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The catalytic reduction of nitrous oxide (N,0O) to dinitrogen (N,) by nitrous oxide
reductase (N,OR) is poorly understood. The N,O molecule is a poor ligand with
relatively sparse coordination chemistry. We proposed the synthesis of probable
nitrous oxide precursors which can be coordinated to transition metals prior to
conversion to nitrous oxide.

Nitramide, H,NNO,, 2-1, and the related nitrogen amide acids N-nitroamide 2-2,
2-3; N-nitrocarbamate 2-4, 2-5, N-nitrosocarbamate 2-6, 2-7; N-nitrosulfonamide
2-8 have been synthesized as possible nitrous oxide precursors for coordination
studies with transition metals. The silver salts of the conjugate base of the
nitrogen acids N-nitroamide 2-2Ag; N-nitrocarbamate 2-4Ag, 2-5Ag; N-
nitrosocarbamate 2-6Ag; N-nitrosulfonamide 2-8Ag are synthesized from the
reaction of the acids with Ag,COs. Similarly the potassium salts of the nitrogen
acids N-nitroamide 2-2K; N-nitrocarbamate 2-4K; N-nitrosocarbamate 2-6K; N-
nitrosulfonamide 2-8K are synthesized from the reaction of the nitrogen acids
with K,COj3; or CH30K.

To investigate the m-acidity of the nitrogen acids, a series of Ir(I) complexes of
the nitrogen acids, t}"a}’lS-II'(I)(T]I-X)(CO)(PPh3)2, (X = nitrogen acid) N-nitroamide
3-3; N-nitrocarbamate 3-4, 3-5; N-nitrosocarbamate 3-6; N-nitrosulfonamide 3-7

are synthesized from the reaction of Vaska’s complex, trans-Ir'(C1)(CO)(PPhs),
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(3-1) with the silver salts of the conjugate base of the nitrogen acids (N-
nitroamide 2-2Ag; N-nitrocarbamate 2-4Ag, 2-5Ag; N-nitrosocarbamate 2-6Ag;
N-nitrosulfonamide 2-8Ag). Comparative studies with the related amides,
dinitramide and bistriflimide, have also been done.

The oxidative addition of the nitrogen acids (N-nitroamide 2-2, 2-3; N-
nitrocarbamate 2-4, 2-5) to trans-Ir'’(CI)(N,)(PPhs), (3-2) afford the Ir(IIl)
complexes of the nitrogen acids, Ir'"™(n*-X)(H)(CI)(PPhs),, (X = nitrogen acid)
N-nitroamide 3-11, 3-12; N-nitrocarbamate 3-13, 3-14. The 31P, '"H NMR and IR
spectroscopic reaction monitoring profiles of the oxidative addition reactions give
evidence of reaction intermediates that eventually convert to the final product.
The reaction of 3-11 with CO and P(CHj3),Ph result in the formation of multiple
isomers of the addition products and also phosphine substitution. Addition of
methyl triflate to 3-11 in CH3CN is found to result in the substitution and loss of
the nitrogen acid.

The Re(I) complexes of the nitrogen acids , trans-Re®(n?-X)(CO),(PPhs),, (X =
nitrogen acid) N-nitroamide 4-8; N-nitrocarbamate 4-9; N-nitrosulfonamide 4-12
are synthesized from the reaction of trans-[Re"(CH3;CN),(CO),(PPh3),](Y), (Y =
ClOg4: 4-3, BF4: 4-7) with the potassium salts of the conjugate base of the nitrogen
acids 2-2K, 2-4K and 2-8K respectively. The reaction of 4-7 with N-
nitrosocarbamate 2-6K at room temperature gives mostly the kinetic isomer trans-
Re(l)(nz—X)(CO)z(PPh3)2 (4-10). The same reaction at reflux conditions gives
mostly a thermodynamic isomer Re(l)(nz—X)(CO)z(PPth (4-11A). Complex 4-9
and 4-10 are found to crystallize in an unusual space group R-3 that gives a large
unit cell with huge solvent channels between the Re complexes and CH,Cl,
solvate molecules.

The Dimroth/amidine rearrangement of benzotriazoles has been shown to exist in
solution for 5-1 by variable temperature '°F NMR. The reaction of 3-2 with the
benzotriazoles 5-1 and 5-2 gives the new Ir(I) complex, trans-Ir'’(Cl)(n'-5-
1)(PPhs), (5-7) and Ir(Il) complex, trans-I'"(Cl)(n’-5-2)(PPhs), (5-8)
respectively. Complex 5-7 undergoes addition and substitution reactions readily to
give multiple isomers while 5-8 is inert towards nucleophiles.
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La réduction de I’oxyde nitreux (N,O) en diazote (N») par le réductase de 1'oxyde
nitreux (N,OR) est trés peu comprise. La molécule N,O n’est pas un trés bon
ligand et a une coordination chimique limité. Nous proposons la synthese de
précurseurs de l’oxyde nitreux qui peuvent se coordonner aux métaux de
transitions avant leurs conversions en oxyde nitreux.

Nitramide, H,NNO,, 2-1, et les acides d’azotes amidés N-nitroamide 2-2, 2-3; N-
nitrocarbamate 2-4, 2-5, N-nitrosocarbamate 2-6, 2-7; N-nitrosulfonamide 2-8 ont
étés synthétisés en tant que de possible précurseurs de 1’oxyde nitreux pour des
¢tudes de coordination avec des métaux de transitions. Les sels d’argents des
bases conjugués des acides d’azotes N-nitroamide 2-2Ag; N-nitrocarbamate 2-
4Ag, 2-5Ag; N-nitrosocarbamate 2-6Ag; N-nitrosulfonamide 2-8Ag ont étés
synthétisés par les réactions des ces acides avec Ag;COs. Similairement, les sels
de potassium des bases conjugués des acides d’azotes N-nitroamide 2-2K; N-
nitrocarbamate 2-4K; N-nitrosocarbamate 2-6K; N-nitrosulfonamide 2-8K ont
étés synthétisés par les réactions des ces acides soit avec K,CO3; ou CH;0K.

Pour examiner I’acidité du systéme m de ces acides d’azotes, des séries the
complexes d’acides d’azotes d’Ir(I) trans-Ir(D(nI-X)(CO)(PPhg)z, (X = acide
d’azote) N-nitroamide 3-3; N-nitrocarbamate 3-4, 3-5; N-nitrosocarbamate 3-6;

N-nitrosulfonamide 3-7 ont étés étés synthétisés par les réactions du complexe de
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Vaska, tmns-Ir(D(Cl)(CO)(PPh3)2 (3-1), avec les sels d’argents des bases
conjugués des acides d’azotes (N-nitroamide 2-2Ag; N-nitrocarbamate 2-4Ag, 2-
S5Ag; N-nitrosocarbamate 2-6Ag; N-nitrosulfonamide 2-8Ag). Des ¢études
comparatives avec des amides reliés, dinitramide et bistriflimide, ont aussi étés
faites.

Les complexes de Re(l) des acides d’azotes, trans-Re(n?-X)(CO),(PPhs),, (X =
acide d’azote) N-nitroamide 4-8; N-nitrocarbamate 4-9; N-nitrosulfonamide 4-12
ont étés synthétisés par les réactions de trans-[Re(D(CHgCN)z(CO)z(PPh3)2](Y),
(Y = ClO4: 4-3, BF4: 4-7) aves les sels de potassium des bases conjugués des
acides d’azotes 2-2K, 2-4K et 2-8K respectivement. La réaction de 4-7 avec N-
nitrosocarbamate 2-6K a température de la piece procure principalement
I’isomére cinétique trans-Re”(n?-X)(CO)»(PPhs), (4-10). La méme réaction en
condition de reflux procure principalement I’isomere thermodynamique ReV(n?-
X)(CO),(PPh;3), (4-11A). Les complexes 4-9 et 4-10 cristallisent dans un groupe
d’espace insolite, soit R-3, qui a une grande unité cellulaire avec de larges canaux
de solvant entre les complexes de Re et les molécules de solvant de CH,Cl,.

Le réarrangement Dimroth/amidine des benzotriazoles ont démontré leur
existence en solution pour 5-1 via la RMN "F en température variable. Les
réactions de 3-2 avec les benzotriazoles 5-1 et 5-2 donnent de nouveaux
complexes d’Ir(I), trans-I'(Cl)(n'-5-1)(PPhs), (5-7) et d’Ir(IN), trans-
Ir"(CI)(1’-5-2)(PPhs), (5-8) respectivement. Le complexe 5-7 subit facilement
des réactions de substitution et d’addition pour donner de multiples isomeres

tandis que le complexe 5-8 est inerte envers les nucléophiles.

v



Acknowledgements

I would like to thank first and foremost my supervisor Prof D. Scott Bohle, for
giving me the opportunity, his patient guidance, never-ending belief and
encouragement during the course of my doctorate studies. Great thanks to past
and present members of the Bohle research group: Aaron Kosar, Marie-Josée
Bellemare, Rae Moore, Carla Spina, Heather Philips, Alex Czerniewski, Erin
Dodd, Kristopher Rosadiuk, Wei Gu Yuxuan, Jo€l Poisson, Ivor Wharf, Mirna
Veruca and Laura Brothers who have contributed in one way or another, both to
the joys and annoyance of working in a lab which resembles much like a family.
Special thanks to Kristopher Rosadiuk who had to endure the proof reading of
most of this dissertation. Thanks also to Tina Lam of the Kakkar group for the

French translation of the abstract.

I would like to give special thanks and gratitude to Dr Inna Perepichka for the
countless discussions regarding anything under the sun which kept my sanity and
humorous outlook of life. We have numerous collaborations and our research

findings extend beyond the current of contents of this dissertation.

I would like to thank my family ZhiRen, ZhiYuan, ZhiYu and ZhiQian for their
support and encouragement. In particular my parents for their utmost patience
trust and encouragement in supporting me to pursue my doctorate studies
overseas. I hold special gratitude to Aunt Eleanor and Uncle James Kee for giving

me kinship support when I first arrive in Canada.

The following staff of the Department of Chemistry, McGill University: Dr Fred
Morin, Dr Nadim Saade, Rick Rossi, Weihua Wang, Fred Kluck, Jean-Philippe
Guay and Chantal Marotte own my gratitude for providing their expertise and

prompt assistance during the course of my studies.



Last but not least I would like to thank Jean-Phillipe Demers, Wayne Mah,
Kenward Vong and members of the Asian Dragons dragonboat team for showing

me that there is much more to life than just chemical reactions!

To end, thanks to McGill University and the supporting grants for funding my

doctoral studies throughout.

vi



Contribution of Authors

This dissertation contains two research papers in sections of Chapter 2, 3 and 5.

