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Abstract

Subtle changes in phosphorus ligand structure have been known to lead to significant changes
in metal-ligand coordination behaviour and subsequent catalytic performance. A combination
of both experimental and computational techniques has been employed to study the
influence of phosphorus ligand modification on its coordination behaviour and performance

in homogeneous olefin carbonylation.

The gem-dialkyl effect (also known as the Thorpe-Ingold effect) can be applied to Cs-bridged
bis(diphenylphosphine) ligands via geminal substitution of two alkyl groups (R) on the central
carbon of the Cs-bridge. Structurally, the gem-dialkyl effect has been observed to distort 6-
membereded chelates formed in diphosphine-palladium(ll) chloride complexes from a chair
(R = H) to a half-chair (R = Me, Et, iPr) and eventually to a twist-boat (R = tBu) conformation.
In terms of catalytic performance, the gem-dialkyl effect favours reductive hydroformylation
to directly produce alcohols from olefins during palladium catalysed hydroformylation. The
gem-dialkyl effect has also been observed to hinder isomerisation and promote reaction rate

in palladium catalysed methoxycarbonylation of terminal olefins.

Modification of the Cy-linker from ethylene to phenyl in diphobane ligands has resulted in a
dramatic shift in chemoselectivity from alcohols to aldehydes in palladium catalysed olefin
hydroformylation. The competition between hydroformylation and alkoxycarbonylation in
palladium catalysed olefin carbonylation has also been tuned by introducing substituents (X)
on phenyl-bridged diphobanes to favour aldehyde (X = H), alcohol (X = OMe, OMe) or ester (X

= CF3) products respectively.

The testing of a series of ligands in ruthenium catalysed tandem reverse Water-Gas Shift-
hydroformylation-reduction of olefins to alcohols has shown that bidentate ligands and
higher monodentate ligand-to-metal ratios favour olefin hydrogenation. The choice of solvent
has also been found to play a crucial role as high CO; pressures at reaction conditions can

expand the solvent, alter its physical properties and thus influence catalytic activity.



Abbreviations

%V_Bur — Ligand buried volume

(+)-NMDPP - 2-isopropyl-5-methylcyclohexyl)diphenylphosphane

(S,S)-DIOP — (((4S,5S)-2,2-Dimethyl-1,3-dioxolane-4,5-diyl)bis(methylene))bis(diphenylphosphane)
2-EH — 2-Ethylhexanol

2PA — 2-Pentenoic acid

3PA — 3-Pentenoic acid

4PA — 4-Pentenoic acid

a-BCOPP - 1,2-Di(9-phosphabicyclo[4.2.1]Jnonan-9-yl)benzene

ADA — Adipic acid

BCOPA - 9,9'-(4-Methoxy-1,2-phenylene)bis(9-phosphabicyclo[3.3.1]nonane)

BCOPE - 1,2-Di(9-phosphabicyclo[3.3.1]nonan-9-yl)ethane

BCOPF —9,9'-(4-(Trifluoromethyl)-1,2-phenylene)bis(9-phosphabicyclo[3.3.1]nonane)
BCOPP —1,2-Di(9-phosphabicyclo[3.3.1]nonan-9-yl)benzene

BCOPT —9,9'-(4-(Tert-butyl)-1,2-phenylene)bis(9-phosphabicyclo[3.3.1]nonane)
BCOPV - 9,9'-(4,5-Dimethoxy-1,2-phenylene)bis(9-phosphabicyclo[3.3.1]nonane)

BINAPHOS — 6-((2'-(Diphenylphosphaneyl)-[1,1'-binaphthalen]-2-yl)oxy)-2-methyl-1-

vinylbenzo[d]naphtho[1,2-f][1,3,2]dioxaphosphepine

BIPHEPHOS — 2,2'-Bis[(1,1'-biphenyl-2,2'-diyl)phosphite]-3,3'-di-tert-butyl-5,5'-dimethoxy-1,1'-

biphenyl
BISBI — 2,2'-Bis(diphenylphosphinomethyl)-1,1'-biphenyl
BMIM — 1-Butyl-3-methyl-1H-imidazol-3-ium

BOBPHOS —1,2,10,11-Tetramethyl-4,8-bis(t-butyl)-6-[[2,5-diphenyl-1-phospholanyl) methoxy]-
dibenzo[d,f][1,3,2]dioxaphosphepin]

BPX —1,1'-(1,2-Phenylenebis(methylene))bis(2,2,6,6-tetramethylphosphinan-4-one)



Ca. — Circa (approximately)

CAM — Ceric ammonium molybdate

COD - 1,5-Cyclooctadiene

CyPPh; — Cyclohexyldiphenylphosphane

CYTOP - 1,3,5,7-Tetramethyl-8-phenyl-2,4,6-trioxa-8-phosphaadamantane
DME — dimethoxyethane

DMSO — Dimethylsulfoxide

DnBPP — 1,3-Bis(dibutylphosphaneyl)propane

DPPB — 1,4-Bis(diphenylphosphaneyl)butane

DPPBz — 1,2-Bis(diphenylphosphaneyl)benzene

DPPDIPP — (2,2-Diisopropylpropane-1,3-diyl)bis(diphenylphosphane)
DPPDMP — (2,2-Dimethylpropane-1,3-diyl)bis(diphenylphosphane)

DPPE - 1,2-Bis(diphenylphosphaneyl)ethane

DPPF —1,1'-Bis(diphenylphosphino)ferrocene

DPPIPIPP — (2-Isopentyl-2-isopropylpropane-1,3-diyl)bis(diphenylphosphane)
DPPP —1,3-Bis(diphenylphosphaneyl)propane

DsBPE — 1,2-Bis(di-sec-butylphosphaneyl)ethane

DsBPP —1,3-Bis(di-sec-butylphosphaneyl)propane

DTBPDMP — (2,2-Dimethylpropane-1,3-diyl)bis(di-tert-butylphosphane)
DTBPIPIPP — (2-Isopentyl-2-isopropylpropane-1,3-diyl)bis(diphenylphosphane)
DtBPP — 1,3-Bis(di-tert-butylphosphaneyl)propane

DTBPP — 1,3-Bis(di-tert-butylphosphaneyl)propane

DTBPX — 1,2-Bis((di-tert-butylphosphaneyl)methyl)benzene

ESA — Ethylsuccinic acid

El — Electron ionisation



ESI-MS — Electrospray ionisation mass spectrometry

Ferrocene-P; — Bis((tert-butyl(pyridin-2-yl)phosphanyl)methyl)ferrocene
Ferrocene-Phosphetane — (2,4-Dimethylphosphetane)ferrocene

FID — Flame ionisation detector

GC — Gas chromatography

GCMS — Tandem gas chromatography-mass spectrometry

GVL —y-Valerolactone

HOMO — Highest occupied molecular orbital

M2P — Methyl 2-pentenoate

M3P — Methyl 3-pentenoate

MA4P — Methyl 4-pentenoate

Me,Phospholane-Ph — 2,5-Dimethyl-1-phenylphospholane

Me,POPh —5,5-Dimethyl-2-phenoxy-1,3,2-dioxaphosphinane

Me-BISBI — 2,2'-Bis((dimethylphosphaneyl)methyl)-1,1'-biphenyl
MeO-BINAP-PCy, — Dicyclohexyl(2'-methoxy-[1,1'-binaphthalen]-2-yl)phosphane

Meso-bis-PAd, — 1-(1,3,5,7-Tetramethyl-2,4,6-trioxa-8-phosphaadamantan-8-yl)-3-(1,3,5,7-

tetramethyl-2,4,6-trioxa-8-phosphaadamantan-8-yl)propane
MGA — 2-Methylglutaric acid

MSA — Methanesulfonic acid

MSD — Mass selective detector

MTBE — Methyl tertiary butyl ether

MV — Methyl valerate

NMP — N-Methyl-2-pyrrolidone

NMR — Nuclear magnetic resonance spectroscopy

NSAID — Non-steroidal anti-infammatory drugs



P(o-tolyl) or P(o-tol); — Tri-o-tolylphosphane

Phobane — 9-Phosphabicyclo[3.3.1]nonane

pKa — Negative base-10 logarithm of acid dissociation constant
PMA — Propylmalonic acid

P-M-P — Phosphorus-metal-Phosphorus

POPh — 2-Phenoxy-1,3,2-dioxaphosphinane

Psig — Pounds per square inch in gauge

PTFE — Polytetrafluoroethylene

PyCl — 1,3-Dimesityl-1H-imidazol-3-ium chloride

rWGS — Reverse water-gas shift

Syngas — Synthesis gas (a gaseous mixture of CO and H2)

TFA - 2,2,2-Trifluoroacetic acid

TfOH — Trifluoromethanesulfonic acid

THF — Tetrahydrofuran

TLC — Thin layer chromatography

TON —Turnover number

TPPTS - 3,3’,3"-Phosphanetriyltris(benzenesulfonic acid) trisodium salt
TsOH — 4-Methylbenzenesulfonic acid

v —Wavenumber

XRD — X-ray diffraction



Table of Contents

Chapter 1 — Introduction.......ccccccvevvererecennnnnee... 24

1.1 Carbonylation Background .........ccccciiiieiiiiinniiniiniiiiiniiiniimiemiessessssen 25
1.2 Olefin Hydroformylation ..........ccceeiiiiiuiiiiiiiiiiiiieieseniesseiensessessssen 29
1.2.1 Cobalt-catalysed Hydroformylation ..........cceeeeecieiiicciiie e 30
1.2.2 Rhodium-catalysed Hydroformylation..........ccueeeeciieeeccieee e e 31
1.2.3 Ruthenium-catalysed Hydroformylation ..........cceeveviiiiiiiine e, 35
1.2.4 Palladium-catalysed Hydroformylation ..........cccceeieiiiiiiiiinee e 36
1.3 Olefin AlkoXycarbonylation ........ccccceiieiiieiiiieieieeriiienireeiereniereeereaseernseesnsserensesensessnsees 43
1.3.1 Y T=Tol o P T a1y Lol XY o Y=Y ot 3RS 44
1.3.2 Monodentate Phosphing LIZands ........cccuueiieciiiieeiiiee ettt e 46
1.3.3 Bidentate Diphosphing LiIands ........coeeciiiiiiiiiieieiieee ettt e s 47
1.3.4 Tandem Isomerisation-Alkoxycarbonylation of Functionalised Olefins ...........cc.......... 51
14 (00 B Y 4 o = 1 = 52
1.4.1 oY =1 1o 1=Y 1Yo [T 52
1.4.2 METNANON ...ttt st st st b e sbe e s saee e 53
143 FOIMIC ACIT. ettt ettt ettt e bt e e et e e s bt e e sab e e sabeeesneeesabeeenanes 54
1.4.4 FOIrMAteS ..oiiiiiiiiiiiiii i 54
1.4.5 Carbon DIioXide (CO2) .uueeeieciieeieiieee ettt e ettt e e et e e e ectte e e e ette e e e ebteeeeebteeeeestaeeeeseeeaeannes 54
1.5 Koo To LI Ta Lo 0] o T 1=t 41V LN 58
1.6 Chapter 1 REfErENCES .....ccceuuiiiieeeieiieieeeritinniertenaneeseenaseseenaseseenssseseennsssseenssnssesnssnnsenns 60

Chapter 2 — The gem-Dialkyl Effect in
Diphosphine Ligands ......cccccceeevveceirececenrecenneen. 71

2.1 Introduction on the gem-Dialkyl Effect..........cccecciiiemiiiiiiiiciiieccirrececeerecenceereceneeesennnes 72
2.2 Synthesis and Characterisation .........cccccciiiieieiiiiiceiieiccrreeeeseenneeseennseesenanssssenassnssenas 74
2.2.1 Electrophile Precursors for gem-Dialkyl Ligand Synthesis...........ccooceeeeciieeeeciieecennen. 75
2.2.2 Synthesis of gem-Dialkyl LIgands ..........cooviuiiiiiiiiiiieiiee e 77
2.2.3 Chelation Competition Between DPPP and DPPDMP..........ccccoecveeeeiciieeeecieee e ccieee e 80
2.2.4 [Pd(Diphosphing)Cla] COMPIEXES ......eeeeuiiiieeciiee ettt e e e e e e 81
2.2.5 Changes iN BONA ANGIES ....oeeiii ittt e e e e e e e eee e e e e e e e nnrraeeeeaeeeanas 83
2.2.6 P-Pd-P Ligand Bit€ ANGIE ...ccccuvieiieiiee ettt ettt e e et e e e 84
2.2.7 Overall Spatial ArrangemMENt........ceiiiciiiie it e s e srae e s erraeeeenes 84
2.2.8 Ligand Buried VolIUME (Y _BUF) .....coceieiieeeiee ettt ettt e esave e v e 85



23 Density Functional Theory (DFT) Modelling........ccceeeeueceiiiriiiiieennccecinneneeeeenssccseseeeeennnns 85

2.3.1 Bond Angle Expansion and ComMPresSiON.......c.ueeeeiuieeeeciieeeecieeeeeieeeeereeeeeareeeesaveeas 86
232 6-membered Chelate DiStOrtion .........ccueeicieeriiiinieeeee et 87
233 P-Pd-P Ligand Bite ANGIE TreNd.....c.uuiiiiiiiiieeeee ettt 87
2.3.4 Trend in Coordination SPACE.......cccuiiiiiiiiie et e e eree e e e earae e e e eareeas 88
2.4 Hydroformylation..........cee.c i rrreeee s re e s rene s s s ennsessrenessssrenassssnennnes 88
241 Pd-DPPP Catalysed Hydroformylation of 1-Octene .......ccccceeviieeiiviiieiinciee e, 88
2.4.2 Octene [SOMEIISATION ...cciiiiiieiiieee e e s e s e e s e e e 89
243 Importance of Ligand and Acid Co-Catalyst......cccocveriiiiieeiiniiieeceee e 91
244 Effect Of EXCEOSS ACIT..c..ui ittt sttt e 91
2.4.5 Effect of LIgand/Pd RAtiO ......ccuiieiieeiie ettt ettt et et e 93
2.4.6 Effect Of TEMPEIatUre......ooo i e e e s areeas 93
2.4.7 Pd-Catalysed Hydroformylation of Olefins .......cccoocviiiiiiieiie e, 94
2.4.8 gem-Dialkyl Effects on Activity and ChemoselectiVity......ccccccoveieeeiecieeiicciee e 96
249 Extended REACTiON TIME ...cocuiiiiiieiie ittt sttt e 97
2.4.10  Gas Uptake and KINELICS ....eeeiccuieeeieiiee ettt ettt e e rtre e e e tae e e et e e s enreeas 97
2.4.11  Pd-Catalysed Hydroformylation of Internal AIKeNnes .........cccoecveeieecieiiccciee e, 98
2.4.12  Pd-Catalysed Hydroformylation of Methyl 4-Pentenoate (M4P) .......ccceecveeecveecnenns 98
2.4.13  Mechanistic Aspects of Pd-Catalysed Hydroformylation...........ccccccveeeieiieeiccciee e, 99
2.5 Pd-Catalysed Olefin Methoxycarbonylation .........cccccorieiiiiiieiiiiierccerrecce e eeeenes 100
2.5.1 (07 ) =1 NV A = o111 12U 102
2.5.2 gem-Dialkyl Effects on Octene ISomerisation .......cccoccuveeeeiiiieeniiiee e 102
253 EFfECt OF ANISOIE ..eoniieeeeee e e e 103
2.5.4 HEating UNAEr ArBON...coci ittt e e e e e et re e e e e e e e s b raaeeeeeeeesnnrnnns 104
2.5.5 Effect Of TEMPEIAtUIE......ccoieieee ettt e e e e e e eaba e e e enraeas 104
2.5.6 Pd-Catalysed Methoxycarbonylation of Trans-4-Octene.........ccccccveeeeecieeeescieeeeennnen. 106
2.5.7 Pd-Catalysed Methoxycarbonylation of Methyl 4-Pentenoate (M4P) ..........cccccuue.e. 106
2.6 Pd-Catalysed Cyclocarbonylation of 2-Allylphenol..........cccuirieiririiiiiireeiereeeereeerennees 107
2.7 Conclusions and OUIOOK ..........ceeeireeieiiiiiiiiiiic e 109
2.8 Chapter 2 REfErENCES .....ccceuuueiiieenieiiiieieetteanieeteeaneeteensseeseenssessennssessennssessennssesssnnnnnes 110

Chapter 3 — Impact of Diphobane Ligand
Variation on Olefin Carbonylation..................116

3.1 Introduction to Phobane Chemistry ........ccoiiieiiiieeiiiiieriirrrrcrrerecs e ene s eenenes 117

3.2 Synthesis and Characterisation........cccccciiiiiiiiiiiiiiiiiric e res s s se e senes 119

11



3.2.1 LiZaNnd SYNTNESIS ... .uviiiiciiie et e e e rre e et e e e e e e e e araeas 119

3.2.2 Ligand EleCtroniC PrOPEITIES ...uuiiiciiee ettt ettt tee e e e e et e e e 120
3.2.3 Inductive and Mesomeric Effects of Aryl Substituents.........ccccceeviieiiiiceiiincen e, 121
3.24 Palladium(l1) Chloride COMPIEXES .....vviiireeiiieeiieeeiteecteeetee e sete e tee e e sreessateesnee e 122
3.3 Phobane Coordination Chemistry .........ccccceiiieiiiiieeeniiriecierereecsreeencssenensssenesessnenanes 126
3.3.1 Implications for Catalyst FOrmation........ccccocuiiiiieiiie e 126
332 Mono- and Bischelate FOrmation .......ccoceeeiiiiieinieen e 126
3.33 Catalyst Interaction with AQUEOUS NACl .......cooviiiiiiiiiiiiiceee e 127
34 Olefin Hydroformylation ..........ccceeiiiiiiiiiiiiniiniiiiiiiniieiisssiississsessns 130
3.4.1 Influence of Electronic Effects on Hydroformylation Activity.......cccccoeevveeieicieeeennen. 131
3.4.2 Impact of Backbone Modification on Reductive Hydroformylation Activity .............. 131
3.4.3 Hydroformylation of a Mixture of 1-, 2- and 3-HeXenes ........ccccceeeeeeecivrveeeeeeeeeescnnns 132
3.4.4 SOIVENT EffECES. ceetiiiii et s 133
3.4.5 Hydroformylation of Methyl 4-Pentenoate (M4P) .......c.ceocveeiieeecieeeiiee et 134
3.4.6 Effect of Acid Concentration on Product Selectivity........ccccocoeeeeeiieeiccciee e, 135
3.4.7 Effect of Acid Strength on Product Selectivity ......cccccoeecieieicciei e, 136
3.4.8 Hydroformylation of Methyl 2-Pentenoate (M2P) .......cccoeceeeiieeccieeiiee e 137
3.4.9 ComMPOSItION OF ISOMEIS .. ..viiiiiciiee e e e s ae e e s saaeeeens 137
3.4.10 By-Product Formation — Hydroacylation ...........cccoecvieeieciiieeccieee e 138
3.4.11  By-Product Formation — Alcohol DerivatiVes...........ccceeeeciieeeeciiee et 139
3.4.12  Hydroformylation of 1-Octene in 2-Ethylhexanol — Competition with
FAN | o) 4 VZer 1 o Yo o1V -1 o o U PP SR 141
3.5 Alkoxycarbonylation of 1-OCteNe........cccvieeuieriiieieriiecerreeaeerrenneereennseeseenssassennssssnenns 143
3.5.1 Effect of NaCl and H,0 on Alkoxycarbonylation Activity .........ccccccveeeeeiieiecciiee e, 144
3.5.2 Olefin ISOMEIISATION ....cueiiiieeeeete ettt sttt e b e saee e 145
3.53 Tert-Butoxycarbonylation of 1-OCteNne.......cccveviieiiiiiiiiie e 145
3.6 Hydroxycarbonylation of Olefins.......c.ccceiiieiiieniiiieieiiniiieniereenereeserrenerensserescernnnersnnens 147
3.6.1 Hydroxycarbonylation of 1-HEXENE .........ccooiiiiiiiiee e 147
3.6.2 Hydroxycarbonylation of 4-Pentenoic Acid (4PA).......cccueiieecieeiieiiee et 148
3.7 Conclusions and Outlook for Pd-Diphobane Catalysed Olefin Carbonylation ............... 150
3.8 Chapter 3 REfErENCES .....cccveeeiiiieeiiiiireieetireeeterneeeteenesesresnssessennssessennsssssennsssssennnnanns 151

Chapter 4 — Ru-Catalysed Olefin Carbonylation
Utilising CO; as a CO Surrogate..........ccccc........ 156

4.1 Introduction to Ru-catalysed Reverse Water-Gas Shift (rWGS) Reactions.................... 157
4.2 Monodentate Phosphite Ligand Synthesis.........ccoveeuiiiiemiiiiiiiiiiierccrreeccereeeece e 158



4.2.1 o aTe 1y o] a1 <INy =1 o 11 L Y AU 159

4.3 Ligands Effects in Ru-Catalysed rWGS-Hydroformylation-Reduction of 1-Octene......... 160
43.1 MONOdENtAte LIGANS .....ueiiiiiieie ittt 162
4.3.2 Bidentate LIBANGS.....ccciviiiii ettt e 163

44 Ru-Catalysed rWGS-Hydroformylation-Reduction .........cccccerreeeiiiieeencirreeenccsnenenecsnenene. 164
441 MOIE BalANCE. ..t st 165
4.4.2 Effect of Catalyst LOAding.....ccveiiiiiiiii ettt 166
443 Effect Of Salt AdItiVES ...coueiiiie ettt e 166
444 SOIVENT EffECES. .o ettt 167
4.4.5 CO; EXPaNded SOIVENTS .......vviiieiiiie ettt sre e e e saae e e e ae e e e aaaeeeean 167
4.4.6 Solubility in COz Expanded SOIVENLS .......cccuiiiieiiiieecieee et e 168
4.4.7 SOIVENT IMIIXEUIES ..ttt ettt ettt ettt e bt e e sbe e s bt e e sabeesabeeesareeas 169

4.5  Conclusions and OULIOOK .........cceeeieiiiiiiiiiiiiiiiiiiiiiiieieieiiieiereeeeererererererererereeeeeeeeeeeee 170

4.6 Chapter 4 REfErENCES ....c.ciieeerenniieeerteeirreniereeterenserensereasserasserensersnsessnsessnssssasssssnnesanse 171

Chapter 5 — Experimental............c..c.ccc............ 174

5.1  General Considerations ......cccccviiiiiiiiiiiiiiiiiiii 175
5.2 Instrumentation and ANAlYSES ......c...ciieeeiiiiiicccrrec e ere e e e e e e s e s e e e s e e nanas 175
5.3 Solvents and REAZENTS........c..ciiieeeiiiiienceiiieierieeanerseensesseenssessennssessennssessennssessennnnnes 176
5.4 Experimental Procedures for Chapter 2.........ccuciieieiiiieeiccreeeccerecenceeeeeneesenenesssenanes 177
5.4.1 PrECUISOr SYNENESIS . ueiiiiiiiiiiiiiieeie ettt e eeeecerre e e e e e e e e e barreeeeeeeessarssaeeeeeesesnnnrnns 177
5.4.2 LiZANA SYNtNESIS....uvieiiiiiie e e e e e e e e e saba e e e e arreas 182
5.4.3 [PA(Ligand)Cla] SYNTNESIS....cccueeeeeetiee ettt ettt eebee e e ree e e e eabae e e enreeas 185
5.4.4 Chelation COMPELITION .....c.uviiiiciee et e e rae e e e ae e e e aaaeeeeas 187
5.4.5 Computational DEtaAlS ......c..eeeieiiiieecceee e e e e 188
5.4.6 Carbonylation ProCEAUIES .....ccccuuiiiieciiiie ettt e e ae e e e saaeeeeas 188
5.5 Experimental Procedures for Chapter 3......cccceieeriiieirieiiieniereenerenereenerenserenserennersnnens 190
5.5.1 LiZaNnd SYNTNESIS ... .uviie et e et e e e et e e e eata e e e e eabae e e e nreeas 190
5.5.2 [PA(Ligand)Cla] SYNTNESIS....cccveeeeeiiee ettt ettt et e et e e ree e e bee e e e eabae e e enraeas 193
5.5.3 Carbonylation ProCEAUIES .......cc.uviiiiiiiiecceee ettt e e saare e e e aaeeeens 195
5.6 Experimental Procedures for Chapter 4.........ccuiiiieeiiiiieeiiirinesisreeencsrenensssenesssssenenes 197
5.6.1 LiZaNd SYNTNESIS ... .vviiiiiiie e e e e e et e e e e e e e e e earaeas 197
5.6.2 Carbonylation ProCEAUIES ......cceeeiiiiieeee ettt e e e e e rae e e e e e e 198
5.7 Chapter 5 REfErENCES .....ccceeueiiieenieiitienieetteeneerteaneeteensseeseenssessennssessennssessennssesssnnnnnes 199

Chapter 6 — Supplementary Information ........201

13



6.1 Copyright PermisSSion .......ccccceiiieeeieiiieeeieiiineeeeriensesreenssesseensssssennssessennssessennsssssennnnsnes 202

6.2 Supplementary Information for Chapter 2.........cccuciiieeiiiiieeccrrrecerrreee e eennnns 203
6.2.1 NIMR SPECEIA .. 203
6.2.2 MaSS SPECIIOMELIY .. 215
6.2.3 X-RAY ANGIYSES .ttt e e et e e e st e e e et e e e e e aba e e e enraeeeenareeas 216
6.2.4 Cartesian Coordinates from Geometry Optimisation........ccccceeevveeeeiiieeeeicieee e, 227
6.2.5 Additional Geometry Calculations ......c.uueiieiiiiiiiiiiee e 232
6.2.6 MEChaNiStIC STUIES ....uveieiieiiieeiee et e e s s e e sree e 232
6.2.7 Octane QUAaNtIfICAtION ......eeiieieiie e 234

6.3 Supplementary Information for Chapter 3.t eeannene 235
6.3.1 NN LA Y oY= o - N 235
6.3.2 X-RAY ANQIYSES .eeiiieeeiiiee ettt e e e et e et e e st e e e s e e e e e aeeeenareeas 241
6.3.3 (TGN o 1=To1 o - DO PP PTPTPTPRPTPPPTPPRE 252

6.4 Chapter 6 REfErENCES ....c.citeeireniiieerieeieteniereeerenserenserenssernsserensersnsessnsessnssssasssssnnesanse 252

F1N o o111 T [} G N 253

FiY'o o111 T [ @ - 254

APPENAIX C..ooeeerinirenirenerenerrenettnnerenssereseressersasessnsessnssssasssssssessnssssnsessnssssassssnssessnsssansessnnans 255

APPENAIX D coeeeiiniiieeiienireeertenettnerenstereneressersasessnsessnssesassessssessnsssensessnssssasssssssensnsssensessnsans 256

14



List of Figures

Figure 1.1 Carbonylation ProdUCES. ......cuieiieciiie et e e et e e e e e e e e e nrae e e eareeas 25
Figure 1.2 Synthetic route to acetic acid from acetylene.........ccovvieeiiiciiee e 26
Figure 1.3 Catalytic cycles for the Monsanto® and Catival® processes...........ccoeeevevvevreeeveeeeeeenenne. 26
Figure 1.4 Hydroformylation of 0lefins........e e 29
Figure 1.5 Products derived from olefin hydroformylation.........cccceviviiiiiiiii e, 30

Figure 1.6 Dependence of activity and linear selectivity of monodentate phosphine modified Co-

catalysed hydroformylation on phosphine basicity.®3 ............ccooiiiiiiiicceeeeeee e 31
Figure 1.7 Ligands developed for rhodium-catalysed hydroformylation applications.3* 40 ............ 33
Figure 1.8 Hydrolysis of P(OPh)310 H3POs. c....uuiiiiiiieeceeee ettt ettt et e et a e 34
Figure 1.9 Combination of structural elements in BISBI®®* and PMes to make Me-BISBL.¥ .................. 35

Figure 1.10 Some bidentate phosphines and acid co-catalysts (with their associated pKa values)®

investigated by Drent and BUAZEIQar.B3 ..........ooiieeiiiceecece ettt st eve et s 37
Figure 1.11 Proposed catalytic cycle for palladium catalysed olefin hydroformylation.®................... 38
Figure 1.12 Scheme of chemoselectivity as a function of ligand basicity and acid strength.®............ 39

Figure 1.13 Coordination of the oxygen atom from the B-carbonyl group to palladium(ll) centre. X" =
non-coordination anion. P~P = bidentate diphosphine ligand. ........ccccoovviiiiiiieiinici e, 40
Figure 1.14 Structural comparison between BCOPE and DsBPE. Dotted lines indicate bonds that have
been formally “cut” for ring opening of BCOPE t0 give DSBPE.........cccccciteeiiiiiee et eeeee e 40
Figure 1.15 Tolman cone angle,? 8. M = metal CENIE. .......c.cveveevivveieeeeeeceee et 41
Figure 1.16 Proposed catalytic cycle for anion promoted palladium catalysed olefin
IV Le o) oY 101 = LA i 42
Figure 1.17 Agostic interaction of B-hydrogen. R/R’ = alkyl. X' = non-coordinating anion. P~P =
bidentate diphoSphing lIAaNG. .........oeeieiiie e e e e et e e s e abe e e e e nree e e eenreeas 42
Figure 1.18 Alkoxycarbonylation of 0lefins. ... e e 44

Figure 1.19 Hydride and methoxy cycles for palladium catalysed methoxycarbonylation of ethylene.

Figure 1.20 Palladium B-ester chelate. L = LIgand. ......cccuueeeeiiiee ettt e 45

Figure 1.21 Monodentate phosphine ligands for palladium-catalysed olefin alkoxycarbonylation. Cy =

oy V7ol o] o =Y PSP 46
Figure 1.22 Alkoxycarbonylation route to a-arylpropionic acids. R =alkyloraryl.......cccceeeevverannnenn. 47
Figure 1.23 Bulky chelating diphosphine ligands for palladium-catalysed alkoxycarbonylation. ........ 47

Figure 1.24 Palladium-catalysed isomerisation-methoxycarbonylation of tetramethylethylene.*...49

Figure 1.25 Structures of DTBPX and BPX........ueiiiiiiiiiiieee ettt sree s s iree e s nvee e e nvae e e e e 50



Figure 1.26 Transformation of triglycerides to polyesters. ......cccocuieiiiciiie i e 51
Figure 1.27 Reaction pathways for formaldehyde as a CO surrogate in olefin carbonylation. [M] =
TranSitioN METAl COMPIEX. ...uiiiiiiiie ettt e e e et e e e e e bt e e e e sbteeeeebtaeeesstaeeesastaeaesnes 53
Figure 1.28 Decarbonylation of methanol. [M] = transition metal compleX.......cccccveevviveeieicieeeecnnnen. 53
Figure 1.29 Reaction pathways for methyl formate as a CO surrogate in olefin carbonylation. [M] =
EranSition MELAl COMPIEX. ...uiiiiiiiiei et ebte e e e st ee e e s sbte e e e sbeeeessastaeessassaeeesnes 54
Figure 1.30 Proposed mechanism of ruthenium-catalysed reverse Water-Gas Shift (rWGS) reaction
coupled to tandem hydroformylation-reduction of olefins.?!* [Ru] = ruthenium cluster complex......56
Figure 1.31 Phosphite ligands and product yields from ruthenium catalysed tandem hydroformylation-
reduction of 1-octene using COzas @ CO SUrrOgate.2 8 ... .. ..o 57

Figure 1.32 The gem-dialkyl effect, also known as the Thorpe-Ingold effect,?* acting on Cs-bridged

(o To] Yol o] o aT=TN T=F:  a o [y SRS 58
Figure 1.33 Backbone modification of diphobane ligands. ........cccovviiiiiiei e, 59
Figure 2.1 The gem-dialkyl effect. X and Y = reactive Sroups.......cccceeeeecieeeecciieeeccieee e eecveee e 72
Figure 2.2 The gem-dialkyl effect in metal-diphosphine complexes.........cccocvvviieiiieeecciee e, 72

Figure 2.3 Improved chelate kinetic stability due to the gem-dialkyl effect. R = alkyl, M = metal. .....73

Figure 2.4 Series of gem-dialkyl diphosphine ligands studied..........ccccccuiriiiiiieiecciiee e, 74
Figure 2.5 Synthesis of gem-dialkyl diphosphine ligands. ........cccoevviiiiiiiiii i, 74
Figure 2.6 Three types of electrophilic precursors to gem-dialkyl diphosphine ligands...................... 75
Figure 2.7 Synthetic targets for Cs-bridged gem-dialkyl diphosphine ligands..........ccccoeevveiiiiiieninnnen. 75
Figure 2.8 Synthesis of asymmetric geminally substituted iso-propyl/iso-pentyl diol............c..c........ 76
Figure 2.9 Synthesis of di-iso-propyl Cs-bridged diol..........ccccveiiiiiiiiiiiie e 76
Figure 2.10 General synthetic route to cyclic SUIfate.?’........c.ccevveirieirieiiieeseee e 76
Figure 2.11 *H NMR (400 MHz, CDCls, 25 °C) of dimethyl cyclic SUlfite........ccocvvivvveviiieiieceeee e, 77

Figure 2.12 Proposed mechanism for formation of P-P bonded species, adapted from literature.32.79
Figure 2.13 Proposed mechanism for the formation of P-P bonded species........cccccceecvereeecrieeeennneen. 79
Figure 2.14 3'P{*H} NMR (162 MHz, CH,Cl,, 25 °C) of the competitive chelation experiment between
DPPP and DPPDMP to form their palladium(ll) chloride complex. NMR insert of C,D,Cls with PPhs
[T =Y oY ol (oY g 4=y (=] =Y Lol TSRS PR ST 81
Figure 2.15 Synthesis of [Pd(diphosphine)Cl;] complexes. COD = 1,5-cyclooctadiene......................... 82
Figure 2.16 Molecular structures of [Pd(diphosphine)Cl,] complexes for DPPDMP (top left), DPPIPIPP
(top right), DPPDIPP (bottom left) and DTBPDMP (bottom right). Structures refined by Dr. Andrew

16



Figure 2.17 Overlapped molecular structures of [Pd(DPPDMP)CI;] (cyan) and [Pd(DPPIPIPP)CI;] (red).

Figure 2.18 Overlaid molecular structures of [Pd(DPPP)CI;] (orange) and [Pd(DPPDMP)CI,] (red). ...85
Figure 2.19 Graphs of the [Pd(diphosphine)Cl;] parameters with error bars at 99.7% confidence. Top
Left: o angle vs. R group. Top Right: 3 angle vs. R group. Bottom Left: P-Pd-P angle vs. R group. Bottom
Right: 6V _BUI VS. R BIOUP. ciiiiiieeeeiiee e eeiiee e ettt e e ettt e e e tee e e e etta e e e eataee s esabaeeesanbaaeeennbaeesennsaeeeeanseneeennsenas 86
Figure 2.20 Calculated [Pd(diphosphine)Cl,] structures arranged by increasing steric bulk of gem-
dialkyl groups showing 6-membered chelate conformations (side view across P—C bonds). Phenyl
groups and hydrogen atoms removed for Clarity. ... icciiee e 87
Figure 2.21 Two mechanisms of metal catalysed olefin isomerisation.........ccccceeeiieeiiiieeeccciee e, 90
Figure 2.22 Proposed mechanism for palladium catalysed hydroformylation of olefins, adapted from
literature.®> ®2 P~P = diphosphine ligand. R = alkyl Sroup.......cccceeueeueieeeieeeeee et 90
Figure 2.23 Proposed reaction mechanism for homogeneous palladium catalysed reduction of
aldehydes to alcohols, adapted from Zhou and coO-WOrkers.5...........coovevivieviiiiceseceee s 92
Figure 2.24 Bar graph showing product yields from DPPP modified palladium catalysed
hydroformylation of 1-octene at 110 °C, 125 °C and 150 °C (runs 7—9, Table 2.3). ..........ccccvvveeennneen. 93

Figure 2.25 The structure of the cis-symmetric di-cationic complex present in the crystal of

[Pd(DPPP),](CF3CO,), (50% probability ellipsoids). Structure refined by Dr. Andrew White. .............. 95
Figure 2.26 Reaction of nonanol with acid and soIVENT. ..........cooeiiiiiiciiiee e 97
Figure 2.27 Pressure profile for hydroformylation runs 8 — 11 (Table 2.4)..........ccccceeecireeecieecennen. 98

Figure 2.28 Potential energy surface (PES) showing olefin insertion pathway for
[Pd(DPPDMP)(H)(CO)]*. DPPDMP ligand and positive charges removed for clarity. DFT calculations
carried out in collaboration with Dr. Charles Romain.”®............ccooeieieieeeeeeceeeeeee e 99

Figure 2.29 Graph of ester yield (%) vs time (h) for parallel runs mimicking runs 12 & 13 (Table 2.6).

Figure 2.30 Graph of internal octenes (relative to all octenes, %) vs time (h) for parallel runs mimicking
FUNS 12 & 13 (TABI@ 2.6). ...ttt et eeebae e e e et e e e eenbaeeeeebreeeenareeas 103
Figure 2.31 Graph of Ester Yield (%) vs Temperature (°C) for palladium-catalysed
methoxycarbonylation of 1-octene (runs 7 — 10 and 12 — 15, Table 2.6). ........cccceevvveeciveecreecrreenee, 105

Figure 2.32 Proposed palladium chelate intermediates from reaction with methyl pentenoates. P~P =

Lo 11T aTo XY o] a1 T A LT 171 o 5SS 107
Figure 2.33 Cyclocarbonylation ligands and ionic liquid. .......cccceeeeeeiciiiiiiee e 109
Figure 3.1 Restricted C-P-C bond angle in phobane structure. R=alkyl. .......ccccovvviiiiiiiiiciiieeee e 117

17



Figure 3.2 Reductive hydroformylation of internal olefins by eicosyl phobane?® and diphobane®®
catalysts. OAC = aCetate (CH3CO2 ). cuuiiiieciiiieieiieeeeetiee et e e et e e e e tte e e e ette e e s ebteeesebteeeeerteaeessseneessnnes 118

Figure 3.3 Synthesis of phobane isomers from PHs; and 1,5-cyclooctadiene. AIBN =

F2YZo] o1y 1] o101 ¥/ o] o 11 1 |1 TP SRRR 118
Figure 3.4 Series of C,-bridged diphobane ligands. ........cccoeiiiiiiiiiiiice e 119
Figure 3.5 Proposed symmetric rhodium complex obtained. ........ccccoecieviiviieiiinien e, 121
Figure 3.6 Inductive and mesomeric effects in BCOPA. ..........ccoovciiiiiiciie e it e e 122
Figure 3.7 Synthesis of [Pd(diphobane)Cl,] complexes. COD = 1,5-cyclooctadiene...........ccceeeuveenneee. 123

Figure 3.8 Molecular structures of [Pd(a-BCOPE)Cl,] (top left), [Pd(BCOPE)Cl,] (top right) and
[Pd(BCOPP)CI;] (bottom). Structures refined by Dr. Andrew White. .......cccoveieeiiiiiceciiee e, 123

Figure 3.9 Reactions observed during preparation of some palladium diphosphine catalysts in situ.>?

Figure 3.10 3P{*H} NMR (162 MHz, DMSO-ds, 25 °C) spectrum of mixture of 1 Pd(OAc),:1.4 BCOPE in
DMSO-ds with excess CH3SO3H. L = CH3S03 0r DMSO-g. ....ceeveeveeniieniieiienieeieeiee e 127
Figure 3.11 3'P{*H} NMR (162 MHz, DMSO-dg, 25 °C) spectrum of mixture of 1 Pd(OAc),:1.5 BCOPE:0.25
aqueous NaCl in DMSO-ds With @Xcess CH3SO3H. .......ccoiciiiiiiiiiiee ettt evaee e e 128
Figure 3.12 Substitution of chloride (CI') to give asymmetric [Pd(BCOPE)(L)CI] complex. L = CH3SOs or
1Y @ s PP 128
Figure 3.13 Formation and molecular structure of the cation in [Pd(BCOPE)CI],(CH3S0s),. Structure
refined by Dr. IMartin SCRIEYET. c.....vii et e e e re e e s st e e e e sabae e e e sabee e e eeareeas 129
Figure 3.14 Proposed mechanism for palladium catalysed reduction of heptanal to heptanol, adapted
RO HEEIATUIE. 0 ...ttt ettt ettt b ettt b ettt sene s ebeseneeas 132
Figure 3.15 Bar chart of product distributions from palladium catalysed hydroformylation of 1-hexene
in different solvents. Conditions: 1-hexene (16.1 mmol), Pd(OAc), (0.1 mol%), ligand (L/Pd = 1.4),
CH3SO3H (acid/Pd = 40), 0.1 mL aqueous NaCl (NaCl/Pd = 0.4), 60 bar CO/H, (1:2), solvent (6 mL), 100
SO PO OSSR 133
Figure 3.16 5-membered palladacycle. P~P = BCOPE or BCOPP. X = CF3CO; or CH3SOs'. ................ 137

Figure 3.17 Mechanism of palladium catalysed hydroformylation of M4P, adapted from literature.>”

Figure 3.18 Possible ketone products derived from the linear Pd-acyl intermediate. P~P = diphobane.
X7 = CF3C02 OF CH3S03 . ettt ettt sttt ettt st st st b e b e s be e smeesae e et e e sbeesbeesneesanenas 139
Figure 3.19 Side reactions involving the alcohol product from palladium catalysed hydroformylation
of M4P: (a) alcoholysis, (b) transesterification, (c) hemiacetal formation and (d) cyclisation........... 140

Figure 3.20 Alcoholysis mechanism adapted from van Leeuwen and co-workers.%...............c.c....... 142

18



Figure 3.21 Palladium catalysed tert-butoxycarbonylation of 1-octene (run 16, Table 3.6), yields given
TN DPACKETS. ..ttt sttt ettt e s bt she e s st e et e e bt e s bt e e heesae e st e e b e beenes 146
Figure 3.22 Acid catalysed dehydration of tBuOH and subsequent alkoxycarbonylation and
hyroxycarbonylation (run 16, Table 3.6), yields given in brackets are relative to 1-octene............... 146
Figure 3.23 Proposed bulkier BCOPE analogue. R = alkyl.......cccoooiiiiiniiiiiee e, 151
Figure 4.1 Ru-catalysed hydroformylation of 1-octene with CO,.2* NMP = N-Methyl-2-pyrrolidone.

............................................................................................................................................................ 157
Figure 4.2 Synthesis of monodentate phosphite ligands. .......cccoecveviiiiiiiincen e, 159
Figure 4.3 Decomposition of POPh and Me,POPh by reacting with 1-nonanol. R =H or Me. .......... 160
Figure 4.4 Bulky bidentate ligand based on Xantphos backbone.........ccccccovvieiiiniii i, 163
Figure 4.5 Ring-opening alcoholysis of NMP with 1-nonanol...........cccccceiiiiieiecccee e, 165

Figure 6.1 *H NMR (400 MHz, CDCls, 25 °C) spectrum of 5,5-diisopropyl-1,3,2-dioxathiane 2,2-dioxide.

Figure 6.2 *C{*H} NMR (101 MHz, CDCl;, 25 °C) spectrum of 5,5-diisopropyl-1,3,2-dioxathiane 2,2-
o [T Lo [T OO PP PT PRSP PP OPPTURRUPPOUON 204
Figure 6.3 'H NMR (400 MHz, CDCls, 25 °C) spectrum of (2-isopentyl-2-isopropylpropane-1,3-
diyl)bis(diphenylphosphane), DPPIPIPP. ...........ooo ettt e e et e e e ette e e s e ebre e e s erteeessreaeeeennes 205
Figure 6.4 >*C{*H} NMR (101 MHz, CDCls, 25 °C) spectrum of (2-isopentyl-2-isopropylpropane-1,3-
diyl)bis(diphenylphosphane), DPPIPIPP. ..............cocoieeiiieeeiee e esieeecteeesre s te e e iae e saeeebaeesaaeesraeeennas 206
Figure 6.5 3'P{*H} NMR (162 MHz, CDCls, 25 °C) spectrum of (2-isopentyl-2-isopropylpropane-1,3-
diyl)bis(diphenylphosphane), DPPIPIPP. ...............cccieiiieeeiiee et e ecteeesve s te e e rtae s teeetaeesaaeesraeesanes 207
Figure 6.6 'H NMR (400 MHz, CDCls, 25 °C) spectrum of (2,2-diisopropylpropane-1,3-
diyl)bis(diphenylphosphane), DPPDIPP. ................cociiiiiieeeieeeeeeesteeeceeesve s re e e raae e s teeetaeesaaeesraeesnnas 208
Figure 6.7 3C{*H} NMR (101 MHz, CDCl;, 25 °C) spectrum of (2,2-diisopropylpropane-1,3-
diyl)bis(diphenylphosphane), DPPDIPP. ............ooo ittt et e et e e e ectte e e e e erte e e e ereeeeesreneaeeanes 209
Figure 6.8 3P{*H} NMR (162 MHz, CDCl;, 25 °C) spectrum of (2,2-diisopropylpropane-1,3-
diyl)bis(diphenylphosphane), DPPDIPP. ............ooo it eectteeeeecttee e e et e e e ectte e e e e etteeeeerteeeesereeeaeeanes 210
Figure 6.9 'H NMR (400 MHz, CDCls, 25 °C) spectrum of (2-isopentyl-2-isopropylpropane-1,3-
diyl)bis(diphenylphosphane)dichloropalladium(ll) complex, PA(DPPIPIPP)Cl,. ...........cccovveeeerreeeennes 211
Figure 6.10 *H NMR (400 MHz, CD,Cl,, 25 °C) spectrum of (2,2-Dimethylpropane-1,3-diyl)bis(di-tert-
butylphosphane)dichloropalladium(ll) complex, PA(DTBPDMP)Cla..........cccoveevieeecreeeiieeciee e 212
Figure 6.11 3C{*H} NMR (101 MHz, CD,Cl,, 25 °C) spectrum of (2,2-Dimethylpropane-1,3-diyl)bis(di-
tert-butylphosphane)dichloropalladium(ll) complex, PA(DTBPDMP)Cla........cc.ccocvieeveeeiiieeiieeeieeens 213

19



Figure 6.12 3'P{*H} NMR (162 MHz, CD,Cl,, 25 °C) spectrum of (2,2-Dimethylpropane-1,3-diyl)bis(di-
tert-butylphosphane)dichloropalladium(ll) complex, PA(DTBPDMP)Cl,........ccccvveeeeiiieeeeiiieeecciveennn, 214
Figure 6.13 MS (+ve El) spectrum of 2-isopentyl-2-isopropylpropane-1,3-diol and a proposed
fragmMeENntation PATLEIN. ..o e e e e e et e e et e e e et b e e e e rbaeeeanraaeean 215

Figure 6.14 MS (+ve El) spectrum of (2,2-dimethylpropane-1,3-diyl)bis(di-tert-butylphosphane)

(DTBPDMP) and a proposed fragmentation Pattern.......coccee e ecieeecee e 216
Figure 6.15 The crystal structure of [Pd(DPPDMP)CI;] (50% probability ellipsoids). .........cccceeveenneee. 217
Figure 6.16 The crystal structure of [Pd(DPPIPIPP)CI,] (50% probability ellipsoids)..........ccceeeveenneee. 219
Figure 6.17 The crystal structure of [Pd(DPPDIPP)CI,] (50% probability ellipsoids). .........ccceeeveenneee. 222

Figure 6.18 The structure of the Cis-symmetric di-cationic complex present in the crystal of
[PA(DPPP),](CF3C0O,); (50% probability €llipSOids)......ccceerueiriererieeriee e eee e e e e 225
Figure 6.19 [Pd(diphosphine)Cl,] structures calculated at 150 °C and arranged by increasing steric bulk
of gem-dialkyl substituents showing 6-membered chelate conformations (side view across P-C bonds).
Phenyl groups and hydrogen atoms removed for clarity. ......ccccccuiieeeiiieieiee e, 232
Figure 6.20 GC spectrum of the octene region for run 5 from Table 2.3...........cccccoeeeeieeeiee e, 234
Figure 6.21 *H NMR (400 MHz, CDCls, 25 °C) spectrum of 9,9'-(4-(trifluoromethyl)-1,2-phenylene)bis(9-
phosphabicyclo[3.3.1]nonane), BCOPF. ...ttt e et e st e e et e e e e sabee e e e nbeee s enreeas 235
Figure 6.22 3C{*H} NMR (101 MHz, CDCl;, 25 °C) spectrum of 9,9'-(4-(trifluoromethyl)-1,2-
phenylene)bis(9-phosphabicyclo[3.3.1]Jnonane), BCOPF. ..........cccoeecviieeieecieeeeeecee e 236
Figure 6.23 3'P{H} NMR (162 MHz, CDCl;, 25 °C) spectrum of 9,9'-(4-(trifluoromethyl)-1,2-
phenylene)bis(9-phosphabicyclo[3.3.1]Jnonane), BCOPF. ..........ccceccveieiieeciee e ecree e esve e 237
Figure 6.24 'H NMR (400 MHz, CDCl3, 25 °C) spectrum of 9,9'-(4-methoxy-1,2-phenylene)bis(9-
phosphabicyclo[3.3.1]1n0Nane), BCOPA.............oi ittt et et eete e st e e srae e e be e s aeeesaaeeebaeesareean 238
Figure 6.25 *C{*H} NMR (101 MHz, CDCls, 25 °C) spectrum of 9,9'-(4-methoxy-1,2-phenylene)bis(9-
phosphabicyclo[3.3.1]nonane), BCOPAL. ..........ooueiii ettt ettt tee e e e sree e e e eare e e s e abee e e enabeeesenreeas 239
Figure 6.26 3'P{*H} NMR (162 MHz, CDCls, 25 °C) spectrum of 9,9'-(4-methoxy-1,2-phenylene)bis(9-
phosphabicyclo[3.3.1]nonane), BCOPAL. ..........oo. ittt e et e e e e etee e e et e e e e e sabee e e eabeee s enareeas 240
Figure 6.27 'H NMR (400 MHz, CDCls, 25 °C) spectrum of 1,2-Di(9-phosphabicyclo[4.2.1]nonan-9-

YDDENZENE, @-BCOPP. ...ttt ettt e e ettt e e e ettt e e e e e ate e e e eeataeeesasbaeeasassaeeesssaeeeeassaaeesansreeanns 241
Figure 6.28 The crystal structure of [Pd(BCOPE)Cl,] (50% probability ellipsoids).........cccceceveercreennnee. 242
Figure 6.29 The crystal structure of [Pd(BCOPP)Cl;] (50% probability ellipsoids).........cccccceveeereennee. 244
Figure 6.30 The crystal structure of [Pd(a-BCOPP)Cl,] (50% probability ellipsoids). .........cceeeuveeeneee. 246
Figure 6.31 The crystal structure of [Pd(BCOPE)CIl], (50% probability ellipsoids).........cccccccveerreennee. 248

20



Figure 6.32 GC spectra of palladium catalysed hydroformylation of methyl 4-pentenoate (M4P) using
BCOPE and MSA (MSA/Pd =40), run 1 from Table 3.4. .........ccccoviiniiiiececeeeesee e 252

21



List of Tables

Table 1.1 Comparison between commercial cobalt and rhodium hydroformylation processes.? .....32

Table 1.2 Comparison of BCOPE and DsBPE in palladium catalysed olefin hydroformylation.®......... 41

Table 2.1 Synthesis of gem-dialkyl diphosphine ligands.?.............cccoeciiieeiiiii e 78
Table 2.2 Selected bond angles (°) and bond lengths (A) of [Pd(diphosphine)Cl,] complexes. ........... 83
Table 2.3 DPPP modified palladium catalysed hydroformylation of 1-octene.®........ccccceeevivveeecnnennnn. 88
Table 2.4 Palladium catalysed hydroformylation of olefins.?. ..o, 94

Table 2.5 Comparison between gem-dialkyl ligand DPPIPIPP of this work against contemporary

bidentate ligands for Pd-based hydroformylation systems...........ccevciieiiiiiiiieciieecccee e 96
Table 2.6 Palladium catalysed methoxycarbonylation of olefins.?.........ccccccieiiriieiinci e, 100
Table 2.7 Palladium catalysed cyclocarbonylation of 2-allylphenol.?..........ccccevviiieiiniiiee e, 108
Table 3.1 Synthesis of C,-bridged diphobane ligands.? ..........coiviiiiiciiiec e 120
Table 3.2 Selected bond angles (°) and bond lengths (A) of [Pd(diphobane)Cl,] complexes............. 124
Table 3.3 Palladium catalysed hydroformylation of 1-hexene and internal hexenes.®..................... 130
Table 3.4 Palladium catalysed hydroformylation of methyl pentenoate.?..........ccccceeecvveeeeciieeeennen. 134
Table 3.5 Palladium catalysed hydroformylation of 1-octene.? .........ccceveieciiieecciee e, 141
Table 3.6 Palladium catalysed alkoxycarbonylation of 1-octene.?.........cccoccveeieciiee e, 143
Table 3.7 Palladium catalysed hydroxycarbonylation of 1-hexene.®.........cccoceeeeciieeecciiee e, 147
Table 3.8 Palladium catalysed hydroxycarbonylation of 4-pentenoic acid (4PA).2........cccceevieeeennneen. 149
Table 4.1 Ru-catalysed tandem rWGS-hydroformylation-reduction of 1-octene.®...........cccuveeunneen. 161
Table 4.2 Ru-catalysed rWGS-hydroformylation-reduction of olefins.?.........ccccocovveeiiieniicen e, 164
Table 4.3 Properties of solvents under high pressures (40 — 45 bar) of COz..cccvvvevvveeviieeiieecieeeee, 168
Table 6.1 Table of reproduced works and permissions from copyright holders.........cccccceecuvvveennenn. 202
Table 6.2 Bond lengths [A] and angles [°] for [PA(DPPDIMP)CL]. ......c.vvevevieeiiieeeeeeeeeeeesseeeeieeennens 217
Table 6.3 Bond lengths [A] and angles [°] for [PA(DPPIPIPP)CL].........oeveveeeirireeeeeeeeeeeeseseeeeeeeenanens 219
Table 6.4 Bond lengths [A] and angles [°] for [PA(DPPDIPP)CL]. ......c.cuuuiumrurerereeenenmermecineeieeenennees 222
Table 6.5 Bond lengths [A] and angles [°] for [PA(DPPP)2](CF3C02)2. cevvevivrvrereeeeeeeeeeeeeeseeeeesesnenens 225
Table 6.6 Data for Figure 2.28 (Ligand DPPDMP), available at: 10.14469/hpc/6231...........ccuveen..... 232

Table 6.7 Data for selected intermediates (Figure 2.28) using ligands DPPDMP, DPPP and DPPDTBP

(including dispersion, solvent and temperature correction when stated), available at:

10.14469/NPCIB23 L. ..ottt et e ettt e e et e tae e e be e e teeeebeeeetreenreeereeennreean 233
Table 6.8 Bond lengths [A] and angles [°] for [PA(BCOPE)CLo].......cvvviueuieeeeeeeeeeeeeeeeeeeeeeeeseseeeeeena 242
Table 6.9 Bond lengths [A] and angles [°] for [PA(BCOPP)Cla].......cvveuiueeeeeeeeeeeeeeeeeeeeeeeeeeeseseeeeeena 244



Table 6.10 Bond lengths [A] and angles [°] for [PA(@-BCOPP)CL]. ...c.cuevivieieiiiieieieieeeeeeeeeeeeeeeenas 246
Table 6.11 Bond lengths [A] and angles [*] for [PA(BCOPE)CI 2. ....cvcvviueuieieiiiiieeeeeeeeeeeeeeseseseeeeeaenas 248

23



Chapter 1 — Introduction

24



1.1 Carbonylation Background

Carbonylation is the process of introducing carbon monoxide (CO) into organic or inorganic substrates.
The catalytic introduction of CO via carbonylation is a key step in several large-scale industrial
processes that produce valuable products or chemical intermediates that serve as precursors to

valuable products (Figure 1.1).
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Figure 1.1° Carbonylation products.

