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ABSTRACT

Carbon dioxide is a major anthropogenic greenhouse gas and one of the biggest causes
of global climate change. Utilization of CO. to produce chemicals is an interesting
proposition to mitigate its negative impact. However, the chemical inertness of CO>
presents a challenge to its transformation into useful chemicals. Transition metal
complexes supported by pincer ligands have proved successful previously for the
activation of small molecules. Here, we report our investigations into the use of a Pd'-Pd'
dimer [("PNP)Pd],, previously utilized by our group to activate molecules such as H.0,
H2, NHs, O and to transform CO: into CO, a more widely used C1-feedstock for
chemicals. Use of trimethylsilyl reagents proved vital for O-atom abstraction to produce
CO, and an in-house CO trap, (M®PNP)Ir(Ph)(H) was used to quantify the amount of CO
evolved.

Transition metal catalyzed cross coupling reactions have made synthesis of previously
unattainable substrates possible, thus opening new avenues into new specialty chemicals,
pharmaceuticals and agro chemicals. Group 10 metals, especially Pd have been used
almost exclusively for these reactions in the past. The reasons for the popularity of these
Pd catalysts are the versatility, functional group tolerance and wide substrate scope
exhibited by them. More recently, however, metals outside group 10 such as Cu, Ir, Rh
have found uses in these reactions. Especially, (POCOP)Rh systems previously reported
by our group have been very useful in catalysis and mechanistic studies. Based on the
success of these Rh catalysts and high natural abundance and low prices of cobalt, we

envisioned the use of analogous Co systems as catalysts for catalytic cross coupling. With



that as our primary goal, Co"' complexes such as (POCOP)Co(Ar)(X) and
(POCOP)Co(Ar)(SAr’) presumed to be part of the catalytic C-S couplingcycle have been
isolated and their interchange has been probed. However, contrary to the observations in
Rh, C-S RE is not observed in the thermolysis of (POCOP)Co(Ar)(SAr’); instead Car
Ciigand IS the predominant reaction. A shift to the PNP ligands was made and indeed C-S
RE is observed although accompanied by decomposition to (PNP)Co'' species.

A relatively unexplored way of incorporating new functionality into pincer transition
metal complexes is having multi-nuclear pincers that can be connected by different linkers
to influence the degree of proximity and in turn the cooperativity between multiple metal
sites. Such cooperativity can prove beneficial for reactions where one metal center is not
enough. Here we have expanded the library of binucelar pincer ligands and complexes by
reporting ligands of different steric bulk, linkers with incorporated functionality, and also

metalation of these pincers with Ni and Pd.



DEDICATION

“To my family for encouraging me to embark on this journey and to my friends for

making the experience memorable”



ACKNOWLEDGEMENTS

First and foremost, |1 would like to thank my committee chair and research advisor,
Prof. Oleg Ozerov for his guidance over the past six years. | appreciate his invaluable
guidance, detailed feedback and continues patience with me as | navigated my research
projects and life in graduate school. | would also like to thank my committee members,
Prof. Michael Hall, Prof. Francois Gabbai, and Prof. Mark Holtzapple for giving me
advice and direction throughout my graduate school tenure.

Thanks also to the Ozerov research group members, who have played an important
part in making me the chemist and the person that | am today. Their devotion, hard work
and knowledge in chemistry have served as great examples for me to emulate over the
years. | would specially like to thank Loren Press, Alex Kosanovich and Bryan Foley for
the innumerable discussions about life outside chemistry that have shaped my world view.
I am honored to mention the current and past Ozerov group members | had the pleasure
of working with: Dr. Weixing Gu, Dr. Yanjun Zhu, Dr. Dan Smith, Dr. David Herbert,
Dr. Jia Zhou, Dr. Morgan Maclnnis, Dr. Rafael Huacuja, Dr. Rodrigo Ramirez, Dr. Sam
Timpa, Dr. Chun-I1 Lee, Dr. Jillian Davidson, Billy McCulloch, Christina Bramell, Chelsea
Mandell, Christopher Pell, Wei-Chun Shih, Soomin Park, Patrick Hubbard, Qingheng Lai,
and Andy Yu.

Having the support of my incredible friends has made life in grad school easier. Masato
Hirai, John Patrick, Andrew Brown, Brateen Shome, and Scott Winkler have been the best

roommates and friends one could ask for over the years. Subrata Ghosh and his family

\Y



have reminded me of my own family at times and they have kept me connected to my
roots.

On the note of family, | would like to express my immense love and gratitude to my
parents and brother, who have stood with me all my life and whose confidence and belief
in me helped me take on the challenge of graduate school and their support and love has

been my rock through difficult times.

Vi



OA
RE
'Pr
‘Bu
dppf
tolyl
S'Pr,
Ph
Ar
Py
OAc

OTf

THF
OEt,
DMAP
NCS
solv

NMR

NOMENCLATURE

oxidative addition

reductive elimination

iso-propyl

tert-butyl
bis(diphenylphosphino)ferrocene
CeHsMe

diisopropylsulfide

phenyl

aryl

pyridine

acetate

trifluoromethane sulfonate
ligand

tetrahydrofuran

diethylether
4-(N,N-dimethylamino)pyridine
N-chlorosuccinimide

solvent

Nuclear Magnetic Resonance

vii



ESI-MS

Electrospray lonization-Mass spectrometry

benzene ring with a para substituent Y

viii



TABLE OF CONTENTS

Page
ABSTRACT ..ottt bbbt b bt e et bbbt n et i
DEDICATION ..ottt sttt e b et beabeeteeseena e estestentenseane e iv
ACKNOWLEDGEMENTS ..ottt bbbt %
NOMENCLATURE ..ottt ettt besbeanaena e eens vii
TABLE OF CONTENTS ..ottt IX
LIST OF FIGURES. ..ottt ettt sna e xii
LIST OF TABLES ..ottt nneas XXI
CHAPTER I INTRODUCTION AND LITERATURE REVIEW ......ccccoocvvviiircieiene, 1
1.1. General introduction to pincer Hgands ...........cccoceiveiiiieie e 1
1.2. Coupling catalyzed by transition metals .............cccooviriiiiiiii e 3
1.2.1 History of transition metal catalyzed coupling reactions...........c...ccccceeevviveenenn. 3
1.2.2. Mechanism of transition metal catalyzed coupling reactions .............cc.ccccoe.... 6
1.2.2.1 Classical mechanism of coupling reactions with palladium ...................... 7
1.2.2.2 Mechanism of coupling reactions With RN.............cccooiiiiiniiiicen, 9
CHAPTER Il REDUCTION OF CO, TO FREE CO BY A Pd'-Pd' DIMER ................. 14
220 I 1T 11 A o o OSSR 14
2.2. Results and diSCUSSIONS ...........c.cuiiiiiieiiiiici e 17
2.2.1. Overview of ("PNP ™) ligand and past reactivity of [("(PNP)Pd-]z................ 17
2.2.2. Preliminary reactions of 201 with CO2 and CSz ......ccovvvvvveieieniiisieieiene, 18
2.2.3. Reactions of 201 with CO2 and MeaSiX reagents..........ccoeverererenenienieennns 20
2.2.4. Trapping of evolved CO with (MEPNP)IF(D)(C6D5) ...cvcvevvevererririerereieieieienne, 20
2.2.5. CONLIOI TEACLIONS ...ttt sre e nns 21
2.2.6. MechaniStiC INSIGNT...........coiviiiiiece e e e 22
pZ0C T ©70] o] 131 [ ] o OSSR 24
2.4. Experimental detailS............cooiiiiiiiiiic e 24
2.4.1. General CONSIAEIALIONS ........ccveiieerieeieiee e ee e e ee e e et sreeeeenes 24
2.4.2. Estimation of number of moles of gases in J. Young NMR tube headspace .25
2.4.3. General procedure for preparation of a stock solution of (FPNP)Me............. 25
2.4.4. In-situ generation of (M®PNP)Ir(D)(CsDs) (207D) from (MePNP)Ir(H)(Mes)
020 ) USSR 26
2.4.5. Spectral details for some previously reported compounds..........ccccceveeeveennnnns 26

iX



2.4.6. Reactions of [(FPNP)Pd-]2 (201) With CO2 ...c.cvevevveeerereieececeeeeeeeeee e 27

2.4.7. Synthesis of (FPNP)Pd-C(S)S-Pd(PNPF) (203) and its reactions................... 33
2.4.8. Characterization of (MEPNP)Ir(H)(Ph)CO (208) .......ccceeveveveereeerierrierenane. 37
2.4.9. CO trapping eXPEIIMENTS. ......cceiveiriiiieseerie e s e seesee e se e e e e e sreesreeeeanes 38
2.4.10. CONLIOl FEACTIONS ....o.vveeieiieiie ettt 42
2.4.11. Synthesis of ("PNP)Pd-SiMes (210) and its reactions ................cccevvvvevennnns 46
CHAPTER 111 POCOP COBALT COMPLEXES RELEVANT TO CATALYTIC
COUPLING AND REDUCTIVE ELIMINATION STUDIES.........coceiviiieieesecienen, 49
T8 I 10T (1 o A o o OSSPSR 49
3.2. RESUILS @Nd dISCUSSION......c.eeiiiiiiiiiitisiesieeee ettt 53
3.2.1. Synthesis of CO'" COMPIEXES..........ccvevevieireiiieeice e 53
3.2.2. Synthesis of Co"' COMPIEXES........ccccveveveeieeeee e, 55
3.2.3. X-ray StruCtUral STUAIES ........ccooiiieieieiee s 58
3.2.4. Discussion of spin states of (POCOP)Co compounds...........c.ccceevvereerveenenne 62
3.2.5. Thermolysis and observation of Ciigana-Cen reductive elimination from 316 .63
K TR TR 0] 3 Tod 1115 (o] o T TSP PR PSRRI 66
3.4, Experimental detailS ..o 66
3.4.1 General CONSIAEIALIONS .......cc.eiviiviiieiieieie et 66
3.4.2. Synthesis of (POCOP)CO0" coMpPoUNdS...........cccoveveveeeveicreiieeieece e 67
3.4.3. Synthesis of (POCOP)C0"!' compounds...........ccccevevevereeeeieieeeee e, 73
3.4.4. Reactions of (POCOP)Co(Ph)(X) complexes with alkyl reagents................. 80
3.4.5. Decomposition studies of (POCOP)Co(R)(X) complexes........c.cccccvvervvernenne. 83
3.4.6. Thermolysis of (POCOP)Co(Ph)(SPh) and analysis of the product mixture.84
3.4.7. X-ray crystallography ...........ccccoveiiiieiicie e 88
CHAPTER IV COBALT COMPLEXES OF PNP LIGANDS AND OBSERVATION
OF C-S COUPLING ....cotiiiieit ettt sttt sttt n et nn s 93
g I 1) 0 To 1 od £ o] o OSSPSR 93
4.2. ReSUItS and diSCUSSIONS .......cviiviiiieiieiieieie ettt nes 94
4.2.1. Synthesis of PNP complexes of CO" ..........cccoovviueiiieiceeeceeeee e 94
4.2.2. Synthesis of PNP complexes of Cobalt'" .............c.cooieeeeeeeeeeeee e, 95
4.2.3. STTUCKUIE ISCUSSION......eeiieiieiie e sie e siee st e e re et et snee e eeeneesreeee e 97
4.2.4. Thermolysis EXPErIMENTS .......c.civeiiieieiieie et 98
4.2.5. MeChaniStIC STUAIES .......eiveeiiiie e 99
4.3. Conclusion and future eXpPeriments...........cccccveveieeieere e, 102
4.4, Experimental detailS...........cooiiiiiiiii e 103
4.4.1. General CONSIABIAtIONS ........coiuieiiiiieiteeie ettt 103
4.4.2. Synthesis of (MEPNP™P)CO" COMPIEXES ..........cvverreeereriieeeieeeee e 104
4.4.3. Synthesis of (MEPNPP)CO" COMPIEXES ......coovveieeeeeieieeeeee e, 105
4.4.4. Synthesis of (VSPNP™™"EY) ligand and its CO COMPIEXES ........c.evvveveercenene. 112
4.4.5. Thermolysis eXPEriMENTS ......ccvciiiiiieeiie e 118



4.4.6. X-Ray crystallography ..o 121
CHAPTER V BINUCLEAR PCN AND PNN LIGANDS AND THEIR PD AND NI

COMPLEXES ..ottt ettt st st nteabe e ne e e neens 122
5.1, INEFOTUCTION ...ttt 122
5.2. RESUILS @Nd QISCUSSION. ......ccvveiieiieiiieiesiesiee st tee ettt nre e enes 124

5.2.1. Synthetic details for PCN COMPIEXES.........coveieieeiieiie e sie e 124
5.2.2. Synthetic details for PNN COMPIEXES.........cccoiiiiiiiiiieee e, 126
5.2.3. Solid-State structures of complexes of the type (RPCN-Cr)MX and
(PTPNIN-C2)MX .ottt en sttt s et en st nan s et anees 127
5.3, CONCIUSIONS ...ttt ettt bbb 130
5.4, EXPEITMENTAL ....c.ooiiiiiiiiiee e 130
5.4.1. General CONSIARIALIONS ......ccveiviiiiiieieieie e 130
5.4.2. Synthesis of PCN compounds with alkyl linkers ..., 131
5.4.3. Synthesis of PNN compounds with alkyl INKers...........cccccceveivveiveieiiiennnn, 155
5.4.4. Synthesis of PCN ligand and Ni complex with pendant amine linker ......... 158
5.4.5. X-ray crystallography...........ccccoeiieiiiic i 161
CHAPTER VI SUMMARY AND CONCLUSIONS ......cccoveieieieee e, 166
REFERENCES ... .ottt sttt 168

Xi



LIST OF FIGURES

Page

Figure 1.1 A typical pINCEr COMPIEX .....ciiiiiiiiiieeeere s 1
Figure 1.2 Some typical pincer ligands with the acronyms used for them....................... 2
Figure 1.3 Pd catalyzed C-C and C-heteroatom cross coupling reactions.............c.ccccoe.... 4
Figure 1.4 Copper catalyzed coupling reaCtions............ccocvevueiieieeieiiee e see s ese e 5
Figure 1.5 Generalized mechanism for coupling reactions using a M"/M™2cycle ........... 6
Figure 1.6 (a) OA of aryl halides to (PPhs)sPd (b) OA of aryl halides to Pd(0)

complexes with bulky pROSPhINES .........c.cooiiiiiiiii e, 7
Figure 1.7 (a) Catalytic cycle for Pd catalyzed coupling reactions (b) RE/OA via a

concerted tranSItioN STALE ...........cooiiieieiieie e 8
Figure 1.8 (a) OA of aryl halides to a (PNP)Rh' fragment (b) synthetic cycle for

catalytic intermediates involving (PNP)RN ... 10
Figure 1.9 Comparison of ground state structures of d® Rh and d® Pd complexes prior

B0 R o 12
Figure 1.10 (a) Catalytic reactions with (POCOP)Rh(H)(CI) (b) Mechanism for

catalytic coupling using (POCOP)Rh catalysts ........cccccervererirnieeireie e 12
Figure 11.1 Comparison of the polarity and reactivity of CO2 and CO............cccevvenene. 15

Figure 11.2 Catalytic reduction of CO2 to CO by a Cu(I)NHC catalyst using (Bpin)> ...16

Figure 11.3 Pd catalysts for the reduction of CO> to CO reported by Dubois................. 16
Figure 11.4 Previously reported reactivity of [(FPNP)Pd-]2 (201) with small

MOIECUIES ...t 18
Figure 11.5 Reactivity of 201 with CO2 and CSz........ccceviiiiiriiieeiee e, 19
Figure 11.6 Reactivity of 201 with CO; in the presence of MesSiX ......ccccceviiiviieinne. 20
Figure 11.7 Synthesis of the in-situ trap 207D and its reaction with CO .............cco...... 21

Figure 11.8 Reactions of 201 with CO2/MesSiX in the presence of 207D as a trap for



Figure 11.9 Overall stoichiometry of the reaction and possible mechanisms.................. 23
Figure 11.10 Synthesis of ("PNP)Pd(SiMes) (210) from of ("PNP)PdCI (204)............... 24

Figure 11.11 3P{*H}NMR (300 MHz, CsDs) spectrum of the reaction of [(FPNP)Pd-
]2(201) with CO2and MesSiOTf after heating for 18 h ........cccoevvvvviciciccnnn, 28

Figure 11.12 F NMR (300 MHz, CsDs) spectrum of the reaction of [("PNP)Pd-].
(201) with COzand MesSiOTT after heating for 18 h........cccoocvvviiniiiiienn, 29

Figure 11.13 Silyl region of the *H NMR (300 MHz, CsDs) stacked spectra of the
reaction of [("PNP)Pd-]. (201) with CO2 and MesSiOTf showing conversion
of MesSiOTf (-0.05 ppm) into (MesSi)20 (0.11 PPM) ..ceeveiverieniiiiicieeeeene 29

Figure 11.14 3P{*H} (300 MHz, CsDs) NMR spectrum of the reaction of [("PNP)Pd-
]2 (201) with CO2 and MesSiCl after heating for 18 h ..., 31

Figure 11.15 °F NMR (300 MHz, C¢Ds) spectrum of the reaction of [("PNP)Pd-].
(201) with CO2 and MesSiCl after heating for 18 h........ccccccvvvvevvieiieiice, 32

Figure 11.16 Silyl region of the *H NMR (300 MHz, CsDs) stacked spectra of the
reaction of [(FPNP)Pd-]2 (201) with CO, and MesSiCl showing unreacted
MesSiCl (0.17 ppm), (MesSi)20 (0.11 ppm) and unidentified resonance at
0,19 PPIM s 32

Figure 11.17 *H NMR (300 MHz, C¢Ds) spectrum of ("PNP)Pd-C(S)S-Pd(PNPF)
(203) (minute impurities Of Et20)........cccoiiiiiiiiiinieieee e 34

Figure 11.18 3*P{*H} (300 MHz, CsDs) NMR spectrum of ("-PNP)Pd-C(S)S-
PAMPNPF) (203) corvrerreeeeeeeeeeoeoeeeeesseseeseeeeseseseseeessesseessseseesseseeeees s 34

Figure 11.19 °F NMR (300 MHz, C¢Ds) spectrum of ("PNP)Pd-C(S)S-Pd(PNPF)

Figure 11.20 *C{*H} (300 MHz, CsDs) NMR spectrum of ("PNP)Pd-C(S)S-
Pd(PNPF) (203) (Pd-CS2-Pd resonates at 285.3 PPM) .......ccvvvvvvceerererereneeennns 35

Figure 11.21 3P{*H} (300 MHz, CsDs) NMR spectrum of the reaction of [("PNP)Pd-
]2 (201) with CO2 and MesSiOTF and (MSPNP)Ir(D)(CsDs) (207D) as in-situ
CO trap after heating for 18 N.......oocvveiiiiiic e 39

Figure 11.22 3P{*H} (300 MHz, CsDs) NMR spectrum of the reaction of [("PNP)Pd-
]2 (201) with CO2 and MesSiCl and (MePNP)Ir(D)(CsDs) (207D) as in-situ
CO trap after heating for 18 N.......cooviiiiie 41



Figure 111.1 General M"/M"2 for transition metal catalyzed coupling reactions

between aryl halides with nuCleophiles. ...........cccoveeiiiiii e 50
Figure 111.2 Examples of coupling reactions catalyzed by Co' halides.......................... 51
Figure 111.3 Comparison of proposed mechanisms for Chirik’s system and our Rh

CALAIYSTS. ..ttt 53
Figure 111.4 Synthesis of (POCOP)Co halide compleXes..........cccvvvevviieiiveie e 54
Figure 111.5 Synthesis of (POCOP)CO0(R) COMPOUNTS ........ccevverirrieiinieniieniesee e 55

Figure 111.6 Synthesis of (POCOP)Co(Cl)2 (311) and (POCOP)Co(Cl)2(PMes) (312)..56

Figure 111.7 (a) Synthesis of (POCOP)Co"! compounds by 1 e- oxidation of
(POCOP)Co(Ph) (b) Alternative synthesis of (POCOP)Co(Ph)(X) (c)
Synthesis of (POCOPYCOPR)(SPR) rrvvvrvvveererereeeeeeseeeeereeseesessssesesesseesseseesseeeeee 57

Figure 111.8 ORTEP drawing (50% probability ellipsoids) of (POCOP)Co(SPh)
(309). Select atom labeling. Hydrogen atoms are omitted for clarity.
Selected bond distances (A) and angles (deg) for 309 follow: Co1-P1,
2.1816(8); Col-P2, 2.1719(9); Col-S1, 2.1706(8); S1-C1, 1.773(2); P1-
Col-P2, 161.86(2); C7-Co1-S1, 163.15(6); Col-S1-C1, 119.89(7). ...ccuevuee... 59

Figure 111.9 ORTEP drawing (50% probability ellipsoids) of (a) (POCOP)Co(Cl):
(311). Select atom labeling. Hydrogen atoms are omitted for clarity.
Selected bond distances (A) and angles (deg) for 311 follow: Co1-Cl1,
2.285(2); Col-Cl2, 2.238(2); Col-C1, 1.934(4), C1-Co1-C1, 110.3(1); C1-
Co1-Cl2, 144.4(1); P1-Co1-P2, 159.10(3). (b) (POCOP)Co(Cl)2(PMe3)
(312). Select atom labeling. Hydrogen atoms are omitted for clarity.
Selected bond distances (A) and angles (deg) for 312 follow: Co1-P1,
2.263(1); Col-P2, 2.270(1); Col-P3, 2.303(1); Col-C1, 1.969(5); Col-ClI1,
2.258(1); Col-Cl2, 2.253(1); P1-Co1-P2, 159.04(5); CI1-Col-CI2,
179.21(5); Cl1-Co1-P1, 94.16(5); Cl1-Col-P3, 91.52(5); P3-Col-P1,

Figure 111.10 ORTEP drawing (50% probability ellipsoids) of (POCOP)Co(Ph)(I)
(315). Select atom labeling. Hydrogen atoms are omitted for clarity.
Selected bond distances (A) and angles (deg) for 315 follow: Co2-P1,
2.210(2); Co2-P2, 2.204(2); Co2-11, 2.601(2); Co2-C18, 1.907(3); Co2-
C19, 1.940(3); P1-Co2-P2, 161.83(4); C18-Co2-11, 155.19(9); C19-Co2-
11, 115.86(9); C18-C02-C19, 88.9(1) ...ecvereeirerieieiie it 61

Figure 111.11 ORTEP drawing (50% probability ellipsoids) of (POCOP)Co(Ph)(SPh)
(316). Select atom labeling. Hydrogen atoms are omitted for clarity.

Xiv



Selected bond distances (A) and angles (deg) for 316 follow: Co1-C25,
1.947(2); Col-P3, 2.222(1); Col-P1, 2.223(1); Col-S1, 2.215(1); Co1-C1,
1.933(2); C1-Col-C25, 89.54(8); C1-Col-P3, 81.80(5); C1-Col-P1,

80.24(5); C1-Co1-S1, 148.98(6); C25-C01-S1, 119.96(6)......ccccvvrvrerrerrerrannnne 61

Figure 111.12 (a) Expected electronic structure for 315 and 316 in square pyramidal
geometry (b) (b) Expected electronic structure for 309 in square planar
GEOMIBIIY .ot 62

Figure 111.13 (a) Previously reported observations upon thermolysis of
(POCOP)RN(Ph)(SPh) (b) Expected observations for thermolysis of

(POCOP)Co(Ph)(SPh) (c) Actual 0bservations...........cccccevevvevesireseeseeie s 64
Figure 111.14 Possibilities upon thermolysis of (POCOP)Co(Ph)(SPh) ........ccccvveunneee. 65
Figure 111.15 *H NMR of (POCOP)COCI (301) iN C6D6 c..vuvvvrrireirircreiiereisiceesieie e 68

Figure 111.16 *H NMR of (POCOP)Co(Ph) (308) in CsDs. Minor residual pentane,
toluene, and grease PreSENL. .....cc.eiiciveie e 72

Figure 111.17 *H NMR spectrum of (POCOP)Co(SPh) (309) in CsDs. Minor residual
PENTANE PIESEINT. ©.eiviiiiitiie ettt ettt e e e s nbb e e be e e snbeeennes 73

Figure 111.18 *H NMR spectrum of (POCOP)Co(Cl), (311) in CsDs. Minor residual
pentane and tOIUENE PreSENT. .........coviveiieie e 74

Figure 111.19 *H NMR of (POCOP)Co(Cl)2(PMes) (312) in CsDs. Minor residual
pentane and tOIUENE PrESENT. .........covcvi i 75

Figure 111.20 *H NMR spectrum of (POCOP)Co(Ph)(CI) (313) in C¢Ds. Large
amount of residual pentane Present. .......ccoveeieeie e 77

Figure 111.21 *H NMR spectrum of (POCOP)Co(Ph)(OAc) (314) in C¢Ds. Minor
residual pentane and tolUENE PreSENt. ......ccvcveiieii e 78

Figure 111.22 *H NMR spectrum of (POCOP)Co(Ph)(SPh) (316) in CsDs. Minor

residual PENTANE PrESENT.........cviiieie et sre s 80
Figure 111.23 *H NMR spectrum of 319 in CsDe. Traces of pentane present ................. 84
Figure 111.24 3P{*H} NMR spectrum 0f 319 in CeDt....cvvvervrvceerieeeerieeeiereeeeereee e 85

Figure 111.25 *H NMR spectrum of attempted thermolysis of 319 with Phl in Ce¢Ds
AFEEE 30 Nl e 85

XV



Figure 111.26 *H NMR spectrum of thermolysis of (POCOP)Co(Ph)(SPh) (316) with

PPhz in CgDs after 6 h. Trace pentane preSent. ........ocooeveverenenenesisiesieenennns 86
Figure 111.27 3P {*H} NMR spectrum of thermolysis of (POCOP)Co(Ph)(SPh) (316)

With PPh3 in CeDeafter 6 N. .......cocoiiiiiciie s 86
Figure 111.28 *H NMR spectrum of 319 in CDCls. Trace pentane present ..................... 87
Figure 111.29 3C{*H} NMR spectrum of 319 in CDCls Trace pentane present. ........... 88
Figure 111.30 ESI-MS of a solution of 319 in CDCls. M/Z" = 186 corresponds to 2-

PRENYITESOICINO ... 88
Figure 1V.1 Previously reported complexes of cobalt with PNP ligands ....................... 94
Figure 1V.2 Synthesis of (MEPNPP)C0" COMPIEXES .......cvvveeereieeiieieseeee e 95
Figure 1V.3 Synthesis of (MPNP™P)Co(Ph)(X) COMPIEXES........ccevervrreerrrereeireeereeienenae, 96

Figure V.4 (a)Attempt at synthesis of (MPNP"")Co(Ph)(Ph) (b) Synthesis of
(MEPNPPTYCO(PR)(SAT cvvovoooeeeeeeeeeeseeeeeeesesssssesessessssssesesseeeeeeesesesssesse 97

Figure IV.5 ORTEP drawing (50% probability ellipsoids) of (MPNP™P)Co(Ph)(OAc)
(406). Select atom labeling. Hydrogen atoms are omitted for clarity.
Selected bond distances (A) and angles (deg) for 406 follow: Col1-P1,
2.2619(7); Col-P2, 2.2353(6); Col-0O1, 1.990(1); Col1l-02, 2.117(1); Col-
N1, 1.933(1); Col-C29, 1.940(1); P1-Col-P2, 165.63(3); N1-Col- C29,

97.59(5); 02-C01-N1, 101.59(5); O1-C01-N1, 165.17(5). ... vveervrerrrrrrerreenne. 98
Figure 1V.6 Thermolysis of (MePNPPYCo(Ph)(SPh) (410).........cccvvireeieereeeseeeeeeenens 98
Figure 1V.7 Thermolysis of (MPNPEPYCO(Ph)(SPh) (418)......c.cvecvveerceeeereeeeeeeeae, 99
Figure 1V.8 Possibilities during thermolysis of (MePNPP)Co(Ph)(SPh) (410) ............ 100
Figure 1V.9 Thermolysis of 410 and 418 (a) without BHT and (b)with BHT as a

FAAICAL TrAP ..eveeeecec et 101
Figure 1VV.10 Thermolysis of 411, (a), (b) possibilities (c) observation from

EXPEITMENT ..ottt e sae e e e st e re e nra e reearae s 102
Figure 1V.11 'H NMR of (MePNPP)Co(Ph)(OAC) (406) in CeDe.......vvevvrerrrerrreennens 106
Figure 1V.12 3C{*H} NMR of (MePNPPYCo(Ph)(OAC) (406) in CeDs.......rvvererrerrrens 107

Figure 1V.13 *H NMR of (MEPNPP)Co(Ph)(CI) (407) i CoDg....rrvveererrreererrrreeree 108

XVi



Figure 1V.14 3C{*H} NMR of (MPNPP)Co(Ph)(CI) (407) in CeDp...rrvvveerrrrrrrrrereee 108

Figure 1V.15 'H NMR of (MPNPP)Co(Ph)(I) (408) iN CoDg ...uvvvevverrrerererserererrerereons 109
Figure 1V.16 3C{"H} NMR of (MPNPP)Co(Ph)(I) (408) in CeDb......ververrrerrerrene. 110
Figure 1V.17 *H NMR of (MePNPP)Co(Ph)(SPh) (410) iN C6D6 ...veevververereereerrerrenn. 111
Figure V.18 'H NMR of (M*PNPP)Co(Ph)(SAIF) (411) in CeDe...cvvvevvrerrerrerrrrrens 112
Figure 1V.19 'H NMR of MEPN(Li)PP EL (413) iN CoDb..vrvvrerrerererereerereseseseeereseersseens 113
Figure 1V.20 3C{*H} NMR of MePN(Li)PP"E! (413) iN CoD .....verrverererereesrrererrrerrens 114
Figure 1V.21 3P{*H} NMR of MePN(Li)PP"E! (413) iN CoDb.vvruvrrrrrrrrrrrerereeeeserereseons 114
Figure 1V.22 'H NMR of (MePNPPEYCo(Ph)(1) (417) iN CoDpu.vvvrverereereeereeereennens 116
Figure 1V.23 *H NMR of (MePNPPEYYCo(Ph)(SPh) (418) in CoD6 ...vevvververereerrererenn. 117
Figure 1V.24 3P{"H} NMR of (MePNP"P"E')Co(Ph)(SPh) (418) in CeDe..................... 117
Figure 1V.25 °F NMR of thermolysis (MPNP"P" )Co(Ph)(SAr) (411) in C¢De after 3
OSSPSR 120
Figure V.1 Previously reported poly-pincer complexes with rigid ligands................... 122

Figure V.2 (a) Previously reported pincer with flexible linkers (b) PCN and PNN
complexes of Pd reported by OUr group........cccvevveiieieerieiie e 123

Figure V.3 (a) Synthesis of RPCN-C, ligands(b) Synthesis of (RPCN)NiCI complexes
(c) Synthesis of (BYPCN)PdCI complexes (d) Synthesis of (RPCN)MOTf
COMIPIEXES ..ttt 124

Figure V.4 Synthesis of binuclear (PCN) Ni complex with a pendant amine linker ....126
Figure V.5 Synthesis of (PNN)NiX COMPIEXES ......ccoiiiiiiiiiiceee e 127

Figure V.6 ORTEP drawing (50% probability ellipsoids) of (P'PCN-C2)NiCl (501a-
NiCl)(left) Selected bond distances (A) and angles (deg) for 501a-NiCl
follow: Nil1-C6, 1.846(2); N1-Cl1, 2.199(1); Nil-N1, 1.965(2); Nil1-P1,
2.114(1); N1-Ni1-P1, 163.39(5); N1-Nil1l-Cl1, 98.69(5); P1-Nil1-CI1,
97.82(2); C6-Ni1-P1, 80.95(7); C6-Ni1-N1, 82.44(8) (b) (P"PCN-C4)NiCl
(501b-NiCl) (right) Select atom labeling. Hydrogen atoms are omitted for
clarity. Selected bond distances (A) and angles (deg) for 501b-NiCl follow:
Nil-Cl1, 2.199(3); Nil-N1, 1.978(4); Nil-P1, 2.128(3); Ni1-C6 1.847(4);

Xvii



C6-Ni1-N1, 82.7(1); C6-Ni1-P1, 80.9(1); C6-Nil-Cl1, 175.3(1); P1-Nil-
CIL, 97.84(4) .oevveeeeeeveeeeeeeeeeeeeeeeee s s e eese s eeeesresees s seeee s seees e 128

Figure V.7 ORTEP drawing (50% probability ellipsoids) of (B“PCN-C)PdCI (502a-
PdCI) (left) Selected bond distances (A) and angles (deg) for 502a-PdCl
follow: Pd1-Cl1, 2.391(1); Pd1-N1, 2.125(3); Pd1-P1, 2.220(1); Pd1-C1
1.952(3); P1-Pd1-C1, 79.6(1); C1-Pd1-N1, 79.3(1); CI1-Pd1-C1, 174.2(1);
P1-Pd1-Cl1, 105.24(3) and (*®“PCN-C4)PdCI (502b-PdCl) (right) Selected
bond distances (A) and angles (deg) for 502b-PdCl follow: Pd1-Cl1,

2.395(2); Pd1-N2, 2.142(4); Pd1-P1, 2.224(2); Pd1-C1 1.953(6); C1-Pd1-
P1, 79.3(2); C1-Pd1-N2, 78.9(2); CI1-Pd1-N2, 97.6(1); CI1-Pd1-P1,
07 () S PSPSSSR 129

Figure V.8 ORTEP drawing (50% probability ellipsoids) of (P'PNN-C2)NiOAc
(503a-NiOAC) Select atom labeling. Hydrogen atoms are omitted for
clarity. Selected bond distances (A) and angles (deg) for 503a-NiOAc
follow: Ni1-N2, 1.882(3); N1-O3, 1.874(2); Ni1-N1, 1.941(2); Ni1-P2,
2.158(1); N1-Nil-P2, 174.37(8); N2-Nil-03, 178.0(1); N2-Nil-P2,
B5.40(8)....veverereete ittt et ear e e e re s 129

Figure V.9 *H NMR spectrum of (PPCN-C2)NiCl (1a-NiCl) in CD2Cl,. Minor
residual diethylether and dichloromethane present ............c.ccocviiiiiieienn, 132

Figure V.10 **C{*H} NMR spectrum of (""PCN-C2)NiCl (501a-NiCl)in CD.Cl..
Minor residual diethylether and dichloromethane present. ...........ccccceoveneneee. 132

Figure V.11 3'P{*H} NMR spectrum of (P"PCN-C2)NiCl (501a-NiCl)in CD,Cl. ......133

Figure V.12 *H NMR spectrum of (P"PCN-C4)NiCl (501b-NiCl) in CD,Cl,. Residual
diethylEther PreSENt. .....c..ocviiiee e 134

Figure V.13 ¥C{*H} NMR spectrum of (P"PCN-C4)NiCl (501b-NiCl)in CD,Cl,.
Residual diethylether preSent. ..........cccvoveiieiiiicie e 134

Figure V.14 3'P{*H} NMR spectrum of (""PCN-C4)NiCl (501b-NiCl)in CD2Cls. ......135
Figure V.15 *H NMR spectrum of (P"PCN-C,)NiOTf (501a-NiOTf) in CD,Cl,. ........ 136

Figure V.16 *C{*H} NMR spectrum of (""PCN-C2)NiOTf (501a-NiOTf) in
(01 71O F YRR 136

Figure V.17 3'P{*H} NMR spectrum of (""PCN-C2)NiOTf (501a-NiOTf) in CD2Cl,.136

Figure V.18 °F NMR spectrum of (P"PCN-C)NiOTf (501a-NiOTf) in CD.Cly......... 137

XViii



Figure V.19 *H NMR spectrum of ("PCN-C4)NiOTf (501b-NiOTf)in CD2Cl.. Minor
diethylether PreSENt......c..ccviiieecc e 138