Chapters 2 and 3: N-H activation in N-nitropropionamide: Coordination
chemistry of a primary nitroamide.

D. Scott Bohle, Z. Chua, Inorg. Chem., 2011, 50, 3135.

Chapter 5: Facile N-N Activation in Benzotriazole: Capturing the Dimroth-
azo/triazole Intermediate by Complexation to Iridium.

D. Scott Bohle, Z. Chua, I. Perepichka, ChemPlusChem, ASAP.

The work in this dissertation is carried out solely by the author under the

supervision of Prof. D. Scott Bohle except for the following in collaboration:

Chapter 2
Prof. D. Scott Bohle synthesized the N-nitro-p-tolylsulfonamide (2-8), its

ammonium salt (2-8NHy4) and also carried out the computational calculations.

Chapter 5

Dr Inna  Perepichka prepared the following benzotriazoles: 1-
[(nonafluorobutane)sulfonyl]-1H-benzotriazole (5-1), 1,1'-
sulfonylbis(benzotriazole) (5-2), 1-nitro-1,2,3-benzotriazole (5-3), 1-cyano-
benzotriazole (5-4), 1-p-nitrophenylsulfonyl-1,2,3-benzotriazole (5-5) and 1-p-
tolylsulfonyl-1,2.3-benzotriazole (5-6). She also carried out the VI-NMR '°F, 'H
NMR experiments and UV-vis studies. She assisted with the synthesis of Ir"")(n’-
NNPhNSO;,Btz)(CI)(PPh3), (5-8). Prof D. Scott Bohle carried out the

computational calculations for the benzotriazole compounds.

vil



I hereby give copyright clearance for the inclusion of the following papers, of

which I am a co-author, in the dissertation of Zhijie Chua.

N-H activation in N-nitropropionamide: Coordination chemistry of a primary
nitroamide.

D. Scott Bohle, Z. Chua, Inorg. Chem., 2011, 50, 3135.

Facile N-N Activation in Benzotriazole: Capturing the Dimroth-azo/triazole
Intermediate by Complexation to Iridium.

D. Scott Bohle, Z. Chua, I. Perepichka, ChemPlusChem, ASAP.

D. Scott Bohle

Professor and CRC Chair in Chemistry
Department of Chemistry

McGill University

801 Sherbrooke St West

Montreal

QC H3A 2K6

viil



I hereby give copyright clearance for the inclusion of the following papers, of

which I am a co-author, in the dissertation of Zhijie Chua.

Facile N-N Activation in Benzotriazole: Capturing the Dimroth-azo/triazole
Intermediate by Complexation to Iridium.

D. Scott Bohle, Z. Chua, I. Perepichka, ChemPlusChem, ASAP.

Inna Perepichka, Phd
Research Associate
Department of Chemistry
McGill University

801 Sherbrooke St West
Montreal

QC H3A 2K6

iX



Table of Contents

Chapter 1
Chapter 1 INtrodUCHION...........uiiiiiie e e e e e s eeeaaeeas 1
1.1 Nitrogen cycle and various nitrogen oxidation states...........cccccooieiiiiiiiiiiiiiiiiiici, 1
1.1.1 Nitrous oxide reductase (N2OR) .........coooiiiiiiiiiiii e 2
1.1.2 N2OR CUA SIE ettt et 3
1. 1.3 N2OR CUZ SItE .. e 4
1.1.4 Nitrous oxide binding location in N2OR...........ccccooiiiiiiiiiii e, 7
1.2 Coordination chemistry of nitrous oxide, N2O...........cccccviiiiiiiiiiiie e, 10
1.2.1 First transition metal N20 complex .........cccooiiiiiiiiiiii e 10
1.2.2 Frustrated Lewis Pairs N20 COMPIEX ........ccceviiieiiiiiiieeeiiiee e 11
1.2.3 First structurally characterised transition metal N2O complex..................... 12
1.2.4 N-heterocyclic carbene activation of N2O .........cccoocviiiiciiiiiice e, 12
1.3 Nitrous oxide adduUCt PreCUrSOrS..........iii it 16
1.3.1 Hyponitrites [N2O2]Z .......ceiiiiiiiee e 16
1.3.2 NIFOXYI (HNO) ..o et 20
1.3.3 Nitramide (H2NNO2) .....ooiiiiiiii e 23
1.4 CONCIUSION ..ttt s ansnnn s nnnnnnnnnnnnnnnnnnnnn 28
Chapter 2
Chapter 2 : Synthesis of Nitrogen ACIAS ...........oiiiiiiiii i 29
2.0 INTOAUCTION ...t 29
2.1 General EXperimental..........ooo i 31
2.2 N-Nitroamides and their SaltS ..o 38
EXPEIMENTAL.......eeeiiii s 38
2.2.1 Synthesis of nitramide, HaNNO2 (2-1)......cociiiiiiieee e 38
L P NN SRR 39
2.2.2 Synthesis of N-nitroacetamide, CH3C(O)NHNO2 (2-2) .........cccevvvrircerennnnn. 39
2.2.3 Synthesis of N-nitropropionamide, C2HsC(O)NHNO2 (2-3) ..........cccveeenneen. 40
2.2.4 Synthesis of N-nitroacetamide salts: .............cccccoiiiiiiiii 40
Potassium N-nitroacetamide, K[CH3C(O)NNO2] (2-2K)..........ccccvvvercrerennen. 40
Silver N-nitroacetamide, AQ[CH3C(O)NNO2] (2-2AQ).......ceeerrurereriiieeeiinn. 41
2.3 N-Nitrocarbamates and their saltS ... 42
EXPEIIMENTAL.......eueeiii s 42
2.3.1 Synthesis of N-nitromethylcarbamate CH3OC(O)NHNOz (2-4)................... 42



2.3.2 Synthesis of N-nitroethylcarbamate, C2HsOC(O)NHNOz (2-5)................... 43

2.3.3 Synthesis of N-nitromethylcarbamate salts .............cccccccieeiiiiiiiiiiiiennee, 43

Potassium N-nitromethylcarbamate, K[ICH3OC(O)NNO2] (2-4K)................ 43

Silver N-nitromethylcarbamate, AQ[CH3OC(O)NNO2] (2-4AQ).........ceeeennren. 44

2.3.4 Synthesis of N-nitroethylcarbamate salt .............cccccoooviiiiii 44

Silver N-nitroethylcarbamate, Ag[C2HsOC(O)NNO2] (2-5AQ)......cccvvvrerrunen. 44

2.4 N-nitrosocarbamates and their SaltS............ccoocveiiiicic i 45

[ q 0= 4T T o = SRR 45
2.4.1 Synthesis of N-Nitrosomethylcarbamate, CH3;OC(O)NHNO (2-6) as a