Carbonylation may be catalysed heterogeneously or homogeneously and typically involves Group 8, 9
or 10 transition metals such as cobalt, iridium, iron, nickel, palladium, platinum, rhodium or
ruthenium,! although some other transition metals have also shown activity.? The identity of the
transition metal used is typically of importance for carbonylation reactions but it may also differ within
the same carbonylation process. Acetic acid for example, is a homogeneously catalysed carbonylation
product with a global production of about 20 million metric tonnes per annum in 20162 and has been
experiencing fast growing demand in China.* Acetic acid has been employed mainly as a solvent® and
as a precursor for the production of vinyl acetate monomer® and ethyl acetate.” Acetic acid also has
minor applications as an antifungal, an antiseptic and has been used for food preservation,
agricultural, chemical and water treatment processes. In 1916, BASF began manufacturing acetic acid
in Germany on an industrial scale via the hydration of acetylene to acetaldehyde followed by

manganese catalysed oxidation in air (Figure 1.2).%

2 Images reproduced with the permission of the rights holder, Unsplash.
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Figure 1.2 Synthetic route to acetic acid from acetylene.

By the mid-1900s however, industrial production of acetic acid mostly transitioned to catalytic
carbonylation of methanol, the process by which it is still manufactured today.® Research into
methanol carbonylation catalysts at BASF progressed from iodide promoted cobalt catalysts® to
methyl iodide promoted rhodium catalysts.!® These rhodium systems were later picked up by
Monsanto, who in 1966, established the Monsanto process! using rhodium/iodide anion co-catalysts
that allowed operation under milder conditions. The Monsanto process was itself largely supplanted
in 1996 by the greener and more efficient Cativa process,'? based on an iridium catalyst developed by
BP Chemicals. The catalytic carbonylation of methanol alone has been catalysed on an industrial scale
by cobalt, rhodium and iridium, suggesting that the carbonylation process is amenable to a range of
transition metals. The ideal choice of transition metal, however, is a more involved matter that
requires a deeper understanding of the reaction mechanism in question. In this case, the replacement
of rhodium with iridium in the Cativa process enabled methanol carbonylation to run in a more cost-
efficient manner due to drier conditions, suppression of the water-gas shift reaction and a decrease

in by-product formation.®
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Figure 1.3 Catalytic cycles for the Monsanto!* and Cativa®® processes.

The Monsanto and Cativa processes share largely similar reaction mechanisms (Figure 1.3), starting

with Group 9 transition metals that form square planar d® cis-coordinated metal(l) dicarbonyl diiodide
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complexes. Oxidative addition of methyl iodide occurs to form a metal(lll) alkyl complex that
undergoes migratory insertion of CO to form a metal(lll) acyl complex that then reductively eliminates
acetyl iodide. Nucleophilic attack of H,O on acetyl iodide produces the desired acetic acid product as
well as HI that can convert more MeOH to methyl iodide via an acid-catalysed nucleophilic
substitution. Methyl iodide then re-enters the catalytic cycle via oxidative addition to the metal(l)

dicarbonyl diiodide complex.

Despite these similarities however, there are subtle differences between the two systems that result
in significant advantages for the Cativa process. The Monsanto process is 1°t order with respect to H,O
up to 8 wt.% and is independent thereafter while the Cativa process achieves its maximum reaction
rate at 5 wt.% H,0 and decreases in rate with more or less H,0 content.’® The H,0 content of the
reaction mixture is an important parameter as it determines the extent of the metal-catalysed water-

gas shift as a side reaction (Equation 1.1).

Equation 1.1 Metal-catalysed water-gas shift reaction.’* M = Rh or Ir.

e ©
[IM(CO),l,] + 2HI  ——— [M(CO)ly] + H;
S} e
[M(CO),l4] + H,O + CO ——— [M(CO)l] + CO, + 2HI

Hzo + CO ——— C02 + H2

The water-gas shift reaction represents a significant loss of CO as the gaseous by-products (CO, and
H) dilute the CO present in the reactor and eventually starve the system of CO, resulting in an
increased need for venting. This limits the efficiency of CO utilisation to about 85% in the Monsanto
process.'® Lowering H,O content to circumvent this issue introduces its own set of problems. Aside
from a reduction in reaction rate due to lower H,0 content, there is also an accumulation of the water-
gas shift intermediate, [Rh(CO):l4],, which is a precursor to catalyst decomposition forming insoluble
Rhls. On the other hand, iridium catalysts have been found to remain robust even at 0.5 wt.% H,0,
allowing them to operate under low H,O conditions that suppress gaseous by-products from the

water-gas shift reaction and increase CO utilisation to about 94%.¢

The major liquid by-product from the catalytic carbonylation of methanol is propionic acid, produced
from the carbonylation of ethanol present as an impurity within the methanol feed.’ There is
however, more propionic acid detected in the Monsanto process than accounted for by ethanol
impurities. The rhodium system employed in the Monsanto process is also known for

17

hydroformylation,'” and instead of reductively eliminating acetyl iodide, hydrogenolysis of the

rhodium(lll) acyl intermediate may occur instead to give acetaldehyde. Acetaldehyde can then be
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reduced by H, present in the system (generated from the water-gas shift reaction) to give ethanol,

which is then subsequently carbonylated to give propionic acid by-products (Equation 1.2).

Equation 1.2 Rhodium-catalysed production of propionic acid.

S o
[Rh(CO)(COCH3)ls] + HI [Rh(CO)l] + CH,CHO
[Rh]

CHsCHO + H, CH3CH,OH
[Rh]
CHsCH,OH + CO CH3CH3CO,H

In the conventional high H,O content Monsanto process, the amount of acetaldehyde present in the
reactor often reaches several hundred ppm, in contrast to the Cativa process which typically sees no
more than 30 ppm of acetaldehyde impurity.l® As a result, the Monsanto process usually requires

more purification, leading to higher production costs.

It has also been shown that the oxidative addition of Mel, the rate-determining step for the
conventional high H,O content Monsanto process, occurs about 150 times faster in the Cativa process
for [Ir(CO).l,] than for the Monsanto process’ [Rh(CO).l,]".%° As a result, the rate determining step for
the Cativa process is not the oxidative addition of Mel, but is instead the formation of [Ir(CH3)(CO)sl2]
from [Ir(CH3)(CO)als] via ligand exchange of I for CO. Initial studies by Monsanto showed iridium to be
less active than rhodium for methanol carbonylation. However, the addition of a ruthenium carbonyl
iodide complex as a promoter to facilitate the loss of I speeds up the rate-determining ligand exchange

step to give an iridium-based methanol carbonylation system superior to its rhodium counterpart.*®

On the whole, the robust iridium catalyst in the Cativa process allows for lower H,0 conditions that
suppress the water-gas shift reaction, run at a lower vent rate, increase CO utilisation from 85% to
94% and cut about 30% of CO, emissions per metric tonne of acetic acid compared to the analogous
Monsanto rhodium process.'® The reduced amount of propionic acid and H,0 impurities in the Cativa
process also lower purification and drying costs, making it the preferred method of acetic acid
production today. Despite the progress made over many years of research on methanol carbonylation
catalysts however, there are still challenges that have yet to be addressed fully. For example, one of
the major drawbacks of both the Monsanto and Cativa processes is the highly acidic reaction media
(HI) which causes corrosion problems and requires the reactors to be made of expensive corrosion-

resistant alloys. Research into iodide-free methanol carbonylation is ongoing.**-?°

The diverse range of industrially important carbonylation products and the subtle differences between
carbonylation catalysts make homogeneous carbonylation catalysis an immense field of study. As seen
above with the example of acetic acid, there can be several interdependent variables in the catalytic

cycle that complicate reaction optimisation. For the purposes of this thesis, the following sections will
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focus on giving a brief overview on the topics of homogeneously catalysed hydroformylation and
alkoxycarbonylation of olefins. This will be followed by a discussion on CO surrogates for olefin

carbonylation before the scope and objectives of this thesis are defined.

1.2 Olefin Hydroformylation

Hydroformylation is a carbonylation reaction where CO and H, typically employed as a gaseous mix
known as synthesis gas (or syngas), are added to a substrate to make a formyl group (H-C=0). Olefin
hydroformylation is an atom-economical reaction that converts olefins to terminal and branched
aldehyde products except in the case of ethylene, from which only terminal aldehydes are possible

(Figure 1.4).

H H O
CO/H, :/[
R/\ _— > R/\/go R

catalyst
terminal branched
aldehyde aldehyde

Figure 1.4 Hydroformylation of olefins.

Hydroformylation was serendipitously discovered by Otto Roelen in 1938 at the Ruhrchemie plant in
Oberhausen while performing research on Fischer-Tropsch catalysts.?! He observed that ethylene
reacted with CO and H; in the presence of a mixture of cobalt, thorium and magnesium oxide to yield
“oxo products” such as diethyl ketones and propionaldehyde and hence dubbed it the “oxo process”.?
Since then, hydroformylation has become one of the largest and arguably, one of the most important
homogeneously catalysed industrial reactions.? In 2008, global production of oxo chemicals reached
nearly 10.4 million metric tonnes. Quantitatively, the most important oxo chemical is n-butyraldehyde
which accounts for about 75% of global aldehyde use. This is followed by C¢-Ci3 aldehydes for
plasticizer alcohols, isobutyraldehyde, valeraldehyde then Ci,-Cis aldehydes for detergent alcohols.*
Hydroformylation can also be employed as the first step in converting olefins to a wide range of bulk

chemicals such as alcohols, carboxylic acids, esters, amines and heavier olefins (Figure 1.5).
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Figure 1.5 Products derived from olefin hydroformylation.

Amongst the various products (Figure 1.5) that can be derived from olefin hydroformylation however,
the focus for the following sub-sections will be narrowed to the two highlighted in red, namely

aldehydes and alcohols.

1.2.1 Cobalt-catalysed Hydroformylation

The earliest hydroformylation systems followed the original procedure of Roelen or were based on
cobalt carbonyl complexes.?>% The majority of hydroformylation then was catalysed by cobalt and
just 15 vyears after Roelen’s discovery, the first production plant running Co-catalysed
hydroformylation of propylene was commissioned at Ruhrchemie in Germany. By the end of the
1960s, most hydroformylation plants employed [HCo(CO)4] at high temperatures (140 to 180 °C) and
high pressures (200 to 450 bar) for their processes despite the harsh conditions required.?” Aside from
the forcing reaction conditions however, another pressing issue encountered by unmodified cobalt
hydroformylation catalysts at that time was its poor linear selectivity (60 — 70%) for the more valuable
n-aldehyde product.?® To overcome this deficiency, cobalt was modified with monodentate phosphine
ligands to increase its linear selectivity to as high as 90%.°® Electron-donating phosphine ligands
increase electron density at the cobalt centre and make the Co-H bond more hydridic compared to
the unmodified [HCo(CO)s] catalyst, hindering double bond migration and promoting terminal
functionalisation of 1-olefins.?>3° However, this modification also brought about lower activities3! and
increased hydrogenation activity that facilitated low-value paraffin formation and the reduction of
aldehydes to alcohols, the latter of which has been considered desirable for certain applications.3? The

basicity of tertiary monodentate phosphines has been found to correlate inversely with
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hydroformylation activity but directly with linear selectivity in Co-catalysed olefin hydroformylation

(Figure 1.6).3
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Figure 1.6 Dependence of activity and linear selectivity of monodentate phosphine modified Co-
catalysed hydroformylation on phosphine basicity.*?

Trialkyl phosphine ligands have stronger o-donor and poorer n-acceptor properties than CO, resulting
in an electron-rich cobalt centre that exhibits increased m-back donation of electron density to the CO
ligands, binding them more strongly and thus increasing the thermal stability of the catalyst.?* This
increased thermal stability enables the reaction to be run at higher temperatures to combat the lower
activity accompanying linear-selective basic phosphines. In this respect, P"Bus; emerged as one of the
preferred ligands to be applied on an industrial scale (Shell process).® Other tertiary phosphines, such
as those based on 9-phosphabicyclononane (phobane, Figure 1.7), were subsequently developed and
have also been successfully applied in Co-catalysed hydroformylation of olefins to alcohols by Shell 3>
36 An overview of the mechanistic aspects of Co-catalysed hydroformylation has been given by Hebrard

and Kalck.?”

1.2.2 Rhodium-catalysed Hydroformylation

Aside from cobalt, rhodium is the only other transition metal that has been employed in industrial
hydroformylation.?® In the 1960s, researchers at Union Carbide Corporation (now Dow Chemical
Company) and a research group at Imperial College London led by Sir Geoffrey Wilkinson,3®
independently found that rhodium catalysts modified with organophosphines could catalyse
hydroformylation with superior performance to existing cobalt systems.?” Rhodium is about 3 to 4
orders of magnitude more active for hydroformylation,® exhibits superior linear selectivity in the
presence of excess ligand,?” suppresses hydrogenation to low-value paraffins and operates under

milder conditions (Table 1.1).
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Table 1.1 Comparison between commercial cobalt and rhodium hydroformylation processes.

Cobalt Modified Cobalt Modified Rhodium
Catalyst [HCo(CO)4] [HCo(CO)s(PBus)] [HRh(CO)(PPhs)s]
Temperature / °C 110-180 160 -200 100
Pressure / bar 200 -300 50-100 <20
Major Product Aldehydes Alcohols Aldehydes
n /iso Ratio 2-4 7 >10
Hydroformylation
vield / % 90 80* 98
Paraffin Yield / % 1 15 0.9
Other By-Products / % 9 5 1.0

* Inclusive of aldehydes and alcohols.

Increasing n:iso ratio from 3:1 to 10:1 translates to manufacturing n-butyraldehyde using
approximately 30% less propylene. This meant savings of about USDS6 million per year on propylene
and synthesis gas feedstocks for large commercial plants.3* It was not long before the first rhodium-
based hydroformylation plants were commissioned by Ruhrchemie (1974), Union Carbide Corporation
(1976) and Mitsubishi Chemical Corporation (1978). Due to the substantial advantages afforded by
rhodium catalysed hydroformylation, the rest of the chemicals industry were quick to convert their
hydroformylation processes from cobalt to rhodium systems. Initially in the 1980s, more than 90% of
commercial hydroformylation was conducted using cobalt. By 1995 however, nearly 80% was done
using rhodium instead, mostly due to rhodium’s superior hydroformylation activity for lighter olefins
and the large global production of n-butyraldehyde.** Recently however, there has been renewed
interest in cobalt hydroformylation catalysts due to cationic cobalt(ll) bisphosphine hydrido-carbonyl
catalysts exhibiting hydroformylation activities far superior to traditional neutral cobalt(l) catalysts.*
Unlike rhodium, cobalt-based systems are known to reduce the intermediate aldehydes to alcohols,

and the direct production of alcohols from olefins may be desirable for certain applications.*

Organic ligands play a pivotal role in altering the catalytic properties of transition metals for
hydroformylation. The design and development of hydroformylation ligands through the years can
also be viewed as a description of the progress made in the field of hydroformylation, where
successive ligands show improved catalytic profiles or optimise the reaction for specific applications

(Figure 1.7).
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Figure 1.7 Ligands developed for rhodium-catalysed hydroformylation applications.

A paradigm shift was initiated by Wilkinson, who first employed PPhs to modify rhodium complexes
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for propylene hydroformylation.®* Subsequently, phosphites such as P(OPh)s; were found to afford

superior hydroformylation rates that allowed them to be considered for hydroformylation of higher

(C4 and above) olefin feedstocks.”® However, these simple phosphite ligands are susceptible to

hydrolysis under hydroformylation conditions (Figure 1.8).>
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Figure 1.8 Hydrolysis of P(OPh)s to H3POs.

To bolster catalyst stability, bulky groups were introduced to control reactivity via kinetic inhibition.
For example, the introduction of ortho-positioned tert-butyl substituents on P(OPh); as described by
van Leeuwen.*® >3 |n 1981, these types of bulky monodentate phosphites were claimed for

hydroformylation by Shell** and Union Carbide.>®

In an alternative avenue of research, Rhdéne-Polenc developed a water-soluble sulphonated
phosphine, TPPTS (Figure 1.7), that enabled an aqueous biphasic hydroformylation process with more
efficient catalyst recycling. The catalyst could be removed to the aqueous phase before distillation of
the product, avoiding thermal stress on the catalyst and decreasing rhodium loss to the parts per
billion range.*® The high cost of rhodium at that time meant that millions of euros per year could be

saved via catalyst preservation this way.”’

In the following years, researchers at Davy Process Technology and Union Carbide reached a milestone
in the development of hydroformylation ligands with the advent of bidentate ligands such as the bulky
bisphosphite, BIPHEPHOS (Figure 1.7).” Sterically hindered, chelating bisphosphites like BIPHEPHOS
create favourable steric environments around the rhodium centre that give excellent regioselectivities
(n:iso 240:1) under mild conditions (70 psig 1:1 CO/H,, 60 °C).%%%° Since its introduction in 1987,
BIPHEPHOS has garnered the interest of various research groups who have investigated it for various

applications. Some notable achievements include:

(1) TOFs of 44,000 h'! in the hydroformylation of 1-dodecene®®

(2) 94% conversion with 95% selectivity to n-nonanal in the tandem isomerisation-
hydroformylation of trans-4-octene®!

(3) 89% aldehyde yield with n:iso ratio of 89:11 in the tandem isomerisation-hydroformylation of

oleonitrile®

Subsequent modification of the bulky chelating bidentate ligand template enabled its application to
enantioselective rhodium-catalysed hydroformylation processes. For example, a barrier to rotation

can be created by leveraging on the rigidity and steric bulk of certain substituents like naphthalene to
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form atropisomers. An example of this can be seen in the mixed phosphite-phosphine bidentate
ligands, BINAPHOS and BOBPHOS (Figure 1.7). Atropisomerism present in the ligand architecture
confers enhanced stereo- and regioselective discriminating properties on rhodium systems modified
with these ligands. The use of BINAPHOS can reverse the high linear selectivities typical for bulky
chelating bidentate ligands to instead yield 90% of the branched aldehyde product from styrene with
94% ee of the (S)-isomer.”® Alternatively, BOBPHOS may also be used to perform a similar
enantioselective hydroformylation of vinyl acetate to give >99% branched aldehyde yield with 83% ee
of the (R)-isomer.>® Another innovative effort by Nozaki and co-workers brought together the high
n:iso ratios afforded by BISBI®® with the hydrogenation activity of trialkylphosphines to create a mixed
phosphine ligand, Me-BISBI (Figure 1.9), in order to facilitate tandem hydroformylation-reduction of

olefins to alcohols.
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Figure 1.9 Combination of structural elements in BISBI®®* and PMes to make Me-BISBI.*

They were able to achieve 97% alcohol yield with a n:iso ratio of about 4:1 in the tandem

hydroformylation-reduction of 1-decene to 1-undecanol.*

Due to the large success of rhodium in its technical application, there has been considerable industrial
and academic interest in rhodium-catalysed hydroformylation.3® This has generated extensive
literature on the subject, out of which, only a limited selection has been presented above to introduce

the area.

1.2.3 Ruthenium-catalysed Hydroformylation

The large demand for rhodium in chemical processes and its high price at that time motivated the
search for alternative transition metal catalysts.2 Wilkinson and co-workers pioneered the application
of ruthenium catalysts in homogeneous olefin hydroformylation with the use of [Ru(CO)s(PPhs)s]
complexes to convert 1-pentene to hexanal.%* Their investigations into propylene hydroformylation
with unmodified ruthenium carbonyl complexes revealed that its linear selectivity was lower than

unmodified cobalt but higher than unmodified rhodium catalysts. Unmodified ruthenium catalysts
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also exhibit higher hydrogenation activity than that of rhodium catalysts, resulting in increased alcohol

and paraffin yields.®

Ruthenium could also be used synergistically to improve existing hydroformylation systems.®® For
example, the bimetallic Coy(CO)s/Rus(CO)1> system has been shown to give initial cyclohexene
hydroformylation rates about 27 times that of the monometallic CO,(CO)s catalyst.®” The superior
hydrogenation activity of ruthenium has also been combined with the excellent hydroformylation
properties of rhodium to create a tandem hydroformylation-hydrogenation catalyst to directly

produce alcohols from olefins.®87°

Wilkinson and co-workers observed that polynuclear ruthenium complexes such as Ruz(CO)1; were
less active for hydroformylation than mononuclear complexes, and subsequently proposed a
mechanism involving [Ru(H)2(CO),(PPhs),] as the active species.”* On the basis of observations from
spectroscopic analysis, Sliss-Fink and co-workers have also proposed an alternative mechanism for
polynuclear ruthenium complexes such as [HRus3(CO)11] that proceeded via an intermediary intact

trinuclear metal cluster.”>7>

More recently, Beller and co-workers have developed an electron-rich imidazole-substituted
dialkylphosphine that assists in the Ru-catalysed hydroformylation of 1-octene to yield 79% nonanal
with 95% linear selectivity.” They also surveyed a series of monodentate and bidentate ligands to
eventually find 2-phosphino-substituted imidazoles as suitable ligands in Ru-catalysed tandem

hydroformylation-reduction of 1-octene to give up to 90% nonanol and 91% linear selectivity.””78

1.2.4 Palladium-catalysed Hydroformylation

As opposed to cobalt and rhodium, far fewer studies have been conducted on palladium catalysed
hydroformylation.? Interest in the area was stimulated after discoveries by Drent and co-workers at
Shell showed that cationic palladium diphosphine complexes could function as valuable
hydroformylation catalysts.”®! In 2000, Drent and Budzelaar investigated various bidentate
phosphine ligands and acid co-catalysts for palladium catalysed olefin hydroformylation (Figure

1.10).8>%
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Figure 1.10 Some bidentate phosphines and acid co-catalysts (with their associated pKa values)®
investigated by Drent and Budzelaar.®

They observed that linear selectivity improved by about 15% when DnBPP was replaced with its
sterically bulkier sec-butyl analogue, DsBPP (Figure 1.10), in palladium catalysed hydroformylation of
propylene.® This suggests that restriction of coordination space at the coordination centre by
sterically bulky ligands favour 1,2-(n) olefin insertion (generating n-alkyl intermediates) over 2,1-(iso)
insertion (generating sterically demanding iso-alkyl intermediates), resulting in improved linear

selectivities (Figure 1.11).
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Figure 1.11 Proposed catalytic cycle for palladium catalysed olefin hydroformylation.®

The active catalyst is believed to be a palladium(ll) hydride complex with a neutral cis-chelating
diphosphine ligand. Subsequent coordination and migratory insertion of olefin produces a Pd-alkyl
intermediate that then vyields a Pd-acyl complex upon coordination and insertion of CO.
Hydrogenolysis of the Pd-acyl bond releases aldehyde and regenerates the active palladium(ll) hydride

species to close the catalytic cycle.

Replacing TsOH (pK, = -2.7) with less acidic TFA (pK, = -0.7) in DPPP (Figure 1.10) modified palladium
catalysed hydroformylation of propylene also increases aldehyde product linearity by 10%.% The
influence of the acid co-catalyst was linked with the basicity of its associated conjugate base anion (X

), and two hypotheses for the observed improved linear selectivity were proposed by Drent:®

(1) Stronger coordination and hence closer proximity between the conjugate base anion and
cationic palladium complex resulting in greater congestion at the palladium centre and thus a
preference for sterically less demanding Pd-n-alkyl intermediates that lead to linear
aldehydes.

(2) More strongly coordinating conjugate base anions that discriminate for Pd-n-acyl
intermediates over Pd-iso-acyl intermediates when assisting in electrophilic activation of H,
during hydrogenolysis. Since hydrogenolysis is thought to be the only irreversible step in the

catalytic cycle (Figure 1.11),2 this leads to the formation of more linear aldehydes.
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However, it should be noted that extent of cation-anion coordination is also affected by reaction
solvent.® Cation-anion dissociation is facilitated by solvation in polar protic solvents that minimise
anion coordinating effects, while in non-polar solvents, such ion pairs stay in closer proximity. In fact,
when polar aprotic diglyme is replaced by polar protic methanol as the reaction solvent, the major
product obtained switches from aldehydes (80% vyield) to ketones (95% yield) when using DnBPP and
TsOH (Figure 1.10).2 This suggests that the conjugate base anion plays an active role in the reaction

mechanism, and that cation-anion coordination has significant influence on chemoselectivity.

Beller et al. also noted in a separate study that the amount of acid used in palladium catalysed
hydroformylation of 1-octene is inversely related with linear selectivity.®> However, they attributed
this phenomenon to increased isomerisation at higher acid concentrations instead of any direct

involvement by the acid co-catalyst.

The interplay between ligand basicity and acid co-catalyst pK, determining chemoselectivity for

palladium catalysed olefin hydroformylation may also be represented visually (Figure 1.12).83
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Figure 1.12° Scheme of chemoselectivity as a function of ligand basicity and acid strength.®

At the palladium(ll) acyl intermediate of the catalytic cycle (Figure 1.11), discrimination between olefin
insertion (to yield ketones) and hydrogenolysis (to yield aldehydes) occurs. The olefin insertion
product has been reported to be stabilised via internal coordination of the B-carbonyl oxygen atom to

the palladium(ll) centre to form a 5-membered chelate (Figure 1.13).86%7

b Adapted from ref. 84 with the permission of the rights holder, Elsevier.
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Figure 1.13 Coordination of the oxygen atom from the B-carbonyl group to palladium(ll) centre. X =
non-coordination anion. P~P = bidentate diphosphine ligand.

A more electrophilic palladium(ll) centre should favour such coordination, lower the energy barrier
for olefin insertion and thus favour olefin insertion over hydrogenolysis to give more ketone products.
Conversely, more basic ligands or weaker acids with conjugate bases that are associated with stronger
coordination to the palladium(ll) centre decrease the electrophilicity of the palladium(ll) centre and
should favour hydrogenolysis to aldehydes instead. The combination of these two competing effects
of ligand basicity and acid strength demarcate the boundaries in Figure 1.12 separating ketone and
aldehyde formation. More basic and coordinating anions have been proposed to influence

chemoselective discrimination in the following two ways:®

(1) Basic anion-assisted heterolytic cleavage of H; to facilitate hydrogenolysis, hence favouring
hydrogenolysis over olefin insertion.

(2) Coordinating anions remain in close proximity to the palladium(ll) centre and block the
coordination site from olefin coordination but not from smaller H, molecules, hence favouring

hydrogenolysis.

In 2006, Drent and co-workers reported further findings on the influence of ligand and anion
properties on palladium catalysed olefin hydroformylation,® this time based around a C,-bridged

diphosphine, BCOPE (Figure 1.14).

%&P\/\P = C%P\/\P\/(b

BCOPE DsBPE

Figure 1.14 Structural comparison between BCOPE and DsBPE. Dotted lines indicate bonds that have
been formally “cut” for ring opening of BCOPE to give DsBPE.

BCOPE has a C,-bridge linking two 9-phosphabicyclo[3.3.1]nonyl or “phobane” moieties (Figure 1.14).
Phobane belongs to the class of phosphacycles exhibiting a strained C-P-C bridgehead of
approximately 90°, down from the typical 107° in trigonal pyramidals.® This restricted geometry alters
p-character in its lone pair orbital, the energy of its HOMO as well as its o-donor and m-acceptor
properties.®® Extensive studies on the unique characteristics of phobanes and their derivatives have

been reported by Pringle and co-workers.’**® Phobane can be formally ring-opened by “cutting” a
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single bond, as indicated by the dotted lines in Figure 1.14, to give two sec-butyl groups. This simple

disconnection, however, has significant implications on catalytic performance (Table 1.2).

Table 1.2 Comparison of BCOPE and DsBPE in palladium catalysed olefin hydroformylation.®

Alcohol Yield Ketone Yield Paraffin Yield

Ligand Substrate  Additive TOF/h? (Linear) / % /% /%
BCOPE 1-Octene - 130 88 (68) 10 2
DsBPE 1-Octene - 40 4 (51) 88 7
BCOPE i-Cs-C10 - 150 89 (65) 3 8
DsBPE i-Cg-C1o - <10 = = =
BCOPE 1-Octene cr 1000 95 (79) 4 1
DsBPE 1-Octene cr 40 7 (55) 86 7
BCOPE i-Csg-C10 cr 1000 99 (72) <1 <1
DsBPE i-Cs-C10 Cl <10 - - -

Conditions: 105 °C, CO:H; (1:2) 60 bar, substrate = 0.13 mol, Pd(OAc), = 0.25 mmol, TfOH = 0.5 mmol,
L/Pd = 1.4, CI/Pd = 0.4, solvent = sulfolane/H,0 (20:1) 10 mL. i-Cs-Cyo is an equilibrated mixture of
internal Cs-Cyo alkenes (12% Cs, 44% Co and 44% Cyo). Linear = 1-alcohol/total alcohol product.

There is a switch in chemoselectivity from 88% alcohol yield (BCOPE) to 88% ketone yield (DsBPE)
along with a roughly threefold reduction in rate for 1-octene substrates (see Table 1.2, entries 1 and
2). BCOPE also retains its activity for internal olefin substrates to give 89% alcohol yield while DsBPE
is nearly inactive for internal olefin substrates. The difference in activity for internal olefin substrates
is thought to be linked to ligand steric bulk as defined by their Tolman cone angles.®® The Tolman cone
angle,® a classical measure of ligand steric bulk, takes the angle () from a cone formed from the
metal centre at the vertex and the van der Waals spheres of the ligand substituents as the outermost

edges (Figure 1.15).

Figure 1.15 Tolman cone angle,®® 8. M = metal centre.

The more flexible and dynamic sec-butyl groups on DsBPE have a Tolman cone angle of about 130 -
170° while the more rigid cyclic phobanes on BCOPE have a relatively smaller cone angle of about 120

- 130°.°® The greater congestion of the coordination sphere by DsBPE is expected to hinder the
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formation of sterically demanding Pd-iso-alkyl intermediates resulting from olefin insertion of internal

olefins (Figure 1.16) and thus hinder isomerisation.
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Figure 1.16 Proposed catalytic cycle for anion promoted palladium catalysed olefin
hydroformylation.2®

In addition, low energy transition states involving agostic interactions between B-hydrogens of the
iso-alkyl moiety and the cationic palladium(ll) centre (Figure 1.17) can facilitate the isomerisation
process. These are also expected to be less favourable for DsBPE due to its more hindered

coordination sphere.

R: ® 0

A~
<P>Pd”

“"H

Figure 1.17 Agostic interaction of B-hydrogen. R/R’ = alkyl. X* = non-coordinating anion. P~P =
bidentate diphosphine ligand.

Unlike DsBPE, BCOPE exhibits facile isomerisation to yield similar amounts of alcohol product (88 —
89%) with similar linear selectivity (65 — 68%) and rate (130 — 150 h) regardless of whether the

starting substrate is a terminal or internal olefin (see Table 1.2, entries 1 and 3).

Finally, with the addition of substoichiometric amounts of CI, there is a boost in reaction rate, chemo-
and regioselectivity to linear alcohols for BCOPE while DsBPE shows no significant change (Table 1.2).
This promoting effect was only observed at substoichiometric amounts of ClI" (with respect to
palladium) while inhibition of catalytic activity was observed at higher CI- concentrations.® This
suggests that only a relatively small fraction of palladium coordinated to CI facilitates the rate-

determining hydrogenolysis step, too much and the increased concentration of Cl" is expected to block
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coordination sites and inhibit catalytic activity (Figure 1.16). Chloride ions are likely be found within
the system bound to palladium as several potential Pd-Cl species, which have been grouped as “PdCl”
(Figure 1.16).88 Halogens are known catalyst poisons,®” and although the exact mechanism through
which ClI" promotes palladium catalysed hydroformylation has yet to be determined, Drent has
proposed that the close proximity of CI" to the cationic palladium(ll) centre enables a ClI" assisted
heterolytic cleavage of H, that facilitates the rate-determining hydrogenolysis step (Figure 1.16). The
greater steric bulk of DsBPE is believed to hinder the penetration of Cl" into the coordination sphere

and prevents it from assisting in hydrogenolysis, blocking any such promoting effects.®

The improvement in linear selectivity (ca. 10%) observed after addition of CI" was attributed to the
greater amount of space available at the palladium(Il) centre of Pd-n-acyl intermediates that allow CI
to better approach and promote hydrogenolysis. Furthermore, the decrease in paraffin formation
observed with addition of Cl" (Table 1.2) seems to support that Cl" selectively interacts with Pd-acyl
intermediates to promote hydrogenolysis, as the hydrogenolysis of Pd-alkyl intermediates is

suppressed instead of being promoted to give less paraffins (see Table 1.2, entries 3 and 7).

Several palladium-based hydroformylation systems have since been patented by Shell for different

applications, including:

(1) Tandem hydroformylation-reduction of terminal and internal olefins to linear alcohols.%%°

(2) Tandem hydroformylation-reduction of olefin feeds containing dienes.'®
(3) Homologation of secondary C, alcohols to linear Cy:1 alcohols via a dehydration-isomerisation-

hydroformylation-reduction cascade.®!

The recent developments demonstrating the versatility of palladium-based hydroformylation catalysts
to produce different oxo products from olefins and the unique catalytic aspects of phobane ligands in
cationic palladium complexes hint at the potential of palladium-based systems within the field of

hydroformylation.

1.3 Olefin Alkoxycarbonylation

Olefin alkoxycarbonylation or sometimes also referred to as hydroesterification, is the addition of CO
and alcohol (ROH) to an olefin to form terminal or branched esters except in the case of ethylene

where only terminal esters are possible (Figure 1.18).

43



OR RO._ _O
CO /ROH
R — R o) R

catalyst
terminal ester branched ester

Figure 1.18 Alkoxycarbonylation of olefins.

This process is related to the Reppe carbonylation of Walter Reppe, whose pioneering work at BASF
in the early 1900s involved the alkoxycarbonylation of alkynes such as acetylene to yield unsaturated
esters.’2 Although Reppe initially used nickel complexes for this process,® during the ensuing years
of catalyst development, cobalt%41% and palladium!?’ catalysts came to the fore due to their superior
activities. Palladium complexes, in particular, are well-known to catalyse alkoxycarbonylation for a
broad range of olefinic substrates under mild conditions and are still considered state-of-the-art for
the industrial production of esters.’?® For example, the commercial production of methyl propanoate,
an important intermediate for methyl methacrylate polymers (acrylic), is presently made via the
palladium catalysed methoxycarbonylation of ethylene (Lucite Alpha Process) on a more than 300,000
metric tonne per annum scale.’® The following sub-sections will focus on giving a brief overview of

such palladium-based alkoxycarbonylation systems.’

1.3.1 Mechanistic Aspects
Studies on the mechanism of palladium catalysed ethylene methoxycarbonylation!'%*!! have led to
the proposal of two different catalytic cycles for the reaction — a hydride cycle and a methoxy cycle

(Figure 1.19).
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Figure 1.19 Hydride and methoxy cycles for palladium catalysed methoxycarbonylation of ethylene.
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In the hydride cycle, ethylene inserts into Pd-H to form a Pd-alkyl intermediate. Subsequent
coordination and migratory insertion of CO yields a Pd-acyl that then undergoes nucleophilic attack
by methanol to give methyl propanoate and regenerates the starting Pd-H complex. In the methoxy
cycle, CO insertion into Pd-methoxy occurs instead to give a Pd-carbomethoxy intermediate.
Subsequent coordination and migratory insertion of ethylene yields a Pd-alkyl intermediate that

undergoes alcoholysis to give the desired ester and regenerates the Pd-methoxy complex.

Ethylene-CO copolymerisation is closely related to ethylene methoxycarbonylation!? where instead
of terminating at a single fragment, multiple alternating insertions of ethylene and CO lead to the

formation of valuable high-melting polyketone products.’*® Polymer end group analysis'**

showing the
presence of both diester- and diketone-terminated copolymer necessitates that both hydride and
methoxy mechanisms must be active in ethylene-CO copolymerisation.'> However, multinuclear NMR
spectroscopy and 3C-labelling studies support that ethylene methoxycarbonylation operates
exclusively via the hydride cycle.'® This mechanistic proposal has also been extended to the

117-119

alkoxycarbonylation of styrene, suggesting that olefin alkoxycarbonylation in general follows the

hydride mechanism.

Further mechanistic studies on the hydride and methoxy cycles have revealed that this difference can
be traced to discrimination at the termination step that yields the ester product.?!! For the hydride
cycle, termination via nucleophilic attack of methanol on the Pd-acyl intermediate has been shown to
proceed on the timescale of tens of minutes at -30 °C.*! For the methoxy cycle however, termination
via methanolysis of the Pd-alkyl intermediate takes several days even at 20 °C.}'! The significant
difference in reaction rates may be related to the formation of stable palladium B-ester chelates

(Figure 1.20) in the methoxy cycle.

OMe

Figure 1.20 Palladium B-ester chelate. L = Ligand.

Although methanolysis of palladium B-ester chelates (Figure 1.20) to give esters is slow, CO insertion
into its Pd-alkyl bond is relatively fast.!!* Subsequent insertion of ethylene to the resulting Pd-acyl
intermediate brings it back to a similar B-ester chelate which again favours ethylene insertion over
methanolysis. The continued alternating insertions of CO and ethylene eventually yield a polyketone,
which may explain why the methoxy cycle is absent in ethylene methoxycarbonylation but is still

observed for ethylene-CO copolymerisation. It then follows that any catalyst system favouring the
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methoxy cycle also favours copolymerisation while catalyst systems that favour the hydride cycle can

be considered as potential candidates to be employed for alkoxycarbonylation.

1.3.2 Monodentate Phosphine Ligands

Olefin alkoxycarbonylation was initially carried out using ligand-free systems such as the PdCl,/HCI

1.120 requiring high pressures (100 bar) of CO at 80 °C.*?° However, James

system employed by Tsuji et a
and Stille were able improve upon this by using a bimetallic PdCl,/CuCl, catalyst to
methoxycarbonylate olefins at room temperature and low CO pressure (3 bar).1?1122 Stoichiometric
guantities of CuCl, were used to re-oxidise palladium(0) that precipitated from the reaction mixture
to facilitate this reaction. Alper and co-workers went on to use the PdCl,/CuCl, catalyst to

alkoxycarbonylate terminal and internal olefins with diols under oxidative and acidic conditions.'?

The influence of ligands on catalytic performance was taken advantage of by Yun and co-workers, who
took the PdCl,/CuCl, system established by Alper et al. and modified it with a 2:1 (with respect to
palladium) excess of PPh; to achieve 97% branched selectivity when methoxycarbonylating 4-
methylstyrene.’?* Cavinato and Toniolo also noted that a 4:1 (with respect to palladium) excess of
PPhs preserved their [PdCl,(PPhs),] catalysts from decomposing to metallic palladium.*?>%¢ Alper and
co-workers observed that P(o-tolyl)s (Figure 1.21) performed a similar function to prevent formation
of palladium black.*?” Since then, monodentate phosphine ligands (Figure 1.21) with varying steric and
electronic properties have been employed for several applications of palladium catalysed

alkoxycarbonylation.?®

< DN W ¢
Yy I~

P(o-tolyl)s CyPPh, (+)-NMDPP

| L., -,
©/ OMe Fle 3

Me,Phospholane-Ph MeO-BINAP-PCy, Ferrocene-Phosphetane

Figure 1.21 Monodentate phosphine ligands for palladium-catalysed olefin alkoxycarbonylation. Cy =
cyclohexyl.
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For example, monodentate phosphine ligands have been applied in palladium catalysed
alkoxycarbonylation for the synthesis of a-arylpropionic acids such as ketoprofen and naproxen.
Ketoprofen and naproxen are non-steroidal anti-inflammatory drugs (NSAIDs) that possess analgesic
properties and are commonly prescribed for pain relief. The precursor to these types of drugs is often
the corresponding branched ester that can be synthesized via branched selective alkoxycarbonylation

of an appropriate a-olefin (Figure 1.22).

o) :
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Figure 1.22 Alkoxycarbonylation route to a-arylpropionic acids. R = alkyl or aryl.

Hydrolysis of the branched ester intermediate then yields the desired a-arylpropionic acid drug (Figure

129 3nd naproxen'*® have

1.22). The preparation of the corresponding branched esters of ketoprofen
been achieved with remarkable regioselectivity (>99%) by employing CyPPh, and (+)-NMDPP (Figure

1.21) respectively.

In the area of regio- and enantioselective styrene methoxycarbonylation, Nozaki et al. have used
Me,Phospholane-Ph (Figure 1.22) to achieve 98% branched selectivity with 2.4% ee of the (R)-
isomer3! and MeO-BINAP-PCy, (Figure 1.22) to achieve 100% branched selectivity with 53% ee of the
(S)-isomer.13? Additionally, Claver and co-workers demonstrated that chiral phosphetanes such as
ferrocene-phosphetane (Figure 1.22) could give 97% branched selectivity and 29% ee of the (R)-isomer

when methoxycarbonylating styrene.3

1.3.3 Bidentate Diphosphine Ligands

Alongside the high activities and selectivities of monodentate phosphine ligands in palladium
catalysed olefin alkoxycarbonylation,’3413¢ bulky chelating diphosphine ligands (Figure 1.23) were
developed to improve linear selectivity and to enable tandem isomerisation-alkoxycarbonylation of

internal olefins to linear esters.
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Figure 1.23 Bulky chelating diphosphine ligands for palladium-catalysed alkoxycarbonylation.
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Palladium complexes modified with DTBPP (Figure 1.23) afford ester products in 75% linear selectivity
when methoxycarbonylating a thermodynamic mix of internal C14 olefins. Changing ligand from DTBPP
to meso-bis-PAd; increases rate by two orders of magnitude with no loss in linear selectivity (78%).’
Palladium complexes modified with meso-bis-PAd; also methoxycarbonylate terminal Cis olefins
about 2.5 times faster than it does internal Ci4 olefins with similar linear selectivity (80%), suggesting
that isomerisation is rate-limiting in this case. Pringle and co-workers proposed that the difference in
catalytic performance between DTBPP and meso-bis-PAd; may be associated with the unique
stereoelectronic characteristics of the phosphatrioxaadamantane cage found in meso-bis-PAd,.**’
Ligand electronic characteristics have been assessed from the v(CO) of the A; band for
[Ni(CO),(Ligand)] complexes of DTBPP and meso-bis-PAd,. The CO stretching frequency for
[Ni(CO),(DTBPP)] (1976 cm™) was found to be much lower than for the corresponding meso-bis-PAd,
complex (v(CO) = 2002 cm™), indicating that the P atoms in meso-bis-PAd. have low o-basicity/high -
acidity that bear more of a resemblance to P(aryl);R ligands such as the phenyl analogue of DTBPP,
Ph,P(CH,)3PPh;, (v(CO) = 1997 cm?). The combination of electronegative oxygen atoms alpha to the

phosphorus and the constrained acute (ca. 90°) C-P-C angle*® found in the cage contribute to the

unique stereoelectronic characteristics and catalytic performance of meso-bis-PAd,.

The application of DTBPP (Figure 1.23) in palladium catalysed methoxycarbonylation of ethylene
affords TOFs of 15,000 h™ with 98% selectivity for the desired ester product.’® Replacing the C;
backbone in DTBPP with a xylyl group (DTBPX, Figure 1.23) more than triples activity to 50,000 h'! with
99.98% selectivity for the desired ester product.’®® Due to its high activity and excellent selectivity, Pd-
DTBPX complexes are still considered state-of-the-art for selective alkoxycarbonylation of ethylene,*
and are also favoured for tandem isomerisation-alkoxycarbonylation* of higher olefins. Pd-DTBPX is
used industrially by Mitsubishi-Lucite for ethylene methoxycarbonylation in their 2-step Alpha process
to produce methyl methacrylate polymers.*? Pringle and co-workers have also demonstrated that
different substituents on the P atom in the DTBPX framework (heterodiphosphines) made excellent

ligands for palladium catalysed olefin alkoxycarbonylation.143-144

Further modification from a xylyl to a ferrocene backbone and substituting one of the tert-butyl
substituents on the P atoms for 2-pyridyl (Ferrocene-P,, Figure 1.23) results in a further threefold
increase in rate for ethylene methoxycarbonylation.'* A number of bulky chelating diphosphines with
metallocene backbones have since been reported for palladium catalysed alkoxycarbonylation,46-14°
although none as active as the mixed tert-butyl/2-pyridyl diphosphines. The high alkoxycarbonylation
activity of mixed tert-butyl/2-pyridyl diphosphine modified palladium catalysts stems from the

installation of a basic pyridine moiety in close proximity to the reaction centre that is able to facilitate

the rate-determining alcoholysis step.® Mixed phosphines that include a 2-pyridyl moiety were
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originally developed by Drent and co-workers at Shell for the methoxycarbonylation of propyne.*!
These mixed phosphines were found to be highly active (TOFs of 40,000 h') and selective (99.95%) for
producing methyl methacrylate and have since been leveraged for other applications. For example,
the tert-butyl/2-pyridyl analogues of DTBPP? and DTBPX,*® show activity for the
methoxycarbonylation of sterically hindered tetra-substituted olefins (Figure 1.24) to linear esters

with 99% selectivity despite DTBPX being inactive.

Overall Reaction

! . :
)ﬁ( i X [Pd], H, CO MOMG '
OMe MeOH, H* ! MeOH 3 |

\

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, [Pd]—H
/ [Pd]—H =~ MeOH
\ _N
~'Bu
P
%( [Pd] = @C\:Pd M[Pd]
[Pd] P~tgy o)
/"N

\ co
[Pd]—H
[Pd]—H
OMe [Pd]
MeOH, H*

Figure 1.24 Palladium-catalysed isomerisation-methoxycarbonylation of tetramethylethylene.
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Following the hydride mechanism, coordination and migratory insertion of tetramethylethylene into
Pd-H gives the corresponding Pd-alkyl complex that then must first undergo B-hydride elimination in
order to give the terminal olefin required to form terminal esters. This terminal olefin can then re-
insert into Pd-H to give a terminal Pd-alkyl complex that is transformed to a Pd-acyl intermediate via
migratory insertion of CO. Finally, nucleophilic attack of methanol on the Pd-acyl complex yields the
desired terminal ester and regenerates the Pd-H species (Figure 1.24). For DTBPX modified palladium
complexes however, no carbonylated products are observed. Instead, only the acid-promoted
electrophilic addition of methanol to form methoxy ethers in 50% yield occurs.'>® Given the inactivity
of Pd-DTBPX for alkoxycarbonylation of hindered tetra-substituted olefins and the catalytic cycle

proposed in Figure 1.24, two key problems can be identified:

(1) Difficult formation of tertiary Pd-alkyl intermediates required for the isomerisation of tetra-
substituted olefins to terminal olefins necessary for terminal ester formation.

(2) Need to shift the equilibrium from methyl ethers to terminal ester products.
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The mixed tert-butyl/pyridine ligands overcome these issues by accelerating the alcoholysis of the
terminal Pd-acyl species. Given that alcoholysis the only irreversible step in the catalytic cycle (Figure
1.24),%* facilitating alcoholysis of the terminal Pd-acyl intermediate biases the equilibrium to favour
formation of the terminal ester product. Indeed, palladium complexes modified with the mixed tert-
butyl/2-pyridyl analogue of DTBPX give excellent terminal ester vyields (98%) in the
methoxycarbonylation of tetramethylethylene.’® Tertiary methoxy ethers can also undergo acid-
promoted elimination of methanol to give a suitable olefin substrate (Figure 1.24), enabling ethers
such as methyl tert-butyl ether (MTBE) to be used in the production of methyl 3-methylbutanoate via

palladium catalysed methoxycarbonylation through an olefin intermediate.>?

Nobbs et al. described another variation on DTBPX (Figure 1.25) that formally connects two methyl
groups located on adjacent tert-butyl substituents with a carbonyl bridge to form a 6-membereded

phosphorinone ring (BPX, Figure 1.25).153
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Figure 1.25 Structures of DTBPX and BPX.

Palladium complexes modified with ring-closed BPX (Figure 1.25), matched or surpassed the activity
and selectivity of DTBPX when applied in palladium catalysed isomerising methoxycarbonylation of a
broad range of terminal, internal, branched and functionalised olefins.'>® BPX exhibits poorer o-donor
properties than DTBPX, and shows a v(CO) of 1956.8 cm™ versus the 1948.3 cm™ found in DTBPX for
their respective [(Ligand)Rh(CO)CI] complexes. The reduced ability of BPX to donate electron density
to the rhodium centre results in less t-back donation from rhodium to the n* CO anti-bonding orbital,
resulting in a stronger CO bond and hence a higher wavenumber observed for the CO stretch.
Competitive protonation experiments between DTBPX and BPX in the presence of CH3SO3H yielded
only [DTBPX(H),]*, corroborating that BPX is indeed a weaker base than DTBPX. The improvement in
alkoxycarbonylation activity observed from palladium complexes modified with BPX instead of DTBPX
has been attributed to BPX’'s poorer o-donor properties, resulting in a more electrophilic palladium

centre that facilitates the rate-determining methanolysis step of the catalytic cycle.
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1.3.4 Tandem Isomerisation-Alkoxycarbonylation of Functionalised Olefins

Tandem isomerisation-alkoxycarbonylation of functionalised olefins to produce a,w-functionalised
compounds has been garnering interest due to its utility in transforming renewable resources such as
plant oils into polymeric products.’® Fatty acids from plant oils are attractive monomers for
polymerisation due to their long-chain methylene sequences that enable polymer crystallisation and
render them hydrophobic.?>>1%¢ For example, the transformation of fatty acids found in sunflower oil

to polyesters (Figure 1.26).
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Figure 1.26 Transformation of triglycerides to polyesters.

One of the primary components of sunflower oil is a triglyceride formed from glycerol and several
different fatty acids, about a third of which are mono-unsaturated omega-9 Cis-oleic acid.
Transesterification of the triglyceride with methanol releases methyl oleate, that can then be
transformed to a 1,19-diester via tandem isomerisation-methoxycarbonylation of the internal double
bond. The 1,19-diester can either be hydrolysed to a dicarboxylic acid or reduced to a diol, and the
two then polymerised together to produce polyesters (Figure 1.26). These types of long-chain aliphatic
polyesters possess melting points and crystallization temperatures suitable for thermoplastic

processing.1>7-158

The Pd-DTBPX system described by Cole-Hamilton and co-workers*® has been applied to tandem

140 ynsaturated esters and unsaturated

isomerisation-alkoxycarbonylation of simple internal olefins,
carboxylic acids.’*! Pd-DTBPX has also been employed for the direct conversion of triglycerides to o, w-
diesters via a metathesis-isomerisation-methoxycarbonylation-transesterification  reaction
sequence. Pd-DTBPX demonstrates excellent selectivity (90.6%)° for the linear 1,19-diester when
performing tandem isomerisation-methoxycarbonylation of methyl oleate and was patented by BASF

in 2011 for the production of polymers from renewable resources.’! The remarkable selectivity of Pd-
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DTBPX for linear a,w-diester products has been traced to the nature of DTBPX as a chelating
diphosphine that prefers linear insertion products and exhibits a relatively slower methanolysis of
branched Pd-acyl intermediates.’®? Comprehensive studies on the mechanistic features of palladium-
catalysed tandem isomerisation-methoxycarbonylation have been reported by Mecking and co-
workers.1%%163 Cationic palladium complexes modified with BPX (Figure 1.25) have also been patented
by the Agency for Science, Technology and Research (A*STAR) in 2017 for similar applications such as
the tandem isomerisation-methoxycarbonylation of methyl 2-pentenoate to dimethyl adipate, a
precursor to a 6,6-nylon monomer (adipic acid). BPX was reported to exhibit similar linear selectivity

(97%) as DTBPX but at 1.5 times the rate.'%

In summary, palladium catalysed olefin alkoxycarbonylation has seen major progress due to ligand
development and advances in mechanistic understanding that have led to the establishment of several
industrial processes. There has been striking differences in catalytic performance arising from
seemingly simple modifications to ligand backbone or phosphorus substituents. Significant
improvements arising from subtle structural changes indicate the importance of systematic ligand

variation in probing structure-activity relationships for unexpected and unprecedented properties.

1.4 CO Surrogates

Carbon monoxide (CO) is a toxic gas that has been known to poison about 50,000 people annually in
the United States alone.!®> The effects of CO poisoning range from headaches and dizziness to coma
and death. In addition to its toxicity, CO is also a colourless, odourless and flammable gas. The difficulty
in handling, storing and transporting toxic CO represents a major health concern for those involved in
its use, especially when working with it on large-scale industrial carbonylation processes.? To address
this, much effort has been directed toward developing alternative carbonylation methodologies.16¢-168
This section will briefly cover a selection of CO surrogates and their associated olefin carbonylation

methodologies before focusing on carbon dioxide (CO,) as a CO surrogate, especially on its use via the

ruthenium catalysed reverse Water-Gas Shift (rWGS) reaction.