Figure V.20 *C{*H} NMR spectrum of (""PCN-C4)NiOTf (501b-NiOTf)in CD2Cls.
Minor diethylether PreSENnt...........covecv e 138

Figure V.21 3'P{*H} NMR spectrum of (""PCN-C4)NiOTf (501b-NiOTf)in CD.Cl,.138

Figure V.22 *°F NMR spectrum of (""PCN-C4)NiOTf (501b-NiOTf) in CD2Cl;......... 139

Figure V.23 'H NMR spectrum of (‘BUPCN-C,) (502a) in CDCls......c.ccovvvevevevcrerernee. 140
Figure V.24 ¥C{*H} NMR spectrum of (BYPCN-C;) (502a) in CDCls............ceuvncc. 140
Figure V.25 3'P{*H} NMR spectrum of (®YPCN-C>) (502a)in CDCls............cccvuecc.s 140
Figure V.26 *H NMR spectrum of (‘BUPCN-C4) (502b) in CDCls........ccccovevevvecrerrane. 142
Figure V.27 3C{*H} NMR spectrum of (BYPCN-C4) (502b) in CDCls.......cccevveverecees 142
Figure V.28 3'P{*H} NMR spectrum of (BYPCN-C4) (502b) in CDCls........coevevveeces 142
Figure V.29 'H NMR spectrum of (®'PCN-C2)NiCl (502a-NiCl) in CD,Cl;............... 143

Figure V.30 *C{*H} NMR spectrum of (BYPCN-C2)NiCl (502a-NiCl) in CD:Cl.. ....144
Figure V.31 3P{*H} NMR spectrum of (BYPCN-C2)NiCl (502a-NiCl) in CD,Cl,......144
Figure V.32 'H NMR spectrum of (BYUPCN-C4)NiCl (502b-NiCl) in C¢De. ................. 145
Figure V.33 3'P{*H} NMR spectrum of (®“PCN-C4)NiCl (502b-NiCl) in CeDs. ........ 145
Figure V.34 'H NMR spectrum of (‘BUPCN-C,)NiOTf (502a-NiOTf) in CD.Cl>......... 146
Figure V.35 BC{*H} NMR spectrum of (BYPCN-C2)NiOTf (502a-NiOTf) in CD.Cl,147
Figure V.36 3'P{*H} NMR spectrum of (B“PCN-C2)NiOTf (502a-NiOTf) in CD,Cl, 147
Figure V.37 °F NMR spectrum of (B“PCN-C,)NiOTf (502a-NiOTf) in CD2Cls........ 147
Figure V.38 'H NMR spectrum of (‘BUPCN-C4)NiOTf (502b-NiOTf) in CD.Cl;......... 148
Figure V.39 *'P{*H} NMR spectrum of (BYPCN-C4)NiOTf (502b-NiOTf) in CD,Cl,148
Figure V.40 °F NMR spectrum of (B“PCN-C4)NiOTf (502b-NiOTf)in CD.Cly......... 149

Figure V.41 'H NMR spectrum of (®'PCN-C,)PdCI (502a-PdCl) in CD,Cls.............. 150
XiX



Figure V.42 3C{*H} NMR spectrum of (®“PCN-C2)PdCI (502a-PdCl) in CDCl,.....150
Figure V.43 3'P{*H} NMR spectrum of (®“PCN-C2)PdCI (502a-PdCl) in CD,Cl;.....151
Figure V.44 'H NMR spectrum of (‘BYUPCN-C,4)PdCI (502b-PdCl) in CD.Cl,.............. 152
Figure V.45 3'P{*H} NMR spectrum of (®“PCN-C4)PdCI (502b-PdCl) in CD.Cls.....152
Figure V.46 'H NMR spectrum of (‘BYUPCN-C,)PdOTf (502a-PdOTf)in CD.Cl;......... 153

Figure V.47 *C{*H} NMR spectrum of (B“PCN-C,)PdOTf (502a-PdOTf) in
LGB 7103 SO 153

Figure V.48 *H NMR spectrum of (‘BYUPCN-C4)PdOTf (502b-PdOTf) in CD.Cl;........ 154

Figure V.49 C{*H} NMR spectrum of (‘B“PCN-C,)PdOTf (502b-PdOTf) in
(O] B 7 01 7 ISP U R OTRRURTUPRTPRON 154

Figure V.50 *'P{*H} NMR spectrum of (BYPCN-C4)PdOTf (502b-PdOTf) in CD,Cl155
Figure V.51 *F NMR spectrum of (BUPCN-C4)PdOTf (502b-PdOTf) in CD-Cl;.......155
Figure V.52 *H NMR spectrum of (P"PNN-C,)NiCl (503a-NiCl) in CD:Cl................ 156
Figure V.53 *P{*H} NMR spectrum of (P"PNN-C,)NiCl (503a-NiCl) in CD:Cl;......156
Figure V.54 *H NMR spectrum of (P"PNN-C,)NiOAc (503a-NiOAc) in CeDs........... 157

Figure V.55 *'P{*H} NMR spectrum of (P"PNN-C,)NiOAc (503a-NiOAc) in CeDs .. 158

Figure V.56 H NMR spectrum of 504a’ in ((CD3)2S0.......ccccoeeurvererreerereeeereeierenens 159
Figure V.57 *H NMR spectrum of 504ain CeDg ........oeevvvviveiireriiireieerece e 160
Figure V.58 3'P{*H} NMR spectrum of 504a in CeDg ......covverrrrerirerrerriieiersiseieieneeene, 160

Figure V.59 *H NMR spectrum of (‘BUPCN-C,NC;)NiCl (504a-NiCl) in CD.Cls........ 161

Figure V.60 *P{*H} NMR spectrum of (BYPCN-C2NC2)NiClI (504a-NiCl) in
(OB 7103 PSP PURR TP 161

XX



LIST OF TABLES

Table 1.1 Thermodynamic and kinetic parameters calculated by Goldman and
COWOTKEISIIE .ottt sttt 11

Table 11.1 3P{*H} and '°F NMR chemical shifts of compounds referred to frequently
N ThIS CRAPLET ... .o 26

Table 111.1 3P{*H} chemical shifts of known (POCOP) SPECIES ..........c.cvvveverrrrrrrrnnnens 65

XXi



CHAPTER |
INTRODUCTION AND LITERATURE REVIEW

1.1.General introduction to pincer ligands

Development of pincer ligands is one of the monumental steps in the evolution of
multidentate ligands geared towards imparting interesting reactivity to a metal center by
altering the electronics and the sterics at the metal.!  Pincer ligands are tridentate ligand
systems that are designed to be easily modifiable in order to control the environment
around the metal center and tune the same for desired reactivity (Figure 1.1). Another
useful attribute of these ligands is the unprecedented stability and robustness of their metal
complexes due to the chelating effect of the side arms. They usually bind in meridional
fashion and follow a nomenclature with the ligand abbreviated as E1XE> (side arm donors
E1,E>; central donor X) and their metal complexes are named as (E1XE2)M (metal M).
Some commonly encountered pincer ligands relevant to our research can be broadly
classified into types; (a) anionic such as PNP,2® PCP,”'! POCOP,%%* Fryzuk type PNP
(FryPNP)*>-17 or (b) neutral pincer ligands based on pyridine.'®2! (Figure 1.2)

;E
" %
_ :
M = metal center

X = central donor
Eq, E, = side arms

Figure 1.1 A typical pincer complex



Our efforts in this report are mainly focused on utilization of the PNP and POCOP

type pincer ligands. POCOP pincers are usually synthesized from resorcinol and its

derivatives. The first examples of POCOP ligands and complexes were reported by

Morales-Morales'? and have since found uses in a multitude of catalytic organic

transformations.?>?® Diarylamido based PNP pincer ligands were reported first by our

group??* and others.®% The rigid nature of the scaffold and the easy modifications of

electron density and steric stress on the metal by changes in the aryl backbone and the

phosphine side arms?®?’ respectively, have enabled a variety of chemistry to be carried

out by PNP complexes of Ir,28 Rh,2%% p(, 273132 gnd Nj,27:3334

Anionic Pincer Ligands

Y
QPRQ PR, O-PR;
o XS <_§ S

N \ /C \ /C
§i>»|:>R2 PR, O-PR;
Y
PNP PCP POCOP

Neutral Pincer Ligands

PR,

NN

PR,

pyrPNP NNN

Figure 1.2 Some typical pincer ligands with the acronyms used for them



1.2. Coupling catalyzed by transition metals

1.2.1 History of transition metal catalyzed coupling reactions

A coupling reaction is a reaction where two organic fragments are coupled with the
aid of a metal catalyst. The most common coupling reactions involve coupling of an aryl
halide with another organic molecule. Palladium catalyzed cross-coupling reactions of
aryl halides are one of the most versatile and important tools in a chemists repertoire with
uses in the fields of pharmaceuticals®®, agro chemicals and development of new
materials.3®

First examples of C-C coupling reactions using palladium catalysts were the coupling
of aryl halides and alkenes, discovered concurrently by Mizoroki®"*® and Heck3%4!,
Following these, several examples of C-C coupling reactions of other types were reported
by Suzuki,*>* Negishi,***® and Sonogashira*’ amongst others. Further advancements
have been made to include copulings other than C-C coupling such as C-N, C-O and C-S
couplings.*®°! The importance of these coupling reactions has been recognized
universally, most notably by the 2010 Nobel Prize in chemistry to acknowledge the work
of Heck, Negishi, and Suzuki “for palladium catalyzed cross-coupling in organic
synthesis”.>? These reactions are typically characterized by diverse substrate scopes, high

functional group tolerance and ambient reaction conditions.>®



A general coupling reaction

X metal catalyst R
+ R-Y -

Pd catalyzed cross-coupling of aryl halides

X Pd cat. Ar
Suzuki @ + AB(OM), -
X R Pd cat. xR
Heck ©/ + \:\ ©/\/
H base
X Pd cat. R
Kumada ©/ + R-MgX > ©/
X Pd cat. NHR
Buchwald- + RNH,
Hartwig base
X Pd cat. SR
C-S Coupling ©/ + RSH > ©/
base
X Pd cat. OR
C-O Coupling + ROH
base

Figure 1.3 Pd catalyzed C-C and C-heteroatom cross coupling reactions

Ni is a cheaper and more abundant alternative to Pd and use of Ni catalysts has been
explored for Suzuki, Negishi and Kumada-Corriu Coupling.>*° Although these reactions
are interesting, the superior efficiency and specificity of Pd catalysts make them more

desirable for applications where there are strict regulations for product purity.



Ullman 1901
Cu
R T>200,C R R

Further developments

(0] 0]
0]
cl OH  CuBr (10%) M
+
R R, Cs,CO3, DMF, 135°C R R
X Cul (10%), proline NRR'
- e
K,COs3, DMSO, 60-90 °C
R1 R'I
I Cul (10%), neocuproine SR
©/ + RSH
NaOBu, toluene, 110 °C
Ri R,

Figure 1.4 Copper catalyzed coupling reactions

Copper catalysts were reported to catalyze coupling reactions for the first time by
Ullman®-%% in the early 1900s and shortly thereafter another report was published by
Goldberg.5 The first Ullman type reactions needed extreme conditions such as
temperatures over 200 °C, but a lot of advancement has been made since then to diversify
their applications and make the reaction conditions milder.®>-8 (Figure 1.4)

Rh complexes have also been used for cross coupling reactions with aryl halides.
Initial examples®®2° of such reactivity had sparse mechanistic details except for reports
by Bergman and Ellman.”®8! Our group has also published a series of reports describing

coupling reactions and investigations into the mechanisms involved.®2% Coupling



reactions with Co, being from the same group as Rh and much cheaper and more abundant,
are highly desirable and have also been recently explored with successful efforts
describing C-C %58 and C-S® couplings. Unfortunately, the understanding of mechanistic
details is sparse in these reports. However, deeper insight into the mechanism of these
coupling reactions will benefit future efforts towards development of more Co catalysts.
Due to this, mechanistic understanding and isolation of intermediates will be one of our
primary goals in out cobalt chemistry described in chapters 3 and 4.

1.2.2. Mechanism of transition metal catalyzed coupling reactions

Most transition metal catalyzed coupling reactions involve the interchange between
the M" and M™?2 oxidation states of the metal involved, through three basic steps (1)
oxidative addition (OA) (2) transmetalation, and (3) reductive elimination (RE) as

illustrated in Figure 1.5.8°

M"]
Ar-Z Ar-X
Reductive Oxidative
Elimination Addition

M"/M"*? Cycle

[Mn+2}<Ar [Mn+2}<Ar
Z X

e nzn
Z =Ar, NHR, SR

Transmetallation

Figure 1.5 Generalized mechanism for coupling reactions using a M"/M"*2 cycle



1.2.2.1 Classical mechanism of coupling reactions with palladium

Oxidative addition of a C-X bond to a metal center involves the formal oxidation of
M" to M"*2 and the cleavage of the C-X bond and formation of two new C-R and C-X
bonds. This step usually occurs in a concerted fashion with the C-X bond being broken
and the M-X and M-C bonds being formed simultaneously.®® The OA of aryl halides to
Pd(0) complexes occurs fastest with highly unsaturated metal centers such as those in 12-
and 14-electron L,Pd and LPd species.8%%92 Based on a number of kinetic studies
conducted on the oxidative addition of aryl halides to Pd(0) complexes a lot of insight into
the process has been achieved. Typically the OA occurs to 14-electron LoPd(0) complex.
Oxidative addition to (PPhs)sPd (which in turn is generated upon dissolution of (PPhs)4Pd)
occurs by initial reversible dissociation of a phosphine ligand to generate (PPh3).Pd.%2%4
(Figure 1.6 (a)) Complexes with sterically bulky phosphine ligands such as tri(o-
tolyl)phosphine and tri-tert-butylphosphine, can be isolated as L,Pd(0) species®®*® and
undergo elimination of one phosphine ligand prior to coordination and subsequent OA of

Ar-X.297 (Figure 1.6 (b))

Ar-X
(PPh3),Pd — (PPh3),Pd(Ar)(X)

(@) (PPh3)sPd — (PPh;),Pd

101 102 103 104
+ PPhg + PPhg
Ar-Br Ar
(b) R3P—Pd—PR; RsP—Pd —— RgP-Pd_
_ 106a/b Br
R = o-tol 105a . Rp 107alb
or 'Bu 105b 3

Figure 1.6 (a) OA of aryl halides to (PPh3)sPd (b) OA of aryl halides to Pd(0) complexes
with bulky phosphines



RE is the microscopic reverse of OA and hence involves the formal reduction of M2
to M", with the cleavage of M-C and M-C’/heteroatom bond and formation of C-
C’/heteroatom bonds. For d® transition metal complexes, RE was observed to be fastest
from three coordinate complexes.®*%8%° However, RE from four coordinate complexes

has also been observed with chelating bidentate ligands.®°

@ AT (b)
Reductive
Elimination
L,Pd°®
Ar—X t
Ar R R R
W Oxidative MY~ | IM™A0L | e M7 +
LoPd Addition R R R
Z
concerted
transition state
Ar
Lpd"]
n AN
X
M-X M-Z

Transmetallation

Figure 1.7 (a) Catalytic cycle for Pd catalyzed coupling reactions (b) RE/OA via a
concerted transition state

The electronics and sterics of the auxillary ligands are also very important in
enhancing the propensity of a metal center for OA/RE. An electronic rich metal center is
better for OA due to its ability to stabilize the higher oxidation states attained upon OA.
On the same note, RE is favored from electron poor metal centers.8%90:190.101 5g in order
for the same system to be suitable for both OA and RE as would be desirable for a catalytic
cycle, the ancillary ligands have to be fine-tuned. Due to this, ligand design has played a
pivotal role in the development of Pd catalyzed reactions.*%

Since our research efforts are focused on utilization of cobalt for cross coupling
reactions, mechanism of cross coupling reactions from Rh will be discussed next as they
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involve a Rh'/Rh""" couple and involve OA to a d® center and RE from d® metal centers.
Understanding of such mechanism is important as our research discussed in subsequent
chapters explores possibility of a similar mechanism with OA to d® Co' and RE from d®
CO”I.

1.2.2.2 Mechanism of coupling reactions with Rh

OA of aryl halides to Rh(l) has been reported in some instances!®®1% and has been
observed to be faster at low coordinate Rh(I) complexes. OA of both aryl chlorides and
bromides to low coordinate Rh(l) supported by B-diiminate ligands was reported by
Budzelaar and coworkers.'%"1%  Another example of OA of aryl-chlorides to low
coordinate Rh(l) generated by loss of H, from [(P'Bus).Rh(H).]* was reported by
Weller.1®® RE from Rh(Ill) involving aryl ligands had not been examined in great detail
until a recent study by our group.°

The work from our group using (PNP)Rh fragments'®12 s one of the few examples
where both OA of aryl halide and RE of C-C bonds have been observed and studied in
detail. Rhl compounds of the type (PNP)Rh(L) (L = S'Prz, TBE) were synthesized. Three
coordinate Rh' species were obtained in-situ by loss of L and presence of such
coordinatively unsaturated Rh' facilitated the OA of aryl halides. (Figure 1.8) OA of aryl
bromides was observed to be more favored over the corresponding aryl-chloride in
competition studies with 10 eq. each of Ph-Br and Ph-Cl.1*? RE and transmetalation steps
were also observed using species of the type (PNP)Rh(Ph). and (PNP)Rh(Ph)(Br)
respectively.!® Upon looking at each of the steps, RE of Ph-Ph and Ph-Me to produce

(PNP)Rh' were found to be the rate limiting steps in the synthetic cycles emulating the

9



mechanism for catalytic coupling with Rh, as both the transmetalation and OA steps were

found to proceed much quicker than RE (Figure 1.8)

i
I|3Pr2 ArX QT 'Pr,
X = ClI, Br, or | Ph

(a)

N—Rh-L > N—RH_
| CeDs | X
PPr, PPr,

L = S'Pr,, TBE

B
I 112
PPr2

h-Br N— Rh Br PhLi or MeMgClI
fast

PPr2
Qm O

I

P Pr2 Ph-R

PP 2 - ph 113
Me 114

R = Ph, t1/2(40 OC) =7 min
unobserved R = Me, t1/5(40 °C) = 17 min

Figure 1.8 (a) OA of aryl halides to a (PNP)Rh' fragment (b) synthetic cycle for catalytic
intermediates involving (PNP)Rh

Another important step towards better elucidation of the mechanism of catalytic
coupling using Rh/Ir was obtained by the studies of C-C RE from five coordinate d® Ir
complexes supported by PCP pincer ligands performed by Goldman and coworkers.!*

The observations made in this report are beneficial to similar pincer supported d® Rh and
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Co complexes. It was observed that the thermodynamic favorability of RE increased with
the bulk of eliminating groups as observed for RE from d® Pd. This is justified by relief of
the steric stress on the metal center upon RE. However, interestingly the rate of RE from
d® compounds was negatively affected by increase in the bulk of the participating groups.
(Table 1.1) This observation can be explained by the face-on orientation of the aryl groups
that is necessary during the transition state for RE to occur. Such an orientation can be
obtained by roation of the Rh-Car bond from the ground state side-on orientation that
minimizes the steric repulsion between the aryl group and the phosphine side arms. The
rotational barrier is higher for bulkier eliminating groups leading to slower RE. Comparing
it to RE from d® complexes of Pd, it was observed that the ground state of the analogous
species of d®, Pd the eliminating ligands are already pre-arranged in a face on orientation

thus removing the need for any rotation before RE. (Figure 1.9)

P'Bu, R R’ AG? (kcal/mol)  AG (kcal/mol)
- Ph Me 27.1 —24.1
el Ph Ph 32.4 ~25.9
| R Ph Vinyl 20.7 23,1
P'Bu, Vinyl Me 17.7 ~15.7
116 Vinyl CCPh 18.1 —0.5
(PCP®)Ir(R)(R’) | CCPh CCPh 7.0 ~10.2

Table 1.1 Thermodynamic and kinetic parameters calculated by Goldman and
coworkers'!3
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o
R [X R R) AX7R Q
\ N / \ 1> / AN

S )
R R R R R R L

side-on face-on face-on
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Figure 1.9 Comparison of ground state structures of d® Rh and d® Pd complexes prior to
RE.

Most recently, our group reported the utility of (POCOP)Rh catalysts in Kumada-
Corriu and C-S couplings.8* The mechanistic details were also investigated by the
isolation of the proposed intermediates and studying their interchange. (Figure 1.10) To
our knowledge, this system represents one of the few examples’7681114 where Rh based
catalysis has been observed and the mechanistic details have been successfully probed.

O—P'Pr,

Ar-R
r Rh! Ar-X

(b)

@ O-PPr, reductive O—P'Pr,
elimination oxidative
[Rh] = Rh-Cl addition
H|
O—P'Pr2
O-P'Pr, _pi
cat. [Rh] | A ° F|’Pr2
RMgBr + Ar-X Ar-R Rh* RE*AT
cat. [Rh] |i R | X
Ar-X + R-SH Ar-SR' O~PPr 0-PPr,

X R’
Figure 1.10 (a) Catalytic reactions with (POCOP)Rh(H)(CI) (b) Mechanism for catalytic
coupling using (POCOP)Rh catalysts

In general, it seems that the catalysis proceeds through OA of aryl halide to three

coordinate Rh! and RE from a five coordinate Rh'". Pincer ligands such as PNP and

12



POCOP have allowed for the successful isolation of these Rh' and Rh'" species and
studying their interchange. These ligands therefore, should serve as good starting points

for our investigations into analogous chemistry with cobalt.
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CHAPTER II
REDUCTION OF CO, TO FREE CO BY A Pd'-Pd' DIMER”

2.1. Introduction

Carbon dioxide, due to its strong bonds and overall non polar nature is a very
unreactive molecule when it comes to transformation to organic compounds. Processes
for conversion of CO> into chemicals are worth investigating due to the high abundance
of COz in our atmosphere and challenges presented by its low reactivity. One such reaction
is the reduction of CO, to CO. Carbon monoxide is a versatile Cl-feedstock as
demonstrated by its utilization in making specialty chemicals by processes such as the
Monsanto process or the hydroformylation reactions.®

A major source of CO in industry is by passing air over a bed of coke in an oven where
COz is produced initially which then reacts with more hot carbon to give CO via the
Boudouard reaction.'® Another process of making CO is by reacting steam with hot coke
to produce a mixture of CO and H.1!" Steam reforming of natural gas is another prominent
way of producing CO by reacting alkane with steam.!'’1!8 Combustion of coal in
insufficient supply of air also produces CO.1!" In addition to these methods CO can also
be produced by photochemical and electrochemical reduction of CO2.1t° The reduction of
CO2to CO is already prominent in biology where it is catalyzed efficiently and reversibly

by the carbon monoxide dehydrogenase enzyme.1%°

* Parts of this chapter reproduced by permission of The Royal Society of Chemistry
from: Palit, C. M.; Graham, D. J.; Chen, C.-H.; Foxman, B. M.; Ozerov, O. V. Chem.
Commun. 2014, 50, 12840, Copyright 2014 by Royal Society of Chemistry
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MR + CO; RCO,M Monsanto Process:
M = MaBr. Li [Rh] catalyst
9=, CH4OH + CO ———— CH3COOH
R = alkyl, aryl
800 °C Hydroformylation Process: H H
CO,+C————————= CO Rs R2H . Ry |H
R1%H CO/ H2 R1 R3O+ 1r<R3
CO,+2H* +2¢0 — = CO+H,0 R, catalyst H 0" H

E°=-0.53 V vs SHE

Figure 11.1 Comparison of the polarity and reactivity of CO2 and CO.

In the domain of chemistry, some notable catalysts for reduction of CO2 to CO have
been developed with Re'?!, Ni??, Pd'?3-1%6 and Ru'?’. There have been several examples
of stoichiometric chemical reduction of CO2 to CO using a variety of transition metal
complexes!?-132 yranium®3, and main group elements.’* 3" The success of these
examples was dependent on trapping of the formal oxide (O%) generated in the reduction
of CO2, by making strong bonds to highly oxophilic elements such as metal-oxos or Si-O
and Al-O. In addition, the evolution of free CO required the transition metals involved to
have low affinity to bind CO as a ligand. An example where all these different parts have
been put together is the catalytic reduction of CO2 to CO by a Cu(l) catalyst utilizing pinB-

Bpin to consume the oxide equivalent reported by Sadighi et. al. 13 (Figure 11.2)
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(pinB), X L-Cu-Bpin XCOZ
(pinB); L-Cu-O-Bpin co
where L = @N/\N@ %NAN/&

ICy

Figure 11.2 Catalytic reduction of CO2 to CO by a Cu(I)NHC catalyst using (Bpin):

Of particular interest to us, were the reports by Dubois et. al.'?>% on the
polyphosphine-supported Pd" electrocatalysts for the reduction of CO2 to CO (Figure
11.3), in light of recent work undertaken in our group with the Pd'-Pd' dimer [("PNP)Pd]
(201).311%9.140 Dypois et. al. arrived at the conclusion that Pd'-Pd' dimers were the
undesirable decomposition products in their system but in some cases, bimetallic bis-Pd
systems displayed enhanced catalytic rates. Due to the ability of 201 to activate other small

molecules, we were encouraged to investigate its reactivity with COa.

2 PPh, ' HiCCN, By NCCHg **
PPh2 Pd = |.Pr
Cyp—Fd—CNCH, P|d—CNCH3 x4 ';PT.PS' 3
PLI P,
K/Pphz PPh, ‘\/ \D '
PT=PEt2

Figure 11.3 Pd catalysts for the reduction of CO2 to CO reported by Dubois
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2.2. Results and discussions

2.2.1. Overview of (FPNP ™) ligand and past reactivity of [(FPNP)Pd-]2

A series of diarylamido based PNP ligands have been synthesized and the activity of
their complexes with metals such as Pd, Ni, Ir, Rh studied by our group and several others.
The FPNP ligand combines all the attributes of a normal PNP ligand with the presence of
a convenient 19F NMR tag on the aryl backbone. This tag proves valuable in as the °F
NMR chemical shifts are diagnostic of the reactivity/substituents at the metal center.4!

A series of ("PNP)Pd'' compounds relevant to the chemistry described in this chapter
can be synthesized by simple procedures as described in our previous publications.
[(FPNP)Pd-]2 (201) has proven especially effective at activation of small molecules where
the Pd'-Pd' bond serves as a two electron donor to small molecules and forms two Pd"
fragments. The reactivity of 201 with several small molecules such as Hz, H20O, NHz and
O have been explored by past researchers in the Ozerov group and the observations have

been summarized in Figure 11.4.
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TiPrz iPI’QP—Q
N—Pld P|d—N
e v
F [(FPNP)Pd-],, 201 F
H-H
[(FPNP)Pd-Pd("PNP) > (FPNP)PdH
85 °C
_ - H-OH
[((FPNP)Pd-Pd("PNP) (FPNP)PdH + (FPNP)PdOH
85 °C
F F H-
[("PNP)Pd-Pd("PNP) (FPNP)PdH + (FPNP)Pd
85 °C
0-0 O,
[(FPNP)Pd-Pd(FPNP) (FPNP)Pd-0-0-Pd(FPNP) 2 (FPNP)Pd-0-0
85 °C
-0,

Figure 11.4 Previously reported reactivity of [(FPNP)Pd-]2 (201) with small molecules

2.2.2. Preliminary reactions of 201 with CO and CS>

Our first experiments at reacting CsDe solutions of 201 with 1 atm of CO> led to no
observable reaction by NMR spectroscopy even at 80 °C and under illumination.
Reactions with analogous CS: however, yielded clean insertion of CS; into the Pd-Pd bond
to give the CS; bridged Pd dimer 203; with the reaction proceeding rapidly (10 min) upon
illumination and much more slowly (12 h) at 80 °C in the dark. Solution NMR of 203
shows two distinct Pd centers each with local C2v symmetry. °F NMR chemical shifts
further helped establish that one Pd was bound to a carbon while the other was bound to a

much more electronegative heteroatom.#
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Figure 11.5 Reactivity of 201 with CO; and CS;

Such an insertion is not unique as insertion of CS; into Pd'-Pd' single bonds'*? and
analogous Pt'-Pt' has been previously reported.**?143 Based on the observed difference in
reactivity of 201 with CO2 and CS,, we hypothesized that a CO> insertion product 202
analogous to 203 might be kinetically accessible but not thermodynamically favorable.
This hypothesis was based on the previously reported related complexes with Pd'-
C(=0)0-Pd" and Pt"-C(=0)O-Pt" subunits obtained via condensation of
metallocarboxylic acids (M"-COOH) with M'"-OH. 144145 A Rh!-CO,-Rh' complex
synthesized via insertion of CO; into a Rh°-Rh®bond has also been reported in the past.146

We further identified that a possible equilibrium between 201 and 202 can be driven
19



forward by reaction of the Pd-O bond in 202 with an oxophilic reagent such as MesSiX,
hence leading to the conversion of 1 equivalent of CO..

2.2.3. Reactions of 201 with CO2 and MesSiX reagents

Thermolysis of a CsDe solution of 201 in the presence of MesSiX (X = Cl, OTf) under
1 atm of CO for 18h, resulted in complete consumption of 201 and formation of
(FPNP)PACI (204) and ("PNP)PdOTT (205) as the dominant Pd products in 70% and 90%
yields respectively (by NMR vs ("PNP)Me as an internal standard). The other Pd product
observed in the reaction with MesSiCl was ("PNP)PdH (30%). (MesSi),O was observed
by *H NMR spectroscopy confirming the abstraction of the formal O? by two MesSi*
fragments. Observation of 204, 205 and (MesSi).0 by NMR spectroscopy suggested that
the other product based on stoichiometry might be CO (Figure 11.6). In order to confirm
the formation of CO and quantify the amount produced we envisioned trapping of the

evolved CO with a transition metal complex.

(FPNP)Pd-,  CO2MesSICl (FoNp)pdcl + (FPNP)PAH + (MesSi),0
CO,/MesSiOTf
[(FPNP)Pd-], 27 . (FPNP)PAOTF + (Me3Si),0
201 CeDe, 80°C, 18 h 205 90%

Figure 11.6 Reactivity of 201 with CO> in the presence of MezSiX

2.2.4. Trapping of evolved CO with (M*PNP)Ir(D)(CsDs)

(MePNP)Ir(D)(CsDs) (207D) was selected as an in-situ trap for free CO in order to
quantify the production of CO from the reactions of 201 with CO, and MesSiX. 207D can

be quantitatively prepared by thermolysis of 206" in CsDs. Thermolysis of 201 in CeDs
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under 1 atm of COz in the presence of MesSiOTf and 207D produced 85% yield of 205
and 65% yield of (MePNP)Ir(D)(CsDs)(CO) (208D). The analogous reaction with MesSiCl
yielded 70% yield of 205, 30% yield of ((PNP)PdH® and 45% yield of 208D. In order to
establish that the amount of CO observed through 208D is indeed the CO being produced
the reaction of 201 with CO2 and MesSiX, several control reactions were performed and

have been discussed in the next section.

QPPQ Q»Piprz %j%»P‘Pr2
l CeXs l co | co

N—Ir - - N—Ir-CeXs —————  NTIr=CeXs
_ 80 °C x| .
P'Pr, PPr, P'Pr,
[(MePNP)Ir(H)(Mes), 206 X =H, 207 X = H, 208
X =D, 207D X =D, 208D

Figure 11.7 Synthesis of the in-situ trap 207D and its reaction with CO

COz/Me3S|C| F F B
F (FPNP)PCI + (FPNP)PdH + 208D + (Me3Si),0
[TPNP)Pd], +207D 204 70%  30%  45%
201 CgDs, 80 °C, 18 h ° ° °
COz/Meg,SIOTf .
[(FPNP)Pd-], + 207D (FPNP)PdOTf + 208D + (Me3Si),0
201 CgDg, 80 °C, 18 h 205 90% 65%

Figure 11.8 Reactions of 201 with CO2/MesSiX in the presence of 207D as a trap for CO
2.2.5. Control reactions
The Ir complex 207D showed no reaction with CO. with or without Me3SiOTf and
MesSiCl. Thermolysis of 207D at 80 °C for 24 h under 1 atm of CO: in the presence of

MesSiOTf resulted in 60% consumption of 207D, but 208D was not observed as a product.
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Thermolysis of 207D at 80 °C for 18 h under 1 atm of CO> in the presence of MesSiCl
resulted in complete consumption of 207D and a mixture of products that did not contain
208D. Treatment of 207D with MesSiCl (or MesSiOTf) and CO, followed by thermolysis
resulted only in the formation of 208D.

For Pd control reactions, we determined that 201 does react with CO upon thermolysis,
with or without MesSiCl or MesSiOTf. However, 204 was only a minor product (10%)
from the MesSiCI/CO reaction, and 205 was not observed at all in the MesSiOTf/CO
reaction. The dimer 201 did not react with either MesSiCl or MesSiOTf alone after 18 h
at 80 °C in CeDs. (FPNP)PdH was also unaffected when thermolyzed under CO:
atmosphere and thus is unlikely to be involved as an intermediate. Closely related
(PNP)PdH compounds have been shown not to react with CO2.14°

The exact nature of the products in the control reactions was not established but the
combination of our control reactions indicates that 208D is indeed produced by trapping
of CO generated by 201/CO,/MesSiOTf and not via the reduction of CO2 in the
coordination sphere of Ir. In addition, 205 is indeed primarily produced in the same CO-
reduction by 201. With MesSiCl, although (FPNP)PdH is observed as a side product, but
most of 208D observed in the 201/CO2/MesSiCl reactions does originate from the trapping
of free CO.

2.2.6. Mechanistic insight

The observation that the reaction of 201 with CO. proceeds to completion in the
presence of MesSiX reagents gave more credence to our hypothesis that the reaction of

201 with COz is an equilibrium which is driven forward by the abstraction of a formal 0%
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by two MesSi* fragments. We propose the formation of a probable CO bridged complex
202 followed by metathesis of Pd-O with Si-X bonds to give 204/205 and 211. (Figure
11.9) The possible next step is the decarbonylation of 211 before or after reacting with a
second equivalent of Me3SiX. Similar decarbonylations of (PCP)PdC(=0O)OH and of
(PCP)Pd-C(=0)O-Pd(PCP) have been reported by Campora et. al., where PCP is «®-

2,6('PraPCH2)2CsHs.

(a) Net stoichiometric reaction:

[Pd]—[Pd] + CO, + 2 Me3SiX — 2[Pd]-X + CO + (Me3Si),0

(b) Our proposed mechanism: (c) Alternative mechanism
CO2 ME3SIX
N, 2
[Pd]—I[Pd] [Pd]—< [Pd]—I[Pd] [Pd]—SiMej
O—[Pd]

» 201 202 . » 201 210 co

‘ MesSix \ 2
ox N [Pd] X 2x N\ [Pd]—X
. * + e}

[Pd] X [Pd]— c [Pd]—X ﬁ Pd-C_
204/205 0-SiMe; 204/205 O-SiMes

CO+ (MesSi),0  MesSiX 211 CO+(MesSij,0  MesSiX 211

Figure 11.9 Overall stoichiometry of the reaction and possible mechanisms

Another possible mechanism is the reaction of 201 with MesSiX to give ("PNP)Pd-
SiMes (210) and 204/205. 210 can further react with CO, and MesSiX to give another
equivalent of 204/205, CO and (MesSi)20. To explore the possibility of such a mechanism
(FPNP)Pd-SiMes (210) was synthesized separately as described in Figure 11.10 and upon
exposing a solution of 210 to CO2, no reaction was observed. This led us to believe that

Figure 11.9 (b) illustrates the most possible mechanism for our observed reactivity.
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Figure 11.10 Synthesis of ((PNP)Pd(SiMes) (210) from of ("PNP)PdCI (204)

2.3. Conclusion

In summary, we have demonstrated that the Pd'-Pd' dimer 201 can reduce CO to free
CO with the help of MesSiOTT, or less efficiently with MesSiCl. Release of free CO
mediated by a late transition metal catalyst is a challenge because of the generally high
affinity of late metal complexes in reduced oxidation states for binding CO. In our system,
this problem is circumvented by the pincer ligation of Pd and by the relatively low affinity
of either Pd' or Pd"" oxidations states for CO as a ligand.