MIXEUIE OF ISOMEIS ... 45

2.4.2 Synthesis of N-nitrosoethylcarbamate, C2HsOC(O)NHNO (2-7) as a micture

OF ISOIMEIS ... ettt sb e e sare e 47

2.4.3 Synthesis of N-nitrosomethylcarbamate salt ..............cccoceiiiiiiniine, 48

Potassium N-nitrosomethylcarbamate, K[CH3OC(O)NNO] (2-6K) ............. 48

Silver N-nitrosomethylcarbamate, AQ[CH3OC(O)NNO] (2-6AQ) ................. 49

2.5 N-nitro-p-tolylsulfonamide and their salts ..o, 50

2.5.1 N-Nitro-p-tolylsulfonamide p-C7HsSO2NHNO2 (2-8) ......cceevviiiiiiiiiiineen, 50

2.5.2 Synthesis of N-nitro-p-tolylsulfonamide saltS.......c..ccooeecieiviieiiiiicieeeeeen, 50

2.6 ResuIts and DISCUSSION .......ccoiiuuiiiiiiiiiie ittt e 52

2.6.1 Synthesis Of IGaNAS ........oouiiiiiii e 52

2.6.1.1 N-NItroamIides........ooiiiiiiiie e 52

2.6.1.2 N-nitrocarbamates ...........coociiiiiiii 58

2.6.1.3 N-nitrosocarbamates. ..........cceoiiiiiiiiiiiie e 60

2.6.1.4 N-nitro-p-tolylsulfonamide ..........c..oeeeeiiiiiiiii e 71

2.6.1.5 Anionic salts of the ligands ..........ccccooiiiiiiii e 72

2.6.2 Crystallography diSCUSSION..........uiiiiiiiiie it 75

2.6.2.1 Neutral Igands ........oooueiiiiiee e 75

2.6.2.2 ANIONIC lIGANAS ......eiiiiiiiiie e 83

2.6.3 Spectroscopic properties of ligands ... 89

2.6.3.1 NMR SPECIIOSCOPY -..ueveeeeeitiiee et e ettt e e e e enreas 89

Free lIgand. ... ... .o 89

ANIONIC SIS ... 91

2.6.3.2 Vibrational SPeCtrOSCOPY ......ccceiiiiiiiiiiiiee et 92

Free lIgand. ... ... .o 92

ANIONIC SAILS ... 93

2.6.3.3 UV-ViSIble SPECIrOSCOPY ...ccieiiiiiiiiiiiieieee ettt a e e 94

X1



Free ligand..... ..o 94

ANIONIC SAIS ... e 96
2.7 CONCIUSION ..ttt et e ettt e e e et e e e abe e e e e nreas 97
Chapter 3
Chapter 3 : Iridium complexes of Nitrogen ACIAS.........cccoeeeiiiiiiiiiieie e 99
3.0 INTrOUCTION ...ttt e e ane e 99
3.1 General EXPerimental...... ..o 101
EXPERIMENTAL.......ueeeei s 108
3.2 Iridium(l) complexes of N-nitroamides/carbamates, N-nitrosocarbamates and N-
NIEFOSUIFONAMIAES. ......eeiiiie et 108
3.2.1 Synthesis of Irt)(n'-CH3C(O)NNO2)(CO)(PPh3)2 (3-3) .....cevrcverrieiecieenen. 108
3.2.2 Synthesis of Ir)(n'-CH3OC(O)NNO2)(CO)(PPhs)2 (3-4) ....ccvevvireerieeeen. 109
3.2.3 Synthesis of Ir)(n'-C2HsOC(O)NNO2)(CO)(PPh3)2 (3-5).....ceeevveeveeiennn. 109
3.2.4 Synthesis of Irt)(n’-CH3OC(O)NNO)(CO)(PPh3)2 (3-6) .......ccecveerreenreennen. 110
3.2.5 Synthesis of Ir)(C7H7SO2NNO2)(CO)(PPh3)2 (3-7)..ccccvveeeeiiiieeeiiee e 110
3.2.6 Synthesis of Ir(N(NO2)2)(CO)(PPh3)2 (3-8) ...cveeveereeiieeieeieeee e 111
3.2.7 Synthesis of Ir()(CI)(CO)(PPh3)2[Ag(N(SO2CF3)2)] (3-9) ...eevvvvrierieieennen. 112
3.2.8 Synthesis of Ir(CH3C(O)NNO2)(N2)(PPhs)2 (3-10) ....cvvveeiiiieeeiiee e 112
3.3 Iridium(lll) complexes of N-Nitroamides and N-nitrocarbamates ......................... 114
3.3.1 Synthesis of Ir((1n2-CH3C(O)NNO2)(H)(CI)(PPha)2 (3-11) ..eevvvieerieeen. 114
3.3.2 Synthesis of Ir)(n2-C2HsC(O)NNO2)(H)(CI)(PPh3)2 (3-12) ...oocvvevieieneee. 115
3.3.3 Synthesis of Ir()(n2-CH3OC(O)NNO2)(H)(CI)(PPh3)2 (3-13)....cceveeiennen. 116
3.3.4 Synthesis of Ir()(12-C2HsOC(O)NNO2)(H)(CIl)(PPhs)2 (3-14) ..........c........ 117
3.4 Reactivity studies Of 311 ... 119
3.4.1 Reaction With CO ..o 119
3.4.2 Reaction with P(CH3)2Ph ........cciiiiiee e 119
3.4.3 Reaction with methyl trifluoromethanesulfonate....................ccoccooic. 120
3.5 ReSUILS @Nd DiSCUSSION .....coeiuiiiiiiiiiiie ittt st e s 121
3.5.1 Ir(I) complexes of nitrogen acids and related amides .........ccccccoevviciveeereennn. 121
3.5.1.1 Synthesis of Ir(l) complexes of nitrogen acids and related amides........ 121
3.5.1.2 Crystallograpic and spectroscopic properties ..........ccccccveeeeeieccvvreeereeennn 127
3.5.1.3 Synthesis of Ir)(CH3C(O)NNOz2)(N2)(PPhsz)z2 (3-10) ......c.cccvvcrveriereenen. 140
3.5.2 Ir(lll) complexes of N-nitroamides and N-nitrocarbamates .............ccccceee.... 142

3.5.2.1 Synthesis of Ir(lll) complexes of N-nitroamides and N-nitrocarbamates 142

3.5.2.2 Crystallographic, spectroscopic properties ...........cccccveeeeriiiiieeeneeennns 145



Crystallographic and molecular structural discussion ...............ccooccceee. 145

NMR SPECIIOSCOPY ..eevveiiiiiiiiiiiiiiiieiieeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeseeseeeeeenes 150

Vibrational SpPeCtrOSCOPY......ccuuuiiiiieiie e 154

3.5.2.3 Reaction intermediates ...........oociiiiiiiiiii 155

3.5.2.4 Reactivity studies of Ir((n2-CH3C(O)NNO2)(H)(CI)(PPha)2 (3-11) ........ 168

7L O S 168

WIith P(CH3)2Ph ..o 170

With methyl triflate ..o 173

3.6 CONCIUSION ...ttt ettt sbe e e b e nanes 175

Ir(I) nitrogen acids COMPIEXES .......uvviiiieeiiiiiieeie e 175

Ir(I1) nitrogen acids COMPIEXES ........c.eeeiiiiiiiiiiiiee e 175
Chapter 4

Chapter 4 : Rhenium complexes of Nitrogen ACidS ...........cccccvieeeiiiiiiiiiiiiieeece e, 179

o O ] 1Yo [F T3 1 o] [P PRP 179

4.1 General EXperimental............cooooiiiiiiiiiiiiic e 180

4.2 Rhenium complexes of N-Nitroamides ...........ccccveiiiiiiiiiiiiie e 184

EXPErIMENTAL.......eueieiii s 184

4.2.1 Reaction of Re(VI)(H)7(PPh3)2 (4-6) With 2-2 ..........cceoiiiiiiiiiiieee e 184

4.2.2 Synthesis of Re()(n2-CH3C(O)NNO2)(CO)2(PPh3)2 (4-8) .......cccrvververnenn 184

Reaction With 4-3..........ooi e 184

Reaction With 4-5..........eii e 185

4.2.3 Synthesis of Re()(n2-CH3OC(O)NNO2)(CO)2(PPh3)2 (4-9) ........cceverrunnnne 185

4.2.4 Synthesis of isomers of Re()(n2-CH3OC(O)NNO)(CO)2(PPha)z................ 186

Room temperature reaction.............ccceeveieiiiiiiiii 186

REfIUX FEACHION ... 187

4.2.5 Synthesis of Re®(n*~C7H7SO2NNO2)(CO)2(PPha)z2 (4-12) ........ccccvveaee 188

Method With 4-3 ... 188

Method With 4-5........o e 188

4.2.6 Reaction of Re()(CI)(CO)3(PPhs)2 (4-2) with 2-2Ag ........cceevieeriiiieee 189

4.3 Results and DiSCUSSION ......cccoiiiiiiiiiiie ettt 190

4.3.1 Synthesis and spectroscopic characterisation of Re(l) nitrogen acids ..... 190

4.3.2 Crystallographic and structural forms discussion .............ccccccceiiiiiiieneen. 194

R 0o o Tt 11 7o) o PSP 208

xiil



Chapter 5

Chapter 5 : Activation of Benzotriazole Derivatives............occceieieiiiiicciieeeee e 211
5.0 INrOAUCTION ... e s 211
5.1 General EXperimental............cooiiiiiiiii e 212
5.2 Synthesis of Ir diazo/diazene COMPIEXES. .........coiiiiiiiiiiiiiii e 214

EXPERIMENTAL.......eeneii s 214
5.2.1 Synthesis of Ir()(n'-NNPhNSO2C4Fg)(CI)(PPh3z)2 (5-7) ....ccocvveriiie 214
5.2.2 Synthesis of Ir(n3-NNPhNSO2Btz)(CI)(PPh3z)2 (5-8) .......cccoveveeiriereenen. 215
5.2.3 IR solution monitoring formation of complex 5-8 ...........ccccoocvviiiieeenne. 215
5.2.4 Reaction of 3-2 With 5-3 ... 216
5.2.5 Reaction of 3-2 With 5-4 ........cooiiiiiii 216
5.2.6 Reaction of 3-2 With 5-5.........coiiiii 217
5.2.7 Reaction of 3-2 With 5-6.........ccciiiiiiii 217

5.3 Reactivity studies of 5-7 and 5-8. .........ccciriiiiie 218

5.3.1 Reaction of complex 5-8 with nucleophiles............ccccooiiiiiiiiiiiiee e, 218

Reaction of 5-8 With CO. .......coiiiiiiiiii e 218

Reaction of complex 5-8 with pyridine. ..........cccooiiiiiiiiii, 218

5.3.2 Reaction of complex 5-7 with nucleophiles..........cccccovcviiiiceeeiiciee e, 218

Reaction of 5-7 With CO .......ceiiiiiiii e 218

Reaction of 5-7 with pyridine ..ot 218

Reaction of 5-7 With P(CH3)3......cuuviiiiiiii e 219

Reaction of 5-7 with P(CH3)2Ph..........cocoiiiiiiii e 219

Reaction of 5-7 With PPha ... 219

Reaction of 5-7 with p-tolylSO2NC ..o, 220

Reaction of 5-7 with sodium diethyldithiocarbamate................cccccceeee. 220

Reaction of 5-7 With AGBF4 .......ccuviiiiii e 220

Reaction of 5-7 with DMA.HCI........cooiiiii e 221

5.4 ReSUItS and diISCUSSION ......ceiiuiiiiiiiiiiie ittt 222

5.4.1 Dimroth rearrangements of benzotriazoles............ccccoocviiiiiiii e, 222

5.4.2 Synthesis of Ir diazo/diazene complexes...........ococeieiiiieiiiiiiie e, 228

X-Ray refinement and structural comparison between 5-7 and 5-8.......... 234

5.4.3 Reactivites studies of Ir diazo/diazene complexes .........cccccveeriieeeennnen. 237

5.5 CONCIUSIONS ...ttt e e s 242
Chapter 6

Chapter 6 : Summary, Original contribution to Knowledge and Future Research.......... 243



Summary and Original contribution to Knowledge ...........ccccccceiiiiiee. 243

FULUME reSEAICH ..o e e 245
Appendix

APPENAIX .o, 247
Y o] 01T Lo 1 S 247
AppendiXx B ... 251
Y o] 01T Lo [ OSSR 253
APPENAIX D .o 257
AppendiXx E ... 259

References
REFEIENCES ...t 261

XV



List of Equations

Chapter 1

Equation 1-1. Reduction of N2O...........eiiiiiiiiii e e e e 2
Equation 1-2. Decomposition Of N2O. .......cciiiiiiiiiiiie e 2
Equation 1-3. N20 reaction with RU COMPIEX.........eeieiiiiiiiiiiiiie e 10
Equation 1-4. Synthesis of Ru N20 COMPIEX. ....uuuiiiiiiiiiiiiiieee e 10
Equation 1-5. Disproportionation of NO and [NOL2. ........ccooiiiiiiiiiieeiiee e 16
Equation 1-6. Proposed ‘Hydration’ of N2O to give hyponitrous acid. ............cccccoeeennen. 19
Equation 1-7. Decomposition of [HN202]". .....cccoiiiiiiiiiiiiie e 19
Equation 1-8. Dimerisation of nitroxyl to give N2O and water. ..........ccccoceevveiiiiee e, 20
Equation 1-9. Synthesis of nitramide by Thiele and Lachman..........ccccccccoeveeviiciiieenneenn. 23
Equation 1-10. Decomposition of nitramide. ............ccccceooiiiiiiiiiii e, 25
Equation 1-11. Conventional base-catalysed decomposition of nitramide. ..................... 25
Equation 1-12. Second pathyway of base-catalysed decomposition of nitramide. .......... 25
Chapter 2

Equation 2-1. Dissolution of AGNO3 in ammoniacal Solutions .............cccceevvcieeeeiiiee e, 65
Equation 2-2. Decomposition Of 2-TAQ. .....oocuiiiiiiiiie e 66
Chapter 3

Equation 3-1. Exchange ratio R. ... 152
Equation 3-2. Total rate constant Aat coalescence. .............uevvevvivevieeiriiiiieiieieeeeeeeeeeeeaes 152

XVi



List of Figures

Chapter 1
Figure 1-1. The nitrogen cycle in the natural environment.[l.............oovviiiiiiiiiiiiiiiiiiiiieees 1
Figure 1-2. Cua Sit€ Of N2OR ... e e e 3

Figure 1-3. Cu4S core of N2OR Cuz site. X = H20/OH-, H20 + OH-, I- inhibited form, S(2)%-.4