1.4.1 Formaldehyde

A common strategy to circumvent the use of CO is through its substitution with a precursor that can
produce CO in situ under reaction conditions. The simplest aldehyde, formaldehyde, can operate as a
CO surrogate this way through formation of a metal-formyl complex that decarbonylates to give
syngas (CO/H,). However, this metal-formyl complex may also undergo olefin insertion to yield

aldehydes (Figure 1.27).%°7
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Figure 1.27 Reaction pathways for formaldehyde as a CO surrogate in olefin carbonylation. [M] =
transition metal complex.

Formaldehyde can be employed in an aqueous solution, as formalin, or in its polymeric solid form, as
paraformaldehyde. There have been reports from as early as 1982 noting the use of paraformaldehyde
as a CO surrogate in Rh-catalysed hydroformylation of 1-hexene to give moderate yields of heptanal
(67%).%%° Since then, the application of formaldehyde as a CO surrogate has been expanding to include

branched selective hydroformylation of allyl alcohols,’® linear selective hydroformylation of a-

171 172

olefins, olefin methoxycarbonylation and microwave-assisted hydroformylation of B,y-

unsaturated amides.”?

1.4.2 Methanol

Methanol is an abundant potential source of CO that has a global production of about 35 million metric
tonnes annually.’®” The use of methanol as a CO surrogate is slightly more demanding than

formaldehyde, requiring the removal of an additional molecule of H, (Figure 1.28).

j\ (M1 [M]—CO
H;C—OH T’ f’ -
H H
Ha Ha
Formaldehyde

Figure 1.28 Decarbonylation of methanol. [M] = transition metal complex.

The presence of methanol and an additional equivalent of H, enable methanolysis or hydrogenation
that consequently allow methanol surrogates to give a more diverse range of products. In 1986, Keim
and co-workers reported the use of methanol both as a CO and an alcohol source for the
methoxycarbonylation of short chain (C, — Cs) olefins.}’* Methanol has also been used in conjunction

with paraformaldehyde as a CO surrogate for linear selective methoxycarbonylation of olefins.'”?
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1.4.3 Formic Acid

Formic acid is most commonly derived from hydrolysis of methyl formate or as a by-product from the
catalytic carbonylation of methanol. It had a global capacity of about 720,000 metric tonnes in 2013.17°
Formic acid has been noted to decompose to CO and H,0 at elevated temperatures and under acidic
conditions.'’® It has been regarded as an attractive CO surrogate option due to its liquid nature and
low toxicity!”” that simplifies transportation, storage and handling processes. Formic acid has been
used as CO surrogate in olefin hydroxycarbonylation,'’® linear selective tandem hydroformylation-

reduction of olefins'’® and linear selective alkoxycarbonylation of hindered olefins.°

1.4.4 Formates

Formates serve as CO surrogates for olefin carbonylation via a mechanism analogous to that for
formaldehyde. Taking the simplest formate, methyl formate, as an example, there is first an oxidative
addition of the formyl group to a metal centre®®! before diverging to two pathways, decomposition to

CO and methanol or olefin insertion (Figure 1.29).1%2

Decomposition Decarbonylation
/ [M] + CO + MeOH ——— [M] + 2CO + 2H;
R
oM H M] OMe
H e (M OMe
Methyl SR 021 /\)OJ\ v ™M
Formate _—
H—\[M] R R OMe

Olefin Insertion

Figure 1.29 Reaction pathways for methyl formate as a CO surrogate in olefin carbonylation. [M] =
transition metal complex.

CO and methanol generated via decomposition of the acyl complex can subsequently undergo
methanol decarbonylation (Figure 1.28) to eventually give two equivalents of CO and H, per
equivalent of methyl formate. In this respect, methyl formate has been reported as a source of syngas
(CO/Hy) in the tandem hydroformylation-reduction of cycloalkenes to alcohols.®® Aside from methyl

184-185

formate, many other formates including simple n-alkyl formates!® and phenyl formate!®’ have

also been employed as CO surrogates in olefin alkoxycarbonylation.

1.4.5 Carbon Dioxide (CO,)

Amongst the many CO surrogate options, CO, has arguably drawn the most interest.®¥1%2 The
widespread use of fossil fuels across many fields of human activity have resulted in exponentially

increasing anthropogenic CO, emissions over the past century.'®® The gradual accumulation of CO; has
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recently reached critical levels, surpassing 400 ppm in March 2015.29* Exceedingly high concentrations
of CO; has led to a string of negative consequences for the ecosystem, such as global warming, rising
sea levels and ocean acidification.'®® In order to mitigate the high concentration of atmospheric CO,,
much effort has been devoted to the development of technologies for the efficient capture, storage
and utilisation of C0,.1%1% CO, can be used as a C; feedstock in the production of value-added

197-199

products, and a number of strategies have emerged that employ CO; as a CO surrogate in olefin

carbonylation catalysis. Some examples include Ru-mediated transfer hydrogenation,2%0-201

202-204

hydrosilylation, electroreduction®® and the reverse Water-Gas Shift (rWGS) reaction.206-208

In 1914, Bosch and Wild first observed the rWGS reaction (Equation 1.3) while attempting to produce

H, from steam and CO over an iron oxide catalyst.?%

Equation 1.3 The reverse Water-Gas Shift reaction.

CO, + H = CO + H,0 AH g = +42.1 kJ mol™

Due to the endothermic nature of the forward reaction, high temperatures are required to shift the
equilibrium in favour of CO production.?!%21! Indeed, when starting from a stoichiometric composition
of CO./H,, temperatures of more than 700 °C are required to achieve just 50% conversion to
CO/H,0.%2 |n this respect, thermally robust heterogeneous catalysts that promote the rWGS reaction
have been widely investigated, and a comprehensive review of over 100 different metal-based
heterogeneous catalysts immobilised on metal oxide supports (such as ZnO, TiO,, SiO, or Al,0s) has
recently been given by Kattel et al.?’> One downside of these catalysts however, is the elevated
temperatures (450 — 600 °C) required that complicate the coupling of these methodologies for
subsequent carbonylation chemistry with the CO produced.?* Homogeneous catalysts with ancillary
ligands are also often unstable at high temperatures, resulting in ligand dissociation and catalyst

decomposition.

In 2000 however, Tominaga and Sasaki were able to couple CO produced in situ from a homogeneous
ruthenium catalysed rWGS reaction to the ruthenium catalysed tandem hydroformylation-reduction
of olefins at 140 °C.2%® The addition of LiCl salt proved critical for the activation of ruthenium cluster
complexes to facilitate rWGS of CO, to CO and enabled the reaction to be run at milder
temperatures.?®® A survey of different salt additives by Tominaga and Sasaki revealed a trend of
decreasing activity down the group for both the alkali metal cation (Li > Na > K) and halide anion (Cl >
Br > 1).21* They proposed that increasing cation size decreases activity due to the poorer solubility of

the salt while increasing halide size decreases activity due to weaker basic properties that are less able
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to perform the key step in the catalytic cycle involving deprotonation of the ruthenium hydride

214

complex (Figure 1.30).

(Hydroformylation) [H3Ru4(CO)12l

cl
[Ru], H, [Ru], Hz ( HCI

O/
[H2Ru4(CO) 12]
2 HCI
reverse ]

Water-Gas Shift
[RU4 CO 13] [RU4 CO 12]

Inputs: CO2 + H2
Outputs: CO + H20
H,O+2Cl

[Ru4(CO)4o( C02

2 HCI

Figure 1.30 Proposed mechanism of ruthenium-catalysed reverse Water-Gas Shift (rWGS) reaction
coupled to tandem hydroformylation-reduction of olefins.?* [Ru] = ruthenium cluster complex.

Further investigation into the reaction mechanism via electrospray-ionisation (ESI) mass spectrometry
of the reaction mixture revealed the presence of [HsRus(CO)12]".2** [H3Rus(CO)12] can be generated
from Rus(CO)i2 (the ruthenium precatalyst) under reaction conditions via the following equilibria

(Equation 1.4) 215216

Equation 1.4 Equilibria generating [H3Ru4(CO)1,]” from Rus(CO)q,.215218

.
3 RU3(CO)yz + 3CI + Hy = 2 [HRu3(CO)44]” + [RuClI3(CO)3]” + 3 CO

3 [HRu3(CO)44]” + Ruz(CO)qp + 3H, == 3[H3Ruy(CO)4" + 9CO

Three equivalents of halide anion from the salt additive acts as a base to deprotonate [H3Rus(CO)12]
to yield the key tetranuclear anionic species, [Rus(CO)12]*, that is known to coordinate CO,.2Y”
Subsequent coordination of CO; and electrophilic attack of two equivalents of HCI converts CO, to CO
before H, displaces CO to close the cycle and return the [H2Ru4(CO)12]* complex.2* The released CO

can then be used for ruthenium catalysed tandem hydroformylation-reduction of olefins in situ.”

In 2014, Beller and co-workers extended this work by developing phosphite ligands (Figure 1.31) with
the aim of suppressing olefin hydrogenation and improving reaction efficiency while operating under

milder conditions and at lower catalyst loadings.?*®
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Figure 1.31 Phosphite ligands and product yields from ruthenium catalysed tandem hydroformylation-
reduction of 1-octene using CO;as a CO surrogate.?!8

The phosphite ligands were evaluated for ruthenium catalysed tandem hydroformylation-reduction
of 1-octene using CO,/H, and compared against the ligand-free system (Figure 1.31). Bulky chelating
bisphosphites favoured for rhodium hydroformylation systems such as the Xantphos-like?*® Ligand A
were found to be nearly inactive, yielding mostly paraffins. Simple PPh; however, showed a minor
improvement in alcohol yield and a slight decrease in paraffin yield over the ligand-free system, albeit
with the formation of unidentified high-boiling side products. The use of monophosphite Ligand B
though, gave both desirable outcomes of improved alcohol yield as well as suppressed hydrogenation

to low-value paraffins with good mole balance (95%).

In order to investigate the impact of Ligand B on the reaction mechanism, the following steps were

studied individually by Beller and co-workers:?!8

(1) Reverse Water-Gas Shift (rWGS) reaction
(2) Hydroformylation
(3) Aldehyde reduction

Ligand B (Figure 1.31) was found to have no impact on the rWGS reaction but LiCl was essential,

corroborating the findings of Tominaga and Sasaki.?** Under low CO pressure (5 bar) that mimicked
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the low concentration of CO under rWGS conditions, Ligand B was found to have significant influence
on the hydroformylation step, producing predominantly alcohols while the ligand-free system mainly
gave paraffins. This suggests that it is at this step that Ligand B has its primary impact, facilitating olefin
carbonylation to favour oxo products over paraffins. Interestingly, LiCl was found to facilitate the
aldehyde reduction step, and in its absence most of the starting aldehyde remained unconverted. The
effects of LiCl on aldehyde reduction may be related to Drent’s proposal of anion-assisted electrophilic
activation of H; to facilitate the generation of metal hydrides performing the hydrogenation (Figure

1.16).%

The ruthenium-based rWGS system pioneered by Tominaga and Sasaki?®” has since been studied

220-227

extensively and been employed for various applications, including the production of cyclic

228-229 230-231 232

carbonates from epoxides, olefin hydroaminomethylation and methanol homologation.
Few of these however, have taken advantage of the influence phosphorus ligands can have on catalyst
activity and selectivity like Beller and co-workers have.?*® Ligand o-donor/m-acceptor properties and

233 and it would be valuable to

steric congestion can have significant impact on catalytic activity,
explore the potential ligands have to facilitate CO; utilisation as a CO surrogate via the homogeneous
ruthenium catalysed rWGS reaction for commercially valuable applications such as olefin

carbonylation.

1.5 Scope and Objectives

The preceding sections have given a brief introduction on the impact ligands have on catalytic
performance in the fields of hydroformylation and alkoxycarbonylation. In reference to these fields,

this thesis will focus on three discrete but related areas:

t234-235

(1) Exploration of the gem-dialkyl effect, also known as the Thorpe-Ingold effec in bidentate

diphosphine ligands (Figure 1.32).

steric repulsion
R R

R Ry gem-Dialkyl
C Effect Rﬂ
O\ \ P/O R = alkyl O&P\M/P&O
O ( ) M = metal

Figure 1.32 The gem-dialkyl effect, also known as the Thorpe-Ingold effect,?> acting on Cs-bridged
diphosphine ligands.

The gem-dialkyl effect, also known as the “Thorpe-Ingold Effect”, was first proposed by Thorpe and

Ingold in 1915.%2* They postulated that mutual repulsion between two geminally substituted alkyl

58



groups on an open carbon chain altered bond angles, promoted cyclisation and stabilised small ring
structures.?® The Thorpe-Ingold effect®” is a well-established phenomenon in organic synthesis that
accelerates cyclisation reactions, but is less well known for organometallic applications.?**%” The gem-
dialkyl effect can be tuned by varying the steric bulk of the geminal alkyl groups, allowing for

systematic variation of ligand structure to probe structure-activity relationships.

One of the objectives of this thesis is to study the impact of the gem-dialkyl effect on bidentate
diphosphine ligands in terms of its ligand properties, transition metal coordination behaviour and
catalytic performance in palladium catalysed hydroformylation and alkoxycarbonylation of olefins.
Compared to the wealth of literature published on cobalt and rhodium hydroformylation systems,
palladium still stands to benefit from further study on its use as a hydroformylation catalyst. This
investigation into the gem-dialkyl effect on ligands may also serve as a basis for future work on its

application to ligands for other catalytic processes.

(2) Backbone modification of diphobane ligands (Figure 1.33).

[P Q@ @EPQ@ X@p@

Figure 1.33 Backbone modification of diphobane ligands.

The unique characteristics of the phobane moiety in BCOPE (Figure 1.33) result in a highly active and
selective palladium-based hydroformylation catalyst.® The striking differences in catalytic
performance observed from backbone modification of bidentate ligands for palladium-based
alkoxycarbonylation catalysts suggest that applying similar variation to the unique diphobane scaffold

may result in unprecedented activities and selectivities.

One of the objectives of this thesis is to study the effect of backbone modification on diphobane
ligands in palladium catalysed olefin carbonylation. In this respect, the scope for backbone
modification is limited to two areas. Firstly, comparison of the performance of phenylene-bridged
diphobane against C;-bridged BCOPE (Figure 1.33) in palladium catalysed olefin hydroformylation.
Secondly and finally, substitution of phenylene-bridged diphobane with various groups (Figure 1.33)

and comparison of their catalytic performance in palladium catalysed olefin carbonylation.

(3) Investigation into ligands that facilitate the production of oxo products from olefins using CO; as

a CO surrogate via the ruthenium catalysed reverse Water-Gas Shift (rWGS) reaction.
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The ruthenium cluster catalyst pioneered by Tominaga and Sasaki has shown much promise in utilising
CO; as a CO surrogate to convert olefins to alcohols in a single pot.2%” Despite the large amount of
research interest it has attracted,??%??” there have been few reports on the use of ligands to optimise
the process.?® The third and final objective of this thesis is to build upon existing knowledge by
investigating alternative ligand structures that can be applied in conjunction with the known

ruthenium cluster catalyst to use CO; as a CO surrogate in tandem rWGS-carbonylation catalysis.
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Chapter 2 — The gem-Dialkyl
Effect in Diphosphine Ligands



2.1 Introduction on the gem-Dialkyl Effect

The gem-dialkyl effect,! also known as the Thorpe-Ingold effect, was first proposed by Thorpe and
Ingold in 1915.2 They postulated that mutual repulsion between two geminally substituted alkyl
groups on an open carbon chain simultaneously widens bond angle a and compresses bond angle B

(Figure 2.1) 3

y gem-dialkyl R
X, R
", o effect Xin,,,
oL — - = v -
Y »_ R R

Figure 2.1 The gem-dialkyl effect. X and Y = reactive groups.

The decrease in B brings the reactive groups, X and Y, closer together and promotes cyclisation
(Thorpe-Ingold effect).? Bruice and Pandit attributed the acceleration in cyclisation by the gem-dialkyl
effect to an increase in rotamer population possessing the right orientation for reaction to occur.’ The
geminally substituted alkyl groups increase the number of gauche interactions, hinder rotation in the
open chain substrate and entropically favours ring closure to the cyclised product.® If B happened to
be part of a small ring, the gem-dialkyl effect also aided in ring stabilisation.! Following its discovery,
the gem-dialkyl effect has found many applications in synthetic organic chemistry, including Diels-

Alder cycloadditions,” dipolar cycloadditions,® ene reactions® and Claisen rearrangements.1%1!

In the context of organometallic chemistry, bond angle modifications effected via the gem-dialkyl
effect (Figure 2.1) can be applied to bidentate diphosphine ligands. These modifications may have
additional implications for catalyst conformation and geometry (Figure 2.2), that in turn, could

influence catalytic activity and selectivity.

steric repulsion
o
R RS R

C RSR 3 gemf-;jiatlkyl r%
effec B
( , M = metal

Figure 2.2 The gem-dialkyl effect in metal-diphosphine complexes.

The gem-dialkyl effect is expected to expand and compress the a and B angles respectively, and may
also modify the P-M-P ligand bite angle and influence catalytic performance via steric or electronic
bite angle effects. Steric bite angle effects involve an overall change in the steric environment of the
catalyst that modifies catalytic activity or selectivity due to changes in the energies of intermediates

and transition states in the catalytic cycle.!? Electronic bite angle effects on the other hand, are orbital
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effects that stabilise or destabilise initial, transition or final reaction states due to changes in metal
hybridisation and metal orbital energies.!* Another consequence of the gem-dialkyl effect on metal-

diphosphine complexes is an increase in the kinetic stability of the chelate (Figure 2.3).

H
H
2

Ry
~M
H é,PRZ Hféi
H
Ry
R| R| P\/M
% H éjPR2 ngéi
R,P. PR RR R
2 M 2 H

Figure 2.3 Improved chelate kinetic stability due to the gem-dialkyl effect. R = alkyl, M = metal.
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The presence of geminally substituted alkyl groups restricts rotational freedom by increasing torsional
energy barriers. Moreover, additional gauche interactions present in its “anti” conformation raise the
energy of the unchelated “anti” conformation and biases the equilibrium in favour of the “gauche”
conformation where chelation occurs.’* The increase in chelate stability has been leveraged as a
mechanistic tool to probe for phosphine dissociation as an elementary step in reactions involving
chelating diphosphine ligands.>® The gem-dialkyl effect has also been reported to alter CO
substitution behaviour,'” improve Pd-catalysed allylation yield,®*'° modulate polyketone formation?

and favour branched selectivity in Ni-catalysed alkylation.?*

This chapter investigates the application of the gem-dialkyl effect on Cs-bridged diphosphines as
ligands for Pd-catalysed hydroformylation and methoxycarbonylation of olefins. A series of
diphosphines (Figure 2.4) bearing various gem-dialkyl groups substituted on the central carbon of

their Cs-bridges have been synthesised and characterised.
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Ph,P PPh, Ph,P PPh, Ph,P PPh, Phy,P PPh,

DPPP DPPDMP DPPDIPP DPPIPIPP
‘Bu,P  P'Bu, Bu,P  P'Bu,
DTBPP DTBPDMP

Figure 2.4 Series of gem-dialkyl diphosphine ligands studied.

Crystals of the corresponding [Pd(diphosphine)Cl;] complexes have been synthesised and studied via
XRD. The XRD data obtained has been modelled and extrapolated in a DFT study to investigate the
relationship between the gem-dialkyl effect and geometry in Pd-diphosphine complexes. Finally, the
ligand series has been evaluated in Pd-catalysed hydroformylation and methoxycarbonylation to study

the gem-dialkyl effect on catalytic performance.

2.2 Synthesis and Characterisation

Synthesis of gem-dialkyl ligands may proceed via a Sx2 reaction between two equivalents of phosphine

nucleophile and an electrophilic precursor possessing two leaving groups connected by the Cs-bridge

) 22-23

desired (Figure 2.5

® .0 R R R R
/\R R Quaternisation R R X" Deprotonation % %
HPR % % R ’
2 X2 X RHP X 5 o X PR, PR,
B BH™ X
X = leaving group B = base
R = alkyl

Figure 2.5 Synthesis of gem-dialkyl diphosphine ligands.

A SN2 reaction between secondary phosphine and a Cs-bridged precursor with two leaving groups
affords a positively charged intermediate that can be deprotonated and the cycle repeated to yield
the desired gem-dialkyl ligand. However, treatment of the secondary phosphine with a suitably strong
base to first form a phosphide should simultaneously enhance its nucleophilicity and promote the
desired Sy2 reaction. The absence of B-hydrogens on the electrophile also excludes competing
elimination reactions, favouring the use of stronger nucleophiles. Moreover, employing phosphide

nucleophiles should boost yields by eliminating the need for deprotonation as an intermediate step.
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In the following sub-sections, the synthesis and characterisation of a series of Cs-bridged gem-dialkyl

diphosphine ligands (Figure 2.4) is discussed.

2.2.1 Electrophile Precursors for gem-Dialkyl Ligand Synthesis

Three classes of electrophilic precursors for the synthesis of gem-dialkyl ligands were investigated
(Figure 2.6) — tosylates (Type 1), halides (Type IlI) and cyclic sulfates (Type lll). These functionalities
were selected for their weak conjugate basicity which imply good leaving group ability. In particular,
cyclic sulfates have been favoured for their synthetic utility in activating 1,3-diols toward nucleophilic

attack.?*?

Type | Type 1l Type Il
(Tosylate) (Halide) (Cyclic Sulfate)
TsO OTs X X O\S/O

“ \\O
X =ClorBr

Figure 2.6 Three types of electrophilic precursors to gem-dialkyl diphosphine ligands.

The targeted series of gem-dialkyl backbones included three symmetrically substituted analogues of

varying steric bulk (R = H, Me and iPr) and an asymmetric iso-propyl/iso-pentyl (iPr/iPent) analogue

(Figure 2.7).
A % R = Ph, tBu
Ro;P PR, R:P PR, RpP PR, RpP PR,

Figure 2.7 Synthetic targets for Cs-bridged gem-dialkyl diphosphine ligands.

Type | tosylate and Type Il cyclic sulfate precursors were synthesised from their corresponding diols
following literature procedures®®?’ while Type Il bromide precursors were prepared via Appel
reaction?® likewise from their corresponding diols. The asymmetric iso-propyl/iso-pentyl bridged diol
was synthesised from commercially available 2-isopropyl-5-methyl-2-hexenal via Aldol reaction with

formaldehyde followed by a crossed Cannizzaro? reaction (Figure 2.8).
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Figure 2.8 Synthesis of asymmetric geminally substituted iso-propyl/iso-pentyl diol.

Synthesis of di-iso-propyl Cs-bridged diol was achieved via malonate chemistry. Excess isopropyl
bromide was required as competing elimination of HBr by deprotonated malonate acting as a base
(E2 mechanism) instead of a nucleophile (Sx2 mechanism) also consumed isopropyl bromide to give
propene as a by-product. However, repeated additions of excess isopropyl bromide eventually yielded

diethyl bis(iso-propyl)malonate that was then reduced to give the desired di-iso-propyl Cs-bridged diol

(Figure 2.9).
) NaH O O ) NaH _LiAH,
Br OH OH
47% 99% 1%

Figure 2.9 Synthesis of di-iso-propyl Cs-bridged diol.

Conversion of diol to cyclic sulfate proceeded via the formation of an intermediate cyclic sulfite

through treatment with SOCI;, followed by Ru-catalysed oxidation in air (Figure 2.10).%

R! R? R! R? R! R?
% EtsN, SOCI, % NalO,4, RuCls %
OH OH 0.0 0.0
uant. ~q” >s<
a B 0"

o)

R!'=R2=Me, 70%
R'=R2=Pr, 43%
R' = iPr, R? = jPent, 61%

Figure 2.10 General synthetic route to cyclic sulfate.?’

IH NMR of the intermediate cyclic sulfite revealed asymmetric chemical environments for its two

geminal R groups and a-hydrogens, as illustrated below in Figure 2.11.
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Figure 2.11 *H NMR (400 MHz, CDCls, 25 °C) of dimethyl cyclic sulfite.

Due to the trigonal pyramidal geometry of the sulfite group in its 6-membereded chair conformer, the
O atom is displaced toward a given orientation. As a result, the chemical environments of Me and a-
H are affected by their relative position (cis/trans) to the O atom. Subsequent Ru-catalysed oxidation
symmetrises the molecule by replacing the lone pair on the S atom with a second O atom, resulting in

the convergence of the geminal chemical shifts.

2.2.2 Synthesis of gem-Dialkyl Ligands

The desired series of gem-dialkyl diphosphine ligands was generated via the two-step process of first,
treatment of secondary phosphine in THF with n-butyl lithium to form lithium phosphide, followed by
addition of electrophile precursor to the freshly prepared lithium phosphide solution with gentle
heating (65 °C) to encourage Sn2 substitution (Table 2.1). It should be noted that lithium phosphides
such as LiP'Bu, precipitated as a white solid in non-polar solvents like hexane, giving emulsions that
resulted in no reaction. The use of polar THF however, gave homogeneous coloured solutions that
yielded desired product and allowed for convenient work-up via removal of the low-boiling solvent

under vacuum.
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Table 2.1 Synthesis of gem-dialkyl diphosphine ligands.?

1 p2
(i) "BuLi RR
2 H-PR, -
(ii) Electrophile R,P PR,
Target Ligands
Electrophile
Type | Type |l Type Il
(Tosylate) (Halide) (Cyclic Sulfate)
Ph,P  PPh, Ph,P PPh, Ph,P PPh,
ROR RO R 'x DPPDMP DPPDIPP DPPIPIPP
TsO OTs X X O\S/O
0" o
X =ClorBr ¢ ¢ ¢ ¢ ¢ ¢
BUZP P BU2 BU2P P BU2 BUZP P BU2
DTBPP DTBPDMP DTBPIPIPP
Entry Target H-PR; Electrophile R? R? Time/h Isolated
Ligand Yield / %
1 DPPDMP H-PPh, Type | Me Me 24 0
2 DPPDMP  H-PPh, Type Il (Cl) Me Me 24 9%
3 DPPIPIPP H-PPh, Type Il (Br) iPr iPent 72 16
4 DPPIPIPP H-PPh, Type llI iPr iPent 96 14
5 DPPDIPP H-PPh, Type lll iPr iPr 168 11
6 DTBPP H-P'Bu, Type Il (Br) H H 24 63
7 DTBPDMP  H-P'Bu, Type Il (Cl) Me Me 24 <1
8 DTBPDMP H-P'Bu, Type IlI Me Me 72 20
9 DTBPIPIPP  H-P'Bu; Type 1l iPr iPent 120 0

2Conditions: H-PR; (2.1 eq), electrophile (1 eq), "BulLi (2.1 eq), THF, 65 °C.

No desired product was observed in the 3!P{*H} NMR of the product mixture from entry 1. Instead, the
major phosphorus by-product (ca. 48% of all integrated P signals) was a singlet at -15.0 ppm, a
chemical shift suggesting its identity as Ph,P-PPh, (literature value®® = -15.2 ppm). A similarly
suspected 'Bu,P-P'Bu, species at 40.7 ppm (literature value3! = 40.6 ppm) was observed as the major
product (ca. 58% of all integrated P signals) for entry 7. This is consistent with an earlier report by
Eberhard that described the formation of P-P bonded species as the major product from treatment of
decorated Cs-bridged di-tosylates with lithium phosphide.?®* Eberhard also noted that exchanging

tosylate for a better leaving group such as triflate did not resolve this issue.
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LiPPh; successfully substituted Type Il (Cl) dimethyl electrophile to give DPPDMP in 96% yield (entry
2, Table 2.1), but reacting Type Il (Cl) dimethyl electrophile with LiP'Bu, instead gave '‘Bu,P-P'Bu, as

the major product.

><C| LiCl
/\X —L»m—/—\ . R,P—PR;

L—PR, & ¢ PR, Li—PR,

N NI

Figure 2.12 Proposed mechanism for formation of P-P bonded species, adapted from literature.3

Earlier work by Harris and Pretzer on the synthesis of P-P bonded diphosphines from alkyl halides
described a mechanism for the formation of these species.?? An adapted version is illustrated in Figure
2.12 above. The dihalide electrophile possesses B-methyl groups that hinder the approach of
nucleophiles, especially bulky ones such as LiP'Bu,. LiP'Bu, nucleophiles should thus preferentially
attack the less hindered CIP'Buy, resulting in the formation of 'Bu,P-P'Bu, instead. The use of Type lll
cyclic sulfate precursors however, excludes halogens in the reaction mixture and should prevent the
formation of R,P-PR; species via such a mechanism. A possible mechanism for the formation of P-P

species is proposed in Figure 2.13 below.

OLi (I)
O=Ss-0Li
Li—PR % I % Li—PR —L R,P—PR
AL O OLi O N2 2 2
s 0=820
o//S\\‘} <
0o PR,

Figure 2.13 Proposed mechanism for the formation of P-P bonded species.

There are two factors that may contribute to the suppression of P-P bonded by-products by cyclic
sulfates. Firstly, entropy. For dihalides, a single halide anion is eliminated after each nucleophilic
substitution by lithium phosphide to maintain the same total number of species. However, in the case
of cyclic sulfates, the total number of species is reduced as the sulfate fragment remains attached to
the substrate at a secondary point after nucleophilic substitution, resulting in a greater loss of entropy.
Secondly, in order to form the P-P bonded species from the singly substituted sulfate intermediate via
the proposed mechanism above, an unfavourable nucleophilic attack must occur to eliminate a doubly

charged anionic species.
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Starting from cyclic sulfates instead of dihalides appeared to favour the desired reaction, and
DTBPDMP was eventually synthesised from its corresponding Type lll cyclic sulfate electrophile in 20%
yield (entry 8, Table 2.1). Treating asymmetric iso-propyl/iso-pentyl Type lll cyclic sulfate (entry 4,
Table 2.1) with LiPPh, however, gave a crude product with a 3'P{*H} NMR spectrum showing desired
DPPIPIPP (ca. 60% of all integrated P signals) together with a single major by-product that appeared
as a singlet at -16.3 ppm (ca. 36% of all integrated P signals). The mixture was protected with BH; to
prevent phosphine oxidation upon exposure to air and purified via column chromatography.
Deprotection with refluxing EtOH*? yielded the desired asymmetric iso-propyl/iso-pentyl ligand,
DPPIPIPP, in significantly reduced yield (14% isolated vs 60% by 3'P{*H} NMR in the crude). A similar

procedure gave the di-iso-propyl analogue DPPDIPP (entry 5, Table 2.1) in modest yield (11%).

Treating iso-propyl/iso-pentyl Type Ill cyclic sulfate with LiP*'Bu, gave no desired ligand product despite
extended reaction times (entry 9, Table 2.1). The lack of desired product may be due to the increase
in steric bulk of both the lithium phosphide and the geminal alkyl groups in the B-position that

hindered the approach of the nucleophile and prevented any significant Sy2 reaction from occurring.

Subsequent attempts to improve the yield of DPPIPIPP using LiPPh, with Type Il (Br) iso-propyl/iso-
pentyl electrophiles resulted in a product mixture with similar by-products as that from Type Ill cyclic
sulfate. The crude product mixture required further purification to give a similarly modest yield of
DPPIPIPP (16%, entry 3, Table 2.1). This suggests that the identity of the leaving group does not play
a significant role in the occurring side reaction and that it may be an issue with the synthetic strategy
of using lithium phosphides in general. A possible alternative to circumvent this issue could be a
reversal of polarities (Umpolung),®* by generating di-Grignard reagents from 1,3-dihalides to act as

nucleophiles on chlorophosphine electrophiles instead.®

2.2.3 Chelation Competition Between DPPP and DPPDMP

Competitive chelation experiments between unmodified DPPP and gem-dimethylated DPPDMP
ligands were carried out to study the impact of the gem-dialkyl effect on formation of
[Pd(diphosphine)Cl;] complexes. Equimolar amounts of DPPP, DPPDMP and Pd(1,5-
cyclooctadiene)Cl,] were mixed in CH,Cl, and analysed via 3!P{*H} NMR (Figure 2.14). An insert
containing PPhs (-5.4 ppm) as an internal standard in C;D,Cl; was also placed into the NMR tube to act
as a reference and for the deuterium lock. A small amount of POPh;, likely from the atmospheric

oxidation of PPhs was also detected at 29.7 ppm.
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Figure 2.14 3'P{*H} NMR (162 MHz, CH,Cl,, 25 °C) of the competitive chelation experiment between
DPPP and DPPDMP to form their palladium(ll) chloride complex. NMR insert of C,D,Cls with PPhs
present for reference.

The formation of [Pd(DPPDMP)CIl,] was favoured over [Pd(DPPP)Cl;] in a 4:1 ratio. The equilibrium
favouring the formation of [Pd(DPPDMP)CI,] suggests that application of the gem-dialkyl effect results
in a more stable chelate complex. After standing under argon atmosphere for more than a month at
25 °C, the ratio of the components in the mixture remained unchanged (Figure 2.14), suggesting that
the mixture was at equilibrium. It should be noted however, that even at a 4:1 ratio the energy
difference between the two complexes is estimated to be around 3.4 kJ mol?, such a difference can
be brought about by solvent effects and caution should be exercised with regards to generalising this

result to other solvents.

2.2.4 [Pd(Diphosphine)Cl,] Complexes

Palladium(ll) chloride complexes of the gem-dialkyl diphosphine ligands were obtained by mixing
equimolar amounts of the corresponding ligand with [Pd(1,5-cyclooctadiene)Cl;] in CH,Cl, (Figure

2.15).
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1 2
RRSR Pd(COD)Cl, %
CH,Cl, R,P-_ PR,

Pd

cl” cl

R'=R?= Me, R = Ph, [Pd(DPPDMP)CI,]: 97% vyield
R'=iPr, R? = jPent, R = Ph, [Pd(DPPIPIPP)CI,]: 96% yield
R'=R? = jPr, R = Ph, [Pd(DPPDIPP)CI,]: 99% yield
R'=R?= Me, R = 'Bu, [Pd(DTBPDMP)CI,]: 98% vyield

Figure 2.15 Synthesis of [Pd(diphosphine)Cl;] complexes. COD = 1,5-cyclooctadiene.

Crystals suitable for single crystal x-ray diffraction (XRD) were grown either by layering pentane on
CH,Cl; solutions of the complexes or via slow vapour diffusion of cyclohexane into CH,Cl; solutions of
the complexes. Their molecular structures along with selected bond angles and lengths are shown

below in Figure 2.16 and Table 2.2 respectively.

\ O ) ca
S8 o ___/ ‘ \ cn \ ci2 \
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Figure 2.16 Molecular structures of [Pd(diphosphine)Cl.] complexes for DPPDMP (top left), DPPIPIPP
(top right), DPPDIPP (bottom left) and DTBPDMP (bottom right). Structures refined by Dr. Andrew
White.
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Table 2.2 Selected bond angles (°) and bond lengths (A) of [Pd(diphosphine)Cl,] complexes.

[Pd(DPPP) [Pd(DPPDMP [Pd(DPPIPIP  [Pd(DPPDIPP [Pd(DTBPP) [Pd(DTBPD
Cl]* )Cl2] P)Cl;] )Cl2] Cl]* MP)Cl;]
ci-c2-C’
(external) - 109.5 (3) 109.5 (3) 111.74 (19) - 106.7 (4)
cl-c2-c3
(internal) | 1170 (5) 110.1 (3) 108.2 (3) 107.27 (19)  111.8(7) 110.9 (4)
PL-Pdl-P? | 90.58(5)  95.84(3) 96.29 (4) 94.69 (2) 97.73(8)  98.03 (5)
CI-Pd:-CI> | 90.78 (5)  91.59 (3) 91.85 (4) 90.95 (3) 86.17(8)  84.80 (5)
P-PdL-CI? | 91.10(5)  84.49(3) 86.37 (4) 86.66 (2) 89.89(8)  88.64(5)
PL-pdl-CI* | 87.74(5)  88.09 (3) 85.59 (4) 87.69 (3) 91.60 (8)  88.51(5)
PLpdl | 2.249(2)  2.2371(9)  2.2452(11)  2.2386(7) 2.309(2)  2.3041(13)
P2-pdl | 2.244 (1)  2.2423(9)  2.2449 (11)  2.2433(6) 2.296(2)  2.2966 (14)
Pd-CI? | 2.351(1) 2.3391(9)  2.3480(10)  2.3586(7) 2.377(2)  2.3686 (13)
Pd-CI' | 2.358(2)  2.3570(9)  2.3381(12)  2.3435(7) 2.368(2)  2.3548(13)

*Values taken from literature.3%%’

2.2.5 Changesin Bond Angles

Application of the gem-dialkyl effect to diphosphine ligands should result in the simultaneous
expansion of the external angle (C*C2-C°) and compression of the internal angle (C*-C?-C3) due to
mutual repulsion between the geminal alkyl groups.! Comparison of the C!-C?-C? internal angle across
the PPh; series show a decreasing trend in the order DPPP (117°) > DPPDMP (110°) > DPPIPIPP (108°)
= DPPDIPP (107°) where bulkier geminal alkyl groups exhibit greater internal angle compression as
expected from the gem-dialkyl effect. Taking a confidence interval of 99.7% (or 3-sigma) some
differences are not statistically significant. It should also be noted that packing effects may also
influence bond angles to a certain extent, which may account for some of the variation observed.
Interestingly, there is no increase in external C*-C%-C°> angle going from DPPDMP (two primary alkyl
groups) to DPPIPIPP (one primary, one secondary alkyl group) despite the increase in steric bulk. Their
external C*-C2-C® angles remain around the ideal tetrahedral value of 109.5° despite a 2° compression
of the C!-C2-C? internal angle going from DPPDMP to DPPIPIPP. Instead, a distortion is observed in the
6-membereded chelate comprised of the C; backbone, both P donor atoms and the Pd metal centre.
The original chair-like conformation adopted by the DPPDMP complex (cyan, Figure 2.17) distorts
towards a half-chair for DPPIPIPP (red, Figure 2.17) with the Pd metal atom moving up about 2°
toward planarity with the P-C-C-P plane while maintaining the square planar geometry expected of d®

complexes.
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Figure 2.17 Overlapped molecular structures of [Pd(DPPDMP)CI,] (cyan) and [Pd(DPPIPIPP)CI,] (red).

Transitioning from DPPIPIPP (one primary, one secondary alkyl group) to DPPDIPP (two secondary

alkyl groups) however, gave the expected C*-C3-C® external angle expansion of about 1°.

In contrast to the significant C1-C2-C? internal angle compression of 7° observed going from DPPP to
DPPDMP however, the P'Bu, analogues DTBPP and DTBPDMP show nearly similar C1-C2-C? internal
angles (Table 2.2) despite undergoing the same gem-dimethylation transformation on the central

carbon of its Cs-bridge.

2.2.6 P-Pd-P Ligand Bite Angle

Another parameter of interest that can be modified by the gem-dialkyl effect is P-Pd-P ligand bite
angle.3® The introduction of geminal alkyl groups of increasing steric bulk results in an initial increase
in P-Pd-P ligand bite angle from 91° (DPPP) to 96° (DPPDMP/DPPIPIPP) before going back down to 95°
(DPPDIPP). This non-linear trend suggests that a complicated relationship between the gem-dialkyl
effect and P-Pd-P ligand bite angle, likely due in part to distortions in the 6-membered chelate ring.
Unlike the changes observed for the PPh; series however, the P'Bu, analogues DTBPP and DTBPDMP

exhibit similar P-Pd-P ligand bite angles despite gem-dimethylation of the backbone (Table 2.2).

2.2.7 QOverall Spatial Arrangement

Unlike other complexes in the series, [Pd(DPPP)Cl;] (orange, Figure 2.18) exhibits an asymmetrical
spatial arrangement. The introduction of gem-dimethyl groups to give [Pd(DPPDMP)CI;] (red, Figure
2.18) appears to impose a more regular pattern and brings about a widening of the P-Pd-P bite angle
by 5°. This perturbation of the P-Pd-P ligand bite angle is accommodated without altering the CI-Pd-Cl
bond angle which remains around 91°. Instead, a distortion of the square planar geometry occurs. This

can be seen in Figure 2.18 as a twisting of the Cl atoms out of the P-Pd-P plane.
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Figure 2.18 Overlaid molecular structures of [Pd(DPPP)CI;] (orange) and [Pd(DPPDMP)CI;] (red).

2.2.8 Ligand Buried Volume (%V_Bur)

The gem-dialkyl effect may cause subtle changes in the overall spatial orientation of the complex that
may also alter coordination space around the Pd centre. Regretfully, classical methods of quantifying
ligand steric bulk such as the Tolman cone angle3® are insufficient to probe these nuanced changes as
they reference the substituents directly connected to the P donor atom that, in this case, are identical
throughout the series of ligands. The gem-dialkyl effect instead acts via remote modification of the
ligand backbone to indirectly influence coordination space via conformational changes. In an attempt
to provide a more comprehensive measure of ligand steric bulk, Falivene and co-workers have
introduced a computational tool that describes the coordination sphere around the metal centre via
a parameter they term ligand buried volume (%V_Bur).**! Ligand buried volume (%V_Bur) is defined
as the amount of space occupied by the ligand of interest in a sphere of a specified radius around a
given coordination centre (see section 5.4.5 for details). Comparison of the %V_Bur values across the
PPh; ligand series reveals a trend of increasing steric congestion in order of gem-dialkyl steric bulk —
DPPP (38.9%) < DPPDMP (41.1%) < DPPIPIPP (41.8%) < DPPDIPP (42.2%). A similar trend is observed
for the P'Bu; analogues where the %V_Bur is less for DTBPP (45.2%) than for DTBPDMP (46.5%).

2.3 Density Functional Theory (DFT) Modelling

Unless specified otherwise, density functional calculations were performed on all systems using the
Gaussian 16 (revision A03) set of programs.*? Geometry optimisations were carried out using the
B3LYP hybrid functional®*** in the gas phase. The electronic configuration of the molecular systems
were described by the triple-{ basis set with polarisation functions of Ahlrichs and co-workers
(DEF2TZVPP basis set in Gaussian 16).%¢ London dispersion corrections with Becke-Johnson damping

(GD3BJ in Gaussian 16) were taken from the work of Grimme, Becke and Johnson.*’*
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Figure 2.19 Graphs of the [Pd(diphosphine)Cl;] parameters with error bars at 99.7% confidence. Top
Left: o angle vs. R group. Top Right: 3 angle vs. R group. Bottom Left: P-Pd-P angle vs. R group. Bottom
Right: %V_Bur vs. R group.

2.3.1 Bond Angle Expansion and Compression

The external angle (a) increases with increasing R group size, from 109° in the dimethyl analogue
(DPPDMP) to 115° in the di-tert-butyl analogue (Figure 2.19, top left). As R group size increases, the
internal B angle also shows a corresponding decrease from 115° for the di-hydrogen analogue (DPPP)
to 107° for the di-iso-propyl analogue (DPPDIPP) (Figure 2.19, top right). The simultaneous angle
expansion and compression is in line with expectations of the gem-dialkyl effect on geometry. In
contrast to the continual increase in external a angle with increasing R group size however, the

internal B angles appear to taper off asymptotically when approaching the ideal tetrahedral angle of
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109.5°. Moreover, there is a trend reversal for the bulkiest di-tert-butyl analogue, which shows an

increase in B to 110° from 107° in the di-iso-propyl analogue (DPPDIPP) (Figure 2.19, top right).

2.3.2 6-membered Chelate Distortion

Closer inspection of the molecular structures reveals that not all the tension generated from steric
repulsion between the increasingly bulky gem-dialkyl groups goes toward compressing the internal
bond angle (B). There instead is a portion of it that appears to be released via distortion of the
complex, resulting in conformational changes in its 6-membereded chelate. This s illustrated in Figure
2.20 below as a distortion of the initial chair conformation (R = H, Me) towards a half-chair (R = Et,

iPr/iPent) and ultimately to a twist-boat conformation (R = iPr and tBu).

Et Et i ipr
. \C/ Pr\ /PI
F7 e P
\ \ | \
P\ /P P. P P.
/Pd\ :Pd: ~pa”
cl )‘/ cl ¢l cl” "ol
\/T( .
Steric Bulk
Me Me
N
i
P P

Figure 2.20 Calculated [Pd(diphosphine)Cl,] structures arranged by increasing steric bulk of gem-
dialkyl groups showing 6-membered chelate conformations (side view across P—C bonds). Phenyl
groups and hydrogen atoms removed for clarity.

2.3.3 P-Pd-P Ligand Bite Angle Trend

The P-Pd-P ligand bite angles follow an up-and-down trend, reaching a maximum of 97° (R = Me, Et)
before returning to 91° (R = 'Bu), a value like that of the unmodified analogue (R = H, 92°). For smaller
R groups such as Me or Et, the gem-dialkyl effect widens the P-Pd-P ligand bite angle. However, for
larger R groups such as iPr or 'Bu, there is an accompanying distortion in the 6-membereded chelate
that overall, results in a decrease in P-Pd-P ligand bite angle instead. The compounding of these 4
factors: a angle expansion, B angle compression, chelate distortion and altered spatial arrangement,
results in a complicated relationship between the gem-dialkyl effect and P-Pd-P ligand bite angle. A
more direct relationship between P-Pd-P bite angle and the gem-dialkyl effect may perhaps be
achieved with C;-bridged diphosphines,*® where bond angle compression from the gem-dialkyl effect
may directly translate to bringing the P atoms closer together and thus result in smaller P-Pd-P ligand

bite angles.
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2.3.4 Trend in Coordination Space

Ligand buried volume (%V_Bur) calculations indicate that there is a general trend toward greater
restriction of coordination space around the Pd centre as the steric bulk of the geminal R groups
increases. This is represented by the positive relationship between %V_Bur and R group steric bulk in
the order: 38.5% (H) < 40.5% (Me) < 41.3% (Et) < 41.8% (iPr/iPent) < 42.4% (iPr) < 43.5% (tBu). This

suggests a trend of increasing hindrance of the coordination sphere due to the gem-dialkyl effect.

2.4 Hydroformylation

2.4.1 Pd-DPPP Catalysed Hydroformylation of 1-Octene

Commercially available DPPP has been employed to test various reaction conditions for palladium
catalysed hydroformylation of 1-octene and the results are summarized in Table 2.3. The catalyst was
formed in situ by mixing Pd(OAc), with DPPP in diglyme followed by addition of CF3CO;H (see section
5.4.6 for details). The choice of CF;CO;H as acid co-catalyst was advised from a previous study

conducted by Drent and Budzelaar.>>?

Table 2.3 DPPP modified palladium catalysed hydroformylation of 1-octene.?

Hydroformylation Reduction
\/\/\/\)OJ\ e
SN
H - OH

CO/H, . [Pd], DPPP )
+ branched isomers + branched isomers
[Pd], DPPP

SN X
[Pd], DPPP
H, [Pd],DPPP\
SN PPh, PPhy
Ha SN+ Z-isomers DPPP
\/\/\/\ -
[Pd], DPPP NP N
Hydrogenation Isomerization
Internal
L/ Acid/ Temp Conv Octenes Octane Nonanal Nonanol

# Pd Pd /°C /% (lsom.)®/ % /% (lin)/% (lin.)°/ % TON¢

1 24 4 125 72 36 (56) 4 25 (84) 0 (n.a.) 120
2¢ 24 4 125 54 43 (48) 6 0(n.a.) 0(n.a.) 0
3 0 4 125 9 3(3) 0 0(n.a.) 0(n.a.) 0
4 24 0 125 9 3(3) 0 0(n.a.) 0(n.a.) 0
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5 24 50 125 99 46 (98) 4 46 (73) 2 (90) 230
6 1.1 50 125 99 50 (98) 6 42 (72) 1(91) 210
7 11 4 110 6 3 (4) 0 3 (84) 0 (n.a.) 10
8 11 4 125 63 29 (47) 5 27 (83) 0 (n.a.) 130
9 11 4 150 53 34 (42) 3 10 (86) 0 (n.a.) 50

aConditions: 1-octene (2 mL), DPPP, Pd(OAc); (0.21 mol%), CF3COH, 60 bar CO/H, (1:1), diglyme (15
mL), 5 h. n.a. = not applicable. Plsomerisation = sum of internal octenes/sum of all octenes. ‘Linearity
= 1-isomer/sum of all regioisomers. “TON = sum of moles of nonanal and nonanol/moles of the
catalyst. ®no CO/H,. Note: all single runs.

The initial experiment (run 1) duplicating the reaction conditions by Drent and Budzelaar® gave
moderate conversion (72%) to a mixture containing internal octenes, nonanal and octane. Some olefin
hydrogenation to paraffins is expected due to the affinity palladium has for hydrogenation.> In the
experiments using Acid/Pd = 4 (runs 1 — 3 and 7 — 9), the product mixture also contained black solid
that is suspected to be palladium black from catalyst decomposition. Palladium black has been
reported to catalyse the hydrogenation of octene,* and may also be involved in the production of
octane observed. Unexpectedly, even in the absence of syngas (run 2), there is still olefin
hydrogenation to octane observed (6%). Acids have been known to act as alternative hydrogen
sources for palladium catalysed transfer hydrogenation of olefins.>>°® However, in run 2 there is an
insufficient amount of acid (0.8 mol%) to account for the amount of octane produced (6%).
Alternatively, octene may be disproportionating to give octadiene and octane. The palladium
catalysed disproportionation of cyclohexene to cyclohexane and benzene as well as the palladium
catalysed transfer hydrogenation of olefins using cyclohexene as a hydrogen donor has been described

in the literature.>”>8

2.4.2 Octene Isomerisation

In the absence of syngas (run 2, Table 2.3), olefin isomerisation is still observed (43% internal octenes).
A survey of the literature reveals at least two possible mechanisms of olefin isomerisation, a m-allyl

mechanism® and an addition-elimination mechanism®°%! (Figure 2.21).
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Figure 2.21 Two mechanisms of metal catalysed olefin isomerisation.

/\/R

The m-allyl mechanism proceeds via the oxidative addition of C-H to a Pd(0) complex to generate a Pd-
alkyl species. The Pd-alkyl species shifts the double bond via a m-allyl intermediate before reductively
eliminating the isomerised olefin. The addition-elimination mechanism on the other hand, proceeds
via addition of a Pd-hydride complex across the double bond to give a Pd-alkyl intermediate. The Pd-

alkyl intermediate then performs a B-hydride elimination to generate the isomerised olefin.

At first glance, run 2 (Table 2.3) showing olefin isomerisation in the absence of H, appears to favour
the m-allyl mechanism. However, the required Pd-hydride for the addition-elimination mechanism

may also be generated through reaction with an acid (Figure 2.22).

e
(E>Pd° Pdblack + P P
CF3COOH, CO
0] R ~
hydrogenolysis co @ R n-bond
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© .€0,@ I i ©
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C G-
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Figure 2.22 Proposed mechanism for palladium catalysed hydroformylation of olefins, adapted from
literature.®> 2 P~P = diphosphine ligand. R = alkyl group.
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In the catalytic cycle proposed above (Figure 2.22) adapted from Drent and co-workers,>% %2 CF3CO,H
protonates a cis-chelated diphosphine-Pd complex to generate the active Pd hydride intermediate.
Subsequent coordination and insertion of olefin generates a Pd-alkyl intermediate that can perform
B-hydride elimination to generate isomerised olefins via the addition-elimination mechanism (Figure
2.21). The slight excess of acid relative to Pd (Acid/Pd = 4) in run 2 (Table 2.3) suggests that the
equilibrium should favour the formation of Pd-hydride species and hence, should also favour the

addition-elimination mechanism of olefin isomerisation.

2.4.3 Importance of Ligand and Acid Co-Catalyst

The lack of catalytic activity in the absence of diphosphine ligand DPPP (run 3, Table 2.3) indicates
that an active catalyst cannot be generated from unmodified palladium even in the presence of acid.
The lack of catalytic activity in the absence of acid (run 4, Table 2.3) shows that the acid co-catalyst is
also essential for catalytic activity. The combination of these results shows that both ligand and acid

are essential for this palladium based hydroformylation system.

2.4.4 Effect of Excess Acid

Increasing the equivalents of acid with respect to palladium to 50 (run 5, Table 2.3), boosts both

isomerisation and hydroformylation activity, matching similar reports in the literature.®

Visual inspection of the product mixtures from run 5 and run 1 (Table 2.3) show that addition of excess
acid preserves the original yellow colour of the reaction mixture with no deposition of black solid at
the conclusion of the reaction. The absence of black solid in run 5 (Table 2.3) suggests that a robust
catalyst is formed in the presence of a large excess of acid, possibly by altering the position of
equilibrium (Figure 2.22) to decrease the concentration of Pd(0) diphosphine complex that can
agglomerate to palladium black. Preservation of active catalyst by addition of a large excess of acid

may also explain the increases in activity.

At Acid/Pd = 4 the resulting octene composition was 56% internal octenes with respect to all octenes
(run 1, Table 2.3), but increasing to Acid/Pd = 50 gave a nearly thermodynamic octene composition®
with 98% of the remaining octenes as internal octenes (run 5, Table 2.3), indicating that olefin
isomerisation was more facile in the presence of a large excess of acid. The increase in octene
isomerisation is accompanied by a corresponding decrease in linear selectivity (84% to 73%), which is

likely due to an increase in internal octene concentration throughout the reaction period.

Despite the increases in hydroformylation and isomerisation activity due to the large excess of acid,
olefin hydrogenation activity stays constant (4% octane yield). The unaffected paraffin yield suggests

that acid plays an active role in hydroformylation instead of merely preserving the active catalyst by
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preventing agglomeration to palladium black. Drent and Budzelaar have proposed that acid co-
catalysts are involved in palladium catalysed hydroformylation of olefins via their conjugate base
anion assisting the heterolytic cleavage of H, to facilitate the rate-determining hydrogenolysis step.>?
If this were the case, run 5 (Table 2.3) showing an increase in hydroformylation but not in olefin
hydrogenation also suggests that the anions also discriminate for the Pd-acyl intermediate over the
Pd-alkyl intermediate (Figure 2.22) when promoting hydrogenolysis, in order to increase nonanal yield

without changing octane yield.