2.4. Experimental details

2.4.1. General considerations

Unless specified otherwise, all manipulations were performed under an argon
atmosphere using standard Schlenk line or glove box techniques. Toluene, ethyl ether, and
pentane were dried and deoxygenated (by purging) using a PureSolv solvent purification
system by Innovative Technologies Inc. and stored over molecular sieves in an Ar-filled
glove box. CsDs and THF were dried over and distilled from NaK/Ph,CO/18-crown-6 and
stored over molecular sieves in an Ar-filled glove box. (FPNP)PdH, [("PNP)Pd-]2 (201),
(FPNP)Me and (MePNP)Ir(H)(Mes) (206) were prepared according to the published
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procedures. 2432147148 Al other chemicals were used as received from commercial
vendors. The halogen lamp used for some of the reactions used 250 W tungsten halogen
bulbs manufactured by Plusrite. NMR spectra were recorded on a Varian iNova 300 MHz,
Varian iNova 400 MHz or a Varian iNova 500 MHz instrument. For H and *C NMR
spectra, the residual solvent peak was used as an internal reference. 3P NMR spectra were
referenced externally using 85% HsPO4 at 0 ppm ,'°F NMR spectra were referenced
externally using trifluoroacetic acid at -78.5 ppm and 2°Si NMR spectra were referenced
externally using tetramethylsilane at 0 ppm. Addition of 10 mg of Cr(acac)s to the sample
dramatically increased the signal to noise ratio for 2°Si NMR.**® Elemental analyses were
performed by CALL, Inc. (Parsippany, NJ).

2.4.2. Estimation of number of moles of gases in J. Young NMR tube headspace

A typical J. Young NMR tube of 7 inch length has a usable volume of approximately
2.4 mL. The amount of solvent used in all of the experiments described below is a
maximum of 1 mL. This leaves 1.4 mL of headspace for any gases being added after 3
freeze-pump-thaw cycles which corresponds to at least 60 pmol at ambient temperature
by ideal gas law. Hence, any gas being used in the experiments listed below is always in
a large excess as compared to the metal complexes and MesSiCl or MesSiOTH.

2.4.3. General procedure for preparation of a stock solution of (FPNP)Me

The oily (FPNP)Me was synthesized using previously published procedures. The purity
was confirmed by analysis of the sample by 3P, 1°F and *H NMR spectroscopy. The
amount obtained was dissolved in 10 mL of C¢Ds in a volumetric flask. A 0.5 mL aliquot

was taken from this stock solution and a known amount of fluorobenzene was added using
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a micro syringe as an internal standard. The concentration of the stock solution was then
determined using °F NMR with fluorobenzene as an internal standard.

2.4.4. In-situ generation of (MePNP)Ir(D)(CsDs) (207D) from (MEPNP)Ir(H)(Mes)
(206).

For all the experiments listed below, wherever required, (M®PNP)Ir(D)(CsDs) was
generated in-situ, according to previously published procedure, by heating an equivalent
amount of (M®PNP)Ir(H)(Mes) in CesDs at 80 °C for 1 h. Complete conversion to
(MePNP)Ir(D)(CsDs) takes place upon this thermolysis, as established by analysis of the
samples by 3P NMR spectroscopy.

2.4.5. Spectral details for some previously reported compounds.

The characteristic peaks in the F and 3P{*H} NMR spectra of the compounds
published earlier which are observed as products in the reactions in this manuscript, have

been listed below for easy reference:

Compound | ((PNP) | ("PNP)PdH | (FPNP)PdCI | ((PNP)PdOTf | (M*PNP)Ir(D)
Me (204) (205) (CeDx)
(208D)
3Ipf1H} -6.2 59.2 47 .4 52.9 45.8
19F -121.7 | -1315 -128.8 -77.5,-126.9 | N/A

Table 11.1 3P{*H} and '°F NMR chemical shifts of compounds referred to frequently in
this chapter
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2.4.6. Reactions of [(FPNP)Pd-]2 (201) with CO;

Reaction of [(FPNP)Pd-]z (201) with CO2. [(FPNP)Pd-]2 (201) (13.4 mg, 12.1 pmol)
was dissolved in CsDe ca. 2 mL in aJ. Young NMR tube. The solution was then degassed
using 3 freeze-pump-thaw cycles and CO2 was then added through a flushed gas line. The
J. Young tube was then left in an oil bath at 80 °C. The reaction was monitored by analysis
of the sample by 3P, *H and °F NMR spectroscopy and no changes were detected after
24 h.

Reaction of [(FPNP)Pd-]2 (201) with CO2 with hv. [(FPNP)Pd-]»(201) (13.4 mg, 12.1
pmol) was dissolved in C¢Ds ca. 2mL inaJ. Young NMR tube. The solution was degassed
using 3 freeze-pump-thaw cycles and CO2 was then added through a flushed gas line. The
J. Young tube was then left in an oil bath at 80 °C and was irradiated using a halogen
lamp. The reaction was monitored by 3P and °F NMR spectroscopy and no changes were
observed after 24 h.

Reaction of [(FPNP)Pd-]2 (201) with CO> and MesSiOTf. [(FPNP)Pd-], (201) (10
mg, 9.1 umol) was dissolved in C¢De ca. 0.8 mL inaJ. Young NMR tube. MesSiOTf (3.5
ML, 4.3 mg, 20 pmol) was added to this solution using a syringe, followed by addition of
(FPNP)Me (200 pL of 0.09 M stock solution in CsDs, 18 pumol) as an internal standard.
The solution was then degassed using three freeze-pump-thaw cycles and CO, was then
added through a flushed gas line. The J. Young tube was then placed in an oil bath at 80
°C. The reaction was monitored by 3P and *F NMR spectroscopy and proceeded to
completion after heating for 18 h. Complete conversion of [(FPNP)Pd-]. into

(FPNP)PAOTF (205) (90%) and an unidentified product (10%) was observed by the
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analysis of the sample by *P{*H} and '°F NMR spectroscopy (Figure 11.11 and Figure
11.12). The resonances for the unidentified product were observed at 56.9 ppm (10%) in
the 3P{H} and -124.4 and -125.6 ppm (5% each) and another resonance at -78.7 ppm
in the F NMR spectra of the sample. Comparing the *H NMR spectra of the starting
sample and sample after completion shows complete consumption of Me3SiOTf and

conversion into (MesSi)20 (Figure 11.13).

o o -
© o
0 ©
L |
60 50 40 30 20 10 0 -10 -20

ppm
Figure 11.11 3'P{*H}NMR (300 MHz, C¢Ds) spectrum of the reaction of [("PNP)Pd-].
(201) with CO2 and MesSiOTT after heating for 18 h
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Figure 11.12 F NMR (300 MHz, CsDs) spectrum of the reaction of [(FPNP)Pd-]. (201)

with CO2 and Me3SiOTT after heating for 18 h
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Figure 11.13 Silyl region of the *H NMR (300 MHz, CsDs) stacked spectra of the
reaction of [("PNP)Pd-]. (201) with CO2 and MesSiOTf showing conversion of

MesSiOTf (-0.05 ppm) into (Me3Si)20 (0.11 ppm)
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Reaction with [(FPNP)Pd-]2 (201) with CO2 and MesSiCl. [(FPNP)Pd-], (201) (10
mg, 9.1 umol) was placed into a J. Young NMR tube. To it, ("PNP)Me (18.0 umol, 200
uL of 0.09 M stock solution in Ce¢Ds) was added using a syringe. The volume was made
up to 800 uL by adding 600 puL of CeDs using a syringe. MesSiCl (2.7 pL, 2.3 mg, 20
pmol) was added to this solution using another syringe. The solution was degassed using
three freeze-pump-thaw cycles and CO> was then added through a flushed gas line. The J.
Young tube was then placed in an oil bath at 80 °C. The reaction was periodically
monitored by 3P and 1°F NMR spectroscopy and was noted to proceed to completion after
18 h. Complete conversion of [(FPNP)Pd-]2 into ((PNP)PACI (204) (70%) and ("PNP)PdH
(30%) was observed by the analysis of the sample by 3P{*H} and °F NMR spectroscopy
(Figure 11.14 and Figure 11.15). Comparing the *H NMR spectra of the starting sample
and sample after completion shows unreacted Me3SiCl and (MesSi).0 and an unidentified

resonance at 0.19 ppm (Figure 11.16)
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Figure 11.14 3P{*H} (300 MHz, CsDs) NMR spectrum of the reaction of [("PNP)Pd-].
(201) with COzand MesSiCl after heating for 18 h
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Figure 11.15 °F NMR (300 MHz, CsDs) spectrum of the reaction of [(FPNP)Pd-]2 (201)
with CO, and MesSiCl after heating for 18 h
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Figure 11.16 Silyl region of the 'H NMR (300 MHz, CsDs) stacked spectra of the reaction
of [(FPNP)Pd-]2 (201) with CO2 and MesSiCl showing unreacted MesSiCl (0.17 ppm),
(MesSi)20 (0.11 ppm) and unidentified resonance at 0.19 ppm
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2.4.7. Synthesis of (FPNP)Pd-C(S)S-Pd(PNPF) (203) and its reactions

Reaction of [(FPNP)Pd-]2 (201) with CSz under irradiation. [("PNP)Pd]. (201) (134
mg, 121 pmol) was dissolved in toluene ca. 20 mL in a PTFE lined screw capped flask.
To this, CS2 (13.0 pL, 16.6 mg, 218 pmol) was added using a syringe. The solution was
then irradiated using a halogen lamp and the solution turned bright red in 10 minutes. The
volatiles were removed under vacuum and the red solid obtained was re-dissolved in
diethyl ether. ("PNP)Pd-C(S)S-Pd(PNPF) (203) was obtained as red crystals when the
solution was left to cool at -25 °C. Yield: 120 mg (80%). *H NMR (CsDs¢) (Figure 11.17):
§ 7.49 (m, 2H, Ar-H), 7.32 (m, 2H, Ar-H), 6.92 (m, 2H, Ar-H), 6.82 (m, 2H, Ar-H), 6.73
(m, 2H, Ar-H), 6.66 (m, 2H, Ar-H), 2.80 (m, 4H, PCH(CH3)2,), 2.22 (m, 4H, PCH(CH3)z2,)
1.36-1.28 (overlapping m, 24 H, PCH(CHa)2), 1.09-1.03 (overlapping m, 24 H,
PCH(CHs)2). BC{"H} NMR (CsDs) (Figure 11.20): & 285.3 (t, Jc.r = 8 Hz, Pd-CS-Pd),
160.1 (t, Jcr = 10 Hz, C-N), 159.9 (t, Jc» = 10 Hz, C-N), 154.2 (dvt, Jc.r = 235 Hz, Jcp
= 4 Hz, C-F), 154.0 (dvt, Jc-r = 235 Hz, Jc.p = 4 Hz, C-F), 121.3 (td, Jc-p = 18 Hz, Jcr =
4 Hz, C-P), 120.5 (td, Jc-p = 18 Hz, Jc.r, =4 Hz , C-P), 119.2 - 118.0 (overlapping peaks,
C-Ar), 116.2 (m, C-Ar), 115.4 (m, C-Ar), 27.5 (vt, Jcp = 11 Hz, PCHMey), 24.5 (vt, Jc-p
=11 Hz, PCHMey), 20.1 (PCHMey), 18.9 (PCHMe), 18.6 (PCHMey), 17.4(PCHMe,). °F
NMR (CsDs) (Figure 11.19): & -129.1 (2F), -130.5 (2F). 3P{*H}NMR (CeDs) (Figure
11.18): & 51.3 (2P), 33.8 (2P). Anal. Calcd. for CagHesFaN2P4Pd,S,: C, 50.65; H, 5.90; N,

2.41. Found: C, 50.58; H, 5.80; N, 2.37.
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Figure 11.17 *H NMR (300 MHz, C¢Ds) spectrum of ("PNP)Pd-C(S)S-Pd(PNPF) (203)
(minute impurities of Et,0)
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Figure 11.18 3P{*H} (300 MHz, C¢Ds) NMR spectrum of ("PNP)Pd-C(S)S-Pd(PNPF)
(203)
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Figure 11.19 F NMR (300 MHz, CeDs) spectrum of ("PNP)Pd-C(S)S-Pd(PNPF) (203)
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Figure 11.20 BC{*H} (300 MHz, C¢Ds) NMR spectrum of ("PNP)Pd-C(S)S-Pd(PNPF)
(203) (Pd-CS2-Pd resonates at 285.3 ppm)

Reaction of [(FPNP)Pd-]2 (201) with CS2 at RT in the absence of light. [(FPNP)Pd].
(201) (13.4 mg, 12.1 pmol) was dissolved in CsDe ca. 2 mL in a J. Young NMR tube. To
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this, CS; (1.3 pL, 1.7 mg, 22 umol) was added using a syringe. The NMR tube was then
left at room temperature covered by aluminum foil to prevent interaction with light. 75%
conversion into the CS; bridged dimer, ("PNP)Pd-C(S)S-Pd(PNPF) (203) was observed
after 2 days on analysis of the sample by *'P and °F NMR spectroscopy. No further
conversion was observed even after 7 days.

Reaction of [(FPNP)Pd-]2 (201) with CS2 at 80 °C in the absence of light.
[(FPNP)Pd]; (201) (13.4 mg, 12.1 umol) was dissolved in C¢Ds ca. 2 mL in a J. Young
NMR tube. To this, CS, (1.3 pL, 1.7 mg, 22 pumol) was added using a syringe. The NMR
tube was then placed in an oil bath at 80 °C and covered by aluminum foil to prevent
interaction with light. Complete conversion into the CS> bridged dimer was observed after
12 h by analysis of the reaction mixture 3P and '*F NMR spectroscopy.

Reaction of (FPNP)Pd-C(S)S-Pd(PNPF) (203) with MesSiOTf. ("PNP)Pd-C(S)S-
Pd(PNPF) (203) (20 mg, 17 pmol) was placed in a J. Young NMR tube and dissolved in
ca. 600 puL of CsDe. To this Me3SiOTf (6.2 uL, 7.6 mg, 34 umol) was added using a
syringe. The J. Young tube was then placed in an oil bath at 80 °C and the reaction was
monitored by 3P and *F NMR spectroscopy. No changes were observed after 18 h by
analysis of the sample by 3!P and °F NMR spectroscopy.

Reaction of (FPNP)Pd-C(S)S-Pd(PNPF) (203) with MesSiCl. (FPNP)Pd-C(S)S-
Pd(PNPF) (203) (20 mg, 17 pmol) was placed in a J. Young NMR tube and dissolved in
ca. 600 uL of Ce¢Ds. To this, MesSiCl (4.5 uL, 3.8 mg, 34 umol) was added using a syringe.

The J. Young tube was then placed in an oil bath at 80 °C and the reaction was monitored
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by 3P and F NMR spectroscopy. No changes were observed after 18 h by analysis of
the sample by 3!P and °F NMR spectroscopy.

2.4.8. Characterization of (V¢PNP)Ir(H)(Ph)CO (208)

Synthesis of (MePNP)Ir(H)(Ph)CO (208) . (MePNP)Ir(H)(Mes) (206) (100 mg, 134
pmol) was dissolved in benzene ca. 5 mL in a PTFE lined screw capped flask and heated
at 50 °C for an hour and converted to (MePNP)Ir(H)(Ph) (207) by following previously
published procedures.® The solution was then degassed using three freeze-pump-thaw
cycles and CO was then added through a flushed gas line which immediately turned the
solution bright yellow. The volatiles were then removed under vacuum yielding a bright
yellow powder. Yield: 90 mg (91%) *H NMR (Cg¢De): & 7.96 (br, 2H, -CsHs), 7.68 (dt, J
=8 Hz, 2 Hz, 2H, PNP-aryl H), 7.05-6.93 (m, 3H, -CeHs), 6.83 (br, 2H, PNP-aryl H), 6.75
(dd, J = 8 Hz, 2 Hz, 2H, PNP-aryl H), 2.34-2.17 (m, 4H, -CH(CHs)2), 2.17 (s, 6H, Ar-
CHs), 1.10-0.80 (M , 24H, -CH(CHz)2), -6.99 (t, 3Jp.+ = 18 Hz, 1H, Ir-H). 3C{"H} NMR
(CeDs): & 180.8 (m, Ir-CO), 161.2 (t, J = 8 Hz), 131.8, 131.0, 128.4, 128.2, 128.0, 124.4
(t,J =5Hz), 124.1 (t, =25 Hz), 121.5, 115.7 (t, J = 5 Hz) , 26.3 (t, J = 15 Hz), 25.7 (t, J
=18 Hz), 20.5, 18.7, 17.7, 17.6, 17.2. 3'P{"H} NMR (CsDe): & 28.0 (s). IR (CsDs, cm™)
v(CO): 2000.

Synthesis of (MePNP)Ir(D)(CsDs)CO (208D) . (MePNP)Ir(H)(Mes) (206) (10 mg,
13.4 pmol) was dissolved in C¢De ca. 0.5 mL in a J. Young NMR tube and heated at 50
°C for an hour and converted to (M*PNP)Ir(D)(CsDs) (207D) by following previously
published procedures.® The volatiles were then removed and the obtained solid was re-

dissolved in ca. 0.5 mL of CeDs. This solution was then degassed using three freeze-pump-
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thaw cycles and CO was then added through a flushed gas line. The solution immediately
turned yellow. 3P NMR analysis of the sample confirmed complete conversion to
(MePNP)Ir(D)(CsDs)CO (208D). *H NMR (CsDs): & 7.68 (dt, J = 8 Hz, 2 Hz, 2H, PNP-
aryl H), 6.83 (br, 2H, PNP-aryl H), 6.75 (dd, J = 8 Hz, 2 Hz, 2H, PNP-aryl H), 2.34-2.17
(m, 4H, -CH(CHs)2), 2.17 (s, 6H, Ar-CHs), 1.10-0.80 (m , 24H, -CH(CHs),). *'P{*H}
NMR (CeDs): 6 28.0 (s). IR (CsDs, cm™) v(CO): 2000.

2.4.9. CO trapping experiments

Reaction of [(FPNP)Pd-]2 (201) with MesSiOTf and CO2 and (MePNP)Ir(D)(CesDs)
(207D) as CO trap. (M*PNP)Ir(H)(Mes) (206) (7.0 mg, 9.0 pmol) was dissolved in ca. 0.4
mL of CeDe in a J. Young NMR tube and converted into an equivalent amount of
(MePNP)Ir(D)(CsDs) (207D) upon thermolysis. To this, [("PNP)Pd-]2 (201) (10 mg, 9.0
umol) and (FPNP)Me (18.0 umol, 200 uL of 0.09 M stock solution in CsDg) were added.
MesSiOTf (3.8 pL, 4.7 mg, 21 pmol) was added to this solution using a syringe. The
solution was degassed using three freeze-pump-thaw cycles and CO, was then added
through a flushed gas line. The J. Young tube was then placed in an oil bath at 80 °C. The
reaction was periodically monitored by 3P and °F NMR spectroscopy; complete
consumption of [("PNP)Pd-]. was noted after 18 h. 65% trapping of CO was observed by
the formation of (MePNP)Ir(D)(CsDs)(CO) (208D) measured against the internal standard
resonance at -6.2 ppm. Other products in the reaction mixture, from the analysis using 3'P
and F NMR spectroscopy, corresponded to ("PNP)PdOTf (205) (yield = 85%) and
unidentified products with resonances at 39.6 ppm and 57.4 ppm in 3P NMR (Figure

11.21) and -78.4 ppm in °F NMR spectra of the sample. Comparing the *H NMR spectra
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of the starting sample and sample after completion shows complete consumption of

MesSiOTf and conversion into (MesSi)20.
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Figure 11.21 3P{*H} (300 MHz, CsDs) NMR spectrum of the reaction of [("PNP)Pd-].
(201) with COz and MesSiOTf and (MePNP)Ir(D)(CsDs) (207D) as in-situ CO trap after
heating for 18 h

Reaction of [(FPNP)Pd-]2 (201) with MesSiCl and CO2 and (M*PNP)Ir(D)(CsDs)
(207D) as CO trap. (M*PNP)Ir(H)(Mes) (206) (7.0 mg, 9.0 umol) was taken in a J. Young
NMR tube in 600 pL of CeDe. This NMR tube was placed in an oil bath at 80 °C and
complete conversion of (MEPNP)Ir(H)(Mes) (206) to (MePNP)Ir(D)(CsDs) (207D) was
confrmed by the *'P{*H} and *H NMR spectrum of the reaction mixture. To this

(FPNP)Me (18.0 umol, 200 pL of 0.09 M stock solution in CsDs) was added using a

syringe and separately [("PNP)Pd]. (201) (10 mg, 9.0 pmol) was weighed and added.
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MesSiCl (2.7 pL, 2.3 mg, 21 pmol) was added to this solution using another syringe. The
solution was degassed using three freeze-pump-thaw cycles and CO. was then added
through a flushed gas line. The J. Young tube was then placed in an oil bath at 80 °C. The
reaction was monitored by 3!P{*H} and 1°F NMR spectroscopy and complete consumption
of [(FPNP)Pd-]. was observed after heating for 18 h. 45% trapping of CO was observed in
3P NMR by the formation of (MePNP)Ir(D)(CsDs)(CO) (208D) as measured against the
internal standard. Other products in the reaction mixture, from the analysis using *!P{*H}
and ®F NMR spectroscopy, corresponded to (FPNP)PACI (204) (70%), (FPNP)PdH
(30%), unreacted (MPNP)Ir(D)(CeDs) (207D) (50% of the original Ir concentration
against the internal standard) (45.7 ppm).Unidentified products (<5% total) were also
obtained corresponding to resonances at 59.1, 62.5 and 63.3 ppm in the 3!P{*H} (Figure
11.22) and -119.4 and -124.8 in the °F NMR of the reaction mixture. Comparing the H
NMR spectra of the starting sample and sample after completion shows unreacted MesSiCl

and (MesSi).0 and an unidentified resonance at 0.19 ppm).
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Figure 11.22 3'P{*H} (300 MHz, CsDs) NMR spectrum of the reaction of [("PNP)Pd-]2
(201) with COz and MesSiCl and (M®PNP)Ir(D)(CsDs) (207D) as in-situ CO trap after

heating for 18 h

Reaction of [(FPNP)Pd-]> (201) with MesSiOTf and CO2 (M*PNP)Ir(D)(CsDs)
(207D) as CO trap without (FPNP)Me as internal standard. (M*PNP)Ir(H)(Mes) (206)
(9.0 mg, 12.1 pumol) was dissolved in ca. 0.6 mL of Ce¢Ds in a J. Young NMR tube and
converted into an equivalent amount of (M®PNP)Ir(D)(CsDs) (207D) upon thermolysis. To
this, [(FPNP)Pd-]2 (201) (13.4 mg, 12.1 pumol) was added. MesSiOTf (4.8 pL, 6.0 mg,
26.7 umol) was added to this solution using a syringe. The solution was degassed using
three freeze-pump-thaw cycles and CO> was then added through a flushed gas line. The J.
Young tube was then placed in an oil bath at 80 °C. The reaction was periodically
monitored by 3'P and °F NMR spectroscopy; complete consumption of [("PNP)Pd-], was
noted after 18 h. 50% trapping of CO was observed by the formation of
(MePNP)Ir(D)(CsDs)(CO) (208D). Other products in the reaction mixture, from the

analysis using 3P and °F NMR spectroscopy, corresponded to ((PNP)PdOTf (205) (yield
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= 90%) and and unidentified product with resonances at 57.4 ppm in *!P NMR and -78.5
ppm in °F NMR spectra of the sample.

2.4.10. Control reactions

Reaction of [(FPNP)Pd-]2 (201) with CO. [("PNP)Pd], (201) (13.4 mg, 12.1 pmol)
was dissolved in CgDs ca. 2 mL in a J. Young NMR tube. To this, ((PNP)Me (26.6 pL of
0.453M stock solution in CsDsg, 12.1 pmol) was added as an internal standard. The solution
was degassed using 3 freeze-pump-thaw cycles, and CO was added to it through a flushed
gas line. The J. Young tube was then placed in an oil bath at 70 °C. Two resonances apart
from the internal standard were observed after 24 h in both °F NMR (2:3, -123.6 ppm: -
130.1 ppm) and 3P{*H} NMR (2:3, 12.3 ppm (s) : 33.5 ppm (br))

Reaction of [(FPNP)Pd-]2 (201) with MesSiOTf. [((PNP)Pd-], (201) (13.4 mg, 12.1
umol) was dissolved in CsDg ca. 2 mL in a J. Young NMR tube. To this, ((PNP)Me (26.6
ML of 0.453M stock solution in CsDs, 12.1 umol) was added as an internal standard.
MesSiOTf (4.6 L, 5.6 mg, 25.4 umol) was then added to this solution using a syringe.
The NMR tube was then placed in an oil bath at 80 °C. No reaction was observed after 18
h of heating.

Reaction of [(FPNP)Pd-]2 (201) with MesSiCl. [(FPNP)Pd-]; (201) (13.4 mg, 12.1
umol) was dissolved in CeDs ca. 2 mL in a J. Young NMR tube. To this, ((PNP)Me (26.6
ML of 0.453M stock solution in CsDs, 12.1 umol) was added as an internal standard.
MesSiCl (4.0 pL, 3.5 mg, 31.5 umol) was then added to this solution using a syringe. The
NMR tube was then placed in an oil bath at 80 °C. No reaction was observed after 24 h of

heating.
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Reaction of [(FPNP)Pd-]2 (201) with MesSiOTf and CO. [(FPNP)Pd-]» (201) (13.4
mg, 12.1 pumol) was dissolved in C¢Ds ca. 2 mL in a J. Young NMR tube. To this,
(FPNP)Me (26.6 L of 0.453M stock solution in CsDs, 12.1 pmol) was added as an internal
standard. MesSiOTf (4.6 pL, 5.6 mg, 25.4 umol) was then added to this solution using a
syringe. The solution was degassed using 3 freeze-pump-thaw cycles, and CO was added
to it through a flushed gas line. The J. Young tube was then placed in an oil bath at 80 °C.
Analysis of the reaction mixture by 3P NMR spectroscopy after 12 h showed conversion
to ((PNP)PdH (6%) and unidentified compounds which resonated at 14.6 ppm (12%), 33.2
ppm (60%), 59.1 ppm, 75.4 ppm (6%). °F NMR analysis of the same sample shows
unidentified resonances at -123.6 ppm, -125.5 and -130.1 ppm in addition to the internal
standard signal the resonance for (FPNP)PdH and the resonance for MesSiOTf at -78.7
ppm. None of these unidentified resonances are observed in the analogous reaction of
[(FPNP)Pd-], with MesSiOTf and COs-.

Reaction of [(FPNP)Pd-]2 (201) with MesSiCl and CO. [(FPNP)Pd-]. (201) (13.4
mg, 12.1 umol) was dissolved in C¢De ca. 2 mL in a J. Young NMR tube. To this,
(FPNP)Me (26.6 L of 0.453M stock solution in CsDs, 12.1 pmol) was added as an internal
standard. MesSiCl (3.2 pL, 2.7 mg, 25.4 pmol) was then added to this solution using a
syringe. The solution was degassed using 3 freeze-pump-thaw cycles, and CO was added
to it through a flushed gas line. The J. Young tube was then placed in an oil bath at 80 °C.
Analysis of the reaction mixture by 3P NMR spectroscopy after 12 h showed conversion
to an unidentified compound which resonated at 33.5 ppm (90%) and ("PNP)PdCI (204)

(10%) . F NMR analysis of the same sample shows an unidentified product
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corresponding to the resonance at -130.1 ppm in addition to the internal standard signal
and the resonance for ("PNP)PdCI (204) (-128.6 ppm). None of the unidentified
resonances are observed in the analogous reaction of [(FPNP)Pd-]. with MesSiCl and CO..

Preparation of a solution of (M®PNP)Ir(D)(CsDs) (207D) and (FPNP)Me in CsDe.
For the control reactions with (MePNP)Ir(D)(CsDs) listed below, a solution of
(MePNP)Ir(D)(CsDs) (207D) and (FPNP)Me in CsDs was prepared by dissolving
(MePNP)Ir(H)(Mes) (206) (9 mg, 12.1 umol) in ca. 800 pL of CeéDs in a J. Young NMR
tube and adding to this (FPNP)Me (26.6 pL of 0.453M stock solution in CsDs, 12.1 pumol)
using a syringe. The NMR tube was then placed in an oil bath at 80 °C to convert the
(MePNP)Ir(H)(Mes) into (MePNP)Ir(D)(CsDs) according to previously published
procedures.® Conversion to (M*PNP)Ir(D)(CeDs) was confirmed by 3P and 'H NMR
spectroscopy before doing any subsequent reactions.

Reaction of (MePNP)Ir(D)(CsDs) (207D) with MesSiOTf . MesSiOTf (4.6 pL, 5.6
mg, 25.4 umol) was added using a syringe to a solution of (M*PNP)Ir(D)(CsDs) (207D)
and (FPNP)Me in CsDs Which was prepared as mentioned above. The J. Young tube was
then placed in an oil bath at 80 °C. Analysis of the reaction mixture by 3P NMR
spectroscopy after 24 h showed no reaction.

Reaction of (MePNP)Ir(D)(CesDs) (207D) with MesSiCl. MesSiCl (3.2 pL, 2.7 mg,
25.4 pmol) was added using a syringe to a solution of (MePNP)Ir(D)(CsDs) (207D) and
(FPNP)Me in CeDswhich was prepared as mentioned above. The J. Young tube was then
placed in an oil bath at 80 °C. Analysis of the reaction mixture by 3P NMR spectroscopy

after 24 h showed no reaction.
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Reaction of (MePNP)Ir(D)(CsDs) (207D) with MesSiOTf and CO. MesSiOTf (4.6
uL, 5.6 mg, 25.4 pmol) was added using a syringe to a solution of (MePNP)Ir(D)(CsDs)
and (FPNP)Me in CsDs which was prepared as mentioned above. The solution was
degassed using 3 freeze-pump-thaw cycles, and CO was added to it through a flushed gas
line. The J. Young tube was then placed in an oil bath at 80 °C. 3!P NMR spectrum of the
reaction mixture after 24 h showed only a resonance at 6 28.0 ppm corresponding to
(MePNP)Ir(D)(CsDs)(CO) (208D) in addition to the internal standard signal.

Reaction of (M®PNP)Ir(D)(CsDs) (207D) with MesSiCl and CO. MesSiCl (6.4 L,
5.4 mg, 50.8 umol) was added using a syringe to a solution of (M*PNP)Ir(D)(CsDs) (207D)
and ("PNP)Me in CsDs which was prepared as mentioned above.. The solution was
degassed using 3 freeze-pump-thaw cycles and CO was added through a flushed gas line.
The J. Young tube was then placed in an oil bath at 80 °C. 3P NMR spectrum of the
reaction mixture after 24 h showed only a resonance at 6 27.9 ppm corresponding to
(MePNP)Ir(D)(CsDs)CO (208D) in addition to the internal standard signal.

Reaction of (MePNP)Ir(D)(CsDs) (207D) with MesSiOTf and CO2. MesSiOTf (4.6
uL, 5.4 mg, 25.4 pmol) was added using a syringe to a solution of (MePNP)Ir(D)(CsDs)
(207D) and (FPNP)Me in C¢Ds Which was prepared as mentioned above.. The solution was
degassed using 3 freeze-pump-thaw cycles and CO> was added through a flushed gas line.
The J. Young tube was then placed in an oil bath at 80 °C. 3P NMR spectrum of the
reaction mixture after 24 h shows only one discernible resonance corresponding to
(MePNP)Ir(D)(CsDs) with intensity corresponding to 40% of the original with some solid

observed to be crashing out.
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Reaction of (M®PNP)Ir(D)(CsDs) (207D) with MesSiCl and CO2. MesSiCl (3.2 uL,
2.7 mg, 25.4 umol) was added using a syringe to a solution of (M®PNP)Ir(D)(CsDs) (207D)
and (FPNP)Me in CsDs which was prepared as mentioned above. The solution was
degassed using 3 freeze-pump-thaw cycles and CO> was added through a flushed gas line.
The J. Young tube was then placed in an oil bath at 80 °C. The solution slowly turned
green from the original dark blue. Analysis of the reaction mixture by 3P NMR
spectroscopy after 1 h shows 50% conversion to an unknown compound which resonated
at 22.9 ppm. On letting the reaction continue, a 3P NMR spectrum of the reaction mixture
after 18 h showed unidentified resonances at 45.1ppm, 26.8 ppm and 22.9 ppm(4:3:1) in
addition to the internal standard signal.

Reaction of (FPNP)PdH with CO2. ("PNP)PdH (14.0 mg, 25.1 umol) was dissolved
in CsDe ca. 2 mL inaJ. Young NMR tube. The solution was then degassed using 3 freeze-
pump-thaw cycles and CO> was then added through a flushed gas line. The J. Young tube
was then left in an oil bath at 80 °C. The reaction was monitored by 3'P NMR spectroscopy
and no reaction was observed after 24 h.

2.4.11. Synthesis of (F(PNP)Pd-SiMes (210) and its reactions

Reaction of (FPNP)PdCI (204) with MesSi-SiMes and KO®Bu. ("PNP)PdCI (204)
(130 mg, 225 umol) and KO'Bu (30 mg, 267 umol) were dissolved in 1,4-dioxane ca. 1
mL in a J. Young NMR tube. To this, MesSi-SiMes (100 pL, 71.5 mg, 490 pumol) was
added using a syringe and the J. Young tube was then placed in an oil bath at 80 °C. The
reaction was monitored by *!P NMR spectroscopy. 50% conversion of ("PNP)PdCI (204)

to a mixture of products was observed after 45 mins with the reaction not proceeding any
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further even on extended heating. A further equivalent of KO'Bu (30 mg, 267 pumol) was
added and the NMR tube was replaced in the oil bath. Complete conversion of ((PNP)PdCI
(204) was observed after 45 mins of further heating. The volatiles were removed under
vacuum and the solid mixture was redissolved in pentane ca. 10 mL and filtered through
a pad of celite. The filtrate was collected and a red solid (50 mg) was obtained on removing
the volatiles. The product was a mixture of ("PNP)Pd-SiMes (210) (63%), ("PNP)PdH
(20%) and the rest was unknown compounds. *H NMR (CsDs) (only peaks corresponding
to ("PNP)Pd-SiMes (210) are being reported) *H NMR (CsDg) & 7.54-7.48 (m, 2H, Ar-H),
6.92-6.70 (m, 4H, Ar-H, overlapping with peaks from impurities), 2.18 (m, 4H,
PCH(CHs)2, overlapping with peaks from impurities), 1.10-0.90 (m, 24 H, PCH(CHz).,
overlapping with peaks from impurities), 0.52 (s, 9 H, Si(CHa)3). ®F NMR (CsDs¢): & -
131.4. 3 P{'HINMR (CsDo): 5 46.2. 2°Si{'H}NMR (CsDe): 53.77 (t, 2si-p = 6 Hz, Pd-Si).

Reaction of (FPNP)PdCI (204) with Mg and MesSiCl. ("PNP)PdCI (204) (50.2 mg,
87.1 pumol), Mg powder (10.1 mg, 417 pmol) were taken in a 25 mL schlenck flask and
ca. 5 mL of THF were added to dissolve the solids. To this rapidly stirring solution,
MesSiCl (76.0 puL, 65.1 mg, 599 umol) was added using a syringe. An aliquot of this
solution was taken after an hour and analyzed using 3!P and °F NMR spectroscopy and
complete conversion of ((PNP)PdCI (204) was observed after 1 h. The 3P NMR spectrum
of the reaction mixture showed ("PNP)PdH (7%) at 60.2 ppm, [(FPNP)Pd-]2 (201) (33%)
at 47.3 ppm and ("PNP)Pd-SiMe;s (210) (60%) was observed at 47.0ppm. The °F NMR

spectrum of the reaction mixture showed only 2 peaks, one corresponding to overlapping
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peaks for (FPNP)PdH (7%) and [("PNP)Pd-]. (201) (33%) at -132.0 ppm and another one
for ("PNP)Pd-SiMes (210) (60%) was observed at -132.1ppm.