Figure 1-4. DFT calculated geometries of N2O complexes of Cuz site. 1-1A is fully

reduced [4Cut] and 1-1B iS [CUZ¥ = BOUM . ciiiiiiiiiiiiiee et e e e e e 7
Figure 1-5. Orientation of subunits in N2OR. .......ccccciiiiii e 8
Figure 1-6. Form | N2OR with N2O bound. His ligands for Cuz site are not shown. ........... 9
Figure 1-7. Possible isomeric forms of [N2O2]2. ..o 17
Figure 1-8. Possible isomers of nitramide.............ccccoooeiiiiiiiiiiicc e, 24
Chapter 2

Figure 2-1. Compounds Of INTEreSt. ........ceiiiiiiiiiiiiie e 29

Figure 2-2. Crystal packing showing close intermolecular contacts from H-bonding in 2-3.75

Figure 2-3. Cis (2), trans (E) isomers of N-nitroamides and N-nitrocarbamates............... 76
Figure 2-4. Molecular structure 0f 2-2...........cooiiiiiiiiiii e 76
Figure 2-5. Molecular structure 0f 2-3. ... 76
Figure 2-6. Calculated relative energy levels of the isomers of 2-2..............ccccccvveeeeenn. 77
Figure 2-7. Molecular structure of 2-4 containing two independent molecules. ............... 77
Figure 2-8. Molecular structure of 2-5..........c.coiiiiiiiii e 77
Figure 2-9. Calculated relative energy levels of isomers of 2-4...........ccccevviviiiiiceeeenee. 78
Figure 2-10. Possible isomers of N-nitrosocarbamates. ...........cccoceiiiiiiiinii e, 78
Figure 2-11. Molecular structure of 2-6...........cccoiiiiiiiii e 78
Figure 2-12. Molecular Structure Of 2-7..........cooi i 79
Figure 2-13. Isomers of 2-4 and their calculated relative energy levels. .............ccccc....... 79
Figure 2-14. Molecular structure 0f 2-8...........oooiiiiiiii e 80
Figure 2-15. Molecular structure of 2-2K. Other K atoms have been omitted. ................. 83
Figure 2-16. Molecular structure of 2-4K. Other K atoms have been omitted. ................. 83
Figure 2-17. Molecular structure of 2-6K. Other K atoms have been omitted. ................. 84

Figure 2-18. a) DFT calculations of isomers of 2-4Li. B) MP calculations of isomers of

(o[ F= Vo] e= 1 (=3F=1 o1 o] o RSP PPPP PP PPPT 85
Figure 2-19. Molecular structure of 2-8K. Other K atoms have been omitted. ................. 87
Figure 2-20. Molecular structure of 2-8NHa with disordered ammonium cations. ............ 88

Xvii



Figure 2-21. Two resonance forms of N-nitrosocarbamates. ...........cccccceeevvii e, 90
Figure 2-22. UV-vis absorption spectrum of 3.2 mM 2-6 in CHCI3 (red) and CH3OH (blue).95

Figure 2-23. UV-vis absorption spectrum of 7.0 mM 2-6K in CH3OH. ..............ccccccceeen. 96
Chapter 3

Figure 3-1. Vaska complex with adducts of silver anions. ............cccccvveeveieeiiiiiiiieeneeen. 124
Figure 3-2. Complexes of Ir-Tl adducts with luminescent properties.............ccccccceeeenn. 125

Figure 3-3. Molecular structure of 3-3. Hydrogen atoms and solvent molecules have been
OMItEEd TOF CIAMILY. ... e 127
Figure 3-4. Molecular structure of 3-4. Hydrogen atoms have been omitted for clarity.. 128
Figure 3-5. Molecular structure of 3-5. Hydrogen atoms have been omitted for clarity.. 128
Figure 3-6. Molecular structure of 3-6. Hydrogen atoms and solvent molecules have been
OMILtEd FOr ClANItY. .. .vvveeeeeee e e e e e 129
Figure 3-7. Molecular structure of 3-7. Hydrogen atoms have been omitted for clarity.. 129

Figure 3-8. Molecular structure of 3-8. Hydrogen atoms have been omitted for clarity.. 130

Figure 3-9. Simplified molecular orbital diagram of ¢ trans-Ir()(CI)(CO)(PPhs)a. ........... 131
Figure 3-10. o bonding and 11 back-bonding in Ir-CO bond interactions. ............c..c....... 134
Figure 3-11. General trends of the Ir(l) carbonyl nitrogen acids. ..........ccccccoeevciiveeeeeennn. 136
Figure 3-12. Possible configuration isomers for Ir(l) nitrogen acid complexes............... 138

Figure 3-13. Molecular structure of 3-9. Hydrogen atoms have been omitted for clarity.139
Figure 3-14. Molecular structure of 3-11. Hydrogen atoms and solvent molecules have
been omitted fOr ClIarity. ... ... 145
Figure 3-15. Molecular structure of 3-12. Hydrogen atoms and solvent molecules have
been omitted fOr CIarity. .......oueiii e 146

Figure 3-16. Molecular structure of 3-13. Hydrogen atoms and solvent molecules have

been omitted fOr CIarity. ......ooueiii e 146
Figure 3-17. Possible coordination isomers of the Ir(lll) complexes..........cccooiiiieennennn. 147
Figure 3-18. E/Z isomers of nitrogen acids ligand coordinated to transition metal......... 148
Figure 3-19. Variable field '"H NMR in CeDs (left) and CDCls (right) for Ir-H region of 3-11.151
Figure 3-20. 3'P NMR reaction monitoring of 3-2 with 2-2 in CDCls. .........cccceevieiennene 155
Figure 3-21. 'TH NMR reaction monitoring of 3-2 with 2-2 in CDCls. .........ccccccvirieierneene 156
Figure 3-22. Solution IR spectra for the reaction of 3-2 with 2-2 between 2200 to 1300

cm-'. Reaction carried out at -10 °C in CHCIlz over 24 h. .......ccocoe i 156
Figure 3-23. 3'P NMR reaction monitoring of 3-2 with 2-4 in CDCls. .........cccccocvcirennene 159
Figure 3-24. 'H NMR reaction monitoring of 3-2 with 2-4 in CDCls. ........cccocoeeeiiiieeennns 159

XViii



Figure 3-25. Solution IR spectra for the reaction of 3-2 with 2-4. Reaction carried out at -

10 °C iN CHCI3 OVET 271 Nl e 160
Figure 3-26. 3'P NMR reaction monitoring of 3-2 with 2-6 in CDCls. .................cccoocc. 162
Figure 3-27. 'TH NMR reaction monitoring of 3-2 with 2-6 in CDCls. ............ccccocoiiinne 163
Figure 3-28. Solution IR spectra for the reaction of 3-2 with 2-6. Reaction carried out at -
10 °C iN CHCI3 0VEE 20 Nt e rae e e e enee s 164
Figure 3-29. 3'P NMR reaction monitoring of 3-2 with 2-8 in CDCls. ..........cccceveiiieeennns 165
Figure 3-30. 'H NMR reaction monitoring of 3-2 with 2-8 in CDCls. ............ccccocoiiieene 165
Figure 3-31. Solution IR spectra for the reaction of 3-2 with 2-8. Reaction carried out at -
10 °C iN CHCI3 0VET 20 . 166
Chapter 4

Figure 4-1. Molecular structure of 4-8. Hydrogen atoms have been omitted for clarity.. 194
Figure 4-2. Molecular structure of 4-9. Hydrogen atoms and solvent molecules have been
OMILtEA FOr ClANtY. .. .vvveeiieee e e e e e 195
Figure 4-3. Molecular structure of 4-10. Hydrogen atoms and solvent molecules have
been omitted fOr CIarity. .......oueiii e 195
Figure 4-4. Molecular structure of 4-12. Hydrogen atoms have been omitted for clarity.196
Figure 4-5. Crystal packing of 4-9 in R-3 along the c-axis. ......c..ccoeeiiiiieiiiiie e 197
Figure 4-6. Crystal packing of 4-9 in P-1 along the c-axis. .........ccccceveviiieiiiiiiee e 198
Figure 4-7. Solid state diagram of 4-11 with two independent Re complexes, 4-11A (right)
and 4-11B (left). A CH2Clz solvate is also ShOWN. .........ccoiviiiiiiiiiiiieee e 200
Figure 4-8. Molecular structure of 4-11A. Hydrogen atoms and solvent molecules have
been omitted fOr CIarity. .......oueiii e 200
Figure 4-9. Molecular structure of 4-11B with highlight on the disorder of the ligand. ... 201
Figure 4-10. Coordination isomers of 2-6 in Re()(n2-CH3OC(O)NNQO)(CO)2(PPhs)2

COMIPIEXES. . s 202
Chapter 5
Figure 5-1. 19F NMR of 5-1in DMF-¢ at different temperatures. ...........ccccooeeiiiinieene 226

Figure 5-2. Molecular structure of 5-7. Hydrogen atoms have been omitted for clarity.. 229
Figure 5-3. Some common structural forms of aryldiazenido complexes. ...................... 230
Figure 5-4. Molecular structure of 5-8. Hydrogen atoms have been omitted for clarity.. 232
Figure 5-5. Solution IR spectra for the reaction of 3-2 with 5-2. Reaction carried out at -10
OC IN CHCIZ OV 2.5 N e 233
Figure 5-6. Conjugation difference between 5-7a and 5-8a. ..........cccocveeiiiiiiiiiiiiecns 235

X1X



Appendix

Figure A-1. Phosphinimines and sulfilimings. .........ccccccooociiiiiiiei i 248
Figure B-2. UV-vis absorption spectrum of 2.8 mM 2-7 in CH3OH. .............ccccccieneenn. 252
Figure C-1. 3'P NMR reaction monitoring of 3-2 with 2-5 to give 3-14. ........cccceeieeee 253
Figure C-2. 'TH NMR reaction monitoring of 3-2 with 2-5 to give 3-14. ........ccccceevieeie 253
Figure C-3. 3'P NMR reaction monitoring of 3-2 with 2-6 in CeDe. .........ccccecoiiiciinne 254
Figure C-4. 'TH NMR reaction monitoring of 3-2 with 2-6 in CsD6.........ccceevviveeeriiieennnns 254
Figure C-5. Molecular structure of 3-17. Hydrogen atoms and the triflate anion are

(o] 10111 (=T [ OO PO PP RRRPPPI 256
Figure D-1. Crystal packing of 4-10 in R-3 along the C-axis. ..........cccviieiiiiiieiiiiiieens 257
Figure E-1. Variable temperature "H NMR of 5-1 in de-DMF. .........oociiiiiiiiie 259
Figure E-2. Variable temperature 1°F NMR of 5-1 in CD2Cla. .......ccccvviieeiiiiiiiiiieeeeeen. 260

