magnesiate base 1 loses a SiMe, group to afford this deprotonation, and therefore this

is an example of alkyl-basicity.
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3.15.2 Solution state analysis of complex 16

'H and "*C{'H} NMR analysis of crystalline complex 16 was conducted in C,D; (non-
crystalline material was also studied, and found to be the same complex). The 'H NMR
spectrum was consistent with the retention of the solid-state structure in solution (see
Figure 3.25). The appearance of a singlet at 8.33 ppm (corresponding to the lone proton at
C5), and the downfield shift of two doublets to appear as an AB quartet at 8.24 and 8.17
ppm (corresponding to the protons on C7 and C8) are most indicative of a C6-magnesiated
N,N-dimethylnapthyl-1-amine (see Figure 3.26). The methyl protons appear at 2.68 ppm.
The presence of TMEDA (with signals at 1.43 and 1.25 ppm) and TMP (with signals at
1.91, 1.69 and 1.36 ppm) is also evident. In the *C{'H} NMR spectrum of complex 16,
the most evident feature is a singlet at 170.31 ppm, corresponding to the newly formed

Mg - C bond at C6.
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Figure 3.25: '"H-NMR spectrum of 16 in C;D; at 298 K

89



Me. .Me H

| r
m |

|
\
WU\ Ul

I
\
“ f‘ I \ﬂl ‘A‘

I
[ N I\ i
e R |V N 1A S A N AU

T T T T T T T T T T T T T T T T T
8.4 8.3 8.2 8.1 8.0 7.9 7.8 7.7 7.6 7.5 7.4 7.3 7.2 7.1 7.0 6.9 6.8
f1 (ppm)

Figure 3.26: Comparison of the 'H NMR spectrum of N,N-dimethylnapthyl-1-amine (top)
and complex 16 (bottom) in CyDg

3.15.3 Electrophilic quenching studies of complex 16

A search of the Cambridge Structural Database (conducted on the 28/04/2020) reveals no
hits for the 6-metallation of N,N-dimethylnapthyl-1-amine by any metal. This unprece-
dented reactivity opens new possiblities for the functionalisation of these napthylamine
systems. To investigate the synthetic utility of this reaction, a number of electrophilic

quenching studies were performed.

A 1 M solution of iodine in THF (5 equiv) was added dropwise at 0 ° C to a stirred
solution of 16, and allowed to warm to room temperature stirring overnight (16 hours).
The reaction mixture was diluted with diethyl ether, before being quenched with saturated
sodium thiosulphate solution to remove any residual iodine present. Following organic
workup, the corresponding 6-iodo-N, N-dimethylnapthyl-1-amine was isolated in a high
yield following purification by column chromatography (silica gel, 5 % EtOAc/petroleum

benzene).
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Me. _Me i) ([TMEDA)Na(TMP)(CH,SiMe3)Mg(TMP)] Me. .Me
N hexane, r.t., 16 hours N
'
i) I in THF, 0 °C
I
Scheme 3.19: Reaction of the magnesiate base 1 with N,N-dimethylnapthyl-1-amine

followed by an electrophilic quench with iodine to afford the corresponding 6-iodo-N,N-
dimethylnapthyl-1-amine species

Next, the possibility for direct reactions off the intermediate Mg-C bond were explored.
Palladium-catalysed cross-couplings have been previously shown to be effective in these
systems. First, the palladium catalysed cross-coupling of iodobenzene (2 equiv) with
6-magnesiated N, N-dimethylnapthyl-1-amine was explored using 4 mol % Pd(dppf)Cl,.
Upon addition of the Pd(dppf)Cl, and iodobenzene, the reaction mixture was heated to
reflux overnight (16 hours). Upon cooling to room temperature, the reaction was diluted
with diethyl ether and quenched with saturated NH,Cl solution. Following standard
organic workup, the corresponding 6-phenyl-N, N-dimethylnapthyl-1-amine was isolated
in high yield following column chromatography (silica gel, 5 % EtOAc/petroleum benzine)

(Scheme 3.20).

Me. _Me
Me. _Me i) [TMEDA)Na(TMP)(CH,SiMe3)Mg(TMP)] N
N

hexane, r.t., 16 hours
- I
OO ii) [Pd(dppf)Cls], Phl
reflux, 16 hours O

Scheme 3.20: Reaction of the magnesiate base 1 with N,N-dimethylnapthyl-1-amine
followed by its use in a palladium catalysed cross-coupling with iodobenzene to afford the
corresponding 6-phenyl-N, N-dimethylnapthyl-1-amine species
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3.16 Synthesis of P,P-dimethyl(naphthalen-1-yl)phosphane

Following on from the unprecendented 6-magnesiation of N,N-dimethylnapthyl-1-
amine, we next sought to extend to the corresponding phosphorus(IIl) equivalent P, P-

dimethylnapthyl-1-phosphine (see Figure 3.27).

Me.__Me
P

Figure 3.27: Synthetic target to extend the napthyl series

Initially, it was hoped that the target P, P-dichloronapthyl-1-phosphine could be synthesised
by the addition of one equivalent of either 1-napthylmagnesium bromide or 1-lithio-
napthalene to a solution of PCl; at low temperature. Unfortunately, this resulted in the

formation of predominately trinapthyl-1-phosphine.

Br i) Mg, THF, 0 °C
ii) PCls, THF, -78 °C
Br i) nBuLi, THF, -78 °C ‘
ii) PCl3, THF, -78 °C O
CO T Ty

Scheme 3.21: Attempted synthesis of P, P-dichloronapthyl-1-phosphine via a Grignard or
lithiated napthyl- species

By adapting a literature procedure for the preparation of aryl-phosphorus dichlorides from
their corresponding Grignard reagent, P, P-dichloronapthyl-1-phosphine was successfully
synthesised in a high yield.'? Napthylmagnesium bromide was prepared as a dilute

solution (< 0.5 M) in THF (to avoid slurry formation), to which an equimolar quantity
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of ZnCl, in THF (1 M) was added dropwise at 0 ° C. Following this the new zinc based
organometallic is added dropwise to PCl; in THF at -78 ° C. The solvent is removed in
vacuo and replaced with diethyl ether to precipitate metal salts. The resulting solution is
filtered, and the solvent removed in vacuo. The resulting P, P-dichloronapthylphosphine
was isolated in high yield (> 80 % average yield, Scheme 3.22). This pale yellow solid is

stable to glovebox storage for an extended period of time.

i) Mg, THF, 0 °C
Br ii) ZnCl,, 0 °C CI\P/Cl

iii) PCl3, THF, -78 °C

Scheme 3.22: Synthesis of P,P-dichloronapthyl-1-phosphine

To synthesise P, P-dimethylnapthylphosphine, 2.5 equivalents of MeMgBr was added to a
stirred solution of P, P-dichloronapthylphosphine in THF (1 M) at 0 ° C (Scheme 3.23).
The resulting solution is quenched with deoxygenated water, filtered and solvent removed
in vacuo (under a nitrogen atmosphere to avoid oxidation). The resulting oil is vac-
uum distilled to afford P, P-dimethylnapthyl-1-phosphine in a high yield as a colourless
oil. Interestingly, on a repeat synthesis of this compound it was discovered that it was
reasonably stable to atmospheric oxygen, remaining predominately phosphorus (III) fol-
lowing aqueous work-up without exclusion of air and following purification by column

chromatography (silica gel, 5% EtOAc/petroleum benzene).

Cl.__ClI i) 2.5 equiv MeMgBr Me. _Me
P THF, 0 °C P

e O

Scheme 3.23: Synthesis of P, P-dimethylnapthyl-1-phosphine
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3.17 Reaction of magnesiate base 1 with P, P-dimethyl-1-napthylphosphine

TMP

Me. _.Me TMP
P [(TMEDA)Na(TMP)(CH,SiMe3)Mg(TMP)] ‘

> CH2
OO n-hexane, r.t.
Me
=
N

To a stirred solution of [(TMEDA)Na(TMP)(CH,SiMe;)Mg(TMP)] in hexane, a mo-

Scheme 3.24: Synthesis of complex 17

lar equivalent of P, P-dimethylnapthylphosphine was added dropwise at room tempera-
ture. The resulting solution was stirred overnight, resulting in the deposition of a large
quantity of a blue solid suspended in a blue solution. Upon filtration and storage at
room temperature, crystals suitable for X-ray crystallographic analysis were deposited
over the course of a week. These were found to be the lateral-magnesiated complex

[(TMEDA)Na(TMP)(C,,H,PCH,CH,)Mg(TMP)], 17

3.17.1 X-ray crystallographic analysis of complex 17

Complex 17 shares similar structural features to complex 12. Featuring a lateral magnesia-
tion at one of the CH; groups, as a result of alkyl basicity through the loss of CH;SiMe;.
The molecular structure features a trigonal planar magnesium centre, as is typical for
other structures within this chapter. The magnesiums coordination environment features a
terminal TMP (Mg - N bond length 2.0099(18) A), bridging TMP (Mg - N bond length
2.0883(18) A) and a bridging P, P-dimethylnapthyl-1-phosphine based unit (Mg - C bond
length 2.197(2) A). The sodium is in a four-coordinate molecule environment, bonded
to a bridging TMP (Na - N bond length 2.4792(19) A), a bidentate chelating TMEDA
molecule (Mg - N bond lengths of 2.494(2) and 2.531(2) A) and a strong interaction with

the phosphorus lone pair, similarly to complex 12 (Na - P bond length 2.9123(10) A). The
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Figure 3.28: Molecular structure of 17. Hydrogen atoms and a disordered TMEDA
fragment omitted for clarity. Thermal ellipsoids shown at 40 % probability. Selected bond
lengths (A) and angles (°): Mg(1) - C(12), 2.197(2); Na(1) - P(1), 2.9123(10); Mg(1)
- N(3), 2.0883(18); Mg(1) - N(4), 2.0099(18); Na(1) - N(3), 2.4792(19); Na(1) - N(1),
2.494(2); Na(1) - N(2), 2.531(2); N(3) - Mg(1) - N(4), 132.01(8); N(4) - Mg(1) - C(12),
119.07(9); C(12) - Mg(1) - N(3), 108.25(8); P(1) - C(12) - Mg(1), 117.91(12); Na(1) - P(1)
- C(12), 81.17(8); P(1) - Na(1) - N(3), 99.00(5); Na(1) - N(3) - Mg(1), 98.24(7).

TMEDA molecule shows positional disorder, and is modelled as disordered across two

sites (not shown in Figure 3.28 for simplicity).

3.17.2 Solution state analysis of 17

Crystalline solid 17 was dissolved in C4D4 and analysed by 'H and *'P{'"H} NMR spec-
troscopy. On inspection of the aromatic region of the 'H NMR spectrum, it becomes
evident that there is one dominant species present in solution, with potentially a number of
other species present (see Figure 3.29). The dominant species present corresponds to the
expected product based upon the crystal structure (see Figure 3.28). The presence of these
minor products are also evident in the *'P{'"H} NMR spectrum (see Figure 3.30). Unfor-
tunately the identities of these side products have not been positively identified. While

preliminary electrophile studies with iodine were conducted, this result was obtained in the
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Figure 3.29: 'H NMR spectrum of 17 in C¢D; at 298 K

final stages of this project, and time restraints did not allow full elucidation of the species

present.

i

T T
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Figure 3.30: *'P{'"H} NMR spectrum of 17 in C;D, at 298 K, showing the existence of
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multiple *'P containing species
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3.18 Conclusions and Future Work

This chapter explored the reactivity of the sodium magnesiate 1 with a range
of N,N- and P P-dialkyl anilines and phenylphosphines, as well as an extension
to related N,N-dimethylnapthyl-1-amine and P,P-dimethylnapthyl-1-phosphine. Se-
lective meta-magnesiation was found in the case of N,N-diethylaniline and P P-
diisopropylphenylphosphine, which allowed access to the meta-iodinated species following
electrophilic quenching with iodine. In the case of P,P-dimethylphenylphosphine and
P, P-dimethylnapthyl-1-phosphine, a lateral magnesiated species was characterised by
X-ray crystallographic studies. However, during solution state NMR studies as well as in
electrophile studies, multiple species were detected. In the case of P, P-dimethylphosphine,
both a di-lateral iodinated species [(CH,I),P(O)Ph] and a para-iodinated species were
identified. Unfortunately full elucidation of the multiple species has not been completed in
the case of P,P-dimethylnapthyl-1-phosphine. Interestingly, the selective 6-magnesiation
of N,N-dimethylnapthylamine was achieved with the sodium magnesiate 1. There is no
precedent in the literature for such regioselectivity. The corresponding 6-iodinated-N, N-

dimethylnapthylamine was isolated in a high yield.

It would be worth exploring in the future of the reaction of the magnesiate base 1 with the
corresponding phosphorus(V) oxides of the phosphines studied in this chapter. As will
be seen in Chapter 5, these reactions may have the potential to produce radical species.
Preliminary studies (not included in this thesis) indicate that this may indeed be the case.

Further work is required to elucidate the nature and identity of these metallated species.
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4 Bi-metallic metallations of N-heterocyclic molecules

Molecules containing N-heterocycles are critical to the natural environment and all known
biological systems. 2! Likely the most common N-heterocycle, 1H-indole, is an aromatic
bicyclic structure consisting of a six-membered benzene ring fused to a five-membered
pyrrole ring. As an intercellular signalling molecule, indole containing molecules feature
prominently in regulating many aspects of biological systems. For instance, the essential
amino acid typtophan is an indole derivative, and is a precursor to the neurotransmitter
serotonin. This prominent natural occurrence of indole containing molecules make them
important scaffolds within medicinal chemistry, where they are considered a “privileged
scaffold”, and one of the most important structural subunits for drug discovery. '?? Indoles
are found in a plethora of biologically significant natural compounds such as serotonin,
reserpine, tryptophan and melatonin (see Figure 4.1). Indoles also feature prominently in a
range of clinically important synthetic drugs (such as sumatriptan, tadalafil, rizatriptan and

fluvastatin (see Figure 4.2).
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tryptophan melatonin

Figure 4.1: Four naturally occurring indoles
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Figure 4.2: Four clinically relevant indole based drugs

Molecules containing N-heterocycles also find prominent uses throughout the entire
chemical industry, such as in agrochemicals (e.g. auxins and Amisulbrom) and in pigments

and dyes (indigoid and cyanine). '*?

The functionalisation of indoles is therefore of high importance in synthetic chemistry.
There are two main synthetic routes used to functionalised indoles - direct functionalisation
of preformed indole units, or most prominently the annulation of the five-membered pyrrole
ring to an existing benzene ring bearing the appropriate functionality.'?! This chapter will

focus on the first type - direct functionalisation of preformed indole rings.

4.0.1 Lithiation of substituted indoles

Lithiation of the C2 position of N-methylindole requires a 4-fold excess of n-butyllithium
and prolonged heating (eight hours reflux in diethyl ether). '?* Electrophile quenches of the
resulting 2-lithio-N-methylindole results in moderate to high yields of the corresponding
2-functionalised indole species, which is uncommon with non-metallation routes, which

often result in 3-functionalised species (see Scheme 4.1). %
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i) 4 nBuLi, Et,0
Me reflux, 8 h Me

E\ N > | XN O
ii) CO /
A ) €02 = OH

Scheme 4.1: C2 lithiation of N-methylindole by nBuLi, followed by carboxylation by
Co,

Boc-protected 1H-indole can be lithiated under milder conditions (albeit in low yield),
likely due to the increased ability of the Boc group to coordinate and anchor the incoming
organolithium reagent, directing lithiation ortho to the heteroatom. The lithiated species
can be transmetallated with n—Bu;SnCl, which can be employed in the subsequent Pd-

catalysed cross-coupling reaction with aryl-bromides (Stille coupling, see Scheme 4.2).

The Boc group can be easily removed to give the 2-arylated free 1H-indole in excellent

yields. %
i) nBuLi, THF, -78 °C
NBOC ii) n-BusSnCl NBOC
AN >
(/ % msn&”
Br | x 40 % yield
o
Boc N Boc

! Pd,PPh3Cls (2 %) /

N x—N —
/) SnBug dioxane, reflux, 15 hr |/ / \,\f

66 % yield

Y

Scheme 4.2: Stille cross-coupling of N-protected indoles with 3-bromopyridine '°

The selective 3-lithiation of an indole can be achieved using the bulky silyl-protecting
group triisopropylsilyl (TIPS, see Scheme 4.3).!26 Optimal lithiation conditions were found
to be the use of 1.5 equivalents of tBuLi with 1.8 equivalents of TMEDA in n-hexane at O
° C for 3 hours. The resulting 3-lithio-N-triisopropylsilyl-1H-indole can be trapped with
various electrophiles, including Mel, TMSCI], DMF and CO,. Interestingly, in all cases a
small quantity of 2-triisopropylsilyl-1H-indole was isolated (2 - 3 %), formed from the
C-2 lithiation of the indole followed by N to C migration of the triisopropylsilyl group.
The silyl protecting group can be readily removed by treatment with TBAF, and therefore

this method gives access to a range of 3-substituted indoles in moderate to high yields. '2®
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' i TIPS
ITIPS i) tBuLi, TMEDA, hexane ,

0°C,3h N
N > P
©/\/) ii) electrophile ©18

E

Scheme 4.3: Selective C-3 functionalisation of N-triisopropylsilyl-1H-indole, with various
electrophiles including Mel (E = Me), TMSCI (E = TMS), DMF (E = CHO) and CO, (E =
CO,H)

The C3 lithiation can also be achieved with a less sterically demanding nitrogen based
group, in the presence of a directing group at the C2 position. In this regard, 2-(N-
methylindole)carboxamides were explored, with optimal lithiation conditions found using
N-ethylcarboxamide with three equivalents of tBuLi/TMEDA (see Scheme 4.4).'?’

i) tBuLi, TMEDA, THF, -78°C Me o
ii) MeCHO N
/

0
NHEt Me

HO

Scheme 4.4: Selective C3-lithiation of an indole derivative

Direct functionalisation of the benzenoid ring of the indole scaffold proves more challeng-
ing. Gramine is a naturally-occurring indole-based alkaloid with a dimethylaminomethy-
lene group at the C3 position. This group can serve as a removable directing group, and
can direct lithiation at the C4 position. !?® For instance, the N-triisopropylsilyl-gramine
can be selectively lithiated at the C4 position (see Scheme 4.5).'% In this case, optimal
lithiation conditions were 1.2 equivalents of tBuLi at -78 ° C in diethyl ether. The resulting
4-lithio species can be trapped with various electrophiles, for example 3-methyl-2-butenal

(see Scheme 4.5).
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Scheme 4.5: Selective C4 lithiation of TIPS-protected gramine

The C5 and C6 positions of indoles are difficult to functionalise, as they lie remote from
any nitrogen based directing group. The only known methods for C5 or C6 lithiation

involve the use of lithium-halogen exchange with pre-installed halogens.

C7 lithiation can be achieved by the careful use of bulky directing groups present on
the nitrogen functionality. The first report was from Iwao and co-workers, where they
employed the bulky directing group 1-(2,2-diethylbutanoyl) to afford the C7 lithiation
(see Scheme 4.6). This was achieved due to restricted rotation around the N—C=0O bond,
where predominately the Z-conformer (with the carbonyl oxygen directed towards the
benzenoid ring) is retained during the deprotonation step, coordinating to the incoming
organolithium and directing C7 lithiation. The ethyl- groups present in the directing group
were crucial for inhibiting nucleophilic attack of the carbonyl followed by cleavage of
the functional group. A small percentage of C2 lithiation was also observed with these

conditions. 13°
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Scheme 4.6: Selective C7-lithiation of indole

Snieckus and co-workers improved on this method with the powerful P(O)(—Bu), di-
recting group, which afforded selective C2 or C7 lithiation depending on the lithium
reagent used. When LDA is employed at 0 ° C, selective C2 lithiation was observed in 15
minutes (as confirmed by subsequent TMSCI quench). When n-BuLi was selected as the
lithiation reagent, C7 functionalisation was exclusively observed, followed by a range of

electrophilic quenches (see Scheme 4.6). !

4.0.2 Magnesiation of indoles

The magnesiation of indoles have been achieved utilising both Hauser bases (R,NMgBr)
or magnesium diamides ((R,N),Mg).!3? The reaction of N-phenylsulfonylindole with both
of these magnesium reagents resulted in the 2-magnesioindole being produced, which
could subsequently be trapped with a range of electrophiles to produce C2-substituted
indoles (see Scheme 4.7). Interestingly, N-methylindole did not react even at elevated

temperatures, suggesting the phenylsulfonyl- group is critical for this reactivity.

i) iProNMgBr,
S02Ph THE, rt. S02Ph
N > N
/ ii) PhACHO ) —CH(OH)Ph
iii) H;O*

Scheme 4.7: Reaction of the Hauser base iPr,NMgBr with N-phenylsulfonylindole

Mulvey and coworkers found the sodium tetraalkylmagnesiate [(TMEDA),Na,Mg(nBu),]
reacts with four equivalents of N-methylindole to produce the disodium tetraindol-2-

ylmagnesiate [(Na - TMEDA),Mg(a—CyHgN),].'** The magnesiated species could sub-
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sequently be used in in situ Pd-catalysed cross-couplings with iodobenzene to yield

N-methyl-2-phenylindole in a high yield of 84 %.

€ (TMEDA),Na,MgBu,

M
N -
P

Scheme 4.8: Reaction of the disodium tetraalkylmagnesiate [(TMEDA),Na,MgnBu,]
with N-methylindole

4.0.3 Alkali metal mediated metallation of indoles

More broadly, the alkali metal mediated metallaton of indoles has been achieved with

numerous metal pairings.

Uchiyama and co-workers developed the direct alpha-cupration and -alumination of N-
boc-indoles using the lithium cuprate [MeCu(TMP)(CN)Li,]* and lithium aluminate
[iBu3Al(TMP)Li],34 where selective C2- metallations were observed in both cases (see
Scheme 4.9). However, both mixed metal reagents required sub-ambient temperatures (-

40 °C or -78 °C) and/or an excess of metallating reagent.

i) 2.2 equiv i-BusAI(TMP)Li
Boc THF, -78 °C, 5 h Boc

N . N
P ii) 8 equiv I, in THF Y

Scheme 4.9: Reaction of the lithium aluminate [{Bu;Al(TMP)Li] with N-boc-indole

Mongin and co-workers have developed a lithium zincate, ZnCl, TMEDA / LiTMP, which
is able to functionalise a diverse range of functionalised indoles and pyrrole species, giving
rise to predominately 2-iodo derivatives in excellent yields.>*!3*!35 A range of other metal

pairings have been explored by Mongin and co-workers, including cadmium and indium.?
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Following on from the literature precedents discussed so far, we decided to start sim-
ply with N-alkyl substituted 1H-indoles, and their reaction with the sodium magnesiate

[(TMEDA)Na(TMP)(CH,SiMe,)Mg(TMP)] 1.
4.1 Synthesis of N-substituted indoles
H RX, KOH, DMSO R

| S » XN
P RX = Mel, EtBr, iPrBr |/ Y

Scheme 4.10: Synthesis of N-substituted indoles

N-methylindole, N-ethylindole and N-isopropylindole were synthesised by the addition of
RX (Me = Mel, Et = EtBr, iPr = iPrBr) to a stirred solution of 1H-indole and potassium
hydroxide (Scheme 4.10) in DMSO. The reaction was monitored by TLC, and once full
consumption of 1H-indole was observed the reaction was quenched with H,O. Following
organic work-up, the synthesised N-substituted indoles were purified by vacuum distillation

and stored over 4 A molecular sieves.

4.2 Reaction of magnesiate base 1 with N-methylindole

Me [(TMEDA)Na(TMP)(CH,SiMes)Mg(TMP)]

N
y/ hexane, r.t.

Scheme 4.11: Synthesis of complex 18, [(Na - TMEDA),Mg(a—CyHgN),]

Reacting a hexane solution of the base 1 with one molar equivalent of N-methylindole
resulted in the deposition of a large quantity of white precipitate after approximately

five minutes (Scheme 4.11). When the reaction was repeated with stirring stopped upon
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addition of N-methylindole, large colourless crystals were deposited over one hour. These
crystals were suitable for single crystal X-ray analysis and were found to be the compound

[(Na - TMEDA),Mg(0o—CyHgN),] 18 (Figure 4.3).

It became evident when inspecting the crystal structure of 18 that the maximum possible
yield of the reaction would only be 25 %. The rational synthesis of 18 was achieved by
reacting NaTMP, Mg(CH,SiMe;), and TMEDA in a 2:1:2 ratio with four equivalents of
the N-methylindole (see Scheme 4.12). This led to the desired product being isolated in
a high crystalline yield of 81 % (no residual starting material was detected by '"H NMR,

suggesting the reaction was quantitative).

Me 5 NaTMP, Mg(CH,SiMes),, 2 TMEDA

4 N >
Y/ hexane, r.t., 15 minutes

Scheme 4.12: Rational synthesis of complex 18, [(Na - TMEDA),Mg(a—CyHgN), ]

4.2.1 Solid state analysis of [(Na - TMEDA),Mg(a—Cy,HgN),] 18

From the crystal structure of complex 18 (Figure 4.3), it can be seen that the magnesium
atom is in a tetrahedral environment (mean bond angle 109.28°). The magnesium atom
is bound to four different N-methylindole substituents at the alpha position (range of
Mg(1)-C bond distances between 2.193(8) - 2.247(8) A). Each sodium atom makes close
electrostatic interactions with the a- and - carbons from two different N-methylindole
substitutents, while not making a formal bond [Na(1)-C(11) 2.657(9) and Na(1)-C(10)
2.882(9) A]. The sodium interactions can be seen as a contact-ion pair arrangement, as
they are needed to balance the charge on the magnesium centre. Each sodium atoms

coordination environment is completed with a bidentate, chelating TMEDA.
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Figure 4.3: Molecular structure of 18, [(Na - TMEDA),Mg(a—CyHgN),]. Thermal el-
lipsoids shown at 40 % probability. Hydrogen atoms omitted for clarity. Selected bond
lengths (A) and angles (°): Mg(1)-C(10), 2.193(8); Mg(1)-C(1), 2.234(7); Mg(1)-C(19),
2.201(7); Mg(1)-C(28), 2.247(8); Na(1)-C(10), 2.882(9); Na(1)-C(11), 2.657(9); N(2)-
C(10), 1.393(10); C(10)-C(11), 1.389(11); C(11)-C(12), 1.440(11); C(1)-Mg(1)-C(28),
108.2(3); C(28)-Mg(1)-C(10), 104.8(3); C(10)-Mg(1)-C(19), 127.9(3); C(19)-Mg(1)-C(1),
103.6(3); C(1)-Mg(1)-C(10), 105.6(8); C(28)-Mg(1)-C(19), 105.2(3).

In the molecular structure of 18, the bi-metallic base 1 has lost both its alkyl (CH,SiMe,)
and two amido (TMP) ‘basic arms’. While it was initially unexpected to see dual basicity
of the base, similar reactivity has been previously observed when reacting 1 with thio-
phene.% The authors isolated the compound [(TMEDA)Na(u —C,H;S);Mg(TMEDA)]
19 (Figure 4.4). In the study, the authors found that the active base was not 1, as the
logical synthesis involving Mg(CH,SiMe;),, nBuNa and two equivalents of TMEDA
resulted in the same isolated structure, albeit in a higher yield. While similar, in that all
the basic arms of the base have been lost, in the case of 18 the active base appears to differ

from that in both 19 and 1. Furthermore, four alpha deprotonations have occurred in the
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case of 18. In both cases, it appears that the isolated complex observed is the result of
a disproportionation of 1. Similar overall reactivity was observed with the homoleptic
sodium tetraalkylmagnesiate [(TMEDA),Na,Mg(nBu),], where the same crystal structure

was isolated. 133

hexane, r.t.

Q [(TMEDA)Na(TMP)(CH,SiMes)Mg(TMP)
| / >

Figure 4.4: Reaction of the magnesiate base 1 with thiophene

Attempts were made to isolate the suspected active basic species in the reaction of 1
with N-methylindole. To achieve this, two equivalents of NaTMP, one equivalent of
Mg(CH,SiMe;), and two equivalents of TMEDA. Unfortunately, only the sodium mag-
nesiate base 1 could be isolated from this reaction, likely indicating that some fluctional

behaviour of this species exists in solution.

In order to examine whether the dialkyl magnesium species Mg(CH,SiMe,), could effect
deprotonation of the N-methylindole substrate, one molar equivalent of N-methylindole
was added to a stirred suspension of Mg(CH,SiMe;),. No reaction was found to occur,
whether at room temperature or at reflux for four hours. Therefore it can be concluded
that Mg(CH,SiMe;), is not reactive enough on its own, therefore the sodium is essential
to the observed reactivity. This can therefore be considered an example of Alkali Metal

Mediated Magnesiation.

While unique regio-selectivity was not obtained in 18, the use of 1 has some advantages
over more traditional metallating agents, especially from a green chemistry perspective.
For instance, the bi-metallic base 1 used may be advantageous over the more commonly
used nBulL.i as the reaction can be completed at room temperature and takes minimal time
for the reaction to occur. Also, only one base unit is required per four substrate units,
thus requiring significantly lower quantities of these pyrophoric metallation reagents and

making it a more atom economical reaction.
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4.2.2 Solution studies of 18

CH,
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Figure 4.5: 'H NMR spectrum of complex 18 in C,D, at 298 K

Crystalline complex 18 was dissolved in C¢D, and analysed by 'H and *C{'H} NMR
spectroscopy (see Figure 4.5). In support of the crystal structure, the NMR spectrum
shows only « substituted N-methylindole in a 2:1 ratio with TMEDA. The disappearance
of two doublet signals in the aromatic region of the proton spectrum corresponding to
the parent indole, and the appearance of a singlet at 6.53 ppm are indicative of an o-
substituted N-methylindole unit. A large down field chemical shift for the alpha carbon
13C resonance to 180.39 ppm (from 129.05 ppm in the parent N-methylindole are indicative

of a magnesiation occurring.

4.2.3 Electrophilic quenching studies of 18

M i) 2 NaTMP, Mg(CH,SiMe3),, 2 TMEDA M
I\i € hexane, r.t., 15 min Ve

4 - X N
/ ii) I,,1M in THF, 30 min PV

Scheme 4.13: Electrophilic quench of 18 with iodine, to give the - iodinated species
N-methyl-2-iodo-indole
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To investigate the synthetic utility of the newly formed Mg-C bond in 18, its use in in situ
iodolysis and Pd-catalysed cross-coupling reactions were explored. In a one pot procedure,
both the expected N-methyl-2-iodoindole and N-methyl-2-phenylindole were isolated in
high unoptimised yields (79 % for iodolysis, 82 % for cross-coupling, see Scheme 4.13

and Scheme 4.14).

M i) 2 NaTMP, Mg(CH,SiMes),, 2 TMEDA M
vie hexane, r.t., 15 min vie

4 XN e N
|/ ii) 2 Phl, 4 mol % Pd(dppf)Cl, O Y O

reflux, 16 hours

Scheme 4.14: Use of the magnesiated species [(Na - TMEDA),Mg(a—CyHgN),], 18 in
palladium catalysed cross coupling with iodobenzene to yield N-methyl-2-phenylindole

4.3 Reaction of magnesiate base 1 with N-ethylindole

[(TMEDA)Na(TMP)(CH,SiMe3s)Mg(TMP)]

lEt
N
Y/ hexane, r.t.

Scheme 4.15: Synthesis of complex 20, [(Na - TMEDA),Mg(a—C,,H,,N),]

Reacting a hexane solution of the base 1 with one molar equivalent of N-ethylindole
resulted in the deposition of a large quantity of white precipitate after approximately five
minutes (Scheme 4.15). The solid was isolated by filtration, washed with n-hexane and
transferred to a glovebox for storage. On one repeat synthesis, the solid was recrystallised
from toluene to yield large, colourless crystals suitable for single crystal X-ray diffraction
and were found to be the compound [(Na - TMEDA),Mg(a—C,,H,(,N),] 20. Similarly to
complex 18, this reactivity appears to be the result of a different in situ active species. The
rational synthesis of 20 was achieved similarly to 18, where NaTMP, Mg(CH,SiMe;),
and TMEDA were reacted in a 2:1:2 ratio with four equivalents of N-ethylindole (see

Scheme 4.16).
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El 2 NaTMP, Mg(CH,SiMes),, 2 TMEDA

L
Y

N
Y/ hexane, r.t., 15 minutes

Scheme 4.16: Rational synthesis of complex [(Na - TMEDA),Mg(a—C,,H,,N),], 20

4.3.1 Solid state analysis of complex 20

Figure 4.6: Molecular structure of 20, [(Na - TMEDA),Mg(0—CyHgN),]. Thermal ellip-
soids shown at 40 % probability. Hydrogen atoms omitted for clarity. Selected bond lengths
(A) and angles (°): Mg(1)-C(1), 2.2086(16); Mg(1)-C(11), 2.2120(18); Mg(1)-C(21),
2.2331(16); Mg(1)-C(31), 2.2377(17); Na(1)-C(1), 2.9184(17); Na(1)-C(2), 2.6993(17),
Na(1)-C(11), 2.6905(18); Na(1)-C(12), 2.7420(18); Na(2)-C(21), 2.8580(17); Na(2)-
C(22), 2.6159(17); Na(2)-C(31), 2.6492(18); Na(2)-C(32), 2.7225(18); C(1)-Mg(1)-C(11),
102.76(6); C(1)-Mg(1)-C(21), 119.67(6); C(1)-Mg(1)-C(31), 116.16(6); C(11)-Mg(1)-
C(21), 102.00(6); C(11)-Mg(1)-C(31), 112.06(7); C(21)-Mg(1)-C(31), 103.46(6).

Essentially isostructural to 18, complex 20 contains a central distorted tetrahedral (mean
bond angle 109.34 °) magnesium atom bonded to four separate c-magnesiated indole
substitutents [C(1), C(11), C(21) and C(31)] with an average Mg-C bond length 2.222 A.

Each sodium atom in 20 makes electrostatic 1)*-interactions with the 2-C and 3-C atoms of
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each deprotonated indole unit [range of lengths Na-C: 2.6159(17)-2.9184(17) A]. Each
sodium atoms coordination sphere is completed by a complexed bidentate molecule of

TMEDA making the sodium atoms overall six coordinate.

4.3.2 Solution studies of complex 20

Crystalline complex 20 was dissolved in C¢Dy and analysed by 'H and “C{'H} NMR
spectroscopy (Figure 4.7). In support of the crystal structure, the NMR spectrum shows
only an alphasubstituted N-ethylindole in a 2:1 ratio with TMEDA. The disappearance
of two doublet signals in the aromatic region of the proton spectrum corresponding to
the parent indole at 6.54 and 6.68 ppm, and the appearance of a singlet at 6.53 ppm are
indicative of an a-substituted N-ethylindole unit. A large down field chemical shift for the
alpha carbon *C resonance to 181.49 ppm (from 126.5 ppm in the parent N-ethylindole

are indicative of a magnesiation occurring.
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/ CH,
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Figure 4.7: '"H NMR spectrum of complex 20 in C,D; at 298 K
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4.3.3 Electrophilic quenching studies of complex 20

i) 2 NaTMP, Mg(CH,SiMe3),, 2 TMEDA
Et : Et
: hexane, r.t., 15 min

4 NN . N
Ly i) 1, 1M in THE, 30 minutes Paml

Scheme 4.17: Electrophilic quench of 20 with iodine, to give the - iodinated species
N-ethyl-2-10do-indole

To investigate the synthetic utility of the newly formed Mg-C bond in 20, its use in in situ
iodolysis and Pd-catalysed cross-coupling reactions were explored. In a one pot procedure,
both the expected N-ethyl-2-iodoindole and N-ethyl-2-phenylindole were isolated in high
unoptimised yields (66 % for iodolysis, 68 % for cross-coupling, see Scheme 4.17 and

Scheme 4.18 respectively).

i) 2 NaTMP, Mg(CH,SiMe3),, 2 TMEDA
h hexane, r.t., 15 min

4 XN - N
|/ Y, ii) 2 Phl, 4 mol % Pd(dppf)Cl, O Y, O

reflux, 16 hours

Scheme 4.18: Use of the magnesiated species [(Na - TMEDA),Mg(a—C,,H,(,N),], 20 in
palladium catalysed cross coupling with iodobenzene to yield N-ethyl-2-phenylindole

4.4 Reaction of magnesiate base 1 with N-isopropylindole

/
Ca
w/ [(TMEDA)Na(TMP)(CH,SiMe3)Mg(TMP)] N”@

N A
p hexane, r.t. N\<

Scheme 4.19: Synthesis of complex 21, [(TMEDA)Na(TMP)(o.—C,,H,,N)Mg(TMP)]

TMP

Increasing the steric bulk further on the indole substrate, N-isopropylindole was next
investigated. To a stirred hexane solution of the magnesiate base 1, freshly distilled N-

isopropylindole was added dropwise at room temperature (Scheme 4.19). After stirring
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overnight, a large amount of white precipitate had formed. This was isolated by filtration
and transferred to a glovebox for storage. The mother-liquor deposited colourless, block
crystals overnight when stored at -30°C. These were suitable for X-ray crystallographic
analysis and found to be the compound [(TMEDA)Na(TMP)(a—C;H,NCgH;)Mg(TMP)]
21 (Scheme 4.19). Both the crystalline material and the solid precipitate were found to be

the same complex by 'H-NMR spectroscopy.

4.4.1 Solid state studies of complex 21

c(6)

Figure 4.8: Molecular structure of [(TMEDA)Na(TMP)(a—C,,H,;,N)Mg(TMP)], 21.
Thermal ellipsoids shown at 40 % probability. Hydrogen atoms omitted for clarity. Only
one of two essentially the same molecules is shown. Selected bond lengths (A) and angles
(°): Mg(1)-C(1), 2.192(4); Mg(1)-N(4), 2.070(3); Mg(1)-N(3), 2.009(3); Na(1)-N(4),
2.464(3); Na(1)-N(5), 2.499(4); Na(1)-N(6), 2.457(4); Na(1)-C(1), 2.857(4); Na(1)-C(2),
2.646(4); C(1)-Mg(1)-N(3), 121.72(15); N(3)-Mg(1)-N(4), 133.32(14); N(4)-Mg(1)-C(1),
104.94(15).

Complex 21 has two crystallographically independent molecules in its unit cell. As these
are nearly identical, only one is shown (Figure 4.8). The molecular structure of 21 includes
a central trigonal planar magnesium atom, bonding to a bridging TMP, terminal TMP, as

well as bonding to the N-isopropylindole in the o position (C(1)-Mg(1) bond distance
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2.192(4) A). The sodium atom is interacting electrostatically with both the C(1) and C(2)
of the N-isopropylindole molecule, as indicated by the Na-C bond lengths of 2.857(4) and
2.646(4) A respectively. The loss of the CH,SiMe; substituent of the base 1 indicates that

this 1s a product of alkyl basicity.

4.4.2 Solution state studies of complex 21

Crystalline compound 21 was dissolved in C;D4 and analysed by 'H and '*C NMR
spectroscopy (Figure 4.9). The solution state structure is consistent with the solid state
structure. Once again, the disappearance of two doublet signals at 6.57 and 6.88 ppm and
the appearance of a singlet further upfield at 6.21 ppm is indicative of loss the o proton. It
is evident that TMP and TMEDA are present in solution. In the '*C-NMR spectrum, the
large down field shifts for the alpha-carbon to 178.79 ppm (compared to 123.0 ppm in

N-isopropylindole) is indicative of a newly formed magnesium-carbon bond.
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Figure 4.9: 'H NMR spectrum of complex 21 in C¢D; at 298 K
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4.4.3 Electophilic quenching studies of complex 21

P i) [[TMEDA)Na(TMP)(CH,SiMe3)Mg(TMP)]
ST hexane, r.t., 16 hr

/
N . N
Yy ii) 1 M in THF, 30 min Ve

Scheme 4.20: Electrophilic quench of [(TMEDA)Na(TMP)(a—C,,H,,N)Mg(TMP)],
complex 21 with iodine, to give the a- iodinated species N-isopropyl-2-iodo-indole

To investigate the synthetic utility of the newly formed Mg-C bond in 21, its use in in situ
1odolysis and Pd-catalysed cross-coupling reactions were explored. In a one pot procedure,
both the expected N-isopropyl-2-iodoindole and N-isopropyl-2-phenylindole were isolated
in high unoptimised yields (78 % for iodolysis, 71 % for cross-coupling, see Scheme 4.20

and Scheme 4.21 respectively).

ip i) [[TMEDA)Na(TMP)(CH,SiMe3)Mg(TMP)]
el hexane, r.t., 16 hr

N
@E/) ii) 2 Phl, 4 mol % Pd(dppf)Cl,

reflux, 16 hours

\
N

Scheme 4.21: Use of the magnesiated species 21 in palladium catalysed cross coupling
with iodobenzene to yield N-isopropyl-2-phenylindole

4.5 Synthesis of N-alkyl-3-methyl-indoles

R
RX, KOH, DMF N
> ( /
RX = Mel, EtBr, iPrBr =
Me

ZT

™

Me

Scheme 4.22: Synthesis of N-alkyl-3-methyl-indoles

The 3-substituted indoles N,3-dimethylindole, N-ethyl-3-methyl-indole and N-isopropyl-
3-methyl-indole were synthesised by the addition of RX (Me = Mel, Et = EtBr, iPr =

iPrBr) to a stirred solution of 3-methyl-1H-indole and potassium hydroxide in DMF (see
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Scheme 4.22). The reaction was monitored by TLC, and once full consumption of 3-
methyl-1H-indole was observed the reaction was quenched with H,O. Following organic
work-up, the synthesised N-substituted indoles were purified by vacuum distillation and
stored over 4 A molecular sieves. In the case of N -isopropyl-3-methyl-indole, complete
conversion was not achieved and the product was purified by flash column chromatography

(silica gel, 10 % EtOAc/petroleum benzine).

4.6 Reaction of magnesiate base 1 with N-3-dimethylindole

NMe [(TMEDA)Na(TMP)(CH,SiMez)Mg(TMP)]
~ ?
E/ Y/ hexane, r.t.

Me

Scheme 4.23: Synthesis of [(Na - TMEDA),Mg(a—C,,H,;N),], complex 22

To a hexane solution of 1, a molar equivalent of N,3-dimethylindole was added dropwise at
room temperature. This resulted in a large quantity of white precipitate after approximately
five minutes (Scheme 4.23). This solid was isolated, and dissolved in C¢Dy for 'H and
BC{'H} NMR analysis. Similarly to compound 18, the product was identified to be the
higher order magnesiate [(Na - TMEDA),Mg(a—C,,H,;N),] 22.

Indeed, the rational synthesis of 22 was achieved by reacting NaTMP, Mg(CH,SiMe,),
and TMEDA in a 2:1:2 ratio with four equivalents of N,3-dimethylindole (Scheme 4.24).
Upon hot filtration, crystals were grown from the mother-liquor at room temperature
overnight. These crystals were analysed by single crystal X-ray diffraction and found to

be the expected compound [(Na - TMEDA),Mg(a—C,,H,;N),].
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N 2 NaTMP, Mg(CH,SiMe3),, 2 TMEDA
4 >
@ hexane, r.t., 15 minutes

Me

Scheme 4.24: Rational synthesis of complex 22

4.6.1 X-ray crystallographic analysis of complex 22

Single crystals of 22 were grown from a saturated n-hexane solution stored at room
temperature. These were suitable for single crystal X-ray diffraction studies, and were
found to be the complex [(Na - TMEDA),Mg(a—C,,H,;N),]. A similar structural motif
to 18 and 20 is found. The molecular structure of 22 features a tetrahedral magnesium
centre, bonding to four « - deprotonated N,3-dimethylindole units (Mg - C bond lengths
range from 2.219(5) - 2.245(5) A). The sodium atoms make close electrostatic interactions
with the nitrogen as well as the a- and - carbons from two different N,3-dimethylindole
based units. The coordination environment of each sodium is completed by a bidentate,

chelating TMEDA ligand.
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Figure 4.10: Molecular structure of 22, [(Na - TMEDA),Mg(a—CyHgN),]. Thermal
ellipsoids shown at 40 % probability. Hydrogen atoms and an ordered n-hexane solvent
molecule omitted for clarity. Selected bond lengths (A) and angles (°): Mg(1) - C(2),
2.245(5); Mg(1) - C(12), 2.233(5); Mg(1) - C(23), 2.223(5); Mg(1) - C(34), 2.219(5);
Na(1) - C(2), 2.689(5); Na(1) - C(3), 2.866(6); Na(1) - C(24), 2.823(6); Na(1) - C(23),
2.688(5); Na(2) - N(2), 2.871(6); Na(2) - C(12), 2.734(5); Na(2) - C(13), 2.985(6); Na(2) -
N(3), 2.783(5); Na(2) - C(34), 2.719(5); Na(2) - C(33), 3.110(6); C(2) - Mg(1) - C(12),
111.59(19); C(2) - Mg(1) - C(23), 100.55(18); C(2) - Mg(1) - C(34), 117.1(2); C(12)
- Mg(1) - C(34), 98.92(19); C(12) - Mg(1) - C(23), 118.2(2); C(23) - Mg(1) - C(34),
111.36(19).

4.6.2 Solution state studies of complex 22

Compound 22 was dissolved in C¢D, and analysed by 'H and *C NMR spectroscopy.
On examination of the 'H NMR spectrum (see Figure 4.11), it becomes clear that the
N—CH; and the C—CH, groups are disordered throughout the crystal structure, giving rise
to multiple CH; species resent in the 2.70 - 3.00 ppm (for C—CH;) and 3.90 - 4.30 ppm
(for N—CH;) ranges. Otherwise, protons assignable to the deprotonated indole moiety
are present in a 2:1 ratio with TMEDA, indicating that the crystal structure is indicative

of the solution state species. The disappearance of a doublet at 6.33 ppm is indicative
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of an a-deprotonation occurring. In the '3C NMR spectrum, the appearance of a singlet

downfield at 179.68 ppm is indicative of the newly formed Mg-C bond.