Reaction of (FPNP)PdCI (204) with KO'Bu. ("PNP)PdCI (204) (57.1 mg, 100 umol)
and KO'Bu (23 mg, 205 umol) were dissolved in 1,4-dioxane ca. 500 uL in a J. Young
NMR tube and the tube was then placed in an oil bath at 80 °C. The reaction was
monitored by 3P NMR spectroscopy. Complete conversion of (FPNP)PACI (204) to
(FPNP)PdH (24%) at 60.2 ppm, [("PNP)Pd-]2 (201) (58%) at 47.5 ppm and an unknown
compounds (11% and 7%) at 46.4 ppm and 40.7 ppm respectively, was observed after 1
h with no observation of ("PNP)Pd-SiMes (210) being produced.

Reaction of (FPNP)Pd-SiMes (210) with (FPNP)PACI (204). (FPNP)PdCI (204) (10
mg, 17.3 umol) and the mixture of products obtained in the synthesis of ("PNP)Pd-SiMes
(210) (13.1 mg, 17.3 umol in Si) were taken in a J. Young tube and dissolved in ca. 600
pL of CeDs. The NMR tube was then placed in an oil bath at 80 °C and the reaction was
monitored by 3P and **F NMR spectroscopy. No changes were observed after 18 h by 3'P
and 1°F NMR spectroscopy of the sample.

Reaction of (FPNP)Pd-SiMes (210) with CO.. The mixture of products obtained in
the synthesis of ((PNP)Pd-SiMes (210) (13.1 mg, 17.3 pmol in Si) was taken in a J. Young
tube and dissolved in ca. 600 pL of CeDs. The solution was degassed using 3 freeze-pump-
thaw cycles and CO> was added through a flushed gas line. The NMR tube was then placed
in an oil bath at 80 °C and the reaction was monitored by 3'P and °F NMR spectroscopy.

No changes were observed after 18 h by 3'P and '°F NMR spectroscopy of the sample.
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CHAPTER Il
POCOP COBALT COMPLEXES RELEVANT TO CATALYTIC COUPLING AND
REDUCTIVE ELIMINATION STUDIES

3.1. Introduction

Transition metal mediated coupling reactions have become an irreplaceable part of a
chemist’s repertoire due to their ever increasing scope and applicability. However, it is an
interesting issue how majority of these coupling reactions use palladium?8°3151-153,
Expansion of this chemistry to include other cheaper and more abundant metals is a task
that deserves to be undertaken.’>*1%0 Although transition metal mediated catalysis
involving one-electron transformations in some catalytic steps have been observed, 61162
majority of the most versatile and popular catalytic reactions involve two electron
reactivity at the metal centre. From the mechanisms of such metal catalyzed coupling
reactions, two electron activity is vital for the bond-breaking (cleavage of bonds of the
type R-X (X = halide) and formation of M-R and M-X bonds) (oxidative addition) and
bond-making (cleavage of bonds of the type M-R and M-R’ and formation of R-R’ bonds)
(reductive elimination) steps in the catalytic cycle (Figure 111.1).

We have recently highlighted the ability of (POCOP)Rh complexes to catalyze
coupling reactions.®314 As discussed previously in chapter I, catalysis using Rh involves
interconversion between Rh(1) and Rh(Ill) during the catalytic cycle. An analogous cycle
can also be imagined for cobalt where it switches between Co(l) and Co(lll) through OA
and RE steps. If such a cycle is proved to be feasible and robust, cobalt is an important

and viable alternative due to it being more abundant and cheap as compared to Rh. So our
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steps will be focused towards isolating the proposed intermediates with Co(l) and Co(lll)
and investigate the viability of a catalytic cycle involving these intermediates. Coupling
reactions with a Co'/Co"" type cycle similar to Rh however, might be hindered by the
proclivity of cobalt to undergo one-electron transformations. To prevent such undesired
one-electron side reactions, the choice of ancillary ligands might play an important role in
stabilizing the Co(l) and Co(lll) oxidation states, so we expect ligand optimization to

prevent one-electron transformations as another important undertaking.

MM
Ar-Z Ar-X
Reductive Oxidative
Elimination Addition

MYM"*2 Cycle

[Mn+2]<Ar [Mn+2}<Ar
4 X

7
Z = Ar, NHR, SR
Transmetallation

Figure I11.1 General M"/M™2 for transition metal catalyzed coupling reactions between aryl
halides with nucleophiles.

Looking into the history of cobalt based catalytic croos-coupling, there have been a
few reports of cobalt(I1) halides (along with stoichiometric amounts of phosphine ligands)
catalyzing coupling reactions including C-C and C-S coupling reactions.8¢88183 (Figure
111.2) Although these catalysts have shown good versatility in term of substrate scope, no

mechanistic details were discussed in these reports.
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(a)
X S<
1-2 mol% Col,(DPPE)/Zn R’
R + R'SH >~ R
pyridine, CH3CN or toluene

80°C10h

X=1,Br R =aryl, alkyl

(b) X 20% CoBry FG2
1 Y 20% PPh, R
FG + FG2 - >
Mn (4 equiv.)
DMF/Pyridine 6:1
FG'

Figure 111.2 Examples of coupling reactions catalyzed by Co" halides

More recently, the Chirik group®”%4167 and others'®®!% have demonstrated the
applicability of pincer cobalt systems in catalysis such as C-H borylation and
hydroboration of alkenes. Separately, mechanistic investigations into steps such as RE and
OA have also been reported by the groups of Fout,'’® Bernskoetter!’* and Tonzetich."
Chirik and coworkers have elucidated the mechanism of C-H borylation using
(pyrPNP)Co complexes and have been successful in showing OA to Co'and RE from Co'"
species. Although very interesting in their own right, one key difference between such
reports and our efforts is that the proposed mechanisms for the Chirik systems involve OA
of a B-H bond to a Co' center followed by loss of Hz and OA of a C-H bond and finally
elimination of a C-B bond. As illustrated in Figure 111.3, this involves a neutral pincer
ligand which leads to OA to four coordinate Co' species and reductive elimination from
six coordinate Co'"' species whereas our efforts will involve OA of aryl halide bonds to a
Co' center and RE of C-X (X = C, N, O, S) from Co"'. We expect our systems to work

differently from those described by Chirik since the nature of bonds being activated during
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OA (C-X vs C-H) and the bonds being formed during RE (C-C/C-S vs C-B) are different
and require different pathways. In addition our systems are desgined to involve OA to 3
coordinate Co' and RE from 5 coordinate Co'"' complexes.

More analogous to our proposed research is our recent reports of Rh catalysts for C-S
and C-C Kumada-Corriu coupling.8#114173 Ag illustrated in our reports, these catalyses’
proceed via OA to three coordinate Rh'and RE from five coordinate Rh'!' centers (Figure
111.3). Due to Co being from the same group and Co'and Co"' complexes having the same
number of d electrons as Rh' and Rh'" respectively, a similar mechanism can be
hypothesized for our pincer Co catalysts with anionic pincer ligands. Such a mechanism
is beneficial for catalytic cross coupling of aryl halides since OA to three coordinate
species is much more favored over OA to four coordinate species for OA of R-X bonds to
d® Rh!, similarly RE from five coordinate species is more facile than from six coordinate
species for d® Rh"'.8 The validity of our hypothesis will be investigated in this and the
subsequent chapter through synthetic isolation of the proposed intermediates and studying
the elementary steps of the catalytic cycle.

So, in this study we have strived to potentially identify and isolate the intermediates
involved in C-X (X = C, N, S) coupling with (POCOP)Co systems analogous to our
previously published (POCOP)Rh catalysts®®1* and study their interchange and their
utility in catalytic coupling reactions. Studying their interchange via an analogous
synthetic cycle would allow for direct observation of the two-electron reactions that are

important for the catalytic cyclic involving a Co'/Co'! cycle.
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Chirik's Borylation
(P°C°P)Rh catalyzed C-X coupling

PP, i
— | BPin TP
N-Co—H
g Ar-R
HBpin \_ /i | Rh! Ar-X
o Pi’r "Mz i
oxzit_rve reductive O-PPr,
addition elimination oxidative
addition
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— CCo—Rni Ar
S /N*C‘O*H Wi C“’ Bpin QRhf F‘{h‘Ar
N R ’
PP PiPry —pi My
X O—PiPr,

. (0]
PlnB\<\J/ reductive oxidative
elimination

transmetalation
_ addition
P'Pr, o)
=( | Bpin v xR
\ /N’pd 7 o
H \I/\

Figure 111.3 Comparison of proposed mechanisms for Chirik’s system and our Rh
catalysts

3.2. Results and discussion

3.2.1. Synthesis of Co'' complexes

The introduction of the POCOP ligand into the coordination sphere of Co was
accomplished by reaction of (POCOP)H with anhydrous CoCl. in the presence of
dimethylaminopyridine (DMAP), producing (POCOP)Co(Cl) (301) as a bright yellow
solid in a 35% yield upon workup. The *H NMR spectrum of 301 displayed four broad,
strongly contact-shifted signals with integral ratios of 24:4:2:1, consistent with formation
of a paramagnetic Co" complex. The signals of relative intensity 24 (two overlapping
resonances of 12H each) and 4 intensities correspond to the methyl and methine protons
of the isopropyl groups, respectively; the resonances of intensity 2 and 1 correspond to the
aromatic protons of the aryl backbone. The separation and matching integrations of peaks

for different types of protons in the structure of the paramagnetic spectra of (POCOP)Co"
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complexes is similar to Co'" complexes described by the groups of Chirik®* and Fryzuk®®.
An Evans method measurement of the magnetic moment in solution yielded 2.18 uB,
consistent with a single unpaired electron, as would be expected for a an approximately
square-planar, low-spin Co(Il) complex. 301 readily served as a starting material for the
synthesis of analogous (POCOP)CoX complexes. Treatment of solutions of 301 with
MesSi-X (X = Br, 1, or OTf) resulted in rapid and clean formation of (POCOP)Co(Br)
(302), (POCOP)Co(l) (303), and (POCOP)Co(OTf) (304). (POCOP)Co(F) (305) was

synthesized by the reaction of 304 with CsF at RT. (Figure 111.4)

O-PPr, O~PPr2  Megsix O-PPr, CsF o-PPr,
CoCly, DMAP C|O_C| X = Br, |, OTf c| ___ X=oOTf |
THF, 75°C | oluene |0 BE——— Clo—F
O—P'Pr, O-PiPr, RT O-PiPr, 0-PPr,
(POCOP)H (POCOP)Co(Cl), 301 (POCOP)Co(Br), 302 (POCOP)Co(F), 305

(POCOP)Co(l), 303
(POCOP)Co(0Tf),304

Figure 111.4 Synthesis of (POCOP)Co halide complexes

Reaction of 301 with NaOBU', MeL.i or PhLi, respectively, resulted in the formation
of (POCOP)Co(OBU") (306), (POCOP)Co(Me) (307), and (POCOP)Co(Ph) (308). The
synthesis of (POCOP)Co-SPh (309) was readily accomplished in 77% isolated yield by
treatment of 301 with thiophenol, surprisingly not requiring addition of a base. (Figure
111.5) All of the Co" complexes (301 to 309) displayed clearly analogous patterns in their
'H NMR spectra, corresponding to the same 12:12:4:2:1 set of resonances noted for 301.
These data are indicative of all these compounds being low-spin Co(ll) complexes

possessing Coy symmetry on the NMR time scale in solution.
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O-PiPr,
Co—0'Bu

O-P'Pr,
(POCOP)Co(O'Bu), 306

tol
oueT | NaoBu
O—Piprz O_PiPr2 O—PiPrz
Mel! PhLi
Co—Me Co—Cl > Co—Ph
entane, RT toluene, RT
O_PiPrz P ’ O—PiPrz O—Piprz
(POCOP)Co(Ph), 307 (POCOP)Co(Cl), 301 (POCOP)Co(Ph), 308

toluene
RT PhSH

O-P'Pr,
Co—SPh

O-P'Pr,
(POCOP)Co(Ph), 309

Figure 111.5 Synthesis of (POCOP)Co(R) compounds

3.2.2. Synthesis of Co'"' complexes

Oxidation of 301 with N-chlorosuccinimide (NCS) resulted in an immediate color
change to dark brown and formation of a new product. It also exhibited broad and contact-
shifted, yet well-resolved signals in the *H NMR spectrum in integral ratios appropriate
for the POCORP ligand. The identity of the product was determined to be (POCOP)CoCl;
(311) by an X-ray study on a single X-ray quality crystal. The effective magnetic moment

(uerf) Of 311 was determined to be 2.44 and 2.46 by the Evans method and a magnetic
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susceptibility balance, respectively. Although this is somewhat smaller than the
theoretical 2.83 puB value; the overall formulation is consistent with an intermediate spin
Co(l1) compound. This was particularly interesting as examples of five coordinate Co(l1l)
complexes with intermediate spin are very scarce.l” Treatment of 311 with 1 equiv. of
PMes resulted in an immediate color change from brown to green and formation of
diamagnetic (POCOP)Co(Cl)2(PMes) (312). (Figure 111.6) 312 displayed characteristic
diamagnetic resonances in the *H NMR spectrum, and broad singlets at 178.0 ppm and —
16.7 ppm in the 3P NMR spectrum in a 2:1 ratio. Single X-ray quality crystals were grown
and the obtained structure shows an octahedral structure with chloride groups trans to each

other and the phosphine trans to the central carbon of the pincer ligand.

O-P'Pr, O-P'Pr, O-P'Pr,

| NCS ¢l PMe; c
Co—Cl ——mm— Co. . — —————~= Co—PMe;
| toluene, RT | Cl toluene cl|
O-P'Pr, 0-P'Pr, RT 0-P'Pr,
(POCOP)Co(Cl), 301 (POCOP)Co(Cl),, 311 (POCOP)Co(Cl),(PMe3), 312

Figure 111.6 Synthesis of (POCOP)Co(Cl)2 (311) and (POCOP)Co(Cl)2(PMes) (312)
Oxidation of (POCOP)Co-Ph (308) with NCS at RT for 12h in pentane resulted in a
mixture of (POCOP)CoCl (301) and a new compound identified as (POCOP)Co(Ph)(CI)
(313), along with some biphenyl. The 313 in these mixtures decayed over time into
biphenyl and (POCOP)CoCl. Pure samples of 313 could be isolated in minute yield by
recrystallization; however, solutions of 313 obtained in this fashion inevitably degraded
into (POCOP)CoCl (301) and biphenyl, as well. In contrast, oxidation of (POCOP)Co-Ph
(308) with 0.55 equiv. of Phl(OAc). overnight in toluene led to clean isolation of

(POCOP)Co(Ph)(OAc) (314) in 80% vyield without any detectable amounts of
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paramagnetic impurities or biphenyl. 314 was found to be stable at RT in a solution in
CsDs and no detectable decomposition was observed after heating the same solutioin at 80
°C for 90 mins. 314 offered an alternative synthetic route to Co'"" aryl halide complexes.
Metathetic reactions of 314 with MesSiCl and MesSil in CgDe acleanly yielded
(POCOP)Co(Ph)(CI) (313) and (POCOP)Co(Ph)(l) (315), after 18 h and 10 mins

respectively. (Figure 111.7 (a), (b))

o—Tipr2 o—F|>‘Pr2 O-P'Pr, O-P'Pr,
Ph Ph
PhI(OAc |
Co-Cl  + Co—Cl < NCS Co—ph _MOA% Co-OAc
L |. toluene L toluene, RT |
O-PPr, O-P'Pr, RT O-PiPr, O-P'Pr,
(PPCOP)Co(Ph)(CI), 313 (POCOP)Co(Ph)(OAc), 314
unstable (a)
O-PiPr, i
> e
Co—OAc i
Me3SiX Cdox
O-PiPr, X=Cl, I

O-P'Pr,
(POCOP)Co(Ph)(CI), 313
(PPCOP)Co(Ph)(1), 315

(PPCOP)Co(Ph)(OAc), 314

O-P'Pr, O-PlPr,
| Ph NaSPh, Ph
Co-X _THF RT Co-SPh
-NaX
O—P'Pr, O-PiPr,
X=Cl, | (POCOP)Co(Ph)(SPh), 316

()
Figure 111.7 (a) Synthesis of (POCOP)Co"' compounds by 1 e- oxidation of
(POCOP)Co(Ph) (b) Alternative synthesis of (POCOP)Co(Ph)(X) (c) Synthesis of
(POCOP)Co(Ph)(SPh)
Interestingly, 313 synthesized by this route was much less prone to decomposition

(<5% after 2 d at RT in CeDs) than the material obtained from 308 and NCS. No

decomposition was evident by NMR upon aging solutions of 315 for 5 d at RT. It is
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possible that decomposition of 313 is catalyzed by traces of NCS or some other NCS-
derived impurities. 315 readily reacted with sodium thiophenolate to furnish
(POCOP)Co(Ph)(SPh) (316). (Figure 111.7 (c)) In contrast, our attempts to produce
analogous (POCOP)Co(Ph)(Me) (317) and (POCOP)CoPh> (318) complexes were not
successful. Reactions of 314, 313 and 315 with MeLi or PhLi provided no spectroscopic
evidence of 317 or 318 in situ and the major product in all cases was (POCOP)Co-Ph with
(POCOP)Co-Me being observed as a minor product in the reaction with MeLi. The
reaction of (POCOP)Co(Ph)(I) with PhMgBr showed quantitative conversion to
(POCOP)Co(Ph) and Ph-Ph. Interestingly, the reaction of (POCOP)Co(Ph)(l) with
MeMgClI showed quantitative conversion to equal amounts of (POCOP)Co-Ph (45% of
initial (POCOP)Co(Ph)(l)) , (POCOP)Co-Me (45% of initial (POCOP)Co(Ph)(l)) and Ph-
Me (40% of initial (POCOP)Co(Ph)(l)) with no observation of Me-Me. This indicates the
possibility of RE of Ph-Me followed by comproportionation of (POCOP)Co' with
(POCOP)Co(Ph)(Me).

3.2.3. X-ray structural studies’

The structures of several (POCOP)Co complexes were unambiguously determined
from crystals grown from pentane solutions at -35 °C. (POCOP)Co(SPh) (309) was
observed to crystallize in the monoclinic system with the P»y/c Space group yielding yellow
crystals. The ligands attain a slightly distorted square planar geometry around the Co

center, with the P1-Col-P2 and C7-Col-S1 angles being lower than 180 degrees at

*Single Crystal X-Ray Structures for 309 and 311 were solved by Dr. Samuel Timpa while the rest were
solved by C. M. Palit
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161.86(2) and 163.15(6) degrees respectively (Figure 111.8). (POCOP)Co(Cl). (311)
yielded green crystals in the orthorhombic system with the space group Puca With the
geometry around the Co center (POCOP)Co(Cl). (311) observed to have an interesting
geometry which appears to be square pyramidal based just upon the geometry index
proposed by Addison and coworkers,1” with t = 0.245. However, a closer look at the
Ciigand-C0-Cl bond angles gives us values of C1-Col-Cl2, 144.4(1) and C1-Col-C1,
110.3(1) leading us to believe that the structure is more likely a distorted trigonal
bipyramidal structure where both the Cl atoms moving away from their ideal postions in
a TBP structure (Ciigana-Co-Cl value of 120°) (Figure 111.9(a)) . The crystals of
(POCOP)Co(Cl)2(PMes) (312) show an octahedral geometry around the Co center (Figure
111.9(b)) with very similar Co-Cl bond lengths of 2.285(2) A and 2.238(2) A in 311 and

2.258(1) A and 2.253(1) A in 312.

Figure 111.8 ORTEP drawing (50% probability ellipsoids) of (POCOP)Co(SPh) (309).
Select atom labeling. Hydrogen atoms are omitted for clarity. Selected bond distances (A)
and angles (deg) for 309 follow: Col-P1, 2.1816(8); Col-P2, 2.1719(9); Col-S1,
2.1706(8); S1-C1, 1.773(2); P1-Co1-P2, 161.86(2); C7-Col1-S1, 163.15(6); Co1-S1-C1,
119.89(7).
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Figure 111.9 ORTEP drawing (50% probability ellipsoids) of (a) (POCOP)Co(Cl)2 (311).
Select atom labeling. Hydrogen atoms are omitted for clarity. Selected bond distances (A)
and angles (deg) for 311 follow: Col-Cl1, 2.285(2); Col-Cl2, 2.238(2); Col1-C1, 1.934(4),
C1-Col-C1, 110.3(1); C1-Col-Cl2, 144.4(1); Pi1-Col-P2, 159.10(3). (b)
(POCOP)Co(Cl)2(PMes) (312). Select atom labeling. Hydrogen atoms are omitted for
clarity. Selected bond distances (A) and angles (deg) for 312 follow: Co1-P1, 2.263(1);
Col-P2, 2.270(1); Col-P3, 2.303(1); Col-C1, 1.969(5); Col-Cl1, 2.258(1); Col-Cl2,
2.253(1); P1-Col1-P2, 159.04(5); Cl1-Col1-Cl2, 179.21(5); Cl1-Col-P1, 94.16(5); Cl1-
Co1-P3, 91.52(5); P3-Co1-P1, 99.76(5).

(POCOP)Co"" compounds of the type (POCOP)Co(Ph)(X) )where X = 1, SPh)
crystallize in the triclinic system with (POCOP)Co(Ph)(l) and (POCOP)Co(Ph)(SPh)
attaining the P2ynand P21.c Space groups respectively. The geometry around the Co centers
is distorted square pyramidal with the Ph ligand occupying the apical position putting the
strongly trans influence ligands (Ph™ and central C* of POCOP) cis to each other with the
| and S atoms distorted slightly out of plane from their ideal positions in a square
pyramidal structure . Comparison of (POCOP)Co(Ph)(l) (315) (Figure 111.10) and
(POCOP)Co(Ph)(SPh) (316) (Figure 111.11) with analogous Rh structures published by

our group earlier®4 show very similar structure.
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Figure 111.10 ORTEP drawing (50% probability ellipsoids) of (POCOP)Co(Ph)(l) (315).
Select atom labeling. Hydrogen atoms are omitted for clarity. Selected bond distances (A)
and angles (deg) for 315 follow: Co2-P1, 2.210(2); Co2-P2, 2.204(2); Co2-11, 2.601(2);
Co2-C18, 1.907(3); C02-C19, 1.940(3); P1-Co2-P2, 161.83(4); C18-Co2-I1, 155.19(9);
C19-Co2-11, 115.86(9); C18-Co2-C19, 88.9(1)

Figure 111.11 ORTEP drawing (50% probability ellipsoids) of (POCOP)Co(Ph)(SPh)
(316). Select atom labeling. Hydrogen atoms are omitted for clarity. Selected bond
distances (A) and angles (deg) for 316 follow: Co1-C25, 1.947(2); Co1-P3, 2.222(1); Col-
P1, 2.223(1); Col-S1, 2.215(1); Col-C1, 1.933(2); C1-Col-C25, 89.54(8); C1-Col-P3,
81.80(5); C1-Co1-P1, 80.24(5); C1-Co1-S1, 148.98(6); C25-Co01-S1, 119.96(6)
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3.2.4. Discussion of spin states of (POCOP)Co compounds

For (POCOP)Co'" compounds the spin-state (diamagnetic/ low spin, S=0 vs
paramagnetic/intermediate spin, S = 1) was observed to vary with the geometry and the
nature of the ligands around the Co center. (POCOP)Co(Cl)2 (311) appears to be a mix of
different spin states as the observed et = 2.44 gives a S < 1. This is also reflected in the
observed geometry of the molecule where it appears to be an intermediate between square
pyramidal and trigonal bipyramidal structures. These observations warrant more
investigations into 311 to better understand its electronic structure. Adding another ligand
PMe; to 311 yields octahedral (POCOP)Co(Cl)2(PMes) (312) where Co'" obtains the low
spin state leading to the compound being diamagnetic. (POCOP)Co(Ph)(l) (315) obtains
a square pyramidal geometry because the presence of a strong field ligand such as Ph
changes the splitting pattern of the orbitals causing filling of the dxz, dyz and dxy orbitals
to be filled with the 6 d electrons from Co'", hence attaining a low spin state of S = 0 and

be diamagnetic. (Figure 111.12 (a))

O-P'Pry

—pi
Energy — df Ph -T— dyy O-PPra
Cé-X Energy | ]

Co—SPh

d O-PiPr 4% d,? .

4% i 2 ‘ O-PPr,
X=1 315
¢z4$ 4% % X=3Ph316 %z4$ 4% Ay 309

Figure 111.12 (a) Expected electronic structure for 315 and 316 in square pyramidal
geometry (b) (b) Expected electronic structure for 309 in square planar geometry
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The effect of geometry change on the spin state can also be seen in Co'' complexes
where our (POCOP)Co' complexes are low-spin (S = %) due to the square planar
geometry as observed in 309 and strong field ligands enforced by the POCOP pincer
ligand. (Figure 111.12 (b)) A low spin state and square planar geometry is also observed
in Co'' complexes with other rigid pincer ligands reported by Mindiolal’® and Chirik®’.
Four coordinate complexes of Co' supported by non-rigid ligands can however attain
tetrahedral geometry and high spin states easily as demonstrated by Drulis’’ and
Travnicek.!’

3.2.5. Thermolysis and observation of Ciigand-Cph reductive elimination from 316

In analogous (POCOP)Rh system reported by our group'4, thermolysis of
(POCOP)RN(Ph)(SPh) (322) yielded (POCOP)Rh(SPhy) (323). Thermolysis of
(POCOP)Co(Ph)(SPh) (316) in CeDs however, proceeds to give 319 as the sole product
observable by NMR spectroscopy with a single peak which resonates at 148.7 ppm in its
3P NMR spectrum and only diamagnetic resonances in the *H spectrum. This product
does not however show any further reaction with PPhs or Phl as would be expected from
(POCOP)Co(SPhy), if the thermolysis proceeded as with the analogous Rh system.

(Figure 111.13) These observations suggest that 319 is not a (POCOP)Co' species.
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Figure 111.13 (a) Previously reported observations upon thermolysis of

(POCOP)Rh(Ph)(SPh)  (b)  Expected  observations  for  thermolysis  of
(POCOP)Co(Ph)(SPh) (c) Actual observations

Upon comparison of the *H, *3C and 3P spectra of 319 with the library of POCOP
ligands and (POCOP)Co compounds available to us (Table I11.1), the spectra of 319
match closely to that of the free ligand suggesting a possible RE of Ph or SPh with the
central carbon of the POCOP ligand. Hydrolysis of the thermolysis product 319 with ag.
HCI followed by extraction with dichloromethane and filtration through silica gives 2-
phenylresorcinol!’® (320) in near quantitative yields confirming the RE of Cen with central
carbon of the POCOP ligand. This led us to conclude that the RE of Cpn With Ciigand rules
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out other possibilities upon thermolysis of 316 such as (a) the desired C-S RE of Cpnwith

SPh and (b) C-S RE of SPh with the central carbon donor of the pincer ligand (Figure

111.14).
\
O-P'Pr,
Co—SPh,
C-S RE O-P'Pr,
> Ruled Out
O—F|"Pr2 O-PPr,
Ph -
- [
Cd-sPh C-S RE with ligand sph CCio t
products

O—P'Pr, \ O-P'Pr,
/
C-CRE O-P'Pr,

+ Co decomposition products

O-P'Pr,

Figure 111.14 Possibilities upon thermolysis of (POCOP)Co(Ph)(SPh)

(POCOP)Co(Ph)(D) 184.5 ppm
(POCOP)Co(Ph)(SPh) 183.3 ppm
(POCOP)H (ligand)*? 147.2 ppm
319 148.5 ppm
(POCOP®BY)Co(H,)® 233 ppm

Table 111.1 3P{*H} chemical shifts of known (POCOP) species
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3.3. Conclusion

In this effort, we have isolated a series of (POCOP)Co'' complexes as precursors to
their Co""" analogs. Through 1 e- oxidation of these compounds, we were successful in
isolating previously unreported cobalt complexes of the type (POCOP)Co(Ar)(X) and
(POCOP)Co(Ar)(SPh) pertinent to a catalytic cycle for C-S coupling involving Co'/Co'",
and study their spectroscopic and structural properties. RE of C-S was however
unsuccessful with Car-Ciigand being observed instead. In order to facilitate C-S RE a move
to pincer ligands where Car-Ciigand IS either not possible or more difficult, is warranted.
Our future efforts will be directed towards exploring other pincers to facilitate C-S RE and
subsequent catalytic activity.

3.4. Experimental details

3.4.1 General considerations

Unless otherwise specified, all manipulations were performed under an argon
atmosphere using standard Schlenk line or glove box techniques. Toluene, THF, pentane,
and isooctane were dried and deoxygenated (by purging) using a solvent purification
system and stored over molecular sieves in an Ar-filled glove box. C¢Ds and hexanes were
dried over and distilled from NaK/Ph2CO/18-crown-6 and stored over molecular sieves in
an Ar-filled glove box. Fluorobenzene was dried with and then distilled or vacuum
transferred from CaH.. (POCOP)H!? was synthesized according to published procedures.
NaSPh was prepared by reacting PhSH with 1 eq. of NaH in THF followed by pumping
down and washing with Et2O. All other chemicals were used as received from commercial

vendors. NMR spectra were recorded on a Varian NMRS 500 (*H NMR, 499.686 MHz;
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13C NMR, 125.659 MHz, 3P NMR, 202.298 MHz, °F NMR, 470.111 MHz)
spectrometer. For *H and 3C NMR spectra, the residual solvent peak was used as an
internal reference. 3P NMR spectra were referenced externally using 85% H3POs at & 0
ppm. °F NMR spectra were referenced externally using 1.0 M CFsCOzH in CDCl; at -
78.5 ppm. Elemental analyses were performed by CALI Labs, Inc. (Parsippany, NJ).

3.4.2. Synthesis of (POCOP)Co' compounds’

Synthesis of (POCOP)CoCl (301). (POCOP)H (1.54 g, 4.52 mmol) was combined
with CoCl (586 mg, 4.51 mmol) and DMAP (552 mg, 4.52 mmol) in a Teflon capped
flask and partially dissolved in dioxane. The flask was heated at 80 °C for 20 h producing
a green solution. The solution was passed through a pad of Celite and volatiles were
removed by vacuum. The product was extracted with pentane and dried under vacuum to
give a bright yellow-green solid. The product was recrystallized from pentane at -35 °C to
give yellow crystalline solid (689 mg, 35% yield). The compound displayed broad signals
outside of the standard diamagnetic range in *H NMR spectrum, indicative of a
paramagnetic complex. *H NMR (CeDs): & 43.72 (bs, 4H), 12.11 (bs, 24 H), -14.71 (bs,
2H), -53.02 (bs, 1H). (Figure 111.15) Elem. Anal. Calc. for C1gH31CIC00O2P2: C, 49.61; H,
7.17. Found: C, 49.54; H, 7.08. The magnetic moment for 301 was determined to be 2.18

ps by Evans Method.

* (POCOP)Co" compounds except (POCOP)Co(SPh) and (POCOP)Co(Me) first isolated by Dr. Samuel Timpa
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Figure 111.15 *H NMR of (POCOP)CoCl (301) in CsDs

Synthesis of (POCOP)CoBr (302). (POCOP)CoCl (301) (28 mg, 0.064 mmol) was
added to a J. Young tube and dissolved in C¢De. MesSiBr (10 pL, 0.076 mmol) was added
to the sample, resulting in a color change to slightly yellow-green. The reaction was
complete after 10 min at RT indicated by complete conversion to a new paramagnetic
product and the presence of MesSiCl in the *H NMR spectrum. The volatiles were
removed by vacuum to give a yellow powder. The product was recrystallized from a
saturated pentane solution at —35 °C to give an orange crystalline solid (22 mg, 72%). H
NMR (CsDs) : 8 45.16 (bs, 4H), 12.75 (bs, 12H), 12.00 (bs, 12H), —=17.91 (bs, 2H), —41.58
(bs, 1H). Elem. Anal. Calc. for C1gH31BrCoO2P>: C, 45.02; H, 6.51. Found: C, 44.95; H,

6.63.
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Synthesis of (POCOP)Col (303). (POCOP)CoCl (301) (30 mg, 0.069 mmol) was
added to a J. Young tube and dissolved in Ce¢De. MesSil (11 pL, 0.078 mmol) was added
to the sample, resulting in a color change to yellow-green. The color was slightly darker
than that observed with (POCOP)CoBr. The reaction was complete after 10 min at RT
indicated by complete conversion to a new paramagnetic product and the presence of
MesSiCl in the *H NMR spectrum. The volatiles were removed by vacuum to give a
yellow powder. The product was recrystallized from a saturated pentane solution at —35
°C to give a dark orange crystalline solid (15 mg, 43%). *H NMR (CsDs): & 40.35 (bs,
4H), 12.81 (bs, 12H), 12.01 (bs, 12H), —20.18 (bs, 2H), —27.73 (bs, 1H).

Synthesis of (POCOP)CoOTf (304). (POCOP)CoCl (301) (712 mg, 1.64 mmol) was
added to a Schlenk flask and dissolved in CeDs. The solution was treated with MesSiOTf
(592 pL, 3.27 mmol). This led to no noticeable color change; however, the *H NMR
spectrum of this reaction showed conversion to a new product along with the signal for
MesSiCl. The volatiles were removed from the reaction by vacuum to give a yellow-
orange solid (850 mg, 94%). 'H NMR (C¢Ds): & 39.06 (bs, 4H, CHMe), 11.26 (bs, 12H,
CHMey), 9.99 (bs, 12H, CHMey), -24.72 (bs, 1H, Ar-H), -26.33 (bs, 2H, Ar-H). Elem.
Anal. Calc. for C19H31CoF30sP,S: C, 41.54; H, 5.69. Found: C, 41.37; H, 5.58.

Synthesis of (POCOP)CoF (305). (POCOP)CoOTf (304) (840 mg, 1.53 mmol) was
added to a Schlenk flask and dissolved in Ce¢HsF. The solution was treated with CsF (735
mg, 4.83 mmol) and allowed to stir at RT overnight. The solution became a slightly darker
orange color. Volatiles were removed by vacuum. The product was extracted with pentane

and passed through a pad of Celite to remove CsOTf and excess CsF. The compound was
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recrystallized from a minimum of pentane at -35 °C. This gave primarily orange solid with
some dark black solid. The recrystallized was washed with cold pentane, which removed
the dark solid and left the light orange product. The solid was dried under vacuum to give
a light orange solid (399 mg, 63%). *H NMR (CsDs): -23.38 (bs, 4H, CHMe,), 8.37 (bs,
12H, CHMey), 6.77 (bs, 12H, CHMey), 0.38 (bs, 1H, Ar-H), 0.12 (bs, 2H, Ar-H). Elem.
Anal. Calc. for C18H31CoFO2P2: C, 51.56; H, 7.45. Found: C, 51.39; H, 7.56.

Synthesis of (POCOP)CoO!Bu (306). (POCOP)CoCl (301) (185 mg, 0.42 mmol)
was added to a Schlenk flask and dissolved in toluene. NaO'Bu (41 mg, 0.43 mmol) was
added to the solution, resulting in an immediate color change to orange. The reaction was
stirred at RT for 1 h. The volatiles were removed under vacuum. The product was extracted
with pentane, passed through a pad of Celite, and dried under vacuum. The product was
recrystallized from a concentrated toluene solution layered with pentane at —35 °C to give
a brown solid (127 mg, 63%). 'H NMR (CsDe): & 14.93 (bs, 4H), 4.36 (bs, 26H), -9.88
(bs, 9H), -79.53 (bs, 1H). Elem. Anal. Calc. for C22H40C003P>: C, 55.81; H, 8.52. Found:
C, 55.71; H, 8.36.