Finally, when a large excess of acid (Acid/Pd = 50) is used, reductive hydroformylation to nonanol (2%)
is also observed (run 5, Table 2.3). A mechanism of homogeneous palladium catalysed reduction of
aldehydes to alcohols has been proposed by Zhou and co-workers® involving Pd-hydride as the active

catalyst (Figure 2.23).
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Figure 2.23 Proposed reaction mechanism for homogeneous palladium catalysed reduction of
aldehydes to alcohols, adapted from Zhou and co-workers.%*

The large excess of acid preserving the active Pd-hydride intermediate may have a two-fold effect:
firstly, increasing aldehyde concentration by increasing overall hydroformylation activity and
secondly, the Pd-hydride itself may be involved in reducing aldehyde to alcohol. Alternatively,
assuming the insertion of aldehyde into Pd-hydride is fast and reversible, increases in acid
concentration may also facilitate trapping of the Pd-alkoxide intermediate by protonation to give the

alcohol product.
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2.4.5 Effect of Ligand/Pd Ratio

Generally, an excess of ligand is employed in rhodium catalysed hydroformylation to stabilise the
catalyst complex, prevent loss of expensive rhodium catalyst to decomposition and obtain high linear
selectivities.®® In the case of this palladium system however, hydroformylation activity and linear
selectivity was maintained despite a reduction in Ligand/Pd ratio from 2.4 (run 5, Table 2.3) to 1.1 (run

6, Table 2.3), possibly due in part to catalyst stabilisation from the large excess of acid.

2.4.6 Effect of Temperature

Experiments at 110 °C, 125 °C and 150 °C (runs 7 — 9, Table 2.3) were conducted to investigate the

relationship between temperature and catalytic performance (Figure 2.24).
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Figure 2.24 Bar graph showing product vyields from DPPP modified palladium catalysed
hydroformylation of 1-octene at 110 °C, 125 °C and 150 °C (runs 7 — 9, Table 2.3).

At 110 °C, there is low conversion (6%), poor isomerisation to internal octenes (3%) and low aldehyde
yield (3%) likely overall poor catalytic activity at low temperature. Conversely at 150 °C, catalytic
activity appears to instead be limited by catalyst thermal stability. Rapid catalyst degradation at
elevated temperatures can give an initially high rate of reaction that quickly decreases to result in less
productivity than if the catalyst had a sustained but lower activity. The balance between reaction
temperature encouraging catalytic activity and catalyst thermal stability appears to find an optimum
at 125 °C, where the highest conversion (63%) and aldehyde yield (27%) was achieved (Figure 2.24).
It should be noted however, that the three temperatures tested are separated by a significant range

that may contain yet more optimal conditions.
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2.4.7 Pd-Catalysed Hydroformylation of Olefins

The PPh; ligand series consisting of DPPP, DPPDMP, DPPIPIPP and DPPDIPP has been evaluated in

palladium catalysed hydroformylation of olefins and the results are summarised in Table 2.4. The

catalyst was formed in situ by mixing Pd(OAc), with diphosphine ligand in diglyme followed by addition

of CF3CO;H (see section 5.4.6 for details).

Table 2.4 Palladium catalysed hydroformylation of olefins.?

Hydroformylation Reduction
R COM, \/\)(J)\ + branched _H—2, R~ + branched
\/\ [Pd] L H isomers [Pd], L OH isomers
CO/H Pd], L
Hp | [PdlL 2| [Pd PPh, PPh, PPh, PPh, PPh, PPh, PPh, PPh,
DPPP  DPPDMP  DPPIPIPP DPPDIPP
(0]
R+ Zisomers Meo)w
[Pd], L M4P
Hydrogenation Isomerisation
Internal
Olefins
L/ Conv (lsom.)’ Alkane Aldehyde Alcohol®
# Olefin Ligand Pd /% /% /% (lin)s/% (lin)°/% TON®
1f 1-octene DPPP 2.4 72 36 (56) 4 25 (84) 0 (n.a.) 120
2f l-octene DPPDMP 2.4 75 40 (61) 5 24 (84) 0 (n.a.) 110
3 1-octene DPPP 2.4 99 46 (98) 4 46 (73) 2 (90) 230
4 l-octene DPPDMP 24 99 55 (98) 7 36 (72) 1(91) 180
5 1l-octene  DPPIPIPP 2.4 98 66 (97) 8 16 (67) 6 (91) 100
6 1l-octene  DPPIPIPP 1.1 97 69 (96) 9 18 (70) 2 (94) 100
7¢  1-octene DPPIPIPP 1.1 99 46 (98) 4 13 (50) 24 (89) 180
gh 1-octene DPPP 1.1 99 28 (98) 0 67 (70) 2 (88) 410
gh l-octene DPPDMP 1.1 99 41 (98) 0 51 (70) 2 (89) 310
10" 1-octene DPPIPIPP 1.1 99 51 (98) 1 34 (67) 9(91) 250
11" 1-octene DPPDIPP 1.1 99 53 (98) 0 30 (67) 9 (90) 230
trans-2-
12 DPPP 2.4 37 78 (99) 4 18 (71) <1 (n.d.) 90
octene
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trans-2-

13 DPPDMP 2.4 27 86 (99) 4 7 (69) <1 (n.d.) 30
octene
trans-4-

14h DPPP 1.1 58 66 (99) 0 27 (66) 1(83) 170
octene
trans-4-

15h DPPDMP 1.1 48 75 (99) 0 14 (65) 1(82) 90
octene

16h M4P DPPP 2.0 63 15 (29) 1 38 (84) 0(n.a.) 230

17%h M4P DPPDMP 2.0 65 18 (34) 1 38 (86) 0(n.a.) 230

aConditions: olefin (12.7 mmol), Pd(OAc)2 (0.21 mol%), ligand (L/Pd = 2.4), CF3CO,H (Acid/Pd = 50), 60
bar CO/H, (1:1), diglyme (15 mL), 125 °C, 5 h. n.d. = not determined. n.a. = not applicable.
blsomerisation = sum of internal olefins/sum of all olefins. ‘Linearity = 1-isomer/sum of all
regioisomers. YDerivatives of alcohol products (i.e., esters/ethers) included. °TON = sum of moles of
aldehyde and alcohol/moles of the catalyst. ‘Acid/Pd = 4. £72 h. "Olefin (32.2 mmol), Pd(OAc), (0.17
mol%), diglyme (30 mL), 24 h. Note: all single runs.

Product mixtures from runs using Acid/Pd = 4 (runs 1 & 2, Table 2.4) contained significant amounts of
black solid that was assumed to be palladium black from catalyst decomposition. The similar results
despite using different ligands (DPPP and DPPDMP) under these conditions may be due to rapid
catalyst degradation that occurred before any appreciable difference in catalytic performance

emerged. Isolation of the spent catalyst after the hydroformylation reaction revealed the formation

of a bis(ligand) complex [Pd(DPPP);](CF3CO;), (Figure 2.25).

Figure 2.25 The structure of the cis-symmetric di-cationic complex present in the crystal of
[Pd(DPPP),](CF3CO2); (50% probability ellipsoids). Structure refined by Dr. Andrew White.
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Subsequent experiments were run at 125 °C to maximise conversion and at Acid/Pd = 50 for catalyst

stability.

To contextualise these results, a comparison against other Pd-based hydroformylation systems is

presented below (Table 2.5).

Table 2.5 Comparison between gem-dialkyl ligand DPPIPIPP of this work against contemporary
bidentate ligands for Pd-based hydroformylation systems.

Origin Commercial This work Beller®? Drent®?

N Y2 P
Ligand A PC [
Ph,P  PPh, Y2 o
Ph,P  PPh,
105

Temperature / °C 125 125 100
Substrate 1-Octene 1-Octene 1-Octene 1-Octene
Major Product Nonanal Nonanal Nonanal Nonanol
Yield / % 67° 34 42 95
n /iso Ratio 2.3 2.0 2.8 3.8
TON 410 250° 210 480
By-products / % - 1 (Octane) 15 (Aldol) 4 (Ketones)

Ph = Phenyl. Cy = Cyclohexyl. 2Unable to replicate 98% yield reported by Drent>! despite similar reaction
conditions. "TON inclusive of nonanol product.

Despite the poorer aldehyde yield obtained with the gem-dialkyl ligand (DPPIPIPP) there is a slight
shift in chemoselectivity to give a mixture of nonanal and nonanol hydroformylation products,

suggesting that the gem-dialkyl effect can tune chemoselectivity in the reaction.

2.4.8 gem-Dialkyl Effects on Activity and Chemoselectivity

At Ligand/Pd = 2.4 (runs 3 — 5, Table 2.4), there are high conversions (98 — 99%) across the series but
a trend of decreasing hydroformylation activity as steric bulk at the ligand backbone increases. Linear
selectivity is hardly affected by the gem-dialkyl effect, remaining around 70%. In the case of DPPIPIPP
however, there is more aldehyde reduction to nonanol observed (6%). The higher reductive
hydroformylation activity of DPPIPIPP suggests that reductive hydroformylation of 1-octene to 1-
nonanol can be favoured by increasing gem-dialkyl substituent size. Alcohol product linearity is
generally higher than aldehyde linearity, indicating that the hydrogenation step favours primary over

secondary aldehyde substrates.
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2.4.9 Extended Reaction Time

Following the earlier results (runs 7 & 8, Table 2.3) that gave similar yields despite decreasing
Ligand/Pd ratio from 2.4 to 1.1, DPPIPIPP/Pd ratio was decreased from 2.4 to 1.1 (runs 5 & 6, Table
2.4). In this case however, a decrease in reductive hydroformylation to nonanol (6% to 2%) was
observed. To encourage higher yields, reaction time was extended from 5 hto 72 h (run 7, Table 2.4).
After 72 h, nonanol yield did indeed increase to 24%, but only 14% of it existed as free alcohol in
solution. During the extended reaction time, the nonanol product reacts with diglyme and CF;CO;H

present, forming alcohol derivatives (Figure 2.26).

‘ Reaction with Acid

b7 oH CF5 ) OH 07 CF,

‘ Reaction with Solvent]

H ®
o 08
T 0oH 0 0

\Mj\o/\/o\ + HO\/\O/

Figure 2.26 Reaction of nonanol with acid and solvent.

The nonanol (24%) obtained in run 7 (Table 2.4) consisted of a mixture of 14% free nonanol, 9%
trifluoroacetic acid ester and 1% of glycol ether from reaction with diglyme. When reaction time was
restricted to 5 hours however, alcohol derivatives are minimised (<1%) due to the low concentration

of alcohol and shorter reaction time.

When reaction conditions were set to Ligand/Pd = 1.1 and 24 h (runs 8 — 11, Table 2.4), a trend like
that for Ligand/Pd = 2.4 and 5 h was observed. Increases in geminal alkyl group steric bulk reduce

nonanal formation and increase reductive hydroformylation to nonanol.

2.4.10 Gas Uptake and Kinetics

Monitoring reactor pressures showed that the rate of syngas uptake decreases over time as expected,
and that most syngas uptake occurs within the first 5 h (Figure 2.27). Initial rates determined from the
tangents to the gas uptake curves for the first 12 min gave the relative initial rates for the ligand series

as 2.5 (DPPP) > 2.0 (DPPDMP) > 1.6 (DPPIPIPP) > 1.0 (DPPDIPP).
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Figure 2.27 Pressure profile for hydroformylation runs 8 — 11 (Table 2.4).

The gem-dialkyl effect appears to reduce the rate of hydroformylation, possibly due to the increasingly
restricted coordination space (as indicated by %V_Bur, see sub-section 2.2.8) which may hinder the

approach of reactants.

2.4.11 Pd-Catalysed Hydroformylation of Internal Alkenes

Internal alkenes (trans-2-octene and trans-4-octene) could also be hydroformylated using catalysts
formed from DPPP and DPPDMP (runs 12 — 15, Table 2.4), indicating that isomerising
hydroformylation is possible with these ligands, albeit with lower conversion compared to that of 1-
octene. Comparison of the experiments run under similar conditions revealed a roughly 60% reduction
in TON compared to 1-octene when using either trans-2-octene (runs 3 vs 12, Table 2.4) or trans-4-
octene (runs 8 vs 14, Table 2.4) as substrate. Hydroformylation of internal alkenes was observed to
be slower than for terminal alkenes, suggesting that olefin isomerisation is rate-determining in this

case.®7%8

2.4.12 Pd-Catalysed Hydroformylation of Methyl 4-Pentenoate (M4P)

The alkenoate ester, methyl 4-pentenoate (M4P), has also been investigated as a substrate for
catalysts formed from DPPP and DPPDMP (runs 16 & 17, Table 2.4). Competing olefin hydrogenation

6370 js an undesired side reaction that is often exacerbated for functionalised

to low value methyl esters
olefin substrates such as alkenoate esters.”’2 Both DPPP and DPPDMP gave similar conversions (63
— 65%) with moderate aldehyde yield (38%) and low olefin hydrogenation (1%), indicating that these
ligands are suitable to be applied for the hydroformylation of terminal alkenoate esters. The poor

isomerisation activity also suggests that hydroformylation is fast relative to isomerisation, hindering
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significant formation of the thermodynamically favoured a,B-unsaturated methyl 2-pentenoate ester

that has been reported to be more prone to hydrogenation.”74

2.4.13 Mechanistic Aspects of Pd-Catalysed Hydroformylation

The mechanism for the palladium catalysed hydroformylation reaction has been little studied in
contrast to rhodium catalysed hydroformylation.®® 7> Based on currently available information, the
formation of [Pd(ligand)(CO)H]* (I, Figure 2.28) under reaction conditions (p(CO/H;) = 60 bar) is
assumed as the starting point in the catalytic cycle, formed from [Pd(ligand)X;] through the heterolytic
activation of H, and CO coordination.”®”” An associative substitution with the olefin substrate will give
[Pd(ligand)(olefin)H]* (lll, Figure 2.28), which undergoes migratory insertion to yield a Pd-alkyl
complex (VII, Figure 2.28). Preliminary DFT calculations of these initial steps in the catalytic
hydroformylation cycle for the complexes with three symmetrically substituted gem-dialkyl ligands (R
= H, Me and 'Bu) have shown that the gem-dialkyl effect does not affect the overall energy barriers
for olefin coordination and insertion (+25.3, +25.7 and +24.7 kcal/mol for H, Me and 'Bu, respectively).

B3LYP/6-31G(d,p) (for C, H, O, P)/SDD (for Pd)
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Figure 2.28 Potential energy surface (PES) showing olefin insertion pathway for
[Pd(DPPDMP)(H)(CO)]*. DPPDMP ligand and positive charges removed for clarity. DFT calculations
carried out in collaboration with Dr. Charles Romain.”

This agrees with the fast olefin isomerisation observed with all catalysts. The resting state is most likely
a palladium(ll) acyl complex, [Pd(ligand)(acyl)(CO)]*, as seen in other palladium catalysed

carbonylation reactions such as alternating CO-olefin copolymerization” and olefin
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methoxycarbonylation.?’ The final hydrogenolysis step is presumed to be rate-determining in this

case, similar to methanolysis and hydrolysis reactions in methoxy- and hydroxycarbonylations.

2.5 Pd-Catalysed Olefin Methoxycarbonylation

81-82

DTBPP and DTBPDMP have been evaluated in methoxycarbonylation of terminal and internal olefins

and the results are summarised in Table 2.6. Results from DTBPX (industrially employed by Lucite)®

have been included for comparison. The catalyst was formed in situ by mixing Pd(OAc), with two

equivalents of ligand in MeOH followed by the addition of CH3SO3H.%

Table 2.6 Palladium catalysed methoxycarbonylation of olefins.?

]

Methoxycarbonylation R\/\)J\OMe M}SMe
_ (\ P'Bu,
CO, MeOH + branched isomers PtBuz PtBuz P‘Buz P‘Buz @(:PtBuz
[Pd], L DTBPP  DTBPDMP DTBPX
R
N [Pd,L | CO, MeOH
\ (@]
[Pd], L MGOJ\/\/
R~ + Z-isomers
Isomerisation mMapP
Olefin Yield
(Relative to all Olefins) / %
Temp Conv Ester 1- 2- 3- 4-
# Olefin Ligand /°C /% (lin)*/% iso iso iso iso  TONc
2 48 14
1 1-hexene DTBPP 105 98 21 (86) n.a. 500
3) (75 (22)
1 28 8
2 1-hexene DTBPDMP 105 99  50(83) na. 1200
3) (75 (22)
<1 8 2
3 1-hexene DTBPX 105 100 82(94) n.a. 2000
4)  (74)  (22)
2 34 9
4%  1-hexene DTBPDMP 105 98 36 (86) n.a. 850
3)  (77)  (20)
<1 10 3
5¢  1-hexene DTBPX 105 100 75 (94) n.a. 1800
(2) (76) (22
2 57 17
6° 1-hexene DTBPDMP 100 99 23 (86) n.a. 550
(2)  (75) (23)
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Thermodynamic Distribution of Hexene Isomers® (1) (78) (21) n.a.

56 6 5 2
7 1l-octene DTBPP 60 44 31(89) 750
1) (0 @ 6
87 3 1 <1
8  1l-octene DTBPDMP 60 13 9(87) 200

96) (3 (1) (<1)

20 22 19 15
9 1-octene DTBPP 75 80 32 (90) 750
(29)  (32) (28) (21)

2 30 28 15
10  1l-octene  DTBPP 90 98  25(90) 600
3) (400 (37) (20)

1 36 33 22
11¢° 1-octene DTBPDMP 100 99 8 (87) 200
(1) (400 (35 (24)

2 33 30 19
12  1-octene DTBPP 105 98 16 (87) 400
(2)  (39) (36) (23)

6 37 24 9
13  1l-octene DTBPDMP 105 94  24(84) 600
8 (49 (32) (11)

3 34 34 19
14  1-octene DTBPP 150 97 10 (89) 250
3) (38) (38 (21)

2 33 32 18

15 1-octene  DTBPDMP 150 98 15 (85) 350
(2) (39 (38 (21)
trans-4- <1 1 1 97

16 DTBPP 75 3 1(86) 0

octene (<1) (1) (1) (98)
trans-4- 1 32 30 20

17 DTBPP 105 80 17 (84) 400
octene (1) (39) (36) (24)
trans-4- <1 11 8 79

18 DTBPDMP 105 21 2 (74) 50
octene (<1) (11) (8) (81)
Thermodynamic Distribution of Octene Isomers® (1) (39)  (33) (27)

51 26 2
19 M4P DTBPP 105 98  19(92) na. 450
(65) (33) (2)

26 42 26
20 M4P DTBPDMP 105 74 2(91) n.a. 50
(27)  (45) (28)
2Conditions: olefin (80.6 mmol), Pd(OAc); (0.04 mol%), CH3SOsH (Acid/Pd = 10), ligand (L/Pd = 2), 50
bar CO, MeOH (20 mL), 4 h. n.a. = not applicable. Linearity = 1-isomer/sum of all regioisomers. TON
= moles of ester/moles of the catalyst. “anisole internal standard added after catalysis. 100 °C, heat
under argon then pressurise to 50 bar CO after heating. Note: all single runs.
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Initial methoxycarbonylation experiments (runs 1 —6) were carried out with 1-hexene as the substrate.
Comparison of the ester yields from the runs employing DTBPP (run 1) and DTBPDMP (run 2) show a
roughly 2.5-fold increase in methoxycarbonylation activity due to the gem-dialkyl effect. A similar

effect is observed for 1-octene (runs 12 & 13) albeit to a lesser extent of about 1.5-fold.

2.5.1 Catalyst Stability

Parallel experiments were also set-up mimicking runs 12 and 13 (Table 2.6) but with samples drawn
at regular intervals throughout the reaction period. Regular sampling revealed that the initially amber
coloured solution from the run employing DTBPP was decolourised after 20 min while the run
employing DTBPDMP maintained its starting light grey colour until 1 h. This suggests that a more
robust catalyst was formed from DTBPDMP than from DTBPP. Kinetic stabilisation of Pd-diphosphine
chelates via the gem-dialkyl effect has been reported in the literature,’® and in this case, may be the
cause of the observed increase in methoxycarbonylation activity. A similar phenomenon was observed
in chelation competition experiments (sub-section 2.2.3) where the gem-dialkyl effect promoted the

formation of chelated palladium(ll) chloride complexes.

Ester Yield (%) vs Time (h)
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Figure 2.29 Graph of ester yield (%) vs time (h) for parallel runs mimicking runs 12 & 13 (Table 2.6).

Despite decolourisation of the reaction mixtures after 1 h, some methoxycarbonylation activity
persisted, indicating that despite the decolourisation, the active catalyst was not entirely decomposed
after 1 h. The overall ester yields were slightly decreased compared to the batch reactor runs (runs 12

& 13, Table 2.6) likely due losses in CO pressure during sampling.

2.5.2 gem-Dialkyl Effects on Octene Isomerisation

Monitoring the parallel runs mimicking runs 12 & 13 (Table 2.6) also revealed a divergence in the

olefin isomerisation abilities of the catalysts formed from DTBPP and DTBPDMP (Figure 2.30).
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Internal Octenes (%) vs Time (h)
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Figure 2.30 Graph of internal octenes (relative to all octenes, %) vs time (h) for parallel runs mimicking
runs 12 & 13 (Table 2.6).

The run employing DTBPP exhibited facile olefin isomerisation to give a thermodynamic composition
of octenes® quickly while the run employing DTBPDMP showed a gentler curve (Figure 2.30)
indicating a slower rate of olefin isomerisation. It should be noted that as significant catalyst
decomposition is observed, caution should be exercised in drawing conclusions as palladium black has
also been known to catalyst olefin isomerisation.® The initial divergence in olefin isomerisation
however, may possibly be linked to ligand flexibility. Introduction of steric bulk on the ligand backbone
in DTBPDMP creates additional steric interactions that limit flexibility. Ligand flexibility has been noted
to enable the stabilisation of a wider variety of transition states, resulting in the reduction of activation
energies for multiple reaction pathways.”” In this case, the rigidity imposed by the gem-dialkyl effect
may restrict isomerisation ability by disfavouring the transition state leading to olefin isomerisation.
Alternatively, the gem-dialkyl effect may instead be imposing a conformation that favours the
transition state leading to methoxycarbonylation. The “facilitated transition state” phenomenon has
been hypothesised as one of the possible explanations for the rate acceleration observed resulting

from the gem-dialkyl effect.®’

2.5.3 Effect of Anisole

The internal standard, anisole, is typically injected prior to pressurising with CO gas and heating to
reaction temperature. However, runs 4 and 5 (Table 2.6) were carried out without any anisole in the
reaction mixture. Comparison of the results from the runs revealed a promoting effect on
methoxycarbonylation activity with the presence of anisole. An increase of nearly 50% in TON is
observed for DTBPDMP upon addition of anisole (run 2 vs run 4, Table 2.6), while DTBPX shows a

moderate increase of about 10% (run 3 vs. run 5, Table 2.6). Gusevskaya and co-workers observed a
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similar promoting effect by anisole in rhodium catalysed hydroformylation, and proposed that
hydrogen bonding between anisole and hydroxyl groups present on the substrate prevented their
coordination and deactivation of the active catalyst.®® In the presence of an excess of MeOH during
methoxycarbonylation however, the relatively minute amount of anisole added as an internal
standard might not have such an impact. Alternatively, anisole could be facilitating the rate-
determining methanolysis step in the catalytic cycle by weakening the O-H bond in MeOH through

hydrogen bonding, thus promoting methoxycarbonylation activity.

2.5.4 Heating under Argon

Preparation of methoxycarbonylation experiments typically followed the order of sealing the Parr
reactor, charging with the prepared reaction mixture, pressurising to 50 bar with CO gas then heating
to 105 °C (runs 2 and 13, Table 2.6). However, runs 6 and 11 (Table 2.6) had the prepared reaction
mixture sealed in the Parr reactor under argon and heated to 100 °C prior to being pressurised with
CO gas. This change resulted in a significant decrease in TON (ca. 50% for 1-hexene, run 6, Table 2.6
and ca. 33% for 1-octene, run 11, Table 2.6) compared to the standard procedure (runs 2 and 13, Table
2.6). Aside from the 5 °C difference in temperature, pressurising before heating also results in a higher
than 50 bar final pressure due to Charles’s law, and pressurising after heating results in slightly less
total CO added since the initial argon atmosphere expands under heat and before being topped up to
50 bar with CO. Higher CO pressures have been shown to have an inhibiting effect on olefin
isomerisation,® but differences of up to 25 bar CO pressure are reported to have only minor effects
on ester yield (+ 4%) for Pd-catalysed methoxycarbonylation of 1-decene.®® An excess of CO relative
to olefin present in both cases renders the decrease in total CO added trivial and unlikely to have such
an impact. It is more probable that CO pressure increases the thermal stability of the DTBPDMP
modified palladium catalyst, possibly through favouring the formation of a [Pd(DTBPDMP)(CO):]
complex and preventing its decomposition during heating. Ligand loss such as the loss of CO has been

noted as one of the pathways for the decomposition of homogeneous catalysts.®*°?

2.5.5 Effect of Temperature

At 105 °C, reaction mixtures from runs 12 and 13 (Table 2.6) decolourised with deposition of black
solid observed at the end of 4 h. Samples drawn at regular intervals show that decolourisation is
complete after 1 h, suggesting that at 105 °C, it is within the first hour that the difference in catalytic
performance due to the gem-dialkyl effect occurs. Conducting the experiments at lower temperatures
may preserve the active catalyst and allow for sustained catalytic activity to better identify the impact
of the gem-dialkyl effect. Conversely, if the kinetic stability of the chelate complex is indeed improved

by the gem-dialkyl effect,®® higher temperatures may instead highlight the difference in catalyst
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robustness. The ester yields obtained from running the reaction at different temperatures using

DTBPP and DTBPDMP have been plotted below (Figure 2.31).

Ester Yield (%) vs Temperature (°C)
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Figure 2.31 Graph of Ester Yield (%) vs Temperature (°C) for palladium-catalysed
methoxycarbonylation of 1-octene (runs 7 — 10 and 12 — 15, Table 2.6).

At 60 °C, both DTBPP (run 7, Table 2.6) and DTBPDMP (run 8, Table 2.6) retained their original colours
of yellow and grey respectively over 4 h with no deposition of black solid observed. The run using
DTBPP almost doubles in ester yield (from 16% to 31%), likely benefiting from sustained catalytic
activity from preserved active catalyst. On the other hand, the run using DTBPDMP shows a decrease
in ester yield (from 24% to 9%) instead. In the latter case, the loss of thermal energy slowing down
reaction rate or decreasing the population of complexes meeting the activation energy requirements
may instead outweigh the positive effects of catalyst preservation. There is also likely to be a higher
activation energy barrier for DTBPDMP due to its more hindered coordination sphere as indicated by

its greater ligand buried volume (%V_Bur) of 46.5% as compared to the 45.2% of DTBPP.

Ester yields from the runs using DTBPP generally decrease as reaction temperature increases from 60
°C to 150 °C (Figure 2.31), likely due to increasingly rapid catalyst decomposition. The runs using
DTBPDMP show an initial increase in ester yield, reaching a maximum near 105 °C before decreasing
with increasing reaction temperature over the same range (Figure 2.31). The maximum ester yield for
runs using DTBPDMP was obtained at a higher temperature (105 °C) than DTBPP (75 °C), suggesting

that the gem-dialkyl effect results in a more thermally robust active catalyst.

Employing DTBPP at 60 °C results in hardly any olefin isomerisation observed, leaving most of the
starting octene untouched in a composition of 81:9:7:3 for 1-, 2-, 3- and 4-octenes in the product

mixture (run 7, Table 2.6). An ester yield of 31% was still obtained at this temperature despite the lack
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of isomerisation activity, suggesting that the activation energy barrier for methoxycarbonylation is

lower than that for isomerisation in this case.

2.5.6 Pd-Catalysed Methoxycarbonylation of Trans-4-Octene

The internal alkene, trans-4-octene, has been investigated as substrate using catalysts formed from
DTBPP and DTBPDMP (runs 16 — 18, Table 2.6). At 105 °C, the catalyst formed from DTBPDMP was
nearly inactive (2% ester yield), with most of the starting substrate (79%) left untouched at the end of
4 h (run 18, Table 2.6). The loss of isomerisation ability prompted by the gem-dialkyl effect coupled
with the high linear selectivity of bulky di-tert-butyl phosphine ligands prevents any significant
methoxycarbonylation of internal olefins. On the other hand, the superior isomerisation ability of the
catalyst formed from DTBPP enables it to methoxycarbonylate both trans-4-octene and 1-octene with
similar performance (16 — 17% ester yield, runs 12 and 17, Table 2.6). However, when reaction
temperature was reduced to 75 °C, catalysts formed from DTBPP showed negligible catalytic activity
with 97% of the starting trans-4-octene found in the product mixture after 4 h (run 16, Table 2.6),
reinforcing the earlier hypothesis that the activation energy for methoxycarbonylation is lower than

that for isomerisation.

2.5.7 Pd-Catalysed Methoxycarbonylation of Methyl 4-Pentenoate (M4P)

The alkenoate ester, methyl 4-pentenoate (M4P), has also been investigated as substrate using
catalysts formed from DTBPP and DTBPDMP (runs 19 and 20, Table 2.6). The run employing DTBPP
gave similar yields compared to internal or terminal olefin substrates, yielding 19% of the diester
product and a methyl pentenoate composition of 65:33:2 for the 2-, 3- and 4-isomers (run 19, Table
2.6). The 2% MA4P remaining indicates facile isomerisation, suggesting that DTBPP may also be applied
in the methoxycarbonylation of internal methyl pentenoate substrates. DTBPDMP on the other hand
showed little methoxycarbonylation activity, yielding only 2% of the diester product (run 20, Table
2.6). Surprisingly, the gem-dialkyl effect appears to have the opposite effect when
methoxycarbonylating terminal alkenoate esters instead of the promoting effect observed for
unfunctionalised terminal olefins (runs 12 and 13, Table 2.6). The presence of a carbonyl group in
alkenoate esters however, enables the formation of stable 4-,% 5-°2 and 6-membered® chelates as

described in the literature (Figure 2.32).
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Figure 2.32 Proposed palladium chelate intermediates from reaction with methyl pentenoates. P~P =
diphosphine ligand.

If the carbonyl group from the methyl pentenoate substrate does strongly coordinate to the Pd centre
in the Pd-alkyl complex, it may require one arm of the diphosphine ligand to dissociate so that CO may
coordinate and insert for methoxycarbonylation to occur. The increase in stability of the chelate
complex by the gem-dialkyl effect in DTBPDMP in this case may then be counterproductive, as it would
hinder phosphine dissociation and give a decrease in methoxycarbonylation activity while maintaining

isomerisation activity as observed in run 13 (Table 2.6).

2.6 Pd-Catalysed Cyclocarbonylation of 2-Allylphenol

The synthesis of heterocycles via palladium catalysed cyclocarbonylation has been garnering
interest®% as a method for the preparation of pharmacological compounds.®® In particular, 3,4-
dihydrocoumarins exhibit interesting therapeutic properties that include immunomodulatory and
estrogenic activity.”*® 3-Methyl-3,4-dihydrocoumarins (6, Table 2.7) and other lactones of similar
structure may be synthesised via cyclocarbonylation of 2-allylphenol (Table 2.7). DPPP, its gem-
dimethylated analogue DPPDMP, and a selection of diphosphine ligands have been evaluated in the
palladium catalysed cyclocarbonylation of 2-allylphenol and the results are summarised in Table 2.7.

The reaction conditions were adapted from a previous study by Alper and co-workers.*®
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Table 2.7 Palladium catalysed cyclocarbonylation of 2-allylphenol.?

Cyclocarbonylation

5 6 7
0._0 o) °
OH 0
X [Pd], L

P'Bu, P'Bu,
co | [PdLL DTBPP

PhoP_~

OH PPh,
Z PPh,

Isomerisation ©:PPh2

PPh, PPh, PPh, PPh,

DPPP  DPPDMP DPPBz
# Ligand Time/h Conv./% Isom./% 5/% 6/% 7/% TON®
1 DTBPP 5 30 27 2 0 1 <10
2 DPPBz 5 12 5 1 1 5 <10
3 DPPE 5 11 5 1 1 5 <10
4 DPPP 5 66 6 1 8 50 30
5 DPPDMP 5 79 7 2 8 62 40
6 DPPP 24 100 3 3 15 79 50
7¢ DPPDMP 72 100 <1 15 12 72 200

aConditions: 2-allylphenol (3.8 mmol), Pd(OAc), (2 mol%), ligand (L/Pd = 2), 40 bar CO/H; (1:1), Toluene
(15 mL), 90 °C. Yields were determined via 'H NMR spectroscopy using 1,4-dioxane as an internal
standard. ®TON = sum of moles of 5-, 6- and 7-membered cyclocarbonylation products/moles of
catalyst. 2-allylphenol (15.2 mmol), Pd(OAc). (0.5 mol%). Note: all single runs.

The catalyst formed from DTBPP was inactive for Pd-catalysed cyclocarbonylation of 2-allylphenol but
showed some olefin isomerisation (27%) to the thermodynamically favoured internal olefin (run 1,

Table 2.7).

Amongst the bis(diphenylphosphine) ligands, only DPPP and DPPDMP showed significant
cyclocarbonylation activity to favour formation of the 7-membered lactone product (runs 4 and 5,
Table 2.7). Alper and co-workers previously employed CYTOP (Figure 2.33) under similar reaction
conditions to obtain the 6-membereded lactone as the major product.’® However, other palladium-

based cyclocarbonylation systems using DPPB (Figure 2.33) in ionic liquid BMIM PF¢ (Figure 2.33) or
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(S,S)-DIOP (Figure 2.33) with HCl as an acid co-catalyst have also been reported to yield the 7-

membered lactone as the major product from 2-allylphenol.100-101

CH,
_Ph H3C
W o1
H C 3 o
3 7L#\c|-b Ph,P mN ) 5 \pph
070 " pPh, NS P 2
H3C Hyc N

PPh,

CYTOP DPPB BMIM PFg (S,S)-DIOP
Figure 2.33 Cyclocarbonylation ligands and ionic liquid.

At full conversion, the catalyst formed from DPPDMP also yields more 5-membered lactone product
than the catalyst formed from DPPP (15% vs 3% yield), although the 7-membered lactone remains the

major product obtained for both ligands (runs 6 and 7, Figure 2.33).

2.7 Conclusions and Outlook

A series of Cs-bridged diphosphine ligands with gem-dialkyl groups of varying steric bulk at the central
carbon of the ligand backbone has been synthesised. X-ray crystallographic analysis of the solid-state
structures of the [Pd(diphosphine)Cl;] complexes showed simultaneous external R-C-R bond angle
expansion and internal C-C-C bond angle compression as a result of the gem-dialkyl effect. These
changes are accompanied by a distortion in the conformation of the 6-membered chelate formed

between the ligand and the Pd metal centre.

DFT calculations have predicted that the external angle widens with increasing R group size, but the
internal angle goes to a minimum of about 107° before reverting to the ideal tetrahedral angle. Further
inspection reveals that after the initial decrease in internal angle, additional tension generated by
further external angle perturbation appears to be released via distortion of the 6-membered chair
conformation toward a half-chair and eventually a twist-boat conformation. The compounding effects
of external angle expansion, internal angle compression and chelate distortion complicate the
relationship between the gem-dialkyl effect and ligand bite angle. However, ligand buried volume
calculations indicate that increasing R group size results in a more crowded coordination sphere

around the metal centre.

The PPh; ligand series has been evaluated in palladium catalysed hydroformylation of olefins. For 1-
octene as the substrate, a decrease in hydroformylation activity was observed as a result of the gem-
dialkyl effect. The bulkier DPPIPIPP (R = iPr/iPent) and DPPDIPP (R = iPr) ligands showed a change in

chemoselectivity with increased reductive hydroformylation to the alcohol product. DPPP (R = H) and
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DPPDMP (R = Me) have also been evaluated for the hydroformylation of internal alkenes (trans-4-
octene and trans-2-octene) and an alkenoate ester (methyl 4-pentenoate). Runs using the gem-
dimethylated ligand DPPDMP showed poorer isomerising hydroformylation activity for internal

octenes but similar performance to the undecorated DPPP for methyl 4-pentenoate.

DTBPP (R = H) and DTBPDMP (R = Me) have also been evaluated in palladium catalysed
methoxycarbonylation of olefins. For terminal alkenes (1-hexene and 1-octene) at 105 °C, the gem-
dialkyl effect reduced olefin isomerisation and increased methoxycarbonylation activity. However, it
should also be noted that significant catalyst degradation has been observed after 1 h. Decreased
olefin isomerisation activity also makes catalysts formed from DTBPDMP poor candidates for
methoxycarbonylation of internal trans-4-octene, while facile isomerisation exhibited by catalysts
formed from DTBPP results in similar performance for both internal and terminal olefin substrates.
For methyl 4-pentenoate as a substrate, catalysts formed from DTBPP again maintains a similar
activity as that for octene substrates while catalysts formed from DTBPDMP exhibited poor

methoxycarbonylation activity.

The gem-dialkyl effect in diphosphine ligands can be considered a relevant parameter, in addition to
ligand backbone structure and the nature of P-substituents, in affecting catalytic performance. It
would be interesting to further probe the mechanism for palladium catalysed carbonylation using a
combination of experimental and computational methods to ascertain how the gem-dialkyl effect
impacts the catalytic cycle. Expanding the scope to explore the viability of other nucleophiles such as
amines for aminocarbonylation may be another interesting avenue to pursue. Further experiments
outside of the scope of carbonylation, such as palladium catalysed hydrogenation of aldehydes to
alcohols, may also aid in finding out how the gem-dialkyl effect influences chemoselectivity to favour
reductive hydroformylation. A better understanding of the impact of gem-dialkyl effect on
diphosphine ligands may see it mature as an effective tool in modulating catalyst activity and

selectivity in future.
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Chapter 3 — Impact of
Diphobane Ligand Variation
on Olefin Carbonylation



3.1 Introduction to Phobane Chemistry

The bicyclic secondary phosphine known as 9-phosphabicyclononane or phobane, was first reported
by Shell in 1966 for their cobalt catalysed alkene hydroformylation process.? Since then, the catalytic

applications of phobane ligands have been expanding to include allylic substitution,*® nickel catalysed

0 2

ethylene oligomerisation,’® asymmetric hydrogenation,!! heterocyclic C-H arylation,*? ruthenium

13-16

catalysed olefin metathesis, asymmetric hydroboration® and palladium catalysed olefin

carbonylation.t’%

Phobane is a phosphacycle possessing a strained C-P-C bridgehead resulting in a bond angle smaller
than the 107° typical for trigonal pyramidal structures (Figure 3.1).2° For example, the C-P-C bond

angle of phobane in the solid state structure of its platinum(ll) chloride complex is 97°.18

phobane
.P."[I - /.P.
R~ V'R ~ R ﬁ
R
107° <107°

Figure 3.1 Restricted C-P-C bond angle in phobane structure. R = alkyl.

This strained geometry of the C-P-C bridgehead (Figure 3.1) decreases energy of the HOMO, which
corresponds to the phobane lone pair. The constriction of the C-P-C angle also results in a
destabilisation of the P-C o-bonding orbitals due to poorer overlap.?! The electronic effects of
conformational distortions in tertiary phosphines and their impact on coordination chemistry have

been documented by Orpen and co-workers.?>%4

The unique characteristics of phobane have been leveraged for several catalytic carbonylation
processes, for example in the direct production of alcohols from olefins.?®> The Shell reductive
hydroformylation cobalt catalyst modified with eicosyl phobane produces detergent alcohols via in
situ reduction of an intermediate aldehyde (Figure 3.2). The long eicosyl chain serves to increase the
boiling point of the ligand to prevent it being distilled off with the desired alcohol product.??’
Palladium catalysts based on bidentate diphobanes that perform isomerising reductive
hydroformylation of internal olefins to linear alcohols have also been devised by Shell for analogous

reactions (Figure 3.2). However, despite showing improvements in alcohol yield and a reduction in

undesired olefin hydrogenation versus the cobalt catalysts, they were never commercialised.
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Catalyst Olefin Alcohol (linearity) Paraffin
major product by-product
Co(octanoate),
P—CoyoHa1 internal C+o 85% (88%) 11%
@P P@ internal Cg-C1g 99% (72%) <1%
Pd(OAc),
NaCl

Figure 3.2 Reductive hydroformylation of internal olefins by eicosyl phobane?® and diphobane®®
catalysts. OAc = acetate (CH3COy).

Palladium-based hydroformylation catalysts are uncommon?® compared to their rhodium- or cobalt-
based counterparts that have been employed industrially.3® However, despite its high activity and
excellent selectivity,'® there are surprisingly few reports of the Pd-diphobane system.3'32 This may be
due in part to the non-trivial synthesis of secondary phobanes involving the use of pyrophoric PHs gas

under pressure at elevated temperatures®® to produce a mixture of phobane isomers (Figure 3.3).

H
P~ H- _H

[3.3.1]phobane [4.2.1]phobane-5 [4.2.1]phobane-7
symmetric asymmetric asymmetric

Figure 3.3 Synthesis of phobane isomers from PHs; and 1,5-cyclooctadiene. AIBN =
azobisisobutyronitrile.

PHs undergoes radical addition to 1,5-cyclooctadiene in the presence of a suitable initiator such as

AIBN to give three possible phobane isomers, [3.3.1]phobane, [4.2.1]phobane-5 and [4.2.1]phobane-

34-36 37-38

7 (Figure 3.3). Differences in reactivity, spectroscopic properties,®* coordination behaviour®’-3¢ and
catalytic activity’® have been reported between symmetric [3.3.1]phobane and asymmetric
[4.2.1]phobane. Tertiary asymmetric [4.2.1]phobane-5 and [4.2.1]phobane-7 have also been noted to
exhibit differences in donor properties.?’ The two isomers of asymmetric [4.2.1]phobane differ in the
position of the H atom, where the number refers to its orientation either toward the 5- or 7-membered
ring of the bicyclic structure. [4.2.1]phobane-7 however, has been reported to isomerise to the more
thermodynamically stable [4.2.1]phobane-5 isomer at high temperatures (250 °C) or in the presence

of water, resulting in similar catalytic performance observed for both [4.2.1]phobane isomers under
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certain reaction conditions.?° Comprehensive studies on the unique characteristics of phobanes and

on their applications have been conducted by Pringle and co-workers.?

This chapter explores ligand backbone modification in C,-bridged diphobane ligands (Figure 3.4), its

influence on coordination behaviour and its impact on catalytic performance in palladium catalysed

O S SO

BCOPP BCOPF BCOPT

Meo@[p@ MerCEP® @EP% [P@

BCOPA BCOPV a-BCOPP BCOPE

olefin carbonylation.

Figure 3.4 Series of C,-bridged diphobane ligands.

1,2-Substituted-aryl-bridged diphobane ligands (Figure 3.4) have been synthesised and compared
with the benchmark BCOPE. Single crystals of a selection of [Pd(diphobane)Cl,] complexes were grown
and studied via X-ray diffraction to investigate the geometries of their solid state structures. The
catalytic performance of the diphobane ligands have been evaluated in palladium catalysed
hydroformylation, alkoxycarbonylation and hydroxycarbonylation of olefins. In the concluding
remarks, an outlook on the application of diphobane ligands in palladium catalysed olefin

carbonylation will also be discussed.

3.2 Synthesis and Characterisation

3.2.1 Ligand Synthesis

Mixtures of secondary phobane isomers were separated via selective protonation of [3.3.1]phobane
with aqueous HCl as reported by Pringle and co-workers.*® Ethylene-bridged diphobane (BCOPE) and
1,2-phenylene-bridged diphobane (BCOPP) were synthesised following reported procedures.?*° The
syntheses of 1,2-phenylene-bridged asymmetric diphobane (a-BCOPP) and functionalised aryl-
bridged diphobanes were achieved via palladium catalysed coupling of secondary phobane with their
corresponding aryl bromide precursors, a route adapted from literature.*® The compounds were
obtained in moderate yields of 32 — 58% (Table 3.1). Yamaguchi and co-workers have also described
an alternative preparation for sterically hindered diphosphines using bi(phosphine)boronium salts as

key building blocks.*!
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Table 3.1 Synthesis of C,-bridged diphobane ligands.?

R1\/©:Br Pd(PPhg3)s R Phobane % H\be\/\?
+ 2 Phobane j@[
R2 Br 2 Phobane

O

[3.3.1] [4.2.1]
Isolated
Ligand R! R? Phobane Yield / % 31p{H} / &
BCOPF H CFs [3.3.1] 47 -15.7,-16.2
BCOPP H H [3.3.1] 58 -17.3
BCOPA H OMe [3.3.1] 54 -16.7,-18.7
BCOPV OMe OMe [3.3.1] 33 -17.7
BCOPT H Bu [3.3.1] 32 -16.7,-18.3
a-BCOPP H H [4.2.1] 37 3.8

2Conditions: dibromobenzene precursor (1 eq), phobane (2.1 eq), Pd(PPhs)s (0.1 eq), 1,4-
diazabicyclo[2.2.2]octane (5 eq), xylenes, 140 °C, 72 h.

The dry conditions and reaction temperature of 140 °C do not fulfil the conditions reported to facilitate
inversion at the P atom to interconvert asymmetric [4.2.1]phobane isomers.*> The [4.2.1]phobane
isomer obtained thus maintains its integrity to exclusively give a single a-BCOPP diastereomer (3'P{ H}
NMR = 3.8 ppm) that is assumed to be the conformation with minimum steric hindrance. For
reference, BCOPE possesses a 3P chemical shift of -31.2 ppm, far upfield to the aryl-bridged
diphobanes, likely due to its ethylene bridge having no m-electron system for the P lone pair to

delocalise into and the electron-donating effect of its alkyl chain further shielding the P atom.

3.2.2 Ligand Electronic Properties

The symmetric [3.3.1]phobane ligands exhibited chemical shifts between -16 and -18 ppm, a
surprisingly small range despite the variety of electron-withdrawing (CFs) and electron-donating
(OMe, 'Bu) substituents present on their aryl backbones. However, a similarly restricted chemical shift
range has been observed for their analogues bearing phenyl groups on the P atom. 1,2-
Bis(diphenylphosphino)benzene has a reported 3!P chemical shift of -12.7 ppm,*® while its dimethoxy-
substituted analogue, 1,2-bis(diphenylphosphino)-4,5-dimethoxybenzene, has a similar 3!P chemical
shift of -12.9 ppm despite possessing two additional OMe groups on its phenylene backbone.*
However, the difference between phenylene-bridged di-[3.3.1]phobane or di-[4.2.1]phobane is a
significant downfield shift of about 20 ppm, which is indicative of the difference in their electronic

properties.

120



The small differences in chemical shift observed despite the variety of aryl substituents suggest that
3P NMR may not be the best measure of electronic properties for the respective diphobane ligands.
For example, Hammett parameters indicate that a tert-butyl group should be electron-donating in
both the meta and para position,* however, 3!P NMR instead shows a divergence of chemical shifts

for BCOPT, one upfield and one downfield of the unsubstituted analogue, BCOPP.

A classic measure of ligand electronic properties, the Tolman electronic parameter, is determined by
measuring the frequency of the A; CO vibrational mode in [Ni(ligand)(CO)s] complexes.*® An analogous
system measuring the CO-stretching frequencies of [Rh(phosphine)(CO)Cl] complexes in solution?
may also be adopted to avoid the toxicity associated with nickel carbonyl complexes.*® However,
mixing 1 equivalent of diphobane with 0.5 equivalents of [Rh(p-Cl)(CO),], in CH,Cl; did not give a clean
mononuclear [Rh(diphobane)(CO)CI] complex as desired. Instead, 3!P{*H} NMR of the product

indicated the formation of a more symmetrical structure (Figure 3.5). Symmetrical Rh(l) macrocyclic

and cage-like structures formed from phenylene-bridged diphosphines exhibiting similar NMR

[P Rh jl
P Rh

Figure 3.5 Proposed symmetric rhodium complex obtained.

features have been reported.*

3.2.3 Inductive and Mesomeric Effects of Aryl Substituents

The introduction of a single methoxy substituent on the phenylene bridge of BCOPP to give BCOPA
renders the P atoms inequivalent, diverging their electronic environments based on their relative
position to the methoxy group. When the methoxy group is meta to phobane, the electron-
withdrawing inductive effect of the methoxy group deshields the P atom (Figure 3.6). Alternatively,
when the methoxy group is para to phobane, a positive mesomeric effect dominates the electron-
withdrawing inductive effect (that is relatively weaker over the 4-bond distance) to exert an overall
shielding effect. The combination of these two effects results in BCOPA showing chemical shifts that

are split one upfield (-1.4 ppm) and one downfield (+0.7 ppm) of unsubstituted BCOPP (-17.3 ppm).
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Deshielding Shielding

Inductive Effect Mesomeric Effect
(meta) (para) 5
\ _
PR, | PR, & PR,
O
MeO PR, E MeQJ PR, MeO2D) PR,
-~ 6+ !

Figure 3.6 Inductive and mesomeric effects in BCOPA.

The introduction of a second methoxy group to give symmetrically substituted BCOPV results in a
single 3P chemical shift slightly upfield (-0.4 ppm) of BCOPP (-17.3 ppm), suggesting that the positive
mesomeric effect outweighs the electron-withdrawing inductive effect to result in an overall shielding

effect on the P atoms.

The trifluoromethyl group in BCOPF does not possess 1 electrons that can interact with the mt-electron
system on the aromatic phenylene ring and hence is unable to influence the phosphorus atoms via
mesomeric effects. The electron-withdrawing inductive effect of the trifluoromethyl group should
thus deshield each P nucleus proportionate to its relative distance to give two slightly different 3!p

chemical shifts both downfield (+1.6 and +1.1 ppm) of BCOPP (-17.3 ppm).

It should be noted however, that phosphorus NMR shifts can also be significantly influenced by the
circulation of electrons between its ground and excited states induced by the external magnetic field,

resulting in unexpected NMR shifts unaccounted for by inductive and mesomeric effects.

3.2.4 Palladium(ll) Chloride Complexes

Palladium(ll) chloride complexes of ethylene-bridged di-[3.3.1]phobane (BCOPE), phenylene-bridged
di-[3.3.1]phobane (BCOPP) and phenylene-bridged di-[4.2.1]phobane (a-BCOPP) were prepared by
mixing equimolar amounts of diphobane ligand with [Pd(1,5-cyclooctadiene)Cl;] in CH.Cl, (Figure 3.7).
31P{*H} NMR of the complexes revealed that [Pd(a-BCOPP)Cl,] (65.1 ppm) was the furthest downfield
of the three as expected from [4.2.1]phobane. However, [Pd(BCOPP)Cl,] (38.2 ppm) was found
significantly upfield from [Pd(BCOPE)Cl] (51.3 ppm), despite having sp? carbon centres adjacent to its
P atoms that should be more electron-withdrawing than the sp® ethylene carbon centres adjacent to
the P atoms in BCOPE. Crystals suitable for X-ray diffraction were grown via slow vapour diffusion of
cyclohexane into CH,Cl; solutions of the complexes. Their molecular structures, along with selected

bond angles and lengths, are shown in Figure 3.8 and Table 3.2.
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ﬁ/ R P@ Pg Pd(COD)C|2 (/Q\\\ P\ /C| P\ /C|
v 1 ]: Pd_ Pd_
S p@ p% CHyCly, rt NS p/ Cl 4(;{] cl

[Pd(BCOPE)CI,]: 99% yield

: 98% yield
[Pd(BCOPP)CI,]: 99% yield
Figure 3.7 Synthesis of [Pd(diphobane)Cl,] complexes. COD = 1,5-cyclooctadiene.
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Figure 3.8 Molecular structures of [Pd(a-BCOPE)Cl,] (top left), [Pd(BCOPE)Cl,] (top right) and
[Pd(BCOPP)CI;] (bottom). Structures refined by Dr. Andrew White.
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Table 3.2 Selected bond angles (°) and bond lengths (A) of [Pd(diphobane)Cl,] complexes.

[Pd(BCOPE)Cl,] [Pd(BCOPP)CI,] [Pd(a-BCOPP)Cl,]
Pl-pdl-p> 85.45(5) 82.31(3) 82.18(2)
p2-C2-C! 108.7(5) 115.2(2) 115.19(18)
c2-cl-pt 107.4(5) 115.2(2) 115.91(19)
C2-P2-pd? 106.1(2) 99.93(11) 99.95(8)
CL-p’-pd? 106.0(2) 99.59(11) 100.81(8)
(brig'gzléa g 96.4(3) 95.52(15) 92.74(13)
(brii'gp;ga d) 96.6(3) 95.95(15) 92.64(13)
PL-pd? 2.2840(15) 2.2817(8) 2.2752(6)
P2-pd? 2.2752(15) 2.2484(4) 2.2661(6)
cL-p? 1.824(7) 1.855(3) 1.833(2)
C2-p2 1.834(6) 1.823(4) 1.831(3)
- 1.500(9) 1.405(5) 1.402(4)

Comparison of the symmetric diphobane complexes [Pd(BCOPE)CI;] and [Pd(BCOPP)Cl;] show that
both are 4-coordinate in the solid state and adopt square planar arrangements characteristic of d®
complexes. Their square planar geometries, however, are slightly distorted in different ways.
[Pd(BCOPP)Cl,] distorts toward a square pyramidal geometry with CI*-P'-P2-CI? lying within 0.09 A of
the same plane and Pd! displaced 0.20 A away from that plane. [Pd(BCOPE)Cl,] on the other hand,
asymmetrically distorts towards a tetrahedral geometry by twisting its Cl atoms, resulting in CI*

shifting 0.22 A away and CI? shifting 0.19 A away from the Pd!-P-P? plane on opposite sides.