Me
N
4
TMEDA
Me
N-CH, C-CH, H
Benzenoid H
C-H H
|
w I
/h L | o) ‘I‘\ ‘h]
Il Mo, LA N | |
g 2 T d - -
e S S ° ° o

78 76 74 72 7.0 68 66 46 44 42 40 38 3.6 3.4 32 30 28 26 2416 14 1.2 1.0 08 0.
f1 (ppm)

Figure 4.11: 'H NMR spectrum of 22 in C¢Dy at 298 K

To confirm the multiple signals related to the N—CH; and the C—CH; groups are infact
a solution state, fluctional behaviour, a '"H-'H-NOESY spectrum was obtained (see Fig-
ure 4.12). The presence of off-diagonal negative NOE peaks in the NOESY spectrum

indicated that these signals are interchanging.
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Figure 4.12: 'H-'H NOESY NMR spectrum of 22 in C,Dj

1 (ppm)

Complex 22 can be quenched in situ with a THF solution of iodine to produce the

expected N,3-dimethyl-2-iodo-1H-indole in a high yield of 89 % as a crystalline solid (see

Scheme 4.25).
Me i) 2 NaTMP, Mg(CH,SiMe3),, 2 TMEDA Me
N hexane, r.t., 15 min N
4 ) - Van
ii) I, 1 M in THF, 30 minutes
Me Me

Scheme 4.25: Electrophilic quench of 22 with iodine
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4.7 Reaction of magnesiate base 1 with N—ethyl—3—methyl—1H —indole

= [(TMEDA)Na(TMP)(CH,SiMe3)Mg(TMP)]

N >
Y/ hexane, r.t.

Me

Scheme 4.26: Initial synthesis of [(Na - TMEDA),Mg(a—C,,H5N),], complex 23

To a hexane solution of 1, a molar equivalent of N,3-ethylindole was added dropwise at
room temperature (see Scheme 4.26). This resulted in a large quantity of white precipitate
after approximately five minutes. This solid was isolated, and dissolved in C¢D; for 'H
and C{'H} NMR analysis. Similarly to compound 18, the product was identified to be
the higher order magnesiate [(Na-TMEDA),Mg(a—C,,;H;;N),] 23 by NMR spectroscopy.
Unfortunately, growing single crystals proved difficult - however the complex could be

positively identified by solution state analysis.

/Et 2 =
N 2 NaTMP, Mg(CH,SiMe3),, 2 TMEDA @—TMEDA
4 | P TMEDA@ Me
F hexane, r.t., 15 minutes ey
Me

Scheme 4.27: Rational synthesis of [(Na - TMEDA),Mg(a—C,,;H;N),], complex 23

The rational synthesis of 23 was achieved by reacting NaTMP, Mg(CH,SiMe,), and

TMEDA in a 2:1:2 ratio with four equivalents of N-ethyl-3-methylindole (Scheme 4.27).

4.7.1 Solution state studies of complex 23

Complex 23 was dissolved in C4D4 and analysed by 'H and '3C NMR spectroscopy. The

disappearance of a singlet at 6.46 ppm is indicative of the newly formed Mg-C bond. There
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is an upfield shift of the N—CH, protons from 3.47 ppm to 4.74 ppm, the C—CH; protons
from 2.31 ppm to 2.80 ppm, and the N—CHj; protons from 0.92 ppm to 1.36 ppm. Signals
are also evident for TMEDA, and overall the deprotonated indole species is in a 2:1 ratio
with TMEDA, indicating that similar reactivity is observed as with 24. In the 3C-NMR
spectrum, the appearance of a singlet downfield at 180.72 ppm is indicative of the newly

formed Mg-C bond.

Et
/
N
/ C-CH,3 TMEDA
Me
N-CH,
Benzenoid ‘! | \ ,‘
CH ' | |
| ' N-CH, |\ (i
[ w‘\ U
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| N | Lol
- JA_J kAM“ \J“J ‘L, N o / \'l\,_, L _J//\// \\J‘ U‘ I
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f1 (ppm)

Figure 4.13: 'H NMR spectrum of 23 in C¢D;, at 298 K

Complex 23 can be quenched with a THF solution of iodine to produce the expected

N-ethyl-2-iodo-3-methyl-1H-indole in a high yield of 84 % (see Scheme 4.28).

Et i) 2 NaTMP, Mg(CH,SiMe3),, 2 TMEDA Et
4 N hexane, r.t., 15 min N
> I
@ ii) I, 1 M in THF, 30 minutes ©/\/87
Me Me

Scheme 4.28: Electrophilic quench of 23 with iodine
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4.8 Reaction of magnesiate base 1 with N—isopropyl—3—methyl—1H —indole

[(TMEDA)Na(TMP)(CH,SiMe3)Mg(TMP)]

N >
y hexane, 40 °C, 24 hrs

Me

To a hexane solution of 1, a molar equivalent of N-isopropyl-3-methyl-1H-indole was
added dropwise at room temperature. The resulting solution was stirred overnight, before
the solvent was removed in vacuo and the resulting oil transferred to a glovebox. The oil
was dissolved in C,Dg and analysed by 'H NMR spectroscopy. This indicated that while
some a-magnesiation had occurred, a substantial quantity of the starting indole remained
(approximately 20:80 product:starting material). In an attempt to push the reaction towards
completion, the reaction was repeated and heated at 40 ° C overnight (24 hours), before
the solvent was removed in vacuo and transferred to a glovebox. The resulting oil was
dissolved in C¢D and analysed by '"H NMR spectroscopy. Heating this reaction led to
a higher conversion (approximately 55:45 product:starting material, see Figure 4.14),
however some starting material remained. Interestingly, crystals of the a-magnesiated
species crystallised from C,Dy remaining in the Schlenk flask. These were analysed
by single-crystal X-ray diffraction and found to be the expected a-magnesiated product

[(TMEDA)Na(TMP)(a—C,,H,,N)Mg(TMP)] 24.
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Figure 4.14: 'H NMR spectrum of the oil obtained from heating at 40 ° C for 24 hours

4.8.1 Solid state studies of complex 24

The molecular structure of 24 features a trigonal planar magnesium atom, bonding to an
a-deprotonated N-isopropyl-3-methyl-1H-indole unit (Mg - C bond length of 2.2158(17)
A), a terminal anionic TMP unit (Mg - N bond length of 2.0033(14) A)and a bridging
anionic TMP unit (Mg - N bond length of 2.0739(15) A). This bridging unit connects
to the other metal centre, a sodium atom (Na - N bond length of 2.5059(15) A). The
sodium atoms coordination environment is fulfilled with a bidentate, chelating TMEDA
unit as well as making electrostatic interactions to the alpha- and beta- carbons of the
N-isopropyl-3-methyl-1H-indole unit (Na - C bond lengths of 2.6930(17) and 2.9217(18)
A respectively), as well as the methyl group present on the C3 position (Na - C bond length
of 2.979(2) A). This can be seen as a magnesiation, as the magnesium atom lies essentially
co-planar with the deprotonated N-isopropyl-3-methyl-1H-indole unit, in comparison to

the sodium which is out of the plane, making interactions with the double bond system.
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Figure 4.15: Molecular structure of [(TMEDA)Na(TMP)(o —C,H,,N)Mg(TMP)], 24.
Thermal ellipsoids shown at 40 % probability. Hydrogen atoms omitted for clarity. Selected
bond lengths (A) and angles (°): Mg(1) - C(2), 2.2158(17); Mg(1) - N(2), 2.0033(14);
Mg(1) - N(3), 2.0739(15); Na(1) - C(2), 2.6930(17); Na(1) - C(3), 2.9217(18); Na(1) -
C(13), 2.979(2); Na(1) - N(3), 2.5059(15); C(2) - Mg(1) - N(2), 116.42(6); N(2) - Mg(1) -
N(3), 135.68(6); N(3) - Mg(1) - C(2), 107.58(6); Na(1) - N(3) - Mg(1), 87.74(5).

4.8.2 Solution state studies of complex 24

A crystalline sample of 24 was dissolved in C¢D and analysed by 'H and *C{!H} NMR
spectroscopy. Unfortunately, trace amounts of the starting N-isopropyl-3-methyl-1H-
indole were difficult to remove, however the peaks corresponding to the magnesiated
species 24 can be clearly assigned. The isopropyl-CH signal is shifted downfield from 4.13
ppm to 4.98 ppm, the C—CH, from 2.32 ppm to 2.47 ppm and the iPr—CHj, from 1.02 ppm
to 1.07 ppm. The lowering of the singlet at 6.66 ppm is indicative of an a-magnesiation
occurring. In the *C NMR spectrum, a downfield shift of the «—CH, to 174.80 ppm is

indicative of a magnesiation occuring.
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Figure 4.16: 'H NMR spectrum of 24 in C,D at 298 K

The a-magnesiated species 24 can be utilised in in situ iodolysis by the addition of a THF
solution of iodine, to produce the expected N-isopropyl-2-iodo-3-methyl-1H-indole in a

moderate yield of 60 % (see Scheme 4.29).

JPr i) [TMEDA)Na(TMP)(CH,SiMe3)Mg(TMP)] JPr
N hexane, 40 °C, 24 hr N
> |
@ i) I, 1 M in THF, 30 minutes @1/87
Me Me

Scheme 4.29: Electrophilic quench of 24 with iodine
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4.9 Synthesis of N-phenylindole

Y

§ Phl, Cul, Cs,COs Q
@l/) DMF, 120°C, 16hrs N
Y
Scheme 4.30: Synthesis of N-phenylindole under Ullmann coupling conditions

The synthesis of N-phenylindole was achieved under Ullmann coupling conditions (see
Scheme 4.30). One equivalent of 1H-indole was reacted with two equivalents of iodoben-
zene, in the presence of catalytic amounts of copper(I) iodide and caesium carbonate.
The resulting suspension was heated to 120 ° C for 16 hours, before being diluted with
diethylether and quenched with aqueous NaHCO;. The organic layer was collected, dried
and evaporated to leave a pale yellow oil. This oil was purified by flash column chromatog-
raphy (silica gel, 5 % EtOAc/petroleum benzene) to yield N-phenyl-1H-indole in a high
yield (80 %) as a pale yellow oil.

4.10 Reaction of magnesiate base 1 with N—phenylindole

Q [(TMEDA)Na(TMP)(CH,SiMe3)Mg(TMP)]

N hexane, r.t.
/

Scheme 4.31: Synthesis of [(TMEDA)Na(TMP)(a—CgH,N—0—CH,)Mg],

>

To a stirred solution of the magnesiate base 1 in n-hexane was added a molar equivalent of
N-phenyl-1H-indole at room temperature. The resulting solution was stirred overnight,
leading to the deposition of a large quantity of a white precipitate. This solid was isolated

by filtration, washed with n-hexane and dried in vacuo, before being transferred to a
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glovebox for storage and analysis. On one repeat synthesis, the suspension was hot filtered,
and the filtrate allowed to cool in a hot oil bath. This led to the deposition of a large crop of
crystals, which were analysed by single-crystal X-ray diffraction to be the di-magnesiated

complex [(TMEDA)Na(TMP)(a«—C;H.N—o—C.H,)Mg], 25.
p g5 6t14)MEIH

4.10.1 Solid state analysis of complex 25

Figure 4.17: Molecular structure of complex 25. Thermal ellipsoids shown at 40 %
probability. Hydrogen atoms omitted for clarity. Selected bond lengths (A) and angles (°):
Mg(1) - C(2), 2.320(3); Mg(1) - C(11), 2.185(3); Mg(1) - N(2), 2.072(3); Na(1) - C(11),
2.658(3); Na(1) - C(12), 2.979(4); C(2) - Mg(1) - C(11), 80.42(12).

Complex 25 crystallises as a dimer, with the asymmetric unit shown in Figure 4.17 and
the full molecular structure shown in Figure 4.18. It can be seen that the magnesium atom
is bonding to both the a-position of the indole ring [Mg(1) - C(2) bond length 2.320(3)
Al and the ortho-position of the phenyl group [Mg(1) - C(11) bond length 2.185(3) Al.
In the full molecular structure, it can be seen that each magnesium atom is in a distorted
tetrahedral environment, bridging between two deprotonated N-phenyl-1H-indole units.
The magnesium lies within the plane of the phenyl ring, yet deviates from the plane of

the indole ring. Each sodium atom makes electrostatic interactions with the deprotonated
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ortho- and meta- position of the phenyl group [Na(1) - C bond lengths of 2.658(3) and
2.979(4) A respectively], completing its coordination environment with a bridging TMP

and a bidendate, chelating TMEDA.

. ‘
N(4)
/ s =
?,”
by Mg(1) Na(1) N(3)
A S

)
4
/
7
)2

| C(12) N(2)

Figure 4.18: The full molecular structure of complex 25. Thermal ellipsoids shown at 40
% probability. Hydrogen atoms omitted for clarity. Symmetry operator 1 - x, 1 -y, 1 - z.

q

%

4.10.2 Solution state analysis of 25

Crystalline complex 25 was dissolved in C,D, and analysed by 'H and *C NMR spec-
troscopy. Interestingly, this revealed that the dimeric species found in the solid state was
non-equivalent in solution, leading to a doubling of all signals related to the dianionic
N-phenyl-1H-indole based unit (see Figure 4.19 and Figure 4.20). This is presumably a
solution state phenomenon, where each half of the dimeric species is slightly different,
due to solvation effects. Signals relating to the TMP and TMEDA are also doubled. This

doubling is also seen in the '3C NMR spectrum (see Figure 4.21).
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Figure 4.19: 'H NMR spectrum of 25 in C¢D; at 298 K
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Figure 4.20: Aromatic region of the '"H NMR spectrum of 25 in C;D, at 298 K
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Figure 4.21: Aromatic region of the *C NMR spectrum of 25 in C;Dg at 298 K

When dissolved in dg—THEF, this collapses down to one set of signals (see Figure 4.22).
The dg—THF competitively binds to the sodium atoms, as evidenced by sharp signals
observed for the TMEDA (see Figure 4.23). An appearance of a singlet at 6.42 ppm is
indicative of the remaining C3-H. A complex multiplet from 6.70-6.79 ppm integrating to
three protons and a multiplet at 6.91 - 6.97 ppm integrating to one proton are the residual

protons left on the deprotonated phenyl group.
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Figure 4.22: Aromatic region of the 'H NMR spectrum of 25 in dg—THF at 298 K
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Figure 4.23: 'H NMR of 25 in d;—THF

The dianionic complex 25 can be utilised in in sifu iodolysis reactions by the addition of a

THEF solution of iodine, to yield the diiodinated species 2-iodo-1-(2-iodophenyl)-1H-indole

in a high yield (76 %) following purification by flash column chromatography (petroleum

benzine/EtOAc 10/90).

i) [(TMEDA)Na(TMP)(CH,SiMe3)Mg(TMP)]
hexane, r.t., 16 hr
> |
N ii) I, 1 M in THF, 30 minutes N
/ Y |

Scheme 4.32: Electrophilic quench of complex 25 with iodine
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4.11 Synthesis of N-benzyl-1H-indole

1.5 equiv KOH, BnCl

'

DMF, 0 °C, N, | XN
P

Scheme 4.33: Synthesis of N-benzyl-1H-indole

i\ ZT

N-benzyl-1H-indole was synthesised by the addition of benzylchloride (BnCl) to a stirred
solution of 1H-indole and potassium hydroxide in DMF under N, at 0 © C. N-benzyl-1H-
indole was isolated as a colourless solid following purification by flash column chromatog-

raphy (silica gel, petroleum benzine/EtOAc 15/1).

4.12 Reaction of magnesiate base 1 with N-benzylindole

/
N——-
( L __TMP
[(TMEDA)Na(TMP)(CH,SiMe3)Mg(TMP)] N@
> / \ > M

N hexane, r.t.
L)

N-benzyl-1H-indole was added as a solid in one portion to a stirred solution of the magne-
siate base 1, and sonicated to break up the suspended solid. After stirring overnight, a large
quantity of a white precipitate is observed, which was isolated by filtration, washed with n-
hexane and dried in vacuo. This solid was transferred to a glovebox for storage. On a repeat
synthesis, the solid was hot filtered allowed to cool undisturbed, leading to the deposition of
a large crop of colourless crystals. These were identified by single-crystal X-ray diffraction

to be the a-magnesiated species [(TMEDA)Na(TMP)(a—CgH;N—Bn)Mg(TMP)] 26.
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4.12.1 X-ray crystallographic analysis of complex 26

Figure 4.24: Molecular structure of [(TMEDA)Na(TMP)(aa—C¢H;N—Bz)Mg(TMP)] ,
26. Thermal ellipsoids shown at 40 % probability. Hydrogen atoms omitted for clarity.
Selected bond lengths (A) and angles (°): Mg(1) - C(2), 2.169(17); Mg(1) - N(2), 1.974(12);
Mg(1) - N(3), 2.038(10); Na(1) - N(3), 2.523(12); Na(1) - C(2), 2.702(12); Na(1) - C(3),
2.813(11); C(2) - Mg(1) - N(2), 120.9(4); C(2) - Mg(1) - N(3), 106.0(5); N(3) - Mg(1) -
N(2), 132.7(5); Mg(1) - N(3) - Na(1), 90.6(4).

The molecular structure of 26 (see Figure 4.24) features a trigonal planar magnesium
centre, bonding to the a-position of a N-benzyl-1H-indole unit [Mg(1) - C(2) bond length
2.169(17) A], a terminal TMP [Mg(1) - N(2) bond length 1.974(12) 10\] and a bridging
TMP [Mg(1) - N(3) bond length 2.038(10) A]. The sodium atom makes electrostatic
interactions with the v and 3 position of the indole ring [Na - C bond lengths of 2.702(12)
and 2.813(11) A respectively] and a bridging TMP unit [Na(1) - N(3) bond length 2.523(12)

o

A]. The sodium atoms coordination environment is completed by a bidentate, chelating

TMEDA unit.
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4.13 Synthesis of 1-(triisopropylsilyl)-1H-indole

1) nBuLi
2) TIPSCI TIPS

H
XN - N
PV THF, -78 °C @E/}

Triisopropylsilyl-1H-indole was synthesised by the lithiation of 1H-indole by n-butyl-

lithium at -78 ° C in anhydrous THF (see section 4.13). After stirring for 30 minutes
at this temperature, a molar equivalent of triisopropylsilylchloride was added dropwise
at -78 ° C. The resulting solution was allowed to warm to room temperature stirring.
The reaction was diluted with diethyl ether and quenched with saturated aqueous NH,Cl
solution. The ethereal layer was collected, washed with brine and dried over anhydrous
MgSO,. Triisopropylsilyl-1H-indole was isolated as an orange oil, in quantitative yield.
The triisopropylsilyl- protecting group will be referred to as TIPS. This silyl- protecting

group can be removed via addition of a F~ source, commonly TBAF.

4.14 Reaction of magnesiate base 1 with N-triisopropylsilyl-1H-indole

TIPS [(TMEDA)Na(TMP)(CH,SiMe3)Mg(TMP)]

N >
Y hexane, r.t.

Scheme 4.34: Synthesis of complex 27, [(TMEDA)Na(TMP)(5 —C,,H, NSi)Mg(TMP)]

To a stirred n-hexane solution of the sodium magnesiate 1, a molar equivalent of N-
triisopropylsilyl-1H-indole was added dropwise at room temperature. The resulting
solution was stirred overnight for 16 hours, resulting in the deposition of a large quantity
of an off-white solid. Upon gentle heating, the solid redissolved in solution. Filtration of

this solution and storage at -30 ° C over three days resulted in a large crop of colourless
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crystals, which were identified by NMR analysis and single-crystal X-ray diffraction stud-
ies to be the beta-magnesiated species [(TMEDA)Na(TMP)(5 —C,,H,NSi)Mg(TMP)]
(see Scheme 4.34). On repeat synthesis, the solid can be isolated and was identified to be

the same species as the crystallised product by 'H NMR spectroscopy.

4.14.1 Solid state studies of complex 27

Figure 4.25: Molecular structure of [(TMEDA)Na(TMP)(38 —C,,H,,NSi)Mg(TMP)], 27.
Thermal ellipsoids shown at 40 % probability. Hydrogen atoms and a minor disorder
component in the TMEDA ligand is not shown for clarity. Selected bond lengths (A) and
angles (°): Mg(1) - C(3), 2.1734(16); Mg(1) - N(2), 1.9976(13); Mg(1) - N(3), 2.0925(12);
Na(1) - C(3), 2.5305(14); Na(1) - N(3), 2.5305(14); Na(1) - N(4), 2.5912(16); Na(1) -
N(5), 2.5582(16); C(3) - Mg(1) - N(2), 118.17(6); N(2) - Mg(1) - N(3), 133.09(6); N(3) -
Mg(1) - C(3), 108.75(6); Na(1) - N(3) - Mg(1), 85.75(4); N(3) - N(1) - C(3), 84.06(5).

The crystal structure of complex 27 reveals a 5 -magnesiated N-triisopropylsilyl-1H-indole
species [Mg(1) - C(3) 2.1734(16) A]. The coordination sphere of the magnesium atom
is completed by a terminal TMP unit [Mg(1) - N(2) 1.9976(13) A] and a bridging TMP
[Mg(1) - N(3) 2.5305(14) A]. The sodium atom interacts solely with the magnesiated

carbon [Na(1) - C(3) 2.6477A]. The sodium atoms coordination sphere is completed by a
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bridging TMP unit [Na(1) - N(3) 2.5305(14) A], and a bidentate chelating TMEDA [Na(1)
- N(4) 2.5912(16) A, Na(l) - N(5) 2.5582(16) A]. This can be seen as a magnesiation,
as the magnesium atom co-planar to the indole ring, whereas the sodium sits almost

perpendicular.

Figure 4.26: Space filling diagram of the isopropyl (left) vs TIPS group (right), with only
the magnesium atom (shown in green) of the base shown for clarity

It can be seen that the steric demands of the triisopropylsilyl- group on the nitro-
gen of the indole likely restricts the base 1 from accessing the a- position, result-
ing in the observed [3- position metallation (see Figure 4.26 right). For comparison,
the steric demands of a single isopropyl group on the nitrogen, as in the case of

[(TMEDA)Na(TMP)(a—C,,H,,N)Mg(TMP)] 21 is shown in the left of Figure 4.26.
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4.14.2 Solution state analysis of complex 27

TMP
CH,
TIPS
H7 TIPS
He N
L)+
Hs
n, (g
T\IVIEDA
cH |
H
6| Ms A |
| ,JL,MWJU'UL, ) 71’&\_; N _J UJUMJM’ \w) "\_/MR_JJJ L;LJL‘JUL_
o == am el G T ] »%;\‘(\\T{\l']\,)\ ‘Ugl
o ~ 2] (=2} o~ [Ce] - QO ™ T —
| = s 3 s34 5 Rwad I
8.0 7.5 7.0 2.0 1.5 1.0

f1 (ppm)

Figure 4.27: 'H NMR spectrum of complex 27 in C4Dy at 298 K

Crystalline complex 27 was dissolved in C¢D, and analysed by 'H and *C{'H} NMR
spectroscopy (see Figure 4.27). Non-crystalline material isolated from the same reaction
was also analysed, and shown to be identical to the crystalline product. The disappearance
of a doublet at 6.70 ppm, corresponding to the C3 proton indicates that a deprotonation has
occurred. A sharp singlet is present at 7.31 ppm, corresponding to the lone proton at the
C2 position, a shift downfield from the corresponding doublet at 7.08 ppm in the free N-
triisopropylsilyl-1H-indole (see Figure 4.28 for a comparison of the free and magnesiated
indole). Signals are evident for the triisopropylsilyl- group, as well as signals present for
the TMP group and coordinated TMEDA. In the '*C{'H} NMR spectrum, the upfield shift
of the C3 carbon to 143.7 ppm (compared to 105.3 in the parent indole) is indicative of a

magnesiation occurring.
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Figure 4.28: Comparison of the aromatic region of "H-NMR spectrum of N-triisopropyl-
1 H-indole (top) and complex 27 in CyDg

In a one-pot procedure, the expected N-triisopropylsilyl-3-iodo-1H-indole could be isolated

in a high yield following the addition of a 1 M iodine in THF solution (see Scheme 4.35).

i) [(TMEDA)Na(TMP)(CH,SiMeg)Mg(TMP)] Me
TIPS N

hexane, r.t., 16 hr
Xx—N - )
| P ii) I, 1 M in THF, 30 minutes

Scheme 4.35: Reaction of the magnesiate base 1 with N-triisopropylsilyl-1H-indole,
followed by iodine quenching to yield the corresponding N-triisopropylsilyl-3-iodo-1H-
indole

4.15 Synthetic utility of 7-azaindoles

The 7-azaindole scaffold has received considerable interest in the field of drug discovery.
7-Azaindole is a bicyclic heteroaromatic system containing a 7-electron deficient pyridine
ring fused with an 7-electron excessive pyrrole ring. '*® Whilst rare in natural products, the

7-azaindole ring is considered a bioiostere for indole.
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4.16 Synthesis of N- substituted 7-azaindoles

N K RX, KOH, DMSO N
A~ RX = Mel, EtBr P,

Scheme 4.36: Synthesis of N-substituted 7-azaindoles

N-methyl-7-azaindole and N-ethyl-7-azaindole were synthesised by the addition of RX
(Me = Mel, Et = EtBr) to a stirred solution of 7-azaindole and potassium hydroxide in
DMEF (see Scheme 4.36). The reaction was monitored by TLC, and once full consumption
of 7-azaindole was observed the reaction was diluted with Et,O and quenched by addition
of H,0. To remove traces of DMF, the combined organic layers were washed repeatedly
with H,O. The synthesised N-substituted 7-azaindoles could be used as is, or further

purified by vacuum distillation and stored over 4 A molecular sieves prior to use.

4.17 Reaction of magnesiate base 1 with N-methyl-7-azaindole

M i) [TMEDA)Na(TMP)(CH,SiMe3)Mg(TMP)]
ve hexane, r.t., 30 minutes
Y,

M
N\ N > N\ N
w i) I, (1M in THF), 30 minutes w'

Scheme 4.37: Reaction of the magnesiate base 1 with N-methyl-7-azaindole, followed by
iodine quenching

e

Starting simply, a molar equivalent of N-methyl-7-azaindole was added dropwise to a
stirred solution of the magnesiate base 1. This led to the immediate deposition of a white
precipitate. On continued stirring, this precipitate redissolved into an oily biphasic solution
in n-hexane. Attempts to analyse the resulting oil by 'H NMR spectroscopy proved
difficult, where both solubility and poorly resolved signals were major factors. Instead, we
turned to electrophile studies to gain further insight into the regioselectivity of the reaction.
When a molar equivalent of N-methyl-7-azaindole was added dropwise to a stirred solution

of the magnesiate base 1, and stirred for approximately 30 minutes resulting in the oily
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biphasic mixture. Following this, a 1 M iodine solution in THF was added dropwise (five
equivalents), and stirred for a further 30 minutes. The resulting solution was diluted with
diethyl ether, and quenched with aqueous sodium thiosulphate until bleaching occurred.
Following workup, N-methyl-2-iodo-7-azaindole was isolated as a crystalline solid (see

Scheme 4.37).

While the metallated intermediate was not determined from this reaction, it can be
concluded that the dominant species present is likely an alpha-metallated N-methyl-

7-azaindole based complex.

€ 2 NaTMP, Mg(CH,SiMes),, 2 TMEDA

M
4 NN >
|/ y/ hexane, r.t., 15 minutes

Scheme 4.38: Alternative base mixture and its reaction with N-methyl-7-azaindole to give
28

Following this, we next decided to investigate the effects of stoichiometry on the reaction.
The obvious first choice was to use the alternate base mixture, which was found in the case
of N-methylindole and N,3-dimethylindole to be the active base mixture. Four equivalents
of N-methyl-7-azaindole was added to an in situ mixture of NaTMP, Mg(CH,SiMe;),
and TMEDA in a 2:1:2 ratio. This resulted in the deposition of a large quantity of a white
solid, which could be isolated by filtration and analysed by 'H NMR spectroscopy. Indeed,
the species was identified by solution state analysis to be the higher order magnesiate,
[Na - TMEDA),Mg(a—CgH;N,),] 28. Unfortunately, it proved difficult to obtain single-
crystals of this species, however it can be clearly identified by 'H NMR spectroscopy (see

Figure 4.29).

Complex 28 was dissolved in dg—THF and analysed by 'H NMR spectroscopy (see
Figure 4.29). In support of our hypothesised metallated structure, it is evident that there
is an a- deprotonated N-methyl-7-azaindole species. A lack of signals related to TMP

is evident, as well as a decoordinated TMEDA species present. The azaindole species is

143



in a 2:1 ratio with TMEDA. Unfortunately, splitting patterns are not observable on the

N-methyl-7-azaindole related signals, where they are broad and poorly defined.

TMEDA
Me
H5 | N\ N
P/
Hy
Hy, Mo
Me
Hsg H, H, H, |" ﬂ ‘ ﬁ
N {\,AJi N 7J)‘I\«_«,. JlAi, X I V) W ,Jlljk_k).ﬂ~_.)
\\é\ \dl al d '_‘| { -d‘ I(ﬁ 4
S = N S N © ©
BI.O 7I.5 7‘.0 é.S é.O 4.5 4‘.0 3‘.5 2‘.5 2‘.0 1‘.5
f1 (ppm)

Figure 4.29: 'H NMR spectrum of complex 28 in dg—THF at 298 K

In order to fully confirm the regioselectivity of the metallated species present, an in
situ 10dolysis was performed (see Scheme 4.39). A 1 M iodine in THF solution was
added dropwise to a suspension of 28, and allowed to stir for 30 minutes. The resulting
solution was diluted with diethyl ether, and quenched with aqueous sodium thiosulphate
until bleaching occurred. The organic layer was separated and its solvent removed. The
resulting N-methyl-2-iodo-7-azaindole was isolated as a crystalline solid in a yield of 84

%.

i) 2 NaTMP, Mg(CH,SiMe3),, 2 TMEDA M
? hexane, r.t., 15 minutes N Ve

4 N = >N
P i) I, 1 M in THF, 30 minutes w'

Scheme 4.39: Electrophile quench of 28 with iodine, to give the a- iodinated species
N-methyl-2-i0odo-7-azaindole
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Interestingly, when 1.5 equivalents of N-methyl-7-azaindole was added to a n-hexane
solution of the magnesiate 1, within seconds a large quantity of a white precipitate forms,
impeding stirring. The solid can be isolated by filtration, washed with n-hexane and
dried in vacuo, and transferred to a glovebox for storage. Interestingly, two distinct 7-
azaindole species are present - one can be clearly identified as the a- magnesiated species,
however the other species does not correspond to the starting N-methyl-7-azaindole (see
Figure 4.30). Based on analysis of the integrals, it appears possible that the species is
a laterally metallated species - however, a large shift in the chemical shift of the new
N—-CH,—Mg signals would likely be expected. Attempts to crystallise this compound
were not successful. Similarly to the previous base ratios, the reaction was quenched with
a 1 M solution of iodine in THF, which resulted in the isolation of N-methyl-2-iodo-7-
azaindole in a high yield as a crystalline solid. GC/MS analysis of the crude reaction

mixture did not detect the presence of any other iodinated species.
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Figure 4.30: 'H NMR spectrum of the reaction between 1.5 equivalents of N-methyl-7-
azaindole and the magnesiate 1 in C4,D, on the bottom, with a standard of N-methyl-7-
azaindole on top
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Figure 4.31: 'H NMR spectrum of the reaction between 1.5 equivalents of N-methyl-7-
azaindole and the magnesiate 1 in C¢Dy at 298 K

While further work is required to chase up the exact solution state composition of these

metallated N-methyl-7-azaindole, it does appear that selective c.-magnesiation is occurring.

4.18 Reaction of magnesiate base 1 with N-ethyl-7-azaindole

£ i) [(TMEDA)Na(TMP)(CH,SiMe3)Mg(TMP)] £

; hexane, r.t., 30 minutes N h

NaN > NS
P i) I, (1M in THF), 30 minutes w'

Scheme 4.40: Reaction of the magnesiate base 1 with N-ethyl-7-azaindole, followed by
iodine quenching

To a stirred hexane solution of the magnesiate base 1, was added a molar equivalent of
N-ethyl-7-azaindole at room temperature. This resulted in the formation of a large quantity

of a white precipitate, which did not form an oily bi-phasic mixture like N-methyl-7-
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azaindole. This solid was isolated by filtration, washed with n-hexane and dried in vacuo.

It was transferred to a glovebox for analysis.

The solid was dissolved in C¢Dy and analysed by 'H NMR spectroscopy. While substantial
starting material was present, two distinct metallated species were present, as indicated by
the two singlets (at 6.83 and 6.21 ppm) and the two Et—CH, signals. This is hypothesised
to be a mixture of the a- and (- magnesiated species. Turning to an electrophile quench, a
1 M iodine solution in THF was added dropwise to a stirred solution of the magnesiate
base 1 and N-ethyl-7-azaindole. This resulted in the isolation of the selective a- iodinated

species N-ethyl-2-i0do-7-azaindole in a high yield (76 %, see Scheme 4.40).
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Figure 4.32: '"H NMR spectrum of the reaction between 1 equivalent of N-ethyl-7-
azaindole and the magnesiate 1 in C;Dy on the bottom, with a standard of N-ethyl-7-
azaindole on top

As with N-methyl-7-azaindole, we next decided to try the alternative base mixture that
was used in N-methyl and N-ethyl indole. Four equivalents of N-ethyl-7-azaindole was
added to a stirred solution of nBuNa, Mg(CH,SiMe;), and TMEDA in a 2:1:2 ratio. This

resulted in the deposition of a large quantity of a white solid 29. This solid was isolated
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and dissolved in C¢D for 'H NMR analysis (see Figure 4.33). Interestingly, this appears
to result in selectively one magnesiation product being observed (as compared to the
reaction of 1 with N-ethyl-7-azaindole). Indeed, when comparing the two NMR spectra
(see Figure 4.34), we do see that this appears to be the other species present in the reaction
of 1 with N-ethyl-7-azaindole. Despite numerous attempts to crystallise this mixture,

unfortunately no structural information has been gathered about these species.
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Figure 4.33: 'H NMR spectrum of the reaction between the ’alternative’ base mixture
and four equivalents of N-ethyl-7-azaindole at 298 K

Looking to confirm the regioselectivity of this "alternative base mixture’, a 1 M iodine
solution was added dropwise to 29. Following organic workup, this resulted in the
isolation of N-ethyl-2-iodo-7-azaindole (see Scheme 4.41). This leads us to the conclu-
sion that the reaction of N-ethyl-7-azaindole with the magnesiate base 1 likely leads to
a mixture of alpha- magnesiated [(TMEDA)Na(TMP)(a—C.H,N,—Et)Mg(TMP)] and
[(Na - TMEDA),Mg(ao—C¢H,N,—Et),].
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Figure 4.34: Comparison of the reaction of 1 with N-ethyl-7-azaindole (top) and the
“alternative base mixture’ (bottom)

i) 2 NaTMP, Mg(CH,SiMe3),, 2 TMEDA £

/ hexane, r.t., 15 minutes N :

4 >N » >N
PV i) I2, 1 M in THF, 30 minutes w'

Scheme 4.41: Electrophilic quench of 29 with iodine, to give the a- iodinated species
N-ethyl-2-iodo-7-azaindole

4.19 Conclusions and Future Work

This chapter focused on the reaction of the magnesiate base 1 with a variety of N-
heterocyclic indoles and 7-azaindoles. It found almost exclusively a magnesiation to
occur, except for when the bulky TIPS protecting group was used in the case of N-

triisopropylsilyl-1H-indole.

When N-methyl and N-ethyl indoles were employed, a disproportionation reac-
tion was found to occur, to give the disodium tetraindol-2-ylmagnesiates [Na -

TMEDA),Mg(a—CyHgN),] and [(Na - TMEDA),Mg(a—C,,H,;N),]. These complexes
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could be rationalised synthesised by mixing nBuNa, Mg(CH,SiMe;), and TMEDA in
a 2:1:2 ratio, and the addition of four equivalents of the corresponding indole. These
magnesiated complexes were subsequently used in in situ iodolysis and Pd-catalysed
cross-coupling reactions with Phl. Similar reactivity was observed when exploring the
N, 3-dimethyl- and N-methyl-3-ethyl-1H-indole species. With both N-isopropyl-1H-indole
and N-isopropyl-3-methyl-1H-indole, the sodium magnesiate stays ’intact’, giving rise to

the o magnesiation selectively.

A di-magnesiation was found to occur in the case of N-phenyl-1H-indole, with both the a-
position of the indole ring and the ortho- position of the phenyl group magnesiated. The
corresponding di-iodo species was isolated following an iodine quench of the metallated
intermediate. Preliminary work has been conducted on the use of this species in Pd-

catalysed cross-coupling, however this is not included in this thesis.

The bulky triisopropylsilyl- protecting group leads to the selective S-magnesiation of TIPS-
indole, allowing access to N-triisopropylsilyl-3-iodo-1H-indole. This TIPS protecting
group can be removed with a source of the F~ ion, such as TBAF, to give the 3-substituted

free indole.

Further work is required to fully elucidate the reactivity observed when magnesiating
7-azaindoles. While it does appear that electrophile quenches result in the selective a-
iodination, it is not currently clear what the metallated species are. Further crystallographic

evidence would allow the precise nature of these complex species to be elucidated.
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5 Bi-metallic metallations of P-heterocyclic compounds

After previous success in the magnesiation of a variety of N-substituted indoles, it was

decided to explore the analogous phosphorus compound - phosphindole.

Benzo[b]phosphole derivatives have attracted significant interested for their semiconduct-
ing, fluorescent and coordinating properties, holding promise in various areas including

organic electronics, bioimaging, coordination chemistry and catalysis. ?"~14!

The metallation chemistry of substituted phosphindoles has only briefly been explored
in the literature. For example, the lithiation of 5-phenyl-dibenzophosphole oxide with
LDA, followed by electrophilic quench results in predominately «-functionalised 5-

phenyl-dibenzophosphole, as well as small quantities of the di-substituted product (see

i) 1.5 equiv LDA, THF
-78°C, 1h TMS TMS
ii) TMSCI, -78 °C |
& O

45 % 9%

Scheme 5.1).'4?

Scheme 5.1: Reaction of LDA with 5-phenyl-dibenzophosphole oxide

Similarly, the synthesis of 7-substituted 1,2,3-triphenylphosphindole oxide was explored
using LiTMP, which could then be trapped with 1,2-diiodoethane (see Scheme 5.2).!43
With the corresponding 7-iodo species, the authors explored a variety of palladium
cross coupling reactions, giving access to a large variety of 7-functionalised 1,2,3-
triphenylphosphindole oxide molecules. '4? Interestingly, high molar equivalents of LiTMP
(3.6 equivalents) were required to optimise the yield of the lithiated intermediate, while

still being overall low yielding (47 % yield).
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Ph i) 3.6 equiv LITMP, THF ' Ph

p=0 -78°C, 2h p=0
/P . g Ve
i) 3.8 equiv ICH,CH3l, -78 °C
Ph Ph
47 % yield

Scheme 5.2: Reaction of LiTMP with 1,2,3-triphenylphosphindole oxide

Encouraged by these lithium-metallation studies, our initial targets for this study were the
analogous phosphorus equivalents of N-phenylindole - namely; P-phenylphosphindole
and P-phenylphosphindole oxide (see Figure 5.1). In the nitrogen system, we observed a
di-magnesiation, selectively at the a- position of the indole ring and the ortho- position of

the phenyl ring (see Figure 5.1).

2

Figure 5.1: Target phosphindole molecules (top) and outcome of the magnesiation of the
analagous N-phenylindole (bottom)

5.1 Synthesis of P-phenylphosphindole

Since the phenylphosphindoles are not commercially available, we used a range of literature
procedures to aid in their synthesis. While a number of literature procedures were found
for P-phenylphosphindole (II) and its oxide, they were found to be generally unreliable,
poor yielding or difficult to purify. The route proposed by Tsuchiya et al.'**, and further
optimised by Decken et al.'*> was chosen as a starting point. Unfortunately, trichlorosilane

(used to reduce the phospindole oxide to the phosphindole) is not commercially available in
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Australia, and cannot be imported. Nevertheless, this method seemed the most promising,
and careful exclusion of oxygen could avoid the oxidation to phosphorus(V) present in

this method.

| I N\ m ™S
J TMS X PCl
R = R — m LGS
Ph Ph
M s
TMSCI + =  — |\ =
=

Scheme 5.3: Retrosynthesis of the target P-phenylphoshindole, starting from commer-
cially available phenylacetylene

To a stirred solution of phenylacetylene in THF, n-BuLi was added dropwise at -78 ° C.
This resulted in the formation of a bright blue suspension, likely due to trace amounts
of the dianion. After stirring at -78 ° C for 30 minutes, the solution was quenched with
trimethylsilylchloride to afford the desired product, 1-trimethylsilyl-phenylacetylene as a

pale yellow oil in a quantitative yield and high purity (see Scheme 5.4).

H i) nBuLi, THF, -78 °C

P i) TMSCI, -78 °C =
gl gy

Scheme 5.4: Synthesis of 1-trimethylsilylphenylacetylene from phenylacetylene

TMS

The next step in the synthetic sequence involves the hydralumination of 1-
trimethylsilylphenylacetylene with diisobutylaluminium hydride (DIBAL-Hdr and
subsequent treatment with N-bromosuccinimide (NBS). The resulting (Z)-3-bromo-/3-
trimethylsilylstyrene was isolated regio- and stero-selectively in a high yield (ca. 80 %

yield, see Scheme 5.5).
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™S i) DIBAL-H, n-hexane

// i) NBS, 0 °C NN T™MS

= Br

Scheme 5.5: Synthesis of (Z)-S-bromo-/-trimethylsilylstyrene  from 1-
trimethylsilylphenylacetylene

To form the phosphindole, the (Z)-3-bromo-/-trimethylsilylstyrene can be di-lithiated
with two equivalents of n-BuLi, followed by addition of phenylphosphine dichloride to
afford ring closure and the desired phosphorus heterocycle (see Scheme 5.6). While the
literature reports of this step were vague, it was found through extensive optimisation that
this reaction was highly sensitive to the quality of n-BuLi used, the precise stoichiometry
and the rate of addition of both the n-BuLi and the phenylphosphorus dichloride. Optimal
synthesis used freshly titrated n-BuLi added slowly dropwise (over 30 minutes), as well as

the addition of a dilute solution (< 0.2 M in diethyl ether) of phenylphosphine dichloride.

i) 2 equiv nBuLi, Et,0O, 0 °C AN ™S
T™MS i) PhPClI,, Et,0, 0 °C
X R
'
Br @

Scheme 5.6: Synthesis of 2-trimethylsilyl-P-phenylphosphindole

The final step in the synthetic sequence to P-phenylphosphindole involves the deprotection
of the trimethylsilyl protecting group. This could be achieved using tetrabutylammonium
fluoride (TBAF) as a F~ source (see Scheme 5.7). Attempts to use CsF as a F~ source
were unsuccessful, resulting in quantitative return of starting material (in contrast to
what is reported by Tsuchiya et al.'*®). This reaction was not found to be sensitive to
oxygen or moisture, and so inert conditions were not required. In a modification from
reported methods, this deprotection step can be conveniently performed in a pressurised
microwave reactor, where a more reliable reaction outcome was achieved (in a shorter
time period). Following organic workup, pure P-phenylphosphindole was isolated as a

yellow, crystalline solid which can be used without further purification.
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Scheme 5.7: Deprotection of the the trimethylsilyl group from P-phenyl-2-trimethylsilyl-
phosphindole

The corresponding phosphorus(V) oxide can be obtained at either step (Scheme 5.6
or Scheme 5.7), simply by the addition of H,O, to a THF solution of the phosphorus
heterocycle with vigorous stirring (see Scheme 5.8). This step leads to quantitative
conversion to the corresponding phosphorus(V) P-phenyl-2-trimethylsilyl-phosphindole

oxide or P-phenyl-phosphindole oxide.

H,0,, THF

Y

I
N
o
N
_|
I
T
Y

Scheme 5.8: Oxidation of P-phenylphosphindole and P-phenyl-2-trimethylsilyl-
phosphindole

5.2 Isolation of the di-lithio intermediate in the synthesis of P-phenylphosphindole

Interested in the structure of the di-lithiated intermediate (see Scheme 5.6) present in the
synthetic strategy, we attempted to crystallise this intermediate species. In one repeat
synthesis, addition of one equivalent of the bidentate Lewis base TMEDA and storage of
the solution at -30 °C yielded a crop of red crystals, which were identified by single-crystal

X-ray diffraction to be the di-lithiated complex [(TMEDA)Li(PhC,H, SiMe;)Li], 30.
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5.2.1 Solid state analysis of complex 30

Figure 5.2: The asymmetric unit of 30. Thermal ellipsoids shown at 40 % probability.
Hydrogen atoms omitted for clarity. Selected bond lengths (A) and angles (°): Li(1) - C(8),
2.090(2); Li(1) - C(7), 2.531(2); Li(1) - C(1), 2.668(2); Li(1) - C(6), 2.254(2); Li(2) - C(8),
2.160(2); Li(2) - C(7), 2.558(2); Li(2) - C(1), 2.574(2); Li(2) - C(6), 2.223(2), N(1) - Li(2),
2.096(2); N(2) - Li(2), 2.103(2).