Synthesis of (POCOP)Co(Me) (307). (POCOP)Co(Cl) (301) (170 mg, 0.391 mmol)
was added to a Schlenk flask and dissolved in pentane. The solution was treated with MeL.i
(293 uL, 1.6 M in OEt,, 0.25 mmol) leading to an immediate color change from light
yellow to dark green. After stirring for 30 min at RT, the solution was passed through a
pad of Celite and the volatiles were removed by vacuum to give a green solid. The solid
was recrystallized from toluene layered with pentane at -35 °C to give a dark green

crystalline solid (120 mg, 74% yield). The compound displayed broad signals outside of
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the standard diamagnetic range in the *H NMR spectrum, indicative of a paramagnetic
complex. 'H NMR (CsDe¢): & 53.26 (bs, 4H), 13.14 (bs, 12H), 11.71 (bs, 12H), —9.08 (bs,
5H), —45.83 (bs, 1H). Elem. Anal. Calc. for C19H34C002P2: C, 54.94; H, 8.25. Found: C,
54.85; H, 8.50.

Synthesis of (POCOP)Co(Ph) (308). (POCOP)CoCl (301) (91 mg, 0.21 mmol) was
added to a Schlenk flask and dissolved in pentane. The solution was treated with PhLi
(140 pL, 1.8 M in "Bu20, 0.25 mmol) leading to an immediate color change from light
yellow to dark green. After stirring for 30 min at RT, the solution was passed through a
pad of Celite and the volatiles were removed by vacuum to give a green solid. The solid
was recrystallized from toluene layered with pentane at -35 °C to give a dark green
crystalline solid (81 mg, 81% yield). The compound displayed broad signals outside of
the standard diamagnetic range in the *H NMR spectrum, indicative of a paramagnetic
complex. *H NMR (CsDs): & 35.99 (bs, 4H), 13.78 (bs, 1H), 11.95 (bs, 12H), 7.31 (bs,
12H), —7.43 (bs, 1H), —15.76 (bs, 2H), —20.04 (bs, 2H), —40.32 (bs, 2H). (Figure 111.16)

Elem. Anal. Calc. for C24H35C002P2: C, 60.38; H, 7.60. Found: C, 60.22; H, 7.69.
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Figure 111.16 'H NMR of (POCOP)Co(Ph) (308) in CsDs. Minor residual pentane,
toluene, and grease present.

Synthesis of (POCOP)Co(SPh) (309). (POCOP)CoCl (301) (100 mg, 0.229 mmol)
was added to a Schlenk flask and dissolved in ca. 10 mL of toluene. To this, PhSH (24.6
uL, 26.5 mg, 0.240 mmol) was added using a syringe. The reaction was stirred at RT for
4 h. The volatiles were removed under vacuum. The product was extracted with pentane,
passed through a pad of Celite, and dried under vacuum. The product was recrystallized
from a concentrated pentane solution at —35 °C to give yellow crystals (90 mg, 77%). H
NMR (CsDe) : & 35.78 (br, 4H), 8.58 (br, 24H), 6.20 (br, 2H), 4.08 (br, 1H), -2.84 (br,
2H), -20.89 (br, 2H), -67.93 (br, 1H). (Figure 111.17) Elem. Anal. Calc. for

C24H36C002P,S: C, 56.58; H, 7.12. Found: C, 56.48; H, 7.04.
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Figure 111.17 *H NMR spectrum of (POCOP)Co(SPh) (309) in CsDs. Minor residual
pentane present.

3.4.3. Synthesis of (POCOP)Co'"' compounds®

Synthesis of (POCOP)Co(Cl)2 (311). (POCOP)CoClI (301) (320 mg, 0.74 mmol) and
NCS (98 mg, 0.735 mmol) were combined in a Schlenk flask and dissolved in toluene.
The reaction underwent an immediate color change to brown and was stirred at RT for 2
h. The volatiles were removed by vacuum. The product was extracted with pentane and
passed through a pad a Celite. The volatiles were removed to yield a brown solid. The
solid was recrystallized from a saturated pentane solution at -35 °C to give a crystalline
brown solid (250 mg, 72%). X-ray quality crystals of the product were grown from a
saturated toluene solution layered with pentane at -35°C. The compound displayed broad
signals outside of the standard diamagnetic range in *H NMR spectrum, indicative of a
paramagnetic complex. *H NMR (C¢Ds): & 45.77 (bs, 2H), —5.85 (bs, 12H), —7.99 (bs,
12H), —63.22 (bs, 4H). (Figure 111.18) The resonance corresponding to the central proton

on the ligand backbone could not be identified and is likely overlapping with one of the

§ (POCOP)(Cl)2, (POCOP)Co(Ph)(OAc) and (POCOP)Co(Ph)(Cl) (via NCS) isolated by Dr. Samuel Timpa
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other broad signals. Elem. Anal. Calc. for C1gHs:Cl.Co0O2P2: C, 45.88; H, 6.63. Found: C,
46.26; H, 6.35. The effective magnetic moment was determined to be 2.44 pyg by Evans

method and 2.46 by magnetic susceptibility balance.
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Figure 111.18 *H NMR spectrum of (POCOP)Co(Cl)2 (311) in CsDs. Minor residual
pentane and toluene present.

Synthesis of (POCOP)Co(Cl)2(PMes) (312). (POCOP)Co(Cl)2 (311) (35 mg, 0.075
mmol) was added to J. Young tube and dissolved in toluene. PMes (7.7 uL, 0.075 mmol)
was added to the sample, resulting in an immediate color change from brown to green.
After 1 h at RT, the reaction was passed through a pad of Celite and the volatiles were
removed by vacuum to give a green solid . The solid was redissolved in C¢Dgs for NMR
analysis. 'H NMR (C¢De) (Figure 111.19): § 7.02 (t, 7.5 Hz, 1H, Ar), 6.92 (d, 7.5 Hz, 2H,
Ar), 3.08 (m, 4H, CHMey), 1.42 (d, 7.5 Hz, 9H, PMes), 1.32 (g, 7.5 Hz, 12H, CHMey),
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1.21 (9, 5.5 Hz, 12H, CHMe). 3C{*H} NMR (C¢Ds) & 165.6 (td, Jc.p = 7.1 Hz, 1.2 Hz,
C-Co), 106.9 (td, Jcp =5.4 Hz, 1.9 Hz C-0), 29.5 (t, Jcp = 7.9 Hz CHMey), 19.2 (s,
CHMe), 18.8 (s, CHMey), 17.8 (dt, Jc.p=22.5 Hz, 2.2 Hz, PMes).3'P{*H} NMR (CsDs)
5 178.0 (s), —16.7 (s) (2:1 ratio, respectively). Elem. Anal. Calc. for C21H40Cl2CoO2Ps: C,

46.09; H, 7.37. Found: C, 46.29; H, 7.24.
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Figure 111.19 *H NMR of (POCOP)Co(Cl)2(PMes) (312) in CsDe. Minor residual pentane
and toluene present.

Synthesis of (POCOP)Co(Ph)(Cl) (313). (POCOP)Co(Ph) (308) (194 mg, 0.41
mmol) was added to a Schlenk flask and dissolved in pentane. The solution was treated
with NCS (58 mg, 0.44 mmol) and stirred at RT for 12 h producing a green-yellow
solution. A blue insoluble solid crashed out of the pentane solution and was removed by
filtration. The volatiles were removed under vacuum to give a green-yellow solid. The *H

NMR spectrum of this solid shows paramagnetic signals corresponding to (POCOP)CoCl
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(301) as well as diamagnetic signals corresponding to (POCOP)Co(Ph)(ClI) (313). The
solid was dissolved in pentane and crystallized at -35 °C. The recrystallization produced
a green crystalline solid and yellow crystalline solid. The yellow solid was determined to
be (POCOP)CoCl (301) and the green solid was determined to be (POCOP)Co(Ph)(CI)
(313). Dissolution of the green solid in CsDs showed clean 313 in the *H NMR spectrum.
After several hours at RT, the same sample showed formation of (POCOP)Co(Cl) (301)
and biphenyl in addition to (POCOP)Co(Ph)(CI) (313) in the *H NMR spectrum.
Alternate synthesis of (POCOP)Co(Ph)(CI) (313) . (POCOP)Co(Ph)(OACc) (314)
(12 mg, 0.022 mmol) was dissolved in CsDs ca. 800 pl in a J. Young NMR tube with a
PTFE screw cap. To this, MesSiCl (3.40 ul, 2.91 mg, 0.27 mmol) was added using a
syringe. The mixed solution was left to stir at RT for 18h and complete conversion to
(POCOP)Co(Ph)(CI) (313) was observed using NMR spectroscopy. The volatiles were
removed and pure (POCOP)Co(Ph)(CI) (313) was observed as a green solid. The green
solid was dissolved in minimal pentane and put in the freezer at -35 "C. Much less
decomposition ( < 5% over two days) to (POCOP)Co(Cl) observed as compared to
(POCOP)Co(Ph)(CI) (313) obtained from (POCOP)Co(Ph) (308) and NCS. H NMR
(CeDe): § 8.04 (bs, 1H, Ph-H), 7.01 (t, 8.5 Hz, 1H, Ar-H), 6.69 (d, 8.0 Hz, 2H, Ar-H), 6.53
(t, 7.0 Hz, 1H, Ph-H), 6.47 (bs, 1H, Ph-H), 6.21 (bs, 1H, Ph-H), 5.17 (bs, 1H, Ph-H), 2.81
(m, 2H, CHMey), 2.16 (m, 2H, CHMey), 1.21 (g, 7.5 Hz, 6H, CHMe), 1.09 (m, 12H
CHMey), 0.83 (g, 7.5 Hz, 6H, CHMe); (Figure 111.20) 3C{*H} NMR (CsDs¢): 5 171.0 (t,

8 Hz, C-Co), 140.9 (br), 137.5 (br), 128.9 (br), 127.6 (br), 125.0 (br), 123.7 (s), 106.8 (t,
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5.4 Hz, C-0), 29.9 (t, 9.2 Hz, CHMey), 27.9 (t, 11.7 Hz, CHMe), 18.6 (s, CHMe), 17.5

(s, CHMey), 16.0 (s, CHMey), 15.7 (s, CHMe2).3'P{*H} NMR (CsDs): & 176.7 (bs).
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Figure 111.20 *H NMR spectrum of (POCOP)Co(Ph)(Cl) (313) in CsDs. Large amount of
residual pentane present.

Synthesis of (POCOP)Co(Ph)(OAc) (314). (POCOP)Co(Ph) (308) (300 mg, 0.629
mmol) was added to Schlenk flask and dissolved in toluene to give a dark green solution.
PhI(OACc). (101 mg, 0.314 mmol) was added to the reaction. The solution quickly became
light yellow in color. After stirring overnight at RT, the solution became red in color. The
volatiles were removed by vacuum. The product was extracted with pentane and passed
through a pad of Celite. The volatiles were removed to give a red-orange solid. The solid
was dissolved in a minimum of pentane and left overnight at -35 °C to yield a red
crystalline solid (270 mg, 80%). *H NMR (CsDs): & 8.07 (d, 9.5 Hz, 1H, Ph), 6.99 (t, 6.5

Hz, 1H, Ar), 6.96 (t, 6.5 Hz, 1H, Ph), 6.81 (t, 6.5 Hz, 1H, Ph), 6.68 (d, 6.0 Hz, 2H, Ar),
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6.63 (t, 9.5 Hz, 1H, Ph), 5.79 (d, 9.5 Hz, 1H, Ph), 2.58 (bm, 2H, CHMey), 1.94 (m, 2H,
CHMey), 1.75 (s, 3H, COzMe), 1.29 (g, 6.5 Hz, 6H, CHMey), 1.17 (g, 6.5 Hz, 6H, CHMey),
1.02 (g, 6.5 Hz, 6H, CHMey), 0.88 (g, 6.5 Hz, 6H, CHMey) (Figure 111.21). 3C{'H} NMR
(CéDs): 5 182.6 (5, CO2Me), 168.5 (t, 8.4 Hz, C-Co), 141.8 (s), 141.2 (s), 134.9 (s), 129.1
(s), 127.6 (s), 125.4 (s), 123.4(s), 106.3 (t, 5.0 Hz, C-0), 28.6 (t, 6.7 Hz, CHMey), 28.2 ({t,
11 Hz, CHMey), 23.7 (s, COzMe), 17.8 (s, CHMey), 17.2 (s, CHMey), 16.4 (s, CHMey),

15.8 (s, CHMez). 3P{*H} NMR (CsDe): & 179.3 (bs).
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Figure 111.21 *H NMR spectrum of (POCOP)Co(Ph)(OAc) (314) in CsDs. Minor residual
pentane and toluene present.

Synthesis of (POCOP)Co(Ph)(I) (315). (POCOP)Co(Ph)(OAc) (314) (54 mg, 0.099
mmol) was dissolved in C¢Deg ca. 800 ul in aJ. Young NMR tube with a PTFE screw cap.
To this, MesSil (16 pl, 22 mg, 0.110 mmol) was added using a syringe. Complete
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conversion to (POCOP)Co(Ph)(I) was observed using NMR spectroscopy after 10 mins.
The volatiles were removed and pure (POCOP)Co(Ph)(I) was observed as a green solid
(40 mg, 67% vyield). 'H NMR (CsDe): & 7.43 (bs, 1H, Ph-H), 7.05 (t, 8.5 Hz, 1H, Ar-H),
6.67 (d, 8.0 Hz, 2H, Ar-H), 6.42-6.35 (overlapping m, , 2H, Ph-H), 6.09 (bs, 1H, Ph-H),
5.16 (bs, 1H, Ph-H), 3.22 (m, 2H, CHMe), 2.31 (m, 2H, CHMey), 1.34 (q, 7.5 Hz, 6H,
CHMe), 1.12 (q, 7.5 Hz, 6H, CHMey), 0.83 (m, 12H CHMez). BC{*H} NMR (C¢Ds¢): &
170.2 (t, 8 Hz, C-Co), 140.5 (s), 138.2 (s), 131.1 (br), 129.0 (s), 124.3 (s), 124.0 (s), 106.9
(t, 5.4 Hz, C-0), 31.8 (t, 9.2 Hz, CHMey), 28.5 (t, 11.7 Hz, CHMey), 18.8 (s, CHMey),
17.6 (s, CHMey), 17.0 (s, CHMey), 16.6 (s, CHMey). *'P{*H} NMR (CsDs) & 184.5 (bs).
Elem. Anal. Calc. for C24H3sColO2P2: C, 47.70; H, 6.00. Found: C, 47.62 ; H, 5.81. No
significant decomposition to (POCOP)Co(l) observed over a period of 5 days.

Synthesis of (POCOP)Co(Ph)(SPh) (316) : (POCOP)Co(Ph)(1) (315) (40 mg, 0.067
mmol) was dissolved in ca. 5 mL of THF in a schlenk flask and the solution was cooled
to -35 °C. . To this, Sodium thiophenolate (10 mg, 0.069 mmol) was added while stirring.
The reaction was left to stir at RT for 1 h. The volatiles were pumped off and the products
were extracted by pentane and filtered through a pad of celite on a glass frit. The volatiles
were pumped off obtaining a brownish yellow powder. The product was extracted with
cold MesSi>O ca. 3mL and put in the freezer for recrystallization at -35 “C. Overnight
recrystallization yielded (POCOP)Co(Ph)(SPh) (316) as a brown powder (30 mg, 84%
yield). 'H NMR (CeDs): & 8.30 (bs, 1H, Ph-H), 7.77-7.72 (m, 2H, Ar-H), 7.07-6.91
(overlapping m, 4H, Ar-H), 6.74 (d, J= 9 Hz, 2H, Ar-H), 6.61 (t, J = 5.8 Hz, 2H, Ar-H),

6.34 (bs, 1H, Ph-H), 5.38 (bs, 1H, Ph-H), 2.50-2.20 (overlapping m, 4H, CHMey), 1.17-
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1.02 (overlapping m, 18H, CHMe;), 0.72 (g, 7.2 Hz, 6H, CHMe,). (Figure 111.22) 3C{H}
NMR (CeDe) : 5 169.0 (t, J = 9 Hz, C-Co), 141.7 (5), 137.2 (), 133.5 (s), 124.6 (br), 123.6
(s), 106.2 (t, J = 5.5 Hz, C-0), 29.8 (t, J = 8.5 Hz, CHMez), 29.1 (t, 11.7 Hz, CHMey), 19.6
(t, J = 1.6 Hz, CHMe), 17.1 (t, J = 2.2 Hz, CHMey), 16.5 (s, CHMez), 16.2 (s, CHMey).
31P{'H} NMR (CsDs) :5 183.3 (bs). Elem. Anal. Calc. for C3oH41CoO2P2S: C, 61.43; H,

7.05. Found: C, 61.61; H, 6.91.

=

L M

T T
2.0 1.5

196
Q.87 —

o ~
2 S
- &

T T T
9.0 8.5 8.0 7.5

650

N 399
U1 304
Y 400
3124 /]
. 1B.45]
o 481

o

T T T T T T T T
6 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2. 0.5

Figure 111.22 *H NMR spectrum of (POCOP)Co(Ph)(SPh) (316) in CsDs. Minor residual
pentane present.

3.4.4. Reactions of (POCOP)Co(Ph)(X) complexes with alkyl reagents

Reaction of (POCOP)Co(Ph)(OAc) (314) with PhLi. (POCOP)Co(Ph)(OAc) (24
mg, 0.044 mmol) was dissolved in ca. 600 uL of Ce¢Ds in a PTFE capped J. Young NMR
tube. To this, PhLi (28 uL of 1.8 M in "Bu20, 0.05 mmol) was added using a syringe. The
solution immediately turned green. Analysis of the reaction mixture by *H NMR after 5
mins showed complete conversion to (POCOP)Co(Ph) with resonances for Ph-Ph also
observed.

Reaction of (POCOP)Co(Ph)(OAc) (314) with MeL.i. (POCOP)Co(Ph)(OAc) (12
mg, 0.022 mmol) was dissolved in ca. 600 uL of Ce¢Ds in a PTFE capped J. Young NMR

tube. To this, MeLi (20 puL of 1.6 M in Et,0, 0.032 mmol) was added using a syringe. The
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solution immediately turned green. Analysis of the reaction mixture by *H NMR after 5
mins showed complete conversion to (POCOP)Co(Ph).

Reaction of (POCOP)Co(Ph)(Cl) (313) with PhLi. (POCOP)Co(Ph)(Cl) (9 mg,
0.018 mmol) was dissolved in ca. 600 pL of CsDe in a PTFE capped J. Young NMR tube.
1,4-dioxane ( 2 uL, 2.07 mg, 0.023 mmol) was added using a syringe to serve as an internal
standard. To this, PhLi (10 uL of 1.8 M in "Bu-0, 0.018 mmol) was added using a syringe.
The solution immediately turned green. Analysis of the reaction mixture by *H NMR after
5 mins showed complete (> 95%) conversion to (POCOP)Co(Ph) with corresponding
resonances for Ph-Ph also observed.

Reaction of (POCOP)Co(Ph)(CI) (313) with MeLi. (POCOP)Co(Ph)(Cl) (10 mg,
0.0194 mmol) was dissolved in ca. 600 uL of Ce¢Ds in @ PTFE capped J. Young NMR
tube. 1,4-dioxane ( 2 uL, 2.07 mg, 0.023 mmol) was added using a syringe to serve as an
internal standard. To this, MeLi (13 puL of 1.6 M in Et20, 0.0219 mmol) was added using
a syringe. The solution immediately turned green. Analysis of the reaction mixture by H
NMR after 5 min showed the following composition (a) Co containing compounds :
Unreacted (POCOP)Co(Ph)(Cl) (21%), (POCOP)Co(Ph) (60%), (POCOP)Co(Me) (14%)
(b) Organic compounds: Me-Me (17%), Ph-Me (12%). (All percentages reflect yield w.r.t
the original amount of (POCOP)Co(Ph)(Cl).)

Reaction of (POCOP)Co(Ph)(I) (315) with PhLi. (POCOP)Co(Ph)(I) (10 mg, 0.016
mmol) was dissolved in ca. 600 uL of C¢Ds in a PTFE capped J. Young NMR tube. 1,4-
dioxane ( 2 uL, 2.07 mg, 0.023 mmol) was added using a syringe to serve as an internal

standard. To this, PhLi (9 uL of 1.8 M in "Bu20, 0.017 mmol) was added using a syringe.
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The solution immediately turned green. Analysis of the reaction mixture by *H NMR after
5 mins showed complete (> 95%) conversion to (POCOP)Co(Ph) with corresponding
resonances for Ph-Ph also observed.

Reaction of (POCOP)Co(Ph)(l) (315) with PhMgBr. (POCOP)Co(Ph)(l) (10 mg,
0.016 mmol) was dissolved in ca. 600 pL of CsDe in a PTFE capped J. Young NMR tube.
(MesSi)20 (2 pL, 1.53 mg, 0.938 umol) was added using a syringe to serve as an internal
standard. To this, PhMgBr (7 uL of 2.5 M in THF, 0.018 mmol) was added using a syringe.
The solution was monitored by *H NMR spectroscopy. Analysis of the reaction mixture
by *H NMR after 24 h showed complete (> 95%) conversion to (POCOP)Co(Ph) with
corresponding resonances for Ph-Ph also observed.

Reaction of (POCOP)Co(Ph)(I) (315) with MeLi. (POCOP)Co(Ph)(l) (10 mg,
0.0165 mmol) was dissolved in ca. 600 uL of Ce¢Ds in @ PTFE capped J. Young NMR
tube. 1,4-dioxane ( 2 uL, 2.07 mg, 0.023 mmol) was added using a syringe to serve as an
internal standard. To this, MeLi (11 puL of 1.6 M in Et20, 0.0176 mmol) was added using
a syringe. The solution immediately turned green. Analysis of the reaction mixture by H
NMR after 5 min showed the following composition (a) Co containing compounds:
Unreacted (POCOP)Co(Ph)(I) (21%), (POCOP)Co(Ph) (60%), unidentified paramagnetic
Co (18%) (b) Organic compounds: Me-Me (17%), Ph-Me (12%). (All percentages reflect
yield w.r.t the original amount of (POCOP)Co(Ph)(I).)

Reaction of (POCOP)Co(Ph)(I) (315) with MeMgCIl. (POCOP)Co(Ph)(l) (8.1 mg,
0.013 mmol) was dissolved in ca. 600 uL of C¢Ds in a PTFE capped J. Young NMR tube.

(MesSi)20 (2 pL, 1.53 mg, 0.938 umol) was added using a syringe to serve as an internal
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standard. To this, MeMgCI (5.1 uL of 3.0 M in THF, 0.016 mmol) was added using a
syringe. Analysis of the reaction mixture by *H NMR after 5 min showed the following
composition (a) Co containing compounds: (POCOP)Co(Ph) (45%), (POCOP)Co(Me)
(45%) unidentified paramagnetic Co (6%) (b) Organic compounds: Ph-Me (40%). (All
percentages reflect yield w.r.t the original amount of (POCOP)Co(Ph)(1).)

3.4.5. Decomposition studies of (POCOP)Co(R)(X) complexes

Decomposition of (POCOP)Co(Ph)(CI) (313) at RT. (POCOP)Co(Ph)(CI) (8 mg,
0.016 mmol) was dissolved in ca. 600 pL of Ce¢Ds in a PTFE capped J. Young NMR tube.
1,4-dioxane (2 uL, 2.07 mg, 0.023 mmol) was added using a syringe to serve as an internal
standard. The NMR tube was left at RT for several days and the decomposition of
(POCOP)Co(Ph)(CI) was monitored by H NMR spectroscopy. After 4 days the
composition of the reaction mixture as observed by 1H NMR was (POCOP)Co(Ph)(ClI)
(70% of initial), (POCOP)Co(ClI) (28% of initial concentration of (POCOP)Co(Ph)(Cl))
and (POCOP)Co(Ph) (<2% of initial concentration of (POCOP)Co(Ph)(Cl)). Biphenyl
(14% of initial concentration of (POCOP)Co(Ph)(Cl)) was also observed.

Decomposition of (POCOP)Co(Ph)(CIl) at RT with BHT as radical inhibitor.
(POCOP)Co(Ph)(ClI) (8 mg, 0.016 mmol) was dissolved in ca. 600 uL of CeDs ina PTFE
capped J. Young NMR tube. 1,4-dioxane ( 2 uL, 2.07 mg, 0.023 mmol) was added using
a syringe to serve as an internal standard. Butylated hydroxytoluene (BHT) (3.5 mg, 0.016
mmol) was also added to this mixture. The NMR tube was left at RT for several days and
the decomposition of (POCOP)Co(Ph)(Cl) was monitored by *H NMR spectroscopy.

After 4 days the composition of the reaction mixture as observed by 1H NMR was
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(POCOP)Co(Ph)(CI) (75% of initial), (POCOP)Co(CI) (24% of initial concentration of
(POCOP)Co(Ph)(CI)) and (POCOP)Co(Ph) (<1% of initial concentration of
(POCOP)Co(Ph)(CI)). Biphenyl (12% of initial concentration of (POCOP)Co(Ph)(Cl))
was also observed.

3.4.6. Thermolysis of (POCOP)Co(Ph)(SPh) and analysis of the product mixture

Thermolysis of (POCOP)Co(Ph)(SPh). (POCOP)Co(Ph)(SPh) (4 mg, 6.82 umol)
was dissolved in ca. 600 pL of CsDein a PTFE capped J. Young NMR tube. The NMR
tube was then placed in an oil bath at 80 °C for 30 mins. Upon analysis of the sample by
'H and 3!P NMR spectroscopy, complete conversion to 319 was observed which showed
the following resonances: *H NMR (CsD¢) (Figure 111.23): § 7.52-7.42 (m, 3H, Ar-H),
7.36-7.24 (overlapping m, 5H, Ar-H), 7.22-7.05 (m overlapping with solvent, 4H, Ar-H),
7.22-7.05 (overlapping m, 2H, Ar-H), 1.55 (m, 4 H, CH(Me)2), 0.99 -0.81 ppm (m, 24H,
CHMey). **P{*H} NMR (CeDs) 5 148.7 ppm. (Figure 111.24)
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Figure 111.23 *H NMR spectrum of 319 in CsDs. Traces of pentane present
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Figure 111.24 3P{*H} NMR spectrum of 319 in C¢Ds
Reaction of 319 with Phl. (POCOP)Co(Ph)(SPh) (4 mg, 6.82 umol) was dissolved in
ca. 600 pL of CsDeina PTFE capped J. Young NMR tube. The NMR tube was then placed
in an oil bath at 80 °C for 30 mins. Conversion to 319 was confirmed by *H and 3P NMR
spectroscopy. To this solution, Phl (0.8 uL, 1.4 mg, 6.82 umol) was added using a syringe
and the tube was placed back in the oil bath. The reaction was monitored by *H and 3P

NMR spectroscopy and no changes were observed even after heating for 30 h. (Figure

111.25)
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Figure 111.25 *H NMR spectrum of attempted thermolysis of 319 with Phl in C¢Ds after
30 h.

Thermolysis of (POCOP)Co(Ph)(SPh) (316) with PPhs. (POCOP)Co(Ph)(SPh) (10

mg, 17.1 umol) and PPh3 (4.51 mg, 17.1 umol) were dissolved in ca. 600 pL of Ce¢Dsin a
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PTFE capped J. Young NMR tube. The NMR tube was then placed in an oil bath and the
reaction was monitored by *H and 3P NMR spectroscopy. After 30 mins of heating, 319
and free PPhs was observed. The composition of the mixture didn’t change upon continued

heating for 6 h. (Figure 111.26 and Figure 111.27)
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Figure 111.26 *H NMR spectrum of thermolysis of (POCOP)Co(Ph)(SPh) (316) with PPhs
in CeDs after 6 h. Trace pentane present.
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Figure 111.27 3P {*H} NMR spectrum of thermolysis of (POCOP)Co(Ph)(SPh) (316)
with PPhz in CeDe after 6 h.

Hydrolysis of 319 and analysis of products. (POCOP)Co(Ph)(SPh) (18 mg, 30.9
umol) and was dissolved in ca. 600 uL of Ce¢De in a PTFE capped J. Young NMR tube.

The NMR tube was then placed in an oil bath and the reaction was monitored by *H and
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31P NMR spectroscopy. After 30 mins of heating, 319 was confirmed as the only product.
The volatiles were removed and the obtained brown solid was dissolved in ca. 2 mL of
CH:Cl>. The solution was then washed 3x 2 mL of dilute HCI followed by washing with
3 x 2 mL of distilled water. The organic phase was separated and the volatiles were
removed. The solids were dissolved in CH2Cl2 and filtered through a plug of silica on a
glass frit. A colorless solution was obtained from which volatiles were removed to give a
waxy solid 320 (4 mg, 69% yield). 320 was determined to be 2-phenylresorcinol based on
'H and *C NMR spectroscopy (Figure 111.28 and Figure 111.29) and ESI-MS (Figure

111.30).
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Figure 111.28 *H NMR spectrum of 319 in CDClIs. Trace pentane present
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Figure 111.29 3C{*H} NMR spectrum of 319 in CDCls Trace pentane present.
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Figure 111.30 ESI-MS of a solution of 319 in CDCls. M/Z* = 186 corresponds to 2-
phenylresorcinol

3.4.7. X-ray crystallography

X-Ray data collection, solution, and refinement for (POCOP)Co(SPh) (309). A

single orange crystal of suitable size and quality (0.06 x 0.08 x 0.10 mm) was selected
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from a representative sample of crystals of the same habit using an optical microscope,
mounted onto a nylon loop and placed in a cold stream of nitrogen (110 K). Low-
temperature X-ray data were obtained on a Bruker APEXII CCD based diffractometer
(Mo sealed X-ray tube, K, = 0.71073 A). All diffractometer manipulations, including data
collection, integration and scaling were carried out using the Bruker APEXII software. 8
An absorption correction was applied using SADABS. 182 The space group was determined
on the basis of systematic absences and intensity statistics and the structure was solved by
direct methods and refined by full-matrix least squares on F2. The structure was solved in
the monoclinic P 21/c space group using XS# (incorporated in X-Seed). This symmetry
was confirmed by PLATON.# All non-hydrogen atoms were refined with anisotropic
thermal parameters. Hydrogen atoms were placed in idealized positions and refined using
riding model. The structure was refined (weighted least squares refinement on F?) to
convergence.

X-Ray data collection, solution, and refinement for (POCOP)Co(Cl)2 (311). A
single green crystal of suitable size and quality (0.08 x 0.05 x 0.03 mm) was selected from
a representative sample of crystals of the same habit using an optical microscope, mounted
onto a nylon loop and placed in a cold stream of nitrogen (110 K). Low-temperature X-
ray data were obtained on a Bruker APEXII CCD based diffractometer (Mo sealed X-ray
tube, Ko = 0.71073 A). All diffractometer manipulations, including data collection,
integration and scaling were carried out using the Bruker APEXII software.'8 An
absorption correction was applied using SADABS. '8 The space group was determined on

the basis of systematic absences and intensity statistics and the structure was solved by
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direct methods and refined by full-matrix least squares on F2. The structure was solved in
the orthorhombic Prca Space group using XS (incorporated in X-Seed). This symmetry
was confirmed by PLATON. All non-hydrogen atoms were refined with anisotropic
thermal parameters. Hydrogen atoms were placed in idealized positions and refined using
riding model. The structure was refined (weighted least squares refinement on F?) to
convergence. The check cif report indicates one Level B alert (RINTAOL), which is most
likely due to the quality of the data or the crystal.

X-Ray data collection, solution, and refinement for (POCOP)Co(Cl)2(PMes)
(312). A green, multi-faceted crystal of suitable size and quality (0.14 x 0.07 x 0.03 mm)
was selected using an optical microscope and mounted onto a nylon loop. Low
temperature (110 K) X-ray data were obtained on a Bruker APEXII CCD based
diffractometer (Mo sealed X-ray tube, K, = 0.71073 A). All diffractometer manipulations,
including data collection, integration and scaling were carried out using the Bruker
APEXII software.’8 An absorption correction was applied using SADABS.!% The
structure was initially solved in the orthorhombic Paiz121 space group using XS
(incorporated in SHELXTL). The solution was refined by full-matrix least squares on F2.
No additional symmetry was found using ADDSYMM incorporated into the PLATON
program.'® All non-hydrogen atoms were refined with anisotropic thermal parameters.
All hydrogen atoms on the main residue were placed in idealized positions and refined
using a riding model. The structure was refined (weighted least squares refinement on F?)
and the final least-squares refinement converged to R = 0.0382 (I > 2o(/), 5140 data) and

wR> = 0.1012 (F?, 6087 data, 272 parameters).
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X-Ray data collection, solution, and refinement for (POCOP)Co(Ph)(1) (315).
A green, multi-faceted crystal of suitable size and quality (0.09 x 0.06 x 0.04 mm) was
selected using an optical microscope and mounted onto a nylon loop. Low temperature
(150 K) X-ray data were obtained on a Bruker APEXII CCD based diffractometer (Mo
sealed X-ray tube, K, = 0.71073 A). All diffractometer manipulations, including data
collection, integration and scaling were carried out using the Bruker APEXII software. 8
An absorption correction was applied using SADABS.'® The structure was initially
solved in the monoclinic P21 space group using XS (incorporated in SHELXTL). The
solution was refined by full-matrix least squares on F2. No additional symmetry was found
using ADDSYMM incorporated into the PLATON program.*84 All non-hydrogen atoms
were refined with anisotropic thermal parameters. All hydrogen atoms on the main residue
were placed in idealized positions and refined using a riding model. The structure was
refined (weighted least squares refinement on F?) and the final least-squares refinement
converged to R1 = 0.0404 (I > 25(]), 5597 data) and wR> = 0.1062 (F?, 6849 data, 278
parameters).

X-Ray data collection, solution, and refinement for (POCOP)Co(Ph)(SPh) (316).
A dark red, multi-faceted crystal of suitable size and quality (0.08 x 0.06 x 0.04 mm) was
selected using an optical microscope and mounted onto a nylon loop. Low temperature
(150 K) X-ray data were obtained on a Bruker APEXII CCD based diffractometer (Mo
sealed X-ray tube, K, = 0.71073 A). All diffractometer manipulations, including data
collection, integration and scaling were carried out using the Bruker APEXII software. '8!

An absorption correction was applied using SADABS.'® The structure was initially
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solved in the monoclinic P21 space group using XS (incorporated in SHELXTL). The
solution was refined by full-matrix least squares on F2. No additional symmetry was found
using ADDSYMM incorporated into the PLATON program.*84 All non-hydrogen atoms
were refined with anisotropic thermal parameters. The structure was refined (weighted
least squares refinement on F?) and the final least-squares refinement converged to Ry =

0.0348 (I > 25(I), 5592 data) and wR> = 0.0929 (F2, 7005 data, 333 parameters).
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CHAPTER IV
COBALT COMPLEXES OF PNP LIGANDS AND OBSERVATION OF C-S
COUPLING

4.1. Introduction

In the previous chapter about the chemistry of (POCOP)Co complexes, we discussed
the attempted C-S RE of the Cpn and S-Ph from (POCOP)Co(Ph)(SPh). Our observations
in the POCOP systems suggest Cpn-Ciigana RE to be the dominant outcome of the
thermolysis of (POCOP)Co(Ph)(SPh). We hypothesize that this is due to the faster rate of
C-C RE vs C-S RE.®° In order to overcome this, we envision that the use of pincer ligands
with a nitrogen central atom might prove beneficial, since the rates of C-S RE for aryl-
thiolato complexes were found to be similar to, or faster than, those of the aryl-amido
complexes of Pd" with the same ancillary DPPF ligands in a study by Hartwig.'8 First
examples of cobalt complexes with (FryPNP) ligands were reported by Fryzuk and co-
workers.?> (MePNPP)Cobalt complexes with diarylamido based PNP ligands, such as
(MePNP™P)CoCl, (MePNPP)CoO'Bu and (MePNP™™)Co(Bpin) have been previously
reported by Mindiola et.al..817® In addition, pyridine based (PNP)Co complexes have
been reported by Chirik and coworkers'®’ and have been used for C-H activation.!8®
Additionally (aliPNP) ligands with aliphatic backbones have been used recently for
hydrogenation,'8%1% dehydrogenation,!®! and N-alkylation.®? (Figure 1V.1) Due to our
extensive expertise with the use of diarylamido based PNP ligands, and since their utility
in catalytic reactions with Co has been scarcely explored, they were chosen over aliPNP

or FryPNP, as the ligands of choice with central nitrogen donors for our experiments.