Due to the rigid aromatic phenylene backbone of BCOPP, P!-C!-C2-P? are nearly co-planar while P?-C!-
C? and P2-C2-C! bond angles are strained toward the ideal 120° for sp? carbon centres. This results in
an 8-9° increase for its P1-C!-C2 and P2-C%-C! bond angles compared to those found in the twisted sp®
ethylene bridge in [Pd(BCOPE)Cl,]. Consequently, the P atoms in [Pd(BCOPP)Cl,] are about 0.1 A closer
together than in [Pd(BCOPE)CI,], resulting in [Pd(BCOPP)Cl,] possessing a P!-Pd-P? ligand bite angle
of 82.31(3)° that is about 3° smaller than the 85.48(2)° found in [Pd(BCOPE)Cl,]. The impact of ligand
bite angle effects on catalyst performance in various reactions including hydroformylation,
hydrocyanation and CO/ethylene copolymerisation have been reviewed by van Leeuwen and co-

workers.>0->2
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The 5-membered chelate formed between the C; ligand backbone, the two P atoms and the Pd metal
centre in both complexes pucker, staggering its spatial arrangement to minimise torsional strain. The
phenylene backbone in [Pd(BCOPP)Cl,] adopts a well-defined “envelope” conformation with C
symmetry while the more flexible ethylene backbone in [Pd(BCOPE)CI;] allows it to twist into a C;
symmetric “half-chair” conformation. Both complexes exhibit similar [3.3.1]phobane geometries, with
the quaternary bridgehead P held in a strained position to give a C-P-C angle of about 96° and both
propylene bridges folded away from the P atom in a similar conformation to that observed for the

solid state structure of secondary [3.3.1]phobane in its platinum(ll) chloride complex.1®

The asymmetric diphobane complex [Pd(a-BCOPP)CI;] is 4-coordinate in the solid state and adopts a
distorted square planar geometry similar to that found in [Pd(BCOPP)Cl,]. The square planar geometry
distorts towards a square pyramidal arrangement with CI*-P!-P2-CI? within 0.06 A of the same plane
and Pd! displaced 0.13 A away from that plane. Many of the other geometric features of [Pd(a-
BCOPP)Cl,] mirror those of [Pd(BCOPP)Cl,], such as the reduced P*-Pd*-P? ligand bite angle compared
to [Pd(BCOPE)Cl,] and a 5-member chelate adopting a well-defined “envelope” conformation. The
difference in asymmetric [4.2.1]phobane however, is in its asymmetric bicyclic phobane that appears
to favour the conformation where the 5-membered ring is oriented toward the phenylene bridge the
7-membered ring is oriented toward the Pd atom (Figure 3.8). The C-P-C bridgehead of [Pd(a-
BCOPP)Cl;] also shows an even more strained angle of around 93° compared with the roughly 96°

found in the symmetric [3.3.1]phobanes of [Pd(BCOPE)CI;] and [Pd(BCOPP)Cl,].
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3.3 Phobane Coordination Chemistry

3.3.1 Implications for Catalyst Formation

Earlier work by Marson, Oort and Mul noted that in situ preparation of palladium diphosphine
catalysts may be complicated by the formation of inactive bis-chelates such as
[Pd(diphosphine),](OAc),.>® They found that the formation of bis-chelates are kinetically favoured but
convert to their catalytically active mono-chelate species over time. Addition of a strong acid however,
locks the inactive bis-chelate species and prevents any further conversion (Figure 3.9).>3 They believed
that the reason for this was because the conversion of the kinetically favoured bis-chelate species to

the thermodynamically favoured mono-chelate species was assisted by acetate.
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Figure 3.9 Reactions observed during preparation of some palladium diphosphine catalysts in situ.>

3.3.2 Mono- and Bischelate Formation

The mixing of 1 equivalent of Pd(OAc), with 1.4 equivalents of BCOPE followed by the immediate
addition of excess methanesulfonic acid was monitored by 3!P{*H} NMR. The formation of two singlets
at 70.2 ppm and 54.5 ppm were observed in a 1:2 ratio (Figure 3.10). The singlets were assigned as
the mono- and bis-chelate complexes respectively based on the 3P chemical shifts of similar species
in literature.>* A second experiment where the Pd(OAc),/BCOPE mixture was first stirred overnight
before addition of excess methanesulfonic acid gave an identical composition with no difference in
the ratio of the two complexes, indicating that the timing of methanesulfonic acid addition had no

impact on the ratio of mono- to bis-chelate complex obtained.

¢ Reproduced with permission of the rights holder, John Wiley and Sons.
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Figure 3.10 3P{*H} NMR (162 MHz, DMSO-ds, 25 °C) spectrum of mixture of 1 Pd(OAc),:1.4 BCOPE in
DMSO-dg with excess CH3SO3H. L = CH3S03™ or DMSO-de.

In subsequent experiments, the ratio of Pd(OAc),/BCOPE was varied to investigate its influence on the
formation of the proposed complexes. The reduction of Pd(OAc),/BCOPE ratio from 1/1.4 to 1/1 with
immediate addition of excess methanesulfonic acid resulted in the expected increase of mono-chelate
to roughly 1:1 relative to the bis-chelate species. After standing for 24 h, the ratio changed to 3:1 in
favour of the thermodynamically favoured mono-chelate complex, concurring with earlier reports that
the bis-chelate species is the kinetic product®® and indicating that even in the presence of strong acid,
interconversion between the bis-chelate and mono-chelate species is facile for Pd-BCOPE complexes.
The ratio of mono-chelate to bis-chelate could also be controlled through the addition of more
Pd(OAc), or BCOPE respectively to favour the formation of mono-chelate or bis-chelate, again

supporting that the two species readily interconvert in the presence of methanesulfonic acid.

3.3.3 Catalyst Interaction with Aqueous NaCl

The addition of a sub-stoichiometric amount of NaCl with respect to palladium has been reported to
improve reductive hydroformylation activity by an order of magnitude and increase linear selectivity
from 68% to 79%.%° To investigate this phenomenon, a 1/1.5 mixture of Pd(OAc),/BCOPE was mixed
with excess methanesulfonic acid, then 0.25 equivalents of aqueous NaCl (with respect to Pd(OAc),)

added while being monitored by 3'P{*H} NMR. The addition of aqueous NaCl resulted in the
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disappearance of the singlet at 70.2 ppm corresponding to the mono-chelate species to give two new

broad signals at 66.3 ppm and 59.7 ppm respectively (Figure 3.11).

31P{1H} NMR (DMSO-d6, 162 MHz)
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Figure 3.113'P{*H} NMR (162 MHz, DMSO-ds, 25 °C) spectrum of mixture of 1 Pd(OAc),:1.5 BCOPE:0.25
aqueous NaCl in DMSO-ds with excess CH3SOsH.

The singlet at 54.1 ppm corresponding to the bis-chelate species remained untouched, indicating that
the aqueous NaCl added only interacted with the mono-chelate species. The introduction of Cl to the
solution likely displaced a solvent or CH3SOs" ligand to give an asymmetric [Pd(BCOPE)(L)CI] complex

(Figure 3.12), hence splitting the mono-chelate singlet to two broad signals.

/
/L P

& X0
Figure 3.12 Substitution of chloride (ClI) to give asymmetric [Pd(BCOPE)(L)CI] complex. L = CH3SOs™ or
DMSO-ds.

P Cl
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The asymmetric [Pd(BCOPE)(L)CI] structure differentiates the chemical environments of the P atoms
depending on if they are trans to CI" or to the solvent/CH3SOs" ligand. The significant broadening of 3'P
signals observed (from 0.5 ppm to 2 ppm width), may be due to hydrogen bonding interactions

between H,0 and ClI" or due to unresolved 2J couplings.

Adding an equivalent of Ag(CH3SOs) to [Pd(BCOPE)Cl;] in a less coordinating solvent such as CDCl;
resulted in the formation of a singlet at 71.4 ppm. In the absence of a more coordinating ligand, CI
preferentially bridges a second mono-chloride complex to give a dimeric structure with bridging

chlorides [Pd(BCOPE)CI]5(CH3S0s), (Figure 3.13).

@ 2 Ag(CHsSO5)  2AgCl | @ @ ]
P Cl P ,
[ \Pdi K j [ ;Pd j (CH3S0g3),

Figure 3.13 Formation and molecular structure of the cation in [Pd(BCOPE)CI],(CH3S0s),. Structure
refined by Dr. Martin Schreyer.
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Addition of a second equivalent of Ag(CH3S0s) to [Pd(BCOPE)CI]>(CH3S0Os), broke up the dimer to give
[Pd(BCOPE)(CHsS0s),] and shifted the 3!P singlet downfield to 73.6 ppm.

3.4 Olefin Hydroformylation

The series of Cy-bridged diphobane ligands have been evaluated in palladium catalysed
hydroformylation of 1-hexene and internal hexenes and the results are summarised in Table 3.3. The
catalyst was prepared in situ via the sequential combination of Pd(OAc),, diphobane, CH3SO3H and
aqueous NaCl in diglyme (see section 5.5.3 for details).®

Table 3.3 Palladium catalysed hydroformylation of 1-hexene and internal hexenes.?

Hydroformylation Reduction

\/\/\)?\ "
H T U OH
CO/"'z/' + branched isomers + branched isomers

\/\/\
S ‘ COM,
| | \ PN
somerisation .
+ Z-isomers
\/\/\

@ BCOPF (R' = H, R? = CF,)
P P R = BCOPP (R' = R? = H)
j@: BCOPA (R' = H, R2 = OMe)
P PS@ R2 P<@ BCOPV (R' = OMe, R2 = OMe)
BCOPT (R" = H, R? = 'Bu)
a-BCOPP BCOPE

Internal

Conv Hexenes Heptanal Heptanol Alcohol/

Substrate Ligand /% /% (lin)*/% (lin)°/%  Aldehyde TON®
1-Hexene®  BCOPF 97 42 38 (77) 5 (82) 0.1 850
1-Hexene BCOPP 100 40 42 (75) 16 (78) 0.4 1150
1-Hexene BCOPA 100 32 45 (75) 19 (79) 0.4 1200
1-Hexene BCOPV 100 25 19(69)  41(76) 2.2 1300
1-Hexene BCOPT 100 30 40 (72) 20 (77) 0.5 1200
1-Hexene BCOPE 100 5 4 (81) 89 (78) 22.3 1850
1-Hexene a-BCOPP 100 56 34 (69) 1(71) <0.1 700
Hexene Mix® BCOPP 100 73 17 (42) 10 (49) 0.6 550
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Hexene Mix® BCOPA 100 66 16 (40) 18 (48) 1.1 700
Hexene Mix® BCOPE 100 9 6 (81) 84 (78) 14.0 1800

aConditions: 1-hexene (161.12 mmol), Pd(OAc), (0.05 mol%), Ligand (L/Pd = 1.4), CH3SOsH (Acid/Pd =
40), 1 mL aqueous NaCl (NaCl/Pd = 0.4), 60 bar CO/H; (1:2), diglyme (60 mL), 100 °C, 2 h. Yields were
determined via gas chromatography using anisole as an internal standard. PLinearity = moles of 1-
isomer/moles of all regioisomers. “TON = sum of moles of heptanal and heptanol/moles of catalyst.
41-hexene (53.9 mmol), diglyme (20 mL). ®Hexene mix = 3% 1-hexene, 75% 2-hexene and 22% 3-
hexene. Note: minor amounts (0.1-3%) of C;3 ketones and heptanoic acids were detected in all runs.
All single runs.

Near quantitative conversions were achieved for all runs to give a mixture of internal hexenes and the
linear and branched isomers of heptanal and heptanol. Linear selectivities were similar (ca. 75%)
across the series of diphobane ligands despite the variety of electron-donating (methoxy, tert-butyl)
and electron-withdrawing (trifluoromethyl) groups present, suggesting that regioselectivity is
primarily determined by steric not electronic factors. This is in line with a study by Drent and Budzelaar
that observed a direct correlation between product linearity and ligand steric bulk for palladium

catalysed olefin hydrocarbonylation.>®

3.4.1 Influence of Electronic Effects on Hydroformylation Activity

Hydroformylation activity for 1-hexene appears to correlate with electron density at the P donor atom
in the order BCOPE > BCOPP =~ BCOPA =~ BCOPV = BCOPT > BCOPF = a-BCOPP. The poorest
hydroformylation activities were observed for the runs using BCOPF, which possesses an electron-
withdrawing trifluoromethyl group on its phenylene backbone, and a-BCOPP, which has the less basic
[4.2.1]phobane moiety. Moderate hydroformylation activities were observed for runs using
phenylene-bridged diphobane (BCOPP) and aryl-bridged diphobanes (BCOPA/BCOPV/BCOPT) that
could decrease electron density on the P donor atoms via delocalisation of the P lone pair into the
aromatic ring. The highest hydroformylation activity was obtained in the run using ethylene-bridged
BCOPE, that possesses an alkyl bridge with no 1 electron system to resonate with the P lone pair and

also has an electron-donating inductive effect on the P donor atoms.

3.4.2 Impact of Backbone Modification on Reductive Hydroformylation Activity

Taking the alcohol/aldehyde ratio as an indication of aldehyde reduction ability, the diphobane series
reveals a trend like that for hydroformylation with the more electron-rich phosphines giving a greater
ratio of alcohol products. Ethylene-bridged BCOPE afforded the highest (89%) yield of heptanol from
1-hexene, while runs using BCOPF (5%) and a-BCOPP (1%) gave the lowest heptanol yields (Table 3.3).
However, this time, the run using dimethoxy-substituted BCOPV stood out as an exception from
amongst the aryl-bridged diphobanes, reducing 68% of the aldehydes produced in situ to alcohols,
roughly double that in the runs using BCOPP (28%), BCOPA (30%) or BCOPT (33%). Zhou and co-
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workers have proposed a mechanism for the homogeneous palladium catalysed reduction of

aldehydes to alcohols (Figure 3.14).%°
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Figure 3.14 Proposed mechanism for palladium catalysed reduction of heptanal to heptanol, adapted
from literature.>®

In the mechanism proposed above (Figure 3.14), Pd-hydride attacks the carbonyl group in heptanal to
give a Pd-alkoxy species that is protonated by CHsSOsH to yield the heptanol product. An increase in
electron density at the P donor atoms and hence, at the Pd centre may facilitate this process by
increasing the nucleophilicity of the hydride ligand in the Pd-hydride complex. If the nucleophilic
attack of Pd-hydride on heptanal is rate-determining, reductive hydroformylation activity would then
directly correlate with electron density and more electron-rich ligands such as BCOPV and BCOPE

would yield the most alcohol product.

3.4.3 Hydroformylation of a Mixture of 1-, 2- and 3-Hexenes

A mixture of 1-, 2- and 3-hexenes was also investigated as the substrate using BCOPP, BCOPA and
BCOPE (Table 3.3). Both the runs using BCOPP or BCOPA showed reduced hydroformylation activities
compared to when 1-hexene was the substrate, while the run using BCOPE showed nearly identical
activity as that with 1-hexene as substrate. For the run using BCOPE, isomerisation must be fast
relative to hydroformylation, thus allowing isomerising hydroformylation of internal olefins to occur
in an equally facile fashion as the hydroformylation of terminal olefins. The reduced hydroformylation

activities observed for the runs using aryl-bridged BCOPP and BCOPA however, suggest olefin
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isomerisation as the rate-determining step that limits overall hydroformylation activity to give

reduced yields of heptanal and heptanol.

3.4.4 Solvent Effects

Investigations into the use of various solvents for palladium catalysed hydroformylation of 1-hexene

using BCOPE and BCOPP also revealed dramatic changes in product selectivity (Figure 3.15).
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Figure 3.15 Bar chart of product distributions from palladium catalysed hydroformylation of 1-hexene
in different solvents. Conditions: 1-hexene (16.1 mmol), Pd(OAc), (0.1 mol%), ligand (L/Pd = 1.4),
CH3SOsH (acid/Pd = 40), 0.1 mL aqueous NaCl (NaCl/Pd = 0.4), 60 bar CO/H, (1:2), solvent (6 mL), 100
°C,2 h.

In the run using y-valerolactone (GVL), BCOPE is nearly inactive for hydroformylation while BCOPP
yields 14% heptanol as the major product. However, in the runs for both n-methyl-2-pyrrolidone

(NMP) and 2-ethylhexanol (2-EH) solvents, BCOPE outperforms BCOPP to convert more 1-hexene to
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heptanol (Figure 3.15). Finally, in diglyme, both BCOPE and BCOPP exhibit similar activities to give
about 30% heptanol as the major product. Their similar performance in diglyme opposes earlier
observations in Table 3.3 where BCOPE was about 1.5 times more active than BCOPP in diglyme and
BCOPP favoured heptanal as the major product in about a 3:1 ratio to heptanol. However, unlike the
experiments in Table 3.3, the solvent screening experiments were conducted at 1/10%" the scale and
in reactors mixed with magnetic stirrer bars instead of overhead mechanical stirrers. The mechanical
setup influences the rate of mass transfer that in turn, may alter product distributions. Alternatively,
the smaller absolute amount of catalyst present in the solvent screening experiments may be
decomposing at a similar absolute rate to give a larger ratio of Pd black that may be unable to
carbonylate hexene but can still hydrogenate heptanal to afford a higher ratio of heptanol in its

hydroformylation products.

3.4.5 Hydroformylation of Methyl 4-Pentenoate (M4P)

The performance of the diphobane ligands, BCOPE and BCOPP, has also been evaluated in palladium

catalysed hydroformylation of methyl pentenoate and the results are summarised in Table 3.4.

Table 3.4 Palladium catalysed hydroformylation of methyl pentenoate.?

0 Aldehyde Alcohol

o o
Bk —>H2 )J\/\/\/
MeoJ\/\/ MeO ° MeO OH
H

+ branched isomers

M4pP + branched isomers

Ha CO/H,
P@ P@

Meoj)\/\/ T Meoj)\/\/ Meoj\N QPQ@ [PQ@

Methyl Valerate M3P M2P BCOPP BCOPE
(Mmv)

+ Z-isomers

Acid
(Acid Conv M2P M3P M4P MV Aldehyde Alcohol*
# Olefin Lgand /Pd) /% [% /% [% [% (lin)°/% (lin)®/% TON¢

MSA

1 M4P  BCOPE 100 0 0 0 54 0(na) 32(71) 650
(40)
MSA

2 M4P  BCOPP 100° 4 3 <1 5 3(79) 78(74) 1450
(40)
MSA

3 M4P BCOPE 99 6 2 1 11 8(76) 68(63) 1550

(4)
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MSA

4 M4P  BCOPP 93 1 14 7 <1 70(79) 4(80) 1500
(4)
TFA

5 M4P BCOPE 99 16 28 1 1 47(79) 3(72) 1000
(40)
TFA

6 M4P  BCOPP 61 1 9 39 <1 47(82) 1(76) 950
(40)
TFA

7 M2P BCOPE 52 48 10 1 9 23 (73) 2 (43) 500
(40)
TFA

8 M2P BCOPP 7 93 2 <1 2 <1(nd) O0(na) 0
(40)

2Conditions: methyl pentenoate (40.3 mmol), Pd(OAc), (0.05 mol%), Ligand (L/Pd = 1.4), 60 bar CO/H,
(1:2), diglyme, 100 °C, 4 h. MSA = methanesulfonic acid, CH3SOsH. TFA = trifluoroacetic acid, CFsCO;H.
n.a. = not applicable. n.d. = not determined. Yields were determined via gas chromatography using
anisole as an internal standard. °Linearity = moles of 1-isomer/moles of all regioisomers. ‘Inclusive of
e-caprolactone. 9TON = sum of moles of aldehyde and alcohol/moles of catalyst. édimethyl adipate
(7%) detected. Note: all single runs.

Initial hydroformylation experiments with methyl 4-pentenoate (M4P) were carried out with
methanesulfonic acid (MSA) in 40:1 excess relative to palladium (runs 1 and 2, Table 3.4). Full
conversion was achieved in both runs to give methyl 6-hydroxyhexanoate as the major carbonylation
product. BCOPP was about 2-fold more active than BCOPE for the reductive hydroformylation of M4P.
The run using BCOPE instead exhibited greater olefin hydrogenation to yield 54% methyl valerate
versus the 5% afforded in the run using BCOPP. Competing olefin hydrogenation to these lower-value
methyl esters is an undesired side reaction®” that is often exacerbated for functionalised olefin
substrates like M4P.>8 The significant reduction in olefin hydrogenation (54% to 5%) and concomitant
increase in methyl 6-hydroxyhexanoate yield represents a dramatic improvement, suggesting ligand

backbone modification of diphosphines as a viable avenue to address such issues.

3.4.6 Effect of Acid Concentration on Product Selectivity

Decreasing the equivalents of MSA added from 40 to 4 with respect to palladium (runs 3 and 4, Table
3.4) has a significant impact on both olefin hydrogenation as well as aldehyde reduction. This can be
seen in the 5-fold drop in olefin hydrogenation for both runs (BCOPE, 54% to 11% and BCOPP, 5% to
<1%) and in the decrease in aldehyde reduction for the run using BCOPP resulting in the major product
changing from methyl 6-hydroxyhexanoate (78%) to methyl 6-oxohexanoate (70%). The decrease in
olefin hydrogenation activity for the run using BCOPE is accompanied by a 2-fold increase in methyl
6-hydroxyhexanoate yield (32% to 68%) so that the carbonylation activities of BCOPE and BCOPP

become similar. However, a remarkable difference in chemoselectivity between BCOPE (68% methyl
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6-hydroxyhexanoate yield) and BCOPP (70% methyl 6-oxohexanoate yield) is observed. Similar results
were observed for their performance in palladium catalysed hydroformylation of 1-hexene (Table 3.3)
where BCOPE favoured 1-heptanol and BCOPP favoured 1-heptanal as their respective major

products, although the MSA/Pd ratio was 40 in that case.

3.4.7 Effect of Acid Strength on Product Selectivity

Given the dramatic reduction in olefin hydrogenation observed by lowering acid concentration,
investigations into the effect of acid strength were also conducted. The replacement of MSA (pK, = -
1.9)°° with trifluoroacetic acid, TFA (pKa = 0.23),%° at 40:1 excess relative to palladium (runs 5 and 6,
Table 3.4) also led to a dramatic reduction in hydrogenation of both olefins and aldehydes. Near
guantitative conversion was observed for BCOPE (99%) but a significantly reduced conversion for
BCOPP (61%) was observed due to a reduction in olefin isomerisation. Hydroformylation activity for
both BCOPE and BCOPP were similar and lower than their respective runs using MSA. Using TFA also
afforded 47% methyl oxohexanoate as the major product while olefin hydrogenation was suppressed
to negligible levels. The change in major product from methyl 6-hydroxyhexanoate to methyl 6-
oxohexanoate and the suppression of olefin hydrogenation effected by changing acid co-catalyst
suggests an active role played by the acid in the catalytic cycle. Drent and Budzelaar proposed that

the acid anion may affect the catalytic cycle in 3 different ways:>®

(1) altering electrophilicity of the Pd centre
a. weaker acids have conjugate base anions that generally exhibit stronger coordination
to the Pd centre and decrease the electrophilicity of the Pd centre
(2) blocking coordination sites
a. anions that are strongly coordinated to the Pd centre may not be easily displaced and
hence would hinder catalytic activity
(3) assisting in the heterolytic dissociation of H,

a. by temporarily binding H* to facilitate hydrogenolysis

At TFA/Pd = 40, the catalytic performance of BCOPE and BCOPP also diverge when it comes to olefin
isomerisation, resulting in the difference observed in conversion. BCOPE exhibits facile isomerisation
of M4P to give a 16:28:1 composition of 2-, 3- and 4-pentenoates (run 5, Table 3.4) while BCOPP
showed weaker isomerisation ability to leave most of the starting M4P untouched in a 1:9:39
composition of 2-, 3- and 4-pentenoates (run 6, Table 3.4). This was mirrored in their performance for
the palladium catalysed hydroformylation of 1-hexene and internal hexenes (Table 3.3). The superior

isomerising ability of BCOPE allowed it to hydroformylate both 1-hexene and internal hexene
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substrates equally well while BCOPP showed reduced hydroformylation activity for internal hexene

substrates.

3.4.8 Hydroformylation of Methyl 2-Pentenoate (M2P)

The lower isomerisation ability of BCOPP makes it less efficient in converting internal olefins like M2P
compared to BCOPE (runs 7 and 8, Table 3.4) as terminal hydroformylation is preferred (ca. 80% linear
selectivity) for both BCOPE and BCOPP regardless of the starting isomer. In the isomerising
hydroformylation of M2P, the run using BCOPE gave 23% conversion to methyl 6-oxohexanoate
(approximately half the activity for M4P as substrate), while the run using BCOPP gave negligible
conversion. Drent and co-workers noted that ligand steric bulk inversely correlates with
hydroformylation activity for internal olefin substrates.!® Bulkier ligands result in more congested
coordination spheres that are expected to hinder the formation of sterically demanding branched Pd-
alkyl intermediates obtained from the insertion of internal olefins into the proposed catalytically
active Pd-hydride species. A comparison of ligand buried volumes (%V_Bur, see section 2.2.8) show
that BCOPE (33.2%) is less bulky than BCOPP (35.1%), concurring with the higher hydroformylation
activity exhibited by BCOPE over BCOPP for internal olefin substrates like internal hexenes (Table 3.3)
and M2P (Table 3.4).

Moving from terminal M4P to internal M2P as substrate also gave an increase in olefin hydrogenation
from negligible levels to 9% and 2% for BCOPE and BCOPP respectively. Conjugated alkenoate esters
such as M2P have been noted in the literature to be more prone to hydrogenation than their non-

conjugated analogues.®%?

3.4.9 Composition of Isomers

The distribution of methyl pentenoate isomers found in the product mixture from runs 4 and 5 (Table
3.4) both favour M3P instead of M2P. M2P is expected to more abundant due to the stability afforded
by the conjugation of its double bond with the carbonyl group of the ester functionality. M3P however,

may also be derived via B-hydride elimination from 5-membered palladacycles (Figure 3.16).

Figure 3.16 5-membered palladacycle. P~P = BCOPE or BCOPP. X = CF3CO; or CHsSOs'.

5-membered chelates with carbonyl coordinating to the palladium centre have been described in the

literature as intermediates during polymerisation reactions.®*®* Such chelates have also been
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implicated as the driving force for functionalisation favouring the 3-position in palladium catalysed
hydroxycarbonylation of pentenoic acids.®® The unexpected abundance of M3P in the isomer
distribution is thus attributed to chelate-driven selectivity originating from the formation of such

stable 5-membered palladacycles.

3.4.10 By-Product Formation —Hydroacylation

Run 1 (Table 3.4) using BCOPE and MSA in 40:1 excess relative to palladium has 14% of its mole
balance uncharacterised. In the GC spectrum of the product mixture (Figure 6.32, supplementary
information) from run 1 (Table 3.4), there were several unknown peaks observed eluting later,
especially around the retention time expected for the ketone product. Ketones may be formed via

hydroacylation of the Pd-acyl intermediate according to the mechanism proposed in Figure 3.17.

B-hydride elimination
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Figure 3.17 Mechanism of palladium catalysed hydroformylation of M4P, adapted from literature.>®
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In the catalytic cycle adapted from Drent and Budzelaar,> M4P first coordinates to a cationic Pd-
hydride complex in an associative fashion to give a 5-coordinate intermediate before inserting to give
a Pd-alkyl complex (Figure 3.17). Subsequent coordination and insertion of CO yields the key Pd-acyl
intermediate from which several products may be derived. Hydrogenolysis of the Pd-acyl intermediate
yields methyl oxohexanoate and returns the starting Pd-hydride complex that can then repeat the
cycle. Alternatively, a second M4P molecule can coordinate and insert into the Pd-acyl species to give
a Pd-alkyl complex. The Pd-alkyl species can undergo hydrogenolysis to yield a saturated ketone or
perform B-hydride elimination to give an unsaturated ketone.>®> As M4P can insert in a 1,2-linear or
2,1-branched fashion and may isomerise to M2P/M3P before insertion, multiple structurally isomeric

ketone products may be obtained (Figure 3.18).
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Figure 3.18 Possible ketone products derived from the linear Pd-acyl intermediate. P~P = diphobane.
X = CF3CO; or CHsSOs3.

The linear Pd-acyl intermediate obtained from the carbonylation of the linear Pd-alkyl complex may
give 8 different ketones as shown above in Figure 3.18. If the various possible branched Pd-acyl
intermediates were to also be taken into consideration, 32 different ketone products are possible in
total. The retention times of these structurally similar ketones of similar mass are expected to fall
within a narrow range on the GC spectrum, complicating the identification and quantification of

individual ketone isomers.

3.4.11 By-Product Formation — Alcohol Derivatives

Side reactions involving methyl 6-hydroxyhexanoate obtained from the reductive hydroformylation of

M4P (Figure 3.19) may also contribute to the uncharacterised mole balance from run 1 (Table 3.4).
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Figure 3.19 Side reactions involving the alcohol product from palladium catalysed hydroformylation
of M4P: (a) alcoholysis, (b) transesterification, (c) hemiacetal formation and (d) cyclisation.

If methyl 6-hydroxyhexanoate were to be involved in the alcoholysis of Pd-acyl as shown in Figure
3.19a, a dimeric ester product may be obtained. Alternatively, methyl 6-hydroxyhexanoate can attack
its own (Figure 3.19d) or other ester functionalities present (such as in M4P) in a transesterification
reaction (Figure 3.19b) to produce caprolactone or an oligomeric ester respectively and release MeOH
as a by-product. GC analysis of the product mixture from run 1 (Figure 6.32, supplementary
information) does indeed show the presence of MeOH (17%), likely generated from such side

reactions.

Methyl 6-hydroxyhexanoate may also react with methyl 6-oxohexanoate to form hemiacetal or acetal
by-products and release H,O (Figure 3.19c). Finally, if the H,O or MeOH released were to take part in
the catalytic cycle via hydrolysis or methanolysis of the Pd-acyl intermediate, carboxylic acids or

diesters may also be obtained.
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3.4.12 Hydroformylation of 1-Octene in 2-Ethylhexanol — Competition with

Alkoxycarbonylation

The diphobane ligand series has been evaluated in palladium catalysed hydroformylation of 1-octene

in 2-ethylhexanol and the results are summarised in Table 3.5. 2-Ethylhexanol was selected as the

reaction solvent in order to benchmark previous reports.’® 2-Ethylhexanol is a common industrial

solvent owing to its low volatility,®® and around 2.5 million tonnes are produced annually via aldol

condensation of n-butyraldehyde followed by hydrogenation of the resulting hydroxyaldehyde.®” In

the presence of an alcohol solvent however, competing alkoxycarbonylation to 2-ethylhexyl

nonanoate was observed.

Table 3.5 Palladium catalysed hydroformylation of 1-octene.?

Isomerization

NN
A~~~ + Z-isomers
/ P e e e
NS [Pd]‘CO
[Pd], CO o)
PSS

+ branched isomers

ROH = \/\)VOH Nucleophile (Nuc)

[P@
P

BCOPE

R! P@
Rgij P

BCOPF (R' = H, R? = CF,)
BCOPP (R' = R? = H)

BCOPA (R' = H, R% = OMe)
BCOPV (R' = OMe, R? = OMe)

2-Ethylhexanol [Pd]—H BCOPT (R' = H, R? = Bu)
"
Alkoxycarbonylation Hydroformylation Reduction
(Nuc = ROH) (Nuc = H,) [Pd], H,
A/MOR NMH A~~~ OH
o) o)
+ branched isomers + branched isomers + branched isomers
Isomerisation Hydroformylation Alkoxycarbo
nylation
Nonanal Nonanol | 2-Ethylhexyl
Conv Internal (lin)* / (lin)* / Nonanoate | Alkoxy/
Ligand /% Octenes / % % % (lin)* / % Hydrof. TON®
BCOPF 98 51 9 (68) 4(79) 35(82) 2.7 950
BCOPP 98 46 12 (65) 17 (73) 16 (76) 0.6 900
BCOPA 98 50 14 (66) 17 (76) 13 (77) 0.4 900
BCOPV 98 52 5 (69) 20(72) 17 (78) 0.7 850

141



BCOPT 98 52 8 (63) 14 (72) 18 (80) 0.8 850
BCOPE 99 35 1(73) 61 (74) 2(72) <0.1 1300

aConditions: 1-octene (80.6 mmol), Pd(OAc), (0.05 mol%), ligand (L/Pd = 1.4), CH3SOsH (acid/Pd = 40),
1 mL aqueous NaCl (NaCl/Pd = 0.4), 60 bar CO/H, (1:2), 2-ethylhexanol (20 mL), 100 °C, 2 h. Yields
were determined via gas chromatography using anisole as an internal standard. PLinearity = 1-
isomer/sum of all regioisomers. “TON = sum of moles of nonanal, nonanol and 2-ethylhexyl
nonanoate/moles of catalyst. Note: Minor amounts (0.2 — 3%) of nonyl nonanoate and nonanoic acid
were detected in the product mixtures of all runs. All single runs.

Near quantitative conversions (298%) were achieved for all runs to give a mixture of internal octenes,
nonanal, nonanol and 2-ethylhexyl nonanoate. The hydroformylation activities of the diphobane
ligand series for 1-octene mirrored that for 1-hexene with BCOPV and BCOPE favouring reductive

hydroformylation to nonan-1-ol.

In the presence of 2-ethylhexanol solvent however, the aryl-bridged diphobane ligands also yielded
significant amounts of 2-ethylhexyl nonanoate, as opposed to BCOPE which selectively produced
nonan-1-ol as the major carbonylation product. Alkoxycarbonylation and hydroformylation are closely
related processes, albeit with different nucleophiles (ROH or H,) attacking the Pd-acyl intermediate.>*
% Ppalladium-based systems however, are more well-known for alkoxycarbonylation than for

hydroformylation.®7?

The run employing electron-poor BCOPF gave the highest alkoxycarbonylation activity to yield about
3-fold more alkoxycarbonylation than hydroformylation products (35% vs 13%). van Leeuwen and co-
workers described an alcoholysis mechanism involving the deprotonation of a coordinated alcohol
species to form a Pd-alkoxy intermediate that subsequently undergoes reductive elimination to yield

the ester product (Figure 3.20).
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Figure 3.20 Alcoholysis mechanism adapted from van Leeuwen and co-workers.%
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BCOPF bears an electron-withdrawing trifluoromethyl group that draws electron density away from
the P donor atoms and consequently results in a more electrophilic Pd centre. More electrophilic Pd
centres should be better able to polarise the O-H bond of a coordinated 2-ethylhexanol ligand,
facilitate its deprotonation, and accelerate the alcoholysis of the Pd-acyl species to favour the

formation of 2-ethylhexyl esters.

3.5 Alkoxycarbonylation of 1-Octene

In order to study the alkoxycarbonylation activity of the Pd-diphobane catalysts independently from
hydroformylation, a series of alkoxycarbonylation experiments using pure CO and alcohol solvent was
conducted. The series of diphobane ligands were thus evaluated in palladium catalysed
alkoxycarbonylation of 1-octene and the results are summarised in Table 3.6. The effect of using
primary, secondary and tertiary alcohol solvents and the effect of NaCl and H,O as additives were also

investigated.

Table 3.6 Palladium catalysed alkoxycarbonylation of 1-octene.?

Alkoxycarbonylation

[p@
\/\/\/\j\OR P@

CO, ROH + branched isomers BCOPE

PPN P ‘ CO, ROH P@
\ NN NN QP@

SN BCOPF (R' = R2 = CFj)
NP N BCOPP (R' = R2=H)
BCOPA (R' = H, R = OMe)
+ Z-isomers BCOPV (R = OMe R? = OMe)
BCOPT (R' = H, R? = 'Bu)
Isomerisation
Internal
Conv Octenes Ester
# Ligand ROH Additive® /% (isom.)°/% (linear)!/%  TON®
1 BCOPF 2-Ethylhexanol NaCl (aq) 92 39 (82) 51 (82) 1000
2 BCOPP 2-Ethylhexanol NaCl (aq) 64 39 (52) 22 (80) 450
3 BCOPA  2-Ethylhexanol  NaCl(aq) 31 19 (22) 11 (76) 200
4 BCOPV  2-Ethylhexanol NaCl (aq) 78 48 (69) 30 (78) 600
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5 BCOPT  2-Ethylhexanol  NaCl (aq) 56 36 (46) 20 (81) 400
6 BCOPE 2-Ethylhexanol NaCl (aq) 98 92 (98) 2(71) 50

7 BCOPE MeOH - 100 94 (97) 3(77) 50

8 BCOPF MeOH - 99 37 (98) 56 (73) 1150
9 BCOPA MeOH - 98 79 (98) 12 (76) 250
10 BCOPV MeOH - 98 77 (98) 15 (77) 300
11 BCOPT MeOH - 98 77 (98) 15 (76) 300
12 BCOPP MeOH - 98 76 (98) 16 (74) 300
13 BCOPP MeOH NaCl (aq) 99 62 (98) 35(74) 700
14  BCOPP MeOH NaCl 97 78 (97) 12 (76) 250
15 BCOPP MeOH H.O 99 35 (98) 55 (73) 1100
16 BCOPF ‘BuOH H.O 99 30 (98) 7 (68) 150

2Conditions: 1-octene (80.6 mmol), Pd(OAc), (0.05 mol%), ligand (L/Pd = 1.4), CH3SOsH (acid/Pd = 40),
50 bar CO, ROH solvent (20 mL), 100 °C, 2 h. Yields were determined via gas chromatography using
anisole as an internal standard. °NaCl (aq) (1 mL solution, NaCl/Pd = 0.4), NaCl (NaCl/Pd = 0.4), H,0 (1
mL). Isomerised = moles of internal octenes/moles of all octenes. 9Linearity = 1-isomer/all
regioisomers. °TON = moles of esters/moles of catalyst. Note: minor amounts of oligomeric esters
were detected for runs using MeOH and minor amounts of nonanal, nonanol and nonanoic acid were
detected for runs using H,0 or NaCl (aq). Note: all single runs.

The trend in alkoxycarbonylation activity for the diphobane series was the same for primary (MeOH)
and secondary (2-ethylhexanol) alcohols in the order BCOPF > BCOPP = BCOPT = BCOPV = BCOPA >
BCOPE, the inverse of that observed for their hydroformylation activities (Table 3.3). The run using
BCOPE showed negligible alkoxycarbonylation activity (2% ester yield) even in the absence of H, likely

due to a less electrophilic Pd centre hindering the rate-determining alcoholysis step.

3.5.1 Effect of NaCl and H,O on Alkoxycarbonylation Activity

The effect of aqueous NaCl was investigated over multiple alkoxycarbonylation experiments (runs 12
— 15, Table 3.6). Comparison with a control experiment (run 12, Table 3.6) revealed that adding
aqueous NaCl promoted alkoxycarbonylation activity (16% to 35% ester yield) with no change in
regioselectivity (74%) or olefin isomerisation (98% of remaining octene as internal octenes). Adding
NaCl as a solid (run 14, Table 3.6) however, had a mild inhibiting effect (16% to 12% ester yield)
instead. Chloride may act as a ligand to strongly coordinate with the palladium catalyst, blocking
coordination sites and hindering alkoxycarbonylation activity. Comparison of the runs using H,O (run
15, Table 3.6) and aqueous NaCl (run 13, Table 3.6) as additives show that the presence of NaCl does
indeed appear to have an inhibitory effect on alkoxycarbonylation activity (55% to 35% ester yield), in
contrast to the promoting effect of NaCl observed in the palladium catalysed hydroformylation of 1-

octene.’ The addition of H,O without NaCl on the other hand (run 15, Table 3.6), had a significant
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promoting effect, nearly quadrupling ester yield from 16% to 55%. It is possible that the addition of
H,0 interacts with MeOH (via hydrogen bonding) to facilitate dissociation of H* to accelerate the rate-
determining alcoholysis step (Figure 3.20) as H,0 (pKa = 14.0) is slightly more acidic than MeOH (pKa
= 15.5).72 Alternatively, H,O may be hydrolysing the Pd-acyl intermediate to give an intermediate
carboxylic acid that may undergo further acid-catalysed esterification with MeOH to yield the ester

product at a faster rate than direct olefin alkoxycarbonylation.

3.5.2 Olefin Isomerisation

Despite the similar alkoxycarbonylation activity trend for the diphobane ligand series for primary
(MeOH) and secondary (2-ethylhexanol) alcohols, there is a difference in conversion due mainly to
their varying olefin isomerisation abilities. In MeOH solvent (runs 7 — 15, Table 3.6), the catalysts
exhibit facile isomerisation to give octene isomer distributions near that of the thermodynamic
composition” (1:99 ratio of 1-octene to internal octenes). In 2-ethylhexanol however, only BCOPE
shows good isomerisation ability to give a 1:49 ratio of 1-octene to internal octenes (run 6, Table 3.6)
while the aryl-bridged diphobanes exhibit varying degrees of olefin isomerisation (runs 1 — 5, Table
3.6). Methanol’* and 2-ethylhexanol® differ in several properties such as dielectric constant, polarity,
lipophilicity, nucleophilicity and acidity. These different properties give rise to different CO and H,”>7®
gas solubilities and varying solvent behaviour when interacting with aqueous NaCl. For example, the
long alkyl chain in 2-ethylhexanol increases its lipophilicity to the point where it forms an immiscible
biphasic system with aqueous NaCl even at 100 °C, as opposed to the miscible single layer system
observed for MeOH. Differences in reaction solvent have been noted in the literature to cause changes
in olefin isomerisation mechanism for the same metal-ion catalyst,”” and in this case, may be giving

rise to the differences in olefin isomerisation observed.

3.5.3 Tert-Butoxycarbonylation of 1-Octene

The rate of alcoholysis in alkoxycarbonylation has been reported to decrease with increasing steric
bulk of the alcohol nucleophile.”®” The synthesis of linear tert-butyl esters via olefin
alkoxycarbonylation with ‘BuOH has been particularly challenging and modest yields in the 30% range
are common.8%8! Encouraged by the alkoxycarbonylation activity of BCOPF and the promoting effect
of H,0 as an additive, 'BuOH was investigated as the solvent for the production of linear tert-butyl
esters from 1-octene (run 16, Table 3.6) using H,0O as a promoter (H,O/1-octene = 0.7). Regretfully,
only 7% of the desired tert-butyl ester product was obtained. The major product was instead nonanoic
acid (60% vyield), derived from the hydroxycarbonylation of 1-octene (Figure 3.21). The smaller H,0
nucleophile appears to be favoured over the bulkier tertiary alcohol nucleophile under these

conditions despite the abundance of tert-butanol present as the solvent.
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Figure 3.21 Palladium catalysed tert-butoxycarbonylation of 1-octene (run 16, Table 3.6), yields given
in brackets.

The presence of excess strong acid CHsSOsH (acid/Pd = 40) also facilitated the acid catalysed
dehydration of 'BUOH to give H>O and isobutene. The former increased H,O concentration in situ to
encourage hydroxycarbonylation, while the latter acted as an alternative substrate for palladium
catalysed alkoxycarbonylation and hydroxylation to give isopentanoic acid and tert-butyl 3-

methylbutanoate respectively (Figure 3.22).
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Figure 3.22 Acid catalysed dehydration of tBuOH and subsequent alkoxycarbonylation and
hyroxycarbonylation (run 16, Table 3.6), yields given in brackets are relative to 1-octene.

In order to encourage alkoxycarbonylation activity with tertiary alcohols, hydroxycarbonylation to

carboxylic acid products should be suppressed. Future attempts may explore this by excluding H,O
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and using Lewis acids such as SnCl, or Ti(O'Pr)4 in place of Brgnsted acids®? or removing the acid co-

catalyst altogether’® to address the issue of acid catalysed dehydration of tertiary alcohols.

3.6 Hydroxycarbonylation of Olefins

3.6.1 Hydroxycarbonylation of 1-Hexene

Encouraged by the hydroxycarbonylation activity observed in the alkoxycarbonylation experiments in
Table 3.6, the diphobane ligand series was also evaluated in palladium catalysed

hydroxycarbonylation of 1-hexene and the results are summarised in Table 3.7.

Table 3.7 Palladium catalysed hydroxycarbonylation of 1-hexene.?

Hydroxycarbonylation

/\/\/\([)(OH /\/I /io;io/

CO, H,0 HO™ ~O
[Pd]
NN CO, H,0 [Pd]
[Pd] P
+ Z-isomers
/W

Isomerisation

pg R P@ BCOPP (R'=R2=H)
©: ji:[ BCOPA (R' = H, R? = OMe)
p% R? p@ BCOPV (R = OMe, R2 = OMe)

BCOPT (R' = H, R? = 'Bu)

a-BCOPP
Internal Heptanoic Acids

Ligand Conv./% Hexenes/ % (linear)* / % TON*

BCOPP 100 44 42 (68) 420

BCOPA 100 43 35 (68) 350

BCOPV 100 34 49 (69) 490

BCOPT 100 41 37 (69) 370
a-BCOPP 100 47 35 (68) 350

2Conditions: 1-hexene (20.0 mmol), Pd(OAc); (0.1 mol%), ligand (L/Pd = 1.4), CH3SOsH (acid/Pd = 10),
H,0 (0.5 mL), 40 bar CO, diglyme (7 mL), 100 °C, 21 h. Yields were determined by gas chromatography
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using anisole as an internal standard. PLinear = moles of terminal acid/moles of all acids. TON = moles
of acids/moles of catalyst. Note: Minor amounts (0.3 — 1%) of C3 ketones and heptanal detected in all
runs and a small amount (3 — 4%) of heptanol was detected in all runs except the one using a-BCOPP.
All single runs.

Quantitative conversions were achieved across the series to give a product mixture containing mainly
internal hexenes and heptanoic acids. Linear selectivities were similar (68 — 69%) despite the
difference in basicity between [4.2.1]phobane in a-BCOPP and [3.3.1]phobane in other diphobanes,
suggesting that regioselectivity is not significantly affected by the electrophilicity of the Pd centre.
Hydroxycarbonylation activities were similar across the series with electron-rich dimethoxy-

substituted BCOPV yielding slightly more heptanoic acid.

3.6.2 Hydroxycarbonylation of 4-Pentenoic Acid (4PA)

The route from biomass-derived y-valerolactone (GVL) to adipic acid (ADA), a monomer for the
industrial production of nylon-6,6,%% has been achieved using a combination of heterogeneous and
homogenous catalysis.?* One of the key steps in that process is the hydroxycarbonylation of pentenoic
acids obtained from the reactive distillation of GVL,*® a step that can be catalysed by Pd-diphobane
catalysts. The diphobane ligand series has been evaluated in palladium catalysed
hydroxycarbonylation of 4-pentenoic acid (4PA) to ascertain their applicability in such processes and

the results are summarised in Table 3.8.
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Table 3.8 Palladium catalysed hydroxycarbonylation of 4-pentenoic acid (4PA).2

Hydroxycarbonylation

0 0
Q JO0
OH HO
HO)J\/\/\H/ /U\I/
o} HO” ~o HO 0~ OH
CO, H,0

A, ~ P s
HO CO, H,0 [Pd]

4PA

O O
[Pd] .
HO)W HOJJ\A/ + Z-isomers

3PA 2PA

Isomerisation

Pg p@ @ BCOPP (R = R2 = H)
©: [ R P BCOPA (R' = H, R? = OMe)
P = BCOPV (R' = OMe R2 = OMe)
R? P 1 2 _t
BCOPT (R' = H, R? = 'Bu)
a-BCOPP BCOPE
Isomerisation Hydroxycarbonylation
Conv 4PA 3PA 2PA ADA MGA ESA PMA
Ligand /% /% /% /% /% /1% [% |% TON®
a-BCOPP 97 3 38 17 2 1 39 0 420
BCOPE 98 2 29 67 0 2 0 20
BCOPP 96 4 57 22 1 1 15 <1 170
BCOPA 96 4 59 17 1 1 18 0 200
BCOPV 97 3 46 27 2 1 21 0 240
BCOPT 95 5 63 12 1 1 18 0 200

2Conditions: 4-pentenoic acid (20.0 mmol), Pd(OAc); (0.1 mol%), ligand (L/Pd = 1.4), CH3SOsH (acid/Pd
= 10), H,0 (0.5 mL), 40 bar CO, diglyme (7.5 mL), 100 °C, 21 h. Yields were determined by gas
chromatography using anisole as an internal standard. °TON = sum of moles of ADA, MGA, ESA and
PMA/moles of catalyst. ADA = adipic acid. MGA = 2-methylglutaric acid. ESA = ethylsuccinic acid. PMA
= propylmalonic acid. Note: all single runs.

There are near quantitative conversions (295%) across the series to give a mixture of internal
pentenoic acid and diacid products. The hydroxycarbonylation activity trend for the diphobane ligands
appears to match that for alkoxycarbonylation, in the order a-BCOPP > BCOPP =~ BCOPA = BCOPV =

BCOPT > BCOPE. The major product in all cases is ethylsuccinic acid (ESA), where functionalisation
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occurs at the 3-position. Palladium catalysed hydroxycarbonylation of pentenoic acids favouring
functionalisation at the 3-position has been described in the literature.%> Chelation of the carboxylic
acid functionality to the Pd centre can form stable 5-membered palladacycles that are subsequently

carbonylated and hydrolysed to give ESA.

The major internal pentenoic acid isomer observed in most of the product mixtures (Table 3.8) is 3-
pentenoic acid (3PA), which can be derived from B-hydride elimination of such stable 5-membered
palladacycles. BCOPE is the exception, producing 2-pentenoic acid (2PA) as the major isomer in its
product mixture in the ratio 67:29:2 for 2-, 3- and 4-pentenoic acids (Table 3.8). 2PA is expected to
be the major pentenoic acid isomer due to the stability conferred by conjugation with the carboxylic
acid group. The observed chelate-driven regioselectivity for the aryl-bridged diphobane ligands
compared to BCOPE suggests a stronger chelate effect that favours the formation of 5-membered

palladacycles. This effect could be related to the different flexibility of the ligand backbones.

3.7 Conclusions and Outlook for Pd-Diphobane Catalysed

Olefin Carbonylation

Pd-diphobanes are active hydroformylation catalysts giving excellent yields and selectivities in
isomerising reductive hydroformylation of olefins.’® A series of C-bridged diphobane ligands with
modified backbones have been synthesised to investigate the impact of systematic ligand variation on
co-ordination behaviour and catalytic performance. X-ray crystallographic analysis of the solid-state
structures of a selection of [Pd(diphobane)Cl,] complexes show several differences in geometry,

including:

(1) smaller P-Pd-P ligand bite angles for 1,2-phenylene-bridged diphobanes (BCOPP and a-
BCOPP) versus ethylene-bridged diphobane (BCOPE)

(2) more strained C-P-C bond angle for [4.2.1]phobane than for [3.3.1]phobane

(3) 5-membered chelate formation to give either a clearly defined “envelope” conformation

(BCOPP and a-BCOPP) or a “half-chair” conformation (BCOPE)

For palladium catalysed hydroformylation of 1-hexene, higher hydroformylation and reductive
hydroformylation activities appeared to be favoured by electron-rich ligands. However, the
benchmark BCOPE remains the best candidate to produce heptanol from either terminal or internal
hexenes. For functionalised olefins such as methyl pentenoates, the picture is more complex owing to
the influence of the acid co-catalyst on product selectivity. Lower acid concentrations or weaker acids
decrease hydrogenation of both olefins and aldehydes, resulting in significant changes in

chemoselectivity. In general, however, ethylene-bridged diphobane (BCOPE) is more reducing than
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phenylene-bridged diphobane (BCOPP) with methanesulfonic acid and exhibits superior olefin

isomerisation abilities with weaker acids such as trifluoroacetic acid.

Evaluation of the diphobane ligand series in palladium catalysed hydroformylation of 1-octene in 2-
ethylhexanol resulted in competing alkoxycarbonylation that was favoured by electron-poor ligands.
Alkoxycarbonylation activity was also found to be promoted by H,O or hindered by NaCl. For palladium
catalysed hydroxycarbonylation of 1-hexene, functionalisation at the 3-position was found to be
favoured to give ethylsuccinic acid (ESA) as the major product. The high selectivity for branched
products was attributed to the formation of stable 5-membered palladacycles resulting in chelate-

driven regioselectivity favouring ESA.

A study of the co-ordination chemistry and electronic properties of these diphobane ligands may give
hints toward the design of more active palladium-based hydroformylation catalysts that have thus far
proved elusive. It would be intriguing to see if the linear selectivity of BCOPE can be further enhanced
while retaining its high activity. For example, by increasing steric bulk (Figure 3.23) to disfavour the
formation of sterically demanding branched Pd-alkyl intermediates leading to branched aldehyde

products.

e

R
e
R

Figure 3.23 Proposed bulkier BCOPE analogue. R = alkyl.

C

Py

Further mechanistic studies on palladium catalysed hydroformylation may also lead to improvements
in catalytic performance as current understanding is still lacking when compared with the knowledge

gathered on the analogous rhodium catalysed processes.
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Chapter 4 — Ru-Catalysed
Olefin Carbonylation Utilising
CO; as a CO Surrogate



4.1 Introduction to Ru-catalysed Reverse Water-Gas Shift
(rWGS) Reactions

The reduction of CO, to CO catalysed by Ru carbonyl clusters has been reported as early as 1985.% This
work was further developed by Tominaga and Sasaki in 1994, who employed anionic Ru clusters
generated from Ruz(CO)i, to catalyse conversion of CO; to CO via the reverse Water-Gas Shift (rWGS)

reaction (Equation 4.1).2

Equation 4.1 The reverse Water-Gas Shift (rWGS) reaction.

CO, + H,

CO + H,0 AHOg5¢ = +42.1 kJ mol™

Their homogeneous Ru-based system operated under milder temperatures than their heterogeneous
counterparts, allowing it to be coupled to Ru-catalysed olefin hydroformylation to utilise the CO
generated in situ to produce alcohols from a variety of olefins.3® Due to the presence of H, however,

undesired olefin hydrogenation to alkanes competes as an side reaction.

The Ru-based system pioneered by Tominaga and Sasaki'®*? has since garnered considerable interest,
notably from Beller and co-workers, who first employed the use of bulky monodentate phosphite
ligands to decrease undesired olefin hydrogenation side reactions and improve alcohol yields (Figure

4.1).1

MeO '‘Bu
O R :
O<
O/P'O R2

MeO ‘Bu Ligand
CO,/H,
WS e RO e Mo e e
NMP
No Ligand 33% 6% 22%
R'=R2=H 76% 1.5% 12%
R'=H, R? = Me 76% 1% 15%
R'=R2=Me 63% 2% 13%
R'=H,R%2='Bu 72% 6% 12%

Figure 4.1 Ru-catalysed hydroformylation of 1-octene with CO,.2* NMP = N-Methyl-2-pyrrolidone.
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They also found that variation at the ortho-position of the phenol ring of the phosphite ligand (Figure
4.1) had a significant impact on the reaction outcome. Introduction of a single ortho-methyl on the
phenol ring gave similar performance to the unsubstituted analogue but o,o0-dimethylation led to
diminished activities and formation of uncharacterised side products (Figure 4.1).23 For analogues
bearing a single ortho tert-butyl on the phenol ring, slower hydrogenation of the intermediate nonanal

to the desired nonanol product was observed instead.