Complex 30 crystallises as a dimeric species, consisting of two di-lithiated units (the
asymmetric unit is shown in Figure 5.2). The full molecular structure is seen in Figure 5.3.
In the molecular structure of 30, the dimeric species has two lithium atoms on the periphery,
interacting with the 7- electron system of the double bond (Li(2) - C bond lengths range
from 2.160(2) - 2.558(2) A) and capped by a bidentate, chelating TMEDA (Li - N bond
lengths of 2.096(2) and 2.103(2) A). Two lithium atoms are internal to the dimeric species,
interacting with the - electron density of the double bond (Li(1) - C bond lengths range
from 2.090(2) - 2.668(2) A), as well as bridging to two carbons within the aromatic ring
of the second unit (Li(1) - C bond lengths of 2.156(2) and 2.472(2) A). The structure
of 30 results from two distinct lithiation events: a Li—Br exchange as well as a C—H

deprotonation at the ortho-position of the aromatic ring.
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Figure 5.3: Full molecular structure of 30. Symmetry operator > =1-x,1-y, 1 -z. Li(1)
- C(5)’, 2.472(2); Li(1) - C(6)’, 2.156(2).

5.3 Solution state analysis of complex 30

Complex 30 was dissolved in C,D¢ and analysed by 'H and "Li NMR spectroscopy.
Signals associated with the phenyl group are present between 7.25 - 8.5 ppm, and the
Ph—CH proton is evident at 9.24 ppm. A broad, undefined signal is evident from 1
ppm - 2.25 ppm, which corresponds to the coordinated TMEDA ligand (see Figure 5.4).

Interestingly, only one broad ’Li signal is observed at 2.13 ppm (see Figure 5.5).
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Figure 5.4: '"H NMR spectrum of 30 in C;D; at 298 K
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Figure 5.5: "Li NMR spectrum of 30 in C;D, at 298 K
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5.4 Reaction of the magnesiate base 1 with P-phenylphosphindole

/

N——r
( L TMP

PN (TMEDA)Na(TMP)(CH,SiMe;)Mg(TMP)] N@
> /N =

/
P
/ hexane, r.t.

Scheme 5.9: Reaction of the magnesiate base 1 with P-phenylphosphindole

After the successful synthesis of the phosphindole, we next began our reactivity studies
with the bimetallic base 1. A molar equivalent of P-phenylphosphindole was added via a
solid addition tube to a solution of the magnesiate base 1. Stirring the reaction overnight
(16 hours) resulted in the deposition of a large quantity of a brown solid. This solid was
isolated by filtration, washed with n-hexane and dried in vacuo. On one repeat synthesis,
crystals were grown following hot filtration and slow cooling of the solution in a hot oil
bath. Analysis by single-crystal X-ray diffraction revealed the o magnesiated complex

[(TMEDA)Na(TMP)(a—CgH;P—Ph)Mg(TMP)] 31.

5.4.1 Solid state structure of 31

The molecular structure of 31 features an a-magnesiated P-phenylphosphindole unit
(Mg-C(2) bond length 2.194(9) A). The magnesium atom is in a trigonal planar geom-
etry, completing its coordination environment with a terminal TMP (Mg - N(1) bond
length 1.993(6) A) and a bridging TMP (Mg - N(2) bond length 2.068(7) A). The
sodium atom has electrostatic interactions with both the alpha- and beta- position of the
P-phenylphosphindole (Na - C bond lengths of 2.798(8) and 2.945(8) A respectively). The
sodium atoms coordination environment is completed by a bridging TMP (Na - N(2) bond

length 2.508(7) A) and a chelating, bidentate TMEDA.
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Figure 5.6: Molecular structure of 31. Thermal ellipsoids shown at 40 % probability.
Hydrogen atoms and a hexane solvent molecule omitted for clarity. Selected bond lengths
(A) and angles (°): Mg(1) - C(2), 2.194(9); Mg(1) - N(1), 1.993(6); Mg(1) - N(2), 2.068(7);
Na(1) - C(2), 2.798(8) ; Na(1) - C(3), 2.945(8); N(2) - Mg(1) - C(2), 107.1(3); N(1) -
Mg(1) - N(2), 133.3(3); C(1) - Mg(1) - N(1), 119.4(3); Na(1) - N(3) - Mg(1), 90.8(3).

5.4.2 Solution state analysis of 31

Complex 31 was dissolved in C¢D and analysed by 'H and *'P{'H} NMR spectroscopy
(see Figure 5.7). While the coupling within the phosphindole leads to a complicated
aromatic region, the phenyl-group protons and the C3-H can be identified by integration
and coupling to 'P nuclei respectively. Signals are evident for coordinated TMEDA, as
well as TMP. The *'P{'"H} NMR spectrum (see Figure 5.8) shows one sharp signal at

29.74 ppm (compared to 0.43 ppm in free P-phenylphosphindole).
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Figure 5.7: '"H NMR spectrum of 31 in C;Dg at 298 K
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Figure 5.8: ¥'P{'"H} NMR spectrum of 31 in C¢D; at 298 K

To an in situ reaction mixture of 32, an iodine solution (1 M in THF) was added dropwise
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at room temperature. The resulting suspension was stirred for 30 minutes, before the
addition of sodium thiosulphate until bleaching occurred. The organic layer was washed
with 5 % HCI (3 x 10 mL), to remove any amines present. P-phenyl-2-iodo-phosphindole

oxide was isolated as a crystalline solid in a high yield of 73 % (see Scheme 5.10).

i) [[TMEDA)Na(TMP)(CH,SiMe3)Mg(TMP)]
n-hexane, 16 hr

PR i) 1, in THF, O, 0 °C P=0
L P

Scheme 5.10: Iodine quench of complex 31

5.5 Reaction of the magnesiate base 1 with P-phenylphosphindole oxide

Q [(TMEDA)Na(TMP)(CH,SiMe3)Mg(TMP)]

xP=0 »-
hexane, r.t.
| P

Scheme 5.11: Reaction of the magnesiate base 1 with P-phenylphosphindole oxide

The magnesiate base 1 was prepared as a hexane solution, before being transferred
via cannula to a Schlenk containing a molar equivalent of P-phenylphosphindole
oxide. Overnight, a large quantity of a brown precipitate formed. Following hot
filtration, single crystals grew which were found to be the di-magnesiated structure

[(TMEDA)Na(TMP)(a-— CgH,PO—ortho—C H,)Mg], 33.

5.6 Solid state analysis of 33

The molecular structure of 33 shows a di-deprotonated P-phenylphosphindole oxide, in

both the « position of the phosphindole ring and the ortho-position of the phenyl ring (Mg
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- C bond lengths of 2.217(3) and 2.205(3) A respectively). Interestingly, this manifests
as an intermolecular di-magnesiation, as the magnesium bridges between two separate
phosphindole units (see Figure 5.10 for full molecular structure). Both the magnesium
atom and the sodium atom are interacting with the oxygen of the phosphine oxide (M -
O bond lengths of 2.0443(18) and 2.320(2) A respectively). The magnesium bonds to a
bridging TMP (Mg - N bond length 2.101(2) A). The sodium atoms are four coordinate,
bonding to a bridging TMP (Na - N bond length 2.484(2) A), the previously mentioned
oxygen, and a chelating, bidentate TMEDA (Na - N bond lengths of 2.570(2) and 2.455(2)
A).

Figure 5.9: Molecular structure of 33. Thermal ellipsoids shown at 40 % probability.
Hydrogen atoms omitted for clarity. Selected bond lengths (A) and angles (°): P(1) - O(1),
1.5254(17); Mg(1) - C(14), 2.205(3); Mg(1) - O(1), 2.0443(18); Na(1) - O(1), 2.320(2);
Na(1) - N(1), 2.484(2); Mg(1) - N(1), 2.101(2); Na(1) - N(2), 2.570(2); Na(1) - N(3),
2.455(2); C(14) - Mg(1) - O(1), 86.08(8); N(1) - Mg(1) - O(1), 99.65(8); Mg(1) - N(1) -
Na(1), 91.48(7); Na(1) - O(1) - P(1), 132.27(10).
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Figure 5.10: Molecular structure of 33. Thermal ellipsoids shown at 40 % probability.
Hydrogen atoms omitted for clarity. Selected bond lengths (A) and angles (°): P(1) -
0O(1), 1.5254(17); Mg(1) - C(14), 2.205(3); Na(1) - O(1), 2.320(2); Na(1) - N(1), 2.484(2);
Mg(1) - N(1), 2.101(2); Na(1) - N(2), 2.570(2); Na(1) - N(3), 2.455(2); C(14) - Mg(1) -
O(1), 86.08(8); N(1) - Mg(1) - O(1), 99.65(8); Mg(1) - N(1) - Na(1), 91.48(7); Na(1) -
O(1) - P(1), 132.27(10); Mg(1) - C(2)", 2.217(3)

5.6.1 Solution state analysis of complex 33

Compound 33 was dissolved in C¢,D; and analysed by 'H and *'P NMR spectroscopy.
Interestingly, no signals are evident for the deprotonated P-phenylphosphindole oxide unit
(see Figure 5.11) - instead, only signals relating to the TMP and TMEDA are visible. The

3IP{'H} NMR spectrum shows no signal at all (see Figure 5.12).
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Figure 5.11: 'H NMR spectrum of 33 in C¢D; at 298 K

R o e B T s e e e A B e e T T T T T T T T T T T T T T T
140 120 100 80 60 40 20 0 -20 -40 -60 -80 -100 -120 -140 -160 -180 -200 -220 -240
f1 (ppm)

Figure 5.12: 3'P{'"H} NMR spectrum of 33 in C;D; at 298 K

In order to determine if their was any phosphindole in the NMR sample, MeOD was added
(0.1 mL), to quench any reactive metal species and return deuterated starting material.
Interestingly, this led to signals being present for the phosphindole species, including
in the *'P{'H} NMR spectrum (see Figure 5.13 and Figure 5.14). The presence of the

P-phenylphosphindole oxide was also supported by GC/MS analysis to be present.
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Figure 5.13: 'H NMR spectrum of 33 in C¢Dy after the addition of 0.1 mL MeOD at 298
K
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Figure 5.14: 3'"H NMR spectrum of 33 in C¢Dy after the addition of 0.1 mL MeOD at 298
K

5.6.2 EPR characterisation of complex 33

As it seemed likely we were dealing with a NMR silent radical species, we sought new
collaborations to conduct EPR (electron paramagnetic resonance) measurements of 33.
These measurements and the subsequent data analysis were conducted at the Australian

National University in collaboration with Assoc. Prof. Nick Cox and Martyna Judd.
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CW X-band EPR (Solution Phase and Solid Phase, low temperature)

The solution-phase EPR spectrum of the sample is shown in Figure 5.15. The dominant
structure is a three-line 44 MHz (1.57 mT) splitting indicative of a strongly localized (43 %
spin density) '“N-centred radical (I = 1). Each of the three derivative shaped lines is further
split by a fine structure consisting of two main features: (i) a < 1 MHz multiline splitting
on each main nitrogen derivative feature, and (ii) a broader 5 MHz splitting manifesting as
shoulder structures about each nitrogen line. The former multiline pattern (i) was attributed
to a 0.56 MHz splitting from two pairs of six equivalent methyl-group protons closest
to the nitrogen radical, in addition to a 0.92 MHz and 0.78 MHz hyperfine contribution
from the *Na (I = 3/2) and *'P (I = 1/2) nuclei respectively. The broader shoulder feature
(ii) could be fit by including a 5.0 MHz contribution from the 10 % abundant Mg (I =
5/2) nucleus. These hyperfine contributions were determined in tandem with the double
resonance pulse measurements detailed in the sections that follow. Details of the simulation

best-fit parameters are summarized in table 5.1.

(a) T T T T T T T T T T T (b)

CW X-band (220 K)
0.047 mW, 0.05 G mod amp

experiment

simulation

experiment

\
simulation ) ‘1

341.5 342 342.5 343 3435 344 344.5 345 345.5 346 346.5 343.4 343.8 3442
B, (mT) B, (mT)
Figure 5.15: CW X-band spectrum of the radical sample in toluene at 220 K comparing
the experimental (black trace) and simulated (red trace) spectra, where the simulation was
modelled using the parameters in table 5.1. The insert in (b) shows the central feature in
(a) enlarged with the experimental and simulated traces superimposed.
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Table 5.1: Fitting parameters for simulations of the CW EPR radical spectrum in Fig-
ure 5.15. Spectral features were modelled using the EasySpin package garlic.

Parameter Modelled Value
g-value 2.00748
Linewidth (Lorentzian) 0.012 mT
Hyperfine couplings \MHz (% spin density)
A(N) 43.9 (43 %)
AMg) 5.00 (5.7 %)
A(Na) 0.92 (<1 %)
A(P) 0.78 (<1 %)
AMH)x 6 0.56 (6.6 % for all 6 H)

The solid-phase spectrum (see Figure 5.16) was obtained by cooling the sample to 120 K,
i.e. below the freezing point of toluene where the spectrum is dominated by the anisotropic
component of the nitrogen hyperfine interaction. The sample was measured using a
power of 0.0047 mW (45 dB attenuation) to meet non-saturating conditions, using a field
modulation amplitude of 1 G. Simulations used the EasySpin solid-state CW program
pepper. The simulation fitting parameters used are shown in table 5.2. The spectrum can
be modelled by assuming a rhombic g-tensor with the large component of the hyperfine
splitting along the A, axis of the hyperfine tensor A. To model the linewidths, H-strain,
which specifies a Gaussian broadening in each axis direction, was included to account for
unresolved hyperfine splittings along the A,, and A,, axes. The modelled A-tensor agrees
with the isotropic component fit to the solution spectrum: A = A;,, + Ay, Where Ay, 18
the anisotropic dipolar traceless tensor ['A, ‘A, ‘A ], and A/3 = A, i.e. [23593]/3=
43.7 MHz.
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Figure 5.16: CW X-band solid state spectrum of the radical sample in toluene at 120 K

comparing the experimental (black trace) and simulated (red trace) spectra, where the
simulation was modelled using the parameters in table 5.1.

Table 5.2: Fitting parameters for simulations of the CW EPR low-temperature spectrum
in Figure 5.16. Simulation was run using the EasySpin package pepper

Parameter Modelled Value
g-tensor [2.0110 2.0068 2.0038]
Linewidth (Gaussian) 0.63 mT
14N hyperfine [AnAyA,,] (MHz) [2 35 93]
H-Strain [A, A A ] (MHz) [20 10 15]

xx* tyytizz

Mims ENDOR on *'P, ?*Na and 'H

The measured Mims ENDOR spectra are depicted in Figure 5.17, scaled and normalized
to the maximum intensity of each spectrum. Both 'H spectra show a clear proton matrix
line as well as suggestions of broader 5-11 MHz couplings. The >*Na spectrum appears
to similarly average to a matrix-line peak, with a possible broader 4.8 MHz structure as
well. The 3'P spectrum gives the most structured spectrum of the three nuclei, with clear
shoulder features arising as 2.7 MHz and 5.2 MHz couplings. These results are more or

less consistent with the X-band HYSCORE detailed in the section below.
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Figure 5.17: MIMS ENDOR spectra (a-c) for 'H, **Na and 3'P couplings respectively,
and '"H Davies ENDOR in (a) for comparison. Davies could only be performed at the
proton frequency owing to blind spotting at the centre of the 2*Na and *'P positions

ESEEM and HYSCORE for Mg Hyperfine

ESEEM and HYSCORE are coherence-transfer experiments that lend themselves to
detecting low-frequency nuclear couplings, and at W-band can be useful to extracting
the Magnesium couplings in this system (v(*Mg) = 8.7 MHz at W-band). Three-pulse
ESEEM experiments were performed using the sequence 7/2 — 7 — /2 —= T+dt — w/2 — 7 —
echo, recorded as a function of T+dt, using 7/2 = 20 ns, T = 80 ns, dt = 4 ns at different
fixed values of 7. Figure 5.18 shows the experimental and simulated spectra for 7 = 200,
450, 700 and 950 ns in both the time (Figure 5.18a) and Fourier-transformed (Figure 5.18b)
frequency domain. The spectra were simulated using the EasySpin program saffron for
pulse experiments, and were fit by including Mg and “N couplings. The Mg coupling
accounts for the larger peaks around 9 MHz in the fft spectrum (Figure 5.18b) and was
modelled as A(25Mg) =5.044 + [-1.68, -2.52, 4.2] MHz, where the first term is the isotropic
hyperfine value A;;, obtained in the CW solution spectrum (Figure 5.15), and the second
tensor term is the anisotropic traceless dipolar interaction [A,, A,, A..]. A quadrupole
interaction of [2.0. 0.0] MHz was also included in the simulation. The '*N accounts for the
feature around 30 MHz (for a nucleus in the strong coupling regime, the signal will appear

at half the hyperfine, split by twice the Larmor frequency). The coupling was originally fit
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to the same anisotropic A tensor that was modelled for the X-band solid-state spectrum in
Figure 5.16, but a better fit was obtained using the values A =44.0 + [-11.7 -14.3 26.0]
MHz (= [32.3 29.7 70.0 MHz]) This is substantially different from the tensor fit to the
CW 120 K spectrum. However, the W-band is subject to bandwidth limitations — only a
component of the nitrogen interaction will ever be excited meaning a direct comparison

cannot be made to the X-band data, and it is therefore also difficult to simulate accurately.

3p ESEEM time domain (b)

(a)

3p ESEEM FFT
T

W-band (94 GHz)
120K

T =450 ns

/ / A
J|. II | II II| l',
- L, 7=950ns

.u \/
experiment
—— simulation
01 02 03 04 05 0 20 40 60 80
7+ T (us) v (MHz)

Figure 5.18: 3-p ESEEM in the time domain (a) and frequency domain (b) comparing the
experimental (black trace) and simulated (green trance) spectra at different values of 7, as
annotated on each spectrum

The HYSCORE experiment is a 2D version of the 3-pulse ESEEM experiment and
discriminates between interactions in the strong and weak coupling regimes. Weakly
coupled nuclei appear at the nuclear Larmor frequency in the (+, +) quadrant (upper right),

split by the hyperfine frequency about the antidiagonal. Strongly coupled nuclei appear
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in the (+, -) quadrant (upper left) at half the hyperfine frequency (A/2), split by twice
the Larmor frequency 2vN about the diagonal. Like in 3-pulse ESEEM, the spectrum
is collected over several fixed 7 values and averaged in the time domain before Fourier

transforming.

The W-band HYSCORE spectrum for this system is shown in Figure 5.19. The vertical
lines in the two quadrants indicate the expected weak vs strong couplings given the Mg
interactions predicted so far. The HY SCORE shows signals that could be roughly ascribed
to an Mg interaction in both quadrants, although the apparent Mg hyperfine visualized
in the HYSCORE in the (+, -) quadrant is larger than what was modelled in the CW
EPR spectrum and the ESEEM. However, both the HY SCORE and 3-pulse ESEEM were
subject to artefacts (appearing as dips or oscillations at T + t = 7), meaning the low-
frequency regions could be distorted. Regardless, the presence of distinct real features in
both the (+,-) and (+, +) quadrants suggests that the >?Mg interaction is likely intermediate

between the strong and weak coupling regimes.

HYSCORE W-band (94 GHz), powder @120 K

15 T T T T
N N (+-) A(z5Mg) ? A@5Mg)|expected +4)
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S i
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0 1
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Figure 5.19: W-band HYSCORE annotated with the strong (+,-) vs weak (+,+) coupling
regimes and possible Mg signals.

HYSCORE was also performed at X-band on a frozen solution (toluene solvent) sample
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at 50 K (using liquid Helium). This spectrum is shown in Figure 5.20 and supports both
the CW and ENDOR measurements detailed above. The 'H, 2Na and 3'P nuclei are
clearly in the weak coupling regime, which supports the proposition that the spin density
of the system is delocalized from the nitrogen towards the direction of the Mg nucleus,
rather than towards the Na nucleus. The couplings observed in the X-band HY SCORE
are broadly consistent with those observed in the W-band ENDOR experiments, with the

exception of the large 3'P ( 12 MHz) coupling, which could not be resolved from the noise

in ENDOR.
X-band (9.8 GHz) HYSCORE (Solution @ 50 K)
(+ -)A> vy, (+ +)A<y
20 B \ N
< 151 &R 1
T A= 9 MHz
=3 AN
o 10 \ : .
5r ZaN; A.; =12 MHz ? g
| \o
0 1 | | 1 1 | . | |

20 -15  -10 -5 0 5 10 15 20
w, (MHz)

Figure 5.20: X-band HY SCORE annotated with the strong (+,-) vs weak (+,+) coupling
regimes and showing the weakly-coupled nuclear signals.

Conclusions of EPR studies of 33

At this stage, one interpretation of the information presented points towards a nitrogen
centred radical species. The hypothesised structure is pictured in Figure 5.21. Further work
is ongoing to determine the precise nature of this radical species, as well as computational

work to model the structure and position of the radical.
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Figure 5.21: Proposed structure of the radical species of 33

5.7 Synthesis of 5-phenyl-SH-benzo[b]phosphindole oxide

Looking to extend the phosphindole oxide series, we next sought to explore the reactivity

of 5-phenyl-5H-benzo[b]phosphindole oxide (see Figure 5.22).

9o
Figure 5.22: Target benzo[b]phosphindole

To synthesise these target molecules, we first targeted the synthesis of 2,2’-
dibromobiphenyl, which could then be di-lithiated and quenched with P P-
dichlorophenylphosphine to form the corresponding 5-phenyl-5SH-benzo[b]phosphindole.
2,2’-Dibromobiphenyl could be readily synthesised by the addition of a half molar
equivalent of n-BuLi to 1,2-dibromobenzene in THF at -78 ° C, and allowing the mixture
to warm to room temperature. Following the addition of water, the corresponding
2,2’-dibromobiphenyl could be isolated in a high yield, and recrystallised from n-hexane

(see Scheme 5.12).
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Scheme 5.12: Synthesis of 2,2’-dibromobiphenyl

To a solution of 2,2’-dibromobiphenyl in diethyl ether was added two equivalents of
n-BuLi at 0 ° C. After two hours stirring, a solution of P, P-dichlorophenylphosphine in
diethyl ether was added dropwise, resulting in the formation of the desired 5-phenyl-5H-
benzo[b]phosphindole (see Scheme 5.13).

B i) 2 equiv nBuLi
r O i) PhPCl,

- P

Et °
O Br 20,0°C @

Scheme 5.13: Synthesis of 5-phenyl-5H-benzo[b]phosphindole

While this method was convenient, shortage of the 1,2-dibromobenzene led us to explore
another synthesis method. Two molar equivalents of phenyllithium were added to a solution
of triphenylphosphine oxide in THF, resulting in a dark red solution. This solution was
heated to reflux overnight (16 hrs), before being cooled to room temperature and quenched
with aqueous NaHCO;. The crude residue was purified by column chromatography (silica
gel, EtOAc, compound was dry loaded on celite), to give the desired product in a high
crystalline yield (typical yields > 80 %). The desired phosphine oxide could be readily

obtained by the addition of H,O, to a stirred THF solution of the phosphindole.

P

.0
P
©/ @ THF, reflux, 16 hrs @

Scheme 5.14: Alternative synthesis of 5-phenyl-SH-benzo[b]phosphindole from triph-
enylphosphine oxide and phenyllithium
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5.7.1 Reaction of the magnesiate base 1 with 5-phenyl-5H-benzo[b]phosphindole

oxide

[(TMEDA)Na(TMP)(CH,SiMe3)Mg(TMP)]

Px

e) »  brown solid
@ hexane, r.t.

Scheme 5.15: Reaction of the magnesiate base 1 with 5-phenyl-5H-benzo[b]phosphindole
oxide

A molar equivalent of 5-phenyl-5SH-benzo[b]phosphindole oxide was added as a solid
portion to a stirred solution of the magnesiate base 1. This resulted in the deposition
of a large quantity of a brown solid (see Scheme 5.15). This was isolated by filtration,
washed with n-hexane and dried in vacuo. It was transferred to a glovebox for storage.

This complex will be referred to as complex 34.

The brown solid was dissolved in C,D, and analysed by 'H and *'P{'"H} NMR spec-
troscopy (see Figure 5.23 and Figure 5.24 respectively). Unfortunately, similarly to
33, the isolated species here is NMR silent, and no signals corresponding to the

benzo[b]phosphindole could be observed in either the 'H or *'P{'"H} NMR spectrum.

ity ] N W"”/

T T T T T T T
8 7 6 5 4 3 2 1
1 (ppm)

Figure 5.23: '"H NMR spectrum in C¢D; of the brown solid from the reaction of the
magnesiate base 1 with 5-phenyl-5H-benzo[b]phosphindole oxide at 298 K
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Figure 5.24: *'P{'H} NMR spectrum in C4D; of the brown solid from the reaction of the
magnesiate base 1 with 5-phenyl-SH-benzo[b]phosphindole oxide at 298 K

Similarly to 33, the addition of 0.1 mL of MeOD to quench any metallated species resulted
in the reappearance of signals corresponding to the benzo[b]phosphindole (see Figure 5.25

and Figure 5.26).
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Figure 5.25: '"H NMR spectrum in C D, of the brown solid from the reaction of the
magnesiate base 1 with 5-phenyl-5H-benzo[b]phosphindole oxide after the addition of 0.1
mL MeOD at 298 K
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Figure 5.26: *'P{"H} NMR spectrum in C4Dy of the brown solid from the reaction of the
magnesiate base 1 with 5-phenyl-5H-benzo[b]phosphindole oxide after the addition of 0.1
mL MeOD at 298 K

As it appeared we were dealing with another radical species, samples were sent for EPR

analysis at the Australian National University. Unfortunately, only a very weak signal was
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obtained during this analysis, suggesting the possibility that the radical species in this case

was a minor impurity, rather than the dominant species present.

To try and confirm what metallation position (if any) was present in this sample, we next
sought to do an iodine quench of the in sifu mixture. The resulting residue was analysed by
'H and *'P{'H} NMR spectroscopy, as well as GC/MS. Interestingly, a mixture of all six
possible regioisomers is observed, as well as substantial starting material (see Figure 5.27
for the GC/MS chromatogram and MS spectrum). After this result, further work was not

pursued as it became clear that no selective metallation would be achieved.
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Figure 5.27: GC/MS analysis of the crude reaction product of the iodine quench of

complex 34

5.8 Conclusions and future work

This work has reported the first magnesiations of P-heterocyclic molecules. In the case
of P-phenylphosphindoles, it was found that differing reactivity was observed dependent

on the oxidation state of the phosphorus atom, where phosphorus(Ill) complexes led
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to single deprotonations, whereas phosphorus(V) oxides favoured di-deprotonations, as
well as the generation of NMR silent paramagnetic species. When moving to P-phenyl-
benzo[b]phosphindole oxide, it appears another paramagnetic species is been generated,

however this needs further exploration.

Further work is necessary to tie down the exact nature of the radical species generated
in the reaction of the magnesiate base 1 with phosphorus(V) heterocyclic molecules.
Preliminary experiments involving radical traps (such as TEMPO) have been conducted,
however more extensive studies are required. The synthesis of a variety of phosphindoles
and their corresponding phosphine oxides could also be explored. These can be readily
synthesised by varying the phosphine dichloride species used when quenching the dilithio-

species in the synthesis of P-phenylphosphindole.

Unfortunately this aspect of the overall research project was heavily affected by the global
COVID-19 pandemic, and the associated university shutdowns and border closures within
Australia. This was further exacerbated by the breakdown of key analytical facilities within

Monash University in 2020.
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6 Overall Project Conclusions and Future Work

This research project has extended the reactivity profile of the sodium magnesiate
[(TMEDA)Na(TMP)(CH,SiMe;)Mg(TMP)] 1, exploring its metallation chemistry with a
variety of N- and P- containing molecules. This includes the first reported magnesiations
of P, P-dialkylphenylphosphines as well as P-heterocyclic phosphindoles. This has led
to the surprising outcome of the generation of stable radical species, which require a
more detailed, comprehensive study to fully understand. This study would include the
synthesis of a range of P-substituted phosphindoles and phosphindole oxides. Additionally,
a study on their corresponding reactivity with the sodium magnesiate 1 would allow the full
elucidation and synthetic potential of these new radical species to be examined. It should
also be extended to a range of mono- and bi-metallic bases, to see what the necessary
components are for the generation of these radical species. The exploration of a variety of
phosphine oxides, as well as other phosphorus (V) species (for example, phosphorus (V)
sulfides, boranes), could also be explored. Detailed computational studies should also be

conducted, to gain further insight into the nature of the radical species generated.

The reactivity of the sodium magnesiate 1 could also be explored against a larger range of
functionalised aromatics, as well as other traditionally sensitive functional groups (halides,

aldehydes, ketones, esters, etc).

Investigating a range of N-heterocyclic molecules with 1 as predominately returned a-
magnesiations, with atom efficient metallations occurring when N-methyl and N-ethyl
directing groups are present. Further work should focus on changing the steric and
electronic nature of the directing groups present, to attempt to access the magnesiation
of the benzenoid ring. For instance, N-triisopropylsilyl-3-dimethylaminomethyl-indole
allows access to the C4 position in established lithium chemistry, and should be explored

with the sodium magnesiate 1. Furthermore, the extension to other cross-coupling reactions,
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such as iron catalysed cross-coupling should be explored to fully understand the synthetic

potential of these species.

This research project has also developed two new lithium magnesiate bases,
[(TMEDA)Li(TMP)(CH,SiMe;)Mg(TMP)] and [(TMEDA)Li(TMP),(CHSiMe;)Mg].
While initial solution state studies of these bases indicated a large degree of fluctional be-
haviour, an in-depth study into the reactivity of these bases against a variety functionalised
aromatic substrates should be conducted to further understand the structure and reactivity
of these new bases. If similar reactivity is observed with these lithium magnesiates (when
compared to the sodium magnesiate 1), they could offer a more practical alternative for the
average synthetic chemist, who may not have access to inert-atmosphere gloveboxes or the
extensive air-free techniques required for the synthesis of 1. These lithium magnesiates
can be synthesised from entirely commercially available chemicals, using basic Schlenk

line techniques.
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7 Experimental Section

7.1 Instrumentation

7.1.1 'H-NMR spectra

Proton NMR spectra were recorded on a Bruker AVANCE 400 (400 MHz) or 600 (600
MHz) spectrometer. Chemical shifts were recorded on the ¢ scale in parts per million
(ppm). Spectra were measured in d-chloroform (CDCl;) using the residual 7.26 ppm
signal, d¢-benzene (C4Dy) using the residual 7.16 ppm signal, dg-toluene using the residual
2.09 and 6.98 ppm signals, d|,-cyclohexane using the residual 1.38 ppm signal and ds-
tetrahydrofuran (dg-THF) using the residual 1.73 and 3.58 ppm signals. The residual signal
of each solvent was used as an internal reference. The resonance was reported according
to the following convention: chemical shift (§ ppm) [multiplicity, number of hydrogens,
coupling constant, and assignment]. Multiplicities are designated as (s) = singlet, (br)
= broad signal, (d) = doublet, (dd) = doublet of doublets, (t) = triple, (m) = multiplet.

Coupling constants were recorded on Hz scale.

7.1.2 '3C-NMR spectra

Carbon NMR spectra were recorded at 100 MHz on a Bruker AVANCE DRX 400 spec-
trometer. Chemical shifts were recorded on the ¢ scale in parts per million (ppm). Spectra
were measuring in d-chloroform using the triplet carbon signal (77.16 ppm) signal, C¢Dg

using the triplet carbon (128.06 ppm) signal and dg-tetrahydrofuran using the pentent

carbon (25.37 and 67.57 ppm) signals.
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7.1.3 3'P-NMR spectra

3IP- NMR spectra were collected using a Bruker Avance400 spectrometer operating at
162 MHz. Spectra were assigned chemical shifts in parts per million (ppm), and reported
relative to external H;PO, at 0 ppm. Coupled spectra are denoted as *'P-NMR and

decoupled spectra are denoted as *'P{'H}-NMR.

7.1.4 GC/MS analysis

Analysis was carried out at the Monash Analytical Platform, Australia (School of Chem-
istry, Monash University). GC/MS analysis was conducted on a Agilent 6890 GC coupled
to a 5973 MS system (Santa Clara, CA, USA) with an EI source. A 1 pL injection volume
of test compound was used in conjunction with a 100:1 split ratio and a He carrier gas
with a constant flow of 1 mL/min. Analytes were separated on an Aglent DB-5MS 30m
column with a film thickness of 0.25 uM and a diameter of 0.25 mm on a temperature
gradient starting at 50 °C for 3 minutes and ramping to 300 °C at a rate of 12 °C. A final
hold time of 5 minutes was employed. The MS was operated in scan mode with a mass

range of m/z 30-550 units.

7.1.5 Fourier Transform Infrared (FTIR) analysis

Fourier Transform Infrared (FTIR) spectra were obtained on an Agilent Cary 630 diamond
attenuated total deflection (ATR) spectrometer with MicroLab software. Absorptions are
reported in wavenumbers (cm '), with relative intensities described by the abbreviations:

strong (s), medium (m), weak (w) and prefixed broad (b) where appropriate.

7.1.6 Reactions under anhydrous conditions - Schlenk protocol

All reactions requiring anhydrous conditions were conducted with oven dried glassware
under an atmosphere of dry nitrogen using a vacuum / nitrogen line and Schlenk techniques.

All glassware was dried at 105 °C for at least 18 hours prior to use and allowed to cool under
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vacuum to minimise water content. The Schlenk assembly was purged of air and moisture
under high vacuum and backfilled with nitrogen three times. Liquids and solutions of
dissolved solids were transferred through rubber seals using oven dried, nitrogen purged
syringes or cannulas. Filtering of solutions was carried out through rubber seals using
oven dried / nitrogen purged cannula equipped with glass fibre micro filters (GF/A, circles
@ 42.5 cm, Whatman ®) which were fixed with Teflon rubber. Air-sensitive compounds
were stored in a high purity argon recirculating dry box, with oxygen and moisture levels
typically lower than 0.5 ppm. All analytical samples of air-sensitive compounds were

prepared using a high purity argon recirculating dry box.

7.1.7 Microanalysis

Microanalyses were carried out by the Science Centre, London Metropolitan University.

Air and moisture sensitive samples were prepared in air tight sealed glass ampules.

7.1.8 DOSY NMR

All spectra were acquired in 5 mm NMR tubes. Sample spinning was deactivated during
the measurements. All DOSY experiments were performed using a double stimulated
echo sequence with bipolar gradient pulses and three spoil gradients with convection
compensation (dstebpgp3s). The diffusion time was A = 0.1 s. The duration of the
magnetic field pulse gradients /2 was adjusted for each temperature in a range of 400-3500
ps. The delay for gradient recovery was 0.2 ms and the eddy current delay 5 ms. For each
DOSY-NMR experiment, a series of 16 spectra on 32 K data points were collected. The
pulse gradients (g) were incremented from 2 to 98% of the maximum gradient strength in a
linear ramp with a total experiment time of 45 min. The temperature was set and controlled
at 298 K with an air flow of 400 1 h~! in order to avoid any temperature fluctuations due to
sample heating during the magnetic field pulse gradients. After Fourier transformation and

baseline correction, the diffusion dimension was processed with the Topspin 3.1 software.
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Diffusion coefficients, processed with a line broadening of 2 Hz, were calculated by

Gaussian fits with the T1/T2 software of Topspin.

7.1.9 X-ray crystallographic analysis

Crystallographic data was collected on either a Bruker X8 APEXII CCD diffractometer
equipped with an OXFORD Cryosystems 700 (at 123(1) K), a Rigaku Xtalab Synergy
Dualflex diffractometer with monochromatic (graphite) Mo (A =0.71073 A) orCu(\=
1.54180 A) Ko radiation (at 123(1) K) or at the MX1 or MX2 beamlines at the Australian
Synchrotron, Melbourne, Victoria, Australia (A = 0.71070 A, at 100 K). At the MX1 and
MX?2 beamlines, the software used for data collection and reduction of the data were
Blulce'¥” and XDS.!'*8. Lorentz, polarisation and absorption corrections (multi-scan -

SADABS) !* were applied to all datasets.

All crystal structures were solved and refined with SHELX-2014 ' and X-seed interface !*!
or Olex2.'>? All non-hydrogen atoms were refined with anisotropic thermal parameters

unless otherwise indicated and hydrogen atoms were placed in calculated positions using

a riding model with C-H = 0.95-0.98 A and Uiso(H) =xU;,,(C),x=120r1.5.

7.1.10 Powder X-ray diffraction analysis

Powder X-ray diffraction (PXRD) data was collected at room temperature using a Bruker
D8 Advance Eco diffractometer equipped with a Cu Ka (A = 1.5418 A) radiation. The
sample was mounted on a zero background silicon single crystal stage and sealed under
high purity argon in a glovebox. Data was collected in the angle interval 26 = 5 - 55 ° with
a step size of 0.02 °. The data was collected at 298 K and compared to predicted patterns

based on the single crystal data (collected at 123 K).
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7.1.11 Flash Column Chromatography

Flash column chromatography was performed on silica gel (Davisil LC60A, 40-63 um
silica) using compressed air. Thin layer chromatography (TLC) was performed using
aluminium-backed plates coated with 0.2 mm silica (Merck, DC Kieselgel 60 Fo54 plates).

Eluted plates were visualised using a 254 nm UV lamp and treated with a suitable stain.

7.1.12 EPR characterisation of 33

CW X-band measurements in the solution phase were performed on a 9.4 GHz X-band
EPR spectrometer equipped with an EN 4118X-MD4 pulse resonator. The solution-phase
experiments were run at 220 K which was found to be the optimum temperature for
resolving the fine structure of the spectrum whilst remaining above the melting point of
the toluene solvent (178 K). Spectra were recorded with a field modulation amplitude
of 0.05 G and a microwave power of 0.047 mW. Simulations were performed using the
fast-motion CW EPR program garlic in the EasySpin package !> in MATLAB, and were

optimized using a Nelder-Mead minimization algorithm.

Pulse W-band EPR, Powder Sample

All pulse W-band experiments were measured on a 94 GHz W-band EPR spectrometer
(Bruker ELEXSYS ES580) equipped with a cylindrical resonator. Experiments were
performed at 120 K (Liquid N,) to afford slower T, relaxation times. At W-band the
sample was measured as a solid powder owing to the sensitivity of the sample to air, which
proved problematic when using W-band capillaries (10 pL quartz tubes) requiring a small
sample size (3 uL). The maximum field position was determined by an Electron-Spin-Echo
(ESE) Field Sweep, using the pulse sequence 7/2 - 7 - 7 - T - echo, with /2 = 20 ns, and
7 =200 ns. In this case, the ESE of the powder sample does not allow resolution of the
g-anisotropy, and so was useful primarily for determining the field position for maximum

echo response.
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Mims ENDOR on 3'P, #*Na and 'H

The ENDOR experiment resolves couplings to nuclei via a double resonance pulse se-
quence, using an RF pulse that is matched to the Larmor frequency of the nucleus, and a
MW detection sequence at the frequency of the system’s electronic spin transition. Mims
ENDOR spectra were measured using the pulse sequence: 7, -7 -7, —Tpp - T -7, - 7 -
echo, with varied 7 (100-900 ns), 7, = 20 ns, T = 5000 ns. The optimal RF pulse length
(tpr) was measured by RF nutation, giving tgpz = 28 us for 3'P ENDOR and tpy = 50 us
for 2*Na ENDOR and tzp = 16 ns for 'H ENDOR. The RF attenuator and sum attenuator
were both set to 0 dB, and spectra were measured at the maximum field position (3352.5
mT). Davies ENDOR was also measured at the 'H frequency for comparison, using the
pulse sequence 7 - T - tg /' - T — 7/2 - 7 - 7 - echo using selective, soft pulses of 7 = 80 ns.
Mims ENDOR spectra were T-averaged and scaled to the echo intensity to remove blind
spotting artefacts. The Mg nucleus cannot be measured by ENDOR owing to resonator

and excitation bandwidth limitations.

7.2 Precursor Synthesis

7.2.1 Synthesis of [Mg(CH,SiMe;),]

To a 500 mL round bottom flask equipped with a condenser and a pressure-equalising
dropping funnel, magnesium turnings (4.5 g, 145 mmol) were added and the system
flushed three times. The magnesium turnings were suspended in 100 mL of dried Et,O. A
solution of Me;SiCH,CI (15 mL, 139 mmol) in 75 mL of dry Et,O was added dropwise
via the dropping funnel. Following the addition, the reaction was refluxed for one hour,
following which dried 1,4-dioxane (8 mL, 93 mmol) in 75 mL of dried Et,O was added
dropwise to afford a thick grey suspension. The reaction was allowed to stir at room
temperature for 2 days, then filtered through Celite and glass wool and washed with 2 x 40

mL of ether to give a clear solution. The solvent was removed in vacuo leaving a white

188



solid, which was purified via sublimation (0.15 torr, 174 °C) to yield a crystalline white

solid. This was stored in the glove box prior to use. Typical yield =8 - 9 g, 28 - 32 %.
'H NMR (400 MHz, CD, 300K): 6 0.25 (s, 18 H, CH;), -1.49 (s, 4 H, CH,).

13C NMR (100 MHz, C(D, 300K): § 4.8 (SiCH,, s), -7.5 (MgCH,).

7.2.2 Synthesis of n-BuNa

nBuNa was prepared according to the literature procedure. >* nBuLi (18.75 mL, [1.6 M
solution in hexane], 30 mmol) was added dropwise to a stirred suspension of sodium
tert-butoxide (2.88 g, 30 mmol) in 50 mL of hexane at O °C. The solution was allowed to
warm to room temperature and left stirring overnight. The resulting white precipitate was
collected by filtration and washed thoroughly with hexane (2 x 50 mL) and then dried
under vacuum. The highly pyrophoric solid was stored under argon in a recirculating dry

box. Typical yield 1.7 g, 70 %.

7.2.3 Synthesis of n-BukK

nBuK was prepared according to the literature procedure. > n-BuLi (18.75 mL, [1.6 M
solutionn in hexane], 30 mmol) was added dropwise to a stirred suspension of potassium
tert-butoxide (3.36 g, 30 mmol) in 50 mL of hexane at 0 ° C. The soluton was allowed
to warm to toom temperature and left stirring overnight. The resulting brown precipitate
was collected by filtration and washed thoroughly with hexane (2 x 50 mL) and then
dried under vacuum. The highly pyrophoric solid was stored under argon at -30 ° C in a

recirculating dry box.

7.2.4 Synthesis of Na(CH,SiMe;)

LiCH,SiMe; (25 mL, [1 M solution in pentane], 25 mmol) was added dropwise to a stirred
suspension of sodium terz-butoxide (2.3 g, 24 mmol) in n-hexane at 0 © C. The resulting

suspension was allowed to warm to room temperature stirring overnight. The precipitate of
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NaCH,SiMe; was isolated by filtration, and thoroughly washed with n-hexane and dried
under vacuum. The highly pyrophoric solid was stored under argon in a recirculating dry

box. Typical yield 2.25 g, 85 %.

7.2.5 Synthesis of K(CH,SiMe,)

LiCH,SiMe; (25 mL, [1 M solution in pentane], 25 mmol) was added dropwise to a stirred
suspension of potassium tert-butoxide (2.7 g, 24 mmol) in n-hexane at 0 ° C. The resulting
suspension was allowed to warm to room temperature stirring overnight. The precipitate
of KCH,SiMe; was isolated by filtration, and thoroughly washed with n-hexane and dried
under vacuum. The highly pyrophoric solid was stored under argon in a recirculating dry

box. Typical yield 1.97 g, 65 %.

7.2.6 Synthesis of Rb(CH,SiMe;)

LiCH,SiMe; (25 mL, [1 M solution in pentane], 25 mmol) was added dropwise to a stirred
suspension of rubidium fluoride (2.5 g, 24 mmol) in n-hexane. The resulting suspension
was heated to reflux for 16 hours. The precipitate of RbCH,SiMe, was isolated by filtration,
and thoroughly washed with n-hexane and dried under vacuum. The highly pyrophoric
solid was stored under argon in a recirculating dry box. Some residual rubidium fluoride
was always present, however this did not seem to impact the compounds reactivity. Due to
the rapid decomposition of this compound in typical NMR solvents, no characterisation by

NMR spectroscopy was possible.

7.2.7 Synthesis of Cs(CH,SiMe;)

LiCH,SiMe; (25 mL, [1 M solution in pentane], 25 mmol) was added dropwise to a stirred
suspension of caesium fluoride (3.65 g, 24 mmol) in n-hexane. The resulting suspension
was heated to reflux for 16 hours. The precipitate of CsCH,SiMe; was isolated by filtration,

and thoroughly washed with n-hexane and dried under vacuum. The highly pyrophoric
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solid was stored under argon in a recirculating dry box. Some residual caesium fluoride
was always present, however this did not seem to impact the compounds reactivity. Due to
the rapid decomposition of this compound in typical NMR solvents, no characterisation by

NMR spectroscopy was possible.

7.2.8 General Reaction Procedure 1 (GP1)
Synthesis of [ TMEDA)Na(TMP)(CH,SiMe;)Mg(TMP)] 1

nBuNa (0.08 g, 1 mmol) was suspended in 5 mL of dry n-hexane. To this suspension
TMP(H) (0.34 mL, 2 mmol) was added dropwise and the resulting suspension was stirred
for at least 30 minutes at room temperature. This resulted in a pale yellow suspension.
Next Mg(CH,SiMe;), (0.2 g, 1 mmol) was added via solid addition tube with subsequent
addition of TMEDA (0.15 mL, 1 mmol) affording a pale-yellow, transparent solution that
was used without further purification. If clumps of solid remained in solution following

addition of TMEDA, the solution was sonicated until complete dissolution occurred.

7.2.9 General Reaction Procedure 2 (GP2)

nBuNa (0.16 g, 2 mmol) was suspended in 10 mL of dry n-hexane. To this suspension
TMP(H) (0.34 mL, 2 mmol) was added dropwise and the resulting suspension was stirred
for at least 30 minutes at room temperature. This resulted in a pale yellow suspension.
Next Mg(CH,SiMe;), (0.2 g, 1 mmol) was added via solid addition tube with subsequent
addition of TMEDA (0.3 mL, 2 mmol) affording a pale-yellow, cloudy solution that was

used in situ without further purification.