93



P'Pr, P'Pr,
\
o N-Co-X /" “N-Co-CH,SiMes
Mindiola 2006 | =( | Chirik 2014
P'Pr, P'Pr,

X = Cl, O'Bu, Bpin

\/ \/ CH _l BAFF4
Si. .Si 73
N N NN
Ph2P—C|o—PPh2 R2P—C|0—PR2 CY2P_CIO_PCy2
CHZSiMe3 CHZSiMe3 CH28iMe3
R = Ph, Cy
Fryzuk 1998 Tan 2016 Hanson 2012

Figure V.1 Previously reported complexes of cobalt with PNP ligands

4.2. Results and discussions

4.2.1. Synthesis of PNP complexes of Co'

The diarylamido based PNP ligand and its lithium salt were prepared according to
procedures previously published by our group.2?41% (MePNPPYCoCl (401) was
synthesized by the procedure described by Mindiola and coworkers.”® (MePNP™P")CoPh
(402) was easily obtained by the reaction of 401 with an equivalent of PhLi. (Figure 1V.2
(a)) (PNP)Co" thiolate compounds (MePNP™P)Co(SAr) (Ar = Ph (404), CsHsF-p (405))
were synthesized by the salt metathesis reactions of 401 with NaSAr. (Figure 1V.2 (b))
In order to test the effect of sterics on the RE studies, a ligand with one of the
diisopropylphosphino side arms replaced with diethylphosphino group was envisioned.
The synthesis of the lithium salt of the asymmetric ligand (M*PN(Li)PE4™P") (413) was

carried out by Bryan Foley, a graduate student in the Ozerov group. Using 413,
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(MePNPEYPYCOCI (414), (MePNPEYPNCo(Ph) (415), (VPNPEYPNCo(SPh) (416) were

synthesized with methods similar to that for the MPNP" ligand.

(a)
ArLi C| NaSPhY

N-C|o-CI N- Co cl —— -Co SPhY
QP Q G G
R=Pr
R =Et
Y =H 416

Figure IV.2 Synthesis of (VePNP'™)Co' complexes

4.2.2. Synthesis of PNP complexes of Cobalt'"

Cobalt"' complexes with the PNP ligand were obtained in ways analogous to the ones
described with our POCOP ligand in the previous chapter. (VePNP'®")Co(Ph)(OAc) (406)
was obtained by the oxidation of 402 using 0.55 equivalents of the 2 e- oxidant PhI(OAcC)>.
Replacement of the acetate ion from 402 by oxophilic silyl reagents of the type MesSiX
(X = CI, 1) afforded catalytically relevant Co"'(ary)(halide) complexes
(MePNPPYCo(Ph)(X) (X = CI (407), | (408)). (Figure 1V.3) The asymmetric analogs
(MEPNPEYPYCo(Ph)(1) (417), and (MEPNPELPNYCo(Ph)(SPh) (418) were also synthesized

using similar procedures from 415.
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Figure 1V.3 Synthesis of (M®PNP™")Co(Ph)(X) complexes

Our attempt to isolate complexes of the type (MePNPP)Co(Ph)(Ph) (419) by reaction
of 406 with PhLi were unsuccessful, in a fashion similar to that for (POCOP)Co, with the
only products being (VePNP'®)Co(Ph) (402) and biphenyl. (Figure 1V.4(a)) The presence
of biphenyl can be (a) due to spontaneous RE of Ph-Ph from 419 or (b) due to elimination
of a Phe and subsequent attack of Phe on 419 to produce Ph-Ph and 402. RE of Ph-Ph from
419 is an exciting prospect but more experiments need to be done to identify the
mechanism of formation of Ph-Ph. Phenyl thiophenolato complexes of the type
(MePNPPYCo(Ph)(SAr) (Ar = H (410); CeHaF-p (411)) however, were easily synthesized

by reaction of (MePNP™P"\Co(Ph)(I) (408) with NaSAr. (Figure 1V.4 (b))
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Figure 1V.4 (a)Attempt at synthesis of (MePNP™)Co(Ph)(Ph) (b) Synthesis of

(MePNP™P")Co(Ph)(SAr)

4.2.3. Structure discussion

The structure of (MPNP™P)Co(Ph)(OAc) (406) was unambiguously determined from
crystals grown from a pentane solution at -35 “C. 406 was observed to crystallize in the
monoclinic system with the Cac space group yielding light purple crystals. The ligands
attain a distorted octahedral geometry around the Co center, with the acetate binding in a
«? fashion using both its oxygens to bind to Co. (Figure 1V.5) The bond lengths to each
O is slightly different with Co1-O1 being 1.990 A and Co1-02 was slightly longer at 2.117

A. This aligns well with the fact that O2 is positioned trans to a more trans influencing

aryl ligand where as O1 is trans to an amide ligand.
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Figure 1V.5 ORTEP drawing (50% probability ellipsoids) of (VePNPPCo(Ph)(OAc)
(406). Select atom labeling. Hydrogen atoms are omitted for clarity. Selected bond
distances (A) and angles (deg) for 406 follow: Col-P1, 2.2619(7); Col-P2, 2.2353(6);
Co1-01, 1.990(1); Co1-02, 2.117(1); Co1-N1, 1.933(1); Co1-C29, 1.940(1); P1-Co1-P2,
165.63(3); N1-Col- C29, 97.59(5); O2-Co1-N1, 101.59(5); O1-Col-N1, 165.17(5).

4.2.4. Thermolysis experiments

Thermolysis of (M*PNP™)Co(Ph)(SPh) (410) in CsDs at 80 °C, shows complete
conversion of (MPNPP)Co(Ph) (46% of initial (MPNP™)Co(Ph)(SPh)),
(MePNPPCo(SPh) (46% of initial (MePNP™P)Co(Ph)(SPh)) and SPh. (48% of initial
(MePNP™P")Co(Ph)(SPh)). (Figure 1V.6) The stoichiometric ratio of the observed products
suggests production of ¥ equivalent of PhSPh per equivalent of 410. Thermolysis of the
asymmetric and sterically less bulky 418 yielded observations analogous to those for the
thermolysis of 410. (Figure 1V.7)

QP’PQ QP’PQ Qpbrz
I LPh CeDs I |
N _—

05 N-Co-Ph + 05 N-Co-SPh + 0.5SPhy

0.
| SPh 80°C,3n | l
PPr, PPr, PiPr,
404
410 402

Figure 1V.6 Thermolysis of (M*PNP*P)Co(Ph)(SPh) (410)
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(MePNPELPNCo(Ph)(SPh) —————— 0.5 (MSPNPEYPNCo(Ph) + 0.5 (MSPNPEYPNCo(SPh) + 0.5 SPh,

418 415 416

Figure IV.7 Thermolysis of (MePNPE“P")Co(Ph)(SPh) (418)

4.2.5. Mechanistic studies

We hypothesize, that the production of 0.5 eq. of Ph-S-Ph per 1 eq. of
(MePNP™P")Co(Ph)(SPh) can occur via one of two pathways (1) C-S RE from 1 equivalent
of (MPNP™)Co(Ph)(SPh) (410) to give (MePNP™Co' and SPh, and then the
comproportionation of reactive Co' with another equivalent of (VePNPPCo(Ph)(SPh)
(410) to give 1 equivalent each of (MSPNP™P)Co(Ph) (402) and (MePNP™P")Co(SPh) (404)
(Figure 1V.8 (a)) or (2) Two step formation of Ph-S-Ph from 410 via spontaneous
reduction of Co'"" to Co'' accompanied by the formation of either PhS¢ or Phe followed by

the reaction of these radicals with another equivalent of 410 to produce SPhy. (Figure 1V.8

(b))
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MePNPPNCo' + (MEPNPP")Co(Ph)(SPh) ———— (MepNPPr)Co(Ph) + (MePNPP)Co(SPh)
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. A (MepNPPNCo(Ph)(SPh)

P'Pr. Me iPr Me, iPr

2 — = (MepNPP")Co(Ph) + PhS* (MepPNPPNCo(SPh) +SPh,
4Ph 402 404

N-C

I sph
PiPr A . (MePNPP)Co(Ph)(SPh) .
Q 2 ———— (MePNPP")Co(SPh) + Ph- ("*PNPP")Co(Ph) + SPh,
410 404 402

Figure 1V.8 Possibilities during thermolysis of (MSPNPP)Co(Ph)(SPh) (410)

Some evidence against a radical based mechanism was obtained by performing the
thermolysis of 410 and 418 in the presence of an excess of the radical inhibitor, butylated
hydroxytoluene (BHT), when the ratio of products obtained was almost identical to that
of the thermolysis of 410 and 418 without any BHT, with the specific product ratios

described in Figure 1V.9.
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(a) Thermolysis without BHT

) A ) )
(MePNP-P"\Co(Ph)(SPh) ———— (MepNPPCo(Ph) + (MSPNPP"Co(SPh) + SPh,
100% 410 46% 402 46% 404 48%
. A . .
(MePNPEt,IPI’)CO(Ph)(SPh) - (MePNPEt,IPr)CO(Ph) + (MePNPEt,IPr)CO(SPh) + SPh2
100% 418 46% 415 46% 416 50%
(b) Thermolysis with BHT
A P -
(MePNP-P\Co(Ph)(SPh) + BHT ——————— (M®PNP™")Co(Ph) + (M¢PNP™")Co(SPh) + SPh, + BHT
100% 410 43% 402 43% 404 45%
A . o
(MepNPELP\Co(Ph)(SPh) + BHT —————> (M®PNPEYP")Co(Ph) + (MePNPELP)Co(SPh) + SPh, + BHT
100% 418 48% 415 43% 416 49%

Figure 1V.9 Thermolysis of 410 and 418 (a) without BHT and (b)with BHT as a radical
trap

Another experiment beneficial to eliminating the possibility of radical based
mechanisms that was performed was the thermolysis of (MSPNP™)Co(Ph)(SCeH4F-p)
(411). We envision the possibility of reversible RE/OA of C-S bonds from 411 leading to
the possible formation of the differently substituted (M®PNP™P)Co(Ar)(SPh) as shown in
Figure IV.10 (a) , This molecule can then interact with a molecule of
(MePNPPCo(Ph)(SCsH4F-p) leading to the formation of a combination of scrambling
products possible in a radical based mechanism (Figure 1V.10 (b)) However, upon
thermolysis of (MePNP™™)Co(Ph)(SCeHaF-p) (411), only (MPNPPCo(Ph) (402),
(MePNP™P")Co(SCsH4F-p) (405), and Ph-S-(Ce¢H4F-p) are observed by *H and °F NMR
spectroscopy (Figure 1V.10 (c)). In order to further rule out radical based scrambling, a
experiment such as the one described in Figure 1V.10 (b) needs to be performed,

formation of only Ph-S-ArF as the only organic product being the desired observation.
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upon thermolysis (MePNPP)Co(SPh) + PhSPh+
P'Pr, PhSCgH4F-p + p-CgH4FSCgH4F-p Yy,

(€) (MepNPPrCo(Ph)(SAF) — 05 (MepNPPNCo(Ph) + 0.5 (MCPNPPNCo(SCeH4F-p) + 0.5 PhSCgH,F-p
411 402 405

Figure 1VV.10 Thermolysis of 411, (a), (b) possibilities (c) observation from experiment

Another indication of the involvement of a (M®PNP™P)Co' intermediate (420) formed
by C-S RE from (MePNP™P")Co(Ph)(SPh) (410) is that upon carrying the thermolysis of 410
with 100 eq of iodobenzene, 35% conversion to (M*PNPP)Co(Ph)(l) (408) was observed
which indicates the possibility that the formation of (M*PNP™)Co' is followed by two
competing reactions namely, (a) the OA of Phl to give 408 and (b) comproportionation
with 410 to give 402 and 404. However, further experiments with a different Ar-X are
warranted to confirm that 408 is indeed obtained from the OA of Ph-1 to (M*PNP")Co'.

4.3. Conclusion and future experiments

In this project, PNP ligands were tested as alternatives to POCOP ligands to facilitate
C-S RE from a Co"'(Ph)(SAr). Use of nitrogen central donors indeed proved beneficial
due to the production of 0.5 eq of Ph-S-Ar per equivalent of (PNP)Co(Ph)(SAr) . However,
further experiments are needed to ascertain that the source of Ph-S-Ar is C-S RE from

(PNP)Co(Ph)(SAIr). In addition, the production of Ph-S-Ar is accompanied by formation
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of an equivalent each of (PNP)Co(Ph) and (PNP)Co (SAr) which are not a part of the
catalytic cycle proposed in chapter 3, and whose origin is hypothesized to be the
comproportionation of (PNP)Co' with (PNP)Co(Ph)(SAr). This comproportionation
competes with the OA of Ar-X to (PNP)Co' to an extent that only 35% conversion to
(PNP)Co(Ph)(l) is seen even with 100 eq of Phl . In order to overcome this reactivity and
make possible the use of (PNP)Co complexes as catalysts, further experiments geared
towards stabilizing the putative (PNP)Co' against comproportionation or making the RE
of Ar-X to (PNP)Co' more dominant are warranted.

4.4. Experimental details

4.4.1. General considerations

Unless specified otherwise, all manipulations were performed under an argon
atmosphere using standard Schlenk line or glove box techniques. Toluene, ethyl ether, and
pentane were dried and deoxygenated (by purging) using a PureSolv solvent purification
system by Innovative Technologies Inc. and stored over molecular sieves in an Ar-filled
glove box. CsDs and THF were dried over and distilled from NaK/Ph,CO/18-crown-6 and
stored over molecular sieves in an Ar-filled glove box. (MePNPP")CoCl (401)!'® and
PNBr?" were prepared according to the published procedures. Sodium salts of thiphenols
such as NaSPh and NaS-(CeHsF-p) were prepared by reacting the corresponding
thiophenols with 1 eq. of NaH in THF followed by pumping down and washing with Et20.
All other chemicals were used as received from commercial vendors. NMR spectra were
recorded on a Varian iNova 300 MHz, Bruker Avancelll 400 MHz or a Varian iNova 500

MHz instrument. For *H and *C NMR spectra, the residual solvent peak was used as an
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internal reference. 3'P NMR spectra were referenced externally using 85% HsPO. at 0
ppm ,*°F NMR spectra were referenced externally usinphg trifluoroacetic acid at -78.5
ppm. Elemental analyses were performed by CALLI, Inc. (Parsippany, NJ).

4.4.2. Synthesis of (M*PNP'P")Co" complexes

Synthesis of (MePNPP")Co(Ph) (402). (MePNPP")Co(Cl) (401) (901 mg, 1.72 mmol)
was dissolved in ca. 30 mL of toluene. To this solution PhLi (0.920 mL of 1.8 M in "Bu.0,
1.72 mmol) was added using a syringe. The solution changed color from deep blue to dark
green over 10 mins. The reaction was left to stir for 1 h after which the solution was filtered
through a pad of celite on a glass frit. The volatiles were pumped down, the green solid
was re-dissolved in ca. 5 mL of toluene, layered with 10 mL of pentane and put in the
freezer at -35 °C overnight. Dark green crystalline solid (810 mg, 83% yield) was obtained.
1H (CeDs, 500 MHz, 22 °C): & 38.7 (overlapping br, 8H), 23.4 (br s, 4H), 14.9 (br s, 12H),
0.39 (br s, 17H), -14.0 (br s, 2H), -29.2 (br s, 1H), -93.0 (br s, 1H).

Synthesis of (MPNPPr)Co(SPh) (404). (MEPNPPr)Co(CI) (401) (52.2 mg, 0.098
mmol) was dissolved in ca. 10 mL of THF. To this solution NaSPh (13.1 mg, 0.098 mmol)
was added. The solution changed color from deep blue to dark green over 30 mins. The
reaction was left to stir for 1 h after which the volatiles were pumped down. The product
was extracted with ca. 10 mL of pentane and filtered through a pad of celite on a glass frit.
The volatiles were pumped down, and a green solid was obtained. (43 mg, 74% yield) was
obtained. H (C¢Ds, 500 MHz, 22 °C): § 25.0 (br s, 6H), 23.6 (br s, 2H), 10.8 (br s, 2H),
9.42 (brs, 2H), 6.75 (br s, 4H), 4.03 (overlapping signals, 25 h), -10.4 (s, 2H), -20.3 (br s,
2H).
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Synthesis of (MePNPPCo(SArF) (405). (MePNPPr)Co(Cl) (401) (90.1 mg, .172
mmol) was dissolved in ca. 10 mL of THF. To this solution NaSAr~ (28 mg, 0.189 mmol)
was added. The solution changed color from deep blue to dark green over 30 mins. The
reaction was left to stir for 1 h after which the volatiles were pumped down. The product
was extracted with ca. 10 mL of pentane and filtered through a pad of celite on a glass frit.
The volatiles were pumped down, and a green solid was obtained. (85 mg, 80% yield) was
obtained. H (CeDs, 500 MHz, 22 °C): § 25.4 (br s, 6H), 23.6 (br s, 2H), 10.9 (br s, 2H),
8.63 (br s, 2H), 6.46 (br s, 4H), 4.03 (brs, 24 h), -9.18 (s, 2H), -20.6 (br s, 2H). 1°F (CeDs,
470 MHz, 22 °C): 6 -117.4 (br s). Elem. Anal. Calc. for C32H44CoFNP,S: C, 62.53; H,
7.22; N, 2.28. Found: C, 62.08; H, 7.19; N, 2.06.

4.4.3. Synthesis of (MePNPP")Co"' complexes

Synthesis of (MePNPIP")Co(Ph)(OAc) (406). (MePNP)Co(Ph) (402) (120 mg, 0.212
mmol) was dissolved in ca. 10 mL of C¢Hs. To this solution PhI(OAc). (37 mg, 0.110
mmol) was added and the reaction was left to stir for 20 h. The volatiles were then removed
and the product was extracted with 30 mL of pentane and filtered through a pad of celite
on a glass frit. The volatiles were removed and a tan solid was obtained (110 mg, 83%).
The solid was then redissolved in minimal amount of pentane and put in the freezer at -35
°C overnight. Light purple crystals were obtained and a single crystal was selected for X-
ray diffraction. *H (CeéDs, 500 MHz, 22 °C): § 7.45 (d, J = 8.5 Hz, 2 H, Ar-H), 7.04 (d, J =
8.0 Hz, 1 H, Ph-ortho-H), 6.99 (m, 2 H, Ar-H), 6.92 (td, J = 7.5 Hz, 2 Hz, 1H, Ph-meta-
H), 6.92 (t, = 7.0 Hz, 1H, Ph-para-H), 6.78 (td, J = 7.0 Hz, 2 Hz, 1H, Ph-meta-H), 6.65

(dd, J = 7.0 Hz, 1.5 Hz, 2H, Ar-H), 6.61 (d, J = 8.5 Hz, 1 H, Ph-ortho-H), 2.47 (m, 2H,
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CHMe,), 2.14 (overlapped m, 8 H, CHMe> (2H) and Ar-CHs (6H)), 1.68 (s, 3H,
OC(=0)CHs), 1.35 (g, J= 7.5 Hz, 6 H, CHMey), 1.27 (g, J= 6.5 Hz, 6 H, CHMe»), 1.03 (g,
J=7.5Hz, 6 H, CHMey), 0.58 (g, J= 7.0 Hz, 6 H, CHMe). (Figure 1V.11) ¥C{*H} (C&Ds,
126 MHz, 22°C): 5 183.2 (t, J= 1.8 Hz, OC(=0)CHs), 159.3 (t, J= 10.8 Hz, Co-Cpy), 140.4
(Ar-C), 135.6 (Ar-C), 131.84 (Ar-C), 125.9 (Ph-meta-C), 124.7 (t, J= 3.0 Hz, Ph-ortho-
C), 124.6 (Ph-meta-C), 123.2 (Ph-para-C), 123.0 (Ar-C), 122.9 (Ar-C), 122.7 (Ar-C),
119.8 (t, J= 4.5 Hz, Ph-ortho-C), 23.8 (t, J= 10.6 Hz, CHMey), 23.0 (Ar-CHs) ,22.6 (t, J=
7.6 Hz, CHMey), 20.7 (OC(=0)CHs), 19.2 (t, J = 2.0 Hz, CHMey), 18.6 (br s, CHMey),
17.8 (br s, CHMey).(Figure 1V.12) 3P{*H} (CsDe, 126 MHz, 22 °C): & 40.0 (br s).
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Figure 1V.11 'H NMR of (M®PNPPCo(Ph)(OAc) (406) in CéDs
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Figure 1V.12 3C{*H} NMR of (MPNPPCo(Ph)(OAC) (406) in CsDs

Synthesis of (MePNPP)Co(Ph)(CI) (407). (MePNPPCo(Ph)(OAc) (406) (14 mg,
0.022 mmol) was dissolved in ca. 5 mL of pentane. To this solution MesSiCl (3.1 uL, 2.5
mg, 0.022 mmol) was added and the reaction was left to stir for 12 h. The volatiles were
then removed and the product was extracted with ca. 5 mL of pentane and filtered through
a pad of celite on a glass frit. The volatiles were removed and a blue-green solid was
obtained (10 mg, 76%). *H (CeDs, 500 MHz, 22 °C): § 7.77 (d, J = 8.5 Hz, 2 H, Ar-H),
7.3 (d, J = 8.5 Hz, 1 H, Ph-ortho-H), 7.12 (s, 2H, Ar-H), 6.71 (d, J = 8.5 Hz, 2 H, Ar-H),
6.60 (t,J =7.0 Hz, 1H, Ph-para-H), 6.52 (td, J=7.0 Hz, 1.5 Hz, 1H, Ph-meta-H), 6.25 (td,
J =7.0 Hz, 1.5 Hz, 1H, Ph-meta-H), 5.92 (d, J = 8.0 Hz, 1H, Ph-ortho-H), 3.39 (m, 2H,
CHMey), 2.41 (m, 2 H, CHMe), 2.15 (s, 6H, Ar-CHs), 1.50 (m, J= 5.0 Hz, 6 H, CHMe>),
1.16 (m, J= 6.0 Hz, 6 H, CHMey), 0.95 (m, J= 5.0 Hz, 6 H, CHMe), 0.39 (m, J = 5.0 Hz,
6 H, CHMey). (Figure 1V.13) 3C{'H} (CsDs, 126 MHz, 22 °C): & 161.8 (br, Co-Cpy),
145.4 (Ar-C), 138.3 (Ar-C), 132.3 (Ar-C), 131.3 (overlapped Ar-C, Ph-ortho-C), 125.7

(Ar-C), 124.9 (Ph-C), 123.9 (Ph-C), 122.4 (Ph-C), 122.2 (t, J= 4.5 Hz, Ph-ortho-C), 24.8
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(br, CHMey), 24.3 (br, CHMey), 20.4 (Ar-CHa) , 19.2 (br s, CHMey), 17.6 (br s, CHMey),

17.2 (br s, CHMey), 17.1 (br s, CHMe»). (Figure 1V.14)
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Figure 1V.13 'H NMR of (M®PNPPCo(Ph)(Cl) (407) in CeéDs
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Figure 1V.14 B3C{*H} NMR of (M¢PNPP\Co(Ph)(CI) (407) in CeDs

Synthesis of (MPNPPYCo(Ph)(1) (408). (MePNP)Co(Ph)(OAC) (406) (100 mg, 0.161
mmol) was dissolved in ca. 10 mL of 1:1 mixture of toluene/CeHs. To this solution MesSil
(23.1 pL, 32.2 mg, 0.161 mmol) was added and the reaction was left to stir for 1 h. The
volatiles were then removed and the product was extracted with ca. 30 mL of pentane and

filtered through a pad of celite on a glass frit. The volatiles were removed and a blue-green

solid was obtained (101 mg, 90%). *H (CsDs, 500 MHz, 22 °C): § 7.85 (d, J = 9.0 Hz, 2
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H, Ar-H), 7.17 (overlapped m, 3 H, Ph-ortho-H and Ar-H), 6.71 (dd, J = 8.5 Hz, 1.0 Hz,
2 H, Ar-H), 6.51 (t,J=7.5Hz, 1H, Ph-para-H), 6.37 (td, J = 7.0 Hz, 1.0 Hz, 1H, Ph-meta-
H), 6.13 (td, J = 7.0 Hz, 1.0 Hz, 1H, Ph-meta-H), 5.91 (d, J = 8.5 Hz, 1H, Ph-ortho-H),
4.05 (m, 2H, CHMe), 2.67 (m, 2 H, CHMe), 2.10 (s, 6H, Ar-CHs), 1.66 (m, J= 6.0 Hz,
6 H, CHMe2), 1.23 (m, J= 6.5 Hz, 6 H, CHMe), 0.72 (m, J= 6.0 Hz, 6 H, CHMey), 0.36
(m, J = 6.0 Hz, 6 H, CHMey). (Figure 1V.15) 3C{*H} (CeDs, 126 MHz, 22 °C): 5 162.6
(br, Co-Cp), 152.2 (Ar-C), 136.2 (Ar-C), 132.9 (Ar-C), 131.4 (Ph-C), 128.4 (Ar-C), 126.4
(Ph-C), 125.4 (Ph-C), 123.7 (Ar-C), 122.7 (Ph-C), 119.8 (t, J= 4.5 Hz, Ph-ortho-C), 27.0
(br, CHMey), 24.8 (br, CHMey), 20.6 (Ar-CHs) , 18.7 (br s, CHMe), 18.6 (br s, CHMey)
17.6 (br s, CHMey), 17.4 (br s, CHMey). (Figure 1V.16) 3:P{*H} (CeDs, 202 MHz, 22 °C):
5 37.5 (brs).
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Figure 1V.15 'H NMR of (MPNPP)Co(Ph)(I) (408) in CsDs
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Figure 1V.16 BC{*H} NMR of (MePNPP")Co(Ph)(l) (408) in CeDs

Synthesis of (MePNPP")Co(Ph)(SPh) (410). (MePNP™)Co(Ph)(l) (408) (240 mg,
0.346 mmol) was dissolved in ca. 20 mL of THF. To this solution NaSPh (46 mg, 0.346
mmol) was added and the reaction was left to stir for 1 h. The volatiles were then removed
and the product was extracted with ca. 20 mL of pentane and filtered through a pad of
celite on a glass frit. The volatiles were removed and a deep blue solid was obtained (201
mg, 87%). *H (CsDs, 500 MHz, 22 °C): & 7.95-7.73 (overlapped m, 5 H, Ar-H (2H), Ph-
ortho-H (1H), SPh-H (2H)), 7.09 (s, 2H, Ar-H), 7.03-6.93 (overlapped m, 3H, Ar-H (2H),
SPh-H (1H)), 6.76 (dd, J = 8.0 Hz, 1Hz, 2 H, SPh-H), 6.61 (t, J = 7.0 Hz, 1H, Ph-para-H),
6.56 (br s, 1H, Ph-meta-H), 6.27 (br s, 1H, Ph-meta-H), 6.01 (br s, 1H, Ph-ortho-H), 2.88
(m, 2H, CHMey), 2.48 (m, 2 H, CHMey), 2.15 (s, 6H, Ar-CHs), 1.25 (m, J= 6.0 Hz, 6 H,
CHMey), 1.11 (m, J= 5.0 Hz, 6 H, CHMey), 0.95 (m, J= 5.0 Hz, 6 H, CHMey), 0.43 (m, J

= 5.0 Hz, 6 H, CHMey). (Figure 1V.17) 3P{'H} (CsDs, 202 MHz, 22 °C): § 31.1 (br s).
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Figure 1V.17 'H NMR of (MePNP™")Co(Ph)(SPh) (410) in CeDs

Synthesis of (MePNPP)Co(Ph)(SArF) (411). (MPNP™)Co(Ph)(l) (408) (32 mg,
0.046 mmol) was dissolved in ca. 5 mL of THF. To this solution NaSAr (7.1 mg, 0.051
mmol) was added and the reaction was left to stir for 1 h. The volatiles were then removed
and the product was extracted with ca. 10 mL of pentane and filtered through a pad of
celite on a glass frit. The volatiles were removed and a blue gray solid was obtained (27
mg, 85%). *H (CeDs, 500 MHz, 22 °C): & 7.86 (d, J = 8.5 Hz, 2 H, Ar-H), 7.69 (br, 1H,
Ph-ortho-H), 7.61-7.52 (m, 2H, SArF-H), 7.09 (s, 2H, Ar-H), 6.76 (dd, J = 8.5 Hz, 1.5 Hz,
2 H, Ar-H), 6.70-6.64 (m, 2H, SAr™-H), 6.61 (t, J = 7.0 Hz, 1H, Ph-para-H), 6.56 (br s,
1H, Ph-meta-H), 6.26 (br s, 1H, Ph-meta-H), 5.98 (br s, 1H, Ph-ortho-H), 2.82 (m, 2H,
CHMey), 2.44 (m, 2 H, CHMey), 2.16 (s, 6H, Ar-CHz), 1.20 (m, J= 6.5 Hz, 6 H, CHMe),
1.10 (m, J= 6.0 Hz, 6 H, CHMey), 0.90 (m, J= 5.5 Hz, 6 H, CHMey), 0.39 (m, J = 5.5 Hz,
6 H, CHMey). (Figure 1V.18) 3'P{*H} (CsDs, 202 MHz, 22 °C): & 30.6 (br s). 1°F (CsDs,

470 MHz, 22 °C): § -119.2 (br s).
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Figure 1V.18 'H NMR of (M®PNPPCo(Ph)(SAr) (411) in CeéDs

4.4.4. Synthesis of (MPNP'P"EY ligand and its Co complexes

Synthesis of MePN(Li)P'P"Et (413). PNBr (1.6081 g, 4.1 mmol) was combined with
~50 mL of diethyl ether in a 100 mL Schlenk flask. n-butyllithium (3.27 mL; 2.5 M in
hexanes, 8.2 mmol) was added in two portions, the solution turned yellow upon addition.
After three hours, diethylchlorophosphine (0.5344 g, 4.3 mmol) was added to the flask.
The solution turned red upon addition, but quickly faded back to the previous yellow color.
The solution was left to stir for 18h when ca. 1 mL of degassed 1:1 isopropanol:water was
cannulated into the flask and the mixture was left to stir for 24 h. The volatiles were then
removed in vacuo at 70° C. The solids were dissolved in pentane and filtered through a
pad of celite on a glass frit and the volatiles were removed in vacuo. The oil which
remained was transferred to a scintillation vial by reconstituting in a minimal amount of
pentane. The pentane was removed in vacuo and the vial was allowed to sit overnight to
evaporate any residual solvent. The vial contained 1.5208 g of oil which was assumed to
be all product. The oil was dissolved in 10 mL of pentane and a stoichiometric amount of

n-butyl lithium was added in one portion. Yellow solids immediately formed beneath a
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brown supernatant. All solids were collected on a glass frit and washed with cold pentane
(0.8954 g, 54%). 'H NMR (CeDs, 500 MHz): & 7.20 (m, 1H, Ar-H), 6.98 (m, 4H, Ar-H),
6.89 (dd, J = 8.5 Hz, J = 1.9 Hz, 1H, Ar-H), 3.38 (s, 3H, N-CH3), 2.24 (s, 6H, Ar-CHj3),
1.94 (m, 2H, P-CH-Mey), 1.57 (m, 2H, P-CH,-Me), 1.32 (m, 2 H, P-CH.-Me), 1.11 (dd, J
=14.0Hz,J=7.06 Hz), 0.7-1.0 (br, overlapping, 12H, P-CH-(CH3)2 & both P-CH>-CHj3).
(Figure 1V.19) BC{*H} NMR (CsDs, 125 MHz): & 167.1 (d, J = 25 Hz, Ar-P), 132.9,
132.2, 131.8, 131.5, 126.8, 125.5, 124.5, 124.2, 123.8, 23.2 (P-CH-Mey), 20.8 (Ar-Me),
20.7 (Ar-Me), 20.1 (P-CH-CHs), 10.38, 10.29. (Figure 1V.20) 3P{*H} NMR (CsDs, 202

MHz): § -1.94, -28.97. (Figure 1V.21)
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Figure 1V.19 *H NMR of MPN(Li)PP"Et (413) in CeDs
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Figure 1V.21 3P{"H} NMR of MPN(Li)P"E (413) in CeDs

Synthesis of (MePNPPrEY)CoCl (414). MePN(Li)P™P"Et (413) (430 mg, 1.05 mmol) was
dissolved in ca. 20 mL of THF. To this solution, CoCl> (140 mg, 1.05 mmol) was added
and the solution was left to stir for 20 h. The volatiles were then removed and the product
was extracted with ca. 20 mL of toluene and filtered through a pad of celite on a glass frit.
The volatiles were pumped off and the blue green product was redissolved in ca. 10 mL
of toluene and layered with ca. 20 mL of pentane and put in the freezer at -35 "C. After

overnight in the freezer, blue green crystalline product was obtained (306 mg, 59 %). H
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(CsDs, 500 MHz, 22 °C): 6 30.2 (br s), 29.4 (br s), 27.4 (br s), 24.8 (br s), 11.7 (br s), 5.85
(brs), 1.91 (brs), -11.1 (br s, 2H), - 25.5 (br s).

Synthesis of (MePNPPrEY)Co(Ph) (415). (MePNPPEYCoCI (414) (260 mg, 0.526
mmol) was dissolved in ca. 10 mL of CsHs. To this solution, PhLi (292 pL of 1.8 M in
"Bu20, 0.526 mmol) was added and the solution was left to stir for 1 h. After an hour the
solution was filtered through a pad of celite on a glass frit. The volatiles were pumped off
and the green product was redissolved in ca. 10 mL of pentane and put in the freezer at -
35 °C. After overnight in the freezer, a green powder was obtained (254 mg, 90 %). *H
(CeDe, 500 MHz, 22 °C): 8 51.1 (brs), 37.7 (brs), 36.2 (br s), 33.6 (br s), 24.6 (br s), 20.7
(brs), 13.9 (brs), 8.76 (br s), 8.21 (br s), -0.38 (br s), -11.7 (br s, 2H), - 28.3 (br s), -88.1
(brs).