XX



List of Schemes

Chapter 1

Scheme 1-1. Reduction of N20 by Cu2S2 cluster 10 Na.......cooceviiiiiiiiiiiiie e 9
Scheme 1-2. Formation of N2O FLPS. ....c.ueiiiiiiiiiiiieie e 11
Scheme 1-3. Synthesis of vanadium N20 complexX. ...........cocoiiiiiiiii e 12
Scheme 1-4. Synthesis of N-heterocyclic N2O adduct and reactivities. ...........ccccccoeeennee 13
Scheme 1-5. O-abstraction of N20 carbene adduct. ..............cccooiiiiii e 13
Scheme 1-6. Formation of carbonic acid catalyse by carbonic anhydrase. ..................... 14
Scheme 1-7. Proposed N20-adduct precursor coordination complexes. .........ccccccoveeennne 15
Scheme 1-8. Reduction of sodium nitrite with sodium amalgam. ...........cccccoiviiiiiinnns 16
Scheme 1-9. Synthesis of ¢is Pt(N2-N202)(PPha)2.......ccccieiiiiiiiieiiiieciee e 18
Scheme 1-10. Synthesis of sodium ¢is-hyponitrite. ..........ccoviiiiiiiiii e 18
Scheme 1-11. Formation of ¢is-M(L)2(N2-N202). ......eeviiiiiiiieiiiiiee et 19
Scheme 1-12. Decomposition of Angeli’s salf. .........coooiiiiiiiiiiiii e 20
Scheme 1-13. Decomposition of Piloty’s @Cid...........cooiiiiiiiiiiieiiie e 21
Scheme 1-14. Synthetic methods to HNO complexes.........ccccovveiieeiiiiiciiiiieece e, 22
Scheme 1-15. Proposed decomposition mechanism of 2-1 by water. .........ccccccoovnveeeenn. 26
Scheme 1-16. Proposed mechanism of acid-catalysed decomposition of 2-1................. 26
Scheme 1-17. Synthesis of HG(NNO2)......ccooiiiiiiiiiiiii e 26
Scheme 1-18. [NNO2]? self-catalysed decomposition. ..........cccceeiiieeiiiiiiei i 27
Chapter 2

Scheme 2-1. Synthesis of 2-1 from urethane. ..........cccoceiiii e 52
Scheme 2-2. Synthesis of 2-1 from sodium sulfamate. .............ccccceeiiiiiiiiiiee e 52
Scheme 2-3. Synthesis of 2-1 from ammonia by dinitrogen pentoxide. ............cccccoceeee 53
Scheme 2-4. Synthesis Of 2-1 frOM Ur€a ...........coooiuviiiiiiiiiiicee e 53
Scheme 2-5. General mechanism of nitration using nitric acid..............cccccoevieiiiiens 54
Scheme 2-6. Synthesis of N-nitroamides............coociiiiiiiii e 55
Scheme 2-7. Proposed decomposition mechanisms of secondary N-nitroamides. ......... 56
Scheme 2-8. Proposed decomposition mechanism of primary N-nitroamides.................. 56
Scheme 2-9. Resonance structures of N-nitrocarbamates. ...........cccccoviiieiiii s 58
Scheme 2-10. Synthesis of N-nitrocarbamates. ............cccce i 58
Scheme 2-11. Proposed decomposition of secondary N-nitrocarbamates. ..................... 58
Scheme 2-12. Proposed decomposition of primary N-nitrocarbamates. ...............c.......... 59

XX1



Scheme 2-13. Decomposition of secondary N-nitrosocarbamate. ............ccccocceinieens 60

Scheme 2-14. Proposed decomposition of primary N-nitrosocarbamate. ........................ 61
Scheme 2-15. Alternative decomposition pathway of N-nitrosocarbamate. ..................... 61
Scheme 2-16. SYNthesis Of 2-7 . ... e 61
Scheme 2-17. Initial partial reduction of 2-5NHa4 to [2-7] by Zn......c.coovviiiiiiiiiiiieee 62
Scheme 2-18. Equilibrium mixtures of Zn reduction of 2-56NHa reaction. ......................... 64
Scheme 2-19. Complete conversion t0 2-7TNHa. ... 65
Scheme 2-20. Precipitation of 2-TAG. .......ooiiiiiiiiie e 66
Scheme 2-21. Possible decomposition pathway to give silver particles.............cccuuveee.. 67
Scheme 2-22. Sequential acidification of ammonium zincate. ............cccccoeeeieeeiiicinnnen. 67
Scheme 2-23. Reaction of 2-7Ag With NaCI. ... 68
Scheme 2-24. FOrmation Of 2-7. ..ot 68
Scheme 2-25. FOrmation Of 2-BAg. ....ccoiuuiiiiiiiiee et 69
Scheme 2-26. Synthesis of N-nitrosulfonamides. ............ccccoeiiiiiiiiiiiiiiciii e, 71
Scheme 2-27. Possible decomposition pathways of N-nitrosulfaonamides ..................... 71

Scheme 2-28. Synthesis of silver salts of N-nitroamides, N-nitrocarbamates, N-
nitrosocarbamates and N-nitro-p-tolylsulfonamides. ...........ccccceeiiiiiiiiiie e, 72

Scheme 2-29. Synthesis of potassium salts of N-nitroamides, N-nitrocarbamates, N-

nitrosocarbamates and N-nitro-p-tolylsulfonamides. ...........ccccceeiiiiiii e, 73
Scheme 2-30. N-nitroso compounds Cis-trans iSOMErS. ........cccvveeeveeiieicciiiieeee e 90
Scheme 2-31. Isomers of N-nitrosocarbamate from hindered C-N rotation. .................... 91
Chapter 3

Scheme 3-1. Synthesis of AGIN(NO2)2] from 2-1. ......ccoiiiiiiiiiiie e 121
Scheme 3-2. Synthesis of AGIN(SO2CF3)2].....uuueiiiiieiiiiiiiiii e 122
Scheme 3-3. Synthesis of Ir(n-X)(CO)(PPh3)2......c.ccoviiiiiiiie e 122
Scheme 3-4. Reaction of silver bistriflimide with 3-1. ..........cccoooi i, 123
Scheme 3-5. Possible mechanisms of silver metathesis reactions with Vaska complex.125
Scheme 3-6. Reaction of 3-1 with TI[N(SO2CF3)2] in CHCIs or benzene........................ 126
Scheme 3-7. Synthesis of 3-10.........ooiiiiiiii e 140
Scheme 3-8. Proposed reaction of 3-3 with p-nitrobenzoyl azide. ............cccccoceerinen. 141
Scheme 3-9. Reaction of 3-2 with N-nitroamides and N-nitrocarbamates. ................... 143
Scheme 3-10. Reaction of 3-2 with 2-6 and 2-8. ...........ccccciiiiii i 144
Scheme 3-11. Proposed labile coordination of O atom to Ir center. .........cccoeieeeniineeen. 153
Scheme 3-12. Synthesis of Ir(lll) acetate complex 3-22............cccooieiiiiiiiiiiiieie e 153

XX1i



Scheme 3-13. Proposed reaction mechanism of 3-2 with 2-2 to form initially intermediate

3-23 10 finally GIVE B-T11. e 158
Scheme 3-14. Proposed reaction mechanism of 3-2 with 2-4 to form initially intermediates
3-24A and/or 3-24B to finally give 3-13.... ..o 161
Scheme 3-15. Possible CO addition coordination isomers with 3-11............ccccocenin. 168
Scheme 3-16. CO addition to 3-22 to give 3-25. ..o 169
Scheme 3-17. Reaction of 3-11 with CO versus reaction of 3-1 with 2-2...................... 170
Scheme 3-18. Proposed reaction isomers of 3-16 from the addition of P(CHs)2Ph to 3-11
with fractional ProportioNS. .........ccuuiiiiiii e 172
Scheme 3-19. Addition of P(CH3)2Ph to 3-22 to give 3-26. ..........cccccviiiiieeiieee e, 173
Scheme 3-20. Reaction of methyl triflate with 3-11 to form 3-17.........coccoiiiiiie, 174
Chapter 4

Scheme 4-1. Synthesis 0f 4-8, 4-9 and 4-12. ... 191
Scheme 4-2. Reaction of 4-7 with 2-6K under different reaction conditions................... 192
Scheme 4-3. Proposed transformations in reaction of 4-7 with 2-6K. ................ccccoee.. 203

Scheme 4-4. Possible mechanisms of transformation of 4-10 to 4-11A based on analogy

OF B4 et et b e aee s 204
Chapter 5

Scheme 5-1. 1,3-Huisugen dipolar addition. ..............oeoieiiiiii e 211
Scheme 5-2. Dimroth or Amidine rearrangement of triazoles............cccoooveeiinniienn. 222
Scheme 5-3: Dimroth rearrangement benzotriazoles. ..., 223

Scheme 5-4. Reaction products of benzotriazole derivatives with various nucleophiles.227

Scheme 5-5. Reaction of 3-2 with selected benzotriazole derivatives. ...............ccc........ 228
Scheme 5-6. Reaction of Btz2SO2 with #rans-IrO(N2)(CI)(PPha)z2. ..c..eevevviiieeiiiiieiiieenn 231
Scheme 5-7. Dimroth ring opening of 1,2,3-benzothiadizole and reaction with Fe2(C0O)e.234
Scheme 5-8. Complex 5-7 reaction with various reagents. ...........ccccceevvieieiiiieic e 237
Scheme 5-9. Synthesis of Ir-diazoketone 5-12. ... 238
Scheme 5-10. Oxidative addition of HCI to form 5-13. ..., 239
Scheme 5-11. Reaction of 5-7 with DMAHCI. ......ccviiiii e 240
Chapter 6

Scheme 6-1. Possible nitrous oxide addition complexes from N20 and nucleophilic

transition metal COMPIEXES. ....oo.eiiiiiiiie e 245

XX1ii



Appendix

Scheme A-1. ‘Umpolung’ nitration method. ..., 248
Scheme A-2. Mechanism of Staudinger ligation. ............ccccooiii e 249

Scheme A-3. Proposed synthesis of N-nitroamides from phosphinimines and nitration.249

XX1V



List of Tables

Chapter 1

Table 1-1. Different assignments of multiple redox states of N2OR (Cuz is the active state;

CUz the INACHIVE STAtE). ...veiii i 5

Chapter 2

Table 2-1: Crystallographic data of N-nitroamides, N-nitrocarbamates, N-
nitrosocarbamates and N-nitro-p-tolylsulfonamide. ...........occoiiii e, 34
Table 2-2: Crystallographic data of potassium and ammonium salts of N-nitroamides, N-
nitrocarbamates, N-nitrosocarbamates and N-nitro-p-tolylsulfonamide. .............cccc......... 36
Table 2-3: Selected bond lengths (A) bond and torsion angles (deg) of N-nitroamides, N-
nitrocarbamates, N-nitrosocarbamates and N-nitro-p-tolylsulfonamides......................... 81
Table 2-4: Selected bond length (A), bond and torsion angles (deg) of potassium and

ammonium salts of N-nitroamides, N-nitrocarbamates, N-nitrosocarbamates and N-nitro-