191



7.3 Investigation into the solution state structure and stability of mixed metal mag-

nesiate bases

7.3.1 Synthesis of [(TMEDA)Li(TMP)(CH,SiMe;)Mg(TMP)]

n-Hexane (5 mL) was added to an oven-dried Schlenk followed by nBu,Mg (1 mL, [1 M
in hexanes], 1 mmol) and TMP(H) (0.34 mL, 2 mmol). The reaction mixture was heated to
reflux for 5 h, following which LiCH,SiMe,; (1 mL,[1 M in pentane], 1 mmol) was added
dropwise. Next TMEDA (0.15 mL, 1 mmol) was added to produce a clear yellow solution.
Storage of the Schlenk at - 28 ° C yielded colourless crystals (0.21 g, 41 %). 'H NMR
spectrums were obtained in C¢D,,, however they displayed a high degree of fluctionality,

and will not be included here.

Crystal data for C,gHg;LiMgN,Si: M = 515.16, colourless prism, 0.2 x 0.15 x 0.12 mm?,
monoclinic, space group P2a2;, a = 14.9595(3), b = 18.6845(3), ¢ = 11.9703(2), o = 90°,
3=90°~v=90°V =3345.83(10) A3, Z =4, D, = 1.023 g/cm?, Fypo = 1152, T = 123(2)
K, 22839 reflections collected, 6299 unique (R;,; = 0.0745), Final GooF = 1.041, RI =
0.0733, wR2 = 0.1976, 319 parameters, 1 restraint. Lp and absorption corrections applied,

1 =0.937 mm~!. Absolute structure parameter = 0.02(3).'>

7.3.2 Synthesis of [(PMDETA)Li(CH,SiMe;)Mg(TMP), |

n-Hexane (5 mL) was added to an oven-dried Schlenk followed by nBu,Mg (1 mL, [1 M
in hexanes], 1 mmol) and TMP(H) (0.34 mL, 2 mmol). The reaction mixture was heated
to reflux for 5 h, following which LiCH,SiMe,; (1 mL,[1 M in pentane], 1 mmol) was
added dropwise. Next PMDETA (0.21 mL, 1 mmol) was added to produce a clear yellow
solution. Storage of the Schlenk at - 28 ° C yielded pale yellow crystals (0.34 g, 59 %).
"H NMR spectrums were obtained in C¢D,,, however they displayed a high degree of

fluctionality, and will not be included here.

Crystal data for C;,H,,LiMgN;Si: M = 572.26, pale yellow prism, 0.3 x 0.25 x 0.15 mm?,
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monoclinic, space group P21/n, a =11.893(1), b = 15.3957(10), ¢ = 19.9922(10), o = 90°,
3 =92.242(10)°, v = 90°, V = 3657.79(4) A%, Z =4, D, = 1.039 g/cm?, Fyoo = 1280, T =
123(2) K, 29048 reflections collected, 7503 unique (R;,,; = 0.0267), Final GooF = 1.045,
R1 =0.0483, wR2 =0.1371, 423 parameters, O restraint. Lp and absorption corrections

applied, = 0.906 mm~1.

7.3.3 Synthesis of [ TMEDA)Na(TMP)(CH,SiMe;)Mg(TMP)]

nBuNa (0.08 g, 1 mmol) was suspended in 5 mL of n-hexane. To this suspension, TMP(H)
(0.34 mL, 2 mmol) is added dropwise, and the resulting yellow suspension allowed to
stir for at least 30 minutes. Following this, Mg(CH,SiMe;), (0.2 g, 1 mmol) is added as
a single portion via a solid addition tube. Next, TMEDA (0.15 mL, 1 mmol) is added,
resulting in the formation of a clear, yellow solution. If solid clumps remain, the solution
1s sonicated to ensure full dissolution occurs. Storage of the resulting yellow solution at

-30 ° C resulted in the deposition of a large quantity of colourless crystals.

'H NMR (600 MHz, Cyclohexane—d,,, 298.2 K):  2.67 (4 H, s, CH,—TMEDA), 2.57
(12 H, s, CH;—TMEDA), 2.04 (4 H, p, J 6.1, CH,—TMP), 1.70 (8 H, s, CH,—TMP), 1.57
(24 H, s, CH;—TMP), 0.34 (9 H, s, SiMe;), -1.86 (2 H, CH,—SiMe;).

13C NMR (150.95 MHz, Cyclohexane—d,,, 298.2 K): § 57.17, 51.86, 45.81, 41.60,
34.87,19.71, 3.94, 0.16.

7.3.4 Synthesis of [([PMDETA)K(TMP)(CH,SiMe;)Mg(TMP)]

n-Hexane (5 mL) was added to an oven-dried Schlenk followed by nBu,Mg (1 mL, [1 M
in hexanes], 1 mmol) and TMP(H) (0.34 mL, 2 mmol). The reaction mixture was heated
to reflux for 5 h, following which KCH,SiMe; (0.126 g, 1 mmol) was added via solid
addition tube. Next PMDETA (0.21 mL, 1 mmol) was added to produce a clear yellow

solution. Storage of the Schlenk at - 28 ° C yielded yellow crystals (0.31 g, 52 %).
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'H NMR (600 MHz, CDq, 298.2 K): § 2.50 (8 H, bs), 2.39 (12 H, s), 2.38 3 H, ), 1.95
-1.83(4H, m), 1.53 (8 H,s), 1.40 (24 H, 5), 0.16 (9 H, 5), -1.96 (2 H, s).

13C NMR (150.95 MHz, C,D,, 298.2 K): § 58.11, 56.36, 52.99, 46.02, 42.06, 35.90,
35.73,20.88, 5.10.

7.3.5 Synthesis of [([TMEDA);K]* [Mg(TMP),]

n-Hexane (5 mL) was added to an oven-dried Schlenk followed by nBu,Mg (1 mL, [1 M
in hexanes], 1 mmol) and TMP(H) (0.51 mL, 3 mmol). The reaction mixture was heated
to reflux for 5 h, following which KCH,SiMe, (0.126 g, 1 mmol) was added via solid
addition tube. Next TMEDA (0.45 mL, 3 mmol) was added to produce a clear yellow

solution. Storage of the Schlenk at - 28 ° C yielded colourless crystals (0.55 g, 66 %).

'H NMR (600 MHz, C,D,, 298.2 K): § 2.40 (12 H, s, TMEDA-CH,), 2.26 (36 H, s,
TMEDA-CH,), 1.48 (32 H, s, TMP-CH,), 1.38 - 1.40 (12 H, m, TMP), 0.91 - 1.03 (6 H,

m, TMP).

13C NMR (150.95 MHz, C,D,, 298.2 K): § 58.85, 50.02, 46.19, 39.26, 32.39, 26.97.

7.3.6 Synthesis of [(PMDETA),Rb]*[Mg(TMP),]"

n-Hexane (5 mL) was added to an oven-dried Schlenk followed by nBu,Mg (1 mL, [1 M
in hexanes], 1 mmol) and TMP(H) (0.51 mL, 3 mmol). The reaction mixture was heated
to reflux for 5 h, following which RbCH,SiMe, (0.171 g, 1 mmol) was added via solid
addition tube. Next PMDETA (0.42 mL, 2 mmol) was added to produce a clear yellow
solution. Storage of the Schlenk at - 28 ° C yielded yellow crystals, which were extremely

sensitive to moisture and oxygen.

'H NMR (600 MHz, C,D,, 298.2 K): § (12 H, s, TMEDA-CH,, (36 H, s, TMEDA-CH,),
(32 H, s, TMP-CH,), (12 H, m, TMP), (6 H, m, TMP).

Crystal data for C,;sH,,(MgNyRb: M = 877.11, clear yellow blocks, 0.15 x 0.12 x 0.09
mm?, monoclinic, space group P-1, a = 10.3798(14), b = 15.9233(2), ¢ = 16.8318(2), a
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=95.5549(11)°, B = 92.4073(10)°, v = 106.1455(12)°, V = 2652.77(6) A%, Z=2,D, =
1.098 g/cm?, Fyoo = 964, T = 123(2) K, 34408 reflections collected, 10777 unique (R;,,; =
0.0686), Final GooF = 1.061, RI = 0.0487, wR2 = 0.1232, 521 parameters, 12 restraints.

Lp and absorption corrections applied, p = 1.665 mm™?.

7.3.7 Synthesis of MgR, TMEDA

Mg(CH,SiMe;), (0.1 g, 0.5 mmol) was suspended in 5 mL of n-hexane. To this suspension,
TMEDA (0.08 mL, 0.5 mmol) was added, resulting in a clear yellow solution. This solution
was placed in a - 30 °C freezer overnight, resulting in the deposition of a large crop of

colourless, rod-like crystals.

'"H NMR (600 MHz, C,Dq, 298.2 K): § 1.75 (s, 12 H), 1.48 (s, 4 H), 0.43 (s, 18 H), -1.49
(s, 4 H).

13C NMR (150.95 MHz, C(Dy, 298.2 K): § 55.97, 46.53, 5.27, -6.87.

Crystal data for C,,H;3sMgN,Si,: M = 314.95, clear colourless block, 0.25 x 0.2 x 0.15
mm?, triclinic, space group P-1, a = 9.8642(3), b = 10.0031(4), ¢ = 13.0953(4), a =
106.685(3)°, 3 = 90.869(3)°, v = 117.883(4)°, V = 1076.87(8) A%, Z =2, D, = 0.971
g/em?®, Fooo = 352, T = 123(2) K, 13467 reflections collected, 5279 unique (R;,,; = 0.0345),
Final GooF = 1.097, RI = 0.0525, wR2 = 0.1415, 182 parameters, O restraints. Lp and

absorption corrections applied, ;= 0.187 mm™*.
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7.4 Bimetallic metallations of N,N- and P,P-dialkyl substituted anilines and

phenylphosphines
7.4.1 Synthesis of P, P-dimethylphenylphosphine

Me. __Me
f)

MeMgBr (25 mL, [3 M solution in Et,0], 75 mmol) was added dropwise to a stirred
solution containing P, P-dichlorophenylphosphine (PPhCl,, 5 mL, 37 mmol) in 60 mL of
Et,O at 0 °C over 60 minutes. This was stirred overnight. After filtration, the reaction was
quenched with 10 mL of de-oxygenated water. The ethereal layer was cannula filtered to
another round bottom flask, where the solvent was removed under vacuum. The phosphine
was purified by vacuum distillation at 0.15 torr, 30 °C, resulting in a colourless liquid.

Typical yield: 4.5 g, 88 %. This compound has been previously reported. 1>

'H NMR (400 MHz, C¢D, 300K): 0 7.48 (tt, 2 H, J = 6.83, 1.63 Hz, ortho-H ) 7.15 -
7.28 (m, 3H, meta/para-H), 1.17 (d, J = 3.32 Hz, CH,).

13C NMR (100 MHz, C(D, 300K): § 143.0 (d, quaternary-C), 130.6 (d, ortho-C), 128.2
(d, meta-C), 127.8 (s, para-C), 14.3 (d, CH,).

3P NMR (162 MHz, C(Dg, 300K): § -46.52 (s).
7.4.2 Synthesis of P,P-diethylphenylphosphine
ZSp N

O

EtMgBr (25 mL, [3 M solution in Et,0], 75 mmol) was added dropwise to a stirred

solution of PPhCI, (5§ mL, 37 mmol) in 60 mL of ether at O °C over 60 minutes. After
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filtration, the reaction was quenched with 15 mL of de-oxygenated water. The ethereal
layer was cannula filtered to another round bottom flask, where the solvent was removed
under vacuum. The phosphine was purified by vacuum distillation at 0.15 torr, 30 °C
resulting in a colourless liquid. Typical yield: 4.3 mL, 65 %. This compound has been

previously reported. 1>’

'H NMR (400 MHz, C¢Dy, 300K): 6 7.56 (m, 2 H, ortho-H), 7.1 - 7.3 (m, 3 H, meta/para
-H), 1.61 (m, 4 H, CH,), 1.05 (dt, 6 H, J/ = 7.6, 7.2 Hz, CH;).

13C NMR (100 MHz, C¢D, 300K): 0 139.1 (d, quaternary-C), 132.4 (d, ortho-C), 128.4
(s, para-C), 128.2 (d, meta-C), 20.3 (d, CH,), 9.7 (d, CH,).

3P NMR (162 MHz, C(D, 300K): § -16.59 (s).

7.4.3 Synthesis of P,P-diisopropylphenylphosphine

PPN

O

iPrMgBr (25 mL, [1 M solution in THF], 25 mmol) was added dropwise to a stirred
solution of PPhCl, (1.65 mL, 12.34 mmol) in 50 mL of THF at 0 °C over 60 minutes.
After filtration, the reaction was quenched with 10 mL of de-oxygenated water. The
ethereal layer was cannula filtered to another round bottom flask, where the solvent was
removed under vacuum. The phosphine was purified by vacuum distillation at 0.15 torr,
46 °C resulting in a colourless liquid. Typical yield: 2 g, 81 %. This compound has been

previously reported. '8

'"H NMR (400 MHz, C(D,, 300K): § 7.53 - 7.62 (m, ortho-H), 7.21 - 7.30 (m, 3 H,
meta/para-H), 2.06 (ds,2 H, J =7.2, 1.6 Hz, CH), 1.16 (dd, 6 H, J = 14.8, 7.2 Hz, CHj;),
1.00 (dd, 6 H, J = 10.8, 7.2 Hz, CH,).

13C NMR (100 MHz, C¢D, 300K): 6 135.3 (d, quaternary-C), 134.6 (d, ortho-C), 128.6
(s, para-C), 127.8 (d, meta-C), 22.8 (d, CH), 19.7 (d, CH,), 18.6 (d, CHj;).
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3P NMR (162 MHz, C¢Dg, 300K): 6 10.35 (s).

7.4.4 Synthesis of P, P-dichloro(napthalen-1-yl)phosphine

Cl._.Cl
P
=
NS

In a 500 mL round bottom flask equipped with a condenser, magnesium turnings (1.22 g,
50 mmol) was added and the system evacuated three times. The magnesium turnings were
suspended in 200 mL of dry THF. 1,2-Dibromoethane (0.1 mL, 1.2 mmol) was added and
the solution heated to reflux to initiate the Grignard reaction. Next, 1-bromonapthalene
(7 mL, 50 mmol) was added dropwise such that a gentle reflux was maintained. Upon
complete addition, the solution was refluxed for a further 30 minutes, before allowing to
cool to room temperature. This can result either in a homogeneous solution or a slurry.
To this mixture, ZnCl, (50 mL, [1 M in THF], 50 mmol) was added dropwise, resulting
in the formation of a white slurry. This was stirred for a further 1 hour. Next, this
solution was cooled to -78 °C, following which a solution of PCl; in THF (4.35 mL in 30
mL THF) was added dropwise. The resulting suspension was allowed to warm to room
temperature stirring overnight. The solvent was removed in vacuo, following which the
solids were extracted with diethyl ether. After filtration via filter cannula, the solvent was
removed to yield the title compound as a yellow solid. This compound has been previously

characterised. '*°

H NMR (600 MHz, C D, 298.2 K): § 8.45 —8.14 (1 H, m), 7.72 (1 H, dd, J 11.3, 7.2),
7.24 (2 H, m), 6.98 (1 H, ddd, J 8.5, 6.9, 1.6), 6.93 — 6.89 (1 H, m), 6.76 (1 H, ddd, J 8.3,
7.1, 1.1).

3P NMR (162.0 MHz, C,D, 298.3 K) § 164.15 (s).
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7.4.5 Synthesis of P,P-dimethylnapthyl-1-phosphine

P, P-dichloro(napthalen-1-yl)phosphine (4.58 g, 20 mmol) was dissolved in anhydrous
diethyl ether (100 mL). MeMgBr (20 mL, [3 M in diethyl ether], 60 mmol) was added
dropwise at 0 ° C, resulting in the formation of a precipitate. The resulting suspension was
stirred overnight, warming to room temperature. The following day, degassed H,O (20 mL)
is added carefully at 0 ° C (a large excess of MeMgBr is used, resulting in an exothermic
quench). The reaction is filtered under a protective nitrogen atmosphere and the solvent
removed in vacuo. The resulting oil is vacuum distilled to afford P, P-dimethylnapthyl-1-
phosphine in a high yield as a colourless oil. This compound can be purified by column

chromatography (silica gel, 5 % EtOAc/pteroleum benzene) with minimal oxidation.

'"H NMR (600 MHz, CDCl,, 298.2 K): § 7.88 — 7.61 (4 H, m), 7.40 — 7.34 (3 H, m), 1.30
(6H,d, J3.2).

13C NMR (150.95 MHz, CDCl,, 298.2 K): § 134.97 (d, J 21.0), 133.45 (d, J 4.4), 128.91
(d, J 6.3), 128.66, 128.06, 127.80, 126.62, 126.41, 125.97, 125.48, 14.15 (d, J 12.3).

3P NMR (162.0 MHz, CDCl,, 298.3 K) 6 -56.92 (s).

7.4.6 Reaction of 1 with N,N-dimethylaniline

Attempts were made to metallate N,N-dimethylaniline with the sodium magnesiate 1
[(TMEDA)Na(TMP)(CH,SiMe;)Mg(TMP)]. Reactions were conducted at room temper-
ature, and at reflux for 2, 4, 6 and 18 hours. Reactions at room temperature return
predominately starting material (trace metallated species present by 'H NMR analysis of
reaction aliquots). Optimal yield of metallated species was found at 2 hour reflux, beyond

this predominately starting material was returned (presumably through a decomposition

199



process). For iodolysis, an iodine solution (7 mL, 1 M in THF, 7 mmol) was added
dropwise at ambient temperature and allowed to stir overnight. The resulting solution
was quenched with aqueous sodium thiosulphate (20 mL). The solution was diluted with
DCM and the organic layer separated from the aqueous, dried over anhydrous MgSO, and
the solvent removed in vacuo. Integral ratios of either a solution aliquot or of the crude

material post iodolysis were used to determine relative yields.

7.4.6.1 Characterisation of iodinated species

Me. _Me
N

¥

N,N-dimethyl-3-iodoaniline ' 'H NMR (400 MHz, C,Dy, 298.2 K): § 7.10 (1 H, d, J 7.3),
7.02(1H,m),6.69 (1 H,t,J8.1),634(1H,dd,J=84,2.6),2.27 (1 H, s).

Me. .Me
N

N,N-dimethyl-4-iodoaniline ' 'H NMR (400 MHz, C,D, 298.2 K): § 7.45 (2 H,d,J =
9.0),6.13(2H,d,J=9.0),2.32 (6 H, s).

7.4.7 Reaction of 1 with N,N-diethylaniline

nBuNa (0.16 g, 2 mmol) was suspended in 10 mL of dry n-hexane. To this suspension
TMP(H) (0.68 mL, 4 mmol) was added dropwise and the resulting suspension was stirred
for at least 30 minutes at room temperature. This resulted in a pale yellow suspension.
Next Mg(CH,SiMe;), (0.4 g, 2 mmol) was added via solid addition tube with subsequent
addition of TMEDA (0.3 mL, 2mmol) affording a pale-yellow, transparent solution that

was used without further purification. If clumps of solid remained in solution following
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addition of TMEDA, the solution was sonicated until complete dissolution occurred.
To this solution, N,N-diethylaniline (0.32 mL, 2 mmol) was added dropwise at room
temperature. The resulting solution was stirred overnight, resulting in the formation of a
large amount of white precipitate. This was isolated by filtration and transferred to an argon
glovebox for storage. X-ray quality single crystals were obtained upon recrystallisation

from n-hexane and slow cooling in a hot oil bath. Yield =0.77 g, 65 %.

H NMR (600 MHz, C,D,, 298.2 K): § 7.45 (d, 1 H, J = 2.9 Hz), 7.12 (s, 1 H), 7.11 (d,
1 H, J = 1.8 Hz), 6.48 (m, 1 H, meta-H), 3.17 (q, 4 H, J = 7 Hz, Ethyl-CH,), 1.98 — 1.87
(m, 4 H, ¥ CH,TMP), 1.66 (s (br), 24 H, CH, TMP), 1.63 (s (br), 12 H, CH,—TMEDA),
1.55 (s, 6 H, CH,TMEDA), 1.44 — 1.31 (m, 8 H, 3—CH,—TMP), 1.04 (t, 6 H, ] = 7 Hz,
Ethyl-CH,).

13C NMR (150.95 MHz, C,D,, 298.2 K): 173.41 (s, Mg-C), 147.22, 127.51, 126.03,
110.33 (meta’-C), 57.30 (CH,TMEDA), 46.34 (CH,TMEDA), 45.06 (CH,), 42.76 (3
CH,—TMP), 36.26 (CH; TMP), 20.76 (y-CH, TMP), 13.48 (CH,).

Crystal data for Cy,H¢,MgNNa: M = 592.21, clear yellow block, 0.25 x 0.2 x 0.15 mm?,
monoclinic, space group P21/n, a = 8.4765(7), b = 18.7027(17), ¢ = 24.956(2), a = 90
°, =90.886° v =90°,V=39559(6) A, Z =4, Dc = 1.067 g/lcm3, Fyy = 1400, T =
123(2) K, 45712 reflections collected, 7903 unique (R;,; = 0.1175), Final GooF = 1.035,
R; =0.0717, wRy = 0.1829, 404 parameters, O restraints. Lp and absorption corrections

applied, = 0.124 mm™!.

7.4.7.1 Characterisation of iodinated species

/\N/\

¥

N,N-diethyl-3-iodoaniline was isolated as a colourless liquid (yield 0.37 g, 67 %). 'H
NMR (400 MHz, CDCl,, 298.2 K): 6 7.05 - 6.80 (3 H, m), 6.61 (1 H, d, J =8.1),3.31 (4
H,q,J=7.0),1.15(6 H,t,J=7.0). '"H NMR (600 MHz, CeDg, 298.2K): 6 7.81 (1 H, d,J
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=8.9),7.54 (1 H,s),745(1 H,d,J=3.0),6.65(1 H,dd,J=8.9,3.0),3.56 (4 H, q,J =
7.1),1.43 (6 H,t,J=7.1).

SN

Small quantities of N,N-diethyl-4-iodoaniline were detected, presumably from the elec-
trophilic aromatic substitution of residual N,N-diethylaniline. N,N-diethyl-4-iodoaniline
"H NMR (600 MHz, C¢Dg, 298.2K): 6 7.71 (2H, d, ] =8.5), 6.73 (2 H, d, J = 8.5), 3.56
4H,q,J=7.1),143 (6 H,t,J=7.1).

7.4.8 Reaction of 1 with N,N-diisopropylaniline

Attempts were made to metallate N, N-diisopropylaniline with the sodium magnesiate
1 [(TMEDA)Na(TMP)(CH,SiMe;)Mg(TMP)]. Reactions were conducted at room tem-
perature, and at reflux for 2, 4, 6 and 18 hours. Reactions at room temperature return
predominately starting material (trace metallated species present by 'H NMR analysis of
reaction aliquots). Optimal yield of metallated species was found at 4 hour reflux, beyond
this predominately starting material was returned (presumably through a decomposition
process). For iodolysis, an iodine solution (7 mL, 1 M in THF, 7 mmol) was added
dropwise at ambient temperature and allowed to stir overnight. The resulting solution
was quenched with aqueous sodium thiosulphate (20 mL). The solution was diluted with
DCM and the organic layer separated from the aqueous, dried over anhydrous MgSO, and
the solvent removed in vacuo. Integral ratios of either a solution aliquot or of the crude

material post iodolysis were used to determine relative yields.
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7.4.8.1 Characterisation of iodinated species

S

¥

N,N-diisopropyl-3-iodoaniline "H NMR (400 MHz, C,Dy, 298.2 K): § 7.30 (1 H, t, J 2.0),
7.11(1H,d,J7.2),6.75-6.59 (2 H, m)

LA

N,N-diisopropyl-3-iodoaniline '"H NMR (400 MHz, C,D, 298.2 K): 6 7.41 (2 H, d, J 9.0),
6.41(2H,d, 19.0)

7.4.9 Reaction of 1 with P,P-dimethylphenylphosphine

nBuNa (0.16 g, 2 mmol) was suspended in 10 mL of dry n-hexane. To this suspension
TMP(H) (0.68 mL, 4 mmol) was added dropwise and the resulting suspension was stirred
for at least 30 minutes at room temperature. This resulted in a pale yellow suspension.
Next Mg(CH,SiMe;), (0.4 g, 2 mmol) was added via solid addition tube with subsequent
addition of TMEDA (0.3 mL, 2mmol) affording a pale-yellow, transparent solution that
was used without further purification. If clumps of solid remained in solution following
addition of TMEDA, the solution was sonicated until complete dissolution occurred. To
this solution, P, P-dimethylphenylphosphine (0.28 mL, 2 mmol) was added dropwise at
room temperature. The resulting solution was stirred overnight, resulting in the formation
of a large amount of white precipitate. This was isolated by filtration and transferred

to an argon glovebox for storage. X-ray quality single crystals were obtained upon
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recrystallisation from n-hexane and slow cooling in a hot oil bath. Crystalline yield = 0.67

g, 58 %.

'H NMR (400 MHz, C,Dq, 298.2 K): § 7.65 (t, 2 H, J = 6.84 Hz ortho-H), 7.27 (t, 2 H, J
=7.36 Hz, meta-H), 7.12 (t, 1 H, J =7.24 Hz, para-H), 1.95 (m (br), 4 H, v-CH,, TMP),
1.74 (s (br), 12 H, CH; TMEDA), 1.68 (s (br), 4 H, CH, TMEDA), 1.55 - 1.65 (m (br),
24 H, CH, TMP), 1.45 — 1.41 (m (br), 4 H, 3-CH, TMP) 1.40 (s, 3 H, CH;), 1.36 - 1.30
(m (br), 4 H, 5-CH, TMP), 0.60 (t, 1 H, J = 9.6 Hz, CH,Mg), -0.23 (d, 1 H, J = 10 Hz,
CH,Mg).

13C NMR (100 MHz, C(Dy, 298.2 K): § 150.25 (d, ipso-C), 130.4 (ortho-C), 127.1 (para-
C), 57.4 (CH,-TMEDA), 46.4 (CH;-TMEDA), 42.8 (5-C TMP), 36.21 (CH, TMP), 20.66
(v-C TMP), 18.78 (CH;), 8.0 (CH,—Mg) Note: meta-C signal appears under the C,Dg

residual peak (as determined by HSQC experiment).
3P NMR (162.0 MHz, C(D, 298.3 K) § -28.58 (s (br)), -29.68 (s (br)).

Microanalysis: Calculated for C;,H,N,MgNaP: C, 66.14; H, 10.75; N, 9.64. Found: C,
65.88; H, 10.53; N, 9.45.

Crystal data for C;,Hg,N,MgNaP 12: M = 581.12, colourless plates, 0.19 x 0.17 x 0.11
mm?, monoclinic, space group P21, a = 10.1805(9), b = 11.1263(13), ¢ = 15.4179(17), «
=90°, 5 =97.364(6)°, v =90°, V = 1732.0(3) A3, Z =2, D, = 1.114 g/cm?, Fyo = 640, T
=123(2) K, 56126 reflections collected, 8476 unique (R;,,; = 0.1395), Final GooF = 1.035,
R1 =0.0660, wR2 = 0.1489, 366 parameters, 1 restraints. Lp and absorption corrections

applied, 1 = 0.136 mm 1.

7.4.9.1 Characterisation of iodinated species

Q
/\P/\
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Bis(iodomethyl)(phenyl)phosphine oxide was isolated as a colourless crystalline solid

(0.42 g, 52 % yield) following flash chromatography (silica gel, ethyl acetate).

"H NMR (400 MHz, CDCl;, 298.2 K): § 7.94 —7.79 (2 H, m), 7.67 — 7.59 (1 H, m), 7.59 —
7.45 (2 H, m), 3.66 —3.42 (4 H, m).

3C NMR (100 MHz, CDCl;, 298.2 K): § 133.20 (d, J 2.8), 131.74 (d, J 8.9), 129.03 (d, J
12.2),-8.02 (d, J 69.7).

3P NMR (162 MHz, CDCl;, 298.2 K): § 29.85 (s).

HRMS (ESI) (IM + HJ") calcd. for CgHyI,0P: 406.8559, found 406.8551. Single crystals

were obtained from ethyl acetate.

Crystal data for CgHyPI,O: M = 405.92, colourless blocks, 0.2 x 0.18 x 0.15 mm?,
monoclinic, space group P21/n, a = 9.8572(5), b = 5.2264(2), ¢ = 21.9562(10), o = 90
° 3=100.336(2)°,y=90°,V=1112.78 A, Z = 4, Dc = 2.423 g/cm3, Fypo = 744, T =
123(2) K, 15166 reflections collected, 2655 unique (R;,; = 0.0313), Final GooF = 1.316,
R; =0.0322, wR, = 0.0678, 109 parameters, O restraints. Lp and absorption corrections

applied, 1 =5.751 mm™'.
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Iodomethyl(methyl)(phenyl)phosphine oxide was isolated as a colourless oil (0.19 g, 35 %

yield).

"H NMR (400 MHz, CDCl,, 298.2 K): 6 7.84 - 7.71 (2 H, m), 7.63 — 7.55 (1 H, m), 7.55 —
7452 H,m),3.32-3.22,(2H, m), 1.97 3 H, dt,J 13.1, 1.7).

3C NMR (151 MHz, CDCl;, 298.2 K): 6 132.61 (d, J = 2.9, para-C), 131.13 (d, J = 102.1,
ipso-C), 130.68 (d, J = 9.3, meta-C), 128.95 (d, J = 12.1, ortho-C), 14.64 (d, J = 75.5,
CH,), -3.71 (d, J = 64.5, CH,I).

3P NMR (162 MHz, CDClj;, 298.2 K): § 33.57 (s).

HRMS (ESI) (IM + HJ*) calcd. for CgH,,IOP: 280.9592, found: 280.9583.

(@]
Me.n_Me
P

Para-iodo- P, P-dimethylphenylphosphine oxide was detected in mixed column fractions. It

was not able to be isolated as a pure compound.

'"H NMR (400 MHz, CDCl;, 298.2 K): § 8.12 (2 H, (br)), 7.28 — 7.25 (2 H, m), 1.89 — 1.80
(6 H, broad).

7.4.10 Reaction of 1 with P,P-diisopropylphenylphosphine

To a stirred solution of the magnesiate base 1 (see GP1), P, P-diisopropylphenylphosphine
(0.2 g, 1 mmol) was added dropwise at room temperature. Upon addition, an immediate
formation of a bright yellow solution was observed. After stirring overnight, the solution
was filtered and its volume reduced in vacuo, where storage at - 30 ° C resulted in the

deposition of a large crop of yellow, block crystals. Crystalline yield = 0.2 g, 31 %.

'H NMR (600 MHz, C;D, 300K): § 8.15 (dd, 1 H, J = 8.4, 1.2 Hz, H®), 7.83 (d, 1 H, J
=4.4Hz HY, 723 (m, 1 H,H°),7.17 (t, 1 H, J = 6.6 Hz, H?), 2.10 (septet, 2 H, J = 6.6
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Hz, CH), 1.90 (t (br), 4 H, J = 6 Hz, v-CH, TMP), 1.61 (s (br), 36 H, CH; TMP/TMEDA),
1.36 (s (br), 6 H, CH, TMEDA), 1.19 (dd, 6 H, J = 14.7, 6.9 Hz, iPr, 1.07 (d, J/ = 1.2 Hz,
TMP), 1.02 (dd, 6 H, J = 10.5, 6.9 Hz, iPr).

3P NMR (162 MHz, C¢Dg, 300K): § 9.42 (s).

Unfortunately '*C NMR studies have been inconclusive due to the poor solubility and

instability of compound 35 in solution.

Crystal data for C;sHggMgN,NaP 35: M = 635.21, yellow blocks, 0.26 x 0.20 x 0.18 mm?,
monoclinic, space group P21/n, a = 8.4765(7), b = 18.7027(17), ¢ = 24.956(2), o = 90°,
3 =90.886(4)°, v =90°, V = 3955.9(6) A3, Z =4, D. = 1.067 g/cm?, Fyyy = 1400, T =
123(2) K, 45712 reflections collected, 7903 unique (R;,; = 0.1175), Final GooF = 1.035,
R1=0.0717, wR2 = 0.1829, 404 parameters, O restraints. Lp and absorption corrections

applied, = 0.124 mm™!.

7.4.11 Reaction of 1 with N,N-dimethylnapthyl-1-amine

To a stirred solution of the magnesiate base 1 (see GP1), distilled N,N-dimethylnapthyl-
I-amine (0.16 g, 1 mmol) was added dropwise at room temperature. Note: Samples of
N,N-dimethylnapthyl-1-amine from SigmaAldrich were found to have an unidentified
impurity, which interfered with the reaction. Distillation from CaH, resolved this issue.
The resulting solution was stirred overnight (16 hours), resulting in a large quantity of a
white precipitate. This was isolated by filtration, washed with n-hexane and dried in vacuo.

Yield =0.50 g, 78 %.

'"H NMR (400 MHz, C,D, 298.2 K): 6 8.33 (1 H, s), 8.24 (1 H,d,J 7.9),8.17 (1 H, d, J
7.9),740(1H,d,J8.1),7.30 (1 H,t,J7.7),6.87 (1 H,d,J7.3),2.68 (6 H, s), 1.91 (5 H,
p.J6.2),1.69 (25H,s),1.43 (14 H,s), 1.36 (11 H, s), 1.25 (6 H, s).

13C NMR (151 MHz, C,Dq, 298.2 K): § 169.91, 150.89, 139.34, 137.99, 134.94, 124.34,
122.22, 121.35, 111.86, 56.27, 51.92, 45.41, 44.82, 44.79, 44.77, 41.99, 38.25, 35.59,
31.67, 19.97.
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Crystal data for MS207 C;cHg,MgNsNa: M = 635.21, yellow blocks, 0.24 x 0.18 x 0.16
mm?, orthorhombic, space group Pna2l, a = 22.8425(13), b = 9.5028(4), ¢ = 17.6401(5),
a=90° 5=90°v=90° V =23829.113) A%, Z=4, D, = 1.065 g/lcm?, Fypo = 1352, T =
123(2) K, 29724 reflections collected, 7367 unique (R;,,; = 0.1146), Final GooF = 1.091,
RI1=0.0967, wR2 = 0.2228, 403 parameters, 1 restraints. Lp and absorption corrections

applied, 2 = 0.720 mm~!. Absolute structure parameter = 0.18(12).'5

7.4.12 Reaction of 1 with P, P-dimethylnapthyl-1-phosphine

To a stirred solution of the magnesiate base 1 (see GP1), distilled P, P-dimethylnapthyl-1-
phosphine (0.19 g, 1 mmol) was added dropwise at room temperature. The resulting blue
solution was stirred overnight (16 hours), resulting in a large quantity of a blue precipitate.
This was isolated by filtration, washed with n-hexane and dried in vacuo. Yield = 0.45 g,

72 %.

Crystal data for MS213 C; H,,MgN,NaP: M = 631.20, clear yellow block, 0.2 x 0.15 x
0.09 mm?, triclinic, space group P -1, a = 9.85701(11), b = 13.72889(16), ¢ = 14.7301(2),
o = 82.4430(11)°, 5 = 85.0865(10)°, v = 73.9304(10)°, V = 1897.29(4) A%, Z=2,D, =
1.105 g/cm?®, Fyoo = 692, T = 123(2) K, 7071 reflections collected, 4365 unique (R;,,; =
0.0206), Final GooF = 1.091, RI = 0.0459, wR2 = 0.1180, 457 parameters, 0 restraints. Lp

and absorption corrections applied, = 1.118mm™!.
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7.5 Bimetallic metallations of N-heterocyclic molecules

7.5.1 Synthesis of N-ethylindole

J
L)

To a stirred solution of indole (1 g, 8.54 mmol) and KOH (1.44 g, 25.61 mmol) in DMF (10
mL), ethyl bromide (1.27 mL, 17.07 mmol) was added at room temperature. The mixture
was stirred for three hours before being extracted with diethyl ether. The combined organic
layers were washed with H,O and brine, dried over anhydrous magnesium sulphate and
concentrated by rotary evaporation. The crude product was vacuum distilled at 0.15 torr,
60 °C to afford N-ethylindole as a colourless liquid. Yield: 0.92 g, 80 %. This compound

has been previously reported. !¢

'H NMR (400 MHz, C,D, 300K): § 7.74 (d, 1 H, J = 7.88 Hz, H*), 7.23 (m, 2 H, H’
H%),7.11(d, 1 H,J=8Hz, H), 6.68 (d, 1 H,J =3 Hz, H'"), 6.53 (d, | H, J =3 Hz, H),
3.44 (q,2H,J=17.2Hz, CH,), 0.87 (t, 3 H, J = 7.2 Hz, CH,).

13C NMR (100 MHz, C,Dy, 300K): § 135.9 (quaternary-C), 129.2 (quaternary-C), 126.5
(ChH, 121.4 (CH, 121.2 (C®), 119.4 (C°), 109.2 (C7), 101.2 (C?), 40.3 (CH,), 14.9 (CH,).

7.5.2 Synthesis of N-isopropylindole

b
PV,

To a stirred solution of indole (1 g, 8.54 mmol) and KOH (1.44 g, 25.61 mmol) in DMF
(10 mL), 2-bromopropane (1.6 mL, 17.07 mmol) was added at room temperature. The

mixture was stirred for 3 hours before being extracted with ethyl acetate. The combined
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organic layers were washed with H,O and brine, dried over anhydrous magnesium sulphate
and concentrated by rotary evaporation. The crude product was vacuum distilled at 0.15
torr, 60 °C to afford N-isopropylindole (0.8 g, 59 % yield) as a colourless liquid. This

compound has been previously reported. ¢!

'H NMR (400 MHz, C/D,, 300K): 6 7.75 (d, 1 H, J = 8 Hz, H*), 7.16 - 7.28 (m, 3 H,
H H°H’, 6.87 (d, 1 H, J =3.2 Hz, H"), 6.56 ppm (d, 1 H, J = 3.2 Hz, H?), 4.09 (septet, 1
H, J = 6.8 Hz, CH), 1.01 (d, 9 H, J = 6.8 Hz, CH,).

13C NMR (100 MHz, C,D4 300K): § 135.8 (quaternary-C), 129.2 (quaternary-C), 123.0
(Ch), 121.2 (C®), 120.8 (C*), 119.5 (C°), 109.4 (C7), 101.5 (C*), 46.5 (CH), 22.1 (CH,).

7.5.3 Synthesis of N-phenyl-1H-indole

v
D
This compound was prepared according to the literature. %> Indole (1.64 g, 14 mmol),
iodobenzene (2.04 g, 10 mmol), Cul (382 mg, 2 mmol) and Cs,CO; (6.52 g, 20 mmol)
was added to a Schlenk. The Schlenk was evacuated, and refilled with nitrogen x 3.
DMF (20 mL) was added. The resulting mixture was stirred at 120 °C under a nitrogen
atmosphere for 16 hours. After cooling to ambient temperature, the reaction mixture
was diluted with diethyl ether (40 mL), and washed with H,O (2 x 30 mL). The aqueous
phase was extracted with diethyl ether (2 x 30 mL), and the combined organic phases
were dried over MgSO,. After filtration, the solvent was removed, and the crude product

purified by column chromatography on silica gel (10 % EtOAc/petroleum benzine) to give

N-phenylindole as a light yellow oil. Typical yield = 1.55 g, 80 %.

'H NMR (400 MHz, C,D,, 300K): § 7.72 (1 H, dt,J 7.9, 1.0), 7.48 (1 H, dq, J 7.9, 1.0),
726 -7.15(2H, m),7.15-7.09 (2 H, m), 7.09 - 7.02 (2 H, m), 7.05 - 6.93 (2 H, m), 6.62
(1H,dd,J3.2,0.9).

210



13C NMR (100 MHz, C,Dq, 300K): 139.86, 136.13, 129.74, 129.31, 127.55, 125.98,
124.22, 122.46, 121.25, 120.54, 110.52, 103.78.

7.5.4 Synthesis of N-benzyl-1H-indole

o

Indole (1 g, 8.54 mmol) was dissolved in 10 mL of DMFE. Powdered KOH (0.96 g, 17
mmol) was added, and stirred for at least 30 minutes. Benzylchloride (1.96 mL, 17 mmol)
was added dropwise. The resulting suspension was stirred overnight (16 hours). The
reaction mixture was then diluted with diethyl ether, and 20 mL of H,O added. The layers
were separated and the aqueous layer extracted with 2 x 20 mL diethyl ether. The solvent
was removed to leave an oily solid, which was purified by flash chromatography (silica
gel) to yield N-benyzlindole as a crystalline colourless solid. Typical yield = 1.33 g, 75 %.

This compound has been previously reported. '3

'H NMR (600 MHz, C,D, 300K): § 7.79 — 7.66 (1 H, m), 7.20 — 7.16 (2 H, m), 7.11 —
7.05 (1 H,m),7.02-6.85(3H,m), 6.79-6.72 (2 H, m), 6.70 (1 H, d, J 3.2), 6.55 (1 H,
dd, J3.2,0.9),4.66 (2 H, s).

7.5.5 Synthesis of N-methyl-7-azaindole

7-azaindole (2.36 g, 20 mmol) was dissolved in 15 mL of DME. To this solution, powdered
KOH (2.24 g, 40 mmol) was added and the mixture stirred for 30 minutes. Mel (2.49 mL,

40 mmol) was added dropwise and the solution was stirred for 30 minutes. The reaction
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was monitored by TLC (ethyl acetate/petroleum benzine 50/50). After 30 minutes, the
reaction was diluted with diethyl ether, and quenched with 20 mL of H,O. The layers were
separated and the aqueous layer extracted with 2 x 20 mL diethyl ether. The combined
organic layers were washed with 10 x 20 mL of distilled water (to remove trace DMF)
and washed with brine. The organic layer was dried with MgSO,, filtered and solvent
removed to yield a fluorescent yellow oil. Typical yield =2 g, 76 %. This compound has

been previously reported. '

'H NMR (400 MHz, CDCl,, 300K): 6 8.34 (1 H, dd, J 4.7, 1.6), 7.90 (1 H, dd, J 7.8, 1.6),
7.18 (1 H,d,J3.4),7.05(1 H,dd,J7.8,4.7),6.45 (1 H,d, J3.4),3.90 3 H, s).

13C NMR (100 MHz, CDCl;, 300K): § 147.95, 142.97, 129.12, 128.84, 120.65, 115.62,
99.41, 31.38.

'H NMR (600 MHz, C,Dg, 300K): 6 8.45 (1 H, dd, J 4.6, 1.6), 7.65 (1 H, dd, J 7.8, 1.6),
6.82 (1 H,dd,J7.8,4.6),6.58 (1 H,d,J3.5),630(1 H,d,J3.4),3.353H,s).

13C NMR (151 MHz, C(D,, 300K): § 148.62, 143.34, 128.81, 128.36, 120.69, 115.83,
99.42, 30.62.

7.5.6 Synthesis of N-ethyl-7-azaindole

oV

7-azaindole (2.36 g, 20 mmol) was dissolved in 15 mL of DME. To this solution, powdered
KOH (2.24 g, 40 mmol) was added and the mixture stirred for 20 minutes. Mel (2.49 mL,
40 mmol) was added dropwise and the solution was stirred for 20 minutes. The reaction
was monitored by TLC (ethyl acetate/petroleum benzine 50/50). After 20 minutes, the
reaction was diluted with diethylether, and quenched with 20 mL of H,O. The layers were
separated and the aqueous layer extracted with 2 x 20 mL diethylether. The combined

organic layers were washed with 10 x 20 mL of distilled water (to remove trace DMF) and

212



washed with brine. The organic layer was dried with MgSO,, filtered and solvent removed
to yield a yellow oil. Typical yield = 2.43 g, 83 %. This compound has been previously

reported. '

"H NMR (400 MHz, CDCl,, 300K): 6 8.33 (1 H, dd, J 4.7, 1.6), 7.90 (1 H, dd, ] 7.8, 1.6),
724 (1 H,d,J3.5),7.05(1 H,dd,J 7.8,4.7),6.45 (1 H,d, 1 3.5),4.36 (2H, q,J 7.3), 1.49
(BH,t,17.3).

13C NMR (100 MHz, CDCl,, 300K): § 147.35, 142.79, 128.82, 127.41, 120.78, 115.65,
99.48, 39.43, 15.84.

'H NMR (600 MHz, C,D, 300K): 6 8.43 (1 H, d, J 4.6),7.66 (1 H,dd,J 7.8, 1.1), 6.82
(1 H,ddd,J7.8,4.6,0.7),6.71 (1 H,d, J 3.5),6.32 (1 H,dd, J 3.5,0.8),3.97 (2 H, q,J
7.3),1.06 3 H, t,J 7.3).

13C NMR (151 MHz, C(D, 300K): § 148.07, 143.20, 128.43, 127.27, 120.90, 115.93,
99.55, 39.27, 15.61.

7.5.7 Synthesis of N-isopropyl-7-azaindole

N\N
(1)

7-azaindole (2.36 g, 20 mmol) was dissolved in 15 mL of DMF. To this solution, powdered
KOH (2.24 g, 40 mmol) was added and the mixture stirred for 20 minutes. Mel (2.49 mL,
40 mmol) was added dropwise and the solution was stirred for 20 minutes. The reaction
was monitored by TLC (ethyl acetate/petroleum benzine 50/50). After 20 minutes, the
reaction was diluted with diethylether, and quenched with 20 mL of H,O. The layers were
separated and the aqueous layer extracted with 2 x 20 mL diethylether. The combined
organic layers were washed with 10 x 20 mL of distilled water (to remove trace DMF) and

washed with brine. The organic layer was dried with MgSO,, filtered and solvent removed
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to yield a pale yellow oil. Typical yield = 2.5 g, 78 %. This compound has been previously

reported. 1%

'H NMR (400 MHz, CDCl,, 300K): 6 8.34 (1 H, dd, J 4.6, 1.6), 7.92 (1 H, dd, J 7.8, 1.6),
7351 H,d,J3.6),7.07 (1 H,dd, J 7.8,4.7),6.49 (1 H,d, J3.6),5.24 (1 H, dt, J 13.5,
6.8), 1.55 (6 H, d, J 6.8).