Synthesis of (MePNPPTEY)Co(Ph)(1) (417). (MePNPP E)Co(Ph) (415) (269 mg, 0.501
mmol) was dissolved in ca. 10 mL of CeHs. To this solution, Phl(OAc)2 (96 mg, 0.301
mmol) was added and the solution was left to stir for 20 h. The volatiles were pumped off
and the product was redissolved in ca. 20 mL of pentane and filtered through a pad pf
celite on a glass frit. To the filtrate, MesSil (100 uL, 140 mg, 0.698 mmol) was added
using a syringe and the solution was left to stir for 1 h. The volatiles were then pumped
off to give a dark blue solid. The solids were extracted with pentane and put in a vial in
the freezer at -35°C. After overnight in the freezer, deep blue crystals were obtained (120
mg, 36%). 'H (CeDs, 400 MHz, 22 °C): §7.70 (d, J = 8.8 Hz, 1 H, Ar-H), 7.54-7.41
(overlapping m, 2H, Ar-H (1H), Ph-ortho-H (1H)), 7.66 (d, J = 8.4 Hz, 1 H, Ar-H), 7.20-

7.150 (m, 2H, Ar-H (1H), Ph-H (1H)) 6.79 (m, 2H, Ar-H), 6.79 (t, J = 6.8 Hz, 1H, Ph-
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para-H), 6.52 — 6.03 (overlapped m, 2H, Ph-H), 3.87 (m, 1H, CHMe), 3.06 (m, 1 H,
CH2Me), 2.58 (m, 1H, CHMey), 2.32 (s, 3H, Ar-CH3), 2.25 (s, 3H, Ar-CHz3), 2.16 (m, 1H,
CH:Me), 1.86-1.56 (overlapped m, 4H, CH.Me (1H), CHMez (3H)), 1.26-1.15 (m, 4H,
CHMe; (3H), CH2Me (1H) ), 1.04 (t, J = 7.2 Hz, 3H, CH2Me), 0.80 (t, J = 6.8 Hz, 3 H,

CH.Me), 0.78-0.68 (m, 3H, CHMey), ), 0.48-0.34 (m, 3H, CHMe). (Figure I1V.22)
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Figure 1V.22 *H NMR of (MePNPPE\YCo(Ph)(1) (417) in CsDs

Synthesis of (MePNPIP-EYCo(Ph)(SPh) (418). (MePNPPrEYCo(Ph)(1) (416) (40 mg,
0.059 mmol) was dissolved in ca. 5 mL of THF. To this solution NaSPh (9.1 mg, 0.066
mmol) was added and the reaction was left to stir for 1 h. The volatiles were then removed
and the product was extracted with ca. 10 mL of pentane and filtered through a pad of
celite on a glass frit. The volatiles were removed the solid was extracted with ca. 2 mL of
pentane and put in the freezer at -35 °C overnight. Deep blue crystals were obtained (12
mg, 32%). 'H (CsDs, 400 MHz, 22 °C): & 7.95 (d, J = 8.4 Hz, 1 H, Ph-ortho-H), 7.78-7.68
(m, 2H, Ar-H), 7.66 (d, J = 8.4 Hz, 1 H, Ar-H), 7.150 (overlapped with solvent, 2H, Ar-
H), 7.09 (s, 1H, Ar-H), 7.03 (s, 1H, Ar-H), 6.99 — 6.90 (overlapped m, 3H, Ar-H (2H),

SPh-H (1H)), 6.74 (t, J = 8.8 Hz, 2 H, SPh-H), 6.61 (t, J = 7.2 Hz, 1H, Ph-para-H),
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6.44 (m, 2H, Ph-ortho-H), 3.05 (m, 1H, CHMe»), 2.57 (m, 1 H, CH2Me), 2.17 (s, 3H, Ar-
CHa), 2.10 (s, 3H, Ar-CHs), 1.75 (m, 2 H, CH2Me), 1.61 (m, 3H, CHMey), 1.40
(overlapping m, 2H, CH2Me (1H), CHMe> (1H)), 1.19 (m, 3 H, CH2Me), 1.05 (m, 3H,
CHMey), 0.77 (m, 3H, CH2Me), 0.69 (m, 3H, CHMey), 0.45 (m, 3H, CHMey). (Figure
IV.23) 3P{'H} (CeDs, 202 MHz, 22 °C): & 34.4 (br d, Jpp =249 Hz, 1P), 24.7 (br d, JPP

=249 Hz). (Figure 1V.24)
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Figure 1V.23 'H NMR of (MPNPPEY)Co(Ph)(SPh) (418) in CeDe
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Figure 1V.24 3P{*H} NMR of (¢PNPP"Et)Co(Ph)(SPh) (418) in CsDs
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4.4.5. Thermolysis experiments

Thermolysis of (MePNPP")Co(Ph)(SPh) (410). (VePNPPCo(Ph)(SPh) (408) (4 mg,
0.006 mmol) was dissolved in ca. 600 puL of CsDsin a PTFE capped J. Young NMR tube.
To this, 1,4-dioxane ( 2 uL, 2.07 mg, 0.023 mmol) was added using a syringe to serve as
an internal standard. A *H NMR spectra of the initial sampled was taken and then the
NMR tube was placed in an oil bath at 80 °C. The reaction was monitored by 1H NMR
spectroscopy and complete thermolysis was observed after 3 h. The final mixture was
observed to contain (MPNP)Co(Ph) (46% of initial (M*PNPP)Co(Ph)(SPh)),
(MePNPPYCo(SPh) (46% of initial (MePNP™P)Co(Ph)(SPh)) and SPh, (48% of initial
(MePNP™P")Co(Ph)(SPh)) by *H NMR spectroscopy .

Thermolysis of (M®PNPP")Co(Ph)(SPh) (410) with 100 eq. of Phl.
(MePNP™P")Co(Ph)(SPh) (408) (4 mg, 0.006 mmol) was dissolved in ca. 600 pL of CsDsin
a PTFE capped J. Young NMR tube. Phl (74 mL, 134 mg, 0.657 mmol) was added using
a syringe. To this, 1,4-dioxane ( 2 uL, 2.07 mg, 0.023 mmol) was added using syringe to
serve as an internal standard. A *H NMR spectrum of the initial sample was taken and
then the NMR tube was placed in an oil bath at 80 °C. The reaction was monitored by 1H
NMR spectroscopy and complete thermolysis was observed after 3 h. 40% conversion of
(MePNP™P")Co(Ph)(SPh) to (MPNP™P)Co(Ph)(l) was observed with the other thermolysis
products as (VSPNPPCo(Ph), (MePNPPCo(SPh) and SPh; .

Thermolysis of (MePNPP")Co(Ph)(SPh) (410) with BHT as a radical inhibitor.
(MePNP™P")Co(Ph)(SPh) (408) (4 mg, 0.006 mmol) and dibutylhydroxytoluene (BHT) (2

mg, 0.009 mmol) was dissolved in ca. 600 pL of CsDein a PTFE capped J. Young NMR
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tube. To this, 1,4-dioxane ( 2 pL, 2.07 mg, 0.023 mmol) was added using a syringe to
serve as an internal standard. A *H NMR spectrum of the initial sample was taken and
then the NMR tube was placed in an oil bath at 80 ‘C. The reaction was monitored by 1H
NMR spectroscopy and complete thermolysis was observed after 3 h. The final mixture
was observed to contain (MPNP™Co(Ph) (43% of initial (MePNP™")Co(Ph)(SPh)),
(MEPNP™PCo(SPh) (43% of initial (M®PNP™)Co(Ph)(SPh)) and PhSPh (45% of initial
(MePNP™P")Co(Ph)(SPh)) by *H NMR spectroscopy .

Thermolysis of (MePNPPT)Co(Ph)(SArF) (411). (MPNPPP)Co(Ph)(SArF) (409) (12
mg, 0.006 mmol) was dissolved in ca. 600 uL of CsDein a PTFE capped J. Young NMR
tube. 1°F and *H NMR spectrum of the initial sample was taken and then the NMR tube
was placed in an oil bath at 80 ‘C. The reaction was monitored by *H and *F NMR
spectroscopy and complete thermolysis was observed after 3 h. The final mixture was
observed to contain a 1:1:1 ratio of (MPNP™P)Co(Ph), (VePNPPCo(SAr") and FAr-S-Ph
and < 4% of unidentified paramagnetic compound by *H NMR spectroscopy . The °F
NMR spectrum of the final mixture shows a 1:1 ratio of (VePNP'®)Co(SArF) (-117.2 ppm)
to FAr-S-Ph (-114.7 ppm) with minor signals at -113.4 ppm (< 1%) and 114.9 ppm (<5%).

(Figure 1V.25)
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Figure 1V.25 °F NMR of thermolysis (M*PNPP )Co(Ph)(SArF) (411) in CsDs after 3 h

Thermolysis of (MePNPIPrEYCo(Ph)(SPh) (418). (MEPNPPEYCo(Ph)(SPh) (418) (4
mg, 0.006 mmol) was dissolved in ca. 600 pL of CsDein a PTFE capped J. Young NMR
tube. To this, 1,4-dioxane ( 2 pL, 2.07 mg, 0.023 mmol) was added using a syringe to
serve as an internal standard. A *H NMR spectra of the initial sampled was taken and then
the NMR tube was placed in an oil bath at 80 °C. The reaction was monitored by *H NMR
spectroscopy and complete thermolysis was observed after 3 h. The final mixture was
observed to contain (MEPNPP"EWCo(Ph) (46% of initial (MPNPP*EYCo(Ph)(SPh)),
(MePNPPLEYCo(SPh) (46% of initial (MEPNPP"EYCo(Ph)(SPh)) and SPh, (50% of initial
(MePNP™P")Co(Ph)(SPh)) by *H NMR spectroscopy .

Thermolysis of (MePNPP"EY)Co(Ph)(SPh) (418) with BHT as a radical inhibitor.
(MePNP™P")Co(Ph)(SPh) (408) (5 mg, 0.008 mmol) and dibutylhydroxytoluene (BHT) (2
mg, 0.009 mmol) was dissolved in ca. 600 uL of CsDein a PTFE capped J. Young NMR
tube. To this, 1,4-dioxane ( 2 pL, 2.07 mg, 0.023 mmol) was added using a syringe to
serve as an internal standard. A *H NMR spectrum of the initial sample was taken and

then the NMR tube was placed in an oil bath at 80 ‘C. The reaction was monitored by 1H
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NMR spectroscopy and complete thermolysis was observed after 3 h. The final mixture
was observed to contain (MPNPP"EYCo(Ph) (48% of initial (M*PNP™P)Co(Ph)(SPh)),
(MePNPPEYCo(SPh) (43% of initial (M®PNPP)Co(Ph)(SPh)) and PhSPh (49% of initial
(MePNPPEYCo(Ph)(SPh)) by *H NMR spectroscopy .

4.4.6. X-Ray crystallography

X-Ray data collection, solution, and refinement for 406. A dark purple, multi-
faceted crystal of suitable size and quality (0.10 x 0.05 x 0.02 mm) was selected using an
optical microscope and mounted onto a nylon loop. Low temperature (150 K) X-ray data
were obtained on a Bruker APEXII CCD based diffractometer (Mo sealed X-ray tube, K,
=0.71073 A). All diffractometer manipulations, including data collection, integration and
scaling were carried out using the Bruker APEXII software.*® An absorption correction
was applied using SADABS.82 The structure was initially solved in the monoclinic Cayc
space group using XS*®3(incorporated in SHELXTL). The solution was refined by full-
matrix least squares on F?. No additional symmetry was found using ADDSYMM
incorporated into the PLATON program.'8 All non-hydrogen atoms were refined with
anisotropic thermal parameters. The structure was refined (weighted least squares
refinement on F?) and the final least-squares refinement converged to R1 = 0.0299 (I >

25(1), 6839 data) and wR2 = 0.0805 (F?, 7986 data, 383 parameters).
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CHAPTER V
BINUCLEAR PCN AND PNN LIGANDS AND THEIR PD AND NI COMPLEXES

5.1. Introduction

As mentioned previously in the introduction chapter, pincer ligands and their
complexes find uses in a mutlitude of applications due to the variety of electronic and
steric modifications available for a pincer ligand by changing the nature of the central
donor and the side arms. However, one area which has been less explored is the possible
cooperativity between metal centers using poly-nucleating pincers. The examples of poly
pincers reported so far largely use rigid linkers!®1% or are designed for electronic

communication by putting two pincers on the same aromatic ring.**¢ (Figure V.1)

= z H H. .H

~ ~ \N/H NT
C|\|51d N F'Ild_c| N)\N N)\N Me2l\‘l ’\‘lMez
AN ‘N7 | |
\ | H\N)\\N \N)\N/H (terpy)Rul’ O O Ru'l(terpy)
N N | — ) ‘ ‘
\ \ AN NP Me;N NM
|
= N'l:\;:'N/ ‘ X - X ©2 2
~ x X = Cl, Br

Figure V.1 Previously reported poly-pincer complexes with rigid ligands

2+

Although these are interesting examples, cooperation between metal centers for
activating a substrate is highly improbable for such systems. In order to facilitate co-
operativity of the metal centers, we envisioned the use of binuclear pincers where the two
pincer sites are linked by flexible alkyl linkers. The flexibility of the linkers should allow
the pincer nucleated metal sites to attain different distances and orientations with respect
to each other, which could make these complexes useful for novel transformations of small
molecules mediated by two metals interacting with the same molecule of substrate. Such

complexes of Pd" have previously been reported with binucleating CNS*% and NCN?*®°
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type pincers connected by flexible alkyl linkers. (Figure V.2 (a)) Drawing inspiration
from such reports and building on the well-known mononuclear POCOP2%02%1 gnd PNP624
ligands, our group recently published binuclear PCN and PNN complexes of Pd.?%
(Figure V.2 (b)) In this effort, we strive to expand the library of such compounds to
complexes of Ni and also to incorporate different steric bulk into the phosphine side arms

and functionality in the linker.
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Figure V.2 (a) Previously reported pincer with flexible linkers (b) PCN and PNN
complexes of Pd reported by our group
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5.2. Results and discussion

5.2.1. Synthetic details for PCN complexes

(@) HO
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Figure V.3 (a) Synthesis of RPCN-C, ligands(b) Synthesis of (RPCN)NiCI complexes (c)
Synthesis of (B“PCN)PdCI complexes (d) Synthesis of (RPCN)MOTf complexes
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Binuclear nickel complexes of the type (""PCN-Cr)NiX (n = 2,4 X = Cl, OTf) were
prepared by procedures similar to that of analogous Pd complexes previously reported by
our group.2%2 (Figure V.3). In order to increase the steric bulk of the side arms ®“PCN-
Cn (n = 2,4) (502a/b) ligands were prepared, with the synthesis requiring use of NaH as
the base instead of EtsN as was required for ™"PCN-C, . Installing nickel on these ligands
interestingly required use of an excess of NiCl. (3 equivalents) instead of 2 equivalents
needed for the less bulky ""PCN-C, (501a/b) ligands. (Figure V.3 (a)) (“PCN-Cn)PdX
(n =24 X = Cl, OTf) were prepared by procedures similar to that of analogous Pd
complexes of the iso-propyl phosphine substituted ligands.

Efforts were also undertaken to incorporate functional groups into the flexible linkers
to further facilitate interaction with small molecules. Linkers with pendant amines were
targeted specifically because of the important role of pendant amines in facilitating
activation of H via M-H/N-H exchange with Ni2%3-2% and Fe207298 phosphine complexes,
demonstrated by Bullock and coworkers in the past few years. Efforts to make
benzaldimines analogous to that for the RPCN-C, type ligands albeit with a pendant amine
in the linker such as 505a’, by the condensation of 3-hydroxybenzaldehyde and
diethylenetriamine led to undesired products presumably due to the susceptibility of the
desired product benzaldimine towards nucleophilic attack by the pendant amine.

Condensation of 3-hydroxyacetophenone with diethylenetriamine however, did
proceed cleanly to yield the benzoketimine 504a’ in good yields which was subsequently
converted to the binuclear pincer ligand BYPCN-C,NC; (504a) by reacting with NaH and

‘Bu2PCI. Efforts to make the diisopropylphosphine derivative of the ligand proved
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unsuccessful. Attempts to install Pd on this ligand failed despite trying different Pd"
presursors and reaction conditions. The Ni complex (BYPCN-C2NC2)NiCl (504-NiCl) was
obtained by reacting the ligand with 2 equivalents each of NiCl> and 2,6-lutidine at 160

°C in ortho-dichlorobenzene. (Figure V.4)

R RO/, _R
0 =N H N=
/N /7 \
+ HN N NH, —=
H CH4CN,

Clean desired prorduct for R = Me 504a’
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— _ /7 N/ N\
=N N N= 1. NaH N ” N=
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N N N . H
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Ni—CI  CI—Ni
c | |
j@ 160 °C, 20 h O—P'Bu, 2'BuP-O

t —
O-PBu, 2BuP-O cl

504a-NiCl

Figure V.4 Synthesis of binuclear (PCN) Ni complex with a pendant amine linker

5.2.2. Synthetic details for PNN complexes

Complexes of the type (""PNN-C2)NiX (X = Cl, OAc) were synthesized by reacting
the previously reported ™PNN-C. ligand (503a) with NiCl26H,0/2,6-lutidine or

Ni(OAC)2.4H20 respectively. (Figure V.5)
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\@/%N/(CHZ)H“\ or Ni(Cl),.6H,0/2,6-lutidine \Q/\N/(CHz)n/ Nx
THF, 20 h |

N—Ni—X

Pipr2 n=2503a PiPrZ n=2
X =Cl 503a-NiCl
X =0Ac 503a-NiOAc

Figure V.5 Synthesis of (PNN)NiX complexes

5.2.3. Solid-State structures of complexes of the type (RPCN-Cn)MX and (P"PNN-
Co)MX™

X-ray crystallographic studies were undertaken to look at the arrangement of the
binuclear complexes in solid state. Orange, X-ray quality crystals of the PCN complexes
1a-NiCl and 1b-NiCl were grown by slow diffusion of Et,O into a CH2Cl> solution at -35
"C. The asymmetric unit in both the structures contains only pincer core suggesting that
the sites are crystallographically identical. In each unit, the environment around the Ni
center is slightly distorted square planar with Ni-C, Ni-P and Ni-N distances comparable
to those reported for analogous (PCN)Ni complexes by the groups of Zargarian?*®2%° and
Song?+?12, The relative arrangement of the two pincer sites is such that they are pointing

towards each other in parallel planes.

** X-ray structures for ("®“PCN-C2)PdCl and (®®“PCN-C:)PdCl obtained by Dr. Dave Herbert, rest by C. M.
Palit
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Figure V.6 ORTEP drawing (50% probability ellipsoids) of (P"PCN-C2)NiCl (501a-
NiCl)(left) Selected bond distances (A) and angles (deg) for 501a-NiCl follow: Ni1-C8,
1.846(2); N1-Cl1, 2.199(1); Nil-N1, 1.965(2); Ni1-P1, 2.114(1); N1-Ni1-P1, 163.39(5);
N1-Ni1-Cl1, 98.69(5); P1-Nil-Cl1, 97.82(2); C6-Nil-P1, 80.95(7); C6-Nil-N1, 82.44(8)
(b) (P'PCN-C4)NICl (501b-NiCl) (right) Select atom labeling. Hydrogen atoms are
omitted for clarity. Selected bond distances (A) and angles (deg) for 501b-NiCl follow:
Nil-Cl1, 2.199(3); Nil-N1, 1.978(4); Nil-P1, 2.128(3); Nil-C6 1.847(4); C6-Nil-N1,
82.7(1); C6-Ni1-P1, 80.9(1); C6-Ni1-Cl1, 175.3(1); P1-Ni1-Cl1, 97.84(4)

Crystals for the (BYPCN-Cn)PdCI complexes (502a-PdCI and 502b-PdCl) were
obtained using similar procedures and show crystallographic characteristics previously
observed by us for the diisopropylphosphine substituted analogues.?’ The Pd-P, Pd-C,
Pd-N bonds and N-Pd-P, CI-Pd-C angles remain almost identical to those for the
diisopropylphosphine substituted analogues suggesting increasing the bulk of the

phosphine side arms has minimal effect on the pincer core geometry.
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Figure V.7 ORTEP drawing (50% probability ellipsoids) of (®“PCN-C,)PdCI (502a-
PdCI) (left) Selected bond distances (A) and angles (deg) for 502a-PdCl follow: Pd1-Cl1,
2.391(1); Pd1-N1, 2.125(3); Pd1-P1, 2.220(1); Pd1-C1 1.952(3); P1-Pd1-C1, 79.6(1); C1-
Pd1-N1, 79.3(1); Cl1-Pd1-C1, 174.2(1); P1-Pd1-Cl1, 105.24(3) and (*®"PCN-C4)PdCI
(502b-PdCl) (right) Selected bond distances (A) and angles (deg) for 502b-PdCl follow:
Pd1-Cl1, 2.395(2); Pd1-N2, 2.142(4); Pd1-P1, 2.224(2); Pd1-C1 1.953(6); C1-Pd1-P1,
79.3(2); C1-Pd1-N2, 78.9(2); Cl1-Pd1-N2, 97.6(1); Cl1-Pd1-P1, 104.27(6)
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Figure V.8 ORTEP drawing (50% probability ellipsoids) of (P'PNN-C2)NiOAc (503a-
NiOACc) Select atom labeling. Hydrogen atoms are omitted for clarity. Selected bond
distances (A) and angles (deg) for 503a-NiOAc follow: Nil-N2, 1.882(3); N1-03,
1.874(2); Nil-N1, 1.941(2); Nil-P2, 2.158(1); N1-Nil-P2, 174.37(8); N2-Nil-O3,
178.0(1); N2-Ni1-P2, 85.40(8)

A single green block-shaped crystal for ('PNN-C2)NiOAc (503a-NiOAc) was

obtained by slow diffusion of Et2O into a CH2Cl solution at -35 °C with one molecule of
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CH:ClI; co-crystallizing with the molecule. Each pincer site is square planar with the two
moieties displaying aromatic stacking over the other pincer half.

5.3. Conclusions

In summary, we have synthesized binuclear complexes of Ni using binulceal PCN and
PNN ligands previously reported by our group. In addition, we have expanded the library
of such complexes by varying the steric bulk of the phosphine side arms, and we have also
incorporated functionality into the linkers by using pendant amine linkers instead of
simple alkyl linkers.

5.4. Experimental

5.4.1. General considerations

Unless otherwise specified, all manipulations were performed under an argon
atmosphere using standard Schlenk line or glove box techniques. Toluene, THF, pentane,
and isooctane were dried and deoxygenated (by purging) using a solvent purification
system and stored over molecular sieves in an Ar-filled glove box. CsDe and hexanes were
dried over and distilled from NaK/Ph2CO/18-crown-6 and stored over molecular sieves in
an Ar-filled glove box. Fluorobenzene was dried with and then distilled or vacuum
transferred from CaHz. The binuclear ligands P'PCN-C; (501a) and "PCN-C4 (501b)
were synthesized according to published procedures.?%? All other chemicals were used as
received from commercial vendors. NMR spectra were recorded on a Varian NMRS 500
(*H NMR, 499.686 MHz; 1*C NMR, 125.659 MHz, 3P NMR, 202.298 MHz, 1°F NMR,
470.111 MHz) spectrometer. For *H and 3C NMR spectra, the residual solvent peak was

used as an internal reference. *!P NMR spectra were referenced externally using 85%
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HsPO4 at § 0 ppm. 1°F NMR spectra were referenced externally using 1.0 M CF3COzH in
CDCls at -78.5 ppm. Elemental analyses were performed by CALI Labs, Inc. (Parsippany,
NJ).

5.4.2. Synthesis of PCN compounds with alkyl linkers

Synthesis of (P"PCN-C2)NiCl (501a-NiCl). "PCN-C; (501a) (1.010 gm, 2.02 mmol)
was dissolved in ca. 20 mL of 1,2-dichlorobenzene. To this 2,6-lutidine (510 uL, 471 mg,
4.41 mmol) and anhydrous NiClz (570 mg, 4.41 mmol) were added and the flask was put
in an oil bath at 160 “C and left to stir for 20 h when the solution turned bright orange. The
volatiles were distilled off and the orange solid was extracted with ca. 50 mL of CsHe and
filtered through a pad of celite on a glass frit. The volatiles were pumped off and the
obtained solid was redissolved in ca. 10 mL of dichloromethane and layered with 20 mL
of diethylether and put in the freezer at -35 “C. A yellow orange crystalline product (810
mg, 59% yield) was obtained overnight. A small amount of these crystals were taken and
re-dissolved in ca. 2 mL of diethyl ether and xray quality crystals were obtained by slow
evaporation. *H NMR (CDCl,, 500 MHz, 22°C): & = 8.23 (br s, 2H, HC=N), 6.890 (m,
2H, Ar CH), 6.80 (d, J = 7.0 Hz, 2H, Ar CH), 6.58 (d, J = 7.5 Hz, 2H, Ar CH), 4.03 (br,
4H, CHy), 2.36 (M, 4H, CH(CHa)2), 1.61-1.41 (m, 12H, CH(CHa)2), 1.40-1.23 (m, 12H,
CH(CHa)y). (Figure V.9) ¥C{*H} NMR (CD,Cl, 126 MHz, 22°C): § = 174.3 (d, J = 3.0
Hz, HC=N), 165.8 (d, J = 10.3 Hz, Ar C), 150.8 (d, J = 35.9 Hz, Ar C), 147.5 (Ar C),
126.8 (Ar CH), 121.1 (Ar CH), 113.4 (d, J = 12.4 Hz, Ar CH), 57.0 (CH,), 28.5 (d, J =
22.7 Hz, CH(CHs)2), 17.8 (d, J = 3.3 Hz, CH(CHs)), 16.9 ppm (d, J = 1.8 Hz, CH(CH3)2).

(Figure V.10) 3'P{*H} NMR (CD.Clz, 200 MHz, 22°C): § = 197.7 ppm. (Figure V.11)
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Elem. Anal. Calc. for C2sH40CIl2N2Ni2O2P2: C, 48.96; H, 5.87; N, 4.08. Found: C, 49.13;
H, 5.85; N, 4.03.
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Figure V.9 *H NMR spectrum of (""PCN-C2)NiClI (1a-NiCl) in CD,Cl,. Minor residual
diethylether and dichloromethane present
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Figure V.10 *C{*H} NMR spectrum of (""PCN-C2)NiCl (501a-NiCl)in CD,Cl,. Minor
residual diethylether and dichloromethane present.
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cmp1178a5p
PHOSPHORUS OBSERVE
STANDARD PARAMETERS
PHOSPHATE REGION
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Figure V.11 3'P{*H} NMR spectrum of (""PCN-C2)NiCl (501a-NiCl)in CD,Cl..
Synthesis of (P"PCN-C4)NiCl (501b-NiCl). P'PCN-C4 (501b) (1.41 gm, 2.67 mmol)
was dissolved in ca. 40 mL of 1,2-dichlorobenzene. To this 2,6-lutidine (678 uL, 628 mg,
5.87 mmol) and anhydrous NiCl. (760 mg, 5.87 mmol) were added and the flask was put
in an oil bath at 160 “C and left to stir for 20 h when the solution turned bright orange. The
volatiles were distilled off and the orange solid was extracted with ca. 10 mL of CsHe and
filtered through a pad of celite on a glass frit. The volatiles were pumped off and the
obtained solid was redissolved in ca. 5 mL of diethylether and layered with 10 mL of
pentane and put in the freezer at -35 °C. A yellow orange crystalline product (1.51 gm,
78% vyield) was obtained overnight. A small amount of these crystals were taken and re-
dissolved in ca. 2 mL of diethyl ether and xray quality crystals were obtained by slow
evaporation. *H NMR (CD2Clz, 500 MHz, 22°C): & = 8.07 (d, J = 4.5 Hz, 2H, HC=N),
6.97-6.87 (overlapped m, 4H, Ar CH), 6.58 (dd, J =8.0 Hz, J = 1.0 Hz, 2H, Ar CH), 3.60
(br, 4H, CHy), 2.33 (m, 4H, CH(CHa)z), 1.82 (br, 4H, CH,), 1.49-1.39 (m, 12H,
CH(CHa)), 1.38-1.28 (m, 12H, CH(CHa)2). (Figure V.12) 3C{*H} NMR (CDCl,, 126
MHz, 22°C): 6 = 171.7 (d, J = 3.1 Hz, HC=N), 165.8 (d, J = 10.6 Hz, Ar C), 150.7 (d, J =
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36.2 Hz, Ar C), 148.1 (Ar C), 126.6 (Ar CH), 120.9 (d, J = 1.8 Hz, Ar CH), 113.0 (d, J =
12.5 Hz, Ar CH), 56.4 (CHz), 28.5 (d, J = 22.6 Hz, CH(CH3),), 28.3 (CH>), 17.7 (d, J =
4.6 Hz, CH(CHa)2), 16.9 ppm (d, J = 1.8 Hz, CH(CHs).). (Figure V.13) 3P{'*H} NMR
(CD2Cl2, 121 MHz, 22°C): 6 = 197.2 ppm. (Figure V.14)
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Figure V.12 'H NMR spectrum of (""PCN-C4)NiCl (501b-NiCl) in CD.Cl,. Residual
diethylether present.

cmp1188d5c
Std carbon

L L . J \ |

T T T T T T T T T T T T T T T T
180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20
f1 (ppm)

Figure V.13 BC{*H} NMR spectrum of (""PCN-Cs)NiCl (501b-NiCl)in CD.Cl..

Residual diethylether present.
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cmp1188d3p
PHOSPHORUS OBSERVE
STANDARD PARAMETERS
PHOSPHATE REGION

197.184

-0 M
Figure V.14 3'P{*H} NMR spectrum of (""PCN-C4)NiCl (501b-NiCl)in CD2Cls.
Synthesis of (P"PCN-C2)NiOTf (501a-NiOTf). (*'PCN-C,)NiCl (501a-NiCl) (390
mg, 0. 568 mmol) was dissolved in ca. 10 mL of toluene. To this MesSiOTf (620 uL, 756
mg, 3.40 mmol) was added and the flask was put in an oil bath at 80 °C and left to stir for
12 h when the solution turned yellow. The volatiles were removed yielding a yellow solid
(501 mg, 97% vyield) . *H NMR (CD2Clz, 500 MHz, 22°C): & = 8.21 (d, J = 3.5 Hz, 2H,
HC=N), 6.97 (m, 2H, Ar CH), 6.86 (d, J = 7.5 Hz, 2H, Ar CH), 6.58 (d, J = 8.0 Hz, 2H,
Ar CH), 3.70 (br, 4H, CHy), 2.54 (m, 4H, CH(CHs)2), 1.57-1.42 (m, 12H, CH(CHz)y),
1.38-1.28 (m, 12H, CH(CHs)). (Figure V.15) 3C{*H} NMR (CD:Cl,, 126 MHz, 22°C):
§=175.3(d, J = 2.7 Hz, HC=N), 166.8 (d, J = 8.8 Hz, Ar C), 147.4 (Ar C), 141.9 (d, J =
35.3 Hz, Ar C), 128.1 (Ar CH), 122.3 (d, J = 1.5 Hz, Ar CH), 114.4 (d, J = 12.0 Hz, Ar
CH), 56.2 (CH2), 29.0 (d, J = 22.4 Hz, CH(CH3)), 18.2 (d, J = 6.0 Hz, CH(CHa)2), 17.0
ppm (d, J = 3.5 Hz, CH(CHs)2). (Figure V.16) 3P{*H} NMR (CD.Cly, 121 MHz, 22°C):
5 = 198.6 ppm. (Figure V.17) F NMR (CD2Cl,, 282 MHz, 22°C): § = -79.1 ppm.

(Figure V.18)
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Figure V.15 *H NMR spectrum of (PPCN-C2)NiOTf (501a-NiOTf) in CD,Cl..
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Figure V.16 *C{*H} NMR spectrum of (P"PCN-C2)NiOTf (501a-NiOTf) in CD,Cl,.

cmp1180c3p
PHOSPHORUS OBSERVE

198.619

STANDARD PARAMETERS
PHOSPHATE REGION

T T T T T T T T T T T T T T T T
235 230 225 220 215 210 205 200 195 190 185 180 175 170 165 160 155
f1 (ppm)

Figure V.17 3'P{*H} NMR spectrum of (P"PCN-C2)NiOTf (501a-NiOTf) in CD,Cl,.
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Figure V.18 *°F NMR spectrum of (P"PCN-C2)NiOTf (501a-NiOTf) in CD,Cl..
Synthesis of (P"PCN-C4)NiOTf (501b-NiOTf). 501b-NiCl (160 mg, 0.225 mmol)
was dissolved in ca. 5 mL of toluene. To this Me3SiOTf (244 uL, 298 mg, 1.35 mmol)
was added and the flask was put in an oil bath at 80 °C and left to stir for 12 h when the
solution turned yellow. The volatiles were removed yielding a yellow solid (240 mg, 97%
yield) . *H NMR (CD.Cly, 500 MHz, 22°C): § = 7.97 (d, J = 4.5 Hz, 2H, HC=N), 6.99 (m,
2H, Ar CH), 6.91 (d, J = 7.5 Hz, 2H, Ar CH), 6.57 (dd, J = 8.0 Hz, J = 1.0 Hz, 2H, Ar
CH), 3.43 (br, 4H, CHy), 2.52 (m, 4H, CH(CHs)2), 1.72 (br, 4H, CHy), 1.51-1.41 (m, 12H,
CH(CHa)2), 1.36-1.28 (m, 12H, CH(CHa)2). (Figure V.19) 3C{*H} NMR (CDCl,, 126
MHz, 22°C): 8 = 171.9 (d, J = 3.0 Hz, HC=N), 166.8 (d, J = 8.8 Hz, Ar C), 147.9 (Ar C),
141.9 (d, J = 35.4 Hz, Ar C), 127.9 (Ar CH), 121.8 (d, J = 2.0 Hz, Ar CH), 114.4 (d, J =
11.7 Hz, Ar CH), 56.8 (CH2), 28.9 (d, J = 22.0 Hz, CH(CHs)2), 27.7 (CH2), 18.0 (d, J =
5.9 Hz, CH(CHa)2), 16.9 ppm (d, J = 3.4 Hz, CH(CH3)). (Figure V.20) 3P{"H} NMR
(CDClz, 121 MHz, 22°C): & = 198.1 ppm. (Figure V.21) *®F NMR (CD.Cly, 282 MHz,

22°C): 6 =-79.1 ppm. (Figure V.22)
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Figure V.19 *H NMR spectrum of ("PCN-C4)NiOTf (501b-NiOTf)in CD-Cl.. Minor
diethylether present

cmp1199a5¢
Std carbon

‘l L \‘ k

T T T
10 0 -10

T T T T T T T T T T T T T T
180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20
f1 (ppm)

Figure V.20 BC{*H} NMR spectrum of (P'PCN-C4)NiOTf (501b-NiOTf)in CD.Cls.
Minor diethylether present
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Figure V.21 3'P{*H} NMR spectrum of (""PCN-C4)NiOTf (501b-NiOTf)in CD:Cl,
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Figure V.22 °F NMR spectrum of (P"PCN-C4)NiOTf (501b-NiOTf) in CD,Cl
Synthesis of BYPCN-C2 (502a). Solid NaH (0.189 g, 7.87 mmol) was added portion-
wise to a rapidly stirring suspension of the ethylene-bridged benzaldimine (502a”) (1.05
g, 3.90 mmol) in THF (50 mL). The mixture was heated at reflux for 2 h then tBuPCI
(1.48 mL, 7.80 mmol) was added via syringe and heating was continued for 15 h. The
mixture was then dried in vacuo to leave a brown-yellow oil and off-white solid. The
product was extracted by stirring the residue in 50 mL of pentane for 30 min and filtered
over a short plug of silica, which was then washed with 3 x 15 mL of Et2O. The collected
extracts were then dried to give a yellow oil which was further dried under vacuum at
50°C for 1 h to remove residual volatiles. Yield = 1.129 g (52%). *H NMR (CDCls, 499
MHz, 22°C): 6 = 8.26 (s, 2H, HC=N), 7.49 (m, 2H, Ar CH) 7.28 (m — overlapped with
solvent, 6H, Ar CH), 3.97 (s, 2H, CH>), 1.17 ppm (d, 2Jup = 12.0 Hz, 36H, tBu). (Figure
V.23) BC{*H} NMR (CDCls, 126 MHz, 22°C): § = 162.6 (HC=N), 160.2 (d, J = 9.2 Hz,
Ar C), 137.7 (Ar C), 129.6 (Ar CH), 121.5 (Ar CH), 120.5 (d, J = 12.2 Hz, Ar CH), 117.