Ligands possess considerable potential to influence catalytic performance and tune reaction
outcomes. Some examples of their application to systems utilising CO, to produce oxo products from
olefins include Rh-catalysed hydroformylation,** Rh-catalysed hydroxycarbonylation® and Cu-
catalysed reductive hydroxymethylation.!® For the Ru-based system proceeding via the rWGS reaction
however, reports of employing ligands to tune the reaction are rare,’® possibly owing to the
ambiguous role played by Ru clusters and the potential for ligands to disperse them. However,
Tominaga and co-workers have recently shown that mononuclear Ru complexes are also able to
catalyse the rWGS reaction.® The rWGS reaction shows great promise in combating rising
anthropogenic CO, emissions that have serious environmental consequences.!” For example, when
producing fuels from CO; captured from flue gas or from the atmosphere, the rWGS reaction has been
estimated to possess the highest potential efficiency compared to a selection of light-driven and
electrocatalytic processes.'® The application of the rWGS reaction to convert CO, to gasoline alone has
the potential to reduce atmospheric CO; influx by more than a third, assuming a readily available green

source of H,."’

This chapter explores the effect of several monodentate and bidentate ligands on the Ru-based system
pioneered by Tominaga and Sasaki.'® Two variants on the monodentate phosphite framework have
been synthesised and characterised. The synthesised phosphite ligands, together with several
commercially available ligands have been evaluated in the tandem Ru-catalysed rWGS-
hydroformylation-reduction of olefins to alcohols. The ligand free Ru-based system was then studied
to better understand how catalyst loading, salt additives and choice of solvent affected reaction
outcomes and to provide an indication of how reaction optimisation could proceed. The chapter then

concludes with an outlook on this area of research.

4.2 Monodentate Phosphite Ligand Synthesis

Transesterification of triphenylphosphite, P(OPh)s;, with an equivalent of diol gave the desired

monodentate phosphite ligands in moderate yield (Figure 4.2).
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RUR Et,N %
% +  P(OPh)s I

OH OH Toluene, 110 °C P~
24 h OPh

R = H, 60% (POPh)
R = Me, 46% (Me,POPh)

Figure 4.2 Synthesis of monodentate phosphite ligands.

Initial transesterification attempts were performed under neat conditions without base and yielded
no desired product. The addition of an equivalent of EtsN was essential to deprotonate the relatively
acidic phenol released from alcohol exchange, precipitating it as a salt and driving the equilibrium in
favour of the desired product. An alternative synthetic route to analogous cyclic phosphites has been

reported to proceed via substitution of dichloroalkylphosphine with diol, albeit with poorer yields.®

The boiling points of the cyclic phosphite products are reported to be 88 °C (POPh)?! and 90 — 95 °C
(Me,POPh)? respectively, well below that of the starting triphenylphosphite (365 °C)® or diol (R = H,
217 °C, R = Me, 238 — 240 °C)**?® reactants. The differentiated boiling points between reactants and
products allow for a convenient purification via distillation under reduced pressure. The desired
products were thus obtained as either translucent crystals (POPh) or a clear oil (Me,POPh) at room
temperature and pressure, suggesting that the presence of two additional methyl groups on the 6-
membereded ring may be disrupting packing of the dimethylated analogue to give a lower melting

point despite its relatively higher molecular weight.

4.2.1 Phosphite Stability

Phosphites have been known to degrade through hydrolysis,?® alcoholysis, transesterification and
Arbusov rearrangement mechanisms.?” The Ru-catalysed rWGS-hydroformylation-reduction of olefins
produces H>0 through the rWGS reaction (Equation 4.1) that may cause hydrolysis, while subsequent
Ru-catalysed hydroformylation-reduction of olefins produces alcohol products that may result in
alcoholysis or transesterification. This is especially so in the case of POPh and Me,POPh (Figure 4.3)
as they lack multiple bulky aryl substituents that are typically included to combat such degradation.?”-
28 Aliphatic phosphites are also known to be more susceptible to Arbusov rearrangements than their

aryl analogues.?”’
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Transesterification Alcoholysis

R R HO

e e
R
’)S + WOH O\P/O R
|
I (0]

|
OPh (\b\ OPh

7

Figure 4.3 Decomposition of POPh and Me,POPh by reacting with 1-nonanol. R = H or Me.

To test the stability of POPh and Me,POPh, a 0.33:1:1 mixture of Rus(CO)i,/ligand/1-nonanol was
prepared in NMP and monitored by 3'P{*H} NMR. The mixture showed no change in phosphorus
species between the initial and final mixes after standing at 130 °C for 3 h, indicating its robustness
under those conditions. However, the stability of POPh and Me,POPh against hydrolysis was not
tested and caution should be exercised when drawing conclusions from catalysis runs with these
ligands as a significant amount of water is expected to be generated through the reverse Water-Gas
Shift reaction. The following investigation into Ru-catalysed rWGS-hydroformylation-reduction of 1-
octene was also conducted at the same temperature (130 °C). Union Carbide have also performed
similar investigations into phosphite stability as part of their patents on transition metal-
diorganophosphite complex catalysed hydroformylation reactions, though not specifically on POPh

and Me,POPh.2°30

4.3 Ligands Effects in Ru-Catalysed rWGS-Hydroformylation-

Reduction of 1-Octene

The monodentate phosphite ligands POPh and Me,POPh together with a selection of commercially
available ligands were evaluated in tandem Ru-catalysed rWGS-hydroformylation-reduction of 1-
octene and the results have been summarised in Table 4.1. The catalyst was formed in situ by mixing
Rus(CO)12 with ligand in N-methyl-2-pyrrolidone (NMP) followed by the addition of LiCl (CI/[Ru] = 16.7).
Halide anions have been noted to be essential for Ru-catalysed rWGS reactions.> 1! The order of
catalytic activity has also been observed to decrease down the group in the order CI" > Br > I". The
exact role the halide anions play is still under debate, however one of the hypotheses put forward by
Tominaga and Sasaki theorizes that the halide acts to abstract or facilitate the abstraction of a proton
from a Ru complex, thus enhancing electron density at the Ru centre to enable CO, coordination. The
phosphite-Ru system reported by Beller and co-workers was used as a benchmark despite imperfect
mole balances (56 — 101%) reported as good alcohol yields were obtained using a ligand-promoted

Ru-based system.® However, it should also be noted that ruthenium cluster carbonyls have been
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observed to interact with phosphine ligands such as 1,8-bis(diphenylphosphino)napthlene in C-H and
C-P bond cleavage reactions,® and an analogous reaction between Rus(CO):2 and PPhs in this system

may likewise occur.

Table 4.1 Ru-catalysed tandem rWGS-hydroformylation-reduction of 1-octene.?

Hydroformylation Reduction
r'wGS H
VV\MO 2 \/\/\/\/\OH
COy,/H;, + branched isomers Ru] + branched isomers
NN NN [Ru]
A CO.H, | [Ru]
[Rul AN AN
NS + Z-isomers
A AV

DPPP P(o-tol); DPPF POPh Me,POPh
Internal
L/ Conv Octenes Octane Nonanal Nonanol Mole

Ligand [Ru] /% /% /% (lin)°/% (lin)*/% TON°¢ Balance®/ %
none na. 100 1 40 1 (49) 42 (50) 90 84
P(OPh); 1.1 99 10 46 4 (57) 28 (52) 60 89
Me,POPh 1.1 100 2 54 1(53) 30 (48) 60 87
POPh 1.1 100 5 43 1 (55) 35 (49) 70 84
PPh; 1.1 100 3 35 1 (55) 49 (52) 100 88
P(o-tol); 1.1 100 1 39 1(58) 40 (52) 80 81
DPPF 1.1 100 0 66 <1(nd) <1(n.d.) <1 66
DPPP 1.1 100 1 78 1(48) 11 (54) 20 91
DPPP 0.37 100 2 67 1 (46) 21 (52) 40 91

2Conditions: 1-octene (12.7 mmol), Rus(CO)12 (0.5 mol%), ligand, LiCl (25 mol%), 30 bar CO,/H, (1:1),
NMP (15 mL), 130 °C, 24 h. Yields were determined via gas chromatography using anisole as an internal
standard. Linear = 1-isomer/all regioisomers. TON = sum of moles of nonanal and nonanol/moles of
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catalyst. “Mole balance = moles of all identified products/moles of starting 1-octene. n.a. = not
applicable. n.d. = not determined. Note: all single runs.

Quantitative conversions were achieved for nearly all runs to give product mixtures consisting of
internal octenes, octane, nonanal and nonanol. The similar ratios of branched to linear products
observed across all runs indicated that there was no significant difference in regioselectivity between

different ligands.

4.3.1 Monodentate Ligands

In terms of increasing alcohol yields and suppressing olefin hydrogenation, the monodentate
phosphite ligands performed in the order P(OPh); < Me,POPh < POPh. All three phosphites however,
gave lower alcohol yields than the ligand free system. Triphenylphosphine, PPhs, was the only ligand
tested that reduced olefin hydrogenation and increased alcohol yield to 49% (up from 42% in the
ligand free system). The phosphite analogue of PPh;s, triphenylphosphite, P(OPh)s however, had the
opposite effect of reducing alcohol yield from 42% to 28% and slightly increasing octane yield from
40% to 46%. PPh; and P(OPh); differ in both steric and electronic properties. The bridging oxygens
connecting the phenyl groups to the phosphorus atom in P(OPh)s; result in a less sterically demanding
arrangement around the phosphorus centre than in PPhs, as indicated by its smaller Tolman cone
angle of 121° versus 145° for PPhs.32 The greater steric demand of PPhs over P(OPh)s has also been
noted to lengthen the metal-phosphorus bond in their respective rhodium adducts.3® The CO
stretching frequencies of the Ni(CO)s(ligand) complexes for PPhs (2068.9 cm™) and P(OPh)s (2085.3
cm?)3* indicate that P(OPh)s is a poorer o-donor, better n-acceptor and should thus result in a more

electrophilic metal centre.®

The monodentate phosphite employed by Beller and co-workers (Figure 4.1) bears electron-donating
methoxy and tert-butyl groups on the biphenyl moiety to modulate the electronic properties of the
ligand.®® The combination of these electron-donating substituents and its steric bulk appears to modify
the P(OR); framework toward resembling PPhs, which may explain its superior performance despite
the general trend of monodentate phosphites showing poor catalytic performance in the reaction. In
order to favour these characteristics, an ortho-methyl substituent can be introduced to each of the
phenyl groups in PPh; to give P(o-tol)s, simultaneously increasing both ligand steric bulk (Tolman cone
angle, 194°)*? and electron density on the phosphorus donor atom (Ni(CO)s(ligand) CO stretching
frequency, 2066.6 cm™).34 The results, however, show that P(o-tol)s gave 40% alcohol yield, about the

same as the ligand free system (42%) and worse than PPh;3 (49%).

Our two variants on the P(OR)s3 framework, POPh and Me,POPAh, are likely less sterically hindered than

PPh; due to the replacement of two bulky phenyl groups with alkyl groups and the constraints
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imposed by the 6-membered ring. The Ni(CO)s(ligand) complexes of POPh and Me,POPh have not
been synthesised but generally, replacement of phenoxy with alkoxy groups is expected to decrease
CO stretching frequency, indicating better o-donor/poorer m-acceptor properties and a less
electrophilic metal centre.* The overall result however, is that the modified monodentate phosphites,

POPh and Me;POPh, gave alcohol yields between those obtained from PPh; and P(OPh)s.

4.3.2 Bidentate Ligands

The bidentate phosphine ligands, DPPF and DPPP, were selected for their structural similarity to the
best performing monodentate ligand, PPhs. However, both runs employing DPPF or DPPP gave mostly
octane (66% and 78% respectively, Table 4.1). Beller and co-workers tested a bulky bidentate ligand
(Figure 4.4) in their study of Ru-catalysed rWGS-hydroformylation-reduction of 1-octene.’® In that
case, only olefin hydrogenation to octane and isomerisation to internal octenes was observed. Their
bulky bidentate ligand was based on the Xantphos scaffold known for its rigid aromatic backbone that

enforces wide bite angles (>100°).3®

Figure 4.4 Bulky bidentate ligand based on Xantphos backbone.

It is noteworthy however, that decreasing DPPP/[Ru] ratio from 1.1 to 0.37 nearly doubled alcohol
yield (11% to 21%) with a concomitant reduction in octane yield (78% to 67%, Table 4.1). Beller and
co-workers noted that increasing PPhs/[Ru] ratio from 1 to 3 limited both hydroformylation of 1-
octene and reduction of 1-nonanal but did not significantly affect hydrogenation of 1-octene under
reaction conditions.’® A single equivalent of bidentate DPPP can act as two equivalents of PPh; in
terms of coordination, and may result in a similar inhibiting effect observed for excess PPhs. The
reduction of DPPP/[Ru] from 1.1 to 0.37 may then possibly be either limiting the amount of Ru being
chelated by DPPP and deactivated toward hydroformylation or allowing the limited amount of DPPP
to coordinate in a monodentate fashion to multiple Ru centres in a way that does not deactivate the
catalyst toward hydroformylation, thus leading to the improvement in alcohol yield and reduction in

octane yield observed.
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Overall however, poor mole balances like those obtained by Beller and co-workers were observed.
Poor mole balances such as the 66% for the run employing DPPF, suggest possible side reactions and
uncharacterised products. This prompted an investigation into the simpler ligand-free Ru-catalysed
rWGS-hydroformylation-reduction of 1-octene to establish a better understanding of the system that

may perhaps provide an indication of how reaction optimisation could proceed.

4.4 Ru-Catalysed rWGS-Hydroformylation-Reduction

The Ru-based rWGS-hydroformylation-reduction system was investigated by varying substrate,
solvent, salt additive and catalyst loading (Table 4.2). These variables were selected as previous
investigations by Arai and co-workers have already shown the beneficial effects of increasing LiCl/[Ru]
ratio and higher CO,/H, pressures on alcohol yield.? Studies by Tominaga and Sasaki on reaction
temperature have also shown that alcohol yield reaches a maximum at 130 °C, above which competing

olefin hydrogenation to alkanes begins to accelerate and take over as the major product.®

Table 4.2 Ru-catalysed rWGS-hydroformylation-reduction of olefins.?

rwGS Hydroformylation Reduction
M CO/H, S5 "No H, St oH
- 5 -

@ [Ru] @o [Ru] O/\OH

cl

HO |\//¥—O ANF
/\(\/\ \ \O/\/O\/\O/ NN

\ \—/

2-EH NMP Diglyme PyClI

Mole
Conv Aldehyde Alcohol Alkane Balance®

# Olefin Solvent Salt /% ]/ % ]/ % /% /%
Lit® Cyclohexene NMP Licl 100 2 88 6 96
1¢°  Cyclohexene NMP LiCl 99 3 90 3 99
2 1-Octene NMP LiCl 99 5 60 26 92
3d 1-Octene NMP LiCl 98 2 18 52 85
4¢ 1-Octene Diglyme LiCl 100 0 0 96 96
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5 1-Octene Diglyme PPh,CI 100 0 3 87 90
6 1-Octene Toluene PyCl 100 0 2 95 97
7 1-Octene 2-EH PPh,CI 100 4 13 80 97
8f 1-Octene 1,4-Dioxane LiCl 99 0 10 84 94
NMP/1,4-
98 1-Octene LiCl 99 4 17 52 92
Dioxane (1:1)
NMP/1,4-
10 1-Octene LiCl 99 2 65 31 99

Dioxane (2:3)

aConditions: olefin (12.5 mmol), Ruz(CO)12 (2 mol%), salt (8 mol%), solvent (20 mL), 80 bar CO»/H; (1:1),
140 °C, 30 h. Yields were determined via gas chromatography using anisole as an internal standard.
®Mole Balance = moles of all identified products/moles of starting olefin. “Reaction time 30 h, 2%
cyclohexylethanol detected in product mixture. “Rus(CO)1, (0.2 mol%), LiCl (0.8 mol%). 12% internal
octenes detected. ®Ru3(CO)1, (0.5 mol%), LiCl (25 mol%), 30 bar CO2/H, (1:1). f1,4-Dioxane (14 mL).
819% internal octenes detected. Note: all single runs.

An initial Ru-catalysed rWGS-hydroformylation-reduction experiment (run 1, Table 4.2) duplicating
the work of Tominaga and Sasaki was run for benchmarking purposes.® The results were similar,
indicating that despite the different scale and apparatus used, the conditions described in previous

reports of the Ru-based riWGS-hydroformylation-reduction system have been replicated.

4.4.1 Mole Balance

Previous reports describing the Ru-catalysed rWGS-hydroformylation-reduction of 1-octene
substrates gave poor mole balances (ca. 70%),™® as was the case observed for our experiments on 1-
octene in Table 4.1 (66 — 91%). For run 2 (Table 4.2), initial mole balance for the reaction was 78%.
Ring-opening hydrolysis of NMP that has an activated amide functionality is known.?” It is possible that
the Li* present in the mixture may act as a Lewis acid to activate the amide functionality in NMP,
allowing a similar ring-opening alcoholysis between 1-nonanol and NMP (Figure 4.5) to give by-

products, decrease 1-nonanol yield and lower mole balance.

+

.Li
2 I_,+ O /_‘_/7
- I O
N
N\

ST OH

Figure 4.5 Ring-opening alcoholysis of NMP with 1-nonanol.

A control experiment mixing 1-heptanol, Rus(CO)1; (2 mol%) and LiCl (8 mol%) in NMP at 140 °C

overnight however, showed that there was no significant reaction between the 1-heptanol and NMP
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under those conditions. All major peaks (>0.5% area) on the GC spectra of the product mixture had
been characterised. No residue remained in the reactor after catalysis, indicating that no insoluble
products had been formed. Extension of the GC method to allow for the elution of heavier products
in solution also showed no significant vaporisable products with longer retention times present in the

product mixture.

Finally, independent solubility experiments between NMP and each component revealed that
hydrocarbons such as 1-octene and octane were only sparingly miscible in NMP. The separation of
immiscible hydrocarbons from the rest of the product mixture after catalysis had been difficult to
detect as they formed a thin colourless film on top of clear orange NMP solutions, giving the
appearance of a homogeneous solution. Sampling the bulk solution via needle for GC analysis would
then exclude the immiscible top layer and explain the combination of clean, well characterised GC
spectra yet lacking mole balances obtained. It is possible that similar circumstances resulted in the

imperfect mole balances obtained from Beller’s system.3

Addition of a 1:1 mixture of Acetone/MeCN homogenised the product mixture and increased mole
balance from 78% to 92% (run 2, Table 4.2), with the majority of the missing mole balance coming

from octane.

4.4.2 Effect of Catalyst Loading

Lowering catalyst loading from 2 mol% to 0.2 mol% reduced alcohol yield from 60% to 18% and
increased the amount of octane produced from 26% to 52% (comparing runs 2 and 3, Table 4.2).
Slower reaction rates at lower catalyst loadings is expected, however this is typically not accompanied
by a change in product distribution. In the case of Ru-catalysed rWGS-hydroformylation-reduction
however, the Ru catalyst performs a dual role in catalysing the production of both reactants (the rwWGS
reaction to CO) and products (hydroformylation and reduction). The concentration of CO is catalyst-
dependent and a reduction in catalyst loading will result in lower concentrations of CO that likely gives
slower rates of olefin hydroformylation. On the other hand, since H, is provided in abundance as part
of the 80 bar CO,/H, (1:1) mixture charged to the reactor, olefin hydrogenation may proceed

unhindered.

4.4.3 Effect of Salt Additives

The effect of numerous salt additives have been described in the literature.® 1 Tominaga and Sasaki
have demonstrated that halide anions were essential for the reaction and that activity decreased
down in the group in the order ClI"> Br > I".% Salt additives without halide anions such as Li,COs may

also be employed, however, the halide must then be incorporated elsewhere such as within the
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Ru,(CO)eCl, precatalyst.t! Jaaskeldinen and Haukka found that metal cation size in the metal halide
additive was inversely correlated with alcohol yield but the metal cations themselves were not
essential for activity as HCl was also found to be a suitable additive.'! Given the poor solubility of LiCl
in non-polar aprotic solvents such as toluene or highly lipophilic solvents like 2-ethylhexanol, other
chloride salts such as the pyrazole derivative, PyCl (Table 4.2), and PPh,Cl have been employed to

allow other solvents to be tested in the Ru-catalysed rWGS-hydroformylation-reduction of 1-octene.

4.4.4 Solvent Effects

Tominaga and Sasaki have reported 70 — 91% cyclohexylmethanol as the major product from Ru-
catalysed rWGS-hydroformylation-reduction of cyclohexene in a variety of solvents including toluene,
benzene, tetrahydrofuran (THF) and dimethoxyethane (DME). However, when the same reaction
conditions were applied with 1-octene as the substrate, hydrogenation to octane was observed as the

major product for all examples excluding NMP (runs 4 — 8, Table 4.2).

Diglyme is a high boiling industrial solvent favoured for its chemical and thermal stability.®® As a polar
aprotic solvent similar to NMP, diglyme was anticipated to be a suitable solvent for the Ru-catalysed
rWGS-hydroformylation-reduction of olefins to alcohols. However, both attempts using diglyme (runs
4 and 5, Table 4.2) demonstrated that olefin hydrogenation dominated to give 87 — 96% octane. The
first attempt (run 4, Table 4.2) gave no alcohol product at all while the second attempt (run 5, Table
4.2) gave only 3% nonanol despite increasing catalyst loading from 0.5 to 2 mol%. As discussed above
(sub-section 4.4.2), higher catalyst loadings likely produce more CO and increase the rate of

hydroformylation, resulting in higher alcohol yields.

As the rate of hydroformylation can be limited by the availability of CO, the solubility of CO in each
solvent is another relevant parameter. CO is noted to be nearly twice as soluble in toluene thanin 1,4-
dioxane and should promote hydroformylation activity.3® Running the reaction in toluene however,
resulted in predominantly olefin hydrogenation to octane (95%) occurring (run 6, Table 4.2) despite
10% nonanol being produced when run in 1,4-dioxane (run 8, Table 4.2). This suggests that at the low
concentrations of CO produced in situ via rWGS, CO solubility in solvent is not the limiting factor

hindering hydroformylation activity.

4.4.5 CO; Expanded Solvents

Unexpectedly, during the testing of various solvents, varying initial pressures were observed at 140 °C
despite identical starting solvent volumes and CO,/H, pressures at room temperature for runs 2 — 7
(Table 4.2). Areview of the literature revealed that at high CO, pressures, organic solvents can dissolve

a significant amount of CO,, expand in volume and undergo changes in their physical properties (Table
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4.3).% In lieu of the lack of data on 2-ethylhexanol, data on petan-1-ol and undecan-2-ol have been

provided instead.

Table 4.3 Properties of solvents under high pressures (40 — 45 bar) of CO,.

CO; Pressure Temperature CO;Mole Volume
Solvent / bar /K Fraction Expansion /%

Pentan-1-ol* 43 308 0.31 n.d.
NMPpAaz43 40 308 0.33 49
Undecan-2-ol* 43 313 0.36 n.d.
Toluene® 43 308 0.46 n.d.
Diglyme*®47 45 313 0.59 n.d.
1,4-Dioxane® 44 313 0.61 159

n.d. = not determined.

By varying CO, pressure and hence the composition of the liquid media, solvent properties can be
tuned on a continuum between neat organic solvent and supercritical CO,.*° Despite the lack of
volume expansion data, the trend of expansion is expected to mirror that for its CO; solubility as
volume expansion is dependent on mole fraction of CO; in the liquid phase. Solvent polarity also
changes as CO; is incorporated as part of the liquid phase, affecting the solubility of the solid, liquid

and gas components present in the system.

4.4.6 Solubility in CO2 Expanded Solvents

The different phase behaviour of CO, expanded solvents has been leveraged to precipitate solids from
its solution. Examples of foodstuffs,* explosives®® and pharmaceuticals® have been prepared from
their solutions via incorporation of CO; as an anti-solvent. In homogeneous catalysis, organic solvents
are typically chosen for their dielectric properties to dissolve substrates and catalysts to promote
reaction rate. In the case of CO, expanded solvents however, the incorporation of non-polar CO; to
polar solvent mixtures containing dissolved catalysts may instead cause catalyst precipitation and
reduce catalytic activity. Precipitation of the Ru catalyst may have gone unnoticed as observations of
the reaction mixture pre- and post-catalysis were done at room temperature and pressure instead of

the CO, expanded solvent state under high CO, pressure when catalyst precipitation may occur.

The use of CO, expanded toluene in homogeneous Rh-catalysed hydroformylation of 1-hexene has
been reported to give more rapid reaction rates than in supercritical CO; but slower than in neat
toluene.>® The slower rate of reaction in CO, expanded toluene compared to neat toluene was

attributed to phase transfer of a portion of the hexene substrate out of the liquid phase and into the
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CO; phase, thus lowering the concentration of hexene available to the catalyst. Toluene, CO; and
hexene are all non-polar compounds, resulting in the partitioning of hexene substrate between the
liquid and CO; phases. For polar solvents such as NMP however, hydrocarbons like octene are only
sparingly soluble. Despite a similar partitioning of the octene substrate between the CO; and liquid
phases expected, the incorporation of non-polar CO; in the liquid phase may increase solubility of the
octene substrate in the liquid phase to a greater extent, raise available octene concentration in

solution and improve reaction rates instead.

A study on the use of CO; expanded acetone in Rh-catalysed hydroformylation of 1-octene showed
that incorporation of CO, enhanced reaction rate and linear selectivity.> The incorporation of CO; into
acetone was hypothesized to increase syngas availability in solution through enhanced solubility and
mass transfer rates, resulting in a faster rate of reaction. The increased syngas availability was also
hypothesised to promote hydroformylation over isomerisation, resulting in higher yields of the linear
product. The incorporation of CO, was observed to encourage hydroformylation up to a point, after
which additional CO; begins to lower reaction rates instead as substrate dilution becomes more
prominent. In our case of Ru-catalysed rWGS-hydroformylation-reduction of 1-octene however, CO,
also acts a reactant in the rWGS reaction to produce CO in the initial step of the catalytic process. The
high concentration of CO; in the CO; expanded solvent may promote rate of formation of CO via the

rWGS reaction, increase CO concentration and encourage hydroformylation.

The high pressure phase equilibria for several (CO,, CO or H,) + organic solvent binary systems along
with other more complex multicomponent systems have been reviewed by Dohrn and Brunner.>*
Despite the emerging interest in the application of CO, expanded solvents for catalytic reactions
involving gaseous reagents (such as in hydrogenation or carbonylation), publications on CO; + organic
solvent + (CO or H, or both) ternary and quaternary systems are rare.*® Furthermore, in the case of
Ru-catalysed rWGS-hydroformylation-reduction of 1-octene, there is the added complexity of the
rWGS reaction producing both H,O and CO, octene hydroformylation producing nonanal, octene
hydrogenation producing octane and nonanal reduction producing nonanol, resulting in an even more

complicated multicomponent system.

4.4.7 Solvent Mixtures

The use of neat NMP as solvent gave the highest nonanol yield (60%, run 2, Table 4.2) but also resulted
in phase separation of octenes and octane in the product mixture due to the poor miscibility of
hydrocarbons in NMP. On the other hand, using neat 1,4-dioxane gave octane as the major product
(84%) but fully dissolved all components present in a single homogeneous phase (run 8, Table 4.2).

1,4-Dioxane also incorporates a greater mole fraction of CO, compared to NMP at similar pressures,
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which may be beneficial for the formation of CO via the rWGS reaction. In an attempt to leverage on
the high activity in NMP and the good CO; incorporation properties of 1,4-dioxane, mixtures of NMP
and 1,4-dioxane in different ratios were tested in the Ru-catalysed rWGS-hydroformylation-reduction

of 1-octene (runs 9 and 10, Table 4.2).

Employing a 1:1 mixture of NMP/1,4-dioxane (run 9, Table 4.2) gave a homogeneous product mixture
showing reduced nonanol yield and increased octane and internal octenes compared to running the
reaction in neat NMP (run 2, Table 4.2). The incorporation of 1,4-dioxane decreases hydroformylation
activity, despite the expected increase in CO; incorporation that should favour the rWGS reaction,
higher CO concentrations and hydroformylation rates. The use of a 2:3 mixture of NMP/1,4-dioxane
(run 10, Table 4.2) showed similar results to the run in neat NMP (run 2, Table 4.2) while remaining
as a single homogeneous phase, suggesting that exclusion of octane by poor hydrocarbon solubility in
NMP does not drive the reaction. Intuitively, the solvent system closer to neat NMP (1:1 mix) should
resemble it closer than the one that has been altered more (2:3 mix). However, these unexpected
results suggest a complicated balance between the one pot tandem rWGS-hydroformylation-
reduction reaction, CO, solvent expansion affecting solvent properties, gas solubility, substrate

concentration and catalyst stability that is yet to be fully understood.

4.5 Conclusions and Outlook

Two monodentate phosphite ligand variants have been synthesised and characterised. The
synthesised ligands together with a selection of commercially available monodentate and bidentate
ligands have been evaluated in the Ru-catalysed rWGS-hydroformylation-reduction of 1-octene to
nonanol. In terms of encouraging nonanol production and suppressing octene hydrogenation, the
ligands performed in the order DPPF < DPPP < P(OPh); < Me,POPh < POPh < no ligand = P(o-tol)s <
PPhs. In general, monodentate ligands exhibited superior performance to the bidentate ligands

tested. Reducing the ligand/[Ru] ratio of bidentate ligands was also found to improve performance.

Investigations into the ligand free Ru-catalysed rWGS-hydroformylation-reduction of olefins revealed
that hydrocarbons such as octene and octane were only sparingly soluble in NMP. Lowering catalyst
loadings resulted in more octene hydrogenation and decreased nonanol yields. Lower concentrations
of Ru catalyst likely resulted in a slower rate of CO production via the rWGS reaction, and the lower
CO concentrations in turn reduced hydroformylation rates. Choice of reaction solvent was found to
have a significant impact on catalytic activity and chemoselectivity. Solvent properties can also be
influenced by the incorporation of CO, at high pressure. CO, expanded solvents have altered

properties that may affect solubility of reactants or cause catalyst precipitation.
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CO; capture and utilisation remains an important area of research to address environmental concerns
over rising anthropogenic CO, emissions. Catalytic conversion of CO; to valuable chemicals is an
important part in that area, and the use of ligands to tune the stereo-electronic properties of catalysts
holds much potential for reaction optimisation. For example, increasing desired alcohol yields and
suppressing undesired olefin hydrogenation in Ru-catalysed rWGS-hydroformylation-reduction of
olefins using PPhs. Given the complexity of the Ru-based system however, further research first into
the significant impact reaction solvents have on the ligand-free system to optimise activity would be
beneficial. Alternatively, experiments using CO/H, instead of CO,/H, to test the tandem

hydroformylation-reduction activity of the system may be fruitful.
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Chapter 5 — Experimental
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5.1 General Considerations

Unless stated otherwise, all manipulations were performed under N; using standard Schlenk line
techniques on a dual manifold vacuum/inert gas line or in an MBraun Labmaster DP glovebox.
Glassware was dried at 150 °C overnight prior to use. Solvents and solutions were transferred using a
positive pressure of nitrogen through stainless steel cannulas, or via plastic syringes for volumes less
than or equal to 20 mL. Filtrations were performed using modified stainless-steel cannulas fitted with

glass microfibre filters.

5.2 Instrumentation and Analyses

NMR spectroscopy: NMR spectra (*H at 400 MHz, 3C at 101 MHz, 3'P at 162 MHz and *°F at 376 MHz)
was recorded using Bruker AV400 spectrometers at 25 °C unless otherwise specified. 'H and 3C
chemical shifts, & in parts per million (ppm), are given relative to Me,Si and are referenced to the
residual solvent peak. *C chemical shifts were proton decoupled. 3'P{*H} chemical shifts were
referenced externally in CDCl; to 85% aqueous H3POs. °F chemical shifts were referenced externally
from CFCls. Air or moisture sensitive samples were prepared inside the glovebox using oven-dried
NMR tubes fitted with J. Young valves. NMR spectra are reported as follows: chemical shift (6 ppm),
integration, multiplicity, coupling constant (Hz) and assignment. Multiplicities are given as follows (or
combinations thereof): s — singlet, d — doublet, t — triplet, g — quartet, m — multiplet, br — broad.
Detailed NMR assignments were elucidated via cross-referencing 2D NMR experiments (*H,'H COSY
and 'H,3C HSQC) with 1D NMR experiments (*H, 3C{*H}, 3'P{*H} and DEPT-135). Acquired data was

processed and analysed by MestReNova version 11.0.0-17609.

Gas Chromatography: Agilent 6890N Gas Chromatograph instrument fitted with a Agilent 7683
Automatic Liquid Sampler and FID on a HP-5 (5%-Phenyl)-methylpolysiloxane column, length 30 m,
internal diameter 0.32 mm, film 0.25 um, using Helium as a carrier gas starting with a flow rate of 2
mL min for 1 min after injection then ramped at 1 mL min2 to 5 mL min* and held for 5 min before
ramping at 10 mL min to 25 mL min for the remainder of the run. The oven was kept isothermal at
40 °C for 5 min after injection then heated at 20 K min to 240 °C and kept isothermal for a further 5

min. GC yields were determined with anisole as an internal standard.

Mass Spectrometry: High resolution mass spectrometry samples (HRMS; El & ESI) were recorded by
Dr. L. Haigh using either a Micromass Autospec Premier or a Micromass LCT Premier spectrometer or

by Ms. Angeline Seo using Agilent 6545B Q-TOF LC/MS.

Tandem Gas Chromatography/Mass Spectrometry (GCMS): Agilent 7890B Gas Chromatograph
instrument coupled with 5977B MSD.
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Elemental Analysis: C, H and N elemental analysis was conducted by Mr S. Boyer of the London

Metropolitan University or by Ms. Angeline Seo using Thermo Scientific Flash 2000.

X-Ray Analysis: X-Ray diffraction analyses were carried out by Dr Andrew White at Imperial College
London using Agilent Xcalibur 3 E diffractometer or by Dr Srinivasulu Aitipamula using Rigaku Oxford

Diffraction SuperNova diffractometer.

High Pressure Reactors: Carbonylation experiments were carried out in stainless steel pressure Parr
reactors (452HC9) equipped with overhead stirrers, pressure sensors, sampling dip tubes and
electrical heating jackets as part of the Parr®5500 series compact reactor system or in SPR16 AMTECH
automated slurry phase reactor system on 16 parallel batch reactors (stainless steel 316L) stirred with
cross-shaped polytetrafluoroethylene (PTFE) coated magnetic stirrer bars, heated with electrical
heating jackets and pressure automatically controlled via pressure sensor and a selection valve

system.

Thin Layer Chromatography (TLC): Performed on Merck TLC plates, Silica gel 60. Visualisation was
accomplished using KMnO, stain or ceric ammonium molybdate (CAM) stain followed by heating with

a heat gun set to 300 °C until colour developed.

Column Chromatography: Supelco Silica gel, high-purity grade, 40, 35 — 70 mesh purchased from
Sigma-Aldrich.

5.3 Solvents and Reagents

Solvents: Toluene, pentane, hexane, methanol, dichloromethane were dried using Innovative
Technology Pure Solv SPS-400, while tetrahydrofuran (THF) and diethyl ether were distilled over
Na/fluorenone. Diglyme, 1,4-dioxane, 2-ethylhexanol, n-methyl-2-pyrrolidone (NMP) were purchased
from Sigma-Aldrich and degassed by sparging with N,. All solvents were stored in gas-tight graduated
ampules over 3 A molecular sieves apart from diethyl ether which was stored over a potassium mirror.
CDCl; and CDCl; purchased from Cambridge Isotope Laboratories was freeze-pump-thaw degassed,
dried, and stored over 3 A molecular sieves in the glovebox. DMSO-ds was purchased from Cambridge

Isotope Laboratories and used as received.

Gases: Ar, Ny, CO, CO,, H, and premixed CO/H; or CO,/H, gases were purchased from the BOC group

or from Air Liquide and used as received.

Chapter 2: Neopentyl glycol, 2-isopropyl-5-methyl-2-hexenal, potassium iodide, 4-
methylbenzenesulfonyl chloride, triphenyl phosphine, 1,3-bis(diphenylphosphino)propane, isopropyl

bromide, 1,3-dibromopropane, diethyl malonate, sodium hydride, lithium aluminium hydride,
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triethylamine, pyridine, sodium periodate, ruthenium(lll) chloride hydrate, 1-octene, trans-2-octene,
trans-4-octene, trifluoroacetic acid, methanesulfonic acid, palladium(ll) chloride, bromine and thionyl
chloride were purchased from Sigma-Aldrich and used as received. 1,3-dichloropropane was
purchased from Tokyo Chemical Industry and used as received. Palladium(ll) acetate was purchased
from Strem and used as received. Pd(1,5-cyclooctadiene)Cl, was synthesized via literature

procedures.!

Chapter 3: Mixtures of secondary [3.3.1]phobane and [4.2.1]phobane as a 60 wt% solution in toluene
were obtained from Rhodia (now Solvay). 1,2-dibromobenzene, 1,2-dibromoethane,
tetrakis(triphenylphosphine)palladium(0), 1,4-diazabicyclo[2.2.2]octane, methanesulfonic acid, 1-
hexene, sodium chloride, diglyme, anisole, 1-octene, 2-ethylhexanol, tert-butyl alcohol and 4-
pentenoic acid were purchased from Sigma-Aldrich and used as received. 1,2-dibromo-4-(1,1-
dimethylethyl)benzene, 1,2-dibromoveratrole, 1,2-dibromoanisole, 1,2-dibromo-4-
(trifluoromethyl)benzene were purchased from Fluorochem and used as received. Methyl 4-

pentenoate was synthesised from 4-pentenoic acid via acid-catalysed esterification in methanol.

Chapter 4: Propan-1,3-diol, triphenylphosphite, triethylamine, neopentyl glycol, Rus(CO)y,, lithium
chloride, n-methyl-2-pyrrolidone (NMP), 1-octene and anisole were purchased from Sigma-Aldrich

and used as received.

5.4 Experimental Procedures for Chapter 2

5.4.1 Precursor Synthesis

OTs OTs

2,2-Dimethylpropane-1,3-diyl bis(4-methylbenzenesulfonate) 2,2-Dimethylpropane-1,3-diol (3.12 g,
30 mmol, 1 eq) was taken up in CHxCl; (30 mL) then pyridine (9.7 mL, 120 mmol, 4 eq) was added and
the reaction mixture cooled to 0 °C. To the stirred cold mixture was added 4-methylbenzenesulfonyl
chloride (14.3 g, 75 mmol, 2.5 eq) in 2 portions. The resulting solution was stirred at 0 °C for 3 h then
warmed to room temperature and left to stir overnight under air. The bulk of the solvent was removed
under vacuum then CHCl; (30 mL) and H,0 (40 mL) were added. The layers were separated, and the
aqueous layer extracted with CH,Cl; (30 mL). The combined organic phases were washed with 2 M
HCI, saturated aqueous NaHCOs, H,0 then saturated aqueous NaCl. A white emulsion formed. More
H,0 (20 mL) was added and gentle swirling employed to separate the emulsion. The resulting organic
layer was dried over anhydrous Na;SO. then concentrated under reduced pressure to give 2,2-

dimethylpropane-1,3-diyl bis(4-methylbenzenesulfonate) as a white solid (12.3 g, 99%). 'H NMR (400
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MHz, CDCls): § 7.72 (4H, d, 3Juu = 8.0 Hz, ArH), 7.36 (4H, d, 3Juy = 8.0 Hz, ArH), 3.71 (4H, s, CH,), 2.45
(6H, s, ArCHs) and 0.88 ppm (6H, s, CCHs). **C{*H} NMR (101 MHz, CDCls): § 145.0 (Ar), 132.5 (Ar), 130.0
(Ar), 127.9 (Ar), 73.7 (CHy), 35.4 (tert. C), 21.7 (CHs) and 21.0 ppm (CHs).

1,3-Diiodo-2,2-dimethylpropane Potassium iodide (2.04 g, 12.3 mmol, 2 eq) was taken up in
dimethylformate (50 mL). To the stirred mixture was added 2,2-dimethylpropane-1,3-diyl bis(4-
methylbenzenesulfonate) (2.53 g, 6.13 mmol, 1 eq). The reaction mixture was refluxed overnight to
give a dark red solution. After cooling to room temperature, it was diluted with H,O (60 mL). The
aqueous layer was extracted with ethyl acetate (3 x 15 mL). The combined organic extracts were
washed with H,0, saturated aqueous NaCl, dried over Na,SO4 then concentrated under reduced
pressure to give the crude product as a black oil. The crude product was purified via column
chromatography (9:1 hexane/ethyl acetate, Rs = 0.63) to give 1,3-diiodo-2,2-dimethylpropane as an
amber oil (0.8 g, 43%). *H NMR (400 MHz, CDCl3): 6 3.27 (4H, s, CH,) and 1.24 ppm (6H, s, CH3). 3C{*H}
NMR (101 MHz, CDCls): 6 33.7, 26.1 and 21.5 ppm. MS (+ve El): m/z (calcd), [M]* 323; found 323.

General procedure for conversion of diol to cyclic sulfate

Diol (1 eq) was taken up in CH,Cl, (20 mL) then triethylamine (4 eq) was added. To the stirred 0 °C
solution was added SOCI, (1.5 eq) dropwise and the resulting mixture stirred at 0 °C for 4 h before
being quenched with 0 °C H,0 (10 mL). The layers were separated, and the organic layer washed with
0 °CH;0 (2 x30mL). The organic layer was washed with saturated aqueous NaCl, dried over anhydrous
Na,SO, then concentrated under reduced pressure to give the intermediate cyclic sulfite. The crude
intermediate product was used in the next step without any further purification. The crude cyclic
sulfite was taken up in MeCN/H,0 (6:5, 55 mL), cooled to 0 °C then NalO4 (2 eq) followed by RuCls.H,0
(10 mol%) was added. The reaction mixture was gradually warmed to room temperature then stirred
overnight under air. The mixture was extracted with Et,O (3 x 20 mL). The combined organic extracts
were washed with saturated aqueous NaCl, dried over anhydrous Na,SO4 then concentrated under

reduced pressure to give the crude product that was then purified by column chromatography.

e

0.0
//S\\
o O

5,5-Dimethyl-1,3,2-dioxathiane 2,2-dioxide Synthesized via the general procedure for conversion of

diol to cyclic sulfate. Starting diol = neopentyl glycol. Purified via column chromatography (1:1
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hexane/Et,0, R¢ = 0.38) and isolated as a white solid. Yield = 70%. *H NMR (400 MHz, CDCls): § 4.34
(4H, s, CH,) and 1.14 ppm (6H, s, CHs). 13C{*H} NMR (101 MHz, CDCl3): & 81.9, 30.9 and 21.0 ppm. MS
(-ve ESI): m/z (calcd), [M+HCOO] 211; found [M+HCOO] 211. Note: HCOO™ was used as part of the

buffer solution for the MS.

OH OH

2-Isopentyl-2-isopropylpropane-1,3-diol 2-Isopropyl-5-methyl-2-hexenal (5.9 mL, 32.4 mmol, 1 eq),
10 wt% palladium on carbon (138 mg, 0.13 mmol, 0.004 eq) and NaOEt 21 wt% in EtOH (0.48 mL, 1.3
mmol, 0.04 eq) were sequentially added to a Parr reactor containing EtOH (30 mL). The reactor was
flushed with H; for 2 min before being sealed and pressurized to 5 bar. The pressure was maintained
at 5 bar and the reactor heated to 75 °C and stirred for 5 h before it was cooled to 10 °C then vented.
GC analysis of the reaction mixture showed that starting material was completely consumed. The
mixture was filtered and immediately used in the next step without further purification. A H,O (10 mL)
solution of K,CO3 (2.69 g, 19.4 mmol, 0.6 eq) and formaldehyde 37 wt% in H,0 (8.4 mL, 113.4 mmol,
3.5 eq) was added and the mixture refluxed overnight to give a dark amber solution. The solution was
cooled to room temperature, diluted with H,O (20 mL) and adjusted to pH 6.5 with 1 M aqueous HCI.
It was then cooled to 0 °C and adjusted to pH 9 with 35 wt% aqueous ammonia before being further
diluted with H,O (10 mL). The resulting solution was extracted with ethyl acetate (2 x 20 mL). The
combined organic extracts were washed with H,O which formed a stable emulsion. The emulsion was
separated by washing with 90 °C H,0 (3 x 40 mL). The organic phase was washed with saturated
aqueous NaCl, dried over anhydrous Na,SO4 then concentrated under reduced pressure to give 2-
isopentyl-2-isopropylpropane-1,3-diol as an amber oil (5.55 g, 91%). *H NMR (400 MHz, CDCl3): 6 3.75
(2H, d, 2Jun = 10.8 Hz, OCH,), 3.61 (2H, d, Juy = 10.8 Hz, OCH>), 2.86 (2H, s, OH), 1.89 (1H, m, iPr-CH),
1.44 (1H, m, iPent-CH), 1.36 — 1.29 (2H, m, CH,), 1.13 — 1.05 (2H, m, CHCH,) and 0.90 — 0.85 ppm (12H,
m, CHs). 3C{*H} NMR (101 MHz, CDCls): & 68.0, 42.1, 32.1, 29.1, 28.2, 27.1, 22.6 and 17.1 ppm. MS
(+ve El): m/z (calcd), [M-H20-CHO]* 141; found [M-H,0-CHO]* 141. Note: proposed El fragmentation

pattern (Figure 6.13, supplementary information).

Br Br

3,3-Bis(bromomethyl)-2,6-dimethylheptane Triphenylphosphine (4.4 g, 16.8 mmol, 2 eq) was taken

up in MeCN (35 mL) then cooled to 0 °C to give a cloudy white solution. To the 0 °C stirred mixture
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was added bromine (0.86 mL, 16.8 mmol, 2 eq) to give a cloudy yellow solution. 2-isopentyl-2-
isopropylpropane-1,3-diol (1.58 g, 8.39 mmol, 1 eq) was then added as a solution in MeCN (15 mL).
The resulting mixture was stirred for 2 h at 0 °C then warmed to room temperature to give a clear
amber solution that was then further warmed to 80 °C and stirred for a further 72 h. The resulting
black reaction mixture was concentrated under reduced pressure to give a black solid, which was then
washed with hexane (3 x 10 mL) and filtered to give a yellow filtrate that was concentrated under
reduced pressure to give 3,3-bis(bromomethyl)-2,6-dimethylheptane as an amber oil (1.78 g, 68%).
1H NMR (400 MHz, CDCls): & 3.53 (4H, s, BrCH,), 1.96 (1H, septet, 3Ju = 7.1 Hz, iPr-CH), 1.46 (3H, m,
iPent-CH, iPent-CHCH,), 1.23 (2H, m, CH,CH,), 1.01 (6H, d, 3Jux = 6.9 Hz, CHs(iPr)) and 0.91 ppm (6H, d,
3Jum = 6.4 Hz, CHs(iPent)). 3C{*H} NMR (101 MHz, CDCls): § 41.6 (tert. C), 40.7 (BrC), 33.3 (CH,CH.), 32.4
(iPr-CH), 31.2 (CH,CH,), 29.1 (iPent-CH), 22.7 (CHs(iPent)) and 18.2 ppm (CHs(iPr)). HR-MS (+ve El): m/z
(calcd), [M]* 314.0068; found 314.0085.

5-Isopentyl-5-isopropyl-1,3,2-dioxathiane 2,2-dioxide Synthesized via the general procedure for
conversion of diol to cyclic sulfate. Starting diol = 2-isopentyl-2-isopropylpropane-1,3-diol. Purified via
column chromatography (4:1 hexane/Et,0, Rs = 0.34) and isolated as a clear oil. Yield = 61%. *H NMR
(400 MHz, CDCl3): 6 4.61 (2H, d, Uun = 11.6 Hz, CH,), 4.41 (2H, d, Uun = 11.6 Hz, CH,), 1.95 (1H, m, iPr-
CH), 1.59 — 1.45 (3H, m, iPent-CH, CH,), 1.20 — 1.12 (2H, m, CH.), 0.97 (6H, d, 3Jus = 4.0 Hz, CHs (iPr))
and 0.92 (6H, d, 3Jun = 4.0 Hz, CHs (iPent)). *C{*H} NMR (101 MHz, CDCls): 6 78.4,37.7,32.2, 28.8, 28.3,
27.0,22.6 and 17.2 ppm. MS (+ve ESI): m/z (calcd), [M+H]* 251.1; found 251.0.

O O
EtO OEt

Diethyl 2-isopropylmalonate Diethyl malonate (5.0 mL, 0.03 mol, 1 eq) was taken up in EtOH (35 mL)
then sodium ethoxide (2.69 g, 0.04 mol, 1.2 eq) was added. The orange solution was refluxed for 2 h
to give a milky yellow mixture. After cooling to room temperature, isopropyl bromide (3.1 mL, 0.03
mol, 1 eq) was added and the mixture refluxed overnight. After cooling to room temperature, the
milky yellow mixture was diluted with H,O (50 mL) to give a clear amber solution. The aqueous phase
was extracted with Et,0 (3 x 20 mL). The combined organic extracts were washed with saturated

aqueous NaCl, dried over anhydrous MgS0O. then concentrated to give a yellow oil which was then
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purified via column chromatography (1:1 Et,0/hexanes, R¢= 0.58) to give diethyl 2-isopropyl malonate
as a colourless oil (2.84 g, 47%). *H NMR (400 MHz, CDCl3): § 4.20 (4H, q, 3Jun = 7.2 Hz, OCH,), 3.11 (1H,
d, ®Jun = 8.8 Hz, COCH), 2.43 — 2.33 (1H, m, CH), 1.26 (6H, t, *Jus = 7.2 Hz, CH,CH3) and 1.00 ppm (6H,
d, 3Jun = 6.8 Hz, CHCH3). *C{*H} NMR (101 MHz, CDCl3) 6 169.0, 61.3, 59.2, 28.9, 20.5 and 14.3 ppm.

0] O

EtO OEt

Diethyl 2,2-diisopropylmalonate Sodium hydride (0.62 g, 26.0 mmol, 1.5 eq) was taken up in toluene
(20 mL). To the stirred white mixture was added diethyl 2-isopropylmalonate (3.5 g, 17.3 mmol, 1 eq)
as a solution in toluene (10 mL) before warming to 70 °C and stirring for 1 h. Isopropyl bromide (1.9
mL, 20.8 mmol, 1.2 eq) was added and the reaction mixture refluxed overnight. The reaction was
monitored by TLC and additional equivalents of isopropyl bromide added until no starting material
remained. The milky off-white mixture was cooled to room temperature, diluted with H,0 (30 mL) and
the layers separated. The aqueous layer was extracted with ethyl acetate (3 x 20 mL). The combined
organic layers were washed with saturated aqueous NaCl, dried over anhydrous MgSO,; then
concentrated in vacuo to give diethyl 2,2-diisopropylmalonate as a yellow oil (4.2 g, 99%). 'H NMR
(400 MHz, CDCl3): 6 4.22 (4H, q, *Jun = 7.1 Hz, COCHy), 2.53 (2H, septet, *Juns = 6.9 Hz, CH), 1.28 (6H, t,
3Jun = 7.1 Hz, CH,CHs) and 0.94 ppm (12H, d, *Juu = 6.9 Hz, CH3). *C{*H} NMR (101 MHz, CDCl5): 6 170.4,
60.5, 30.5, 18.7 and 14.4 ppm.

OH OH

2,2-Diisopropylpropane-1,3-diol Lithium aluminium hydride (0.5 g, 13.1 mmol, 4 eq) was taken up in
Et,0 (15 mL) then cooled to 0 °C. To the 0 °C stirred grey mixture was carefully added dropwise diethyl
2,2-diisopropylmalonate (0.8 g, 3.27 mmol, 1 eq) as a solution in Et,0 (5 mL), effervescence was
observed. The resulting mixture was warmed to room temperature and stirred overnight. The grey
mixture was cooled to 0 °C then carefully quenched with H,O (50 mL) to give a white milky mixture
(note: quenching excess lithium aluminium hydride is highly exothermic and releases H,), which was
then extracted with Et,0 (3 x 20 mL). The emulsion formed during extraction was separated by
applying heat with gentle swirling. The combined organic extracts were washed with saturated
aqueous NaCl, dried over anhydrous MgSO. and concentrated in vacuo to give 2,2-

diisopropylpropane-1,3-diol as a yellow oil (0.37 g, 71%). *H NMR (400 MHz, CDCls3): § 3.76 (4H, br.s,
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CH,), 2.34 (2H, m, OH), 1.97 (2H, septet, *Jun = 7.0 Hz, CH) and 0.98 ppm (12H, d, 3Jun = 7.0 Hz, CHs).
B3C{*H} NMR (101 MHz, CDCls): 6 66.6, 44.2, 29.5 and 18.7 ppm.

5,5-Diisopropyl-1,3,2-dioxathiane 2,2-dioxide Synthesized via the general procedure for conversion
of diol to cyclic sulfate. Starting diol = 2,2-diisopropylpropane-1,3-diol. Purified via column
chromatography (4:1 hexane/ethyl acetate, R; = 0.44) and isolated as a white solid. Yield = 43%. 'H
NMR (400 MHz, CDCls): § 4.57 (4H, s, CH,), 2.05 (2H, 3Ju = 7.0 Hz, CH) and 1.04 ppm (12H, d, )4 = 7.0
Hz, CHs). 3C{*H} NMR (101 MHz, CDCls): 6 76.8, 39.9, 29.6 and 18.3 ppm. HR-MS (+ve ESI): m/z (calcd),
[M+H]* 223.0999; found 223.0999. Elem. Anal. Calcd. For CsH1304S: C, 48.63; H, 8.16; Found: C, 49.53;
H, 8.24. Note: the experimental elemental analysis values obtained were outside the 0.4% tolerance.
Therefore, NMR spectra has been included to demonstrate the absence of detectable contaminants

except for H,O (Figure 6.1 and Figure 6.2, supplementary information).