13C NMR (100 MHz, CDCl,, 300K): § 147.12, 142.59, 128.76, 124.21, 120.84, 115.73,
99.58, 45.35, 23.06.

7.5.8 Synthesis of N-phenyl-7-azaindole

N\N
(1)

7-Azaindole (1.65 g, 14 mmol), iodobenzene (2.04 g, 10 mmol), Cul (382 mg, 2 mmol)
and Cs,CO; (6.52 g, 20 mmol) was added to a Schlenk. The Schlenk was evacuated, and
refilled with nitrogen x 3. DMF (20 mL) was added. The resulting mixture was stirred at
120 °C under a nitrogen atmosphere for 16 hours. After cooling to ambient temperature,
the reaction mixture was diluted with EtOAc (40 mL), and washed with H,O (2 x 30 mL).
The aqueous phase was extracted with EtOAC (2 x 30 mL), and the combined organic
phases were dried over MgSO,. After filtration, the solvent was removed, and the crude
product purified by column chromatography on silica gel (10 % EtOAc/petroleum spirits)
to give N-phenyl-7-azaindole as a light yellow oil (2.1 g, 81 %). This compound has been

previously reported. !64
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7.5.9 Synthesis of N,3-dimethyl-1H-indole

N
Cry

Me
3-Methyl-1H-indole (1.5 g, 11.4 mmol) was dissolved in 15 mL of DMF. To this solution,
powdered KOH (1.28 g, 22.9 mmol) was added and the mixture stirred for 30 minutes.
Mel (3.25 g, 22.9 mmol) was added dropwise and the solution was stirred for 30 minutes.
The reaction was monitored by TLC (ethyl acetate/petroleum benzine 50/50). After 30
minutes, the reaction was diluted with diethyl ether, and quenched with 20 mL of H,O.
The layers were separated and the aqueous layer extracted with 2 x 20 mL diethyl ether.
The combined organic layers were washed with 10 x 20 mL of distilled water (to remove
trace DMF) and washed with brine. The organic layer was dried with MgSO,, filtered and

solvent removed to yield a pale yellow oil. Typical yield =2 g, 76 %. This compound has

been previously reported. ¢’

'H NMR (400 MHz, CDCl;, 300K): 6 7.59 (1 H, dt, J 7.9, 1.0), 7.30 (1 H, dt, J 8.2, 1.0),
7.26 -7.21 (1 H, m), 7.13 (1 H, ddd, J 8.0, 6.8, 1.2), 6.84 (1 H,d, J 1.1), 3.75 (3 H, s),
235@3H,d, J1.1).

13C NMR (100 MHz, CDCl,, 300K): § 137.11, 128.76, 126.62, 121.52, 119.05, 118.60,
110.22, 109.11, 32.61, 9.67.

"H NMR (400 MHz, C,D, 300K): § 7.70 — 7.63 (1 H, m), 7.33 - 7.19 (2 H, m), 7.06 (1
H,dt, J8.2,1.0),6.33 (1 H,d,J1.2),2.96 3H,s),2.30 (3H,d,J 1.1).

7.5.10 Synthesis of N-ethyl-3-methyl-1H-indole

3

N
)
Me
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3-Methyl-1H-indole (1.5 g, 11.4 mmol) was dissolved in 15 mL of DMF. To this solution,
powdered KOH (1.28 g, 22.9 mmol) was added and the mixture stirred for 30 minutes.
EtBr (2.5 g, 22.9 mmol) was added dropwise and the solution was stirred for 30 minutes.
The reaction was monitored by TLC (ethyl acetate/petroleum benzine 50/50). After 30
minutes, the reaction was diluted with diethyl ether, and quenched with 20 mL of H,O.
The layers were separated and the aqueous layer extracted with 2 x 20 mL diethyl ether.
The combined organic layers were washed with 10 x 20 mL of distilled water (to remove
trace DMF) and washed with brine. The organic layer was dried with MgSO,, filtered and
solvent removed to yield a pale yellow oil. Typical yield = 1.6 g, 88 %. This compound

has been previously reported. '

'H NMR (400 MHz, CDCl,, 300K): 6 7.63 — 7.56 (1 H, m), 7.37 — 7.29 (1 H, m), 7.27 —
7.18 (1 H, m),7.17-7.08 (1 H, m), 6.91 (1 H,d,J1.1),4.13(2H,q,J 7.2),2.36 3H,d,J
1.1), 1.45 3 H, t,J 7.3).

13C NMR (100 MHz, CDCl,, 300K): § 136.10, 128.88, 124.81, 121.38, 119.15, 118.56,
110.30, 109.17, 40.75, 15.68, 9.73.

'H NMR (400 MHz, C,Dy, 300K): § 7.71 —7.64 (1 H, m), 7.33 = 7.19 (2 H, m), 7.14 —
7.07 (1 H,m),6.46 (1 H,s),347(2H,q,17.2),231(3H,d,J1.1),092 (3H,t,J7.3).

13C NMR (100 MHz, C,D, 300K): § 136.68, 129.64, 124.73, 121.71, 119.55, 119.02,
110.28, 109.37, 40.40, 15.40, 9.86.

7.5.11 Synthesis of N-isopropyl-3-methyl-1H-indole

e
o}

3-Methyl-1H-indole (1.5 g, 11.4 mmol) was dissolved in 15 mL of DMF. To this solution,

powdered KOH (1.28 g, 22.9 mmol) was added and the mixture stirred for 30 minutes.
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1PrBr (2.5 g, 22.9 mmol) was added dropwise and the solution was stirred for 30 minutes.
The reaction was monitored by TLC (ethyl acetate/petroleum benzine 50/50). After stirring
overnight, the reaction was diluted with diethyl ether, and quenched with 20 mL of H,O.
The layers were separated and the aqueous layer extracted with 2 x 20 mL diethyl ether.
The combined organic layers were washed with 10 x 20 mL of distilled water (to remove
trace DMF) and washed with brine. The organic layer was dried with MgSO,, filtered and
solvent removed. This was further purified by flash column chromatography (silica gel, 10
9% EtOAc/petroleum benzine) to yield N-isopropyl-3-methyl-1H-indole as a pale yellow

oil. Typical yield = 1.07 g, 54 %. This compound has been previously reported. '

7.5.12 Synthesis of N-triisopropylsilyl-1H-indole

ITIPS
N
L)

1H-indole (1.17 g, 10 mmol) was dissolved in 20 mL of anhydrous THF. The resulting
solution was cooled to -78 ° C, and n-butyllithium (7.5 mL, [1.6 M in hexanes], 12 mmol)
was added dropwise. The resulting solution was allowed to stir at -78 ° C for 30 minutes.
Following this, triisopropylsilylchloride (2.57 mL, 12 mmol) was added dropwise at -78 °
C. The resulting solution was allowed to warm to room temperature, following which it was
diluted with diethylether (50 mL) and quenched with aqueous NH,CI. The organic layer
was collected, washed with H,O and brine, and dried over anhydrous MgSO,.. The product
was dried in vacuo, resulting in a pale yellow oil (2.6 g, 95 % yield). This compound has

been previously reported. "’

'"H NMR (400 MHz, CDCl;, 300K): 6 7.64 (1 H, dd, J 7.2, 1.8),7.52 (1 H, d, ] 7.9), 7.27
(1H,s),722-7.07(2H,m),6.63 (1 H,d,J3.2),1.72 (3 H, hept, ] 7.5), 1.16 (18 H, d, J
7.5).

13C NMR (100 MHz, CDCl,, 300K): § 140.95, 131.56, 131.28, 121.45, 120.67, 119.88,
114.01, 104.83, 18.29, 13.00.
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'H NMR (600 MHz, C,Dq, 300K): § 7.92 - 7.63 (1 H, m), 7.57 — 7.37 (1 H, m), 7.30 —
7.17(2H, m),7.09(1H,d,J3.2),6.70 (1 H,dd, J 3.2,0.9), 1.43 (4 H, h,J 7.5), 0.98 (18
H,d,J7.6).

13C NMR (100 MHz, C(D, 300K): § 144.11, 143.87, 141.08, 133.64, 124.21, 120.54,
118.91, 113.69, 56.88, 52.64, 45.72, 42.30, 36.06, 20.50, 18.65, 13.37.

7.5.13 Reaction of 1 with N-methyl-1H-indole

nBuNa (0.16 g, 2 mmol) was suspended in 10 mL of dry n-hexane. To this suspension
TMP(H) (0.68 mL, 4 mmol) was added dropwise and the resulting suspension was stirred
for at least 30 minutes at room temperature. This resulted in a pale yellow suspension.
Next Mg(CH,SiMe;), (0.4 g, 2 mmol) was added via solid addition tube with subsequent
addition of TMEDA (0.3 mL, 2mmol) affording a pale-yellow, transparent solution that
was used without further purification. If clumps of solid remained in solution following
addition of TMEDA, the solution was sonicated until complete dissolution occurred. To this
solution, N-methyl-1H-indole (0.26 mL, 2 mmol) was added dropwise at room temperature.
After approximately 5 minutes stirring at room temperature, a white precipitate formed.
This was isolated by filtration and transferred to an argon glovebox for storage. On a
repeat synthesis, stirring was stopped following addition of N-methyl-1H-indole, which

resulted in the formation of single crystals.

Rational synthesis of 18: nBuNa (0.16 g, 2 mmol) was suspended in 5 mL of dry n-hexane.
To this suspension TMP(H) (0.34 mL, 2 mmol) was added dropwise, and the resulting
suspension was stirred for at least 30 minutes at room temperature. Next, Mg(CH,SiMe,),
(0.2 g, 1 mmol) was added via a solid addition tube with subsequent addition of TMEDA
(0.3 mL, 2 mmol). This afforded a pale yellow, cloudly solution that was used without
further purification. To this suspension was added N-methylindole (0.5 mL, 4 mmol)
was added dropwise, resulting in the immediate formation of a clear solution. After

approximately 5 - 10 minutes, a large quantity of a white precipitate was observed, which
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was identified by NMR as the title species. Isolated crystalline yield: 0.67 g, 81 %

(quantitative by NMR).

'H NMR (400 MHz, C,Dy, 300K): 6 7.68 — 7.60 (m, 1H, H3), 7.27 (m, 1H, H6), 7.21
—7.16 (m, 2H, H4/HS5), 6.94 (d, J = 0.9 Hz, 1H, H2), 4.15 (s, 3H, CH;), 1.19 (s, 6H,
CH;-TMEDA), 1.06 (s, 2H, CH,-TMEDA).

13C NMR (101 MHz, C(D, 300K): § 180.39 (Mg-C2), 141.17, 131.79, 118.52, 117.97,
117.65, 109.71, 108.62, 55.84 (CH,-TMEDA), 44.46 (CH;-TMEDA), 36.57 (CH;) ppm.

Crystal data for complex 18 C,;Hy,MgNgNa, 18: M = 823.38, colourless plates, 0.21 x
0.20 x 0.14 mm?, monoclinic, space group P21/c, a = 17.6570(16), b = 16.8891(15), ¢ =
15.9701(14), o =90°, 3 =90.628(4)°, v = 90°, V = 4762.2(7) A%, Z =4, D, = 1.148 g/cm?,
Fooo = 1768, T = 123(2) K, 82061 reflections collected, 10691 unique (R;,; = 0.1037),
Final GooF = 1.022, RI = 0.0794, wR2 = 0.2648, 545 parameters, O restraints. Lp and
absorption corrections applied, i = 0.096 mm~'. Refined as a two-component twin (Twin

law -1000-1000 1), BASF =[0.1492(19)].

7.5.14 Reaction of 1 with N-ethyl-1H-indole

N-ethylindole (0.15 g, 1 mmol) was added dropwise to a stirred solution of the magnesiate
base 1. After approximately five minutes, formation of a white precipitate was observed.
The precipitate was isolated via filtration, washed with hexane and dried in vacuo, before
storage in an argon glove box. X-ray quality crystals were obtained upon recrystallisation
in toluene. Both the crystalline material and the powder were found to be the same product
by NMR analysis. Yield = 0.2 g, 24 % (maximum yield 25 % based on consumption of
N-ethylindole).

Rational synthesis of 20. To a stirred suspension of GP2, N-ethylindole (0.58 g, 4 mmol)
was added dropwise, resulting in the immediate formation of a clear solution. After

approximately 10-20 minutes, a large quantity of a white precipitate was observed, which
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was identified by NMR as the title species. Isolated crystalline yield: 0.586 g, 70 %

(quantitative by NMR).

Crystal data for C5,H,,MgNgNa,: M = 1198.37, colourless plates, 0.04 x 0.03 x 0.02 mm?,
triclinic, space group Pbca, a = 16.682(3), b = 16.236(3), ¢ = 38.216(8), =90 °, 5 =90 °,
7=90°,V=10351(4) A, Z=8, Dc = 1.129 g/cm3, Fyo = 3792.0, T = 100(2) K, 85955
reflections collected, 12826 unique (R;,,; = 0.706), Final GooF = 1.056, R; = 0.0706, wR,
=0.1528, 612 parameters, O restraints. Lp and absorption corrections applied, 1 = 0.090

mm~ !,

'H NMR (600 MHz, C,D,, 300K): § 7.63 — 7.56 (m, 1H, H4), 7.29 (m, 1H, H7), 7.17 -
7.08 (m, 2H, H5/H6), 6.86 (s, 1H, H3), 4.70 (q, 2H, J = 7.0 Hz, CH,), 1.44 (t, 3H, 3JHH =
7.1 Hz, CH,), 1.28 (s, 6H, TMEDA-CH,), 1.21 (s, 3H, TMEDA-CH,).

13C NMR (100 MHz, C D, 300K): 6 181.49 (Mg-C2), 140.45, 132.73, 119.01, 118.58,
118.23, 109.88, 109.64, 56.79 (CH,-TMEDA), 45.25 (CH,-TMEDA), 45.14 (CH,), 17.31
(CH;) ppm.

7.5.15 Reaction of 1 with N-isopropyl-1H-indole

To a stirred solution of GP1, N-isopropyl-1H-indole (0.16 g, 1 mmol) was added drop-
wise at room temperature. The resulting solution was stirred overnight, resulting in the
deposition of a large quantity of a white precipitate. This was isolated by filtraton, washed
with n-hexane and dried in vacuo. The solid was transferred to a glovebox for storage.
On one repeat synthesis, X-ray quality crystals were obtained upon recrystallisation from
n-hexane. Both the crystalline product and the solid powder were found to be the same

product by 'H NMR spectroscopy. Yield = 0.35 g, 58 %.

'H NMR (600 MHz, C,D,, 300K): § 7.49 (m, 2 H, H> / H°), 7.1 - 7.2 (m, 2 H, H* & H"),
6.21 (d, 1 H, J = 0.8 Hz, H?), 5.16 (septet, 1 H, J = 6.8 Hz, CH), 1.69 (d, 6 H, J = 6.8 Hz,
CH,), 1.88 (m, 4 H, y-CH, TMP), 1.59 (s (br), 24 H, CH; TMP), 1.46 (s (br), 12 H, CH,,
TMEDA), 1.44 (s (br), 4 H, CH,, TMEDA), 1.39 (s (br), 6 H, 5-CH, TMP).
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13C NMR (100 MHz, CeDs, 300K): 6 138.0 (quaternary—CS), 133.4 (quaternary—C3),
118.4 (C*, 117.8 (C7), 117.7 (C), 111.1 (C%), 106.4 (C?), 56.4 (CH, TMEDA), 54.1 (CH
-isopropyl), 52.2 (C"), 45.2 (CH, TMEDA), 41.8 (3-CH, TMP), 35.7 (CH, TMP), 22.3
(CHj; isopropyl), 20.0 (v-CH, TMP).

Crystal data for MS-001 C,,H,,,Mg,N,,Na, 21: M = 1198.37, colourless plates, 0.18
x 0.16 x 0.10 mm?, triclinic, space group P -1, a = 11.5469(4), b = 16.3939(6), ¢ =
20.4362(8), a = 81.102(2)°, 3 = 85.116(2)°, v = 72.647(2)°, V = 3644.9(2) A%, Z =2, D,
=1.092 g/cm?, Foog = 1316, T = 123(2) K, 49988 reflections collected, 14416 unique (R;,;
= 0.1065), Final GooF = 1.038, R/ = 0.0794, wR2 = 0.2291, 783 parameters, O restraints.

Lp and absorption corrections applied, 1 = 0.090 mm~*.

7.5.16 lodolysis procedure for complexes 18, 20 and 21

To a stirred solution of either 18, 20 or 21 a 1 M iodine in THF solution (10 mL for 18
and 20, 5 mL for 21) was added dropwise at room temperature. The resulting solution
was stirred overnight and quenched with saturated sodium thiosulphate (20 mL). The
solution was diluted with CH,Cl,, dried over MgSO, and the solvent removed in vacuo.
N-methyl-2-iodoindole was isolated as a crystalline solid.!”! N-ethyl-2-iodoindole and
N-isopropyl-2-iodoindole were isolated as pale yellow oils following purification by flash

chromatography (silica gel, n-hexane).

'"H NMR (400 MHz, C,D,, 300K): 6 7.57 (1 H,d,J=7.9),7.34 (1 H,d,J =8.3), 7.19 (1
H,d,J=74),711 (1 H,t,J=7.4),6.84 (1 H,s),3.79 3 H, s).

13C NMR (101 MHz, C(D, 300K): § 138.19, 129.74, 121.96, 119.93, 119.62, 111.94,
109.82, 84.10, 34.19.

221



N
L)

'H NMR (400 MHz, C,D, 300K): 6 7.53 (1 H, dt,J=7.9,J = 1.0 Hz), 7.33 (1 H, dd, J
=8.3,09Hz),7.15(1 H,ddd,J=8.3,7.1,1.2 Hz), 7.06 (1 H, ddd, J =7.9, 7.1, 1.0 Hz),
6.78 (1H,d,J=0.8Hz),4.23 (2H,q,J=72Hz), 1.35(3H, t,J =7.2 Hz).

13C NMR (101 MHz, C(D,, 300K): § 137.01, 130.08, 121.87, 119.89, 119.76, 112.11,
109.74, 82.58, 42.25 (CH2), 15.35 (CH3).

ESI-MS: m/z [M+H]" calcd for C,,H,,IN: 271.9936; found: 271.9925.

FT-IR (neat) Vmax (cm™!): 3052 (w), 2939 (w), 1602 (w), 1512 (m), 1463 (s), 1420 (m),
1385 (m), 1316 (s), 1241 (s), 1205 (m) 1130 (m), 1075 (s), 1008 (s), 919 (m), 837 (m),
733 (s), 698 (s).

N
)

'H NMR (400 MHz, C,D, 300K): § 7.50 — 7.45 (2 H, m), 7.05 — 7.00 (2 H, m), 6.67 (d,
1H,1=0.9),4.78 (1 H, septet, ] =7.1), 1.56 O H, d, ] =7.1).

13C NMR (101 MHz, CDg, 300K): § 123.00, 120.91, 120.85, 119.68, 111.19, 57.96,
21.12.

ESI-MS: m/z [M+H] " calcd for C,;H,,IN: 286.0082 found: 286.0082.

FT-IR (neat) Vmax (cm™'): 2967 (m), 2931 (m), 2440 (w), 1701 (w), 1457 (s), 1438 (s),
1400 (s), 1383 (m), 1336 (m), 1303 (s), 1260 (m), 1220 (s), 1087 (s), 1011 (s), 906 (m),
800 (m), 738 (s).
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7.5.17 Cross-coupling procedure for complexes 18, 20 and 21

To a stirred solution of either 18, 20 or 21, iodobenzene (5 equiv. for 18 and 20, 2
equiv. for 21 was added followed by the addition of 4 mol % of Pd(dppf)Cl,. The
reaction was refluxed for 16 hours. After cooling to room temperature, the solution
was quenched with saturated NH,Cl, extracted with DCM, dried over anhydrous MgSO,
and the solvent was removed in vacuo. N-methyl-2-phenylindole!®* (0.68 g, 82 %)
and N-ethyl-2-phenylindole'”? (0.60 g, 68 %) were isolated as crystalline solids, and
N-isopropyl-2-phenylindole ' (0.17 g, 71 %) was isolated as a pale yellow oil following

flash chromatography (silica gel, n-hexane).

'H NMR (400 MHz, C,D, 300K): § 7.57 (1 H,d, J =7.9),7.34 (1 H,d, ] = 8.3), 7.19 (1
H,d,J=74),711 (1 H,t,J=7.4),6.84 (1 H,s),3.79 3 H, s).

'TH NMR (600 MHz, C,D,, 300K): = 7.65 (d, 1H, J = 7.7 Hz), 7.52 (dd, 2H, J = 8.3, 1.3
Hz), 7.48 (t,2H,J =7.6 Hz), 7.41 (t, 1H, J = 7.3 Hz), 7.38 (d, 1H, ] = 8.2 Hz), 7.28 — 7.23
(m, 2H), 7.18 = 7.13 (m, 1H), 6.57 (s, 1H), 3.76 (s, 3H) ppm.

I3C NMR (151 MHz, C,Dq, 300K): 6 = 141.79, 138.55, 133.07, 129.60, 128.70, 128.17,
128.07, 121.87, 120.68, 120.07, 109.81, 101.86, 31.40 ppm.

'H NMR (400 MHz, C¢Dy, 300K): 0 7.63 (dt, 1H, J =7.8, 1.0 Hz), 7.53 — 7.36 (m, 6H),
7.26-7.19 (m, 1H), 7.13 (ddd, 1H, J =8.0, 7.0, 1.0 Hz), 6.52 (d, 1H, J = 0.9 Hz), 4.18 (t,
2H,J=7.2 Hz), 1.32 (d, 3H, J = 7.2 Hz) ppm.

13C NMR (101 MHz, C(D, 300K): § 141.30, 137.31, 133.44, 129.59, 128.69, 128.53,
128.14, 121.74, 120.80, 119.98 (C5), 110.08 (C7), 102.31 (C3), 38.96 (CH2), 15.59 (CH3).
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'H NMR (400 MHz, C(D, 300K): § 7.64 —7.59 (m, 2 H), 7.5 - 7.4 (m, 5 H), 7.20 - 7.15
(m, 2 H), 6.45 (d, 1 H,J =0.8), 4.68 (septet, 1 H,J =7.0), 1.6 (d, 1H, J =7.0).

13C NMR (101 MHz, C(D,, 300K): § 141.41, 135.44, 133.81, 131.98, 129.64, 128.42,
127.93, 121.01, 120.85, 119.44, 112.40, 102.21, 47.90, 21.57.

7.5.18 Reaction of 1 with N,3-dimethyl-1H-indole

nBuNa (0.16 g, 2 mmol) was suspended in 10 mL of dry n-hexane. To this suspension
TMP(H) (0.68 mL, 4 mmol) was added dropwise and the resulting suspension was stirred
for at least 30 minutes at room temperature. This resulted in a pale yellow suspension.
Next Mg(CH,SiMe;), (0.4 g, 2 mmol) was added via solid addition tube with subsequent
addition of TMEDA (0.3 mL, 2mmol) affording a pale-yellow, transparent solution that
was used without further purification. If clumps of solid remained in solution following
addition of TMEDA, the solution was sonicated until complete dissolution occurred. To this
solution, N-methyl-1H-indole (0.26 mL, 2 mmol) was added dropwise at room temperature.
After approximately 5 minutes stirring at room temperature, a white precipitate formed.
This was isolated by filtration and transferred to an argon glovebox for storage. On a
repeat synthesis, stirring was stopped following addition of N-methyl-1H-indole, which

resulted in the formation of single crystals.

Rational synthesis of 22: nBuNa (0.16 g, 2 mmol) was suspended in 5 mL of dry n-hexane.
To this suspension TMP(H) (0.34 mL, 2 mmol) was added dropwise, and the resulting
suspension was stirred for at least 30 minutes at room temperature. Next, Mg(CH,SiMe,),
(0.2 g, 1 mmol) was added via a solid addition tube with subsequent addition of TMEDA
(0.3 mL, 2 mmol). This afforded a pale yellow, cloudly solution that was used without
further purification. To this suspension was added N-methylindole (0.5 mL, 4 mmol)

was added dropwise, resulting in the immediate formation of a clear solution. After
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approximately 5 - 10 minutes, a large quantity of a white precipitate was observed, which
was identified by NMR as the title species. Isolated crystalline yield: 0.67 g, 81 %

(quantitative by NMR).

"H NMR (400 MHz, C,Dg, 300K): § 7.62 — 7.48 (1 H, m), 7.21 — 7.08 (3 H, m), 4.22 —
3.90 3H, m),3.00-2.71 3H, m), 1.25 (6 H, 5), 0.93 (2 H, s).

13C NMR (101 MHz, C(D, 300K): § 179.68, 141.82, 131.44, 118.39, 117.35, 116.76,
116.48, 109.12, 56.55, 45.96, 35.74, 31.98.

Crystal data for C,sHg,MgN¢Na, 18: M = 823.38, colourless plates, 0.21 x 0.20 x 0.14
mm?, monoclinic, space group P21/c, a = 17.6570(16), b = 16.8891(15), ¢ = 15.9701(14),
a =90° [ =90.628(4)°, v = 90°, V = 4762.2(7) A%, Z = 4, D, = 1.148 g/cm?, Fyy =
1768, T = 123(2) K, 82061 reflections collected, 10691 unique (R;,,; = 0.1037), Final GooF
= 1.022, RI = 0.0794, wR2 = 0.2648, 545 parameters, O restraints. Lp and absorption
corrections applied, ¢ = 0.096 mm~'. Refined as a two-component twin (Twin law -1 0 0

0-1000 1), BASF =[0.1492(19)].

7.5.19 Reaction of 1 with N-ethyl-3-methyl-1H-indole

N-ethyl-3-methyl-1H-indole (0.159 g, 1 mmol) was added dropwise to a stirred solution of
the magnesiate base 1. After approximately five minutes, formation of a white precipitate
was observed. The precipitate was isolated via filtration, washed with hexane and dried in
vacuo, before storage in an argon glove box. Yield = 0.2 g, 24 % (maximum yield 25 %

based on consumption of N-ethyl-3-methyl-1H-indole).

Rational synthesis of 23. To a stirred suspension of GP2, N-ethyl-3-methyl-1H-indole
(0.64 g, 4 mmol) was added dropwise, resulting in the immediate formation of a clear
solution. After approximately 10-20 minutes, a large quantity of a white precipitate
was observed, which was identified by NMR as the title species. Isolated yield: g, %

(quantitative by NMR).

'H NMR (600 MHz, C,Dg, 300K): § 7.63 —7.56 (m, 1H, H4), 7.29 (m, 1H, H7), 7.17 -
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7.08 (m, 2H, H5/H6), 6.86 (s, 1H, H3), 4.70 (q, 2H, J/ = 7.0 Hz, CH,), 1.44 (t, 3H, 3JHH =
7.1 Hz, CH;), 1.28 (s, 6H, TMEDA-CH,), 1.21 (s, 3H, TMEDA-CH,).

13C NMR (100 MHz, C,D,, 300K): 6 181.49 (Mg-C2), 140.45, 132.73, 119.01, 118.58,
118.23, 109.88, 109.64, 56.79 (CH,-TMEDA), 45.25 (CH;-TMEDA), 45.14 (CH,), 17.31
(CH;) ppm.

7.5.20 Reaction of 1 with N-isopropyl-3-methyl-1H-indole

N-isopropyl-3-methyl-1H-indole (0.17 g, I mmol) was added dropwise to a stirred solution
of the magnesiate base 1. The resulting solution was heated at 40 ° C for 24 hours, before
the solvent was removed in vacuo and the resulting oil transferred to a glovebox. 'H
NMR analysis indicated a conversion of approximately 55 %. Single crystals of the «

magnesiated product grew from a C;Dg solution.

'H NMR (600 MHz, C,D,, 300K): § 7.48 (1 H, t, ] 8.4), 7.34 — 7.1 (3 H, m), 4.99 (1
H, sept, J 6.8), 247 3 H, s), 1.96 (4 H, t, J 6.2), 1.69 (2 H, d, J 7.0), 1.55 (36 H, s,
TMP/TMEDA), 1.06 (3 H, s).

3C NMR (100 MHz, C(D, 300K): § 174.40 (Mg - C signal).

Crystal data for MS-221 C;sHssMgNsNa: M = 616.24, colourless blocks, 0.21 x 0.16
x 0.10 mm?, monoclinic, space group P21/n, a = 8.49940(12), b = 29.2404(5), ¢ =
14.88946(19), o = 90°, B = 92.6831(13)°, v = 90°, V = 3686.36(9) A3, Z =4, D, =
1.107 g/lecm?®, Fop = 1360, T = 123(2) K, 30097 reflections collected, 7676 unique (R;,; =
0.0544), Final GooF = 1.110, RI = 0.0481, wR2 = 0.1233, 404 parameters, 0 restraints. Lp

and absorption corrections applied, ;= 0.746 mm™!.

7.5.21 Iodolysis procedure for complexes 22 and 23

To a stirred solution of either 22 or 23, a 1 M iodine in THF solution (10 mL, 10 mmol)

was added dropwise at room temperature. The resulting solution was stirred overnight
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and quenched with saturated sodium thiosulphate (20 mL). The solution was diluted with

CH,Cl,, dried over MgSO, and the solvent removed in vacuo.

7.5.22 Characterisation of N-3-dimethyl-2-iodo-indole

N
-
Me

N-3-dimethyl-2-iodo-indole was isolated as a yellow solid in an 85 % yield.

'"H NMR (600 MHz, CDCl;, 300K): § 7.52 (1 H, dq, J 7.8, 1.2), 7.32 — 7.27 (1 H, m),

7.17 (1 H,ddt, J 8.3,7.1, 1.2), 7.08 (1 H, ddq, J 8.6, 7.2, 1.6), 3.75 (3 H, s), 2.33 (3 H, s).

13C NMR (151 MHz, CDCl,, 300K): § 138.51, 128.37, 121.86, 119.16, 118.39, 117.03,
109.57, 87.44, 34.25, 12.56.

ESI-MS: m/z [M+H]" calcd for C,,H,,NI: 271.9936; found: 271.9930.

7.5.23 Characterisation of N-ethyl-3-methyl-2-iodo-indole

\
g

N-ethyl-3-methyl-2-iodo-indole was isolated as a yellow solid in an 85 % yield.

'H NMR (600 MHz, CDCl,, 300K): § 7.55 - 7.50 (1 H, m), 7.34 — 7.30 (1 H, m), 7.15

(1H,ddd,J8.2,7.0,1.2),7.07 (1 H, ddd, J 8.2,7.0,0.9),423 (2H, q,17.2),2.32 (3 H, s),
1.32 BH, t,J7.2).

13C NMR (151 MHz, CDCl,, 300K): § 137.35, 128.70, 124.81, 121.77, 119.13, 118.52,
117.07, 109.49, 85.96, 42.19, 15.31.
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ESI-MS: m/z [M+H]* calcd for C, H,(NI: 285.0014; found: 285.0011.

7.5.24 Reaction of the magnesiate base with N-triisopropylsilyl-1H-indole

To a stirred solution of the magnesiate base 1 (see GP1), N-triisopropylsilyl-1H-indole
(0.27 g, 1 mmol) was added dropwise at room temperature. Upon addition, an immediate
formation of a bright yellow solution was observed. The solution was stirred overnight,
resulting in the deposition of a large quantity of a white precipitate. This was gently
heated back into solution, and the solution was filtered into a new schlenk. Storage of this
solution at -30 ° C over three days resulted in a large crop of colourless crystals, which
were isolated and dried under vacuum, before being transferred to a glovebox for storage.

Yield = 0.6 g, 84 %.

'H NMR (600 MHz, C,D, 300K): 6 7.77 (1 H, dd, J 7.6, 1.3), 7.55 (1 H, d, J 0.8), 7.31
(1H,s),7.19(1 H,ddd, J8.2,7.0,1.3),7.10 (1 H, ddd, J 7.8, 7.0, 1.0), 1.93 (4 H, p, ] 6.1),
1.66 (26 H, s), 1.61 (3 H, dt,J 15.0,7.5), 1.48 (14 H, s), 1.13 (18 H, d, J 7.6).

13C NMR (100 MHz, C(D,, 300K): § 143.72, 143.48, 140.68, 133.25, 123.82, 120.15,
118.52, 113.30, 56.49, 52.25, 45.33, 41.91, 35.67, 20.10, 18.26, 12.98.

Crystal data for MS223 C,;H,sMgNsNaSi: M =716.47, colourless blocks, 0.25 x 0.2 x
0.2 mm?, space group P2,/c, a = 18.8373(2), b = 11.0648(1), ¢ = 22.4078(3), o = 90°, 3
=107.78(1) °, v =90 °, V = 4447.34(8) A%, Z =4, D, = 1.070 g/cm?, Fyoo = 1584, T =
123(2) K, 35155 reflections collected, 9212 unique (R;,,; = 0.0493), Final GooF = 1.058,
RI1 =0.0465, wR2 =0.1234, 519 parameters, O restraints. Lp and absorption corrections

applied, ;= 0.928 mm~*.

7.5.25 Reaction of magnesiate base 1 with N-phenylindole

To a stirred solution of the magnesiate base 1 (see GP1), N-phenyl-1H-indole (0.193 g,
1 mmol) was added dropwise at room temperature. The solution was stirred overnight,

resulting in the deposition of a large quantity of a white precipitate. Recrystallisation
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from n-hexane resulted in single crystals being deposited which were found to be the
di-magnesiated complex [(TMEDA)Na(TMP)(a—CgH;N—0o—C.H,)Mg], 25. Isolated
yield = 0.35 g, 70 %.

'H NMR (600 MHz, C,D,, 300K): 5 8.62 (1 H, dd, ] 6.6, 1.7), 8.41 (1 H, dd, J 6.4, 1.7),
8.18 (1 H,d, J8.1),8.13 (1 H,d,J 82),8.01 (1 H,d,J7.7),7.96 3 H, dd, J 11.1, 7.8),
7.74 (1 H,s),7.53 (1 H,s), 7.49 (2 H, td, ] 7.5, 1.7), 7.37 2 H, q, 1 6.9), 7.34 - 7.17 (4 H,
m), 1.60 — 1.50 (4 H, m), 1.44 (24 H, s), 1.40 (8 H, s), 1.00 (8 H, s), 0.89 2 H, t, ] 7.1),
0.76 (12 H, s).

13C NMR (100 MHz, C(D, 300K): § 175.40, 166.18, 153.58, 138.69, 136.20, 133.19,
121.45, 118.87, 115.70, 115.21, 114.61, 112.70, 109.91, 108.82, 56.08, 49.67, 43.36,
39.95, 36.39, 36.37, 33.58, 29.69, 29.42, 29.36, 20.68, 18.32, 16.50, 11.59.

Crystal data for MS081 (C, H,;MgN,Na),: M = 989.95, colourless blocks, 0.25 x 0.2 x
0.2 mm?, space group P -1, a = 10.9550(7), b = 11.1736(7), ¢ = 13.3095(9), a = 67.403(2)
° B =82765(2)° v=72.739(2) °, V = 1436.23(16) A3, Z =1, D, = 1.145 g/cm?, Fyyy =
536, T = 123(2) K, 22292 reflections collected, 5677 unique (R;,,; = 0.0595), Final GooF
= 1.020, RI = 0.0663, wR2 = 0.1678, 383 parameters, 6 restraints. Lp and absorption

corrections applied, ¢ =0.100 mm~1.

7.5.26 Iodolysis procedure for complex 25

To a stirred suspension of 25, a 1 M iodine in THF solution (10 mL, 10 mmol) was added
dropwise at room temperature. The resulting solution was stirred for 30 minutes and
quenched with saturated sodium thiosulphate (20 mL). The solution was diluted with
diethyl ether, dried over MgSO, and the solvent removed in vacuo. The crude residue was
purified by flash column chromatography (silcia gel, 90 % EtOAc/petroleum benzine) to

yield 2-iodo-1-(2-iodophenyl)-1H-indole in a high, crystalline yield (82 %).
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7.5.27 2-iodo-1-(2-iodophenyl)-1H-indole

'"H NMR (400 MHz, CDCl,, 300K): ¢ 8.05 (1 H, dd, J 8.0, 1.4), 7.63 — 7.59 (1 H, m),
7.54(1H,td,J7.6,1.4),734 (1 H,dd, J7.8,1.6),7.27 (1 H,ddd,J7.9,7.5,1.6),7.12 (2
H,pd, J7.1,1.4),6.99 (1 H,d,JO0.8).

13C NMR (100 MHz, CDCl,, 300K): § 141.77, 140.06, 138.96, 131.36, 130.97, 129.77,
129.44, 122.63, 120.69, 119.57, 113.59, 111.04, 100.84, 83.53, 77.36.

ESI-MS: m/z [M+H]™ calcd for C,,HI,N: 445.8903; found: 445.8904, [M-I]* calcd for
C,4HgIN™: 318.9858; found: 318.9867.

FT-IR (neat) Vmax (cm~1): 3058 (bw), 2922 (bw), 2852 (bw), 1577 (w), 1475 (s), 1434
(s), 1295 (s), 1211 (m), 1146 (w), 1047 (w), 1023 (m), 963 (w), 781 (m), 755 (m), 743 (s),
714 (m).
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7.6 Bimetallic metallations of P-heterocyclic compounds

7.6.1 Synthesis of trimethyl(phenylethynyl)silane

TMS

=
AN

=

Phenylacetylene (10.96 mL, 100 mmol) was dissolved in 100 mL of THF. This solution
was cooled to -78 °C in a dry-ice/acetone bath, following which n-BuLi (65 mL, [1.6
M in hexanes], 1.05 equiv) was added dropwise. After complete addition, the mixture
transitions to a deep blue colour (presumably due to trace quantities of the di-anion). This
solution is stirred at - 78 °C for 1 hour, following which TMSCI (13.3 mL, 105 mmol)
was added dropwise at -78 °C. The resulting suspension was allowed to warm to room
temperature, following which it was diluted with diethylether and quenched with H,O.
The organic layer was separated, dried and the solvent removed. Typical yield =17 g, 97

% yield.

'H NMR (600 MHz, C(D, 298.2 K): 6 7.49 — 7.43 (2 H, m), 7.33 — 7.27 (3 H, m), 0.25
O H, ).

7.6.2 Synthesis of (Z)-3-bromo-S-trimethylsilylstyrene

TMS

Br

Trimethyl(phenylethynyl)silane (17.43 g, 100 mmol) was dissolved in 100 mL of n-hexane.
To this solution, DIBAL-H (105 mL, [1 M in hexanes], 105 mmol) was added dropwise.
The resulting solution was allowed to stir overnight. Following this, the solution was
cooled to 0 °C, where n-bromosuccinimide (18.69 g, 105 mmol) was added in portions.
Following complete addition, the resulting heterogenous solution was stirred at O °C for

30 minutes, after which it was diluted with diethylether. To this solution, 4 mL of H,O

231



was added slowly dropwise. Following complete addition, 4 mL of 15 % NaOH in H,O
was added slowly dropwise. After complete addition, 10 mL of H,O was added slowly
dropwise. Anhydrous magnesium sulfate was added, and the resulting mixture allowed
to warm to room temperature stirring. The mixture was filtered, organic layer separated
and washed with H,O (3 x 100 mL), brine (1 x 100 mL) and dried over MgSO,. The
solvent was removed, yielding a light yellow oil. Typical yield = 24.25 g, 95 % yield. This

compound has been previously reported. !4

7.6.3 Synthesis of P-phenyl-2-trimethylsilyl-phosphindole

5
(L )—ms
To a stirred, dilute solution of (Z)-3-bromo-S-trimethylsilylstyrene (4.2 g, 20 mmol) in
diethyl ether (200 mL) at 0 °C was added 2.1 equivalents of n-BuLi (26.25 mL, 42 mmol)
dropwise. The resulting orange solution is stirred for two hours at 0 °C, following which a
dilute diethyl ether solution of phenylphosphine dichloride (3.94 g, 22 mmol) is added
slowly at 0 °C. It is crucial that this step is completed slowly and a dilute solution (<
0.2 M) is used for the purity of the phosphindole. The resulting solution is stirred for
at least 4 hours warming to room temperature, before being quenched with degassed
saturated NaHCO;. The solution is then vigorously stirred until full dissolution occurs.
The organic layer is collected, dried and solvent removed to leave a yellow oil. This can
either be purified by flash column chromatography (silica gel, n-hexane), or allowed to

crystallise over a number of days at room temperature. This compound has been previously

reported. 144

'"H NMR (400 MHz, CDCl,, 298.2 K): § 7.62 —7.58 (2 H, m), 7.51 (1 H, dd, J 15.4, 0.7),
736 (1H,td,J7.5,1.2),7.32-7.26 (2H, m), 7.25-7.20 (4 H, m), 0.08 (9 H, s).

3P NMR (162.0 MHz, CDCl;, 298.2 K § 13.71.
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P-phenyl-2-trimethylsilyl-phosphindole can be readily converted to its oxide by the addi-

tion of H,0,.
'H NMR (400 MHz, CDCl,, 298.2 K): 6 7.26 - 7.70 (m, 10 H), 0.1 (s, 9 H).

3P NMR (162.0 MHz, CDCl,, 298.2 K § 48.67.

7.6.4 Synthesis of P-phenylphosphindole

>
95,

P-phenyl-2-trimethylsilyl-phosphindole (0.85 g, 3 mmol) was dissolved in approximately
3 mL of THF in a 10 mL microwave tube. To this solution, TBAF (4 mL, [1 M in THF], 4
mmol) was added. The resulting dark red solution was heated in a pressurised microwave
reactor for 30 minutes at 90 ° C. After cooling to room temperature, the solution was
diluted with diethyl ether (50 mL) and quenched with saturated NH,Cl solution (20 mL).
The organic layer was washed with NH,Cl x 3, dilute HCI (5 %), and with brine. The
solvent is removed to leave P-phenylphosphindole as a crystalline solid. This compound

has been previously reported. '44

'"H NMR (400 MHz, CDCl;, 298.2 K): § 7.58 —7.45 (1 H, m), 7.42 (1 H, d, J 7.6), 7.26
—7.10 (8 H, m), 6.75 (1 H, dd, J 39.3, 7.5).

3P NMR (162.0 MHz, CDCl,, 298.2 K § 0.24 (s).

pP=0
)

P-phenylphosphindole can be readily converted to its oxide by the addition of H,O,. This

compound has been previously reported. 44
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'"H NMR (400 MHz, CDCl,, 298.2 K): § 7.70 — 7.55 (2 H, m), 7.52 (1 H, ddd, J 9.3, 7.2,
1.0), 7.47 -7.19 (7TH, m), 6.36 (1 H, dd, J 25.7, 8.5).

3P NMR (162.0 MHz, CDCl,, 298.2 K § 41.03 (s).

7.6.5 Synthesis of 2,2’-dibromobiphenyl

Br !
I Br

1,2-Bromobenzene (15 g, 63.6 mmol) was dissolved in approximately 100 mL anhydrous
THF. n-Butyllithium (21 mL, 33.4 mmol) was added dropwise over 1 hour at - 78 °C.
The mixture was stirred at room temperature overnight and the reaction quenched with
water. The crude product was extracted into diethyl ether, dried over magnesium sulfate
and solvent removed in vacuo. The crude solid was purified by recrystallisation from

n-hexane.

7.6.6 Synthesis of 5-phenyl-SH-benzo[b]phosphindole

¢

P

2,2’-dibromobiphenyl (3.12 g, 10 mmol) was dissolved in 50 mL of anhydrous THF
and cooled to -78 ° C. To this solution, nBuLi (13.2 mL, [1.6 M in hexanes], 21 mmol)
was added dropwise. The resulting solution was stirred for two hours. At -78 ° C,
dichlorophenylphosphine (1.97 g, 11 mmol) was added dropwise slowly via syringe pump.
The resulting suspension was stirred warming to room temperature. The reaction was
diluted with diethyl ether and quenched with aqueous NH,CI. Following standard organic

workup, the crude product was purified by column chromatography (silica gel, ethyl
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acetate) to give P-phenyl-5SH-benzo[b]phosphindole as a yellow crystalline solid. Yield
1.66 grams, 60 %. The corresponding oxide could be obtained by treating P-phenyl-5H-

benzo[b]phosphindole with H,O,.

In an alternative synthesis, triphenylphosphine oxide (2.8 g, 10 mmol) was dissolved in 80
mL of anhydrous THF. Phenyllithium (11.2 mL, [20 % solution in dibutyl ether], 21 mmol)
was added dropwise, resulting in a dark red solution. This solution was heated to reflux for
16 hours. After hydrolysis, the solvent was removed, and 100 mL of water was added. The
solution was neutralised with dilute HCI and extracted with DCM. The combined organic
layers were dried over MgSO,, solvent removed and purified by column chromatography
(silica gel, dry-loaded, ethyl acetate). The oxide could be obtained by oxidation with H,O,.

Yield = 2.76 g, 76 %. This compound has been previously reported. !’
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Atom Efficient Magnesiation of N-Substituted Alkyl Indoles with
a Mixed Sodium-Magnesium Base

Michael A. Stevens and Victoria L. Blair*!
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Abstract: This study presents the alkali metal mediated mag-
nesiation (AMMMg) of three N-alkylated indoles with the mixed
Na/Mg base [(TMEDA)Na(TMP),Mg(CH,SiMes)] 1 (TMEDA =
N,N,N’,N’-tetramethylethylenediamine, TMP = 2,2,6,6-tetrameth-
ylpiperidine). All three magnesiated indoles have been success-
fully characterised by single-crystal X-ray diffraction and solu-

\tion state NMR studies, whereas iodolysis and Pd-catalysed

cross coupling have been investigated. The steric nature of the
N-alkyl group changes the reactivity and efficiency of 1 to give
either atom efficient disodium tetraindol-2-ylmagnesiates [(Na-
TMEDA),Mg(a-CgHgN),4] 2 and [(Na-TMEDA),Mg(a-C;oH;1N),] 3,
or [(TMEDA)Na(TMP)(a-C;1H;,N)Mg(TMP)] 4, whereby only one
indole molecule is selectively deprotonated.