8 (d, J = 8.4 Hz, Ar CH), 61.7 (CH>), 35.8 (d, J = 25.4 Hz, tBu CMes), 27.5 ppm (d, J =
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15.4 Hz, tBu CMes). (Figure V.24) *P{"H} NMR (CDCls, 202 MHz, 22°C): 5 = 154.6

ppm. (Figure V.25)
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Figure V.23 'H NMR spectrum of (BYPCN-C>) (502a) in CDCls
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Figure V.24 3C{*H} NMR spectrum of (®“PCN-C>) (502a) in CDCls
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Figure V.25 *P{*H} NMR spectrum of (B“PCN-C) (502a)in CDCls
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Synthesis of BUPCN-Cs (502b)."" Solid NaH (0.245 g, 10.2 mmol) was added
portion-wise to a rapidly stirring suspension of the Cs-bridged benzaldimine (502b”) (1.50
g, 5.06 mmol) in THF (50 mL). The mixture was heated at reflux for 2 h then ‘BuzPCI
(1.92 mL, 10.2 mmol) was added via syringe and heating was continued for 15 h. The
mixture was then dried in vacuo to leave a brown-yellow oil and off-white solid. The
product was extracted by stirring the residue in 50 mL of pentane for 30 min and filtered
over a short plug of silica, which was then washed with 3 x 15 mL of Et,O. The collected
extracts were then dried to give a yellow oil which was further dried under vacuum at
50°C for 1 h to remove residual volatiles. Yield = 2.310 g (78%). *H NMR (CDCls, 500
MHz, 22°C): & = 8.22 (s, 2H, HC=N), 7.48 (br, 2H, Ar CH), 7.28 (m, 2H, Ar CH), 7.25
(m, 4H, Ar CH), 3.64 (br, 4H, CHy), 1.77 (br, 4H, CH>), 1.15 ppm (d, 2Jup = 12.0 Hz, 36H,
tBu). (Figure V.26) 3C{'H} NMR (CDCls, 126 MHz, 22°C): & = 160.9 (HC=N), 160.2
(d, J=9.3 Hz, Ar C), 137.8 (Ar C), 129.6 (d, J = 2.1 Hz, Ar CH), 121.3 (d, J = 1.1 Hz, Ar
CH), 120.3 (d, J = 12.8 Hz, Ar CH), 117.8 (d, J = 8.5 Hz, Ar CH), 61.6 (CH>), 35.8 (d, J
= 25.3 Hz, tBu CMe3), 28.8 (CH2), 27.5 ppm (d, J = 15.1 Hz, tBu CMe3). (Figure V.27)

31p{1H} NMR (CDCl3, 121 MHz, 22°C): § = 154.2 ppm. (Figure V.28)

T 88UpCN-C; and ®BUPCN-Caligands and their Pd complexes first synthesized by Dr. Dave Herbert; further
purification and characterization carried out by C. M. Palit
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Figure V.26 *H NMR spectrum of (‘BY“PCN-C4) (502b) in CDCls,
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Figure V.27 ¥ C{*H} NMR spectrum of (®“PCN-C,) (502b) in CDClI3
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Figure V.28 *'P{*H} NMR spectrum of (BYPCN-C,) (502b) in CDCl3

Synthesis of (‘BYUPCN-C2)NICl (502a-NiCl). 502a (250 mg, 0.45 mmol) was
dissolved in ca. 10 mL of 1,2-dichlorobenzene. To this 2,6-lutidine ( 104 uL, 0.90 mmol)
and anhydrous NiClz (175 mg, 1.35 mmol) were added and the flask was put in an oil bath

at 160 °C and left to stir for 18 h when the solution turned bright orange. Then the volatiles
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were distilled off and the orange solid was extracted with ca. 20 mL of CsHe and filtered
through a pad of celite on a glass frit. The volatiles were pumped off and the obtained
solid was redissolved in ca. 10 mL of diethylether and layered with 20 mL of pentane and
put in the freezer at -35 °C. A yellow orange crystalline product (300 mg, 89% vyield) was
obtained overnight. tH NMR (CD2Cl, 500 MHz, 22°C): & = 8.22 (d, J = 4.0 Hz, 2H,
HC=N), 6.90 (m, 2H, Ar CH), 6.77 (d , J = 7.0 Hz, 2H, Ar CH), 6.62 (d, J = 8.0 Hz, 2H,
Ar CH), 4.04 (br, 4H, CH>), 1.52 ppm (d, J = 14.5 Hz, 36H, tBu CMes3). (Figure V.29)
BC{'H} NMR (CD:Cly, 126 MHz, 22°C): § = 174.2 (d, J = 2.4 Hz, HC=N), 166.6 (d, J =
9.1 Hz, Ar C), 150.4 (d, J = 33.5 Hz, Ar C), 147.3 (Ar C), 126.5 (Ar C), 120.7 (Ar C),
113.3 (d, J = 12.0 Hz, Ar CH), 56.9 (CHz), 39.5 (d, J = 14.4 Hz, tBu CMe3), 28.0 ppm (d,
J=4.3 Hz, tBu CMes). (Figure V.30) 3P{*H} NMR (CD.Cly, 121 MHz, 22°C): & = 203.9
ppm. (Figure V.31) Elem. Anal. Calc. for Ca2Hag CI2N2Ni2O2P2: C, 51.73; H, 6.51; N,

3.77. Found: C, 51.82; H, 6.43; N, 3.70.
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Figure V.29 'H NMR spectrum of (®'PCN-C2)NiCl (502a-NiCl) in CD,Cl.
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Figure V.30 B C{*H} NMR spectrum of (B“PCN-C,)NiCl (502a-NiCl) in CD2Cls.
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Figure V.31 3'P{*H} NMR spectrum of (B“PCN-C2)NiCl (502a-NiCl) in CD:Cl,.
Synthesis of (‘BUPCN-C4)NiCl (502b-NiCl). 502b (500 mg, 0.859 mmol) was
dissolved in ca. 30 mL of 1,2-dichlorobenzene. To this 2,6-lutidine ( 200 pL, 1.72 mmol)
and anhydrous NiCl> (334 mg, 2.57 mmol) were added and the flask was put in an oil bath
at 160 °C and left to stir for 12 h when the solution turned bright orange. Then the volatiles
were distilled off and the orange solid was extracted with ca. 10 mL of CsHs and filtered
through a pad of celite on a glass frit. The volatiles were pumped off and the obtained

solid was redissolved in ca. 5 mL of diethylether and layered with 10 mL of pentane and
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put in the freezer at -35 °C. A yellow orange crystalline product (450 mg, 68% yield) was
obtained overnight. A small amount of these crystals were taken and re-dissolved in ca. 2
mL of diethyl ether and X-ray quality crystals were obtained by slow evaporation. H
NMR (CD2Clz, 500 MHz, 22°C): 6 = 8.05 (d, J = 4.5 Hz, 2H, HC=N), 6.97-6.84
(overlapping m, 4H, Ar CH), 6.61 (dd , J =7.8 Hz, J = 1.2 Hz, 2H, Ar CH), 3.59 (br, 4H,
CH>), 1.80 (br, 4H, CHy>), 1.47 ppm (d, J = 14.4 Hz, 36H, tBu CMes). (Figure V.32)
$1IP{*H} NMR (CD.Cly, 121 MHz, 22°C): & = 203.7 ppm (Figure V.33)
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Figure V.32 *H NMR spectrum of (BUPCN-C4)NiCl (502b-NiCl) in CgDs.
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Figure V.33 *'P{*H} NMR spectrum of ("®YPCN-C4)NiCl (502b-NiCl) in CsDs.
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Synthesis of (BYPCN-C2)NiOTf (2a-NiOTf). 502a-NiCl (300 mg, 0.406 mmol)
was dissolved in ca. 20 mL of 1:1 Ce¢HsF/CH2Clz. To this AgOTf (208 mg, 0.813 mmol)
was added and the solution was left to stir for 12 h when the solution turned yellow. The
volatiles were removed, solids extracted with Ce¢He and filtered through a pad of celite on
a glass frit. The volatiles were pumped off yielding a yellow solid (260 mg, 66% yield) .
'H NMR (CD:Cl;, 500 MHz, 22°C): § = 8.19 (d, J = 4.0 Hz, 2H, HC=N), 6.95 (m, 2H, Ar
CH), 6.78 (d, J = 7.0 Hz, 2H, Ar CH), 6.57 (d, J = 8.0 Hz, 2H, Ar CH), 3.84 (br, 4H, CHy),
1.50 ppm (d, J = 15.0 Hz, 36H, 'Bu CMes). (Figure V.34) *C{*H} NMR (CD.Cl, 126
MHz, 22°C): § = 175.4 (d, J = 2.7 Hz, HC=N), 167.5 (d, J = 7.7 Hz, Ar C), 147.2 (d, J =
1.4 Hz, Ar C), 140.1 (d, J = 34.7 Hz, Ar C), 128.0 (Ar C), 122.0 (d, J = 1.9 Hz, Ar C),
114.3 (d, J = 11.4 Hz, Ar CH), 56.9 (CH>), 39.5 (d, J = 14.4 Hz, tBu CMe3), 27.7 ppm (d,
J=5.0 Hz, tBu CMes). (Figure V.35) 3P{*H} NMR (CD.Cl, 282 MHz, 22°C): & = 202.2
ppm. (Figure V.36) °F NMR (CD:Cl,, 282 MHz, 22°C): § = -78.7 ppm. (Figure V.37)

Elem. Anal. Calc. for C3sHasFsN2Ni2OgP2S2: C, 42.09; H, 4.99; N, 2.89.
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Figure V.34 *H NMR spectrum of (‘BYUPCN-C2)NiOTf (502a-NiOTf) in CD2Cl,.
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Figure V.35 ¥C{*H} NMR spectrum of (BYPCN-C2)NiOTf (502a-NiOTf) in CD,Cl;
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Figure V.36 *'P{*H} NMR spectrum of (B“PCN-C,)NiOTf (502a-NiOTf) in CD,Cl,
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Figure V.37 °F NMR spectrum of (B“PCN-C,)NiOTf (502a-NiOTf) in CD2Cl,
Synthesis of (BUPCN-C4)NiOTf (2b-NiOTf). 502b-NiCl (200 mg, 0.260 mmol) was

dissolved in ca. 20 mL of 1:1 CeHsF/CH2Cl,. To this AGOTf (134 mg, 0.520 mmol) was
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added and the solution was left to stir for 12 h when the solution turned yellow. The
volatiles were removed, solids extracted with CeHs and filtered through a pad of celite on
a glass frit. The volatiles were pumped off yielding a yellow solid (180 mg, 69% yield) .
IH NMR (CD.Cly, 300 MHz, 22°C): = 7.93 (d, J = 3.6 Hz, 2H, HC=N), 6.99 (m, 2H, Ar
CH), 6.89 (d, J = 7.2 Hz, 2H, Ar CH), 6.57 (d, J = 8.1 Hz, 2H, Ar CH), 3.54 (br, 4H, CH>),
1.76 (br, 4H, CH_y), 1.47 ppm (d, J = 15.0 Hz, 36H, ‘Bu CMes). (Figure V.38) 3P{'H}
NMR (CD.Cl, 282 MHz, 22°C): & = 201.8 ppm. (Figure V.39) °F NMR (CD:Cly, 282
MHz, 22°C): 6 = -78.8 ppm. (Figure V.40)
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Figure V.38 'H NMR spectrum of (BUPCN-C4)NiOTf (502b-NiOTf) in CD,Cl..
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Figure V.39 *'P{*H} NMR spectrum of (B“PCN-C4)NiOTf (502b-NiOTf) in CD,Cl.
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Figure V.40 °F NMR spectrum of (B“PCN-C4)NiOTf (502b-NiOTf)in CD-Cl,
Synthesis of (BUPCN-C2)PdCI (502a-PdCl). A solution of the ®YPCN-C; ligand
(502a) (0.443 g, 0.797 mmol) in ODCB (5 mL) was combined with a solution of
Pd(COD)CI; (0.454 g, 1.591 mmol) and 2,6-lutidine (0.184 mL, 1.591 mmol) in ODCB
(95 mL) and the mixture was heated to reflux (160°C) for 3 h at which point the solution
was homogeneous and golden yellow. After cooling to room temperature, 150 mL of Et>O
was added and the resulting white suspension was filtered over Celite and dried by
distillation. The yellow-orange residue was taken up in dichloromethane, filtered and
recrystallized from dichloromethane/pentane at 0°C. Yield = 0.370 g (54%). 'H NMR
(CD4Cl, 500 MHz, 22°C): § = 8.33 (d, J = 4.6 Hz, 2H, HC=N), 6.94 (t, J = 8.0 Hz, 2H,
Ar CH), 6.85 (d, J = 7.5 Hz, 2H, Ar CH), 6.76 (d, J = 8.0 Hz, 2H, Ar CH), 4.40 (s br, 4H,
CHy), 1.42 ppm (d, J = 15.6 Hz, 36H, tBu CMes). (Figure V.41) *C{*H} NMR (CD.Cl,,
126 MHz, 22°C): § = 176.8 (d, J = 3.9 Hz, HC=N), 164.4 (d, J = 5.4 Hz, Ar C), 153.4 (Ar
C), 145.7 (Ar C), 126.5 (Ar CH), 122.0 (Ar CH), 114.3 (d, J = 14.7 Hz, Ar CH), 58.3
(CH2), 39.8 (d, J = 17.1 Hz, tBu CMe3), 27.7 ppm (d, J = 5.9 Hz, tBu CMe3z). (Figure

V.42) 31P{*H} NMR (CD:Clz, 121 MHz, 22°C): § = 210.5 ppm. (Figure V.43)
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Figure V.42 BC{*H} NMR spectrum of (®“PCN-C,)PdCI (502a-PdClI) in CD.Cl;
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Figure V.43 3'P{*H} NMR spectrum of (®“PCN-C2)PdCI (502a-PdCl) in CD.Cl,

Synthesis of (BUPCN-C4)PdCI (502b-PdCl). A solution of ®YPCN-C4 ligand (502b)
(0.550 g, 0.940 mmol) in ODCB (5 mL) was combined with a solution of Pd(COD)CI;
(0.537 g, 1.881 mmol) and 2,6-lutidine (0.218 mL, 1.881 mmol) in ODCB (95 mL) and
the mixture was heated to reflux (160°C) for 3 h at which point the solution was
homogeneous and golden yellow. After cooling to room temperature, 150 mL of EtoO was
added and the resulting white suspension was filtered over Celite and dried by distillation.
The yellow-orange residue was taken up in dichloromethane, filtered and recrystallized
from dichloromethane/pentane at 0°C. Yield = 0.707 g (87%) H NMR (CDCl,, 500
MHz, 22°C): 6 =8.28 (d, J = 5.0 Hz, HC=N), 7.03 (d overlapped, J = 8.0 Hz, 2H, Ar CH),
7.01 (t overlapped, J = 8.0 Hz, 2H, Ar CH), 6.81 (d, J = 7.5 Hz, 2H, Ar CH), 3.82 (br, 4H,
CHy), 1.93 (br, 4H, CH>), 1.43 ppm (d, J = 15.0 Hz, 36H, tBu CMes). (Figure V.44)
BC{*H} NMR (CD:Cly, 126 MHz, 22°C): § = 174.3 (d, J = 3.9 Hz, HC=N), 164.5 (d, J =
5.3 Hz, Ar CH), 153.5 (Ar C), 146.5 (Ar C), 126.4 (Ar CH), 122.0 (Ar CH), 114.0 (d, J =
15.3 Hz, Ar CH), 58.0 (CH2), 39.7 (d, J = 17.0 Hz, tBu CMe3), 27.7 (d, J = 5.4 Hz, tBu
CMes), 27.6 ppm (CH2). *P{*H} NMR (CD:Cl;, 121 MHz, 22°C): § = 210.3 ppm.

(Figure V.45)
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Figure V.44 *H NMR spectrum of (®'PCN-C4)PdCI (502b-PdCl) in CD.Cl;
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Figure V.45 3'P{*H} NMR spectrum of (®YPCN-C4)PdCI (502b-PdCl) in CD,Cl
Synthesis of (BUPCN-C2)PdOTf (502a-PdOTf). (BUPCN-C2)PdCI (502a-PdCl)
(0.192 g, 0.222 mmol) was dissolved in ca. 20 mL of CH2Cl,and to this AgOTf (0.114 g,
0.444 mmol) was added and the mixture was left to stir for 12 h. The volatiles were
removed under vacuum and the solids were extracted with ca. 10 mL of Ce¢Hs and filtered
through a plug of celite on a glass frit. The volatiles were removed to yield a pale yellow
solid (210 mg, yield = 88%). 'H NMR (CD:Cl2, 500 MHz, 22°C): & = 8.38 (d, J = 4.5 Hz,
2H, HC=N), 7.05 (dd, J = 7.5, 7.0 Hz, 2H, Ar CH), 6.99 (dd, J = 7.5, 1.0 Hz, 2H, Ar CH),
6.79 (dd, J = 7.0, 1.0 Hz, 2H, Ar CH), 4.15 (br, 4H, CH,), 1.42 ppm (d, J = 16.0 Hz, 36H,
tBu CMes). (Figure V.46) BC{*H} NMR (CD:Clz, 126 MHz, 22°C): §=177.5(d, J = 3.8
Hz, HC=N), 165.1 (d, J = 4.6 H, Ar C), 146.0 (d, J = 1.7 Hz, Ar C), 145.9 (Ar C), 127.8

(Ar CH), 123.5 (Ar CH), 115.4 (d, J = 14.3 Hz, Ar CH), 58.4 (CH>), 40.1 (d, J = 16.6 Hz,
152



tBu CMes), 27.6 ppm (d, J = 6.0 Hz, tBu CMes). (Figure V.47) 31P{*H} NMR (CD.Cl>,
121 MHz, 22°C): & = 208.8 ppm. 1°F NMR (CD:Cly, 470 MHz, 22°C): & = -78.9 ppm.
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Figure V.46 'H NMR spectrum of (‘BUPCN-C,)PdOTf (502a-PdOTf)in CDCl;,
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Figure V.47 3C{*H} NMR spectrum of (‘BUPCN-C2)PdOTf (502a-PdOTf) in CD,Cl.
Synthesis of (BUPCN-Cs)PdOTf (502b-PdOTf). (BUPCN-C4)PdCI (502b-PdCl)
(200 mg, 0.239 mmol) was dissolved in ca. 20 mL of CH2Cl,and to this AgOTf (135 mg,
0.526 mmol) was added and the mixture was left to stir for 12 h. The volatiles were
removed under vacuum and the solids were extracted with ca. 10 mL CeHs and filtered
through a plug of celite on a glass frit. The volatiles were removed to yield a pale yellow

solid (212 mg, 83%). *H NMR (CD2Cl, 500 MHz, 22°C): & = 8.10 (d, J = 4.5 Hz, 2H,
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HC=N), 7.09-7.06 (overlapped m, 2H, Ar CH), 7.06-7.02 (overlapped m, 2H, Ar CH),
3.80 (br, 4H, CH>), 1.84 (br, 4H, CH>), 1.42 ppm (d, J = 15.5 Hz, tBu CMe3). (Figure
V.48) BC{*H} NMR (CD.Cly, 126 MHz, 22°C): § = 173.5 (HC=N), 165.1 (Ar C), 146.3
(Ar C), 145.9 (Ar C), 127.6 (Ar CH), 122.9 (Ar CH), 114.9 (d, J = 14.4 Hz, Ar CH), 59.4
(CH), 39.9 (d, J = 16.3 Hz, tBu CMes), 27.6 ppm (tBu CMez and CH. overlapped).
(Figure V.49) 3'P{*H} NMR (CD,Cly, 121 MHz, 22°C): & = 208.4 ppm. (Figure V.50)

F NMR (CD,Cly, 282 MHz, 22°C): § = -79.0 ppm. (Figure V.51)
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Figure V.48 'H NMR spectrum of (‘BUPCN-C4)PdOTf (502b-PdOTf) in CD,Cl,
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Figure V.49 *C{*H} NMR spectrum of (®YPCN-C4)PdOTf (502b-PdOTf) in CD-Cl,
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Figure V.50 *!P{*H} NMR spectrum of (BYPCN-C4)PdOTf (502b-PdOTf) in CD.Cl;
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Figure V.51 °F NMR spectrum of (B“PCN-C4)PdOTf (502b-PdOTf) in CD,Cl;

5.4.3. Synthesis of PNN compounds with alkyl linkers

Synthesis of (P"PNN-C2)NiCl (503a-NiCl). "PNN-C: (503a) (201 mg, 0.281 mmol)
was dissolved in ca. 10 mL of THF. To this 2,6-lutidine (72 uL, 66 mg, 0.622 mmol) and
NiCl2.6H20 (147 mg, 0.621 mmol) were added and the solution was left to stir for 20 h
when the solution turned green. The volatiles were pumped off and the green solid was
extracted with ca. 20 mL of CH2Cl and filtered through a pad of silica on a glass frit. The
volatiles were pumped off and the obtained solid was redissolved in ca. 10 mL of
dichloromethane and layered with 20 mL of pentane and put in the freezer at -35 'C. A

green crystalline product (223 mg, 96% yield) was obtained overnight. tH NMR (CD-Cl.,
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500 MHz, 22°C): & = 8.20 (d, J = 9.0 Hz, 2H, HC=N), 7.01 (d, J = 7.0 Hz, 2H, Ar-H),
6.92 (d, J = 8.5 Hz, 2H, Ar-H), 6.65-6.58 (overlapped m, 4H, Ar-H), 6.40 (br s, 2H, Ar-
H), 6.02 (dd, J = 8.5 Hz, J = 4.0 Hz, 2H, Ar-H), 4.85 (d, J = 7.0 Hz, 2H, CHaHb), 4.39-
4.24 (m, 2H, CHaHb), 2.37 (m, 2H, CHMe), 2.24 (s, 6H, Ar-CH3), 2.13 (m, 2H, CHMey),
2.02 (s, 6H, Ar-CHs), 1.78- 1.67 (m, 6H, CHMe; ), 1.58- 1.42 (m, 12H, CHMe), 1.18-
1.09 ppm (m, 6H, CHMez ). (Figure V.52) 3P{*H} NMR (CDCl,, 202 MHz, 22°C) &

48.2 ppm. (Figure V.53)
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Synthesis of (P"'PNN-C2)NiOAc (503a-NiOAc). P'PNN-C; (503a) (128 mg, 0.181
mmol) was dissolved in ca. 10 mL of THF. To this Ni(OAc)..4H>0O (101 mg, 0.401 mmol)
were added and the solution was left to stir for 18 h. The volatiles were pumped off and
the green solid was extracted with ca. 20 mL of CH.Cl; and filtered through a pad of silica
on a glass frit. The volatiles were pumped off and the obtained solid was redissolved in
ca. 10 mL of dichloromethane and layered with 20 mL of pentane and put in the freezer
at -35 °C. A green crystalline product (131 mg,77 yield) was obtained overnight. *H NMR
(CeDs, 300 MHz, 22°C): & = 8.15 (d, J = 8.1 Hz, 2H, HC=N), 6.88-6.74 (m, 4H, Ar-H),
6.46 (d, J = 8.4 Hz, 4H, Ar-H), 6.27 (br s, 2H, Ar-H), 5.93 (dd, J = 8.1 Hz, J = 3.9 Hz,
2H, Ar-H), 3.99 (m, 4H, CHy), 2.31 (m, 2H, CHMey), 2.13 (s, 6H, Ar-CHs), 1.98 (m, 2H,
CHMey), 1.89 (s, 6H, Ar-CHs), 1.78- 1.52 (overlapped m, 12H, CHMe> (6H), Ni-
OC(0)CHjs (6H)), 1.51- 1.34 (m, 6H, CHMey), 1.21- 0.84 ppm (m, 12H, CHMe; ). (Figure
V.54) 3P{"H} NMR (C¢Ds, 121 MHz, 22°C) & 45.0 ppm. (Figure V.55)
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5.4.4. Synthesis of PCN ligand and Ni complex with pendant amine linker
Synthesis of benzoketimine with pendant amine linker (504a’). 3’-
hydroxyacetophenone (690 mg, 5.07 mmol) was dissolved in ca. 40 mL of acetonitrile.
To this, diethylenetriamine (270 pL, 261 mg, 2.54 mmol) was added using a syringe and
the solution was placed in an oil bath at 50 °C and left to stir for 4 h. The volatiles were
then pumped off and the solid was washed with cold acetone (3 x 5 mL) followed by cold
pentane (3 x 5 mL). A tan solid was obtained (802 mg, 92%). *H NMR ((CD3).SO, 300
MHz, 22°C): 6 9.21 (br s, NH), 7.31-7.01 (overlapped m, 2H, Ar-H (2H), OH (1H)), 6.78
(d,J=7.8Hz, 2H, ArH), 3.49 (t, J = 6.0 Hz, 4H, CH>), 2.91 (t, J = 6.0 Hz, 4H, CH>), 2.15

(s, 6H, C(=N)CHpy). (Figure V.56)
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Figure V.56 'H NMR spectrum of 504a’ in ((CD3).SO

Synthesis of BUPCN-C2NC2 (504a). 504a’ (201 mg, 0.553 mmol) was dissolved in
ca. 15 mL THF. To this solution, NaH (30 mg, 1.16 mmol) was added and the solution
was left to stir for 1 h. Then ‘Bu2PCI (225 uL, 209 mg, 1.16 mmol) was added using a
syringe and the solution was set to reflux for 20 h. The volatiles were pumped off, the oily
product was extracted with ca. 10 mL of diethylether and passed through a pad of celite
on a glass frit. The volatiles were pumped off to get the ligand in 90% purity (300 mg,
86%). 'H NMR (C¢Ds, 500 MHz, 22°C): & 8.00 (br s, NH), 7.54 (d, 2H, J = 8.0 Hz , Ar-
H, 2H), 7.35 (d, J = 8.5 Hz, 2H, Ar-H), 7.11 (t, J = 7.5 Hz, 2H, Ar-H), 3.45 (t, J = 6.0 Hz,
4H, CHy), 3.12 (m, J = 6.5 Hz, 4H, CH>), 1.77 (s, 6H, C(=N)CHs), 1.12 ppm (d, J = 12.0
Hz, 36 H, C(CHa)s3). (Figure V.57) 3'P{*H} (CsDs, 202 MHz, 22°C) § 153.0 ppm. (Figure

V.58)
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Synthesis of (BUPCN-C2NC2)NiCl (504a-NiCl). B'PCN-C,NC, (504a) (350 mg,
0.554 mmol) was dissolved in ca. 15 mL of 1,2-dichlorobenzene. To this 2,6-lutidine (
160 pL, 129 mg, 1.21 mmol) and anhydrous NiCl> (180 mg, 1.38 mmol) were added and
the flask was put in an oil bath at 160 °C and left to stir for 18 h when the solution turned
bright orange. Then the volatiles were distilled off and the orange solid was extracted with
ca. 20 mL of Ce¢Hs and filtered through a pad of celite on a glass frit. The volatiles were

pumped off and the obtained solid was redissolved in ca. 10 mL of diethylether and layered

with 20 mL of pentane and put in the freezer at -35 °C. A yellow orange crystalline product
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(402 mg, 89% yield) was obtained overnight. *H NMR (CD-Cl, 300 MHz, 22°C): § 8.86
(br s, NH), 7.06-6.87 (overlapped m, 4H, Ar-H), 6.65 (d, J = 7.5 Hz, 2H, Ar-H), 4.01 (br,
4H, CHy), 3.17 (br, 4H, CHy), 2.51 (s, 6H, C(=N)CHa), 1.43 ppm (d, J = 14.4 Hz, 36 H,

C(CHa)a). (Figure V.59) 31P{*H} (CD2Clz, 202 MHz, 22°C) & 204.8 ppm. (Figure V.60)

500
[~400
[~300

[~200

ﬂ 100
— T A ! L Fo
s 8 g 8 9 5
g % 2 ] 3 E

T T T T T T T T T T
4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0 -0.5

o 38—

T T T T T T T T T T
105 100 95 2.0 8.5 8.0 75 7.0 6.5 6.0 55 5.0
f1 (ppm)

Figure V.59 *H NMR spectrum of (BYUPCN-C,NC2)NiCl (504a-NiCl) in CD,Cl

204.780
~
S

WAL A A o Y y " il (-0

Figure V.60 3'P{*H} NMR spectrum of (BUPCN-C2NC2)NiCl (504a-NiCl) in CD,Cl,
5.4.5. X-ray crystallography
X-Ray data collection, solution, and refinement for (*"PCN-C2)NiCl. An orange,
multi-faceted crystal of suitable size and quality (0.180 x 0.140 x 0.080 mm) was selected

using an optical microscope and mounted onto a nylon loop. Low temperature (110 K) X-
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ray data were obtained on a Bruker APEXII CCD based diffractometer (Mo sealed X-ray
tube, K, = 0.71073 A). All diffractometer manipulations, including data collection,
integration and scaling were carried out using the Bruker APEXII software.!8! An
absorption correction was applied using SADABS.? The structure was initially solved in
the monoclinic P21/n space group using XS# (incorporated in SHELXTL). The solution
was refined by full-matrix least squares on F2. No additional symmetry was found using
ADDSYMM incorporated into the PLATON program.'8 All non-hydrogen atoms were
refined with anisotropic thermal parameters. All hydrogen atoms were placed in idealized
positions and refined using a riding model. The structure was refined (weighted least
squares refinement on F2) and the final least-squares refinement converged to Ry = 0.0310
(I>20(I), 3626 data) and wR> = 0.0820 (F2, 17017 data, 176 parameters).

X-Ray data collection, solution, and refinement (*"PCN-C4)NiCl. An orange ,
multi-faceted crystal of suitable size and quality (0.25 x 0.06 x 0.04 mm) was selected
using an optical microscope and mounted onto a nylon loop. Low temperature (150 K) X-
ray data were obtained on a Bruker APEXII CCD based diffractometer (Mo sealed X-ray
tube, K, = 0.71073 A). All diffractometer manipulations, including data collection,
integration and scaling were carried out using the Bruker APEXII software.'® An
absorption correction was applied using SADABS.* The structure was initially solved in
the monoclinic P21/n space group using XS (incorporated in SHELXTL). The solution
was refined by full-matrix least squares on F2. No additional symmetry was found using
ADDSYMM incorporated into the PLATON program.*®All non-hydrogen atoms were

refined with anisotropic thermal parameters. All hydrogen atoms were placed in idealized
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positions and refined using a riding model. The structure was refined (weighted least
squares refinement on F2) and the final least-squares refinement converged to R1 = 0.0466
(I>20(1), 3829 data) and wR> = 0.0820 (F2, 18029 data, 185 parameters).

X-Ray data collection, solution, and refinement (‘®BYPCN-C2)PdOTf. A pale
yellow, multi-faceted crystal of suitable size and quality (0.15 x 0.12 x 0.08 mm) was
selected using an optical microscope and mounted onto a nylon loop. Low temperature
(110 K) X-ray data were obtained on a Bruker APEXII CCD based diffractometer (Mo
sealed X-ray tube, K, = 0.71073 A). All diffractometer manipulations, including data
collection, integration and scaling were carried out using the Bruker APEXII software. '8!
An absorption correction was applied using SADABS.'® The structure was initially
solved in the triclinic P1 space group using XS (incorporated in SHELXTL). The
solution was refined by full-matrix least squares on F. No additional symmetry was found
using ADDSYMM incorporated into the PLATON program.*8* All non-hydrogen atoms
were refined with anisotropic thermal parameters. All hydrogen atoms on the main residue
were placed in idealized positions and refined using a riding model. The structure was
refined (weighted least squares refinement on F?) and the final least-squares refinement
converged to Ry = 0.0353 (1 > 2c(l), 4180 data) and wR, = 0.0907 (F?, 10741 data, 205
parameters). A molecule of water, likely incorporated during crystallization, was found in
the lattice.

X-Ray data collection, solution, and refinement (‘®*PCN-C4)PdOTf. A pale
yellow, multi-faceted crystal of suitable size and quality (0.130 x 0.040 x 0.005 mm) was
selected using an optical microscope and mounted onto a nylon loop. Low temperature
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(150 K) X-ray data were obtained on a Bruker APEXII CCD based diffractometer (Mo
sealed X-ray tube, K, = 0.71073 A). All diffractometer manipulations, including data
collection, integration and scaling were carried out using the Bruker APEXII software. 8!
An absorption correction was applied using SADABS.'® The structure was initially
solved in the monoclinic P21/c space group using XS (incorporated in SHELXTL). The
solution was refined by full-matrix least squares on F2. No additional symmetry was found
using ADDSYMM incorporated into the PLATON program.*8* All non-hydrogen atoms
were refined with anisotropic thermal parameters. All hydrogen atoms were placed in
idealized positions and refined using a riding model. The structure was refined (weighted
least squares refinement on F?) and the final least-squares refinement converged to Ry =
0.0590(1 > 26([), 8820 data) and wR, = 0.1219 (F?, 43724 data, 442 parameters). One set
of tert-butyl groups on a phosphine arm were found to be disordered over two sites and
accordingly, restraints were employed to restrain distances within the two disordered
components to similar values.

X-Ray data collection, solution, and refinement for (P"/PNN-C2)NiOAc. A green,
multi-faceted crystal of suitable size and quality (0.110 x 0.080 x 0.070 mm) was selected
using an optical microscope and mounted onto a nylon loop. Low temperature (150 K) X-
ray data were obtained on a Bruker APEXII CCD based diffractometer (Mo sealed X-ray
tube, K, = 0.71073 A). All diffractometer manipulations, including data collection,
integration and scaling were carried out using the Bruker APEXII software.'® An
absorption correction was applied using SADABS.* The structure was initially solved in

the monoclinic P21/c space group using XS*®3 (incorporated in SHELXTL). The solution
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was refined by full-matrix least squares on F2. No additional symmetry was found using
ADDSYMM incorporated into the PLATON program.'8 All non-hydrogen atoms were
refined with anisotropic thermal parameters. All hydrogen atoms were placed in idealized
positions and refined using a riding model. The structure was refined (weighted least
squares refinement on F2) and the final least-squares refinement converged to R1 = 0.0497

(I>20(1), 9381 data) and wR> = 0.1563 (F2, 11381 data, 582 parameters).
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CHAPTER VI
SUMMARY AND CONCLUSIONS

This dissertation looked at the utility of pincer complexes in diverse applications such
as reduction of CO to CO and cross-coupling reactions with cobalt. For reduction of CO-
to CO, a bis(p-fluoroaryl)amido based PNP ligand supported Pd'-Pd' dimer [("PNP)Pd].
was tested. Use of trimethylsilyl reagents for O-atom abstraction was found to be vital
following the reduction of CO, with the Pd'-Pd' bond as a 2e- source. The evolved CO
was trapped and quantified by the use of a PNP supported Ir complex, (MePNP)Ir(D)(CsDs)
as an in-situ trap. Various control reactions were also carried out to ensure that the
presence of the Ir complex does not affect the chemistry with CO». It was observed that
although (MePNP)Ir(D)(CsDs) reacts with CO2, these reactions do not interfere with the
reduction of CO2 to CO by [(FPNP)Pd]..

Utility of pincer complexes of transition metals for catalytic C-C and C-heteroatom
coupling has been a hot topic for research owing to the diverse applications of such
reactions. Our group has specifically focused on the use of metals like Ir and Rh for various
catalytic processes. Due to cobalt being in the same group as Ir and Rh and motivated by
its high abundance and low cost, we envision the use of cobalt pincer complexes as
catalysts in cross coupling reactions. We hypothesize cobalt based catalytic coupling
involving mechanisms similar to those illustrated for Ir and Rh in previous reports by us
and others, hence our efforts were focused on isolating proposed catalytic intermediates

and seeing their interconversion.
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POCOP type pincer ligands were tested first due to our recent success with catalytic
C-S, C-N and Kumada-Corriu type C-C coupling reactions with (POCOP)Rh complexes.
Our efforts resulted in the successful isolation of cataytically relevant Co'"' complexes
such as (POCOP)Co(Ar)(X) and (POCOP)Co(Ar)(SAr’) for the first time. C-S RE from
(POCOP)Co(Ar)(SAr’) however was not observed upon thermolysis, Ciigana-Car being
observed instead. The higher rates of C-C RE ve C-S RE were attributed as the cause for
these observations and a move to pincer ligands without central C donors was deemed
necessary.

PNP complexes of Co'' such as (PNP)Co(Ar)(X) and (PNP)Co(Ar)(SAr’) were
synthesized and isolated following procedures analogous to those for POCOP.
Thermolysis of (PNP)Co(Ar)(SAr’) did afford elimination of Ar-S-Ar’ but it was
accompanied by the formation of Co' species of the type, (PNP)Co(Ar) and
(PNP)Co(SAr’) raising concerns about the providence and mechanism of the formation of
Ar-S-Ar’. A set of preliminary experiments suggest that a concerted RE mechanism might
be more plausible than a radical elimination based mechanism but further studies need to
be performed to provide this hypothesis more credence.

In a separate effort, we strived to expand the library of available binuclear pincer
ligands and their metal complexes to facilitate use of such ligands and complexes in
catalytic applications. Successful modification of ligands to incorporate more steric bulk
and functionality on the linker connecting the pincer sites was observed. Nucleation of Ni

instead of previously reported Pd was also achieved.
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