5.4.2 Ligand Synthesis

Ph,P  PPh,

(2,2-Dimethylpropane-1,3-diyl)bis(diphenylphosphane) (DPPDMP) Diphenylphosphine (1.4 mL, 8.23
mmol, 2.1 eq) was taken up in tetrahydrofuran (15 mL) then cooled to 0 °C. To the stirred 0 °C solution
was added dropwise "Buli (2.5 M in hexane, 3.3 mL, 8.23 mmol, 2.1 eq) to give a bright orange-red
solution that was left to stir for a further 30 min at 0 °C. 1,3-Dichloro-2,2-dimethylpropane (0.51 mL,
3.94 mmol, 1 eq) was added and the reaction mixture gradually warmed to 65 °C. The reaction was
monitored by 3!P{*H} NMR by taking aliquots of the reaction mixture, and the reaction run until
diphenylphosphine was completely consumed. The reaction mixture was cooled to room temperature
and volatiles removed under vacuum to give a black oil. The crude product was diluted with H,0 (30
mL) and the aqueous layer extracted with Et,O (3 x 10 mL). The combined organic extracts were dried
over anhydrous Na,SO4 then concentrated to give a grey oil which solidified overnight to give a grey
solid (2.07 g). The grey solid was triturated with MeOH (3 x 10 mL) to give (2,2-dimethylpropane-1,3-
diyl)bis(diphenylphosphane) as a white solid (1.67 g, 96%). *H NMR (400 MHz, CDCl3): & 7.46 — 7.38
(8H, m, ArH), 7.35 — 7.22 (12H, m, ArH), 2.33 (4H, d, ?Jup = 3.2 Hz, CH,) and 1.03 ppm (6H, s, CHs).
B3C{*H} NMR (101 MHz, CDCl3): & 140.1 (d, YJep = 13.1 Hz), 133.1 (d, 2cp = 22.2 Hz), 128.3 (d, Jop = 7.1
Hz), 44.2 (dd, Jcp = 8.4 Hz), 35.2 (d, 2Jcp = 14.1 Hz) and 30.4 ppm (t, *Jcp = 9.1 Hz). *'P{*H} NMR (162
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MHz, CDCl3): 6 -24.6 ppm. MS (+ve ESI): m/z (calcd), [M+H]* 441.2; found 441.2. Elem. Anal. Calcd for
CaoH30P2: C, 79.07; H, 6.86. Found: C, 79.02, H 6.78.

Ph,P  PPh,

(2-Isopentyl-2-isopropylpropane-1,3-diyl)bis(diphenylphosphane) (DPPIPIPP) Diphenylphosphine
(1.1 mL, 6.00 mmol, 2.1 eq) was taken up in tetrahydrofuran (15 mL) then cooled to 0 °C. To the stirred
0 °C solution was added dropwise "Buli (2.5 M in hexane, 2.4 mL, 6.00 mmol, 2.1 eq) to give a bright
orange-red solution which was left to stir for a further 30 min at 0 °C. 5-isopentyl-5-isopropyl-1,3,2-
dioxathiane 2,2-dioxide (715 mg, 2.86 mmol, 1 eq) was added dropwise and the resulting mixture
gradually warmed to 65 °C. The reaction mixture was monitored by 3'P{*H} NMR by taking aliquots
and the reaction run until diphenylphosphine was completely consumed. The reaction mixture was
cooled to room temperature, volatiles removed under vacuum then diluted with H,O (20 mL). The
aqueous phase was extracted with Et,0 (3 x 10 mL) and the combined organic extracts dried over
anhydrous Na,SO, then concentrated to give a viscous brown liquid (1.82 g). To the crude product was
added an excess of BH3.THF (38 mL, 38.1 mmol, 11 eq) and stirred at room temperature and monitored
by 3'P{*H} NMR till all phosphorus signals corresponding to the crude product were absent. The crude
borane-protected product was then purified by column chromatography (1:1 hexane/CH,Cl,, Rf= 0.34)
to give a white gel (160 mg). The purified borane-protected product was refluxed in EtOH (3 mL) to
give (2-isopentyl-2-isopropylpropane-1,3-diyl)bis(diphenylphosphane) as a light beige gel (152 mg,
10%). 'H NMR (400 MHz, CDCls): & 7.53 — 7.48 (4H, m, ortho-ArH), 7.48 — 7.42 (4H, m, ortho-ArH), 7.36
—7.27 (12H, m, meta/para-ArH), 2.48 (2H, dd, 2Juy = 14.9 Hz, 2y = 4.1 Hz, PCH,), 2.32 (2H, dd, U =
14.6 Hz, 2Jup = 2.5 Hz, PCH>), 2.06 (1H, septet, 3Juy = 6.9 Hz, iPr-CH), 1.50 — 1.42 (2H, m, CH,), 1.03 —
0.93 (3H, m, CH,, iPent-CH), 0.90 (6H, d, 3Jun = 6.9 Hz, CH5(iPr)) and 0.62 ppm (6H, d, 3Juu = 6.2 Hz,
CHs(iPent)). 3C{*H} NMR (101 MHz, CDCls): & 140.7 (m, ipso-Ar), 133.3 (m, ortho-Ar), 128.4 (m,
meta/para-Ar), 42.7 (t, ) = 11 Hz, tert. C), 38.0 (d, J = 14 Hz, PCH3), 37.9 (d, ) = 14 Hz, PCH3), 37.2 (t, ) =
8 Hz, CH,), 35.3 (t, J = 7 Hz, CH(iPr)), 33.3 (CH3), 28.9 (CH(iPent)), 22.5 (CHs(iPent)) and 18.1 ppm
(CHs(iPr)). 3P{*H} NMR (162 MHz, CDCl3): 6 -25.2 ppm. HR-MS (+ve ESI): [M+H]* 525.2835; found
525.2834. Elem. Anal. Calcd for CssH4P,: C, 80.12; H, 8.07. Found: C, 76.48; H, 7.79. Note: the
experimental elemental analysis values obtained were outside the 0.4% tolerance. Therefore, NMR
spectra has been included to demonstrate the absence of detectable organic contaminants except for

silicon grease (Figure 6.3, Figure 6.4 and Figure 6.5, supplementary information).
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Ph,P  PPh,

(2,2-Diisopropylpropane-1,3-diyl)bis(diphenylphosphane) (DPPDIPP) Diphenylphosphine (0.6 mL,
3.59 mmol, 2.1 eq) was taken up in tetrahydrofuran (15 mL) then cooled to 0 °C. To the stirred 0 °C
solution was added dropwise "BuLi (2.0 M in cyclohexane, 1.8 mL, 3.59 mmol, 2.1 eq) to give an amber
solution which was left to stir for a further 30 min at 0 °C. 5,5-diisopropyl-1,3,2-dioxathiane 2,2-dioxide
(380 mg, 1.71 mmol, 1 eq) was added dropwise as a solution in tetrahydrofuran (10 mL) and the
resulting mixture gradually warmed to 65 °C. The reaction mixture was monitored by 3!P{*H} NMR by
taking aliquots of the reaction mixture and the reaction run until diphenylphosphine was completely
consumed. The reaction mixture was cooled to room temperature, volatiles removed under vacuum
to give a red gel that was then diluted with H,0 (20 mL) to give a cloudy yellow mixture. The aqueous
phase was extracted with Et,0 (3 x 10 mL) and the combined organic extracts dried over anhydroyus
MgSO, then concentrated to give a reddish-brown gel (0.93 g). To the crude gel product was added
an excess of BHs.THF (1M in THF, 10 mL, 10 mmol) and then stirred overnight at room temperature.
The clear solution was concentrated in vacuo to give a pale-yellow cloudy gel (1.19 g) that was then
purified by column chromatography (4:1 hexane/ethyl acetate, Rf = 0.43) to give a white solid (100
mg). The purified borane-protected product was refluxed in EtOH (5 mlL) to give (2,2-
diisopropylpropane-1,3-diyl)bis(diphenylphosphane) as a white solid (94 mg, 11%). *H NMR (400 MHz,
CDCls): 6 7.45—7.38 (8H, m, ArH), 7.30 — 7.24 (12H, m, ArH), 2.33 (4H, d, ey = 3.7 Hz, PCH,), 2.22 (2H,
septet, 3Jyp = 6.9 Hz, CH) and 0.90 ppm (12H, 3Jun = 6.9 Hz, CH3). 3C{*H} NMR (101 MHz, CDCl5): 6 140.8
(d, J =22 Hz), 133.2 (d, ) = 21 Hz), 128.4 (m), 45.4 (t, ) = 10 Hz), 36.4 (dd, J = 20 Hz and 12 Hz), 34.9 (t,
J =5 Hz) and 19.4 ppm (t, J = 3 Hz). 3P{*H} NMR (162 MHz, CDCls): § -23.8 ppm. HR-MS (+ve ESI):
[M+H]* 497.2522; Found: 497.2521. Elem. Anal. Calcd for Cs3sHssP2: C, 79.81; H, 7.71. Found: C, 77.41;
H, 7.47 Note: the experimental elemental analysis values obtained were outside the 0.4% tolerance.
Therefore, NMR spectra has been included to demonstrate the absence of detectable organic
contaminants except for silicon grease (Figure 6.6, Figure 6.7 and Figure 6.8, supplementary

information).

‘Bu,P  P'Bu,

1,3-Bis(di-tert-butylphosphaneyl)propane (DTBPP) Di-tert-butylphosphine (10 wt% in hexane, 22.1
mL, 10.3 mmol, 2.1 eq) was mixed with THF (30 mL) then cooled to 0 °C. To the stirred 0 °C solution

was added dropwise "Buli (1.6 M in hexane, 6.5 mL, 10.3 mmol, 2.1 eq) to give a bright yellow solution
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which was left to stir for a further 30 min at 0 °C. 1,3-Dibromopropane (0.5 mL, 4.93 mmol, 1 eq) was
added and the reaction mixture gradually warmed to 65 °C and left to stir overnight. The slightly cloudy
reaction mixture was cooled to room temperature and volatiles removed under vacuum before
diluting with degassed H,0 (20 mL) to give a cloudy white mixture. The aqueous layer was extracted
with pentane (3 x 10 mL). The combined organic extracts were dried over anhydrous MgS0, then
concentrated to give a clear oil (1.74 g) which was then distilled under reduced pressure (0.6 mbar,
135 — 140 °C) to give 1,3-bis(di-tert-butylphosphaneyl)propane as a clear oil (1.04 g, 63%). *H NMR
(400 MHz, CDCls): 6 1.79 — 1.66 (2H, m, CH2CH.), 1.50 — 1.42 (4H, m, PCH.) and 1.10 ppm (36H, d, 3Jup
= 10.9 Hz, CHs). 3'P{*H} NMR (162 MHz, CDCls): & 27.5 ppm.

‘Bu,P  P'Bu,

(2,2-Dimethylpropane-1,3-diyl)bis(di-tert-butylphosphane) (DTBPDMP) Di-tert-butylphosphine (1.2
g, 8.21 mmol, 2.1 eq) was taken up in tetrahydrofuran (15 mL) then cooled to 0 °C. To the stirred 0 °C
solution was added dropwise "Buli (2.5 M in hexane, 3.3 mL, 8.21 mmol, 2.1 eq) and left to stir for a
further 15 min at 0 °C before being cooled to -78 °C. 5,5-Dimethyl-1,3,2-dioxathiane 2,2-dioxide (650
mg, 3.91 mmol, 1 eq) was added as a solution in tetrahydrofuran (5 mL) and the reaction mixture
warmed to 60 °C and then left to stir overnight. The reaction mixture was monitored by 3'P{*H} NMR
by taking aliquots of the reaction mixture until all starting di-tert-butylphosphine was consumed. The
reaction mixture then was cooled to room temperature and volatiles removed under vacuum before
diluting with H,O (25 mL). The aqueous layer was extracted with Et,0 (3 x 12 mL). The combined
organic extracts were dried over anhydrous Na,SO4 then concentrated to give a grey solid (0.8 g) which
was triturated with MeOH (3 x 10 mlL) to give (2,2-dimethylpropane-1,3-diyl)bis(di-tert-
butylphosphane) as an off-white powder (275 mg, 20%). *H NMR (400 MHz, CDCl3): 6 1.51 (4H, d, 2Jup
= 5.8 Hz, PCH,), 1.16 (36H, d, 3Jup = 10.8 Hz, CH3) and 1.07 ppm (6H, s, CHs). 3*C{*H} NMR (101 MHz,
CDCl3): 6 36.8 (dd, J =25 Hz and 6 Hz), 33.3 (t, J = 17 Hz), 31.7 (d, J = 21 Hz), 30.7 ppm (d, J = 13 Hz)
and 30.4 ppm. 3'P{*H} NMR (162 MHz, CDCl5): 6 17.2 ppm. MS (+ve El): m/z (calcd), [M-CsHs]" 304;
found [M-C4Hg]* 304. Elem. Anal. Calcd for C21Ha6P2: C, 69.96; H, 12.86. Found: C, 69.98; H, 13.02. Note:

proposed El fragmentation pattern (Figure 6.14, supplementary information).

5.4.3 [Pd(Ligand)Cly] Synthesis

General procedure for synthesis of Pd(ligand)Cl, complexes

Diphosphine (0.1 mmol, 1 eq) and Pd(1,5-cyclooctadiene)Cl; (28.6 mg, 0.1 mmol, 1 eq) were dissolved
in CH,Cl; (2 mL) then stirred overnight. Volatiles were removed under vacuum to obtain the desired

complex. Crystals suitable for single crystal x-ray diffraction were grown from saturated CH,Cl,
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solutions of the complex layered with pentane or via slow diffusion of cyclohexane into saturated

CH,Cl; solutions of the complex.

Ph,RPPhy
/Pd\
Cl Cl

(2,2-Dimethylpropane-1,3-diyl)bis(diphenylphosphane)dichloropalladium(ll) complex,
Pd(DPPDMP)CI, Synthesized via the general procedure for synthesis of Pd(ligand)Cl, complexes.
Ligand = (2,2-dimethylpropane-1,3-diyl)bis(diphenylphosphane). *H NMR (400 MHz, CD,Cl,): § 7.95 —
7.89 (8H, m, ortho-ArH), 7.58 — 7.49 (12H, m, meta/para-ArH), 2.34 (4H, d, 2JHP = 9.0 Hz, CH,) and
0.65 ppm (6H, br.s, CHs). 3C{*H} NMR (101 MHz, CD,Cl,): & 134.8 (t, J = 5.1 Hz), 131.9, 129.1 (t,J = 5.9
Hz), 39.6 (PCH,), 35.7 (tert. C) and 32.6 ppm (CHs). 3'P{*H} NMR (162 MHz, CD,Cl3): 6 17.5 ppm. MS
(+ve ESI): m/z (calcd), [M-2CI+HCOO]* 591.0829; found 591.0897 (°°Pd). Elem. Anal. Calcd for
Ca9H30CloP2Pd: C, 56.38; H, 4.89. Found: C, 56.16; H, 5.06.

Ph,P, _PPhy
Pd.
ClI” Cl

(2-1sopentyl-2-isopropylpropane-1,3-diyl)bis(diphenylphosphane)dichloropalladium(ll) complex,
Pd(DPPIPIPP)Cl, Synthesized via the general procedure for synthesis of Pd(ligand)Cl. complexes.
Ligand = (2-isopentyl-2-isopropylpropane-1,3-diyl)bis(diphenylphosphane). *H NMR (400 MHz, CDCls):
6 8.33 —8.25 (4H, m, ortho-ArH), 7.68 — 7.62 (4H, m, ortho-ArH), 7.56 — 7.51 (6H, m, meta/para-ArH),
7.47 —7.41 (6H, m, meta/para-ArH), 2.43 (2H, dd, 2Jpy = 15.0 Hz, 2Jus = 11.3 Hz, PCH>), 2.21 (2H, dd, 2Jpx
=15.2 Hz, Uy = 7.1 Hz, PCH,), 1.63 — 1.54 (1H, m, CH(CHs)2), 0.81 (6H, d, 3Juy = 10.7 Hz, CHs(iPr)), 0.75
—0.69 (2H, br.m, CH;) and 0.13 ppm (9H, br.s, CHs(iPent) & CH(iPent) & CH2). 3C{*H} NMR (101 MHz,
CDCl3): 6 136.4 (t, 2Jpc = 5.7 Hz, ortho), 132.8 (t, 2Jpc = 4.9 Hz, ortho) 132.0, 130.7, 128.9 (t, ) = 5.6 Hz),
128.7 (t, J = 5.7 Hz), 43.1 (tert. C), 36.0 (t, ) = 9.4 Hz), 35.0 (t, ) = 5.3 Hz), 33.2, 33.0, 32.8, 31.2, 27.9,
21.8 and 16.2 ppm. 3P{*H} NMR (162 MHz, CDCl5): § 16.6 ppm. MS (+ve ESI): m/z (calcd), [M-
2CI+HCOO0]* 675.1768; found 675.1786 (1°°Pd). Elem. Anal. Calcd for CssH4.Cl,P,Pd: C, 59.88; H, 6.03.
Found: C, 57.30; H, 5.55. Note: the experimental elemental analysis values obtained were outside the
0.4% tolerance. This is likely due to the presence of Et,0 and H,0 as observed in the *H NMR spectra

(Figure 6.9, supplementary information).
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Ph,P, ,PPh;
Pd.
CclI~ Ci

(2,2-Diisopropylpropane-1,3-diyl)bis(diphenylphosphane)dichloropalladium(ll) complex,
Pd(DPPDIPP)Cl, Synthesized via the general procedure for synthesis of Pd(ligand)Cl. complexes.
Ligand = (2,2-diisopropylpropane-1,3-diyl)bis(diphenylphosphane). *H NMR (400 MHz, CD,Cl,): § 7.97
—7.89 (8H, m, ArH), 7.57 — 7.46 (12H, m, ArH), 2.40 (4H, d, 2Jpn = 9.8 Hz, PCH,), 1.91 (2H, septet, Jun =
6.7 Hz, CH) and 0.49 ppm (12H, 3y = 6.7 Hz, CH3). **C{*H} NMR (101 MHz, CD,Cl,): § 135.1 (t, ) = 5 Hz),
131.8,129.1 (t,J =5 Hz), 48.2,35.3 (t,) = 7 Hz), 32.6, 32.4, 32.2 and 19.1 ppm. *'P{*H} NMR (162 MHz,
CD,Cly): & 17.6 ppm. MS (+ve ESI): m/z (calcd), [M+Na]* 695.0753; found 695.0773 (1°°Pd/3>Cl/3Cl or
104pd/37CI/35Cl). Elem. Anal. Caled for CssHssCl,P,Pd.CH,Cly: C, 58.81; H, 5.68; Found: C, 54.33; H, 5.33.

BuR /PtBuz
/Pd\
Cl Cl

(2,2-Dimethylpropane-1,3-diyl)bis(di-tert-butylphosphane)dichloropalladium(ll) complex,
Pd(DTBPDMP)CI, Synthesized via the general procedure for synthesis of Pd(ligand)Cl, complexes.
Ligand = (2,2-dimethylpropane-1,3-diyl)bis(di-tert-butylphosphane). *H NMR (400 MHz, CD,Cl,):  1.69
(4H, dd, 2Jkp = 10.5 Hz, 2y = 1.6 Hz, CH,), 1.58 (36H, d, 3Jup = 14.2 Hz) and 1.30 ppm (6H, br.s, CH3).
13C{*H} NMR (101 MHz, CD,Cl,): 6 40.8 (d, J = 20 Hz), 35.4, 35.1 (t, J = 5 Hz), 32.4 and 31.6 (dd, J = 13
Hz and 6 Hz). 31P{"H} NMR (162 MHz, CD,Cl,): § 47.9 ppm. MS (+ve ESI): m/z (calcd), [M-CI]* 501.1793;
found 501.1789 (1%6Pd/3>Cl or %*Pd/3’Cl). Elem. Anal. Calcd for Cy1HssCloP,Pd: C, 46.89; H, 8.62. Found:
C, 44.29; H, 8.05. Note: the experimental elemental analysis values obtained were outside the 0.4%
tolerance. Therefore, NMR spectra has been included to demonstrate the absence of detectable

organic contaminants (Figure 6.10, Figure 6.11 and Figure 6.12, supplementary information).

5.4.4 Chelation Competition

General procedure for chelation competition experiments

A Schlenk tube was taken into the glovebox and sequentially charged with DPPP (2.9 mg, 7.0 umol, 1
eq), DPPDMP (3.1 mg, 7.0 umol, 1 eq), Pd(1,5-cyclooctadiene)Cl, (2 mg, 7.0 umol, 1 eq) then CH,Cl,
(0.7 mL). The resulting mixture was stirred for 2 min to give a clear yellow solution that was then
transferred to a NMR tube equipped with a C,D,Cl, capillary that had PPhs dissolved within as an

internal standard before being submitted for 3!P{*H} NMR analysis.
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5.4.5 Computational Details

Geometry optimisations: Density functional theory (DFT) calculations were performed with the
Gaussian 16 package? using the B3LYP3 functional® and the DEF2TZVPP*® basis set on C, H, O and P
atoms and the Stuttgart-Dresden (SDD)® effective core potential (ECP) with the corresponding basis
set for Pd. All calculations were performed at 298.15 K and at 423.15 K with Grimme dispersion
correction’ and Becke-Johnson damping.®® All geometries were localised in the gas phase at the B3LYP

level. All structures were confirmed to be at a minimum through frequency calculations.

Mechanistic studies: DFT calculations were performed using Gaussian 09. Unless stated otherwise,
calculations used B3LYP density functional with 6-31G(d,p)*®*! for C, H, O, P atoms and the Stuttgart-
Dresden (SDD) effective core potential (ECP) with the corresponding basis set for Pd. All calculations
were performed with an ultrafine grid (integral=grid=ultrafine) and at 298.15 K (default). All transition
states were characterised by normal coordinate analysis revealing precisely one imaginary mode
corresponding to the intended reaction. The vibrational mode corresponding to the imaginary
frequency was used to deduce the corresponding minima. In addition, for II-TS (Figure 2.28) IRC
calculations were performed to confirm the identity of the transition state. Full coordinates for all the

stationary points are available at: 10.14469/hpc/6231. For ligand with gem-di-tert-butyl substituents

(as per Table 6.2), calculations also were performed using Gaussian 16 (revision A03) including Grimme
dispersion correction with Becke-Johnson damping (empiricaldispersion=gd3bj) and self-consistent

reaction cavity continuum solvation model with THF as solvent (scrf=cpcm=THF) at 423.15 K.

Ligand buried volume (%V_Bur): Pd(ligand)Cl, structures obtained from XRD and DFT calculations
were subjected to ligand buried volume (%V_Bur) calculations using SambVca 2.***3 The Pd atom was
set as the coordination centre, P donor atoms were selected for z-axis definition (z-negative) and the
central carbon of the Cs-bridge selected as the atom for xz-plane definition. The Pd and Cl atoms were
deleted and thus not considered in the buried volume calculation. Atomic radii were set at Bondi radii
and sphere radius set to 5 A. Mesh spacing for numerical integration was set to 0.10 A and hydrogen

atoms were omitted from the calculation.

5.4.6 Carbonylation Procedures

General procedure for DPPP modified palladium catalysed hydroformylation of 1-octene (Table 2.3)

Parr reactor was assembled then cycled 3 times with Na. A Schlenk flask was charged sequentially with
diglyme, Pd(OAc), then DPPP (if any). The catalyst mixture was injected into the Parr reactor under a
stream of Na. A stock solution of CFsCOzH in diglyme (or pure diglyme) was used to wash out the

Schlenk flask that previously held the catalyst mixture and the washes injected into the Parr reactor
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under a stream of N,. Anisole (internal standard) followed by 1-octene was then injected into the Parr
reactor a stream of N, then the mixture stirred at 1000 rpm with a magnetic stirrer bar and the reactor
pressurised to 60 bar with a 1:1 CO/H, syngas premix at room temperature. The reactor was then
sealed and heated to reaction temperature and stirred at 1000 rpm for 5 h. The reactor was then

slowly cooled to 0 °C then carefully vented before being sampled for GC analysis.
General procedure for palladium catalysed hydroformylation of olefins (Table 2.4)

Parr reactor was assembled and cycled 3 times with Ar. A Schlenk flask was charged sequentially with
Pd(OAc),, ligand and diglyme. The mixture was stirred for 5 min before CF3CO;H was injected and
stirred for a further 5 min. The catalyst mixture was injected into the Parr reactor under a stream of
Ar and diglyme used to wash the Schlenk flask that held the catalyst mixture and the washes injected
into the Parr reactor under a stream of Ar. Anisole (internal standard) then olefin was injected into
the Parr reactor under a stream of Ar and the reactor was sealed. The reaction mixture was stirred at
1000 rpm and pressurised to 60 bar CO/H, (1:1) by sequential introduction of first 30 bar pure CO then
making up the pressure to 60 bar with pure H,. The Parr reactor was sealed and warmed to 125 °Cand
stirred at 1000 rpm for 5 h. The Parr reactor was slowly cooled to 0 °C then vented and sampled for

GC analysis.
General procedure for palladium catalysed methoxycarbonylation of olefins (Table 2.6)

Parr reactor was assembled and cycled 3 times with Ar. A Schlenk flask was charged sequentially with
Pd(OAc),, ligand then a stock solution of CH3SO3H in MeOH. The catalyst mixture was injected into the
Parr reactor under a stream of Ar. The Schlenk flask containing the catalyst mixture was washed with
MeOH and the washes injected into the Parr reactor under a stream of Ar. Anisole (internal standard)
and olefin was injected into the Parr reactor under a stream of Ar then the reactor sealed and stirred
at 1000 rpm. The reactor was pressurised to 50 bar CO then sealed, warmed to reaction temperature
and stirred at 1000 rpm for 4 h. The reaction mixture was sampled throughout the reaction period via
dip tube and analysed via GC. The Parr reactor was slowly cooled to 0 °C then vented and sampled for

GC analysis.
General procedure for palladium catalysed cyclocarbonylation of 2-allylphenol (Table 2.7)

Parr reactor was assembled and cycled 3 times with Na. A Schlenk flask was charged sequentially with
toluene, Pd(OAc); then ligand and stirred for 5 min. The catalyst mixture was injected into the Parr
reactor under a stream of N, then the Schlenk flask containing the catalyst mixture washed with
toluene and the washes injected into the Parr reactor under a stream of N,. 2-Allylphenol was injected

into the Parr reactor under a stream of N, and the reactor flushed briefly with 20 bar 1:1 CO/H, syngas
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premix before being pressurised to 40 bar with 1:1 CO/H, syngas premix. The reactor was sealed,
stirred at 1000 rpm with a magnetic stirrer bar and warmed to 90 °C for the reaction time period
specified. The reactor was allowed to cool to room temperature then vented and the product mixture
concentrated under reduced pressure to remove toluene. 1,4-Dioxane was added as an internal

standard and the product mixture stirred and sampled for NMR analysis.

5.5 Experimental Procedures for Chapter 3

5.5.1 Ligand Synthesis

Mixtures of secondary [3.3.1]phobane and [4.2.1]phobane isomers were separated by selective
protonation following literature.'* 1,2-di(9-phosphabicyclo[3.3.1]nonan-9-yl)benzene (BCOPP) and
1,2-di(9-phosphabicyclo[3.3.1]nonan-9-yl)ethane (BCOPE) were synthesized via reported

15-16

2
O

procedures.

3

9,9'-(4-(trifluoromethyl)-1,2-phenylene)bis(9-phosphabicyclo[3.3.1]Jnonane) (BCOPF) 9-
phosphabicyclo[3.3.1]nonane (0.60 g, 4.20 mmol, 2.1 equiv),
tetrakis(triphenylphosphine)palladium(0) (023 g 020 mmol, 0.1 equiv), 1,4-
diazabicyclo[2.2.2]octane (1.12 g, 10.0 mmol, 5.0 equiv) and 1,2-dibromo-4-(trifluoromethyl)benzene
(0.61 g, 2.00 mmol, 1.0 equiv) were taken up in xylenes (15 mL) then stirred at 140 °C for 72 h. The
resulting mixture was filtered and the filtrate concentrated under vacuum to give a red solid. The red
solid was flashed through a short pad of silica with toluene (20 mL) and concentrated to give a crude
solid. The crude product was washed with pentane (2 x 10 mL), MeOH (2 x 10 mL) and dried under
vacuum to yield 9,9°-(4-(1,1,1-trifluoromethyl)-1,2-phenylene)bis(9-phosphabicyclo[3.3.1]nonane) as
an off-white powder (0.40 g, 47%). *H (400 MHz, CDCl;): 6 7.53 — 7.48 (1H, m, ArH), 7.43 — 7.37 (2H,
m, ArH), 2.71 (4H, br.s, CH), 2.29 — 2.07 (10H, m, CH,), 2.00 — 1.84 (6H, m, CH,), 1.80 — 1.69 (6H, m,
CH3) and 1.37 — 1.28 ppm (2H, m, CH>). BC{*H} NMR (101 MHz, CDCls): 6 131.3 (dd, J = 9 Hz, 3 Hz),
127.7 (m), 122.3 (br.s), 32.1 (dd, J = 15 Hz, 4 Hz), 25.6 (dd, J = 15 Hz, 4 Hz), 24.8 (quintet, J = 7 Hz), 22.9
(br.s) and 21.9 (s) ppm. 3P{*H} NMR (162 MHz, CDCl5): & -15.7 and -16.2 ppm. F NMR (376 MHz,
CDCl3): 6 -62.8 ppm. HR-MS (+ve ESI): m/z (calcd), [M+H]* 427.1926; found 427.1942. Elem. Anal.
Calcd for Cy3HsiF3P2: C, 64.78; H, 7.33. Found: C, 64.14; H, 6.97. NMR spectra have been included to
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demonstrate the absence of detectable organic contaminants except for silicon grease (Figure 6.21,

Figure 6.22 and Figure 6.23, supplementary information).

9,9'-(4-methoxy-1,2-phenylene)bis(9-phosphabicyclo[3.3.1]nonane) (BCOPA) 9-
phosphabicyclo[3.3.1]nonane (0.65 g, 4.52 mmol, 2.2 equiv),
tetrakis(triphenylphosphine)palladium(0) (029 g 021 mmol, 0.1 equiv), 1,4-
diazabicyclo[2.2.2]octane (0.69 g, 6.15 mmol, 3.0 equiv) and 1,2-dibromoanisole (0.3 mL, 2.00 mmol,
1.0 equiv) were taken up in xylenes (15 mL) then stirred at 140 °C for 16 h. The resulting mixture was
filtered and the filtrate concentrated under reduced pressure at 65 °C to give a reddish-brown solid.
The residue was washed with pentane (2 x 10 mL) then flashed through a short pad of silica with
toluene (20 mL) and concentrated to give a crude solid product. The crude product was subsequently
triturated with MeOH (2 x 20 mL) to vyield 9,9-(4-methoxy-1,2-phenylene)bis(9-
phosphabicyclo[3.3.1]nonane) as a white solid (0.44 g, 54%). *H (400 MHz, CDCls): § 7.23 — 7.18 (1H,
m, ArH), 6.89 — 6.85 (1H, m, ArH), 6.76 (1H, dd, 3Ju = 8.6 Hz, “Jun = 2.8 Hz, ArH), 3.80 (3H, s, CHs), 2.67
(2H, br.s, PCH), 2.61 (2H, br.s, PCH), 2.26 — 1.92 (16H, m, CH,), 1.77 — 1.66 (6H, m, CH,) and 1.38 — 1.29
ppm (2H, m, CH,). 3C{*H} NMR (101 MHz, CDCls): & 157.8 (d, J = 2 Hz), 144.0 (dd, J = 31 Hz, 15 Hz),
132.8 (dd, J = 28 Hz, 14 Hz), 132.5 (dd, J = 9 Hz, 4 Hz), 117.4 (dd, J = 9 Hz, 4 Hz), 111.4 (s), 55.1 (s), 32.1
(dd, J = 15 Hz, 7 Hz), 25.6 (dd, J = 18 Hz, 4 Hz), 24.9 (m), 23.0 (dd, J = 10 Hz, 5 Hz) and 22.0 ppm (d, J =
11 Hz). 3'P{*H} NMR (162 MHz, CDCl5): & -16.7 and -18.7 ppm. HR-MS (+ve ESI): m/z (calcd), [M+H]*
389.2158; found 389.2165. Elem. Anal. Calcd for C,3H340P,: C, 71.11; H, 8.82. Found: C, 68.91; H, 8.15.
NMR spectra have been included to demonstrate the absence of detectable organic contaminants

except for silicon grease (Figure 6.24, Figure 6.25 and Figure 6.26, supplementary information).

Meo:@[ P@
MeO P@
9,9'-(4,5-dimethoxy-1,2-phenylene)bis(9-phosphabicyclo[3.3.1]nonane) (BCOPV) 9-
phosphabicyclo[3.3.1]nonane (0.63 g, 4.40 mmol, 2.2 equiv),

tetrakis(triphenylphosphine)palladium(0) (0.23 g 0.20 mmol, 0.1 equiv), 1,4-
diazabicyclo[2.2.2]octane (1.12 g, 10.0 mmol, 5.0 equiv) and 1,2-dibromoveratrole (0.59 g, 2.00 mmol,
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1.0 equiv) were taken up in xylenes (15 mL) then stirred at 140 °C for 72 h. The resulting mixture was
filtered and the filtrate concentrated under vacuum at 50 °C to give a dark red solid. The solid was
triturated with pentane (2 x 10 mL) then MeOH (2 x 10 mL) and dried under vacuum to yield 9,9’-(4,5-
dimethoxy-1,2-phenylene)bis(9-phosphabicyclo[3.3.1]nonane) as a pale orange powder (0.28 g, 33%).
1H (400 MHz, CDCls): 6 6.84 — 6.82 (2H, dd, J = 5.2 Hz, 2.3 Hz), 3.86 (6H, s, OCHs), 2.62 (4H, br.s, PCH),
2.25-1.95 (16H, m, CH,), 1.78 —1.67 (6H, m, CH,) and 1.37 — 1.28 ppm (2H, m, CH.). 2*C{*H} NMR (101
MHz, CDCls): 6 147.3 (s), 133.7 (dd, J = 29 Hz, 15 Hz), 129.0, 128.8, 128.6, 128.6, 114.4 (dd, ) =9 Hz, 5
Hz), 55.8 (s), 47.5 (s), 32.0 (d, J = 15 Hz), 25.6 (d, J = 4 Hz), 25.2 (dd, J = 13 Hz, 7 Hz), 23.0 (d, J = 5 Hz)
and 22.0 (s) ppm. 3P{*H} NMR (162 MHz, CDCl3): § -17.7 ppm. HR-MS (+ve ESI): m/z (calcd), [M+H]*
419.2263; found 419.2276. Elem. Anal. Calcd for C24H3602P2: C, 68.88; H, 8.67. Found: C, 68.72; H, 8.54.

o w

9,9'-(4-(tert-butyl)-1,2-phenylene)bis(9-phosphabicyclo[3.3.1]nonane) (BCOPT) 9-
phosphabicyclo[3.3.1]nonane (0.64 g, 4.48 mmol, 2.8 equiv),
tetrakis(triphenylphosphine)palladium(0) (019 g 016 mmol, 0.1 equiv), 1,4-
diazabicyclo[2.2.2]octane (0.90 g, 8.00 mmol, 5.0 -equiv) and 1,2-dibromo-4-(1,1-
dimethylethyl)benzene (0.3 mL, 1.60 mmol, 1.0 equiv) were taken up in xylenes (15 mL) then stirred
at 140 °C for 72 h. The resulting mixture was filtered and the filtrate concentrated under vacuum to
give an orange solid. The solid was triturated with MeOH (3 x 10 mL) then pentane (3 x 5 mL) to yield
9,9’-(4-(1,1-dimethylethyl)-1,2-phenylene)bis(9-phosphabicyclo[3.3.1]nonane) as an off-white
powder (0.21 g, 32%). *H (400 MHz, CDCl3): & 7.33 — 7.29 (1H, m, ArH), 7.24 — 7.17 (2H, m, ArH), 2.68
(2H, br.s, PCH), 2.64 (2H, br.s, PCH), 2.31 —1.89 (16H, m, CH,), 1.77 — 1.67 (6H, m, CH5) and 1.31 ppm
(11H, m, tBu & CH,). 23C{*H} NMR (101 MHz, CDCls): 6 148.2 (s), 141.3 (dd, J = 29 Hz, 14 Hz), 138.3 (dd,
J =29 Hz, 14 Hz), 130.9 (dd, J = 8 Hz, 4 Hz), 128.5 (dd, J = 8 Hz, 4 Hz), 123.0 (s), 34.6 (s), 32.1 (dd, J =14
Hz, 5 Hz), 31.1 (s), 25.7 (t, J = 4 Hz), 24.9 (m), 23.1 (t, J = 5 Hz) and 22.1 ppm (d, J = 8 Hz). 3P{*H} NMR
(162 MHz, CDCl3): & -16.7 and -18.3 ppm. HR-MS (+ve ESI): m/z (calcd), [M+H]* 415.2639; found
415.2692. Elem. Anal. Calcd for Ca6HaoP2: C, 75.33; H, 9.73. Found: C, 75.23; H, 9.45.
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1,2-Di(9-phosphabicyclo[4.2.1]nonan-9-yl)benzene (a-BCOPP) 9-phosphabicyclo[4.2.1]nonane (0.70
g, 4.92 mmol, 2.2 equiv), tetrakis(triphenylphosphine)palladium(0) (0.13 g, 0.11 mmol, 0.05 equiv),
1,4-diazabicyclo[2.2.2]octane (1.26 g, 11.2 mmol, 5.0 equiv) and 1,2-dibromobenzene (0.27 mL, 2.24
mmol, 1.0 equiv) were taken up in xylenes (15 mL) then stirred at 140 °C for 72 h. The resulting mixture
was filtered and the filtrate concentrated under vacuum. The residue obtained was filtered through a
short pad of silica with toluene (20 mL) then concentrated under reduced pressure to give a crude
solid product. The crude product was triturated with MeOH (3 x 10 mL) and dried under vacuum to
yield 9,9’-(1,2-phenylene)bis(9-phosphabicyclo[4.2.1]nonane) as a white solid (0.29 g, 37%). *H NMR
(400 MHz, CDCls): 6 7.28 —7.22 (2H, m, ArH), 7.17 — 7.11 (2H, m, ArH), 3.00 — 2.91 (4H, m, CH), 2.26 —
2.16 (4H, m, CH,), 2.04 — 1.93 (4H, m, CH;) and 1.86 — 1.50 ppm (16H, m, CH,). 3C NMR (101 MHz,
CDCls3): & 130.0, 127.0, 40.0, 40.0, 40.0, 35.0, 34.9, 34.8, 25.7, 25.7 and 25.6 ppm. 3!P{*H} NMR (162
MHz, CDCls): 6 3.8 ppm. HR-MS (+ve ESI): m/z (calcd), [M+H]* 359.2052; found 359.2066. Elem. Anal.
Calcd for Cy;HsP2: C, 73.72; H, 9.00. Found: C, 70.70; H, 8.33. Note: the experimental elemental
analysis values obtained were outside the 0.4% tolerance. This is likely due to the presence of acetone

and grease as observed in the 'H NMR spectra (Figure 6.27, supplementary information).
5.5.2 [Pd(Ligand)Cly] Synthesis
General procedure for synthesis of Pd(ligand)Cl, complexes

Ligand (0.1 mmol, 1 eq) and Pd(1,5-cyclooctadiene)Cl, (28.6 mg, 0.1 mmol, 1 eq) were dissolved in
CHCl; (2 mL) then stirred overnight. Volatiles were removed under vacuum to obtain the desired
complex. Crystals suitable for single crystal x-ray diffraction were grown via slow vapor diffusion of

cyclohexane into CH,Cl, solutions of the complex.
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(1,2-di(9-phosphabicyclo[3.3.1]Jnonan-9-yl)ethane)dichloropalladium(ll) complex, [Pd(BCOPE)CI,]
Synthesized via the general procedure for synthesis of Pd(ligand)Cl, complexes. Ligand = 1,2-di(9-
phosphabicyclo[3.3.1]nonan-9-yl)ethane (BCOPE). *H NMR (400 MHz, CD,Cl,): 6 3.38 (4H, br.s, PCH),
2.35-2.26 (4H, m, CH>), 2.25-2.13 (6H, m, CH;) and 2.10 — 1.80 ppm (14H, m, CH,). 3C{*H} NMR (101
MHz, CD,Cl,): § 29.3, 29.2, 28.4, 28.2, 27.9, 27.7, 21.0 and 20.8 ppm. *'P{*H} NMR (162 MHz, CD,Cl,):
5 51.3 ppm. HR-MS (+ve ESI): m/z (calcd), [M+H]* 487.0464; found 487.0528 (1°°Pd/*Cl/3Cl).

(1,2-di(9-phosphabicyclo[3.3.1]Jnonan-9-yl)benzene)dichloropalladium(ll) complex, [Pd(BCOPP)CI;]
Synthesized via the general procedure for synthesis of Pd(ligand)Cl. complexes. Ligand = 1,2-di(9-
phosphabicyclo[3.3.1]nonan-9-yl)benzene (BCOPP). *H NMR (400 MHz, CD,Cl,): 6 8.11 — 8.04 (2H, m,
ArH), 7.58 — 7.51 (2H, m, ArH), 3.12 (4H, br.s, PCH), 2.90 — 2.80 (4H, m, CH,), 2.50 — 2.37 (4H, m, CH,),
2.36—2.18 (2H, m, CHa), 2.14 = 1.92 (12H, m, CH,) and 1.85 — 1.75 ppm (2H, m, CH.). 3C{*H} NMR (101
MHz, CD,Cl,): § 133.3 (d, J =17 Hz), 131.7, 31.8, 31.5, 31.4, 29.1 (t, J =3 Hz), 21.2, 21.2,21.1 and 19.5
ppm (t, J = 3 Hz). 3'P{*H} NMR (162 MHz, CD,Cl,): 6 38.6 ppm. HR-MS (+ve ESI): m/z (calcd), [M+H]*
537.0464; found 537.0306 ('°Pd/*CI/*Cl or °%pd/**Cl/*Cl). Elem. Anal. Caled for C-
22H3,Cl,P2Pd.CH,Cly: C, 44.51; H, 5.52. Found: C, 44.22; H, 5.45.
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(1,2-Di(9-phosphabicyclo[4.2.1]nonan-9-yl)benzene)dichloropalladium(ll) complex, [Pd(a-
BCOPP)Cl,] Synthesized via the general procedure for synthesis of Pd(ligand)Cl, complexes. Ligand =
1,2-di(9-phosphabicyclo[4.2.1]nonan-9-yl)benzene (a-BCOPP). 'H NMR (400 MHz, CDCl3): § 7.54 —
7.34 (4H, m, ArH), 3.54 — 2.84 (4H, m), 2.79 — 2.07 (8H, m), 1.97 — 1.82 (4H, m) and 1.74 — 1.34 ppm
(12H, m). *C{*H} NMR (101 MHz, CDCls): 6 131.8 (q,J =4 Hz), 129.6 (d, J = 16 Hz), 33.0, 32.0, 28.1 and
27.0 ppm. 3*P{*H} NMR (162 MHz, CDCls): § 65.1 ppm. HR-MS (+ve ESI): m/z (calcd), [M+Na]* 557.0284;
found 557.0292 (***Pd/3**Cl/*’Cl or 1°°Pd/3Cl/*>Cl).

5.5.3 Carbonylation Procedures

General procedure for palladium catalysed hydroformylation of hexene (Table 3.3)

Parr reactor was assembled and cycled 3 times with Ar. A Schlenk flask was charged sequentially with
Pd(OAc),, ligand, CH3SOsH as a solution in diglyme then aqueous NaCl. The mixture was stirred for 5
min before it was injected into the Parr reactor under a stream of Ar. Diglyme was used to wash the
Schlenk flask that held the catalyst mixture and the washes injected into the Parr reactor under a
stream of Ar. Anisole (internal standard) then hexene was injected into the Parr reactor under a
stream of Ar and the reactor sealed. The reaction mixture was stirred at 1000 rpm and pressurised to
60 bar CO/H; (1:2) by sequential introduction of first 20 bar pure CO then making up the pressure to
60 bar with pure H,. The Parr reactor was sealed and warmed to 100 °C and stirred at 1000 rpm for 2

h. The Parr reactor was slowly cooled to 0 °C vented and sampled for GC analysis.
General procedure for solvent screening experiments (Figure 3.15)

Solvent screening was carried out in parallel reactors on the SPR16 AMTECH system. Catalyst solutions
were made up from stock solutions of Pd(OAc),, ligand, CH3SOsH and aqueous NaCl in solvent. The
catalyst mixtures were stirred for 5 min then left to stand for 72 h. The SPR16 AMTECH system flushed
the reactors with Ar for 3 cycles then the catalyst mixtures, anisole (internal standard) and 1-hexene
were injected into the reactors and the system programmed to maintain pressure at 60 bar of (1:2)
CO/H; premix, stirring speed of 1000 rpm and temperature of 100 °C for 2 h. The reactors were then

cooled to room temperature and the reactors vented and sampled for GC analysis.

195



General procedure for palladium catalysed hydroformylation of methyl pentenoate (Table 3.4)

Parr reactor was assembled and cycled 3 times with Ar. A Schlenk flask was charged sequentially with
Pd(OAc),, ligand then CH3SOsH as a solution in diglyme. The mixture was stirred for 5 min before it
was injected into the Parr reactor under a stream of Ar. Diglyme was used to wash the Schlenk flask
that held the catalyst mixture and the washes injected into the Parr reactor under a stream of Ar.
Anisole (internal standard) then methyl pentenoate was injected into the Parr reactor under a stream
of Ar then the reactor sealed. The reaction mixture was stirred at 1000 rpm and then pressurised to
60 bar CO/H; (1:2) by sequential introduction of first 20 bar pure CO then making up the pressure to
60 bar with pure H,. The Parr reactor was sealed and warmed to 100 °C and stirred at 1000 rpm for 2
h. The Parr reactor was then slowly cooled to 0 °C and vented. Runs 1 — 4 were diluted with excess
MeOH and refluxed overnight before being concentrated under reduced pressure and sampled for GC

analysis. Runs 5 — 8 were directly sampled for GC analysis.
General procedure for palladium catalysed hydroformylation of 1-octene (Table 3.5)

Parr reactor was assembled and cycled 3 times with Ar. A Schlenk flask was charged sequentially with
Pd(OAc),, ligand, CH3SOsH as a solution in 2-ethylhexanol then aqueous NaCl (note: aqueous phase
was immiscible with 2-ethylhexanol phase). The mixture was stirred for 5 min before it was injected
into the Parr reactor under a stream of Ar. 2-Ethylhexanol was used to wash the Schlenk flask that
held the catalyst mixture and the washes injected into the Parr reactor under a stream of Ar. Anisole
(internal standard) then 1-octene was injected into the Parr reactor under a stream of Ar then the
reactor sealed. The reaction mixture was stirred at 1000 rpm and pressurised to 60 bar CO/H; (1:2) by
sequential introduction of first 20 bar pure CO then making up the pressure to 60 bar with pure H..
The Parr reactor was sealed and warmed to 100 °C and stirred at 1000 rpm for 2 h. The Parr reactor

was then slowly cooled to 0 °C, vented and sampled for GC analysis.
General procedure for palladium catalysed alkoxycarbonylation of 1-octene (Table 3.6)

Parr reactor was assembled and cycled 3 times with Ar. A Schlenk flask was charged sequentially with
Pd(OAc),, ligand, CH3SOsH as a solution in alcohol (ROH) then additive (note: aqueous NaCl and H,0
was immiscible with 2-ethylhexanol phase). The mixture was stirred for 5 min before it was injected
into the Parr reactor under a stream of Ar. Alcohol (ROH) was used to wash the Schlenk flask that held
the catalyst mixture and the washes injected into the Parr reactor under a stream of Ar. Anisole
(internal standard) then 1-octene was injected into the Parr reactor under a stream of Ar and the
reactor sealed. The reaction mixture was stirred at 1000 rpm and pressurised to 50 bar CO. The Parr

reactor was sealed and warmed to 100 °C and stirred at 1000 rpm for 2 h. The Parr reactor was then

196



slowly cooled to 0 °C, vented and sampled for GC analysis. Note: Run 13 employing aqueous NaCl
additive in MeOH solvent resulted in the separation of the product mixture into 2 different phases.

CH,Cl; was added post-catalysis in order to homogenise the mixture.
General procedure for palladium catalysed hydroxycarbonylation of olefins (Table 3.7 and Table 3.8)

Hydroxycarbonylation experiments were carried out in parallel reactors on the SPR16 AMTECH
system. Catalyst solutions were made up from stock solutions of Pd(OAc),, ligand and CH3SOsH in
diglyme. H,O was added and the catalyst mixtures stirred for 5 min. The SPR16 AMTECH system
flushed the reactors with Ar for 3 cycles then the catalyst mixtures, anisole (internal standard) and
olefin were injected into the reactors and the system programmed to maintain pressure at 40 bar of
CO, stirring speed of 1000 rpm and temperature of 100 °C for 21 h. The reactors were then cooled to

room temperature and the reactors vented and sampled for GC analysis.

5.6 Experimental Procedures for Chapter 4

5.6.1 Ligand Synthesis

)

0. .0
P

OPh

2-phenoxy-1,3,2-dioxaphosphinane A Schlenk flask was charged sequentially with propan-1,3-diol
(0.55 mL, 7.63 mmol, 1 eq), toluene (15 mL), triphenylphosphite (2 mL, 7.63 mmol, 1 eq) then
triethylamine (0.1 mL, 0.76 mmol, 0.1 eq) and warmed to 110 °C and stirred for 24 h. The reaction
mixture was cooled to room temperature and volatiles removed under reduced pressure to give a
clear viscous liquid. The crude product was distilled under reduced pressure (0.1 mbar, 115 °C) to give
2-phenoxy-1,3,2-dioxaphosphinane as translucent crystals (0.9 g, 60%). *H NMR (400 MHz, CDCl5): 6
7.36 —7.29 (2H, m, ArH), 7.13 - 7.06 (3H, m, ArH), 4.72 — 4.62 (2H, m, CH;), 3.97 — 3.88 (2H, m, CH,),
2.63—2.48 (1H, m, CH,) and 1.71 — 1.61 ppm (1H, m, CH,). **C{*H} NMR (101 MHz, CDCl5): & 153.0 (d,
2)ep = 7 Hz, ipso), 129.8 (ortho), 123.4, 120.0 (d, J = 7 Hz), 60.0 (OCH,) and 28.5 ppm (d, J = 5 Hz, CH,).
31p{'H} NMR (162 MHz, CDCls): & 123.2 ppm. MS (+ve ESI): m/z (calcd), [M+H]* 199.0519; found
199.0510. Elem. Anal. Calcd for CoH1103P: C, 54.55; H, 5.60. Found: C, 54.70, H 5.66.
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5,5-dimethyl-2-phenoxy-1,3,2-dioxaphosphinane A Schlenk flask was charged sequentially with
neopentyl glycol (0.80 g, 7.63 mmol, 1 eq), toluene (15 mL), triphenylphosphite (2 mL, 7.63 mmol, 1
eq) then triethylamine (0.1 mL, 0.76 mmol, 0.1 eq) and warmed to 110 °C and stirred for 24 h. The
reaction mixture was cooled to room temperature and volatiles removed under reduced pressure to
give a clear viscous liquid. The crude product was distilled under reduced pressure (0.1 mbar, 115 °C)
to give 2-phenoxy-1,3,2-dioxaphosphinane as translucent crystals (0.8 g, 46%). *H NMR (400 MHz,
CDCl3): 6 7.36 —7.28 (2H, m, ArH), 7.12 = 7.05 (3H, m, ArH), 4.33 (br.d, 2H, J = 10.7 Hz, OCH,), 3.46 (tt,
2H, ) =10.7 Hz, J = 1.4 Hz, OCH3), 1.32 (s, 3H, CH3) and 0.80 ppm (s, 3H, CHs). *C{*H} NMR (101 MHz,
CDCls): 6 152.9 (d, J = 7 Hz), 129.8, 123.4, 120.0, 120.0, 69.5, 33.0, 22.9 and 22.7 ppm. *P{*H} NMR
(162 MHz, CDCl3): 6 115.3 ppm. MS (+ve ESI): m/z (calcd), [M+H]* 227.0837; found 227.0838.