%

Introduction

Indoles and their derivatives play a prominent role in a large
number of biologically active compounds, as well as in many
diverse products across the entire chemical industry." It is con-
sidered a “privileged structural scaffold”’! present in many im-
portant natural products (such as serotonin, tryptamine, trypto-
phan),!"" pharmaceuticals (such as Sumatriptan and Rizatrip-
tan),®! agrochemicals (such as auxins and Amisulbrom)® and
pigments and dyes (indigoid and cyanine).” With the majority
(88 %)™! of active pharmaceutical drugs on the market contain-
ing aromatic heterocyclic components dominated by N-hetero-
cyclic compounds, the synthesis and functionalisation of ind-
oles and their derivatives is of significant interest to both syn-
thetic and medicinal chemists.[

Metalation reactions have proven indispensable in the con-
version of simple indole containing synthons into complex
functionalised indole-based products.[”? This has predominately
been achieved through the use of alkyllithium reagents
through direct metalation or metathesis and/or lithium second-
ary-amides. However, these methods commonly require low
temperatures, long reaction times and reagent excess to be em-
ployed to ensure selectivity.

In the last fifteen years, numerous research groups have de-
veloped mixed metal reagents as new tools to deprotometallate
sensitive aromatic compounds.®! In the context of indoles,
Uchiyama et al. have studied both the direct ortho-cupration
and -alumination of N-boc-indoles using the lithium cuprate
[MeCu(TMP)(CN)Li,]*! and lithium aluminate [iBusAl(TMP)Li] re-
agents achieving C2-selective outcomes.'™ However, both
mixed metal reagents required sub-ambient temperatures
(40 °C or -78 °C) and/or an excess of metalating reagent.

[a] School of Chemistry, Monash University,
Clayton, Melbourne, VIC 3800 Australia
E-mail: Victoria.Blair@monash.edu

Supporting information for this article is available on the WWW under
https://doi.org/10.1002/ejic.201701317.
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Recent studies by Mongin et al. focused on the room tem-
perature metalation of a diverse range of functionalised indole
and pyrrole species using a mixture of ZnCl,-TMEDA/LITMP in
various ratios,["''? which report, after subsequent iodolysis,
predominately 2-iodo derivatives in excellent yields.

Mulvey and Hevia et al. also reported the direct magnesia-
tion and zincation of N-methylindole using the sodium magne-
siate and zincate reagents [(TMEDA),Na,MgBu,] and
[(TMEDA)Na(tBu)(TMP)Zn(tBu)] at room temperature!’! reveal-
ing the first structurally characterised C-magnesiated [(Na-
TMEDA),Mg(a-CoHgN)4l and C-zincated [(TMEDA)Zn(a-CoHgN),]
examples of N-heterocyclic compounds.

In this study, we report the room temperature magnesiation
of a range of N-alkyl functionalised indoles (N-alkyl = Me, Et
and Pr) with the sodium magnesium base [(TMEDA)Na-
(TMP)(CH,SiMe3)Mg(TMP)]'¥ 1. Rapid reaction times (under
20 min) and atom-efficient metalation are defined by the steric
bulk of the N-alkyl substituent with X-ray crystallography and
solution NMR studies revealing different complex architectures.

Results and Discussion

Reaction of 1 with either N-methyl or N-ethyl-indole resulted in
the deposition of a yellow precipitate, which when re-crystal-
lised from n-hexane or toluene respectively afforded X-ray
quality single crystals, identified as the disodium tetraindol-
2-ylmagnesiates [(Na-TMEDA),Mg(a-CoHgN),]!"3! 2 and [(Na-
TMEDA),Mg(0-C10H1,N).] 3 (Figure 1).

Using a different metalation route, complex 2 has been pre-
viously reported in the literature!’> and will not be discussed
in detail (see Supporting Information). Essentially isostructural
to 2, complex 3 contains a central distorted tetrahedral (mean
109.34°) magnesium atom [Mg(1)] bonded to four separate a-

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. Molecular structure of [(Na-TMEDA),Mg(a-C;0Hq0N)4] (3) with thermal ellipsoids at 40 % probability. Hydrogen atoms and one disordered TMEDA
molecule have been omitted for clarity. Selected bond lengths [Al: Mg(1)-C(1), 2.2086(16); Mg(1)-C(11), 2.2120(18); Mg(1)-C(21), 2.2331(16); Mg(1)-C(31),
2.2377(17); Na(1)-C(1), 2.9184(17); Na(1)-C(2), 2.6993(17), Na(1)-C(11), 2.6905(18); Na(1)-C(12), 2.7420(18); Na(2)-C(21), 2.8580(17); Na(2)-C(22), 2.6159(17);

Na(2)-C(31), 2.6492(18); Na(2)-C(32), 2.7225(18); C(1)-Mg(1)-C(11),
102.00(6); C(11)-Mg(1)-C(31), 112.06(7); C(21)-Mg(1)-C(31), 103.46(6).

metalated indole substituents [C(1), C(11), C(21) and C(31)] with
an average Mg-C bond length of 2.222 A (mean 2.216 A in
20'3)) Each sodium atom in 3 makes electrostatic n?-interactions
with the 2-C and 3-C atoms of each deprotonated indole unit
[range of lengths Na-C: 2.6159(17)-2.9184(17) Al. Its coordina-
tion sphere is completed by a complexed bidentate molecule
of TMEDA making the Na atoms overall six coordinate.

The rational synthesis of both 2 and 3 was achieved by react-
ing NaTMP, Mg(CH,SiMes),, and TMEDA in a 2:1:2 ratio with four
equivalents of the respective indole (Scheme 1). In both cases
the desired product was isolated in a high crystalline yield (un-
optimised 81 % and 72 % respectively). The original synthesis is
likely to occur by a disproportionation reaction similar to that
which has been previously reported for 1 with thiophenel'
and the mixed zincate bases [(TMEDA)Na(tBu),Zn(TMP)] and
[Li(nBu),Zn(TMP)(TMEDA)] and their reactivity towards indoles
and ferrocene respectively.[31°!

Reaction of 1 with the more sterically encumbered N-iso-
propylindole substrate at room temperature resulted in the
deposition of a yellow precipitate, which when recrystallised
from n-hexane afforded X-ray quality single crystals. These
were identified as [(TMEDA)Na(TMP)(a-C;,H;,N)Mg(TMP)] 4
(Scheme 1 and Figure 2). Complex 4 adopts a familiar structural
motif,"7-20 whereby 1 has exhibited overall alky! basicity, losing
the CH,SiMe; group and replacing it with an a-deprotonated
N-isopropylindole unit. The molecular structure of 4 contains a
central trigonal planar magnesium atom, bonding to a bridging

Eur. J. Inorg. Chem. 2018, 74-79 www.eurjic.org

102.76(6); C(1)-Mg(1)-C(21), 119.67(6); C(1)-Mg(1)-C(31), 116.16(6); C(11)-Mg(1)-C(21),

and terminal TMP molecule and an o-deprotonated N-iso-
propylindole [C(1)-Mg(1), 2.192(4) A]. Similar to 3, the sodium
atom is interacting electrostatically with both the C(1) and C(2)
atoms of the N-isopropylindole in a n?-manner, as indicated by
the Na—C bond lengths of 2.857(4) and 2.646(4) A respectively.

When comparing complexes 2 and 3 to 4, although the
overall regioselectivity of 1 does not change, different complex
architectures are uncovered. The a-magnesiation of both N-
methyl and N-ethyl indole results in 1 or “[(TMEDA),Na-
(TMP),Mg(CH,SiMes),]” replacing all the available (potentially)
basic arms with a-magnesiated indole units, whereas in 4, only
one basic (CH,SiMe3) arm is lost. This makes 2 and 3 the prod-
ucts of a more atom efficient process. Complexes 2 and 3 are
obtained swiftly under ambient conditions (quantitative at
room temperature, 15 min), with no cooling or reflux conditions
(cf. lithiation of N-methylindole®") required to retain selectivity,
whereas 4 needs longer reaction times to achieve quantitation
(16 h). Attempts to force 4 to be more atom-efficient and react
faster unfortunately failed, even when an excess of N-isopropyl-
indole was employed under both room temperature and reflux
conditions. It would therefore appear that the added steric bulk
of the N-isopropyl group in 4 inhibits the formation of a struc-
tural motif similar to 2 or 3. Examining the space filling diagram
of 3 (Figure 3) demonstrates the steric congestion already
present around the metal centres when an ethyl group is
present, most likely hindering the isolation of an isopropyl ana-
logue. To the best of our knowledge, structurally characterised

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 1. Reaction of 1 with methyl, ethyl and isopropyl N-alkyl indoles.

C(6)

Figure 2. Molecular structure of [(TMEDA)Na(TMP)(a-C;,H;,N)Mg(TMP)] (4)
with thermal ellipsoids at 40 % probability. Hydrogen atoms are omitted for
clarity. Selected bond lengths [A] and angles [°]: Mg(1)-C(1), 2.192(4); Mg(1)-
N(4), 2.070(3); Mg(1)-N(3), 2.009(3); Na(1)-N(4), 2.464(3); Na(1)-N(5), 2.499(4);
Na(1)-N(6), 2.457(4); Na(1)-C(1), 2.857(4); Na(1)-C(2), 2.646(4); C(1)-Mg(1)-
N(3), 121.72(15); N(3)-Mg(1)-N(4), 133.32(14); N(4)-Mg(1)C(1), 104.94(15).

Mg-C or Mg-N bonded indole complexes are rare with only
one previously reported Mg-C indole complex [(Na-
TMEDA),Mg(a-CoHgN),113 and two Mg-N bonded bis-indolyl
complexes [(Cy4H;,SN),Mg(THF),] and [(C;4H;,0N),Mg(THF),]
reported in the literature.l??
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Figure 3. Space-filling diagram of compound 3.

Crystalline 2-4 were dissolved in C¢Dg and analysed by 'H
and '3C NMR spectroscopy. The spectra indicate an a-substi-
tuted N-alkyl indole in a 2:1 ratio with TMEDA for 2 and 3 and
a 1:1 ratio for 4, with all three complexes preserving their solid
state composition in solution. The disappearance of the two
doublet signals (6.51 and 6.55 ppm for 2; 6.54 and 6.68 ppm
for 3; 6.57 and 6.88 ppm for 4) in the aromatic region corre-
sponding to the parent indole, and the appearance of a singlet
at 0 = 6.53, 6.86 and 6.21 ppm respectively are indicative of an
a-magnesiated species. Large down field chemical shifts for the
2-C 13C resonance to 180.39, 181.49 and 178.79 ppm (parent
indole: 129.05, 126.5 and 123.0 ppm) in 2-4 respectively are
indicative of a magnesiation.

Utilising the Mg-C bond in complexes 2-4, we examined
their potential use in both in situ iodolysis and Pd-catalysed
cross-coupling reactions!?3! with iodobenzene. In a “one pot”
procedure, all three complexes successfully gave their expected
2-iodo-1-alkylindole or 2-phenyl-1-alkylindole products in un-
optimised high to moderate yields (I, 79-66 %; cross-coupling
82-68 %, Scheme 2).

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 2. In situ iodolysis and cross coupling reactions of 2-4.

Conclusion

We have demonstrated that AMMMg with 1 can successfully a-
magnesiate three N-alkylated indoles selectively and under mild
reaction conditions. We have revealed, through X-ray crystallo-
graphic and solution characterisation, that the efficiency of 1 is
influenced by the steric nature of the N-alkyl group, leading to
a less atom efficient magnesiation as steric bulk is increased.
Utilising these selective indol-2-magnsiates in both in situ iodo-
lysis and Pd-catalysed cross-coupling reactions leads to the iso-
lation of the corresponding 2-iodo-1-alkylindole or 2-phenyl-1-
alkylindole products in high to moderate yields.

Experimental Section

General Experimental Details: All reactions (unless otherwise
stated) were completed under an atmosphere of dinitrogen and
anhydrous conditions using standard Schlenk-line techniques. Wa-
ter and oxygen were removed from n-hexane and diethyl ether
using a MBRAUN SPS-800 solvent purification system and were
stored over 4 A molecular sieves under a dinitrogen atmosphere.
TMEDA was dried by reflux over CaH, and stored over 4 A molecular
sieves. TMP(H) was purchased from Oakwood Chemicals and stored
over 4 A molecular sieves. "H and '3C NMR spectra were recorded
on Bruker DRX 400 MHz or 600 MHz Cryo spectrometers with chem-
ical shifts internally referenced to CgDg or CDCl3. Microanalysis were
carried out at the Science Centre, London Metropolitan University,
with samples prepared in air-tight sealed glass ampules. N-meth-
ylindole was purchased from Aldrich and stored over 4 A molecular
sieves. N-ethylindole,*¥  N-isopropylindole,’?®)  nBuNa,?®! and
Mg(CH,SiMe;),""" were prepared according to literature proce-
dures.

GP1: nBuNa (0.08 g, T mmol) was suspended in 10 mL of dry n-
hexane. To this suspension was added TMP(H) (0.34 mL, 2 mmol)
dropwise, and the reaction was stirred at room temperature for at
least 30 min. Next, Mg(CH,SiMe3), (0.2 g, 1 mmol) was added with
subsequent addition of TMEDA (0.15 mL, 1 mmol), affording a pale
yellow, clear solution, which was used in situ. GP2: nBuNa (0.16 g,
2 mmol) was suspended in 10 mL of dry n-hexane. To this suspen-
sion was added TMP(H) (0.34 mL, 2 mmol) dropwise, and the reac-
tion was stirred at room temperature for at least 30 min. Next
Mg(CH,SiMe3), (0.2 g, 1 mmol) was added with subsequent addi-
tion of TMEDA (0.3 mL, 2 mmol). The resulting pale yellow, cloudy
solution was used in situ.

Eur. J. Inorg. Chem. 2018, 74-79 www.eurjic.org
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X-ray Data Collection, Reduction, Solution and Refinement

X-ray crystallographic data for 2 and 4 were obtained on a Bruker
X8 Nonius Kappa CCD diffractometer with graphite-monochro-
mated Mo-K, (1, = 0.71073 A) radiation at 123 K. All single crystals
were mounted on a glass fibre under oil. Data was collected and
processed using the Bruker Apex2 v.2012.2.0 software; Lorentz, po-
larisation and absorption corrections (multi-scan — SADABS)?7! were
applied. Crystallographic data of compound 3 was collected at the
MX1 beamline at the Australian Synchrotron, Melbourne, Victoria,
Australia (y = 0.71070 A). All data was collected at 100 K, main-
tained using an open flow of nitrogen. The software used for data
collection and reduction of the data were Blulce!?® and XDS.[2°]
Multi-scan absorption corrections (SADABS!?”)) were applied. Com-
pounds 2, 3 and 4 were solved and refined with SHELX-2016% and
X-seed interface®"! or Olex2.5? Compound 2 was modelled as a
two component twin (twin law -1000 -10001), BASF =
0.1492(19). Compound 3 had a disordered TMEDA molecule which
was modelled as disordered across two sites.

CCDC 1578143 (for 2), 1578142 (for 3), and 1578141 (for 4) contain
the supplementary crystallographic data for this paper. These data
can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre.

[(Na-TMEDA),Mg(a-CoHgN),41  (2):  N-Methylindole  (0.13  mlL,
1 mmol) was added to a stirred solution of GP1. A large quantity
of white precipitate was observed after roughly 10-15 min, which
was isolated by filtration and transferred to an argon glovebox for
storage. X-ray quality crystals were obtained upon recrystallisation
from n-hexane. Yield = 0.2 g, 24 % (max yield 25 % based on con-
sumption of N-methylindole). Rational synthesis of 2 was achieved
using GP2. N-methylindole (0.52 mL, 4 mmol) was added to a
stirred solution of GP2. This resulted in the immediate formation of
a clear solution. After approximately 10-20 min, a large quantity of
a white precipitate was observed, which was identified by NMR as
2. Isolated crystalline yield = 0.67 g, 81 % (quantitative by NMR). "H
NMR (400 MHz, C¢Dg, 300 K): 6 = 7.68-7.60 (m, 1 H, H3), 7.27 (m, 1
H, H6), 7.21-7.16 (m, 2 H, H4/H5), 6.94 (d, *Juy = 0.9 Hz, 1 H, H2),
4.15 (s, 3 H, CH3), 1.19 (s, 6 H, CH5-TMEDA), 1.06 (s, 2 H, CH,-TMEDA)
ppm. 13C NMR (101 MHz, C¢Ds, 300 K): 6 = 180.39 (Mg-C2), 141.17,
131.79, 118.52 (C5/6), 117.97 (C4), 117.65 (C5/6), 109.71 (C3), 108.62
(C7), 55.84 (CH,-TMEDA), 44.46 (CHs-TMEDA), 36.57 (CHs) ppm.
CagHesMgNgNa, (823.37): calcd. C 70.19, H 7.61, N 13.64; found C
69.73, H 7.65, N 13.41. Crystal data for compound 2 C4gHssMgNgNa,:
M = 823.38, colourless plates, 0.21 x 0.20 x 0.14 mm?3, monoclinic,
space group P2,/c,a = 17.6570(16), b = 16.8891(15), c = 15.9701(14),
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a = 90° B = 90.628(4)°, y = 90°, V = 4762.2(7) A 3, 7 = 4, D, =
1.148 g/cm3, F(000) = 1768, T = 123(2) K, 82061 reflections collected,
10691 unique (R;,; = 0.1037), Final GooF = 1.022, R1 = 0.0794, wR2 =
0.2648, 545 parameters, 0 restraints. Lp and absorption corrections
applied, u = 0.096 mm~'. Refined as a two-component twin (Twin
law -1000-1000 1), BASF = [0.1492(19)].

[(Na-TMEDA),Mg(a.-C;oH4,N)4] (3): N-Ethylindole (0.15 g, T mmol)
was added dropwise to a stirred solution of GP1. After approxi-
mately five minutes, formation of a white precipitate was observed.
The precipitate was isolated by filtration, washed with n-hexane and
dried in vacuo, before storage in an argon glove box. X-ray quality
crystals were obtained upon recrystallisation in toluene. Both the
crystalline material and the powder were found to be the same
product by NMR analysis. Yield = 0.2 g, 24 % (maximum yield 25 %
based on consumption of N-ethylindole). Rational synthesis of 3: To
a stirred suspension of GP2 was added N-ethylindole (0.58 g,
4 mmol) dropwise, resulting in the immediate formation of a clear
solution. After approximately 10-20 min, a large quantity of a white
precipitate was observed, which was identified by NMR as the title
species. Isolated crystalline yield: 0.586 g, 70 % (quantitative by
NMR). "H NMR (400 MHz, C¢Dg, 300 K): 6 = 7.63-7.56 (m, 1 H, H4),
7.29 (m, 1 H, H7), 7.17-7.08 (m, 2 H, H5/H6), 6.86 (s, 1 H, H3), 4.70
(@ 3Jpy = 7.0 Hz, 2 H, CH,), 144 (t, 3Jy, = 7.1 Hz, 3 H, CH3), 1.28 (s,
6 H, TMEDA-CHs), 1.21 (s, 3 H, TMEDA-CH,) ppm. "*C NMR (101 MHz,
CeDe, 300 K): 0 = 181.49 (Mg-C2), 140.45, 132.73, 119.01 (C5/6),
118.58 (C5/6), 118.23 (C4), 109.88 (C7), 109.64 (C3), 56.79 (CH,-
TMEDA), 45.25 (CH5-TMEDA), 45.14 (CH,), 17.31 (CH5) ppm. Crystal
data for Compound 3 Cs,H;,,MgNgNa,: M = 1198.37, colourless
plates, 0.04 x 0.03 x 0.02 mm?, triclinic, space group Pbca, a =
16.682(3), b = 16.236(3), ¢ = 38.216(8), @ = 90°, 5 = 90°, y = 90°, V =
10351(4) A3, Z = 8, D. = 1.129 g/cm3, F(000) = 3792.0, T = 100(2) K,
85955 reflections collected, 12826 unique (Rint = 0.706), Final
GooF = 1.056, R1 = 0.0706, wR2 = 0.1528, 612 parameters, O re-
straints. Lp and absorption corrections applied, u = 0.090 mm™".

[(TMEDA)Na(TMP)(a-C;,H,,N)Mg(TMP)] (4): N-Isopropylindole
(0.16 g, 1 mmol) was added dropwise to a stirred solution of GP1.
After stirring overnight, a white precipitate was observed and col-
lected via filtration, washed with n-hexane and dried in vacuo, be-
fore storage in a glovebox. X-ray quality single crystals were ob-
tained upon recrystallisation from n-hexane. Both the crystalline
material and the powder were found to be the same product by
NMR analysis. Yield: 0.35 g, 58 %. "H NMR (400 MHz, C4D¢, 300 K):
0 =749 (m, 2 H, H3/6), 7.1-7.2 (m, 2 H, H4/5), 6.21 (d, *Jyy = 0.8 Hz,
1 H, Hy), 5.16 (septet, 3J,; = 6.8 Hz, 1 H, CH), 1.69 (d, 3J,4 = 6.8 Hz,
6 H, CHs), 1.88 (m, 4 H, y-CH, TMP), 1.59 [s (br), 24 H, CH; TMP],
1.46 [s (br), 12 H, CH;, TMEDA], 1.44 [s (br), 4 H, CH,, TMEDA], 1.39
[s (br), 6 H, B-CH, TMP] ppm. '3C NMR (100 MHz, C¢Dg, 300 K): 6 =
178.79 (Mg-C2), 138.0, 133.4, 118.4 (C4), 117.8 (C7), 117.7 (C5), 111.1
(C6), 106.4 (C3), 56.4 (CH, TMEDA), 54.1 (CH-isopropyl), 52.2 (TMP-
quaternary), 45.2 (CH; TMEDA), 41.8 (B-CH, TMP), 35.7 (CHs TMP),
22.3 (CH3 isopropyl), 20.0 (y-CH, TMP) ppm. C;oH;22Mg,N;oNa
(1175.40): calcd. C 69.80, H 10.71, N 11.63; found C 69.88, H 9.96, N
11.45. Crystal data for compound 4 C;oH;,,Mg,NgNay: M =
1198.37, colourless plates, 0.18 x 0.16 x 0.10 mm?3, triclinic, space
group P1, a = 11.5469(4), b = 16.3939(6), ¢ = 20.4362(8), a =
81.102(2)°, f = 85.116(2)°, y = 72.647(2)°, V = 3644.9(2) A3,z =2
D, = 1.092 g/cm3, F(000) = 1316, T = 123(2) K, 49988 reflections
collected, 14416 unique (Rint = 0.1065), Final GooF = 1.038, R1 =
0.0794, wR2 = 0.2291, 783 parameters, 0 restraints. Lp and absorp-
tion corrections applied, y = 0.090 mm™".

lodolysis Protocol: To a stirred solution of 2, 3 or 4, was added a
1 m solution of iodine in THF (10 mL for 2 and 3, 5 mL for 4)

Eur. J. Inorg. Chem. 2018, 74-79 www.eurjic.org

Eur/IC

European Journal
of Inorganic Chemistry

Full Paper

dropwise at room temperature. The resulting solution was stirred
overnight and quenched with saturated Na,S,05 sodium thiosulfate
(20 mL). The solution was diluted with CH,Cl,, dried with MgSO,
and the solvent removed in vacuo. N-methyl-2-iodoindole was iso-
lated as a crystalline solid. N-ethyl-2-iodoindole and N-isopropyl-2-
iodoindole were isolated as pale yellow oils following purification
by flash chromatography (silica gel, n-hexane). N-methyl-2-iodoin-
dole: 0.81 g, 79 %: "H NMR (400 MHz, CDCl5, 300 K): 6 = 7.57 (d,
3Jy = 7.9 Hz, 1 H, H3), 7.34 (d, 3Jyy = 8.3 Hz, 1 H, He), 7.19 (d,
) =74 Hz, 1 H, H5), 711 (t, 3Juy; = 74 Hz, 1 H, H4), 6.84 (s, 1 H,
H2), 3.79 (s, 3 H) ppm. 3C NMR (101 MHz, CDCl5, 300 K): 6 = 138.19,
129.74,121.96 (C4), 119.93 (C5), 119.62 (C6), 111.94 (C2), 109.82 (C7),
84.10 (C1), 34.19 (CH;) ppm. N-ethyl-2-iodoindole: 0.72 g, 66 %: 'H
NMR (600 MHz, CDCls, 300 K): 6 = 7.53 (dt, *Juy = 7.9, Yy = 1.0 Hz,
1 H, H3), 7.33 (dd, 3Juy = 8.3, Yy = 0.9 Hz, 1 H, H6), 7.15 (ddd,
3,y = 83, 7.1, 4y = 1.2 Hz, 1 H, H5), 7.06 (ddd, 3y = 7.9, 7.1,
“Jun = 1.0 Hz, 1 H, H4), 6.78 (d, “Jpyy = 0.8 Hz, 1 H, H2), 423 (q,
3J, = 7.2 Hz, 2 H, CH,), 135 (t, 3y = 7.2 Hz, 3 H, CH3) ppm. '3C
NMR (151 MHz, CDCls;, 300 K): 6 = 137.01, 130.08, 121.87 (C5),
119.89 (C4), 119.76 (C3), 112.11 (C2), 109.74 (C6), 82.58 (C1), 42.25
(CH,), 15.35 (CH3) ppm. HRMS (ESI) (IM + H]*) calcd. for CyoH;0IN:
271.9936, found 271.9925. IR: ¥ = (ax =) 3052 (w), 2939 (w), 1602
(w), 1512 (m), 1463 (s), 1420 (m), 1385 (m), 1316 (s), 1241 (s), 1205
(m) 1130 (m), 1075 (s), 1008 (s), 919 (m), 837 (m), 733 (s), 698 (s)
cm~'. N-isopropyl-2-iodoindole: 0.22 g, 78 %: 'H NMR (400 MHz,
CDCl5, 300 K): 6 = 7.50-7.45 (m, 2 H, H4/7), 7.05-7.00 (m, 2 H, H5/
6), 6.67 (d, 3Jyy = 0.9 Hz, 1 H, H2),4.78 (septet, >Jyy = 7.1 Hz, 1 H,
CH), 1.56 (d, *J,yy = 7.1 Hz, 9 H, CH3) ppm. '3C NMR (101 MHz, CDCl5,
300 K): 6 = 123.00 (C4/7), 120.91 (C5/6), 120.85 (C5/6), 119.68 (C4/
7), 111.19 (C3), 57.96 (CH), 21.12 (CHs) ppm. HRMS (ESI) (M + H]")
calcd. for Cq;,H;,IN: 286.0093, found 286.0082. IR: ¥ = (ax =) 2967
(m), 2931 (m), 2440 (w), 1701 (w), 1457 (s), 1438 (s), 1400 (s), 1383
(m), 1336 (m), 1303 (s), 1260 (m), 1220 (s), 1087 (s), 1011 (s), 906
(m), 800 (m), 738 (s) cm™".

Cross-Coupling Protocol: To a stirred solution of either 2, 3 or 4,
was added iodobenzene (5 equiv. for 2 and 3, 2 equiv. for 4), fol-
lowed by the addition of 4 mol-% of Pd(dbbf)Cl,. The reaction was
refluxed for 16 hours. After cooling to room temperature, the solu-
tion was quenched with saturated NH4Cl, extracted with dichloro-
methane, dried with anhydrous MgSO, and the solvent was re-
moved in vacuo. N-methyl-2-phenylindole and N-ethyl-2-phenyl-
indole were isolated as crystalline solids, and N-isopropyl-2-phenyl-
indole was isolated as a pale yellow oil following flash chromatogra-
phy (silica gel, n-hexane). Compounds prepared were consistent
with literature values. N-methyl-2-phenylindole:"'3! 0.68 g, 82 %:
H NMR (600 MHz, CDCls, 300 K): & = 7.65 (d, 3Jyy = 7.7 Hz, 1 H,
H4), 7.52 (dd, 3Juy; = 8.3, “Jy = 1.3 Hz, 2 H, ortho-H), 7.48 (t, 3y =
7.6 Hz, 2 H, meta-H), 7.41 (t, 3Jyy = 7.3 Hz, 1 H, para-H), 7.38 (d,
3Jyy = 8.2 Hz, 1 H, H7), 7.28-7.23 (m, 2 H, H6), 7.18-7.13 (m, 1 H,
H5), 6.57 (s, 1 H, H3), 3.76 (s, 3 H, CH3) ppm. "3C NMR (151 MHz,
CDCl3, 300 K): 6 = 141.79, 138.55, 133.07, 129.60 (meta-C), 128.70
(ortho-C), 128.17, 128.07 (para-C), 121.87 (C6), 120.68 (C5), 120.07
(C4), 109.81 (C7), 101.86 (C3), 31.40 (CH3) ppm. N-ethyl-2-phenyl-
indole:®31 0.60 g, 68 %: '"H NMR (400 MHz, CDCls, 300 K): 6 = 7.63
(dt, 3y = 7.8, “uy = 1.0 Hz, 1 H, H4), 7.53-7.36 (m, 6 H, Ph + H7),
7.26-7.19 (m, 1 H, H6), 7.13 (ddd, 3J4, = 8.0, 7.0, “Jyy = 1.0 Hz, 1 H,
H5), 6.52 (d, 4y = 0.9 Hz, 1 H, H3), 4.18 (t, 3Juy = 7.2 Hz, 2 H, CH,),
132 (d, 3Jyy = 7.2 Hz, 3 H, CH3) ppm. '3C NMR (101 MHz, CDCls,
300 K): 0 = 141.30, 137.31, 133.44, 129.59 (meta-C), 128.69 (ortho-
C), 12853, 128.14 (para-C), 121.74 (C6), 120.80 (C4), 119.98 (C5),
110.08 (C7), 102.31 (C3), 38.96 (CH,), 15.59 (CH3) ppm. N-isopropyl-
2-phenylindole:®*¥ 0.17 g, 71 %: 7.64-7.59 (m, 2 H, H4/7), 7.5-7.4
(m, 5 H, phenyl-H), 7.20-7.15 (m, 2 H, H5/6), 6.45 (d, 1 H, J = 0.8,
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H3), 4.68 (septet, 1 H, J=7.0, CH), 1.6 (d, 1 H, J = 7.0, CH). "*C NMR
(101 MHz, CDCl5, 300 K): 6 = 141.41, 135.44, 133.81, 131.98, 129.64
(meta-C), 128.42 (ortho-C), 127.93 (para-C), 121.01 (C5/6), 120.85
(C5/6), 119.44 (C4/7), 112.40 (C4/7), 102.21 (C3), 47.90 (CH), 21.57
(CH3) ppm.
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Contrasting Synergistic Heterobimetallic (Na-Mg) and
Homometallic (Na or Mg) Bases in Metallation Reactions of
Dialkylphenylphosphines and Dialkylanilines:

Lateral versus Ring Selectivities

Michael A. Stevens,® Fairuz H. Hashim,” Eunice S. H. Gwee,”” Ekaterina I. Izgorodina,”

Robert E. Mulvey,” and Victoria L. Blair*®

/Abstract: A series of dialkylphenylphosphines and their anal-
ogous aniline substrates have been metallated with the syn-
ergistic mixed-metal base [(TMEDA)Na(TMP)(CH,SiMe,)-
Mg(TMP)] 1. Different metallation regioselectivities for the
substrates were observed, with predominately lateral or
meta-magnesiated products isolated from solution. Three
novel heterobimetallic  complexes  [(TMEDA)Na(TMP)-
(CH,PCH;Ph)Mg(TMP)] 2, [(TMEDA)Na(TMP)(m-CgH,PiPr.)-
Mg(TMP)] 3 and [(TMEDA)Na(TMP)(m-C¢H,NEt,)Mg(TMP)] 4
and two homometallic complexes [{(TMEDA)Na(EtNC¢H;)},]1 5
and [(TMEDA)Na,(TMP)(C,HsPEt)], 6 derived from homome-
tallic metallation have been crystallographically character-

ised. Complex6 is an unprecedented sodium-amide,
sodium-phosphide hybrid with a rare (NaNNaP), ladder
motif. These products reveal contrasting heterobimetallic de-
protonation with homometallic induced ethene elimination
reactivity. Solution studies of metallation mixtures and elec-
trophilic iodine quenching reactions confirmed the metalla-
tion sites. In an attempt to rationalise the regioselectivity of
the magnesiation reactions the C—H acidities of the six sub-
strates were determined in THF solution using DFT calcula-
tions employing the MO06-2X functional and cc-pVTZ Dun-
ning’s basis set.

/

Introduction

A fundamental challenge within synthetic chemistry is to con-
trol the chemo- and regioselectivity when functionalising or-
ganic molecules. Organometallic alkyl- and aryl-lithium com-
pounds and the lithium secondary amides (the “utility
amides"")) have a long-established role in the synthetic chem-
ists repertoire.!® Synthetic approaches including directed
ortho-metallation (DoM) is without doubt the classical concept
in organo-alkali chemistry, allowing the selective functionalisa-
tion of aromatic molecules. DoM is of particular importance in
the synthesis of pharmaceutical products.”” However, excep-
tions to ortho-metallation are relatively scarce.” The demand
to develop new methods to selectively functionalise neigh-
bouring meta and para positions led to several new classes of
bimetallic reagents emerging in the past two decades. Most
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prominent are ‘turbo-Grignard’ reagents pioneered by Knochel.
Typified by the mixed lithium halide-magnesium amide com-
plex (TMPMgCLLICl),*® these salt-modulated organometallic
reagents can regiospecifically functionalize an impressive varie-
ty of aromatic and heteroaromatic compounds and offer good
compatibility with sensitive functional groups. Recently, a new
halogen-magnesium exchange reagent sBuMgOR-xLiOR (x=1
or 2; R=2-ethylhexyl) has been developed allowing fast Br/Mg
or CI/Mg exchange reactions producing heteroaryl magnesium
alkoxides in non-polar solvents.”” Mongin and co-workers have
developed a range of bimetallic ate complexes for the metalla-
tion of many functionalised aromatics, combining lithium with
a variety of secondary metals including zinc,*'? copper™ or
magnesium.™' These metallating agents usually consist of a
mixed alkyl or amido lithium species with either a divalent
metal salt or a dialkyl/amido metallic species. Of particular rele-
vance to this work are the bimetallic bases formed by the co-
complexation of an alkali metal amide (most commonly
NaTMP) and a dialkyl subordinate metal partner, typically
zinc,">'%"®  magnesium™'>'%2%  3luminium®?"?? or manga-
nese.”*? Early examples of the effectiveness of these bases in-
clude the magnesiation (C—H to C—Mg) of benzene® and the
selective meta-magnesiation of toluene,”” both achieved utilis-
ing the sodium magnesiate base [(TMEDA)Na(nBu)-
(TMP)Mg(TMP)].%5?” There are precedents in the literature for
these bimetallic systems metallating aniline based substrates.
A notable example is with the sodium zincate, [(TMEDA)-
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Na(tBu)(TMP)Zn(tBu)], in which a novel meta-zincation of N,N-
dimethylaniline® (Scheme 1) was achieved. However, subse-
quent in situ electrophilic quenching studies with iodine re-
vealed a mixture of ortho-, meta- and para- iodoanilines.””

\N/
i/@a
2
‘94'1/0,
22
Blor s )
v ) P PG

[NaTMP(tBu)ZntBu]

>

NN Np”
nBuli
[e]

No crystallographic
examples of ring
metallation

meta, meta*

Scheme 1. Structurally characterised examples of the products of metallation
of N,N-dimethylaniline and dimethylphenylphosphine. Note only metals
shown for clarity. Reagents and conditions: [a] nBuLi, hexane, reflux, 16 h;*
[b] nBuNa, hexane, 0°C;*” [c] [NaTMP(tBu)Zn(tBu)], hexane, reflux, 2 h,*®

[d] [Na,Mg,(TMP)4(nBu),], methylcyclohexane, reflux, 4 h,®" [e] nBuLi.TMEDA,
hexane.**

More recently a sophisticated template approach®® has

been reported employing the sodium magnesiate base
[Na,Mg,(TMP)4(nBu),]. This powerful method relies on the aza-
metallo ring scaffold, which can override acidity criteria and
direct remarkable selective and regiospecific polymetallations.
For example ortho-meta” or meta-meta” di-metallations of
substituted arenes and anilines (Scheme 1)®" have been ac-
complished, whereas reactions with the polyaryl substrate
para-terphenyl result in di- or even tetra-metallated sub-
strates.*?

Surprisingly, compared to the established mono- and bimet-
allic metallation chemistry of tertiary amines, analogous studies
based on tertiary phosphines are relatively scarce. Given the
synthetic utility of phosphorus-based ligands in catalyst
design,® material chemistry and the stabilisation of main
group and transition-metal complexes®® investigation of their
functionalisation and reactivity is of special importance. In con-
text to synthetic medicinal chemistry, alkali metal amide com-
plexes feature prominently,®” while related phosphorus con-
taining compounds have been generally overlooked. Recently,
a phosphine-oxide-containing compound Brigatinib (AP26113),
developed by Huang and co-workers, was approved by the
FDA for the treatment of lung cancer,®® making the metalla-
tion of phosphorus containing compounds of high interest,
providing new prospects in medicinal chemistry.

This study reports, the selective magnesiation of a range of
dialkyl substituted phenylphosphines and their aniline counter-
parts employing the sodium magnesiate base [(TMEDA)-
Na(TMP)(CH,SiMe;)Mg(TMP)] 1 (TMEDA = N,N,N',N'-tetramethy-
lethylenediamine, TMP =2,2,6,6-tetramethylpiperdide). To the
best of our knowledge, no phosphorus containing substrates
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have been investigated to date, whereas, 1 has previously
been used in metallation of furan,”* thiophene® and most re-
cently N-substituted indoles.”” This work discloses the subtle
electronic and steric influences of N versus P substitution,
showcasing in some instances unexpected metallation sites. To
provide a rational for the different selectivities observed, pK,
calculations have been performed.

Results and Discussion
Synthesis

Starting with the simplest benchmark methyl substituted ana-
logues, reaction of 1 with N,N-dimethylaniline in hexane at
room temperature resulted in a viscous oil identified (via
'H NMR spectroscopy) as predominately starting material (<
10% metallated species). When the reaction mixture was
heated to reflux (2 hours), a mixture of meta- and para-magne-
siated N,N-dimethylaniline was observed (overall conversion
29%; meta- 78 %, para- 22 %). Heating beyond 2 hours leads to
decomposition of the base and an oil which was consistent
with starting amine confirmed via NMR spectroscopy (see Sup-
porting Information). In contrast, reaction of a hexane solution
of 1 with RP-dimethylphenylphosphine at room temperature
resulted in the isolation of a white crystalline solid identified
by X-ray crystallography as the laterally magnesiated phos-
phinomethanide  complex [(TMEDA)Na(TMP)(CH,PCH;Ph)-
Mg(TMP)] 2, in a 58% crystalline yield. Moving on to the ethyl-
analogues, N,N-diethylaniline could be successfully meta-mag-
nesiated upon reaction with 1 in hexane solution to afford
the crystalline compound [(TMEDA)Na(TMP)(m-C¢H,NEt,)-
Mg(TMP)1 3 in a 65% crystalline yield. Contrastingly, when 1
was treated with a molar equivalent of BP-diethylphenylphos-
phine, no reaction was observed, even under reflux conditions,
resulting in quantitative recovery of the phosphine substrate.
Lastly, reaction of 1 at room temperature with the more steri-
cally encumbered N,N-diisopropylaniline at room temperature
results in an oil identified as starting material. When the reac-
tion mixture is heated to reflux, a mixture of meta- and para-
magnesiated anilinophenyl species are obtained (overall con-
version 259%; meta- 70%, para- 30%), as well as significant un-
reacted starting amine (see Supporting Information), whereas
reaction of 1 with RP-diisopropylphenylphosphine affords the
crystalline meta-magnesiated phosphinophenyl complex [(TME-
DA)Na(TMP)(m-C¢H,PiPr,)Mg(TMP)] 4 selectively in a 31% crys-
talline yield.

Solid-state structures

To the best of our knowledge complexes 2 and 4 represent
the first structurally characterised magnesiated dialkylphenyl-
phosphines,”*"” while complex 3 is a rare structural example of
a ring-magnesiated aniline® with the only other reported liter-
ature examples being of in situ magnesiations followed by
electrophilic quenching studies. %%

X-ray crystallographic analysis of compound 2 (Figure 1) re-
veals the first example of lateral magnesiation of RP-dimethyl-
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Figure 1. Molecular structure of [[TMEDA)Na(TMP)(CH,PCH;Ph)Mg(TMP)] 2
with thermal ellipsoids at 40% probability. Hydrogen atoms have been omit-
ted for clarity. Selected bond lengths (A) and angles (°): Mg(1)—N(1),
2.069(5); Mg(1)—N(2), 2.001(5); Mg(1)—C(1), 2.182(6); Na(1)—N(1), 2.463(5);
Na(1)—N(3), 2.528(6); Na(1)—N(4), 2.495(5); Na(1)—P(1), 2.919(2); P(1)—C(1),
1.777(6); P(1)—C(2), 1.823(8); N(1)-Na(1)-P(1), 95.24(12); Na(1)-N(1)-Mg(1),
103.5(2); N(1)-Mg(1)-C(1), 108.8(2); Mg(1)-C(1)-P(1), 118.4(3); C(1)-P(1)-Na(1),
88.40(19).

phenylphosphine. The bimetallic monomer is composed of
one sodium atom connected to magnesium via an amido TMP
bridge, with the magnesium coordination completed by a fur-
ther TMP (terminal) and a CH, unit of a metallated phosphine.
The sodium atom occupies a distorted tetrahedral environ-
ment (bond angles range 73.88°-134.47°), comprising a TMP
bridge, a bridging [C¢H;PCH;CH,]” and a bidentate chelating
TMEDA ligand. The sodium atom forms a strong bond with the
phosphorus lone pair [Na(1)—P(1) 2.919(2) A] to close a central
5-atom 5-element (NaNMgCP) ring. The coordination environ-
ment of the magnesium atom is essentially trigonal planar (Z
bond angles=359.96°) in common with this structural motif,
with a terminal and bridging TMP molecule and a methyl mag-
nesiated PP-dimethylphenylphosphine anionic unit, with a typ-
ical covalent Mg—C bond length of 2.182(6) A. Overall, 1 has
executed alkyl basicity, with the loss of SiMe,. Previous studies
on the lateral metallation of AP-dimethylphenylphosphine with
nBulLi in the presence of the activating bidentate ligand
TMEDA have been reported®*** revealing the dimer [(TMEDA)-
Li(CH,PCH,Ph)],. Contrasting the reactivity of the analogous di-
methyl P/N substrates with 1, a distinction in metallation site is
observed, namely, lateral versus ring (Scheme 1). These differ-
ences can be rationalised at least in part by considering the
electronic nature of the different directing groups. The poor di-
recting ability of the dimethyl amino group,”” attributed to
lone pair delocalisation into the aromatic ring, makes the aryl
H atoms weakly acidic, resulting in ortho-metallation. In con-
trast, the lone pairs on the dimethyl phosphorus system are
not delocalised, resulting in increased acidity of the methyl
substituents and hence directing metallation to the methyl

group.
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The molecular structures of 3 (Figure 2) and 4 (Figure 3) dis-
play a similar structural backbone {{TMEDA)Na(TMP)Mg(TMP)}
to that of 2, completed by a selectively meta-magnesiated dia-
Ikyl N or P substrate. In both 3 and 4 the magnesium atom lies
coplanar to the aromatic ring, indicative of a strong Mg—C o-

Figure 2. Molecular structure of [(TMEDA)Na(TMP)(m-C4H,NEt,)Mg(TMP)] 3
with thermal ellipsoids at 40% probability. Hydrogen atoms have been omit-
ted for clarity. Selected bond lengths (A) and angles (°): Mg(1)-C(3),
2.182(2); Mg(1)—N(3), 2.0794(16); Mg(1)—N(2), 1.9989(17); Na(1)—C(3),
3.036(2); Na(1)—C(4), 2.648(2); Na(1)—N(3), 2.4779(18); Na(1)—N(4), 2.5401(18);
Na(1)—N(5), 2.5291(18); N(2)-Mg(1)-C(3), 120.48(8); N(2)-Mg(1)-N(3), 134.32(7);
N(3)-Mg(1)-C(3), 105.16(7); Na(1)-N(3)-Mg(1), 89.35(6).

Figure 3. Molecular structure of [(TMEDA)Na(TMP)(m-C,H,PiPr,)Mg(TMP)] 4
with thermal ellipsoids at 40% probability. Hydrogen atoms have been omit-
ted for clarity. Selected bond lengths (&) and angles (°): Mg(1)-C(3),
2.181(4); Mg(1)—N(1), 1.994(3); Mg(1)—N(3), 2.071(3); Na(1)—N(3), 2.485(3);
Na(1)—N(2), 2.457(3); Na(1)—N(4), 2.569(3); Na(1)—C(2), 3.038(4); Na(1)—C(3),
2.684(4); N(1)-Mg(1)-N(3), 133.51(13); N(1)-Mg(1)-C(3), 119.21(14); C(3)-Mg(1)-
N(3), 107.11(13); Na(1)-N(3)Mg(1), 87.25(11).
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bond to the meta-carbon of the aromatic ring [2.182(2) and
2.181(4) A in 3 and 4 respectively]. In contrast, the sodium
atom lies almost perpendicular to the magnesiated ring, form-
ing modest Na—m interactions with the m-system of the aro-
matic ring, primarily with the deprotonated meta-carbon
[Na(1)—C(3) 2.648(2) and Na(1)—C(2) 3.036(2) A in 3; Na(1)-C(3)
2.684 and Na(1)—C(2) 3.038(4) A in 41.”9 A distinction here is
that the Ph ring engages with the sodium through a 1? Cpe—
C(H)par interaction in 3, but through a N?Coneta—C(H)ono interac-
tion in 4. Interestingly, in comparison to laterally metallated 2,
where the sodium atom binds to the phosphorus, here in 3
and 4 the heteroatom is orientated away from the metal cen-
tres, with the sodium atom opting to predominately m-engag-
ing with the arene-ring opposed to typical dative bonding
through the N/P atoms. As far as we can ascertain, the only re-
ported, structurally characterised example of a ring metallated
N,N-diethylaniline complex is the para-metallated dirhenium
complex [Re,(CO)g(u-H)(p-CsHLNEL,)1,™” while hitherto no struc-
turally characterised examples of ring-metallated dialkylphenyl-
phosphine complexes exist.