POIYISUIFONAMIAE. ... e 86
Table 2-5. Amax, abs and Av values of 3.2 mM 2-6 in CH3OH and CHCls. ..........ccccecuveee.. 95
Chapter 3

Table 3-1: Crystallographic data for Ir()(n'-X)(CO)(PPhs)2 complexes and
IrO(CI)(CO)(PPh3)2. AGIN(SO2CF3)2]. +eeiuveeeiureeeiiieiiiee ittt 104
Table 3-2: Crystallographic data of Ir(ih(n2-X)(H)(CI)(PPh3)2 complexes........................ 106
Table 3-3: u(CO)(cm-"), bond length (A), bond and torsion angles (deg) of Ir)(n'-
X)(CO)(PPhs)2 complexes and Ir)(CIl)(CO)(PPh3)2.Ag[N(SO2CF3)2]. ...eeevivereiireiieeaneen 132
Table 3-4: Selected bond lengths (A), bond and torsion angles (deg) of Ir(h(n2-
X)(H)(CI)(PPh3)2 COMPIEXES. .....eeeiiiiiiieieiieet ettt 149
Chapter 4

Table 4-1: Crystallographic data for Re()(n2-X)(CO)2(PPhs)2.........coeeiveiniiiiiiiiieeeee, 182
Table 4-2: Selected bond lengths (A), bond and torsion angles (deg) of Re()(n2-

DO 1010 P Y d ) T TS PR 206
Chapter 5

Table 5-1: Crystallographic data for 5-7 and 5-8 complexes. ........ccccceiiiiiiiiiieenines 213

XXV



Table 5-2: Visible absorption bands of 5-2 and related triazoles in different solvents ... 224

Table 5-3: Selected bond lengths (A) and torsion angles (deg) of 5-7 and 5-8.............. 236
Appendix

Table B-1. Amax, abs and Av values of 3.2 mM 2-6 in CHsOH and CD3OD..................... 251
Table B-2. Amax, abs and Av values of 2.8 mM 2-7 in CHCls........cccoeevieeiniiiee e 252
Table C-1: Crystallographic data for 3-17 . ........c..oiiiiiiii e 255
Table D-1: Crystallographic data for 4-9’ in alternative space group P-1.........ccccco....... 258

Table E-1: Chemical shift changes dependence on variable temperature '9F NMR for 5-1.259

XXVi



List of complexes with labels.

Chapter 2

N-nitroamide

N-nitrocarbamate

N-nitrosocarbamate

N-nitrosulfonamide

R Label R' Label R?
CH, 22 CH, 2-4 CH,
CaHs 2-3 CzHs 2-5 CzHs
_ . “
K R\N/NOZ K \N/
H
R Compound R' X Compound
CHsC(0O) 22K CHs0 NO;, 2-4K
p-tolylSO, 2-8K CH10 NO 2-6K
Chapter 3
R
o)
PhgP,,,, WN—2Z
!
o™ PPhs
R z Complex
CH; NO, 3-3
CH;0 NO, 34
C;H:0 NO, 3-5
CH;0 NO 3.6
F3COZS\N/SOZCF3
|
Ag
PhsP, | CI
LN
oc” “PPhy
3-9
Chapter 4
PPhy s
oc,, | o )\
R N-O
oc”” | ¢
PPh,
R’ Complex
CH5C(0) 48
CH,0C(0) 4-9
p-tolylSO, 412
4 \
PPh, O: o PPh; Y
ocC, ‘ wO:
OC/,,,I .‘\N\ “l“"'Rel R
el N SN
OC/ ‘ \o/ oC ‘ \\
PPhg PPhg
4-10 4-11A
Chapter 5
||3Ph3
Cl—Ir'-N=N
PPhs N~
|
SO,C4Fg
5.7

Label R® Label
2-6 p-tolyl 2-8
2-7

o _
Ag* )k
o R NX
R X Compound
CHs NO, 2-2Ag
CH;0 NO, 2-4Ag
CH:O  NO, 2-5Ag
CHs0 NO 2-6Ag
Y
\
PhsP,,, wWN—NO,
el
ocC PPhj
Y Complex
p-tolylSO, 3-7
NO, 3-8

1, ‘

ARON

PPh, O> R
N

CI/‘ \OLN_O

PPhy
R Complex
CHs 311
CoHs 312
CH30 313
C.Hs0 314

oc.,, ‘ N
" Rel)
oc:/ ‘ o

PPh,

4-11B

N PPh
OQS‘4—N

XXVii



Chapter 1: Introduction

1.1 Nitrogen cycle and various nitrogen oxidation states

Inorganic nitrogen containing compounds are metabolised by enzymes in the
bacteria domain to its various oxidation states that play out in the biogeochemical
nitrogen cycle (Figure 1-1). The oxidation states of nitrogen that is present in the
natural environment range between +5 in NOj3™ to -3 in NH,". Almost all of these
enzymes contain transition metal complexes or clusters that catalyse the redox

reactions to convert the different nitrogen species in the nitrogen cycle.

NOj™ (+5)

Nitrite oxidase N,O, (+4) Nitrate reductase
NO, (+3)

Hydroxyamine Nitrite reductase
oxidase \
AMAMOX NO (+2)
Nitric oxide reductase o
Nitrification (NOR) Respiration
(denitrification)

D I W = NyO (+1)/ [N,051*
NH,0H (1) heterotrophic nitrification 20 (+1)/IN;02]
J\litrous oxide reductase (N,OR)

J Nitrogenase

N2 (0)

Ammonia
monoxygenase
NH," (-3)
Plants

Figure 1-1. The nitrogen cycle in the natural environment.'"

In many cases, these enzymes are located in environments that have limited
access to oxygen such as deep ocean or soil which give rise to a need for an
alternative source of electron carrier for respiration. The dinitrogen composition
of air is approximately 78 % but in its elemental form is not useful with regards to

both flora and fauna uptake. Therefore these enzymes play a very important role



in converting the different forms of nitrogen to allow the uptake and conversion
of nitrogen into the ecosystem.

In particular, the nitrogenase enzyme has been the main focus of research as it
plays an unique and essential role in ‘fixing’ dinitrogen in the atmosphere for
uptake by plants in the form of ammonium salts. The reduction of dinitrogen to
ammonia is a thermodynamically favourable process (-45.9 kJ mol™) but has a
high activation energy (420 kJ mol™) thus requiring a catalyst for the reaction to
be favourable.'! Most nitrogenase contains a unique and unusual MoFe;SoC metal
cluster that is the site of the catalytic reduction of N, to ammonia. Modern
methods of nitrogen fixation since the agricultural revolution include cultivation
nitrogen fixation from fodder legumes, fossil fuel combustion and the Haber-

Bosch process.m

1.1.1 Nitrous oxide reductase (N.OR)

The focus on nitrogen fixation, with regards to reduction of N,, for mainly
agricultural uses has however overlooked the important role that the enzyme
nitrous oxide reductase (N,OR) plays. N,OR catalyses the reduction of N,O to N,
(Equation 1-1).1
N,O + 2H* + 2¢ ———— N, + H,0 AG = -339.5 kJ mol"!
Ereq (PH7.0) = +1.35V
Equation 1-1. Reduction of N,O.

Even though the reduction is highly exogenic at standard conditions, the reaction
does not proceed at an appreciable rate without any catalyst. Nitrous oxide is a
very stable molecule such that minimal thermal decomposition occurs even at
temperatures between 400-530 °C.""! This phenomenon is attributed to the spin-
forbidden decomposition'® deriving an activation energy of around 250 kJ mol™
(Equation 1-2).17

2N,O

2N; + Oy E, = +250 kJ mol’

Equation 1-2. Decomposition of N,O.



Nitrous oxide is often perceived as environmentally benign and has a more
commonly known moniker as laughing gas. It is not an environmentally neutral
species formed during the denitrification process of the nitrogen cycle because it
is both a greenhouse gas and ozone depleting substance. Nitrous oxide’s ozone
depleting ability derives from its reaction with excited oxygen atoms in the
stratosphere which in turn generates various nitrogen oxides that contribute to the
destruction of ozone.™ It is also a much more potent greenhouse gas than carbon
dioxide."”) With a long half-life of around 120 years, coupled with its increased

[10]

emissions from both natural sources and anthropogenic process such as

[

combustion, agriculture use " and waste water treatment,[lz] nitrous oxide, with

its persistency, will become one of the main factors affecting climate change and
ozone depletion.* & ¥

The implications are that there is urgent need to better understand the functioning
of the enzyme N,OR. To this end, significant progress has been made in
understanding the biogenesis/gene-sequencing and structure of N,OR in recent
years.'* N,OR is a homodimer that consists of two metal sites that contains
solely Cu. Both the copper sites within N;OR do not conform to the standard

three types of Cu proteins from spectroscopic analysis.[ls]

1.1.2 N,OR Cuy, site

The two sites of N,OR have been designated Cu, and Cuz.“a] The Cuy site has

been identified as a dinuclear Cu complex that bears great similarity to the
mitochondrial-type cytochrome ¢ oxidase (Figure 1-2).1'%!
His\ /Cys\ /Trp

Clae) Cuan)

Met Cys His(583)

Figure 1-2. Cu, site of N,OR.



Cuy has been identified as a cupredoxin which makes it a redox active site with
low reorganisation energy and therefore recognised as the electron transfer site in

N,OR and cytochrome oxidase.[* 17}

1.1.3 N,OR Cugy site

The Cugz site, which is now identified as the catalytic site, is unique as it was
found to be the only tetranuclear Cu cluster with a sulfur atom bridging the four
Cu atoms. Although originally assigned as being an oxygen bridged cluster,!®
the bridging atom was subsequently corrected to a sulfur atom based on more
precise sulfur determination and also better resolution crystal structures (Figure 1-

3).[18]

His His
Figure 1-3. Cu,S core of N;OR Cuy site. X = H,0/0H "™ ¥ H,0 + OH " I
inhibited form,!"”! §(2)*.12"!

This is the first kind of CusS cluster found in enzymes which is as unique as the

MoFe cofactor in nitrogenase[zl]

or MnCa, cluster in the oxygen-evolving
complex (OEC) of photosystem IL1**) With limited precedence of such a Cu
cluster motif in enzymes, great interest was generated in deriving the machinery
of the catalytic reduction of N,O. Before such an endeavour could be attempted,
there was a need to resolve the different forms of the N,OR enzymes that have
been isolated this far.