5.6.2 Carbonylation Procedures

General procedure for ligand modified Ru-catalysed tandem rWGS-hydroformylation-reduction of

1-octene (Table 4.1)

A hot Parr reactor (150 °C) was charged sequentially with Ru3(CO)1; and LiCl then assembled and
allowed to cool to room temperature under vacuum before being cycled twice with N,. A Schlenk flask
was charged sequentially with ligand and n-methyl-2-pyrrolidone (NMP), stirred for 5 min then
injected into the Parr reactor under a stream of N,. The Schlenk flask that held the ligand solution was
washed twice with NMP and the washes also injected into the Parr reactor under a stream of N,. 1-
Octene was then injected into the Parr reactor under a stream of N, and the reactor purged with 4 bar
CO, for 5 min before being sealed. The Parr reactor was stirred at 1000 rpm with a magnetic stirrer
bar and pressurised to 10 bar CO; before being topped up to 30 bar with a 1:3 CO,/H, premix then
heated to 130 °C and stirred at 1000 rpm for 24 h. The Parr reactor was cooled to room temperature
then vented. Anisole (internal standard) was added and the mixture stirred for 5 min before being

sampled for GC analysis.
General procedure for Ru-catalysed tandem rWGS-hydroformylation-reduction of olefins (Table 4.2)

A hot Parr reactor (150 °C) was charged sequentially with Ruz(CO)12 and chloride salt then assembled
and allowed to cool to room temperature under vacuum before being cycled twice with Ar. Solvent,
olefin then anisole (internal standard) was injected into the Parr reactor under a stream of Ar. The

Parr reactor was sealed, stirred at 1000 rpm and pressurised to 80 bar 1:1 COy/H; by first the
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introduction of 40 bar pure CO; then topped up to 80 bar with pure H,. The Parr reactor was heated
to 140 °C and stirred at 1000 rpm for 24 h. The Parr reactor was then cooled to 0 °C, vented and
sampled for GC analysis. Note: Initial pressures at reaction temperature can vary due to the CO;

expansion properties of each solvent.
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6.2 Supplementary Information for Chapter 2

6.2.1 NMR Spectra
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Figure 6.1 'H NMR (400 MHz, CDCls, 25 °C) spectrum of 5,5-diisopropyl-1,3,2-dioxathiane 2,2-
dioxide.
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Figure 6.2 *C{*H} NMR (101 MHz, CDCls, 25 °C) spectrum of 5,5-diisopropyl-1,3,2-dioxathiane 2,2-
dioxide.
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Figure 6.3 'H NMR (400 MHz, CDCls, 25 °C) spectrum of (2-isopentyl-2-isopropylpropane-1,3-
diyl)bis(diphenylphosphane), DPPIPIPP.
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Figure 6.4 *C{*H} NMR (101 MHz, CDCls, 25 °C) spectrum of (2-isopentyl-2-isopropylpropane-1,3-
diyl)bis(diphenylphosphane), DPPIPIPP.
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Figure 6.5 3'P{*H} NMR (162 MHz, CDCls, 25 °C) spectrum of (2-isopentyl-2-isopropylpropane-1,3-

diyl)bis(diphenylphosphane), DPPIPIPP.
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Figure 6.6 'H NMR (400 MHz, CDCls, 25 °C) spectrum of (2,2-diisopropylpropane-1,3-
diyl)bis(diphenylphosphane), DPPDIPP.
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Figure 6.7 *C{*H} NMR (101 MHz, CDCls, 25 °C) spectrum of (2,2-diisopropylpropane-1,3-
diyl)bis(diphenylphosphane), DPPDIPP.
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Figure 6.8 3'P{*H} NMR (162 MHz, CDCls, 25 °C) spectrum of (2,2-diisopropylpropane-1,3-
diyl)bis(diphenylphosphane), DPPDIPP.
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Figure 6.9 'H NMR (400 MHz, CDCls, 25 °C) spectrum of (2-isopentyl-2-isopropylpropane-1,3-
diyl)bis(diphenylphosphane)dichloropalladium(Il) complex, Pd(DPPIPIPP)CI,.
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1H NMR (CD2CI2, 400 MHz)
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Figure 6.10 *H NMR (400 MHz, CDCl,, 25 °C) spectrum of (2,2-Dimethylpropane-1,3-diyl)bis(di-tert-
butylphosphane)dichloropalladium(ll) complex, Pd(DTBPDMP)Cl..

212



13C{1H} NMR (CD2CI2, 101 MHz) o
3
NaNnaa 9B
OUDOUO £ 8§ F
AN NS o =] o
ooooo 3 o 2 T
[CASHTRTNT] o = ) o
nmonLanN oY YYn S
T T OMOMmMOONWNWNEA
muOmunmbmstETMmMmmmen oMo oM
e e s
'B
u2P\ /F’Bug
Pd
/N
Cl Cl
et L NN | N
50 230 210 190 170 150 130 110 90 70 50 30 10 -10 -3

f1 (ppm)

Figure 6.11 *C{*H} NMR (101 MHz, CD,Cl,, 25 °C) spectrum of (2,2-Dimethylpropane-1,3-diyl)bis(di-
tert-butylphosphane)dichloropalladium(ll) complex, Pd(DTBPDMP)CI,.
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31P{1H} NMR (CD2CI2, 162 MHz)
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Figure 6.12 3'P{*H} NMR (162 MHz, CD,Cl,, 25 °C) spectrum of (2,2-Dimethylpropane-1,3-diyl)bis(di-

tert-butylphosphane)dichloropalladium(ll) complex, Pd(DTBPDMP)CI,.
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6.2.2 Mass Spectrometry
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Figure 6.13 MS (+ve El) spectrum of 2-isopentyl-2-isopropylpropane-1,3-diol and a proposed

fragmentation pattern.
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Figure 6.14 MS (+ve El) spectrum of (2,2-dimethylpropane-1,3-diyl)bis(di-tert-butylphosphane)
(DTBPDMP) and a proposed fragmentation pattern.

6.2.3 X-Ray Analyses

The X-ray crystal structure of [Pd(DPPDMP)CI,]

Crystal data for [Pd(DPPDMP)Cl,]: CasH30Cl,P2Pd, M = 617.77, monoclinic, P2:/c (no. 14), a =
11.3082(5), b = 17.6113(11), c = 13.8182(6) A, B = 92.789(4)°, V= 2748.7(2) A3, Z=4, D. = 1.493 g cm™
3, W(Mo-Ka) = 1.002 mm™, T = 173 K, pale yellow needles, Agilent Xcalibur 3 E diffractometer; 5490
independent measured reflections (Rin: = 0.0305), F? refinement,? Ry(obs) = 0.0377, wRa(all) = 0.0821,
4410 independent observed absorption-corrected reflections [|F,| > 40(|F.|), completeness to

Bun(25.2°) = 98.8%], 310 parameters. CCDC 1936380.
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Figure 6.15 The crystal structure of [Pd(DPPDMP)CI] (50% probability ellipsoids).

Table 6.2 Bond lengths [A] and angles [°] for [Pd(DPPDMP)CI,].

Pd(1)-P(5)
Pd(1)-P(1)
Pd(1)-Cl(1)
Pd(1)-Cl(2)
P(1)-C(6)
P(1)-C(12)
P(1)-C(2)
C(2)-¢(3)
C(3)-C(19)
C(3)-C(18)
C(3)-C(4)
C(4)-P(5)
P(5)-C(20)
P(5)-C(26)
C(6)-C(7)
c(6)-C(11)
C(7)-C(8)
C(8)-C(9)

2.2371(9)
2.2423(9)
2.3391(9)
2.3570(9)
1.808(3)
1.818(3)
1.832(3)
1.538(4)
1.530(4)
1.535(4)
1.536(4)
1.820(3)
1.815(4)
1.823(3)
1.394(5)
1.395(5)
1.390(5)
1.367(6)

C(9)-C(10)

C(10)-C(11)
C(12)-C(13)
C(12)-C(17)
C(13)-C(14)
C(14)-C(15)
C(15)-C(16)
C(16)-C(17)
C(20)-C(21)
C(20)-C(25)
C(21)-C(22)
C(22)-C(23)
C(23)-C(24)
C(24)-C(25)
C(26)-C(31)
C(26)-C(27)
C(27)-C(28)
C(28)-C(29)

1.377(6)
1.385(5)
1.387(4)
1.389(5)
1.382(5)
1.376(5)
1.369(5)
1.387(5)
1.391(5)
1.395(5)
1.373(5)
1.378(6)
1.379(6)
1.384(5)
1.384(5)
1.394(5)
1.385(5)
1.374(5)
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C(29)-C(30)
C(30)-C(31)

P(5)-Pd(1)-P(1)
P(5)-Pd(1)-Cl(1)
P(1)-Pd(1)-CI(1)
P(5)-Pd(1)-Cl(2)
P(1)-Pd(1)-Cl(2)
CI(1)-Pd(1)-Cl(2)
C(6)-P(1)-C(12)
C(6)-P(1)-C(2)
C(12)-P(1)-C(2)
C(6)-P(1)-Pd(1)
C(12)-P(1)-Pd(1)
C(2)-P(1)-Pd(1)
C(3)-C(2)-P(1)
C(19)-C(3)-C(18)
C(19)-C(3)-C(4)
C(18)-C(3)-C(4)
C(19)-C(3)-C(2)
C(18)-C(3)-C(2)
C(4)-C(3)-C(2)
C(3)-C(4)-P(5)
C(20)-P(5)-C(4)
C(20)-P(5)-C(26)
C(4)-P(5)-C(26)
C(20)-P(5)-Pd(1)
C(4)-P(5)-Pd(1)
C(26)-P(5)-Pd(1)
C(7)-C(6)-C(11)
C(7)-C(6)-P(1)

1.371(5)
1.395(5)

95.84(3)
84.49(3)
179.02(3)
176.05(3)
88.09(3)
91.59(3)
107.45(15)
104.72(15)
102.34(14)
112.92(11)
108.96(11)
119.43(11)
118.7(2)
109.5(3)
112.3(3)
106.2(3)
111.7(3)
106.7(3)
110.1(3)
118.9(2)
100.71(15)
108.43(16)
105.40(15)
110.33(12)
118.27(11)
112.74(11)
118.9(3)
120.2(3)

C(11)-C(6)-P(1)
C(8)-C(7)-C(6)
C(9)-C(8)-C(7)
C(8)-C(9)-C(10)
C(9)-C(10)-C(11)
C(10)-C(11)-C(6)
C(13)-C(12)-C(17)
C(13)-C(12)-P(1)
C(17)-C(12)-P(1)
C(14)-C(13)-C(12)
C(15)-C(14)-C(13)
C(16)-C(15)-C(14)
C(15)-C(16)-C(17)
C(16)-C(17)-C(12)
C(21)-C(20)-C(25)
C(21)-C(20)-P(5)
C(25)-C(20)-P(5)
C(22)-C(21)-C(20)
C(21)-C(22)-C(23)
C(22)-C(23)-C(24)
C(23)-C(24)-C(25)
C(24)-C(25)-C(20)
C(31)-C(26)-C(27)
C(31)-C(26)-P(5)
C(27)-C(26)-P(5)
C(28)-C(27)-C(26)
C(29)-C(28)-C(27)
C(30)-C(29)-C(28)
C(29)-C(30)-C(31)
C(26)-C(31)-C(30)

120.8(2)
119.6(3)
120.7(4)
120.5(4)
119.5(4)
120.7(3)
119.0(3)
122.0(3)
118.8(2)
119.8(3)
120.8(4)
120.0(3)
119.8(4)
120.6(3)
118.5(3)
117.2(3)
124.3(3)
121.4(4)
119.5(4)
120.4(4)
120.2(4)
120.1(4)
118.6(3)
120.0(3)
121.3(3)
120.6(4)
120.1(4)
120.2(3)
120.1(3)
120.4(3)
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The X-ray crystal structure of [Pd(DPPIPIPP)CI;]

Crystal data for [Pd(DPPIPIPP)CI,]: C3sH4,Cl2P,Pd-CH,Cl>, M = 786.85, orthorhombic, Pbca (no. 61), a =
21.8565(6), b = 14.7082(4), ¢ = 22.7524(6) A, V = 7314.2(3) A%, Z = 8, D. = 1.429 g cm™3, u(Mo-Ka) =
0.911 mm™, T=173 K, colourless platy needles, Agilent Xcalibur 3 E diffractometer; 7280 independent
measured reflections (Rinx = 0.0269), F? refinement, 12 Ry(obs) = 0.0469, wR,(all) = 0.1192, 5500
independent observed absorption-corrected reflections [|Fo| > 40(|Fo|), completeness to B:u(25.2°)

=99.0%], 418 parameters. CCDC 1936381.

The included dichloromethane solvent molecule in the structure of [Pd(DPPIPIPP)CIl,] was found to be
disordered. Four orientations were identified of ca. 36, 29, 19 and 16% occupancy, their geometries
were optimised, the thermal parameters of adjacent atoms were restrained to be similar, and all of

the atoms were refined isotropically.

Figure 6.16 The crystal structure of [Pd(DPPIPIPP)CI;] (50% probability ellipsoids).

Table 6.3 Bond lengths [A] and angles [°] for [Pd(DPPIPIPP)CI,].

Pd(1)-P(5)  2.2449(11) P(1)-C(2) 1.832(4)
Pd(1)-P(1)  2.2452(11) C(2)-¢(3) 1.545(5)
Pd(1)-Cl(2)  2.3381(12) C(3)-C(4) 1.538(6)
Pd(1)-Cl(1)  2.3480(10) C(3)-C21)  1.549(6)
P(1)-C(6) 1.817(4) C(3)-C(18)  1.576(6)
P(1)-C(12)  1.822(4) C(4)-P(5) 1.834(4)
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P(5)-C(32)
P(5)-C(26)
C(6)-C(7)
C(6)-C(11)
C(7)-C(8)
C(8)-C(9)
C(9)-C(10)
C(10)-c(11)
C(12)-C(17)
C(12)-C(13)
C(13)-C(14)
C(14)-C(15)
C(15)-C(16)
C(16)-C(17)
C(18)-C(20)
C(18)-C(19)
C(21)-C(22)
C(22)-C(23)
C(23)-C(25)
C(23)-C(24)
C(26)-C(27)
C(26)-C(31)
C(27)-C(28)
C(28)-C(29)
C(29)-C(30)
C(30)-C(31)
C(32)-C(37)
C(32)-C(33)
C(33)-C(34)
C(34)-C(35)
C(35)-C(36)
C(36)-C(37)

1.820(4)
1.820(4)
1.385(6)
1.393(6)
1.378(7)
1.370(7)
1.376(7)
1.386(7)
1.386(6)
1.394(6)
1.386(6)
1.375(7)
1.371(7)
1.377(7)
1.528(6)
1.572(7)
1.477(7)
1.566(8)
1.461(10)
1.502(9)
1.387(6)
1.387(6)
1.388(6)
1.373(7)
1.357(7)
1.400(6)
1.387(6)
1.395(6)
1.379(6)
1.382(7)
1.371(7)
1.389(6)

C(40)-Cl(41)
C(40)-Cl(42)
C(45)-CI(46)
C(45)-Cl(47)
C(50)-Cl(52)
C(50)-CI(51)
C(55)-Cl(56)
C(55)-Cl(57)

P(5)-Pd(1)-P(1)
P(5)-Pd(1)-CI(2)
P(1)-Pd(1)-CI(2)
P(5)-Pd(1)-CI(1)
P(1)-Pd(1)-CI(1)
Cl(2)-Pd(1)-ClI(1)
C(6)-P(1)-C(12)
C(6)-P(1)-C(2)
C(12)-P(1)-C(2)
C(6)-P(1)-Pd(1)
C(12)-P(1)-Pd(1)
C(2)-P(1)-Pd(1)
C(3)-C(2)-P(2)
C(4)-C(3)-C(2)
C(4)-C(3)-C(21)
C(2)-C(3)-C(21)
C(4)-C(3)-C(18)
C(2)-C(3)-C(18)
C(21)-C(3)-C(18)
C(3)-C(4)-P(5)
C(32)-P(5)-C(26)
C(32)-P(5)-C(4)
C(26)-P(5)-C(4)

1.785(13)
1.836(14)
1.794(15)
1.826(15)
1.798(17)
1.817(16)
1.815(17)
1.828(17)

96.29(4)
176.95(5)
85.59(4)
86.37(4)
176.56(4)
91.85(4)
106.45(19)
104.75(19)
101.76(19)
111.45(14)
112.85(13)
118.46(13)
117.7(3)
108.2(3)
112.7(3)
109.9(3)
107.9(3)
108.6(3)
109.5(3)
117.8(3)
105.61(19)
104.51(19)
102.54(19)
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C(32)-P(5)-Pd(1)
C(26)-P(5)-Pd(1)
C(4)-P(5)-Pd(1)
C(7)-C(6)-C(11)
C(7)-C(6)-P(1)
C(11)-C(6)-P(1)
C(8)-C(7)-C(6)
C(9)-C(8)-C(7)
C(8)-C(9)-C(10)
C(9)-C(10)-C(11)
C(10)-C(11)-C(6)
C(17)-C(12)-C(13)
C(17)-C(12)-P(1)
C(13)-C(12)-P(1)
C(14)-C(13)-C(12)
C(15)-C(14)-C(13)
C(16)-C(15)-C(14)
C(15)-C(16)-C(17)
C(16)-C(17)-C(12)
C(20)-C(18)-C(19)
C(20)-C(18)-C(3)
C(19)-C(18)-C(3)
C(22)-C(21)-C(3)
C(21)-C(22)-C(23)
C(25)-C(23)-C(24)
C(25)-C(23)-C(22)
C(24)-C(23)-C(22)
C(27)-C(26)-C(31)
C(27)-C(26)-P(5)
C(31)-C(26)-P(5)
C(26)-C(27)-C(28)
C(29)-C(28)-C(27)

116.18(14)
108.54(14)
118.01(14)
118.6(4)
120.8(3)
120.6(3)
120.4(4)
120.9(4)
119.5(5)
120.3(5)
120.3(4)
119.1(4)
119.1(3)
121.8(3)
119.6(4)
120.5(5)
120.1(5)
120.1(5)
120.6(4)
109.2(4)
114.6(3)
110.9(4)
120.1(4)
114.7(5)
113.6(6)
110.4(6)
110.1(6)
118.8(4)
118.6(3)
122.6(3)
120.0(4)
120.9(5)

C(30)-C(29)-C(28)
C(29)-C(30)-C(31)
C(26)-C(31)-C(30)
C(37)-C(32)-C(33)
C(37)-C(32)-P(5)
C(33)-C(32)-P(5)
C(34)-C(33)-C(32)
C(33)-C(34)-C(35)
C(36)-C(35)-C(34)
C(35)-C(36)-C(37)
C(32)-C(37)-C(36)
Cl(41)-C(40)-Cl(42)
Cl(46)-C(45)-Cl(47)
Cl(52)-C(50)-Cl(51)
Cl(56)-C(55)-Cl(57)

119.6(4)
120.7(5)
120.0(4)
119.1(4)
121.4(3)
119.5(3)
119.9(4)
120.5(5)
119.9(5)
120.2(4)
120.3(4)
105.0(8)
103.8(11)
105.0(12)
101.3(13)
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The X-ray crystal structure of [Pd(DPPDIPP)CI;]

Crystal data for [Pd(DPPDIPP)Cl,]: CssH3sCl,PoPd, M = 673.87, monoclinic, P2:/n (no. 14), a =
11.2984(5), b = 20.6157(8), c = 14.1400(6) A, B = 110.081(5)°, V= 3093.3(2) A3, Z= 4, D. = 1.447 g cm~
3, u(Mo-Ka) = 0.897 mm™, T = 293 K, colourless needle, Rigaku Oxford Diffraction SuperNova
diffractometer; 7841 independent measured reflections (Rint = 0.0235), F? refinement,? Ri(obs) =
0.0352, wRs(all) = 0.0829, 5960 independent observed absorption-corrected reflections [|F,| >
40(| Fo|), completeness to B:i(25.2°) = 99.6%), 347 parameters. CCDC 1936382.

Figure 6.17 The crystal structure of [Pd(DPPDIPP)CI;] (50% probability ellipsoids).

Table 6.4 Bond lengths [A] and angles [°] for [Pd(DPPDIPP)Cl,].

Pdo1  P1 2.2433(6) C15 Cl14 1.383(4)
Pdol  cl1 2.3586(7) 28 €33 1.390(4)
PdO1 P2 2.2386(7) 28 €29 1.386(4)
Pdo1  CI2 2.3435(7) c16  C17 1.373(4)
P1 c1 1.841(2) c16  C21 1.387(4)
P1 22 1.817(2) c4a Cc6 1.534(4)
P1 10 1.820(3) 4 C5 1.535(4)
P2 2 1.837(2) c14 C13 1.370(4)
P2 c28 1.816(3) c11  c12 1.380(4)
P2 Cc16 1.827(2) c17  cC18 1.392(4)
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C1
C2
c3
C3
C22
C22
Cc27
C10
C10
Cc7
Cc7

P1
P1
P2
P2
P2
Cl2
C1
C22
C22
C22
C10
C10
C2
C28
C28
C28
C16
C16
c3
c3
C1

c3
c3
c7
ca
c27
c23
C26
Cc15
c11
c8
co

PdO1
PdO1
PdO1
PdO1
PdO1
PdO1
P1
P1
P1
P1
P1
P1
P2
P2
P2
P2
P2
P2
C1
C2
C3

ci1
CI2
P1
cn
CI2
ci1
PdO1
PdO1
C1
C10
PdO1
C1
PdO1
PdO1
C2
Ci16
PdO1
Cc2
P1
P2
C2

1.547(3)
1.554(3)
1.578(3)
1.557(3)
1.386(3)
1.388(3)
1.386(4)
1.395(3)
1.380(4)
1.524(4)
1.526(3)

86.66(2)
177.46(3)
94.69(2)
178.52(2)
87.69(3)
90.95(3)
120.85(8)
112.46(8)
104.88(11)
107.65(11)
108.40(8)
101.51(11)
119.22(8)
113.70(9)
105.56(12)
106.38(12)
109.64(9)
100.96(11)
120.62(16)
121.36(16)
107.27(19)

Cc23
C33
Ci13
C29
C24
C26
c21
C32
C31
C18
C19

C11
C8

C8

9

Ci4
C33
C29
C29
C17
C17
c21
C6

C5

C5

C13
C10
Ci16
C24
C32
Ci14
Cc28

C24
C32
C12
C30
C25
C25
C20
C31
C30
C19
C20

C10
c7

Cc7

Cc7

C15
Cc28
Cc28
Cc28
Ci16
Ci16
C16
C4

C4

C4

Ci4
C11
C17
Cc23
C33
C13
C29

C15
Cc3
9
c3
C10
P2
P2
C33
P2
c21
P2
c3
Cc3
C6
C15
C12
C18
C22
Cc28
Ci12
C30

1.381(4)
1.388(4)
1.381(4)
1.387(4)
1.372(4)
1.380(4)
1.390(4)
1.371(5)
1.374(5)
1.366(5)
1.360(5)

118.5(2)
115.5(2)
107.5(2)
114.5(2)
120.7(3)
120.6(2)
120.6(2)
118.7(3)
119.7(2)
118.5(3)
121.8(2)
113.1(2)
116.9(2)
108.1(2)
119.7(3)
120.9(3)
121.5(3)
121.3(3)
120.4(3)
120.4(3)
120.5(3)
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c1
c1
c2
c2
ca
c27
c27
c23
c22
Cc15
c11

The X-ray crystal structure of [Pd(DPPP)z](CFsCOz)2

c3
c3
c3
C3
C3
C22
C22
C22
Cc27
C10
C10

Cc7
c4
c7
c4
c7
P1
Cc23
P1
C26
P1
P1

108.29(19)
112.4(2)
107.03(19)
109.83(19)
111.74(19)
120.02(19)
118.6(2)
121.34(19)
120.3(3)
118.7(2)
122.71(19)

C25
C25
Ci16
C11
C31
C32
C19
C20
C24
C31
C19

C24
C26
c21
Ci12
C32
C31
C18
C19
C25
C30
C20

Cc23
Cc27
C20
C13
C33
C30
C17
C18
C26
C29
c21

119.3(3)
119.9(3)
119.8(3)
119.8(3)
120.1(3)
120.2(3)
119.1(3)
120.5(3)
120.6(3)
120.0(3)
120.7(3)

Crystal data for [Pd(DPPP)2](CF3CO2)2: [CsaHs2P4Pd](C2F302)2, M = 1157.27, monoclinic, P21/n (no. 14),

a=11.0969(3), b = 18.3586(5), c = 12.3866(3) A, B = 94.460(2)°, V= 2515.79(11) As, Z = 2 [C;symmetry],

Dc = 1.528 g cm-3, y(Mo-Ka) = 0.567 mm-1, T = 173 K, pale yellow blocks, Agilent Xcalibur 3 E

diffractometer; 5026 independent measured reflections (Rint = 0.0163), F? refinement,? Ri(obs)
0.0291, wRa(all) = 0.0694, 4263 independent observed absorption-corrected reflections [|Fo]|
40(|Fo|), completeness to Bi(25.2°) = 98.6%], 331 parameters. CCDC 1953466.

\

The palladium atom in the structure of [Pd(DPPP)2](CF3COz2)2was found to sit on a centre of symmetry.
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Figure 6.18 The structure of the Cis-symmetric di-cationic complex present in the crystal of

[Pd(DPPP),](CF3C0,)> (50% probability ellipsoids).

Table 6.5 Bond lengths [A] and angles [°] for [Pd(DPPP),](CFsCO5),.

P(1)-C(6)
P(1)-C(12)
P(1)-C(2)
P(1)-Pd(1)
Pd(1)-P(5)
Pd(1)-P(5)#1
Pd(1)-P(1)#1
C(2)-¢(3)
C(3)-C(4)
C(4)-P(5)
P(5)-C(24)
P(5)-C(18)

1.816(2)
1.830(2)
1.835(2)
2.4082(5)
2.4000(5)
2.4000(5)
2.4082(5)
1.519(3)
1.519(3)
1.827(2)
1.814(2)
1.828(2)

c(6)-C(7)
C(6)-C(11)
C(7)-C(8)
C(8)-C(9)
C(9)-C(10)
C(10)-C(11)
C(12)-C(13)
C(12)-C(17)
C(13)-C(14)
C(14)-C(15)
C(15)-C(16)
C(16)-C(17)

1.385(3)
1.403(3)
1.389(3)
1.377(4)
1.381(4)
1.378(3)
1.389(3)
1.401(3)
1.391(3)
1.375(4)
1.371(4)
1.386(3)
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C(18)-C(19) 1.392(3)

C(18)-C(23)  1.394(3)

C(19)-C(20)  1.390(3)

C(20)-C(21) 1.384(3)

C(21)-C(22) 1.377(3)

C(22)-C(23)  1.388(3)

C(24)-C(29)  1.389(3)

C(24)-C(25) 1.404(3)

C(25)-C(26)  1.381(3)

C(26)-C(27) 1.381(3)

C(27)-C(28)  1.380(3)

C(28)-C(29)  1.382(3)

C(30)-0(31) 1.232(3)

C(30)-0(32) 1.237(3)

C(30)-C(33)  1.537(3)

C(33)-F(34)  1.325(3)

C(33)-F(35) 1.328(3)

C(33)-F(36)  1.349(3)

C(6)-P(1)-C(12)
C(6)-P(1)-C(2)
C(12)-P(1)-C(2)
C(6)-P(1)-Pd(1)
C(12)-P(1)-Pd(1)
C(2)-P(1)-Pd(1)
P(5)-Pd(1)-P(5)#1
P(5)-Pd(1)-P(1)
P(5)#1-Pd(1)-P(1)
P(5)-Pd(1)-P(1)#1
P(5)#1-Pd(1)-P(1)#1
P(1)-Pd(1)-P(1)#1
C(3)-C(2)-P(1)

106.89(10)
102.09(10)
97.76(10)
110.18(7)
119.35(7)
118.54(7)
180.0
88.765(18)
91.235(18)
91.237(18)
88.764(18)
180.0
115.60(15)

C(4)-C(3)-C(2)
C(3)-C(4)-P(5)
C(24)-P(5)-C(4)
C(24)-P(5)-C(18)
C(4)-P(5)-C(18)
C(24)-P(5)-Pd(1)
C(4)-P(5)-Pd(1)
C(18)-P(5)-Pd(1)
C(7)-C(6)-C(11)
C(7)-C(6)-P(1)
C(11)-C(6)-P(1)
C(6)-C(7)-C(8)
C(9)-C(8)-C(7)
C(8)-C(9)-C(10)
C(11)-C(10)-C(9)
C(10)-C(11)-C(6)
C(13)-C(12)-C(17)
C(13)-C(12)-P(1)
C(17)-C(12)-P(1)
C(12)-C(13)-C(14)
C(15)-C(14)-C(13)
C(16)-C(15)-C(14)
C(15)-C(16)-C(17)
C(16)-C(17)-C(12)
C(19)-C(18)-C(23)
C(19)-C(18)-P(5)
C(23)-C(18)-P(5)
C(20)-C(19)-C(18)
C(21)-C(20)-C(19)
C(22)-C(21)-C(20)
C(21)-C(22)-C(23)
C(22)-C(23)-C(18)

110.80(18)
115.35(15)
103.98(10)
106.69(10)
96.31(9)
110.23(7)
117.18(7)
120.51(7)
118.6(2)
120.30(16)
121.05(17)
120.5(2)
120.3(2)
119.8(2)
120.4(2)
120.4(2)
119.0(2)
122.87(17)
118.13(17)
119.8(2)
120.7(2)
120.1(2)
120.2(2)
120.2(2)
119.3(2)
118.32(16)
121.96(17)
119.9(2)
120.6(2)
119.4(2)
120.7(2)
120.0(2)
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C(29)-C(24)-C(25) 118.9(2) 0(31)-C(30)-C(33) 114.6(2)
C(29)-C(24)-P(5) 119.59(16) 0(32)-C(30)-C(33) 113.9(2)
C(25)-C(24)-P(5) 121.55(16) F(34)-C(33)-F(35) 106.4(2)
C(26)-C(25)-C(24) 115.7(2) F(34)-C(33)-F(36) 107.4(2)
C(27)-C(26)-C(25)  120.7(2) F(35)-C(33)-F(36) 105.3(2)
C(28)-C(27)-C(26) 120.0(2) F(34)-C(33)-C(30) 114.4(2)
C(27)-C(28)-C(29) 119.5(2) F(35)-C(33)-C(30) 113.6(2)
C(28)-C(29)-C(24) 120.9(2) F(36)-C(33)-C(30) 109.1(2)
0(31)-C(30)-0(32) 131.3(2)
6.2.4 Cartesian Coordinates from Geometry Optimisation
Ph,P, _PPh,
/Pd\

cl” cl
P 1.61060000 -0.16670000 -0.60430000 Cl-1.70780000 -1.50040000 2.28370000
C 1.25620000 -0.07080000 -2.40590000 Cl 1.68630000 -1.69220000 2.22100000
C -0.07200000 0.55000000 -2.83840000 H 1.31180000 -1.10680000 -2.74720000
C -1.30990000 -0.22180000 -2.38700000 H 2.09330000 0.44740000 -2.87620000
P -1.64670000 -0.17480000 -0.57960000 H -0.14150000 1.58030000 -2.49080000
C 1.92470000 1.53900000 -0.05410000 H -0.07810000 0.59500000 -3.92960000
C 3.22200000 -1.00070000 -0.64790000 H -2.19680000 0.14950000 -2.90070000
C -1.89410000 1.58820000 -0.21270000 H -1.22430000 -1.27900000 -2.64560000
C -3.26430000 -0.99200000 -0.51280000 H 2.07320000 0.91500000 1.99680000
C 2.09390000 1.75740000 1.31780000 H 2.40850000 3.20120000 2.86160000
C 2.27700000 3.04430000 1.79960000 H 2.40530000 5.13220000 1.30850000
C 2.27770000 4.12800000 0.92730000 H 2.11630000 4.75450000 -1.11970000
C 2.11400000 3.91730000 -0.43500000 H 1.82930000 2.48510000 -1.98910000
C 1.94550000 2.62760000 -0.92550000 H 2.35350000 -2.95810000 -0.49810000
C 3.26460000 -2.39490000 -0.64030000 H 4.50730000 -4.13330000 -0.74800000
C 4.47900000 -3.05250000 -0.76510000 H 6.60600000 -2.83960000 -0.96660000
C 5.65860000 -2.32450000 -0.88320000 H 6.53670000 -0.36640000 -0.95690000
C 5.62060000 -0.93600000 -0.87810000 H 4.38010000 0.80780000 -0.74880000
C 4.40440000 -0.27290000 -0.76350000 H -1.05500000 1.39710000 1.75210000
C -1.46920000 2.07890000 1.02340000 H -1.23410000 3.80120000 2.26910000
C -1.57660000 3.43220000 1.31260000 H -2.18660000 5.36240000 0.59940000
C -2.11080000 4.30700000 0.37520000 H -2.97060000 4.50100000 -1.58440000
C -2.54860000 3.82460000 -0.85350000 H -2.78390000 2.11230000 -2.10630000
C -2.44080000 2.47230000 -1.14660000 H -2.38650000 -2.94040000 -0.75040000
C -3.30730000 -2.37820000 -0.67180000 H -4.54960000 -4.11550000 -0.79400000
C -4.52430000 -3.04040000 -0.67970000 H -6.65620000 -2.84630000 -0.50740000
C -5.70750000 -2.32690000 -0.51400000 H -6.58250000 -0.39380000 -0.19270000
C -5.66670000 -0.95040000 -0.33890000 H -4.42260000 0.78800000 -0.18650000
C -4.44810000 -0.28090000 -0.33950000

Pd -0.00940000

-0.99560000 0.73820000
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Me_ Me

Ph,P. PPh,
Pd

cl” cl

P 1.68590000
C 1.26230000
C 0.00000000
C -1.26230000
P -1.68590000
C 2.58530000
C 2.92140000
C -2.58530000
C -2.92140000
C 2.23620000
C 2.88300000
C 3.88820000
C 4.25230000
C 3.60330000
C 4.19360000
C 5.08990000
C 4.72170000
C 3.44610000
C 2.55000000
C -2.23620000
C -2.88300000
C -3.88820000
C -4.25230000
C -3.60330000
C -2.55000000
C -3.44610000
C -4.72170000
C -5.08990000
C -4.19360000

Pd 0.00000000

Cl-1.72540000
Cl 1.72540000
0.00000000
0.00000000
1.17550000
2.13080000

1.47540000
2.60440000
4.39240000
5.04240000
3.90460000
4.47640000
6.07330000
5.41960000

I T T T T T T ITITIITITOO

-1.17550000
-2.13080000

0.07800000
-0.05850000
-0.84550000
-0.05850000
0.07800000
-1.46460000
1.41040000
-1.46460000
1.41040000
-2.23830000
-3.44350000
-3.88160000
-3.10750000
-1.90640000
1.24590000
2.30670000
3.54050000
3.71610000
2.65780000
-2.23830000
-3.44350000
-3.88160000
-3.10750000
-1.90640000
2.65780000
3.71610000
3.54050000
2.30670000
1.24590000
0.47030000
0.79930000
0.79930000
-0.94560000
-2.26170000
0.96260000
-0.49140000
0.96260000
-0.49140000
-1.88260000
-4.03480000
-4.81920000
-3.43730000
-1.30860000
0.29960000
2.17030000
4.36650000

0.40360000
2.19110000
2.59020000
2.19110000
0.40360000
0.05080000
0.42950000
0.05080000
0.42950000
-1.05470000
-1.29660000
-0.44400000
0.65280000
0.89960000
-0.11340000
-0.12250000
0.39830000
0.92330000
0.93490000
-1.05470000
-1.29660000
-0.44400000
0.65280000
0.89960000
0.93490000
0.92330000
0.39830000
-0.12250000
-0.11340000
-1.03430000
-2.61050000
-2.61050000
4.12390000
2.00600000
2.56360000
2.68790000
2.56360000
2.68790000
-1.73280000
-2.15800000
-0.63550000
1.31380000
1.74890000
-0.54790000
-0.55110000
0.38330000

PhyP_

OOOOOOOOOOO0OO0OOO0O0O0O0O0OO0O0O0O0O TOOO ™

3.14550000
1.54900000
-1.47540000
-2.60440000
-4.39240000
-5.04240000
-3.90460000
-1.54900000
-3.14550000
-5.41960000
-6.07330000
-4.47640000
-0.88260000
0.88260000
0.00000000
0.00000000
0.88420000
-0.88420000

Et Et

_PPh,
Pd
Cl Cl

1.66290000
1.26650000
0.00230000
-1.24970000
-1.70550000
2.75330000
2.71980000
-2.86500000
-2.69700000
2.39560000
3.18290000
4.33930000
4.71180000
3.92050000
2.26380000
3.01090000
4.22080000
4.67060000
3.92270000
-4.14080000
-4.97500000
-4.54070000
-3.26020000
-2.42610000
-3.74440000
-4.46350000
-4.13970000

4.67940000
2.81560000
-1.88260000
-4.03480000
-4.81920000
-3.43730000
-1.30860000
2.81560000
4.67940000
4.36650000
2.17030000
0.29960000
-1.48260000
-1.48260000
0.04360000
-2.26200000
-2.80870000
-2.80870000

-0.13000000
0.24230000
1.06460000
0.22300000

-0.05380000
1.24650000

-1.60200000
-1.44640000
1.41170000
2.09880000
3.20320000
3.45530000
2.59760000
1.50060000

-2.69710000

-3.86430000

-3.95250000

-2.87350000

-1.70610000
-1.39890000
-2.50680000
-3.67310000
-3.73410000
-2.62840000
1.82230000
2.97180000
3.72520000

1.31230000
1.31480000
-1.73280000
-2.15800000
-0.63550000
1.31380000
1.74890000
1.31480000
1.31230000
0.38330000
-0.55110000
-0.54790000
4.47440000
4.47440000
4.58490000
0.91870000
2.33310000
2.33310000

0.23100000
1.99540000
2.31170000
1.99330000
0.23070000
-0.24100000
0.38360000
0.36910000
-0.19650000
-1.28250000
-1.58200000
-0.85480000
0.17510000
0.48300000
1.12050000
1.18500000
0.50640000
-0.24430000
-0.31380000
-0.18850000
-0.11630000
0.50030000
1.03900000
0.96950000
0.63170000
0.33750000
-0.78600000
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C -3.10400000 3.31750000 -1.61730000
C -2.38770000 2.16310000 -1.32830000

Pd -0.03350000

Cl-1.76980000
Cl 1.68030000

I rrr O Irr r r r r r r I I I IIIIIIIIIIITITIITIITITITITITOOO

Ph,P.
Pd

-0.00730000
-0.04360000
1.03200000
2.14520000
1.19520000
-2.11970000
-1.13890000
1.51450000
2.89660000
4.95390000
5.61700000
4.21880000
1.31130000
2.64420000
4.80310000
5.60060000
4.26080000
-4.47390000
-5.96190000
-5.19050000
-2.90720000
-1.41970000
-4.01240000
-5.27630000
-4.69850000
-2.85650000
-1.60320000
-0.84600000
-1.02640000
0.00540000
2.03720000
0.91740000
0.96400000
-0.09970000
-1.02620000
0.73140000
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0.39750000
1.21560000
-0.21260000
1.40100000
3.68190000
4.30960000
2.70320000
0.74430000
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0.04830000
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6.2.5 Additional Geometry Calculations

> Increasing
Steric Bulk

>

B

Figure 6.19 [Pd(diphosphine)Cl,] structures calculated at 150 °C and arranged by increasing steric bulk
of gem-dialkyl substituents showing 6-membered chelate conformations (side view across P-C bonds).
Phenyl groups and hydrogen atoms removed for clarity.

6.2.6 Mechanistic Studies

Table 6.6 Data for Figure 2.28 (Ligand DPPDMP), available at: 10.14469/hpc/6231.

AG
JobID (kcal/mol)
co 10059037 HEx
Propylene 10059040 *Ex
I 10058975 0

II-TS 10059144 +25.7

Il 10059180 +12.4

IV-TS 10059315 +14.2

\Y, 10059045 +10.5

VI-TS 10059038 +11.3

Vil 10059046 +5.80

VI-TS 10059029 +27.4
IRC from II-TS (forward) 10059160 Hokk
IRC from II-TS (reverse) 10059159 *okk
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Table 6.7 Data for selected intermediates (Figure 2.28) using ligands DPPDMP, DPPP and DPPDTBP
(including dispersion, solvent and temperature correction when stated), available at:
10.14469/hpc/6231.

H H Me_ Me
PPh, PPh, PPh, PPh, PPh, PPh,
DPPP DPPDMP DPPDTBP
AG
For DPPDMP (Me, Me) JobID (kcal/mol)
[ 10058975 0
II-TS 10059144 +25.7
VI-TS 10059038 +11.3
Vil 10059046 +5.80
For DPPP (H, H)
la 10059194 0
l1a-TS 10059176 +25.3
For DPPDTBP ('Bu, 'Bu)
Ib 10059047 0
lIb-TS 10059311 +24.7
VIb-TS 10059134 +12.1
IRC from Ilb-TS 10059503 e
Including dispersion (GD3BJ), solvent (cpcm=THF)
and temperature (423.15 K) correction
co 10059667 e
Propylene 10059668 oAk
la 10059628 0
Ilb-TS 10059598 +17.8
VIb-TS 10059597 +8.7
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6.2.7 Octane Quantification

trans-3 ? trans-2

trans-4 cis-2
i \ octane g

3 \ s

\

/

Figure 6.20 GC spectrum of the octene region for run 5 from Table 2.3.
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Due to incomplete resolution of octane from octene on the GC, post-processing was required to
quantify the amount of trans-3-octene and octane detected. Both trans-3-octene and octane were

assumed to follow gaussian distributions which were then integrated using the following formula:

o) x2
j ae 202 = qoV2om

— 00

Where,

a = height of bell curve

o = standard deviation

The ratio of their integrals was then used to apportion the area of the combined trans-3-

octene/octane peak.
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6.3 Supplementary Information for Chapter 3

6.3.1 NMR Spectra

1H NMR (CDCI3, 400 MHz) 8
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Figure 6.21 *H NMR (400 MHz, CDCls, 25 °C) spectrum of 9,9'-(4-(trifluoromethyl)-1,2-phenylene)bis(9-
phosphabicyclo[3.3.1]nonane), BCOPF.
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13C{1H} NMR (CDCI3, 101 MHz)
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Figure 6.22 3C{'H} NMR (101 MHz, CDCl;, 25 °C) spectrum of 9,9'-(4-(trifluoromethyl)-1,2-
phenylene)bis(9-phosphabicyclo[3.3.1]lnonane), BCOPF.
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Figure 6.23 3'P{'H} NMR (162 MHz, CDCl;, 25 °C) spectrum of 9,9'-(4-(trifluoromethyl)-1,2-
phenylene)bis(9-phosphabicyclo[3.3.1]Jnonane), BCOPF.
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Figure 6.24 'H NMR (400 MHz, CDCls, 25 °C) spectrum of 9,9'-(4-methoxy-1,2-phenylene)bis(9-
phosphabicyclo[3.3.1]nonane), BCOPA.
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Figure 6.25 *C{*H} NMR (101 MHz, CDCls, 25 °C) spectrum of 9,9'-(4-methoxy-1,2-phenylene)bis(9-
phosphabicyclo[3.3.1]nonane), BCOPA.
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31P{1H} NMR (CDCI3, 162 MHz)
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Figure 6.26 3'P{*H} NMR (162 MHz, CDCls, 25 °C) spectrum of 9,9'-(4-methoxy-1,2-phenylene)bis(9-
phosphabicyclo[3.3.1]nonane), BCOPA.
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1H NMR (CDCI3, 400 MHz) 8
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Figure 6.27 'H NMR (400 MHz, CDCls, 25 °C) spectrum of 1,2-Di(9-phosphabicyclo[4.2.1]nonan-9-
yl)benzene, a-BCOPP.

6.3.2 X-Ray Analyses

The X-ray crystal structure of [Pd(BCOPE)CI;]

Crystal data for [Pd(BCOPE)CL]: CigH3.Cl,P,Pd, M= 487.67, monoclinic, P2:;/c (no. 14),a=
11.7219(2) A, b= 12.3373(2) A, c= 13.6858(2) A, B= 96.2390(10)°, V= 1967.47(5) A%, Z= 4,T=
295.79(10) K, p(CuKa) = 11.605 mm™, D.= 1.646 g cm3, 28422 reflections measured (7.586° < 20 <
145.426°), F* refinement,*? 3890 unique (Rint= 0.0922, Rggma = 0.0373) which were used in all
calculations. The final R; was 0.0535 (I > 20(1)) and wR> was 0.1522 (all data).
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Figure 6.28 The crystal structure of [Pd(BCOPE)Cl,] (50% probability ellipsoids).

Table 6.8 Bond lengths [A] and angles [°] for [Pd(BCOPE)Cl,].

Pd1 P1

Pd1 P2

Pd1 CI2

Pd1 CI1

P1

P1

P1

P2

P2

P2

C11
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9
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C11 C18

Cl1 C12

(ox}
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9

C6

Cé

C2

C8

C10

c5

Cc7

C18 C17

2.2840(15)
2.2752(15)
2.3673(15)
2.3686(17)
1.822(7)
1.829(7)
1.824(7)
1.833(7)
1.834(6)
1.828(7)
1.544(11)
1.534(9)
1.537(9)
1.535(9)
1.500(9)
1.531(10)
1.536(12)

1.535(12)

C14 C15
C14 C13
C15 C16
C5 C4
C3 C2
C3 C4
C13 C12
C7 C8

C17 C16

P1 Pdl
P1 Pd1
P2 Pdl
P2 Pdl
P2 Pd1
Cl2 Pd1
Ci1 P1

Ci1 P1

Ci1 P1

Cl2
cn
P1
CI2
ci
cn
Pd1
C15
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1.540(9)

1.531(9)

1.526(10)
1.554(10)
1.526(11)
1.531(10)
1.531(10)
1.532(12)

1.521(11)

175.34(7)
94.44(6)
85.48(5)
94.88(6)
174.62(7)
85.64(6)
117.3(2)
96.4(3)

108.6(3)
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The X-ray crystal structure of [Pd(BCOPP)CI;]

Pd1
Pd1
C15
Pd1
c9
Pd1
Pd1
Cc1
c9
P1
P1
C18
P2
P2
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P2
c7

C11

122.8(2)
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105.6(3)
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96.6(3)
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108.0(4)
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C14 C15
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C6 C5
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C4 G5
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Ci4 C13

cg C7
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Ci6 C17

C13 C12

C7 C8
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C11

C1
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C15
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108.7(5)
111.2(5)
114.0(6)
107.7(5)
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116.5(6)
116.4(6)
116.8(6)
116.9(6)
116.6(6)
116.5(6)
117.3(6)
107.4(5)

116.3(6)

Crystal data for [Pd(BCOPP)Cl,]: Cy2H3,Cl,P,Pd.CH,Cl,, M = 620.64, monoclinic, P2:/c (no. 14),a=

14.08010(10) A, b = 13.60620(10) A, c = 13.7056(2) A, B = 106.2050(10)°, V = 2521.35(5) A%, Zz=4, T =

296.7(3) K, p(Cuka) = 11.107 mm™, D.= 1.635 g cm?3, 12231 reflections measured (9.222° < 20 <

145.382°), F* refinement,*? 4858 unique (Rint= 0.0355, Rggma = 0.0391) which were used in all

calculations. The final R1 was 0.0427 (I > 20(1)) and wR> was 0.1233 (all data).
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Figure 6.29 The crystal structure of [Pd(BCOPP)CI;] (50% probability ellipsoids).

Table 6.9 Bond lengths [A] and angles [°] for [Pd(BCOPP)Cl,].

Pd1 P1 2.2484(8) C15 €22 1.539(5)
Pd1 Cl1 2.3777(9) C15 C16 1.543(5)
Pd1 P2 2.2817(8) c7 8 1.531(5)
Pd1 ClI2 2.3467(9) c7 cl1a 1.538(5)
PL cC1 1.823(4) c11 c12 1.551(5)
P1  C19 1.833(3) c11 c10 1.540(5)
P1  C15 1.834(4) 20 c21 1.522(6)
P2 C6 1.855(3) 8 9 1.540(6)
P2 C7 1.835(3) 22 c21 1.518(5)
P2 11 1.846(3) c12 c13 1.514(5)
Cl1 C6 1.405(5) c16 C17 1.536(5)
c1 2 1.396(5) C10 9 1.533(6)
6 C5 1.391(5) c14 c13 1.518(5)
C19 €20 1.548(5) 2 c3 1.391(6)
c19 c18 1.546(5) c4a c5 1.393(6)

244



c4
C18
CI3

C23

P1
P1
P1
P2
P2
ci
c1
c1
c1
C19
c19
C15
C6
c7
c7
c7
c11
c11
C6
2
2
c1
cs

C5

C3
C17
C23

cl4

Pd1
Pdl
Pd1
Pdl
Pd1
Pdl
P1

P1

P1

P2
P2
P2
P2

P2

C1
C1
C1
Cé
Cé

Cé

ci
P2
ci2
cl
ci2
ci
Pd1
c19
15
Pd1
15
Pd1
Pd1
Pd1
C6
c11
Pd1
C6
P1
P1
C6
P2
P2

Cc1

1.356(7)
1.537(6)
1.743(6)

1.736(6)

94.02(3)
82.31(3)
173.97(4)
165.85(3)
96.46(3)
85.76(3)
99.93(11)
115.32(16)
106.24(16)
117.85(12)
95.95(15)
122.00(11)
99.59(11)
125.91(12)
107.19(16)
95.52(15)
115.74(12)
113.28(16)
115.2(2)
125.6(3)
119.3(3)
115.5(2)
125.7(3)

118.8(3)

C20

C18

C18

C22

C22

Ci16

C8

C8

Ci14

C12

C10

C10

C21

c7

C21

Ci13

C17

9

C13

c3

c3

C22

C10

C12

C17

C6

Ci16

c4

Cl4

C19

C19

C19

C15

C15

C15

c7

Cc7

c7

C11

C11

C11

C20

C8

C22

C12

Ci6

C10

Ci4

C2

Cc4

Cc21

9

C13

C18

C5

C17

Cc3

Cc23

P1

P1

C20

P1

C16

P1

P2

Ci4

P2

P2

P2

C12

C19

)

C15

C11

C15

C11

Cc7

C1

C5

C20

C8

Ci14

C19

C4

C18

C2

CI3

106.4(2)
113.3(3)
112.0(3)
107.9(3)
115.8(3)
109.3(3)
109.3(3)
114.5(3)
108.8(3)
107.3(2)
113.2(3)
112.0(3)
116.2(3)
118.2(3)
116.6(3)
115.9(3)
117.1(3)
116.9(3)
115.9(3)
120.6(4)
120.3(4)
113.5(3)
118.5(3)
113.9(3)
117.6(3)
120.8(4)
117.3(3)
120.1(4)

112.0(3)

245



The X-ray crystal structure of [Pd(a-BCOPP)Cl;]

Crystal data for [Pd(a-BCOPP)Cly]: CiHs3Cl,PoPd, M= 535.71, monoclinic, P2:/n (no. 14), a=
7.62310(10) A, b= 19.9191(2) A, c = 14.50130(10) A, B = 94.9510(10)°, V= 2193.74(4) A%, Z= 4,T=
295.3(3) K, p(CuKa) = 10.473 mm™, D.= 1.622 g cm3, 21164 reflections measured (7.56° < 20 <
148.05°), F? refinement,*? 4389 unique (Rint= 0.0508, Rsgma = 0.0338) which were used in all
calculations. The final R; was 0.0298 (I > 25(l)) and wR, was 0.0810 (all data).

Figure 6.30 The crystal structure of [Pd(a-BCOPP)Cl,] (50% probability ellipsoids).

Table 6.10 Bond lengths [A] and angles [°] for [Pd(a-BCOPP)Cl,].

Pd1 P2 2.2752(6) P1L c1 1.833(2)
Pd1 P1 2.2661(6) Pl C12 1.840(3)
Pd1 CI2 2.3518(6) PL 7 1.853(3)
Pd1 Cl1 2.3383(7) c1 c6 1.402(4)
P2 C6 1.831(3) c1 1.390(4)
P2 C15 1.841(3) c12 c13 1.536(4)
P2 C20 1.857(3) c12 c11 1.535(4)
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Ci13 Ci14 c7 111.7(2) C21 C22 Ci15 112.3(2)

Ci10 C11 (12 117.5(3) Ci17 Ci8 (19 115.2(3)
Ci8 C19 cC20 116.9(2) Ci1 Cio (9 115.4(3)
C17 Cile6 (15 118.3(3) c8 C9 C10 118.4(3)
¢ g 7 118.1(3) Ci8 C17 Ci16 116.1(3)
C20 C21 (22 110.7(2)

The X-ray crystal structure of [Pd(BCOPE)Cl]

Crystal datafor [Pd(BCOPE)CI],.(CH3SO3H)s(H30)(CH3S03):  CaoHs2Cl.013P4Pd2Ss, M = 1306.87,
monoclinic, P2i/c  (no. 14),a= 12.15543(14)A, b= 18.6842(2)A,c= 23.4183(3)A,B=
100.2268(11)°, V= 5234.12(11) A%, Z= 4, T= 100.1(5) K, u(MoKa) = 1.129 mm?, D. = 1.658 g cm?,
135799 reflections measured (4.956° < 20 < 58.402°), F? refinement,¥? 12994 unique (Rint = 0.0471,
Rsigma = 0.0256) which were used in all calculations. The final Ry was 0.0315 (I > 20(l)) and wR; was

0.0669 (all data).

Figure 6.31 The crystal structure of [Pd(BCOPE)CIl]. (50% probability ellipsoids).

Table 6.11 Bond lengths [A] and angles [°] for [Pd(BCOPE)Cl]..

Pd1 CI2 2.4139(5) Pd2 CI2 2.4230(5)
Pd1 Cl1 2.3969(5) Pd2 P4 2.2744(6)
Pd1 P1 2.2705(6) Pd2 Ci1 2.4026(6)
Pd1 P2 2.2630(6) Pd2 P3 2.2715(6)
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P4  C27 1.823(2) c 7 1.540(3)

P4 C19 1.831(2) 8 09 1.541(3)
P4 C23 1.827(2) €32 c31 1.542(3)
P3 (29 1.830(2) c32 €33 1.548(3)
P3 (28 1.820(2) €26 C19 1.553(3)
P3 (33 1.828(2) €26 €25 1.534(3)
2 04 1.4385(19) 2 a 1.528(3)
2 05 1.4441(18) 21 €22 1.536(4)
2 06 1.5055(19) 21 €20 1.541(4)
s2 (38 1.753(3) c11 c18 1.545(3)
PL  C7 1.828(2) Cc11 C12 1.545(3)
P1L cC1 1.823(2) 27 C28 1.526(3)
PL  C3 1.831(2) C14 C15 1.542(3)
P2 2 1.825(2) c14 C13 1.543(3)
P2 cC11 1.824(2) c18 C17 1.538(3)
P2 C15 1.833(2) c22 €23 1.541(3)
s4 012 1.436(2) C13 C12 1.539(3)
s4 010 1.4761(19) c7 c6 1.549(3)
s4 011 1.4597(19) €29 (€30 1.539(3)
sS4  C40 1.760(3) €29 C36 1.547(3)
3 08 1.4474(19) C19 €20 1.547(3)
3 09 1.4791(19) C23 C24 1.549(3)
3 07 1.4475(18) €31 €30 1.537(3)
S3 €39 1.770(3) C34 €35 1.536(3)
s1 o1 1.4358(19) C34 (33 1.543(3)
s1 03 1.5111(19) 6 C5 1.537(3)
s1 02 1.429(2) c4a C5 1.538(3)
s1 €37 1.755(3) ca 3 1.542(3)
C16 C15 1.544(3) C35 C36 1.540(4)
C16 C17 1.536(3) C10 9 1.541(3)
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6.3.3 GC Spectra

FID1 A, (Dillon\Dillon 2019-08-14 14-36-51\DIL148_4h.D)
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Figure 6.32 GC spectra of palladium catalysed hydroformylation of methyl 4-pentenoate (M4P) using
BCOPE and MSA (MSA/Pd = 40), run 1 from Table 3.4.
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