Solution studies and quenching

To build up a solution picture of complexes 2-4 NMR spectro-
scopic studies were performed in C,Dy followed by a series of
I, and D,0O quenching studies. Interestingly this revealed some
unexpected solution behaviour.

'H and *'P NMR spectra of complex 2 each revealed two sets
of signals, suggesting a second species, other than the solid-
state structure, coexists in solution. In the *'P{'"H} spectrum two
resonances are present, a broad singlet at —29.7 ppm (belong-
ing to 2) and a smaller signal at —28.6 ppm attributed to 2a
(Scheme 2). Similarly, the "H and C{'"H} NMR spectra indicate
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the presence of two species, the major species being assigned
as 2 by three triplets 7.85, 7.27 and 7.12 ppm (corresponding
to the ortho-, meta- and para-protons) and aliphatic signals at
1.40 ppm for the CH; and two non-equivalent signals for the
MgCH, protons at 0.60 and —0.23 ppm (assigned by 'H-">C
HSQC). While in the same spectra a second minor species can
be identified as 2a by a set of resonances at 7.83, 7.30 and
1.40 ppm. Note that this solution also contains resonances for
TMEDA and TMP (see Supporting Information). In an attempt
to confirm the presence of the regioisomer 2a and not anoth-
er product within the sample C:H:N analysis was also carried
out. Microanalysis and NMR spectroscopic studies are consis-
tent with the minor species being the para-magnesiated PP-di-
methylphenylphosphine regioisomer complex 2a. For further
confirmation, attempts to isolate the observed para-isomer 2a
were made via electrophilic iodine and D,0 quenches. For
ease of handling and purification, the quenched products were
subject to aerial oxidation during workup to give the corre-
sponding phosphorus(V) oxide compounds. lodination of a
crystalline sample of 2 lead to a mixture of multi-iodinated
products (see Supporting Information). However, quenching
studies with D,O afforded the expected corresponding single
deuterated product, CH,;(CH,D)P=OPh with no other deutero-
regioisomer isolated, suggesting 2a to be a solution artefact.

'H and *C NMR spectroscopic studies of complexes 3 and 4
returned no such complications and are consistent with the re-
tention of their structures in solution. For 3, the disappearance
of the aromatic signals related to the parent aniline (7.24, 6.76
and 6.62 ppm) and appearance of four new aromatic signals,
at 7.45 (doublet), 7.12 (singlet), 7.11 (doublet) and 6.48 ppm
(doublet of doublet of triplets) are characteristic of a meta-de-
protonated species. Similarly, the presence of four new aromat-
ic resonances in the "H NMR spectrum of compound 4 at 8.15

Overall conversion 100% . o
lateral- 75% SN Overall conversion 29%
S ara- 25% meta- 78%
P b , g - para- 22%
TMP e ————— | E_M 1
+ a Ma ™P { | 2
N Q ! SN
7\ \P CH2 i ETMEDA \ ;
L e O LELIX LT R=Me
(fateral-) R=Me
2
% N SR
iii)
— > Na
Noreacton <+ @ N/ \ Mg ~
R=Et + =Et /\
[(TMEDA)Na(TMP)(CH ;SiMes)Mg(TMP)] 1
(meta-) v/
/I
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STMP = }75 H
Na/ M : : )\ J\ Overall conversion 25%
E - TMP e etmend o A
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Scheme 2. Reagents and conditions: i) hexane, r.t., overnight ii) hexane, reflux, 2 hours iii hexane, no reaction observed at r.t. for 1-7 days or reflux for 1, 2, 6
or 18 h, iv) hexane, r.t., overnight, v) hexane, r.t., overnight, vi) hexane, reflux, 3 hours.
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(doublet of doublets), 7.83 (doublet), 7.23 (multiplet) and
7.17 ppm (triplet) indicate the formation of a meta-deprotonat-
ed species. The *'P{'H} NMR spectrum shows an upfield shift of
the phosphorus signal from 10.42 ppm (parent phosphine) to
9.42 ppm in the metallated species 4.

lodolysis of 3 and 4 resulted in the expected N,N-diethyl-3-
iodoaniline and (3-iodophenyl)diisopropylphosphine, respec-
tively. Interestingly, small quantities (< 10%) of N,N-diethyl-4-
iodoaniline were also present from 3, likely resulting from the
electrophilic aromatic substitution of iodine with free N,N-di-
ethylaniline.*®

Due to the lack of isolable magnesiated intermediates for
N,N-dimethyl- and N,N-diisopropyl-aniline substrates, iodolysis
of the reaction mixtures were conducted to gain insight into
the metallation site selectivity observed in solution. A '"H NMR
study of the crude material obtained following iodolysis of the
reaction mixture of 1 with N,N-dimethylaniline at room tem-
perature was found to have an overall conversion of 26 %, with
an iodo-meta:para ratio of 73:27, which is in agreement with
the in situ monitoring (compared to 29% for metallated spe-
cies and meta:para ratio 78:22, Scheme 2, see the Supporting
Information). Switching the reaction conditions to 4 hours
reflux and then quenching with iodine, resulted in predomi-
nantly the para-product N,N-dimethyl-4-iodoaniline being iso-
lated, as well as small amounts of residual starting material. In
a similar fashion, iodolysis of the reaction of 1 with N,N-diiso-
propylaniline resulted in an overall conversion of 25% with an
iodo-meta:para ratio of 7:3 (identical to the 'H NMR identified
metallated species prior to iodine quench, Scheme 2, see Sup-
porting Information). In both magnesiation reactions no ortho-
iodonated products were isolated. In keeping with our findings
that the meta-isomer monopolized the selectivity the reported
metallation of N,N-dimethylaniline with the mixed metal zin-
cate reagent [(TMEDA)Na(TMP)(tBu)Zn(tBu)] also results in the
isolation of a mixture of the regioisomers®® upon iodolysis
quenching studies, with the meta-isomer the major product.

Homo-metallic studies

Wanting to determine if the reactions of base 1 displayed any
synergistic character we next sought to probe the reactivity of
the homo-metallic components of 1, NaTMP-TMEDA and

NaTMP, TMEDA,
hexane, r.t.
—

(@@=

\
Nam-N~"

N7,
/
5
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g
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—
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Mg(CH,SiMe;),. Literature examples for the mono-metallation
of the dimethyl N/P substrates (Scheme 1) have been report-
ed,”33% prompting us to investigate the reactivity of the di-
ethyl analogues N,N-diethylaniline and PP-diethylphenylphos-
phine. Reaction of a molar equivalent of N,N-diethylaniline or
PP-diethylphenylphosphine with (NaTMP-TMEDA) at room tem-
perature resulted in the isolation of the crystalline compounds
[{(TMEDA)Na(EtNC¢Hs)},1 5 and [(TMEDA)Na,(TMP)(C¢HsPEt)], 6
in a 46 and 35% (max yield 50%) yield, respectively. On the
other hand, reaction with Mg(CH,SiMe,),, even under forcing
reflux conditions, resulted in quantitative recovery of the start-
ing materials (Scheme 3).

The centrosymmetric molecular structure of 5 indicates that
instead of a deprotonative ring metallation as seen in 3, the f3-
elimination of one ethyl group on the N,N-diethylaniline sub-
strate has occurred (Figure 4). The complex is dimeric with a
planar (NaNNaN) ring core (¥Na—N bond angles=360°) with
each sodium atom in a tetrahedral N, environment. The

Figure 4. Molecular structure of [{(TMEDA)Na(EtNC¢H:)},]1 5 with thermal el-
lipsoids at 40% probability. Hydrogen atoms have been omitted for clarity.
Symmetry operator ‘=1—x, 1—y, 1—z. Hydrogen atoms omitted for clarity.
Selected bond lengths (A) and angles (°): Na(1)—N(1), 2.4116(10); Na(1)—C(1),
2.8782(12); Na(1)—C(2)’, 2.8805(13); Na(1)—N(2), 2.4744(11); Na(1)—N(3),
2.4825(10); Na(1)-N(1)-Na(1)’, 79.85(3); C(1)-N(1)-Na(1)’, 92.04(7), N(1)-Na(1)"-
N(1)’, 100.15(3).

1, hexane, r.t. N STV,
i [ Na’ Mg—TMP
AR
(@=n] N
-
~ 3
Mg(CH,SiMe;); L—— No reaction

No reaction

Scheme 3. Contrasting homometallic metallations of N,N-diethylaniline and PP-diethylphenylphosphine with sodium TMP and bis(trimethylsilylmethyl)magne-

sium.
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phenyl groups of the N-ethylaniline units are disposed trans to
each other maximising Na--C electrostatic interactions to both
ipso- and ortho-Ph sites (Na—C bond lengths of 2.8782(12) and
2.8805(13) A respectively). TMEDA completes the Na coordina-
tion sphere in its common bidentate fashion.

Akin to complex 5, 6 adopts a dimeric composition in the
crystal, but with an overall ladder-type arrangement (Figure 5).

Figure 5. Molecular structure of [(TMEDA)Na,(TMP)(C,H;sPEt)], 6 with thermal
ellipsoids shown at 40% probability. Hydrogen atoms are omitted for clarity.
Symmetry operator ‘=1-x, 1—y, 1—z. Selected bond lengths (&) and angles

("): Na(1)—P(1), 2.9256(8); Na(1)—N(1)’, 2.318 (4); Na(2)—P(1), 2.9891(9); Na(2)—
N(1), 2.408 (4) Na(1)'—P(1), 2.8848(8); Na(1)—C(1), 2.7474(19); Na(1)—C(2),
2.983(2); Na(2)-P(1)-Na(1), 68.41(2); P(1)-Na(1)-N(1)’, 75.96(4); Na(1)-N(1)"-
Na(2)’, 88.64(5), P(1)-Na(1)-N(1), 104.04(4); P(1)-Na(1)'-P(1)’, 104.29(2); P(1)-
Na(2)’-N(1)’, 98.80(4).

The mixed sodium amide/sodium phosphide ladder molecule
is composed of a central (Na,P,) strictly planar core (XNa—P
bond angles =360°) and two outer planar (NaNNaP) rings lying
out of the central plane by 26.87(4)°. Displaced from the cen-
tral core £1.230(1) A, the outer Na atoms [Na(2) and Na(2)]
are capped by a chelating TMEDA molecule, while the inner
two engage in two Na--C electrostatic interactions, one short
[Na(1)—C(1) 2.7474(19) A] to the ipso-carbon and one long
[Na(1)-C(2) 2.983(2) Al to the ortho-carbon of the phenyl
ring.”? Comparable to 5, the PP-diethylphenylphosphine sub-
strate has lost one of its ethyl limbs, most likely occurring from
a P-elimination reaction and concurrent formation of ethene.
Interestingly, unlike in 5, where all the basic TMP arms have
been consumed, two NaTMP units remain unreacted in 6. Thus
6 can be regarded as an example of a hybrid co-complex be-
tween a sodium amide and a sodium phosphide, with the clos-
est structurally characterised example being the monomeric
amino-functionalised sodium phosphanide complex
[[{(Me,Si),CH}(C,H,-2-NMe,)PINa(TMEDA)®® and the pyridyl-
functionalised phosphanide [{(Me,Si),CH}(2-C;H,N)PINa},
(Et,0)1,°”" which adopts a similar dimer of dimers motif to 6.
The composition of complex 6 fits the laddering principle es-
tablished in lithium amide chemistry®™ with 6 representing a
product of “secondary laddering” assembly.

'H and "*C NMR spectroscopy of compounds 5 and 6 con-
firmed the retention of their crystal structure in solution. A
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downfield shift of the remaining ethyl protons to 3.32 and
1.48 ppm and 2.31 and 1.52 ppm for 5 and 6 respectively
(parent N,N-diethylaniline 2.99 and 0.89 ppm and PRP-diethyl-
phenylphosphine 1.51 and 0.94 ppm, respectively) and integra-
tion analysis confirm the loss of an ethyl group. The *'P{'H}
spectrum of 6 shows a substantial upfield shift from a sharp
singlet at —16.59 ppm to a broad, less resolved signal at
—55.85 ppm, which lies in the same range as previously report-
ed alkali-metal bis(o-anisyl)phosphides.%*?

Highlighting the power of the bimetallic alliance of 1 in the
effective deprotonation of these substrates, no ring metallation
is observed in 5 or 6, with an alternative ethene elimination
pathway predominating. This elimination reaction, resulting
from a P—C and N—C cleavage fits nicely with the theme of
‘cleave and capture chemistry’'—a new concept recently intro-
duced in the literature,?*%>%

Computational aspects

In an attempt to rationalize the different metallation regiose-
lectivities afforded by the homo- and heterobimetallic bases,
DFT calculations® of the C—H acidities in THF (Figure 6) of the
different dialkyl-substituted phenylphosphine and aniline sub-
strates where conducted (see Supporting Information for full
information). All geometry optimizations were performed with
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Figure 6. Calculated values of pK,(THF) of the dialkyl substituted phenyl-
phosphine and aniline substrates.

the M06-2Z functional,®® cc-pVTZ Dunnings basis set®” and a
universal solvation model based on density(SMD)*® with THF
as a solvent. Frequency calculations were carried out to ensure
the location of the energy minima®® which calculated the six
substrates to have typical weak CH acidities covering a broad
35.5-53.6 pK, span in this polar solvent.

Overall the acidity of the phenyl ring H atoms across all six
substrates shows little to no variation comparing the ortho-,
meta- and para-protons of the analogous P versus N sub-
strates. These minor differences in pK, values rationalise the
non-selective metallation seen for the reaction of 1 with di-
methyl- and diisopropylaniline where a mixture of regioisomers
are observed (albeit predominately the meta-species). Interest-
ingly, the experimentally observed regioselectivities of the iso-
lated meta-isomers (3 and 4) of the diethylaniline and diisopro-
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pylphenylphosphine substrates conflict with the most acidic H
atoms belonging to the methylene (pK, 35.5, 3) and "'C—H (pK,
36.8, 4) groups (Figure 6). This would suggest metallation of
these substrates is controlled by other contributing factors
such as sterical orientation and electrostatic interactions.

The largest differences in calculated relative C—H acidity are
seen upon changing the alkyl substituent on the P and N cen-
tres. In the dimethyl case, the PCH; hydrogen atoms are signifi-
cantly more acidic (pK, 43.0) than the analogous NCH; atoms
(pK, 50.0), consistent with the observed lateral metallation
seen with phosphine complex 2. In contrast, ring metallation is
favoured for the nitrogen system, where pK, change is not so
significant but still goes the other way and favours ring metal-
lation (pK, ring average 48.9; methyl 50.0).

The experimental findings from the homometallic reaction
of NaTMP with the diethyl phenylphosphine and aniline sub-
strates fit the predicted acidity values well. Here the elimina-
tion of one of the ethyl groups via initial alpha-deprotonation
and ethene evolution, is supported by the most acidic methyl-
ene protons in both the N (pK, 35.5) and P (pK, 36.0) systems
and reactivity similar to the alkali metal decomposition and
cleavage pathways of ethers and similar substrates.*

Conclusions

In this systematic metallation study, we have shown for the
first time the successful alkali-metal-mediated magnesiation of
a series of dialkylphenylphosphines and their aniline counter-
parts. Contradicting lateral versus meta-magnesiation products
were seen for the dimethyl substituted phenylphosphine and
aniline substrates, respectively, while predominately meta-mag-
nesiation was observed for the other diethyl and diisopropyl
substrates. These findings were in agreement with the theoret-
ically calculated pK, values indicating little to no variation in
the relative acidity of the ortho- meta- and para-ring protons
across all substrates. Highlighting the cooperative effect of bi-
metallic base 1, mono-metallic studies (NaTMP) on the diethyl-
phenylphosphine and aniline substrates lead to no ring metal-
lation and a competitive ethene elimination pathway. In sum-
mary, this reactivity study has shown exchanging the nitrogen
for a softer phosphorus centre results in more selective metal-
lation outcomes, eliminating competitive regioisomer mixtures
seen predominately for their nitrogen analogues.

Experimental Section

All reactions (unless otherwise stated) were completed under an
atmosphere of dinitrogen and anhydrous conditions using stan-
dard Schlenk-line techniques. Water and oxygen were removed
from n-hexane and diethyl ether using a MBRAUN SPS-800 solvent
purification system and were stored over 4 A molecular sieves
under a dinitrogen atmosphere. TMEDA and TMP(H) were dried by
reflux over CaH, and stored over 4 A molecular sieves. 'H and
BCNMR spectra were recorded on Bruker DRX 400 MHz or
600 MHz Cryo spectrometers with chemical shifts internally refer-
enced to C¢Dg or CDCl;. Microanalysis were carried out at the Sci-
ence Centre, London Metropolitan University, with samples pre-
pared in air-tight sealed glass ampules. nBuNa,’® Mg(CH,SiMe,),*”
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and N,N-diisopropylaniline®” were prepared according to literature
procedures. See Supporting Information for full details of X-ray
crystallographic information and electrophilic quenching studies.
CCDC 1831594 (2), 1831592 (3), 1831590 (4), 1831593 (5),
1850750 (6), and 1831591 (7) contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre.

Synthesis of P P-diethylphenylphosphine: Ethylmagnesium bro-
mide (25 mL, [3 ™ in diethyl ether], 75 mmol) was added dropwise
to a stirred solution of phenylphosphorus dichloride (5 mL,
37 mmol) in 60 mL of diethyl ether at 0°C over 60 minutes. After
filtration, the reaction was quenched with 5 mL of deoxygenated
water. The aqueous layer was removed via a gas-tight syringe, and
the ethereal layer dried with anhydrous magnesium sulphate. The
solution was filtered, the solvent removed under vacuum and the
phosphine purified by vacuum distillation (0.15 torr, 30°C) to
afford the product as a colourless air-sensitive liquid. Typical yield
43 mL, 65%. 'HNMR (400 MHz, C,Ds 300K): 6=7.56 (m, 2H,
ortho-H), 7.1-7.3 (m, 3H, meta/para-H), 1.61 (m, 4H, CH,), 1.05 ppm
(dt, 6H, J=7.6, 7.2 Hz, CH,). *CNMR (100 MHz, C,D,, 300 K): &=
139.1 (d, quaternary-C), 132.4 (d, ortho-C), 128.4 (s, para-C), 128.2
(d, meta-C), 20.3 (d, CH,), 9.7 ppm (d, CH,). *'P{"H} NMR (162 MHz,
C¢Dg, 300 K): 6 =—16.59 ppm (s).

Synthesis of PP-diisopropylphenylphosphine: Isopropylmagnesi-
um chloride (25 mL, [1 ™ in tetrahydrofuran], 25 mmol) was added
dropwise to a stirred solution of phenylphosphorus dichloride
(1.65 mL, 12.34 mmol) in 50 mL of anhydrous tetrahydrofuran at
0°C over 60 minutes. After stirring overnight, the reaction was
quenched with 5 mL of deoxygenated water. The aqueous layer
was removed via a gas-tight syringe, and the tetrahydrofuran was
removed under vacuum and replaced with diethyl ether. This solu-
tion was filtered, solvent removed and the phosphine purified by
vacuum distillation (0.15 torr, 46 °C) to afford the product as a col-
ourless air-sensitive liquid. Typical yield: 2g, 81%. 'HNMR
(400 MHz, C,Dg 300 K): 0 =7.53-7.62 (m, 2H, ortho-H), 7.21-7.3 (m,
3H, meta/para-H), 2.06 (ds, 2H, J=7.2, 1.6 Hz, CH), 1.16 (dd, 6H,
J=14.8, 7.2 Hz, CH,), 1.00 ppm (dd, 6H, J=14.8, 7.2 Hz, CH,).
BCNMR (100 MHz, C,Ds, 300 K): 6=135.3 (d, quaternary-C), 134.6
(d, ortho-C), 128.6 (s, para-C), 127.8 (d, meta-C), 22.8 (d, CH), 19.7
(d, CH,), 18.6 ppm (d, CH,). *'P{'H} NMR (162 MHz, C,D,, 300 K): & =
10.35 ppm (s).

General procedure (GP): nBuNa (0.16 g, 2 mmol) was suspended
in 10 mL of dry hexane. To this suspension TMP(H) (0.68 mL,
4 mmol) was added dropwise and the reaction allowed to stir at
room temperature for at least 30 minutes. Next Mg(CH,SiMe,),
(049, 2mmol) was introduced with subsequent addition of
TMEDA (0.3 mL, 2 mmol) affording a pale-yellow, transparent solu-
tion that was used without further purification. If clumps of solid
remained in solution following addition of TMEDA, the solution
was sonicated until complete dissolution occurred.

Synthesis of [(TMEDA)Na(TMP)(CH,PCH;Ph)Mg(TMP)] (2): To a
stirred solution of GP, 0.28 mL of AP-dimethylphenylphosphine was
added dropwise at room temperature. The resulting solution was
stirred overnight, resulting in the formation of a large amount of
white precipitate. This was isolated by filtration and transferred to
an argon glovebox for storage. X-ray quality crystals were obtained
upon recrystallisation from n-hexane. Crystalline yield=0.67 g,
58%. '"H NMR (400 MHz, C,D,, 300K): 6=7.65 (t, 2H, J=6.84 Hz
ortho-H), 7.27 (t, 2H, J=7.36 Hz, meta-H), 7.12 (t, 1H, J=7.24 Hz,
para-H), 1.95 (m (br), 4H, y-CH,, TMP), 1.74 (s (br), 12H, CH,
TMEDA), 1.68 (s (br), 4H, CH, TMEDA), 1.55-1.65 (m (br), 24H, CH;
TMP), 1.45-1.41 (m (br), 4H, B-CH, TMP) 1.40 (s, 3H, CH,), 1.36-1.30
(m (or), 4H, p-CH, TMP), 0.60 (t, TH, J=9.6 Hz, CH,Mg), —0.23 ppm
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(d, TH, J=10Hz, CH,Mg). CNMR (100 MHz, CiDs, 300 K): 0=
150.25 (d, ipso-C), 130.4 (ortho-C), 127.1 (para-C), 57.4 (CH,-
TMEDA), 46.4 (CH;-TMEDA), 42.8 (B-C TMP), 36.21 (CH; TMP), 20.66
(y-C TMP), 18.78 (CH;), 8.0 ppm (CH,-Mg) Note: meta-C signal ap-
pears under the CiDg residual peak (as determined by HSQC ex-
periment). *'P{"H} NMR (162 MHz, C,D¢, 300 K): 6 =—28.58 (s (br)),
—29.68 ppm (s (br)). Microanalysis: Calculated for C;,Hg,N,MgNaP:
C 66.14, H 10.75, N 9.64; found: C 65.88, H 10.53, N 9.45. [(TME-
DA)Na(TMP)(p-PMe,Ph)Mg(TMP)] 2a: 'HNMR (400 MHz, C,Ds,
300 K): 6=8.83 (s (br), 0.5H), 7.30 (m, 0.3H), 1.40 ppm (s, 1.3H,
CH,).

Synthesis of [(TMEDA)Na(TMP)(m-C¢H,NEt,)Mg(TMP)] (3): To a
stirred solution of GP, N,N-diethylaniline (0.32 mL, 2 mmol) was
added dropwise at room temperature. The resulting solution was
stirred overnight, resulting in the formation of a large amount of
white precipitate. This was isolated by filtration and transferred to
an argon glovebox for storage. X-ray quality crystals were obtained
upon recrystallisation from n-hexane and slow cooling in a hot oil
bath. Yield=0.77 g, 65%. 'H NMR (600 MHz, C,D,, 300 K): 6 =7.45
(d, TH, J=29Hz), 7.12 (s, TH, C2), 7.11 (d, 1H, J=1.8 Hz), 6.48 (m,
1H, meta’-H), 3.17 (q, 4H, J=7 Hz, ethyl-CH,), 1.98-1.87 (m, 4H, vy-
CH, TMP), 1.66 (s (br), 24H, CH; TMP), 1.63 (s (br), 12H, CH;-
TMEDA), 1.55 (s, 6H, CH, TMEDA), 1.44-1.31 (m, 8H, (3-CH,-TMP),
1.04 ppm (t, 6H, J=7Hz, Ethyl-CH;). "CNMR (151 MHz, CiD,
300 K): 6=173.41 (s, Mg-C), 147.22, 127.51, 126.03, 110.33 (meta’-
Q), 57.30 (CH, TMEDA), 46.34 (CH, TMEDA), 45.06 (CH;), 42.76 (B-
CH,-TMP), 36.26 (CH; TMP), 20.76 (y-CH, TMP), 13.48 ppm (CH,).
Despite multiple attempts, satisfactory elemental analysis was not
possible.

Synthesis of [(TMEDA)Na(TMP)(m-C4H,PiPr,)Mg(TMP)] 4: To a
stirred solution of GP, PBP-diisopropylphenylphosphine (0.4 g,
2 mmol) was added dropwise at room temperature. Upon addition,
an immediate formation of a bright yellow solution was observed.
After stirring overnight, the solution was filtered and its volume re-
duced in vacuo, where storage at —30 °C resulted in the deposition
of a large crop of yellow, block crystals Crystalline yield=0.4 g,
31%. 'HNMR (600 MHz, C¢Ds, 300K): 6=8.15 (dd, 1H, /=84,
1.2 Hz, H), 7.83 (d, TH, J=4.4Hz, H%, 7.23 (m, 1H, H°), 7.17 (t, TH,
J=6.6 Hz, H?), 2.10 (septet, 2H, J=6.6 Hz, CH), 1.90 (t (br), 4H, J=
6 Hz, y-CH, TMP), 1.61 (s (br), 36 H, CH; TMP/TMEDA), 1.36 (s (br),
6H, CH, TMEDA), 1.19 (dd, 6H, J=14.7, 6.9 Hz, iPr) 1.07 (d, J=
1.2 Hz, TMP), 1.02 ppm (dd, 6H, J=10.5, 6.9 Hz, iPr). *'P{'H} NMR
(162 MHz, C¢Dy, 300 K): =9.42 (s). Satisfactory >C NMR has not
been possible due to solubility issues. Despite multiple attempts,
satisfactory elemental analysis was not possible.

Synthesis of [{(TMEDA)Na(EtNCH:)},]1 (5): N,N-diethylaniline
(0.32 mL, 2 mmol) was added dropwise at room temperature to a
stirred suspension of nBuNa (0.16 g, 2 mmol), TMP(H) (0.36 mL,
2 mmol) and TMEDA (0.3 mL, 2 mmol). The resulting solution was
stirred overnight at room temperature, and then filtered and its
volume reduced in vacuo. Storage at room temperature deposited
crystals of the title compound over one week. Crystalline yield:
0.12 g, 46%. '"H NMR (400 MHz, C;D;, 300 K): 0 =7.26 (br, 2H, meta-
H), 6.61 (d, 2H, J=7.6 Hz, ortho-H), 6.42 (t, 1H, J=7.2 Hz, para-H),
3.33 (q, 2H, J=7.2 Hz, CH,), 1.77 (s (br), 12H, CH;-TMEDA), 1.66 (s
(br), 4H, CH,TMEDA), 149ppm (t, 3H, J=7.2Hz). "“CNMR
(100 MHz, CsDs, 300 K): 6 =129.4 (meta-C, determined by HMBC),
107.6 (ortho-C, determined by HMBC), 101.27 (s, para-C), 57.27 (s,
CH,-TMEDA), 45.41 (CH,-TMEDA), 45.06 (s, CH,), 19.32 ppm (s, CH,);
elemental analysis calcd (%) for C,,H,NsNa: C 64.83, H 10.10, N
16.20; found: C 64.68, H 9.88, N 15.91.

Synthesis of [(TMEDA)Na,(TMP)(C4H,PEt)l, (6): RP-diethylphenyl-
phosphine (0.18 mL, 1 mmol) was added dropwise at room tem-
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perature to a stirred suspension of nBuNa (0.08 g, 1 mmol), TMP(H)
(0.18 mL, 1 mmol) and TMEDA (0.15 mL, 1 mmol). The resulting so-
lution was stirred overnight at room temperature, and then filtered
and its volume reduced in vacuo. Storage at room temperature de-
posited crystals of the title compound over one week. Crystalline
yield: 0.15 g, 35% (Maximum yield=50% based on consumption
of TMP(H)). '"H NMR (400 MHz, CiDs, 300K) 6=7.37 (2H, t, J 7.0,
ortho-H), 7.12 (2H, t, J 7.5, meta-H), 6.72 (1H, tt, J 7.2, 1.2, para-H),
231 (2H, qd, J 7.5, 1.8, CH,), 2.10-2.00 (2H, m, y-CH, TMP), 1.85
(12H, s, CH;-TMEDA), 1.76 (4H, s, CH,-TMEDA), 1.52 (3H, dt, J=
14.9, 7.4, CHy), 1.49-1.43 (4H, m, B-CH, TMP), 1.27 ppm (12H, s,
CH5-TMP). *'P{'"H} NMR (162 MHz, C;D,, 300 K): 6 = —55.87 ppm (bs).
3C NMR (100 MHz, C¢D,, 300 K): 6 =128.27 (d, ortho-C), 125.67 (d,
meta-C), 117.98 (d, para-C), 56.89 (CH,-TMEDA), 52.31, 45.58 (CH,-
TMEDA), 42.08 (s, p-CH, TMP), 37.22 (s, CH,-TMP), 21.03 (s, y-CH,
TMP), 16.07 (d, CH,), 13.98 ppm (d, CH,). Despite multiple attempts,
satisfactory elemental analysis has not proved possible.
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ABSTRACT: This study reports a new series of 12 a-lithiated allylic
phosphines and phosphine oxides. By incorporating Lewis base donors
including diethyl ether (Et,0), tetrahydrofuran (THF), N,N,N',N’,-
tetramethylethylenediamine (TMEDA), and N,N,N’,N’,N”,-pentamethyl-
diethylenetriamine (PMDETA), nine complexes were structurally
characterized by single-crystal X-ray crystallography. This includes novel
dilithiated allylic phosphine 4 [PhP{CHCHCH,Li(TMEDA)},] and a
rare hemisolvated lithiated phosphine oxide 6 [{Ph,P(O)CHC(Me)-
CH,Li},(TMEDA)]. Interestingly, in the solid state, P(III) complexes
take advantage of Li—r interactions to the newly formed delocalized
system, in comparison to P(V) complexes where the oxophillic nature of

P(V)
1
o R
Ph AR

"Buli R?
4

Lewis donor L

Ph,P

R1
/\/\R1
R2

) ¥ 1
LiL Rt L) c.’. /R
Phgp PR Rweorh) P NPR'
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» 12 o-lithiated complexes
»> XRD, NMR and DFT

the lithium atom dominates. All 12 complexes were fully characterized in
the solution state by multinuclear NMR spectroscopy. DFT calculations on isomers of monomeric lithiated complex 3
[Ph,PCHC(Me)CH,Li(PMDETA)] described the low energy barrier between transition steps of the subtle delocalization of the

allylic chain.

B INTRODUCTION

Organophosphines are undergoing a long-awaited renaissance
compared with their well-developed group 15 nitrogen
analogues. To date, research efforts have focused on under-
standing the synthesis, reactivity, and structural chemistry, in
both solid and solution states, of alkali metal amides,’ yet the
phosphine derivatives have not received as much attention.

It is well-established in the literature that phosphines are a
crucial ligand class in the field of metal catalysis,2 such as

Buchwald-type dialkylbiaryl phosphine ligands® (Figure 1) or

O HO.
'Pr-0. O-'Pr ph/T
O Ph

RuPhos
Buchwald ligand

el
e L

2
Organocatalyst o /N
Mitsonobu reaction Brigatinib

Figure 1. Examples of some prominent phosphorus containing
molecules in synthetic and medicinal chemistry.

2,2"-bis(diphenylphosphino)-1,1’-binnaphthyl (BINAP) ligand
employed in asymmetric synthesis,4 while tertiary phosphines
can also be employed independently as organocatalysts for
various organic transformations.” Alongside synthetic applica-
tions, the past decade has seen the development of cyclic
phosphorus compounds evolve for the use in organic

© 2020 American Chemical Society

7 ACS Publications
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electronics such as organic light-emitting diodes (OLEDs).’
Interestingly, phosphorus-containing compounds can exhibit
beneficial biological activity in medicinal chemistry.” In
particular interest to this work is the recent FDA approval of
the lung cancer drug Brigatinib® (Figure 1). The incorporation
of a phosphine oxide functionality enhanced its desirable
medicinal properties and has revived interest in understanding
the importance of this functional group in medicinal chemistry.
As a result of these developments, the formation of C—P bonds
as a route to access novel organophosphines has been
expanded,””'® while continuing to understand their structure
and reactivity patterns is crucial.

In recent years, we have studied alkali metal allylic amide
systems'' ™" owing to the simple building block having a
significant role in accessing many valuable N-containing
compounds such as f-amino acids and p-lactams,'*'® chiral
p-branched esters,’® chiral 1,2 diamines,'” and peptide
isosteres.'® Our ongoing interest in allylic amide systems and
their applications has led us to delve into the phosphorus
derivatives exploiting both oxidation states, where P(V) is air-
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stable over the P(III) analogues. Allyl phosphines have not
featured extensively in the literature, although they have been
1ncorporated into bifunctional phosphine borane FLP
systems'” and appear as donor ligands in transition metal
complexes.””>' However, phosphine oxides feature in the
hterature mainly in the renowned Wlttlg Horner reac-
tion,””~** alongside cycloadditions,”>*® diene synthesis,””**
and most recently as a superior redox-free organocatalyst for
Mitsunobu reactions (Figure 1).*

Our group recently reported the contrasting lithiation
reactivity of a N- and P-diphenylallyl system with n-BuLi.*’
Interestingly, notable differences were observed upon increas-
ing the Lewis donor denticity resulting in P—C bond cleavage
compared with traditional deprotonation pathways in nitrogen
systems (Scheme 1). In order to extend this chemistry, the

Scheme 1. Previous Work Illustrating Lithiation of N- and
P-Allyl Systems

'

N T _N Ph Z

it Q=N W nBu =P p-
-— Ph —_—
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FH
P-C bond cleavage

1
Ph
Lithiation

work herein focuses on understanding the lithiations of closely
related substituted allyl groups including 2-methylallyl, 3,3-
dimethylallyl, and diallyl phenyl phosphine compounds
exploring steric and electronic influences. The analogous
phosphine oxides will also be discussed and compared
illustrating the impact of oxidation states on metalation
patterns.

B RESULTS AND DISCUSSION

Ligand Synthesis. The synthesis of P(III) allylic substrates
P1-P3 was achieved through an established metathesis
route,”’ reacting lithium diphenyl phosphide and the
corresponding allyl halide. Diallyl substrate P4 was prepared
via the Grignard reaction of phenyl phosphine dichloride with
two equivalents of allyl magnesium halide (Scheme 2). All four
phosphine substrates (P1—P4) were isolated as viscous
colorless oils in yields ranging from 50 to 80% and fully
characterized by NMR spectroscopy. The oxide derivatives

Scheme 2. Synthesis of Allylic Phenyl Phosphines and
Oxides

allyldiphenyl phosphines
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were obtained via an additional oxidation step with hydrogen
peroxide to yield corresponding allylic phosphine oxides P1'—
P3’ as microcrystalline solids in near-quantitative yields. All
four oxides where fully characterized by NMR spectroscopy
and X-ray crystallography (see the Supporting Information).
Lithiation synthesis. Lithium complexes of P2—P4 and
P1'—P3’ were synthesized by reacting the parent P-allyl
substrate with n-BuLi at —78 °C in hexane for P(III) or diethyl
ether for P(V) followed by the addition of the appropriate
Lewis donor: Et,0, THF, TMEDA, or PMDETA (Scheme 3).

Scheme 3. Summary of Lithiation of Allyl Phosphines and
Oxides

»> o-metalation

Ph\qR Lewis base » 12 lithiated allyl P(1ll)/P(V) complexes
X + nBuLi hexane or Et,0 | > 9 characterized by X-ray crystallography
2 > Lewis base effect
O P or P(O) » Structural diversity
X=PhorR : \
e e s o O
R = NF i base = i
* Y : o TmEDA PMDETA

Isolation of 12 new a-lithiated complexes was achieved with
nine complexes amenable to single-crystal X-ray diffraction
(XRD). All complexes 1—12 were fully characterized by
multinuclear NMR spectroscopy and microanalysis (where
possible).

Structural Studies of P(lll) Complexes. Single crystals
suitable for XRD analysis could be obtained for four of the
lithiated allyl diphenyl phosphine complexes, namely, 1
[{Ph,PCHCHCMe,Li(Et,0)},], 2 [{Ph,PCHCHCMe,Li-
(TMEDA)},], 3 [Ph,PCHC(Me)CH,Li(PMDETA)], and 4
[PhP{CHCHCH,Li(TMEDA)},] (Scheme 4). A summary of
comparative bond lengths can be seen in Table 1.

Scheme 4. General Synthesis and Structural Diversity of
Lithiated Allylic Phosphines

Ph_ Ph
N P
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nio Al Et,0
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Colorless block crystals of lithiated P2 were obtained from a
hexane solution stored at —40 °C, affording a-lithiated dimer 1
[{Ph,PCHCHCMe,Li(Et,0)},] (Figure 2). The central
(LiPC), ring core in 1 displays a distinct twist boat
conformation (Figure 4) with each lithium atom formally
three coordinate adopting a distorted trigonal planar olefinic
carbon atom (Lil—C2, 2.250(6) A; Li2—C7, 2.173(6) A)
increasing its coordination number to four. Notably, subtle
delocalization is seen following deprotonation of the a-carbon,
highlighted by contraction of the P1-C1 and C1—C2 bonds
[1.752(3) and 1.434(4) A, respectively] and elongation of the
C=C bond length [1.357(4) A]. Moving to the bidentate
donor TMEDA, crystallization of lithiated P2 from hexane and

https://dx.doi.org/10.1021/acs.organomet.0c00144
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Table 1. Summary of Bond Lengths for Crystallographically Characterized Complexes 1—9

P(III) complexes

P(V) complexes

1 2 3a 3b 4 5 6 7 8 9
bond dimer dimer monomer monomer monomer dimer dimer monomer monomer monomer
PleCiocs 1.752(3) 1.753(2) 1.7636(12) 1.7620(13) 1.797(6) 1.7083(12) 1.7056(14) 1.7003(17) 1.696(2) 1.7073(16)
1.707(9)
P1-01 1.5240(10) 1.5190(9) 1.5123(11) 1.5197(15) 1.5226(11)
Lil-01 1.884(2) 1.860(2) 1.804(3) 1.801(4) 1.837(3)
Lil-01’ 1.990(2)
Li2—O1 2.043(3)
Lil-C1 2.224(6) 2.216(4) 2.282(2) 2.494(3) 2.296(10) 2.435(2)
-C2 2.250(6) 2.760(3) 2.412(3) 2.194(10)  2.691(3) 2.512(2)
-C3 2.303(3) 2.335(9) 2.403(3)
Li2—-C2 2.531(10)
-C3 2.520(11)
—C4 2.289(11)
—C6 2.192(6)
-C7 2.173(6)
C1-C2 1.434(4) 1.419(3) 1.4447(17) 1.4168(18) 1.414(8) 1.4259(16) 1.437(2) 1.433(2) 1.436(2) 1.421(2)
C4-Cs 1.444(9)
C2-C3 1.357(4) 1.354(4) 1.367(2) 1.3732(19) 1.356(8) 1.3689(16) 1.346(2) 1.361(3) 1.348(3) 1.356(2)
C5-C6 1.375(10)
Figure 2. Molecular structure of [{Ph,PCHCHCMe,Li(Et,0)},] 1. Figure 3. Molecular structure of [{Ph,PCHCHCMe,Li(TMEDA)},]
Hydrogen atoms (except allylic) are omitted for clarity. Thermal 2. Hydrogen atoms (except allylic) are omitted for clarity. Thermal
ellipsoids are shown at a 40% probability. ellipsoids are shown at a 40% probability. Symmetry operator () = 1
% 1—y1-z
addition of TMEDA afforded complex 2 N
[{Ph,PCHCHCMe,Li(TMEDA)},] (Figure 3) in a 79% yield.
Complex 2 adopts a traditional centrosymmetric dimeric
assembly with a central six-membered (PCLi), ring assuming a
chair conformation (Figure 4). Each lithium atom adopts a "
distorted tetrahedral geometry () 653.87°) with its ! 2 o
coordination environment comprising a phosphorus atom, an Figure 4. Comparison of (PCLi), cores within complexes 1 and 2.
a-deprotonated carbon atom [Lil—C1, 2.216(4) A), and a
bidentate chelating TMEDA molecule. Consistent with 1, the
mild delocalization of the allyl component is observed with Surprisingly, upon further inspection of the crystalline material,
elongated P—C and C—C bonds [1.753(2) and 1.419(3) A, two distinct morphologies and crystal colors were present,
respectively], while a slight shortening of the olefinic C2—C3 namely, orange blocks 3a and yellow blocks 3b, both of which
bond [1.354(4) A] is observed. Addition of bidentate TMEDA were suitable for XRD analysis (Figure 5). Monomeric 3a and
inhibits any additional Li—7 electrostatic interactions, as seen 3b differ only by the interactions the lithium cation makes with
in ether solvated 1. Overall, the bonding parameters of 2 are in the allyl component of metalated phosphine P3. Polymorphs
agreement with the reported TMEDA solvated lithio- 3a and 3b are both a-deprotonated at Cl. Compound 3a
phosphine [{Ph,PCH,Li(TMEDA)},].*' makes its shortest Li—C bond to C1 [Lil—C1 2.282(2) A],
Moving on to phosphine P3, lithiation in hexane and while in isomer 3b the lithium atom is positioned to maximize
addition of 1 equiv of PMDETA afforded a crop of single interactions with C1, C2, and C3 (average Li—C bond length
crystals identified as 3 [Ph,PCHC(Me)CH,Li(PMDETA)]. 2403 A) with Lil1—C3 displaying the shortest bond length at
2082 https://dx.doi.org/10.1021/acs.organomet.0c00144

Organometallics 2020, 39, 2080—2090



Organometallics

pubs.acs.org/Organometallics

Figure S. Molecular structures of [Ph,PCHC(Me)CH,Li-
(PMDETA)] 3a and 3b. Hydrogen atoms (except allylic) are omitted
for clarity. Thermal ellipsoids are shown at a 40% probability.

2.303(3) A. Interestingly, despite the differing Li atom
interactions on the allylic chain the C—C bond lengths in 3a
and 3b are relatively comparable [C1-C2 1.4447(17),
1.4168(18) A and C2-C3 1.367(2), 1.3732(19) A,
respectively]. Similar to complexes 1 and 2, contraction of
the C1—C2 bond supports moving toward a delocalized allyl
chain system which is more pronounced in Li-electrostatic-rich
3b. In contrast to our previously reported P-allylic system
where PMDETA induces P—C bond cleavage,® here it
maximizes Li-allylic electrostatic interactions to afford a stable
complex.

As established in previous reported studies, nitrogen szfstems
are well-known to form desirable aza-allyl species.”> >* Since
two isomeric forms of complex 3 were isolated in the solid
state, we sought to determine the transition between 3a and
3b. Density functional theory (DFT) calculations were
employed using the Gaussian 16> suite of software to help
understand the cocrystallization of two isomeric forms of
[Ph,PCHC(Me)CH,Li(PMDETA)] (3a and 3b) observed
when using PMDETA as a ligand (Figure 6). Geometry
optimization and frequency calculations were performed using
the B3LYP/6-311+G(d) level and basis set which were in good
agreement with the XRD structures.

Complex 3b was found to be more stable than 3a by AG =
—5.6 kJ mol™!, a sufficiently small difference to suggest these
two structures are of comparable stability. The energy barrier
between 3a and 3b was calculated to be marginal, AG = +1.5

Energy

0.0 kJ/mol

-5.6

AG: B3LYP/6-311+G*

Figure 6. DFT calculations illustrating the AG values for the
transformation between solid state isomers 3a and 3b.

2083

kJ mol™". This relatively small energy difference helps explain
why a mixture of products is isolated experimentally over one
isomeric form. It would be reasonable to assume that the
lowest energy complex, 3b, is preferential due to the steric bulk
of PMDETA, resulting in the lithium atom located further
along the deprotonated allylic chain.

As the phenyl ligands appear to be innocent in the structural
makeup of the complex, the diallyl analogue P4 was next
investigated. P4 was reacted with two equivalents of n-BuLi in
hexane, which upon addition of 2 equiv of TMEDA yielded
novel dilithiated diallylphenylphosphine complex 4 [PhP-
{CHCHCH,Li(TMEDA)},] (Figure 7).

Figure 7. Molecular structure of 4 [PhP{CHCHCH,Li(TMEDA)},].
Hydrogen atoms (except allylic) are omitted for clarity. Thermal
ellipsoids are shown at a 40% probability.

In monomeric 4, both allylic chains have been selectively a-
deprotonated with each lithium cation solvated by one
TMEDA molecule. Both lithium atoms are distinct in their
coordination environments with Lil adopting an #*binding
mode to the P1, C1, C2, and C3 atoms on one allyl chain with
the shortest Li—C bond to C2 [2.194(10) A]. In contrast, Li2
is sandwiched between both deprotonated allylic chains
making its shortest bond to a-deprotonated C4 (Li2—C4,
2.289(11) A) and an p-interaction to only one of the
deprotonated allylic chains via carbon atoms C2 and C3.
Interestingly, despite the different electronic environments
about both the deprotonated allylic chains in 4, the C1—3 and
C4—6 chain fragments are essentially equivalent in their bond
lengths, with an overall contraction of the deprotonated single
C1-C2 and C4—CS5 bonds suggesting a dual sp*/sp” nature.
The cis/trans geometries of the allyl chains resonate with the
bonding mode observed to the lithium cations. One notable
difference in complex 4 is the asymmetric P—C,;;. bonds
[P1-C1, 1.797(6) A; P1-C4 1.707(9) A] in comparison to
those of complexes 1—3 which consistently show a shortening
of the P—C bond upon lithiation (avg 1.758 A).