Before structural determination of N,OR was achieved, different coloured forms

of the enzyme were reported. The different coloured forms of N,OR were due to

the protocols of isolation of N,OR, either aerobically or anaerobically and also the
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state of isolation, either as isolated or in the presence of reducing agents (Table 1-

1.

Table 1-1. Different assignments of multiple redox states of N,OR (Cugz is the
active state; Cuz the inactive state).

Cuy, state Cuy" state

[14b] [23]

Anaerobic (Cuy) Type Form

As isolated (fully oxidised) — [Cu'?"-Cu'’"] | (A): [2Cu*"-2Cu"]  I: [3Cu®’ - Cu":2S]
purple

Ascorbate reduced [Cu'"-Cu'] | B):[2Cu* -2Cu'] I [3Cu* - Cu':28]
Dithionite reduced [Cu'"-Cu"] | (O):[Cu® -3Cu’]

Cu, state Cu, ® state
Dithionite reduced [Cu'" - Cu'] III*: [Cu®" - 3Cu™":S]
Aerobic (Cug') Type Form

As isolated (fully oxidised) — pink ~ [Cu'’" - Cu'*'] | (D): [Cu®" - 3Cu] II: [3Cu*" - Cu":S]
Dithionite/ascorbate reduced - blue [Cu'" - Cu'] (E): [Cu*" - 3Cu'] III*: [Cu®" - 3Cu™:S]
Fully reduced (activated form)” [Cu'" - Cu'] (F): [4Cu"]

a: There is still a debate as to the true redox state of CuZ/CuZ*.
b: Form F has only been isolated under aerobic conditions (methyl viologen

reduced).!*"

The difference between the anaerobic and aerobic isolation of N,OR is that only
under anoxic conditions, can the Cuyz state can be obtained. However even

(251 Wwill result

anaerobic isolation of N,OR, using the strongly reducing dithionite
in the formation of the Cuy state. All oxic protocols give only Cuz" state. It is
also shown in Table 1-1 that mild reducing agents such as ascorbate will
selectively reduce only the Cuy site. This selectivity has been used to determine
the different ‘redox forms’ of the N,OR as will be explained next. For all the
crystal structures of N,OR obtained (Figure 1-3), the edge along the Cu(1)-Cu(4)
in the Cuy site has some residual electron density. Furthermore, all the Cu centers

except Cu(4) have at least two His ligands binding to it. In structures determined

prior to 2011, this residual electron density has been assigned either as water
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and/or hydroxyl jons.['%® 18191 Ap inhibited form of the N,OR enzyme using
sodium iodide was also shown to have an iodide ion bonded to the Cu(l) and

Cu4) centers.'”! Only recently in 2011, Einsle and co-workers!?”

, using
anaerobic methods of isolating N,OR, have determined that the residual electron
density along the Cu(1)-Cu(4) edge is actually a second sulfur atom, S(2). This
has been confirmed using modern techniques of sulfur determination and more
importantly by explaining the observed UV-visible spectrums of the different
forms of N,OR. The purple form of N,OR (form I) (Table 1-1) is usually
obtained only under anaerobic conditions. Form I N,OR has a distinct absorption
maximum at 538 nm which can be deconvoluted into separate absorption bands
due to the Cuu and Cuz centers. By using ascorbate to selectively reduce Cuy to
the [Cu" - Cu’] colourless state, B or form IIT (Cu” - d'’ complexes are usually
colourless due to absence of d-d transitions) (Table 1-1), the absorption
contribution of the Cuu can be removed to allow only the absorption spectrum of

20.26] This subspectrum of Cuy site has been modeled

[20, 23

the Cuy site to be observed.!
to show absorption bands at 552 and 650 nm Iand is designated as the Cuy
state. It is further suggested that the two transitions arise from the charge transfers
of the two sulfur atoms to the Cu atoms. Under oxic conditions, a pink form of
N,OR (form II) (Table 1-1) was isolated which shows a different absorption

(201 and this has

maximum due to the missing absorption contribution at 552 nm
been attributed to the loss of S(2) under such conditions. Form II N,OR has been
described as the Cuz" state in literature.'””! Prior to the work by Einsle ef al., the
Cuz and Cuy state of the Cuy site has been attributed to the oxidation states of the
Cu atoms which is believed to derive from the active/inactive state (Table 1-1).
The difference in the classification: oxidation states of the Cu atoms versus the
presence of S(2) of the CuZ centers from their UV-visible spectrums is still a

subject of debate. This is complicated by recent findings of a new Cuy° state!*"!

and a purple form of N,OR™ isolated under aerobic conditions."** 1 An
extension of the controversy is that for form I N,OR, the first reduction by
ascorbate is quick but a second much slower reduction'! by sodium dithionite is
required before the enzyme is catalytically active (induction period). Compared
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with the newly discovered Cuz’ state, which does not need an induction period to
be active, it is a puzzle as to what is the main determinant to represent the true
form of N,OR. Electron paramagnetic resonance (EPR) measurements of the
catalytically active state of form I will have been useful in allowing a better
comparison with this new Cuz’ state. Currently the two groups of researchers

involved in this debate are also using different species of the N,OR enzyme.

1.1.4 Nitrous oxide binding location in N,OR

The next topic of debate relates to the electron transfer pathway and N,O binding
site in N,OR. Solomon et al.* had proposed a possible N,O binding site along
the Cu(l) and Cu(4) edge, through actual N,O reduction by N,OR of a fully
reduced Cuyz state F (Table 1-1) together with Density functional theory (DFT)
optimised models (Figure 1-4) prior to the work of Einsle et al.l*"

His His His His

/ 0= N/

N—Cu(1) “Nx\—-Cu(1)

7,
VAN N\
4 His His

\ SN/ SN/

UC) Cu(3) Hilu) Cu(3)
\ / \His \ / \His
Cu(2) /CL<2)
His \Hls His His
1-1A 1-1B

Figure 1-4. DFT calculated geometries of N,O complexes of Cuyz site. 1-1A is
fully reduced [4Cu’] and 1-1B is [Cu® - 3Cu'].

Model 1-1A shows nitrous oxide bound in a side-on fashion compared to 1-1B
which is in a linear form through the terminal nitrogen. The N,O binding energy
of 1-1A is larger compared to 1-1B and together with then-current experimental
results, EPR, UV-vis spectroscopy, magnetic circular dichroism (MCD) and X-
ray absorption spectroscopy (XAS) studies, the authors proposed 1-1A to be a
very likely model for N,O binding and reduction. The N,OR dimer is also bound



in a head to tail orientation of the monomers with the Cuy site of subunit 1 about

10 A from the Cuz site of subunit 2 (Figure 1-5). The authors also proposed

suitable electron-transfer pathways between Cuya subunit 1 and Cuz subunit 2.5

Subunit 1

Cua 40 A

10 A \ Cu

z

Subunit 2

Figure 1-5. Orientation of subunits in N,OR.

The above model 1-1A is now put into question with the most recent
crystallographic structure of N,OR. With S(2) located in the proposed bound
position of N,O (Figure 1-3), a new binding site for nitrous oxide has been
proposed. Nitrous oxide was pressurized with the crystals of form I N,OR and
was located at a hydrophobic channel near the interface of subunit 1 and 2
between Cu, and Cuy site (Figure 1-6).1*”) Of particular note is that His(583) in
Cua site 1s now coordinated to Cua); NoO-free NoOR has His(583) un-
coordinated to Cua(). The nitrous oxide molecule is not found to be coordinated
to either Cua or Cuy sites with the closest Cu-N,O distance at least 3.1 A. The
nitrous oxide molecule is positioned in a side-on manner to the (3Cu-2S) surface
formed by Cu(1), Cu(2), Cu(4), S(1) and S(2) atoms at the Cuy site. Based on the
observed substrate induced His(583) coordination, together with the substrate
location between the two metal sites, the authors proposed that Cuy is not the
actual catalytic site but a metal cluster that is able to ‘prime’ N,O for direct
reduction by the Cu, site.!”! This proposition is highly unlikely due to the need
for two simultaneous single electron transfers to reduce N,O to N, during which

highly reactive oxygen radicals may form.""J,



Trp
His(583)
\

CUA(1)

Cys/ \

\ /Cys
Cu
His™ \ 2
o\\ Met
N
N
Cu(2). "
S(1)ZQu(4)—S(2)

N/

Figure 1-6. Form I N,OR with N,O bound. His ligands for Cuz site are not
shown.

The kinetic inertness (Equation 1-2) of nitrous oxide hinders its potential as a
green oxidant (Equation 1-1) for industrial processes as the only waste product
from this process is N,.*! Nevertheless some applications of nitrous oxide as an
oxidant have been developed e.g. oxidation of benzene to phenol.”¥ However
extending the scope of such oxidation reactions have been limited even with

>3 We believe that a better understanding of N,O reduction

extensive research.|
to N, through coordination chemistry will allow further development in this area.
A particularly interesting example to highlight is the dicopper-disulfido cluster
complex reduction of N,O which bears much similarity with the N,OR Cugz

cluster in the UV-vis absorbance changes (Scheme 1-1).1°!

+

(‘N/ X (L)Cu 2+ (X9, 2+ (X)
N S 2
\Nfs\lu—NCCHg, NagSe /s/—\s — |wou/ >cuw)
Q/N\ (L)Cu CuL)f =~ S
excess
N~ [(L)Cu(CH3CN)](X)
L= & _/N— N2O
N < N
2
X = SbFg", SO,CF3 [(L)2Cuz(OH)2](X)2

Scheme 1-1. Reduction of N,O by Cu,S; cluster to N.



1.2 Coordination chemistry of nitrous oxide, N,O

1.2.1 First transition metal N,O complex

The first N,O complex was prepared by both Diamantis®®® and Taube” in their
investigations of [Ru(NHs)s(H>0)]*" salts with N,O to give a compound identified
as [Ru(NH3)s(N,O)](Xz) (X = BF4, Br), (1-2) from IR spectroscopy,

decomposition gas evolution and elemental analyse (Equation 1-3).

[Ru(NH3)5(OHo)J2* + N,O s==—==—=== [Ru(NH3)5(N;O)]** + H,0

1-2

1-2 + 2H* + 2e [Ru(NH3)s5(N)** + H,0

Equation 1-3. N,O reaction with Ru complex.

This compound is unstable and depending on the reaction conditions® (e.g. N,O
pressure, use of additional external reducing agents as [Ru(NH;),(OH,)]*" is a
strong reductant) tends to give variable yields and product mixtures raising doubts
on the purity of the samples due to the differences in the IR spectroscopy
reported.
Bottomley et al P! established an alternative method to [Ru(NH3)s(N,0)](Y)z (Y
= Cl, Br, I) (1-2) by the reaction of [Ru(NH3)s(NO)](Y); with hydroxylamine
hydrogen chloride, NH,OH.HY which gave a reasonable and good purity of the
product (Equation 1-4).
[Ru(NH3)5(NO)** + NH,OH + OH" ———>=  [Ru(NH3)5(N,0)]** + 2H,0

1-2
Equation 1-4. Synthesis of Ru N,O complex.