Structural Studies of P(V) Complexes. Upon moving to
the P(V) oxidation state, a series of six new lithiated allyl
phosphine oxides were isolated, of which five were
characterized by XRD analysis as summarized in Scheme $
and Table 1. Phosphine oxide P3’ was the most successful in
yielding single crystals suitable for X-ray crystallography.
Lithiation of P3’ with n-BuLi in diethyl ether solution and
addition of THF to aid crystallization yielded a crop of orange
needle crystals identified as § [{Ph,P(O)CHC(Me)CH,Li-
(THF)},] (Figure 8). The discrete centrosymmetric dimer
exhibits a central four-atom (LiO), core, reminiscent of a
typical lithium alkoxide motif.***” The bridging oxygen atom

https://dx.doi.org/10.1021/acs.organomet.0c00144
Organometallics 2020, 39, 2080—2090
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Scheme S. General Synthesis and Structural Diversity of
Lithiated Allylic Phosphine Oxides

P3 e,
THF nBu—Li
B0 ooy
P1
PMDETA
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(‘\Nq (\Nq
N i N i, iaN
LiZ LiZ, Li
i ‘ﬁ) X ‘ﬁ)/_\* ﬁ) A F
ﬂ =TMEDA | Ph/T/\n/ Pl 7 Ph/nj/\/
i Ph Ph Ph

N/R =PMDETA '

Figure 8. Molecular structure of [{Ph,P(O)CHC(Me)CH,Li-
(THF)},] S. Hydrogen atoms (except allylic) are omitted for clarity.
Thermal ellipsoids are shown at a 40% probability. Symmetry
operator () = —x, 1 —y, 1 — z.

belonging to the phosphine oxide binds the two monomeric
units together [Lil—O1 and Lil’—O1 are 1.884(2) and
1.990(2) A, respectively], while the Li cation makes an n*
electrostatic contact to carbon atoms C2, 2.691(3) A, and C3,
2.403(3) A which lie in the region of typical Li—Cyuy
contacts.'' The Li atoms coordination sphere is completed
by a coordinating THF molecule. Overall, in the final dimeric
complex the a-deprotonated allyl groups are positioned trans
to each other possibly to ease steric strain.

Changing the Lewis donor to TMEDA resulted in the
isolation and crystallization of rare dinuclear hemisolvated
complex 6 [{Ph,P(O)CHC(Me)CH,Li},(TMEDA)] (Figure
9). The core of 6 is composed of a (LiO), ring in a rhombic
arrangement with each lithium atom having a distinct
coordination environment. The outermost lithium atom Lil
is bonded to two oxygen atoms of two a-deprotonated
phosphine oxide ligands and chelated by one molecule of
TMEDA in an essentially tetrahedral geometry. This appears
to influence the deprotonated allyl arms into a cis arrangement
encapsulating the secondary lithium cation Li2 in an 7°-
fashion. The electrostatic contacts from the lithium atom Li2
to the oxygen [2.043(3) A], phosphorus [2.6570(8) A], and
carbon [avg 2.539 A] atoms form a stable, protective 7°-
environment for the Li metal center which is persistent even
upon addition of excess TMEDA. Interestingly, the bonding
characteristics of the allylic chain are consistent, with
shortening of the single C1—C2 bond [1.437(2) A] and
lengthening of the double C2—C3 bond [1.346(2) A]
indicating a degree of delocalization within the allylic system.
Such a structural motif is unique with only limited examples
observed in alkali metal chemistry. Most similar is the
organophosphorous enamine complex [{Ph,P(O)CH=C-

2084

Figure 9. Molecular structure of [{Ph,P(O)CHC(Me)-
CH,Li},(TMEDA)] 6. Hydrogen atoms (except allylic) are omitted
for clarity. Thermal ellipsoids are shown at a 40% probability.
Symmetry operator () =1 — x, +y, 3/2 —z.

(Bu)N(H)Li},(TMEDA)],*® which exhibits a dimeric tetra-
nuclear species in sharp contrast to the cage like motif
observed in 6 emphasizing the influence of the allyl moiety in
the final complex architecture.

Complexes 7 [Ph,P(O)CHC(Me)CH,Li(PMDETA)], 8
[Ph,P(O)CHCHC(Me),Li(PMDETA)], and 9 [Ph,P(O)-
CHCHCH,Li(PMDETA)] were synthesized by treating P3’,
P2’, or P1’ with 1 equiv of n-BuLi followed by the addition of
the Lewis donor PMDETA, respectively (Scheme §). Crystals
suitable for XRD analysis of compounds 7—9 revealed a series
of isostructural PMDETA solvated lithiated diphenyl allyl
phosphine oxides. Due to their isostructural nature, only 7 has
been discussed in detail (see the Supporting Information).
Monomeric 7 (Figure 10) has undergone a-deprotonation

Figure 10. Molecular structure of [Ph,P(O)CHC(Me)CH,Li-
(PMDETA)] 7. Hydrogen atoms (except allylic) are omitted for
clarity. Thermal ellipsoids are shown at a 40% probability.

with the lithium atom bonded to the oxygen atom of the
phosphine oxide ligand [Li1—01, 1.804(3) A] and capped by
a tridentate molecule of PMDETA. Neither the phosphorus
atom nor the allyl chain display any interaction to the metal
center illustrating the strong oxophillic nature of the Li cation.

Notably, there is a high degree of delocalization through the
P1-Cl and P1-O1 bonds, showing considerable bond
contraction (average of complexes 7—9 are 1.7012 and
1.5182 A, respectively; see Table 1). This demonstrates that
functionalization of the allyl chain with methyl groups at C2 or
C3 does not influence the electronics of the a-deprotonated

https://dx.doi.org/10.1021/acs.organomet.0c00144
Organometallics 2020, 39, 2080—2090
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allyl group. However, a point of difference among the three
complexes is the angle around the oxygen atom. The P1-O1—
Lil angles across 7, 8, and 9 are 147.03(14), 137.33(16), and
133.79(10)° where the least branched allyl chain shows the
largest bond angle.

In summary, o-lithiation of the P-allylic systems result in
complexes 1—9 exhibiting a degree of delocalization across the
allyl chain fragment. This can be described as an intermediary
species where the delocalization is subtle compared to nitrogen
analogues where the aza-allyl nature is prominent. Interest-
ingly, P(V) complexes 7—9 display additional delocalization
through the P—O bond. The molecular architectures are
influenced by the denticity of the Lewis base employed.

Solution-State Characterization. All 12 complexes,
including three not amenable to XRD analysis, were
characterized by multinuclear NMR spectroscopy (‘H, 7Li,
SIp{1H}, B3C, COSY, and HSQC) in CcD4 or THF-dg. The
three additional complexes from the reaction of n-BuLi with
parent ligands P2, P3, and P1’ were identified as 10
[Ph,PCHCHCMe,Li(PMDETA)], 11 [Ph,PCHC(Me)-
CH,Li(TMEDA)], and 12 [Ph,P(O)CHCHCH,Li-Et,0],
respectively (Scheme 6).

Scheme 6. Synthesis of Complexes 10—12

P2
PMDETA

P3

TMEDA
P1’
Et,0

[Ph,PCHCHCMe,Li(PMDETA)] 10
hexane

[Ph,PCHC(Me)CH,Li(TMEDA)] 11

[Ph,P(O)CHCHCH,LI(Et,0)] 12

The 'H NMR spectra confirm all compounds 1—12 have
undergone selective a-lithiation, indicated by the general
downfield shift of the remaining a-proton and significant
downfield shift of the f-protons relative to those of the free
parent phosphine or phosphine oxide (see the Supporting
Information). In each complex, the corresponding donor
ligand is present in the relevant ratio. The "Li NMR spectra of
each complex 1—12 are comparable, appearing as a sharp
singlet in the range of —3.73 to —5.14 ppm. Notably, the
3P{'H} NMR chemical shifts vary considerably across
complexes 1—12 dependent on the coordination environment
and oxidation state of the complex. This will be discussed in
more detail herein.

Solution Studies P(lll). In dimeric P(III) complexes 1 and
2, which contain a direct P—Li bond, a considerable downfield
shift in the *'P{'H} NMR signal is observed to —6.8 and —1.6
ppm, respectively (cf. parent phosphine P2 at —15.8 ppm).

Due to the cocrystallization of monomeric isomers 3a and
3b, individual isolation and purification was not feasible. "H
and *C NMR spectroscopic studies revealed both 3a and 3b
exist as one species in solution, where subtle differences in
their electrostatic interactions in the solid state are not
observed. The *'P{'H} NMR resonance is less shielded
appearing at —13.6 ppm compared to that of parent phosphine
P3 (cf. —17.9 ppm).

Solution studies of dilithiated complex 4 revealed that the
two distinct Li cation environments in the solid state are not
retained in solution with a sharp singlet at —S5.14 ppm
observed in the Li NMR spectrum. In comparison, the 'H
NMR spectrum appears notably broad (Figure 11) which can
be attributed to the fluxional nature of the allyl groups.

2085

TMEDA

5 (ppm)

Figure 11. '"H NMR spectrum of complex 4 in C¢Dy at 25 °C.

Compound 4 is the anomaly across the P(III) complexes
revealing a large upfield shift in the >'P{"H} NMR spectrum to
—35.2 ppm (cf. parent P4, —26.6 ppm).

Complex 10, which was not amenable to XRD analysis, has a
3P{'H} NMR spectrum chemical shift (—2.5 ppm) and a
NMR profile similar to those of complexes 1 and 2, suggesting
a dimeric assembly (see the Supporting Information). In
comparison, the *'P{'H} NMR spectrum of complex 11 in
C¢Dg is more complex, displaying three resonances at —19.7,
—27.6, and —32.7 ppm. Analysis of 11 in THF-dg revealed a
single peak at —17.4 ppm in the *'P{'H} NMR spectrum,
suggesting the complexity and broadness of 11 in C4Dg4 could
be attributed to the fluxional behavior of the allyl moiety.

Solution Studies P(V). P(V) complexes 5—7 possessing
the same deprotonated 2-methylallyl moiety (P3) illustrate the
influence of Lewis base donor on aggregation state. 'H and "Li
NMR analyses are comparable across complexes $—7 with no
significant differences in shift or splitting patterns observed.
However, it must be noted that at room temperature in C¢Dy
compound § displays an extremely broad 'H NMR spectrum,
while the *'P{'H} NMR spectrum displays two broad
resonances at 36.2 and 38.2 ppm, akin to the spectrum of
complex 11 (see the Supporting Information). Upon perform-
ing the analysis of complex 5 in THF-dg, the 'H NMR
spectrum becomes more resolved, while the *'P{'H} NMR
spectrum displays one major resonance at 26.5 ppm in the
presence of some other minor resonances (see the Supporting
Information for full analysis). To confirm § is a single species
undergoing fluxional behavior, we conducted variable-temper-
ature studies in toluene-dgy from 25 to 100 °C in 20 °C
increments (Figure 12). As the temperature reaches 60 °C, the
a- and y-signals become resolved, while the concomitant
3'P{'H} NMR resonances coalesce to one sharp signal at 36.8
ppm. This supports the notion that the allyl groups are
displaying fluxional behavior, inducing broad spectra similar to
those of complexes 4 and 11. Post-heating analysis of the
sample produced an identical spectrum to that initially
collected at room temperature, ruling out a possible
decomposition pathway or product.

Contrasting the *P{'"H} NMR profiles of 5—7, they vary
notably observing signals at 36.2 and 38.2 ppm ($), 33.3 ppm
(6), and 26.1 ppm (7) upon moving from a dimer to a
hemisolvated species to a monomer, where monomeric
complex 7 is closest to parent phosphine P3’ (25.9 ppm).
Analogous monomeric compounds 8 and 9 have chemical
shifts in a range similar to that of 7. Comparing 7—9 facilitates
investigating the influence of the allyl substituent, where having
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Figure 12. 'H NMR spectra overlay of variable-temperature study of complex 5 in toluene-dg.

an unbranched allyl chain (9) results in the most downfield
shift observed in the 3'P{'"H} NMR data.

NMR analysis of 12 confirmed a-metalation with j-
resonances shifting downfield relative to the resonance of the
free parent phosphine oxide. The *'P{'H} NMR (38.8 ppm) is
in line with that observed for dimeric § (36.2 and 38.2 ppm).

B CONCLUSION

A series of a-lithiated allylic substrates have been isolated and
characterized in the solid and solution states, including a novel
dilithiated allylic phosphine. X-ray crystallography revealed the
molecular assembly was dependent on the donor denticity,
whereby the aggregation state was dimeric in the case of mono-
or bidentate donors Et,O, THF, and TMEDA but monomeric
in the case of the tridentate donor PMDETA. The allylic
portion of the solid-state structures, supported by DFT
calculations of complexes 3a and 3b, displays subtle
delocalization of the chain following metalation, akin to the
nitrogen analogues forming aza-allylic species. Solution studies
are in agreement with the solid-state structures, with
delocalization of the allylic chain retained. Ongoing studies
are investigating their reactivity in comparative nitrogen based
cyclization pathways.

B EXPERIMENTAL SECTION

All manipulations were carried under an atmosphere of argon or
nitrogen using Schlenk techniques and a glovebox. Et,O, n-hexane,
and THF were dried and degassed using MBRAUN SPS-800 solvent
purification system (SPS). Other chemicals were purchased
commercially and used as received with the exception of TMEDA
and PMDETA which were distilled distilled and dried over 4 A molar
sieves prior to use.

NMR Analysis. NMR spectra were recorded on a Bruker
AVANCE 400 spectrometer (IH, 400.13 MHz; ’Li, 155.5 MHz;
C, 100.62 MHz; *'P, 162.0 MHz). All *C and *'P spectra were
proton-decoupled. 'H and '*C spectra were referenced against the
appropriate solvent signal. "Li and *'P spectra were referenced against
9.7 M LiCl and 85% H;PO, in D,0, respectively. The proton and
carbon signals were assigned by analysis of 'H, “C{H}, 'H-'"H
COSY, 'H-"3C HSQC, and 'H-3C HMBC.

X-ray Data. Single-crystal X-ray diffraction data were collected
with a Bruker X8 APEXII CCD diffractometer with monochromatic
(graphite) Mo Ka radiation processed using the Bruker Apex2

2086

v2012.2.0 software;*” Lorentz, polarization and absorption corrections
(multiscan — SADABS)** were applied or a Rigaku Xtalab Synergy
Dualflex diffractometer with monochromatic (graphite) Mo or Cu Ka
radiation; or the MXI synchrotron beamline at the Australian
synchrotron.*' Compounds 1-9 and P1'—P4’ were solved and
refined with SHELXT 2014/5"* and SHELXL."

Synthesis of 1 [{Ph,PCHCHCMe,Li(Et,0)},]. 3,3-Dimethylallyl-
diphenylphosphine (P2) (0.2543 g, 1.00 mmol) was dissolved in dry
n-hexane (10 mL). n-Butyllithium (0.69 mL, 1.6 M in hexane, 1.1
mmol) was then added dropwise at —78 °C, forming a yellow
solution. After warming to room temperature and stirring for a further
2 h, Et,0 (0.12 mL (1.1 mmol) was added dropwise with stirring,
turning the solution a brighter yellow. The solution was concentrated
under reduced pressure forming a yellow-orange oil. Crystals suitable
for X-ray diffraction were grown from a filtered, highly concentrated
solution of hexane at —40 °C as blocks (0.087 g, 26%). '"H NMR
(C¢Dg, 400.20 MHz): 6 0.82 (t, *J,;_yy = 7.1 Hz, 6H, Et,0—Me), 1.90
(s, 3H, —-CH=CMeMe(trans)), 2.08 (s, 3H, —CH=CMeMe(cis)),
2.61 (dd, *Jyy_y = 12.7 Hz, ¥Jy_p = 5.1 Hz, 1H, P-CH-), 3.04 (q,
*Jq_u = 7.1 Hz, 4H, Et,0—CH,) 6.45 (t, }Jy_p = 14.3 Hz, *Jyy_y =
12.7 Hz, 1H, ~CH=), 7.06 (m, 2H, p-H), 7.14 (m, 4H, m-H), 7.65
(m, 4H, 0-H). "Li NMR (C6D6, 155.53 MHz): § —3.73. *C NMR
(CDg 100.6 MHz): 5 14.46 (s, E,O—CH,), 18.93 (d, ¥Jc_p = 2.1
Hz, =CMeMe(trans)), 26.57 (s, —CH=CMeMe(cis)), 34.64 (m,
P—CH-), 66.29 (s, Et,0—CH,), 102.93 (m, =CMe,), 127.05 (s, p-
C), 128.1 (m, m-C), 132.36 (d, *Jc_p = 14.0 Hz, 0-C), 132.53 (m,
—CH=), 14634 (m, i-C). *P{H} NMR (C¢Ds 162.0 MHz): &
—6.8. Due to the highly sensitive nature of this compound, satisfactory
elemental analysis was not possible.

Synthesis of 2 [{Ph,PCHCHCMe,Li(TMEDA)},]. 3,3-Dimethy-
lallyldiphenylphosphine (P2) (0.2543 g, 1.00 mmol) was dissolved in
dry n-hexane (10 mL). n-Butyllithium (0.69 mL, 1.6 M in hexane, 1.1
mmol) was then added dropwise at —78 °C, forming yellow solution.
After warming to room temperature and stirring for a further 2 h,
N,N,N’,N"-tetramethylethylenediamine (TMEDA) (0.17 mL, 1.1
mmol) was added dropwise with stirring, turning the solution orange
and forming an orange precipitate. The precipitate was washed with
hexane (3 X 10 mL) before the remaining solvent was removed under
reduced pressure with the solid isolated in an argon box (0.311 g,
79%). Crystals suitable for X-ray diffraction were grown from a room-
temperature solution of hexane where stirring was stopped upon
TMEDA addition as blocks. 'H NMR (C¢Dy, 400.20 MHz): § 1.46
(s, 4H, TMEDA—CH,), 1.66 (s, 12H, TMEDA—CHS,), 1.81 (s, 3H,
—CH=CMeMe(trans)), 2.01 (s, 3H, —CH=CMeMe(cis)), 2.76
(dd, *Jy_y = 12.8 Hz, *Jy_p = 7.6 Hz, 1H, P-CH-), 6.46 (ddhept,
3g—m = 14.9 Hz, 3Jy_y = 12.8 Hz, *Jy_y = 1.0 Hz, 1H, —CH=), 7.07

https://dx.doi.org/10.1021/acs.organomet.0c00144
Organometallics 2020, 39, 2080—2090



Organometallics

pubs.acs.org/Organometallics

(m, 2H, p-H), 7.19 (m, 4H, m-H), 7.84 (m, 4H, o-H). "Li NMR
(C¢Dg, 155.53 MHz): § —4.62. *C NMR (C¢Dg, 100.6 MHz): §
18.76 (s, —-CH=CMeMe(trans)), 26.49 (s, —CH=CMeMe(cis)),
4220 (s, P-CH-), 45.28 (s, TMEDA—Me), 56.22 (s, TMEDA—
CH,), 91.63 (d, ¥Jc_p = 24.5 Hz, =CMe,), 126.04 (s, p-C), 127.74
(m, m-C), 132.43 (d, YJc_p = 17.6 Hz, 0-C), 137.58 (d, YJo_p = 46.3
Hz, —CH=), 150.92 (d, }Jc_p = 13.4 Hz, i-C). 3 P{H} NMR (CD,,
162.0 MHz): 6 —1.6. CueHgLi,N,P,, (752.86): caled C 73.38, H
9.10, N 7.44. Found C 73.39, H 9.59, N 7.29. Due to the highly
sensitive nature of this compound, elemental analysis within 0.4% was
not attained. A difference within 0.49% in H was the closest obtained.

Synthesis of 3 (3a and 3b) [Ph,PCHC(Me)CH,Li(PMDETA)].
2-Methylallyldiphenylphosphine (P3) (0.2543 g, 1.00 mmol) was
dissolved in dry n-hexane (10 mL). n-Butyllithium (0.69 mL, 1.6 M in
hexane, 1.1 mmol) was then added dropwise at —78 °C, forming a
slightly yellow solution with a small amount of yellow precipitate.
After warming to room temperature and stirring for a further 2 h,
N,N,N’,N”,N"-pentamethyldiethylenetriamine (PMDETA) (0.23 mL,
1.1 mmol) was added dropwise with stirring, forming more precipitate
and turning the solution and precipitate orange. The precipitate was
washed with hexane (3 X 10 mL) before the remaining solvent was
removed under reduced pressure with the solid isolated in an argon
box (0.322 g, 72%). Crystals suitable for X-ray diffraction were grown
from a room-temperature solution of hexane where stirring was
stopped upon PMDETA addition as orange blocks (3a) and yellow
needles (3b). '"H NMR (C¢Dy, 400.20 MHz): § 1.72—1.96 (m, 23H,
PMDETA) 2.37 (m, ¥y_p = 1.3 Hz, 3H, —C(Me)=), 3.20 (br-s, 1H,
—C(Me)=CHH), 3.38 (d, *Jyy_p = 7.65 Hz, P-CH-), 3.58 (s, 1H,
—C(Me)=CHH), 7.06 (m, 2H, p-H), 7.19 (m, 4H, m-H), 7.82 (m,
4H, 0-H). 'Li NMR (C¢Dy, 155.53 MHz): § —4.28. 3°C NMR (CyDs,
100.6 MHz): & 25.20 (s, —C(Me)=), 44.76 (s, PMDETA), 45.86 (s,
PMDETA), 53.68 (s, PMDETA), 54.87 (s, P—CH-), 57.30 (s,
PMDETA), 69.43 (m, =CH,), 126.09 (s, p-C), 127.72 (d, ¥Jc_p =
5.6 Hz, m-C), 13285 (d, Jep = 177 Hz, 0-C), 15021 (m,
—C(Me)=), 157.59 (d, YJc_p = 26.2 Hz, i-C). 3'P{H} NMR (CD,,
162.00 MHz): § —13.6. Due to the highly sensitive nature of this
compound, satisfactory elemental analysis was not possible.

Synthesis of 4 [PhP{CHCHCH,Li(TMEDA)},]. Diallylphenyl-
phosphine (P4) (0.1902 g, 1.00 mmol) was dissolved in dry n-hexane
(10 mL). n-Butyllithium (1.38 mL, 1.6 M in hexane, 2.2 mmol) was
then added dropwise at —78 °C, forming an orange solution. After
warming to room temperature and stirring for a further 2 h, TMEDA
(0.33 mL, 2.2 mmol) was added dropwise with stirring, forming a
dark red oil at the bottom of the flask. Solvent removal under reduced
pressure formed precipitate which was isolated in an argon box (0.318
g, 73%). Crystals suitable for X-ray diffraction were grown from a
concentrated solution of hexane. '"H NMR (C¢Dy, 400.20 MHz): §
1.85 (s, 8H, TMEDA—CH,), 2.04 (s, 24H, TMEDA—CHj,), 3.16 (br-
m, 4H, =CH,), 3.62 (br-m, 2H, P—CH-), 6.95 (br-m, 2H,
—CH=), 7.09 (m, 1H, p-H), 7.35 (m, 2H, m-H), 8.08 (m, 2H, o-H).
Li NMR (C¢Dg, 155.53 MHz): § —5.14. 3°C NMR (C¢Dg, 100.6
MHz): § 46.12 (s, TMEDA—Me), 56.55 (s, TMEDA—CH,), 65.02
(br-m, allyl—C), 73.57 (br-m, allyl-C), 105.72 (m, =CH,), 124.65
(br-s, p-C), 127.47 (d, 3Jc_p = 3.9 Hz, m-C), 130.78 (br-d, YJc_p =
12.9 Hz, 0-C), 140.02 (br-m, —CH=), 151.31 (br-m, i-C). 3'P{H}
NMR (C¢Dg, 162.0 MHz): § —35.2. Due to the highly sensitive
nature of this compound, satisfactory elemental analysis was not
possible.

Synthesis of 5 [{Ph,P(O)CHC(Me)CH,Li(THF)},]. 2-Methylallyl-
diphenylphosphine oxide (P3’) (0.2563 g, 1.00 mmol) was loaded
into a flask and suspended in dry THF (10 mL). n-Butyllithium (0.69
mL, 1.6 M in hexane, 1.1 mmol) was then added dropwise at —78 °C,
immediately forming an orange solution. After warming to room
temperature, the mixture was allowed to stir for a further 2 h. The
majority of the solvent was removed under reduced pressure, and the
solution was precipitated with hexane (10 mL) before being filtered.
The product was further washed with hexane (2 X 10 mL), and all the
remaining solvent was removed under reduced pressure. The orange
solid was isolated in an argon box (0.226 g, 68%). Crystals suitable for
X-ray diffraction were grown from a concentrated solution in THF
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layered with hexane at room temperature as orange needles. Mp
(argon, sealed capillary): 130 °C. '"H NMR (25 °C, THF-d,, 400.20
MHz): § 1.67 (br-s, 3H, —C(Me)=), 1.68 (m, 4H, THF), 2.33 (d,
*Ju—p = 24.6 Hz, 1H, P-CH-), 3.14 (s, 1H, =CHH), 3.39 (d, Ju_u
= 24.6 Hz, 1H, =CHH), 3.54 (m, 4H, THF), 7.15 (m, 6H, m and p-
H), 7.81 (m, 4H, o-H). Li NMR (25 °C, THF-dg, 155.53 MHz): &
—4.04, —4.50. *C NMR (25 °C, THF-dg, 100.6 MHz): § 26.54 (s,
THF), 27.74 (d, ¥Jc_p = 16.8 Hz, —C(Me)=), 48.15 (d, Jc_p =
144.0 Hz, P-CH-), 68.39 (s, THF), 82.31 (br s, =CH,), 128.02 (d,
3Jc_p = 11.0 Hz, m-C), 129.40 (s, p-C), 133.00 (d, ¥Jc_p = 8.9 Hz, o-
C), 14230 (d, Ye_p = 1059 Hz, i-C), 149.00 (br s, —C(Me)=).
$P{H} NMR (25 °C, THF-dg, 162.0 MHz): § 26.5, 30.7, 30.9. 'H
NMR (100 °C, C,Dg, 400.20 MHz): & 1.46 (m, 4H, THF), 1.95 (br-
s, 3H, —C(Me)=), 2.72 (d, ¥Jy_p = 24.7 Hz, *Jy_y; = 1.5 Hz, 1H, P—
CH-), 3.52 (m, 4H, THF), 3.57 (s, 1H, =CHH), 3.96 (s, 1H, =
CHH), 7.06 (m, 2H, p-H), 7.06 (m, 4H, m-H), 7.80 (m, 4H, o-H).
Li NMR (25 °C, C,Dy, 155.53 MHz): § —3.82. 3C NMR (25 °C,
C,Dy, 100.6 MHz): 6 26.03 (s, THF), 28.13 (d, Yep = 17.6 Hz,
—C(Me)=), 45.94 (d, 'Jc_p = 133.2 Hz, P-CH-), 68.37 (s, THF),
81.62 (m, =CH,), 128.75 (m, p-C), 130.75 (s, m-C), 132.27 (s, o-
C), 151.78 (m, i-C). 3'P{H} NMR (25 °C, C,Dy, 162.0 MHz): §
36.0, 37.7. CiH,Li,O3P, (596.54): caled (loss of one THF
molecule), C 72.48, H 6.76, N 0.00. Found C 7328, H 6.81, N
0.17. Due to the highly sensitive nature of this compound, elemental
analysis within 0.4% was not attained. A difference within 0.80% in C
was the closest obtained.

Synthesis of 6 [{Ph,P(O)CHC(Me)CH,Li},(TMEDA). 2-Methyl-
allyldiphenylphosphine oxide (P3’) (0.2563 g, 1.00 mmol) was
loaded into a flask and suspended in dry Et,0 (10 mL). n-
Butyllithium (0.69 mL, 1.6 M in hexane, 1.1 mmol) was then added
dropwise at —78 °C, immediately forming an orange solution. After
warming to room temperature and stirring for a further 2 h, TMEDA
(0.17 mL, 1.1 mmol) was added dropwise with stirring, turning the
solution bright red. After S min, precipitate appeared in the mixture.
The residue was extracted with hexane (10 mL) before being filtered.
The solvent was removed under reduced pressure, and the dark red
solid was isolated in an argon box (0.202 g, 82%). Crystals suitable for
X-ray diffraction were grown from a concentrated solution in ether
layered with hexane at room temperature as orange rectangular
blocks. "H NMR (C¢Dy spiked with THF-dg, 400.20 MHz): § 2.06 (s,
12H, TMEDA—CHS,), 2.18 (s, 4H, TMEDA—CH,), 226 (s, 6H,
—C(Me)=), 2.82 (d, ¥y_p = 26.5 Hz, 2H, P—CH-), 3.90 (s, 2H,
—C(Me)=CHH), 4.24 (s, 2H, —C(Me)=CHH), 7.16 (m, 2H, p-
H), 7.16 (m, 4H, m-H), 8.04 (m, 4H, 0-H). "Li NMR (CyDj spiked
with THF-dg, 155.53 MHz): § —4.18. > C NMR (CDy spiked with
THF-dg, 100.6 MHz): § 28.16 (d, ¥Jc_p = 17.9 Hz, —C(Me)=),
4598 (s, TMEDA—CHj;), 46.01 (d, YJo_p = 132.5 Hz, P-CH-),
57.84 (s, TMEDA—CH,), 81.19 (m, =CH,), 12824 (m, p-C),
129.91 (s, m-C), 132.19 (d, Je_p = 9.5 Hz, 0-C), 138.91 (d, Je_p =
104.7 Hz, —C(Me)=), 150.86 (m, i-C). **P{H} NMR (C¢Dy spiked
with THE-dg, 162.0 MHz): 6 33.3. C3¢H,,Li,N,0,P, (612.59): caled
C 70.59, H 7.24, N 4.57. Found C 70.76, H 7.59, N 4.13. Due to the
highly sensitive nature of this compound, elemental analysis within
0.4% was not attained. A difference within 0.44% in N was the closest
obtained.

Synthesis of 7 [Ph,P(O)CHC(Me)CH,Li(PMDETA)]. 2-Methyl-
allyldiphenylphosphine oxide (P3’) (0.2563 g 1.00 mmol) was
loaded into a flask and suspended in dry Et,0 (10 mL). n-
Butyllithium (0.69 mL, 1.6 M in hexane, 1.1 mmol) was then added
dropwise at —78 °C, immediately forming an orange solution. After
warming to room temperature and stirring for a further 2 h, PMDETA
(0.23 mL, 1.1 mmol) was added dropwise with stirring, turning the
solution bright red. After S min, precipitate appeared in the mixture.
The residue was extracted with hexane (10 mL) before being filtered.
The solvent was removed under reduced pressure, and the dark red
solid isolated in an argon box (0.270 g, 60%). Crystals suitable for X-
ray diffraction were grown from a filtered concentrated solution in
ether at room temperature as red columnar crystals. Mp (argon,
sealed capillary): 110 °C. '"H NMR (C¢Ds, 400.20 MHz): § 1.80—
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220 (m, 23H, PMDETA), 2.36 (s, 3H, —C(Me)=), 3.05 (d, ¥J,_p =
24.9 Hz, 1H, P-CH-), 3.96 (s, 1H, =CHH), 4.05 (s, 1H, =CHH),
7.13 (m, 2H, p-H), 7.25 (m, 4H, m-H), 8.32 (m, 4H, 0-H). "Li NMR
(C¢Dg, 155.53 MHz): § —3.99. *C NMR (C¢Dg, 100.6 MHz): §
2831 (d, Ye_p = 17.6 Hz, —C(Me)=), 44.15 (s, PMDETA), 45.58
(s, PMDETA), 48.52 (d, YJc_p = 142.1 Hz, P-CH-), 5347 (s,
PMDETA), 57.20 (s, PMDETA), 81.78 (d, *Jc_p = 6.6 Hz, =CH,),
127.80 (m, m-C), 128.90 (s, p-C), 132.55 (d, }Jc_p = 8.7 Hz, 0-C),
142.52 (d, YJo_p = 105.0 Hz, —C(Me)=), 149.23 (d, ¥Jc_p = 7.1 Hz,
i-C). ¥P{H} NMR (C(Ds 162.0 MHz): § 26.1. CyH,,LiN,OP
(435.50): caled C 68.95, H 9.03, N 9.65. Found C 68.23, H 9.00, N
9.46. Due to the highly sensitive nature of this compound, elemental
analysis within 0.4% was not attained. A difference within 0.72% in C
was the closest obtained.

Synthesis of 8 [Ph,P(O)CHCHCMe,Li(PMDETA)]. 3,3-Dime-
thylallyldiphenylphosphine oxide (P2’) (0.2703 g, 1.00 mmol) was
loaded into a flask and suspended in dry Et20 (10 mL). n-
Butyllithium (0.69 mL, 1.6 M in hexane, 1.1 mmol) was then added
dropwise at =78 °C, forming a bright red solution. After warming to
room temperature and stirring for a further 2 h, PMDETA (0.23 mL,
1.1 mmol) was added dropwise with stirring, turning the solution dark
red. After 5 min, precipitate appeared in the mixture. The residue was
extracted with hexane (10 mL) before being filtered. The solvent was
removed under reduced pressure, and the dark red solid isolated in an
argon box (0.373 g, 83%). Crystals suitable for X-ray diffraction were
grown from a concentrated solution in Et,O layered with hexane at
room temperature as red needles. 'H NMR (C4Dg, 400.20 MHz): &
1.61-2.17 (m, 23H, PMDETA), 2.17 (br-s, 6H, =CMe,), 3.16 (dd,
3a_p = 20.0 Hz, Jz_y = 12.7 Hz, 1H, P—CH-), 6.24 (dd, *Jy_p =
13.0 Hz, J_y = 12.7 Hz, 1H, —CH=), 7.11 (m, 2H, p-H), 7.23 (m,
4H, m-H), 841 (m, 4H, o-H). "Li NMR (C(Dy, 155.53 MHz): §
—3.94. 3C NMR (C.D,, 100.6 MHz): & 19.02 (s, =CMe,), 27.05 (s,
=CMe,), 4420 (s, PMDETA), 4421 (d, YJc_p = 147.2 Hz, P—
CH-), 4560 (s, PMDETA), 53.43 (s, PMDETA), 57.12 (s,
PMDETA), 96.61 (d, }Jc_p = 21.3 Hz, =CMe,) 127.61 (d, *Jc_p =
10.6 Hz, m-C), 128.90 (s, p-C), 129.49 (d, ¥Jc_p = 9.1 Hz, —CH=),
133.41 (d, }Jo_p = 8.2 Hz, 0-C), 142.90 (d, YJo_p = 106.8 Hz, i-C).
3P{H} NMR (C¢Dy, 162.0 MHz): § 28.9. Due to the highly sensitive
nature of this compound, satisfactory elemental analysis was not
possible.

Synthesis of 9 [Ph,P(O)CHCHCH,Li(PMDETA)]. Allyldiphenyl-
phosphine oxide (P1’) (ADPPO) (0.2423 g, 1.00 mmol) was loaded
into a flask and suspended in dry Et,O (10 mL). n-Butyllithium (0.69
mL, 1.6 M in hexane, 1.1 mmol) was then added dropwise at —78 °C,
forming an orange solution. After warming to room temperature and
stirring for a further 2 h, PMDETA (0.23 mL, 1.1 mmol) was added
dropwise with stirring, turning the solution bright red. The majority of
the solvent was removed under reduced pressure, and the solution
was precipitated with hexane (10 mL) before being filtered.
Remaining solvent was removed under reduced pressure, and the
red solid isolated in an argon box (0.277 g, 66%). Crystals suitable for
X-ray diffraction were grown from a concentrated solution in Et,O
layered with hexane at room temperature as red needles. "H NMR
(C¢Dg, 400.20 MHz): 6 1.74—2.37 (m, 23H, PMDETA), 3.70 (dd,
TJuop = 21.6 Hz, *Jyy_y(p) = 12.6 Hz, 1H, P—CH-) 4.21 (dt, *Jy_p)
= 9.85 Hz, *Jy_pi(rans) = 3.7 Hz, 1H, -CH=CHH), 4.63 (dd, *Jyy_n()
= 15.89 Hz, *Jy_n( = 3.3 Hz, 1H, -CH=CHH), 6.88 (tdd,
3]H—H(tmns) = 15.89 He, 3]H—H(a) =12.63 Hz, 3‘]H—H(:is) =9.85 Hz, 1H,
—CH=CH,), 7.11 (m, 2H, p-H), 7.23 (m, 4H, m-H), 8.36 (m, 4H,
0-H). 'Li NMR (C(Dg, 155.53 MHz): § —3.94. 3C NMR (C¢Ds,
100.6 MHz): 6 44.05 (br s, PMDETA), 45.77 (s, PMDETA), 51.22
(d, Yep = 146.5 Hz, P—CH-), 53.56 (s, PMDETA), 57.38 (s,
PMDETA), 81.58 (d, ¥Jc_p = 21.8 Hz, =CH,), 127.71 (d, 3Jc_p =
10.9 Hz, m-C), 129.13 (d, ¥Jc_p = 2.6 Hz, p-C), 133.30 (d, *Jc_p = 8.4
Hz, 0-C), 141.82 (d, YJc_p = 8.1 Hz, i-C), 142.06 (d, *Jc_p = 106.8
Hz, —CH=). 3P{H} NMR (C¢D, 162.0 MHz): § 29.2. Due to the
highly sensitive nature of this compound, satisfactory elemental
analysis was not possible.
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Synthesis of 10 [Ph,PCHCHCMe,Li(PMDETA)]. 3,3-Dimethy-
lallyldiphenylphosphine (P2) (0.2543 g, 1.00 mmol) was dissolved in
dry n-hexane (10 mL). n-Butyllithium (0.69 mL, 1.6 M in hexane, 1.1
mmol) was then added dropwise at —78 °C, forming yellow solution.
After warming to room temperature and stirring for a further 2 h,
PMDETA (0.23 mL, 1.1 mmol) was added dropwise with stirring,
turning the solution a dark orange and forming orange precipitate.
The precipitate was washed with hexane (3 X 10 mL) before the
remaining solvent was removed under reduced pressure with the solid
isolated in an argon box (0.322 g, 72%). No crystals suitable for X-ray
diffraction were acquired. "H NMR (C¢Dg, 400.20 MHz): § 1.50—
1.85 (m, 23H, PMDETA) 2.07 (m, 6H, =CMe,), 2.63 (dd, Jy_; =
13.0 Hz, ¥Jy_p = 7.5 Hz, 1H, P-CH-), 6.37 (t, 3Jy_y = 13.0 Hg,
Ju_p = 12.5 Hz, 1H, —CH=), 7.06 (m, 2H, p-H), 7.20 (m, 4H, m-
H), 7.87 (m, 4H, o0-H). "Li NMR (C¢Ds, 155.53 MHz): § —4.50. °C
NMR (CD, 100.6 MHz): & 1971 (d, ¥o_p = 3.1 Hz
CMeMe(trans)), 27.39 (d, *Jc_p = 2.6 Hz, =CMeMe(cis)), 37.24
(br m, P—CH-), 44.55 (s, PMDETA), 45.86 (s, PMDETA), 53.48
(s, PMDETA), 57.22 (s, PMDETA), 95.94 (d, *Jc_p = 23.3 Hz,
CMe,), 125.93 (s, p-C), 127.69 (d, *Jc_p = 5.3 Hz, m-C), 132.87 (d,
Ye_p = 16.9 Hz, 0-C), 136.79 (d, ¥Jc_p = 28.1 Hz, -CH=), 151.88
(d, Ye_p = 19.7 Hz, i-C). 3'P{H} NMR (CDg, 162.00 MHz): § —2.5.
CyHy LiN,P (433.55): caled C 72.03, H 9.53, N 9.69. Found C
7121, H 926, N 9.41. Due to the highly sensitive nature of this
compound, elemental analysis within 0.4% was not attained. A
difference within 0.82% in C was the closest obtained.

Synthesis of 11 [Ph,PCHC(Me)CH,Li(TMEDA)]. 2-Methylallyl-
diphenylphosphine (P3) (0.2403 g, 1.00 mmol) was dissolved in dry
n-hexane (10 mL). n-Butyllithium (0.69 mL, 1.6 M in hexane, 1.1
mmol) was then added dropwise at —78 °C, forming a slightly yellow
solution with a small amount of yellow precipitate. After warming to
room temperature and stirring for a further 2 h, TMEDA (0.17 mL,
1.1 mmol) was added dropwise with stirring, turning the solution
orange and forming yellow precipitate. The precipitate was washed
with hexane (3 X 10 mL) before the remaining solvent was removed
under reduced pressure with the solid isolated in an argon box (0.254
g, 70%). No crystals suitable for X-ray diffraction were acquired. 'H
NMR (C¢Dy, 400.20 MHz): 6 1.56 (br-s, 4, TMEDA—CH,), 1.73
(br-s, 12H, TMEDA—CH,), 2.34 (br-s, 3H, —C(Me)=), 3.27 (br-s,
1H, —C(Me)=CHH), 3.34 (br-s, 1H, —C(Me)=CHH), 3.55 (br-s,
1H, P—CH-), 7.08 (m, 2H, p-H), 7.20 (m, 4H, m-H), 7.82 (m, 4H,
0-H). "Li NMR (CDg, 155.53 MHz): § —4.47. *C NMR (CDs,
100.6 MHz): § 23.06 (br-m, —C(Me)=), 45.71 (s, TMEDA—CH,),
55.02 (br-m, =CH,), 5645 (s, TMEDA—CH,), 67.37 (br-m, P—
CH-), 126.52 (br-s, p-C), 128.00 (m, m-C), 132.66 (br-s, o-C),
150.01 (br-m, —C(Me)=), 157.43 (br-m, i-C). *'P{H} NMR (C¢Dj,
162.00 MHz): 6 —32.7, —27.6, —19.7. 'H NMR (THF-d,, 400.20
MHz): § 1.93 (s, 3H, —C(Me)=), 2.15 (s, 12H, TMEDA—CHS,),
2.31 (s, 4H, TMEDA—-CH,), 2.73 (br-s, 1H, =CHH), 2.97 (br-s,
1H, P—CH-), 3.18 (br-s, IH=CHH), 7.00 (m, 2H, p-H), 7.09 (m,
4H, m-H), 7.36 (m, 4H, o-H). 'Li NMR (THEF-d;, 155.53 MHz): &
—6.82. *C NMR (THF-dg, 100.6 MHz): § 24.55 (br-m, —C(Me)=),
46.31 (s, TMEDA—-CH;), $6.53 (br-m, P—CH-), 58.91 (s,
TMEDA—CH,), 67.13 (br-m, =CH,), 12621 (s, p-C), 127.86 (d,
c_p = 5.6 Hz, m-C), 132.82 (d, ¥Jc_p = 18.0 Hz, 0-C), 150.16 (br-m,
i-C), 158.24 (d, *)Jc_p = 29.1 Hz, —C(Me)=). *'P{H} NMR (THF-
dg, 162.00 MHz): 5 —17.4. Due to the highly sensitive nature of this
compound, satisfactory elemental analysis was not possible.

Synthesis of 12 [Ph,P(O)CHCHCH,Li-Et,0]. Allyldiphenylphos-
phine oxide (P1”) (0.2423 g, 1.00 mmol) was loaded into a flask and
suspended in dry Et,0 (10 mL). n-Butyllithium (0.69 mL, 1.6 M in
hexane, 1.1 mmol) was then added dropwise at —78 °C, forming an
orange solution. After warming to room temperature, it was allowed
to stir for a further 2 h. The majority of the solvent was removed
under reduced pressure, and the solution was precipitated with hexane
(10 mL) before the supernatant was filtered off. Remaining solvent
was removed under reduced pressure, and the red solid was isolated in
an argon box (0.130 g, 42%). No crystals suitable for X-ray diffraction
were acquired. "H NMR (C¢Dg, 400.20 MHz): § 1.06 (br-t, 6H,
Et,0—CH,), 3.22 (br-q, 4H, Et,0—CH,), 3.37 (dd, Jyy_p = 21.0 Hz,
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Tu-n(p = 12.3 Hz, 2H, P—CH-) 3.66 (dt, *Jy_u(s = 10.1 Hg,
3Th—t(trans) = 3.5 Hz, 2H, =CHH(cis)), 4.17 (dd, *Jyy_py(p) = 16.4 Hz,
*Th—n(s) = 2.6 Hz, 2H, =CHH(trans)), 6.63 (dddd, J,;_p= 18.1 Hz,
3]H—H(mms) = 16.5 Hg, 3]H—H(a) = 12.3 Hz, 3]H—H(cis) = 10.1 Hz, 2H,
—CH=), 7.03 (m, 4H, p-H), 7.03 (m, 2H, p-H), 7.03 (m, 4H, m-H),
7.91 (m, 4H, 0-H). "Li NMR (C¢Dy, 155.5 MHz): § —3.67. *C NMR
(C¢Dg, 100.6 MHz): 6 15.54 (s, Et,O—CHj;), 46.49 (br-m, P—CH-),
65.90 (s, Et,0—CH,), 83.66 (br-m, =CH,), 128.68 (d, 3Jc_p = 11.6
Hz, m-C), 130.84 (d, *Jc_p = 2.3 Hz, p-C), 133.32 (d, ¥Jc_p = 9.8 Hz,
0-C), 141.82 (br m, —CH=). *'P{H} NMR (CD,, 162.0 MHz): §
38.8. Due to the highly sensitive nature of this compound, satisfactory
elemental analysis was not possible.
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