The IR characteristics for this compound are a strong band in the 1160 cm™
region and a weak band in the 2250 cm’! assigned to the v; and v; mode of the
coordinated N,O respectively (gaseous N,O has bands at 1286 and 2224 cm™).**"
Unfortunately no suitable single crystals for the compound (1-2) could be
obtained due to the rapid dissociation of N,O in 1-2 in solutions. The lack of

definitive structural connectivity gave rise to debates on whether the N,O ligand
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binds to the Ru metal through the N or O terminus atom.*”! This debate has since
been put to rest with a thorough and careful analysis of IR, Raman and electronic
structure with comparison to DFT calculated values using isotopic N
substitution of the N,O ligand of the Ru complex.[4l] The results are best
described as N,O bound to Ru through the N-terminus atom in a linear geometry.

Since the discovery of 1-2, no complexes of N,O as a ligand have been isolated
till 2009. However multiple reports on attempts at N»,O complex formation have
resulted in mostly metal oxide complexes*?! (mostly from O-atom abstraction),
metal nitride with metal nitrosyls'*! formation and oxidised side products such as
phosphine oxide.*" Other instances of N,O reduction to form N, complexes have
also been reported.”>**! The rarity and difficulty of forming such N,O complexes
also gave rise to a series of articles using computational methods to account for

N,O and complexation reactivity.[%]

1.2.2 Frustrated Lewis Pairs N.O complex

The start of the renaissance of N,O complexation began with the first example of
a frustrated Lewis pair (FLP) complex containing N,O by Stephan et al. (Scheme
1-2).147

®
N2O (t-BU)3P_N\\ - N2 ®
P(t-Bu); + B(CFs),R — N=0_ — (t-Bu)sP—O—B(CsF5),R
RT B(CeFs5)2R  heat ©
S
1-3a: R = C6F5
1-3b: R =Ph

Scheme 1-2. Formation of N,O FLPs.

Subsequently articles featuring such modular assembly of nitrous oxide with other
FLP components such as Zn, Zr and Ti Lewis acidic complexes have been

8] The crux of the formation of nitrous oxide FLPs has been attributed

reported.
to the strength of the Lewis basicity of the nucleophile as facile Lewis acid
substitution can still occur once the FLP complex is formed.[***! Nucleophiles

which are less basic e.g, nitrogen bases or P(o-tolyl);, do not result in the
11



precipitations (essential step) of the FLP complex formation. Further
investigations of the N,O FLPs reveal that heating or prolonged exposure of the
non-precipitated phosphines to N>O result eventually in the formation of

phosphine oxides.[**"!

1.2.3 First structurally characterised transition metal N,O complex

The real breakthrough of an actual N,O complex fully characterised was obtained

by Chang ez al.™* in 2011 (Scheme 1-3).

R = mesityl 1-4

Scheme 1-3. Synthesis of vanadium N,O complex.

In the single crystal structural determination of 1-4, the N,O ligand was found to
bind through the terminal N atom in a linear arrangement which is similar to 1-2
proposed by both Bottomley and Taube. The atomic assignment of N,O in 1-4
was confirmed with "N'°NO substitution in IR spectroscopy and also DFT
calculations using a basis set derived from crystallography determined structures
followed by geometry optimisation. The binding of N,O to the vanadium metal
was also found to be labile in solution such that application of a reduced
atmosphere results in the loss of N,O and the formation of the starting complex.
Since the announcement of this remarkable complex, no further news regarding 1-

4 for catalysis or mechanism of activation for N,O has been reported.

1.2.4 N-heterocyclic carbene activation of N,O

More recent advances in N,O coordination/activation has been reported when N-
heterocyclic carbenes are shown to react with nitrous oxide to generate a

previously unknown N,O adduct (Scheme 1-4).°"
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)

N

: + NNO— [+) N R = mesityl
[N> THF, RT | N>_ 'N=0
R R
CH,l )
R
RT. hv N
R [ >:N |3_
1-5a:R=R‘=CH3 NN
1-5b: R = jPr, R' = H R’

Scheme 1-4. Synthesis of N-heterocyclic N,O adduct and reactivities.

N-heterocyclic carbenes are strong Lewis bases and have found been found to
activate other small molecules such as carbon dioxide.”"! Compounds 1-5 are
similar to N,O FLPs such as 1-3 except that no Lewis acid pairing is required for
the formation of the addition adduct. Compounds 1-5 are also stable to both water
and air, however heating 1-5 results in a facile loss of N, to generate a urea
product (Scheme 1-4) and reaction with CH;l with UV radiation give a
guanidinium salt product from N-N scission.

Compound 1-5a has been further reacted with a vanadium complex to generate a
vanadium oxo complex coupled with an insertion into one of the V-C bonds to

give a hydrazine-like complex (Scheme 1-5).°%

R Mes
| ; Mes
o e Nl
[+)>—N\ + V(Mes)3(THF) —> N\ [ =N—V—Mes
'Tl N=0 Mes/ N\—/V\—Mes toluene, 80 °C N |
) \ Mes , Mes  N(Mes),
|
R = mesityl Mes
1-5a

Scheme 1-5. O-abstraction of N,O carbene adduct.

The O-abstraction reaction product is often encountered in early transition metals
due to their oxophilic nature. Subsequent heating of the complex ruptures the long

N-N bond of the hydrazine-like ligand.
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The above examples of N,O complexes and activation so far have provided some
possible details into the mechanistic activation of N,O by N,OR. The vanadium
N,O complex characterised by Chang et al. has proven yet again that N,O is a
poor ligand shown by the lability of the N;O molecule even on coordination. No
further reports of 1-4 with regards to N,O activation or reactivity are known. The
successful activation of N,O towards decomposition to N, and O atom by N-
heterocyclic carbenes is a clue that such activation requires a strong
nucleophile/Lewis base attack on the terminal N atom of nitrous oxide. This is
further supported by nucleophilic addition to the terminal nitrogen of N,O in the
synthesis sodium cis-hyponitrite from the reaction of sodium oxide and N,O gas
(Scheme 1-10).15%!

This is in agreement with our hypothesis that the sulfur atoms in the N,OR are
probable nucleophiles which attack the terminal nitrogen of nitrous oxide in the
first stage of the activation before protons are transferred to effect N-O cleavage
and water formation. Therefore the Cu, site in NOR may not be a site for N,O
coordination but is instead a strong nucleophilic reagent that attacks N,O to form
an intermediate which is more reactive towards decomposition to release N, and
water. Such chemical reactivity is actually very relevant in biological process with

regards to Zn enzymes such as carbonic anhydrase (Scheme 1-6).

|
CO, + H0 — —e H,CO5
OH2
Zn2+
His™ H|s H*
_H/ fast \"20
O C:-0
. 9)\@
(l)H
/Zn
__7Zn?* His ‘L
His™ T his |l|iSHIS
His

Scheme 1-6. Formation of carbonic acid catalyse by carbonic anhydrase.
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Based upon this concept, we proposed to synthesize N,O-precursor adduct

complexes that may mimic the N,O reduction process in NoOR (Scheme 1-7).

N=N-O
Nu—N
LAM—Nu—N « » .
LnM—Nu:j—> n N LM, || <=+ ...
/ O—N
(0]
Nu=S, N, O orany various N,O-adduct precursor coordination complexes

other atoms or ligand

Scheme 1-7. Proposed N,O-adduct precursor coordination complexes.
The complexes synthesized will be studied for their reactivity which may provide

additional information for understanding N,OR functionality.
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1.3 Nitrous oxide adduct precursors

In the natural environment, N,O is formed from the reduction of nitric oxide (NO)
by the heme-based nitric oxide reductase (NOR)!" (Figure 1-1). Thus NO itself
could be a potential precursor to N,O, through the reductive coupling of NO to
give N,O is very uncommon.”* The chemistry of nitric oxide is known to give
rise to 1) a kinetically important dimerization to give [NO], and 2) facile

disproportionation by both NO and [NO], (Equation 1-5).

3NO NO, + N,O
Equation 1-5. Disproportionation of NO and [NO],.

It is however not a suitable precursor to N,O as the reactions are complex and
difficult to control. Other possible precursors of N,O are the hyponitrites, nitroxyl

and nitramide. An alternative pathway to N»O is by heterotrophic nitrification

from hydroxylamine which is still poorly understood.

1.3.1 Hyponitrites [N,O,]*

Hyponitrites as salts of the corresponding hyponitrous acid have been since the

0.P°! There are several ways of

first discovery of hyponitrites by Divers in 187
making hyponitrites of which two of these are the more commonly used method.
The first method was developed by Divers through the reduction of sodium nitrite
with sodium amalgam and modified by Addision and co-workers (Scheme 1-
8).¢!

NaN02 + Na/Hg - N32N202 + Nzo +
Scheme 1-8. Reduction of sodium nitrite with sodium amalgam.

This preparation gave poor yields and is often contaminated with unreacted
sodium nitrite, sodium hydroxide (from sodium) and sodium carbonate (CO; in
the atmosphere). Subsequent attempts at improving the synthesis was reported by
Polydoropoulos through purification by formation of the silver hyponitrite and

[57]

reconverting back to the sodium salt with sodium iodide. An overall

improvement using this reduction method was reported by Hughes.”®! The
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alternative method involves the reaction of nitrous acid with hydroxylamine and
its derivatives."” The yield from this method varies depending on the source of
the actual nitrosating reagent.

There are three possible structural isomers of hyponitrite as shown in Figure 1-7.

In all the discussion above, no mention of which form of hyponitrite has been

isolated.
2- _ 2-
Q o ol? O
N= N\ \N :N/ N :N\
(0] (@)
trans-hyponitrite cis-hyponitrite nitridonitrate

Figure 1-7. Possible isomeric forms of [N,0,]*".

Electronic excitation studies of the hyponitrites have only been able to identify the
presence of the N=N bond which tends to give an absorbance around 248 nm (& =
6900),°* therefore vibrational spectrum is required to differentiate the isomers.
The molecular point group symmetries of trans-hyponitrite, cis-hyponitrite and
nitridonitrate are C,,, Cy, and C,y respectively. Based on the mutually exclusive
rules of the IR and Raman bands for C,;, symmetry, experimental evidence
assigns the hyponitrites obtained from the above methods as frans-hyponitrite.[”
These assignments were confirmed with the structural determination of trans-
hyponitrous acid and its various anions by X-ray diffraction./®’! The mechanistic
study of sodium frans-hyponitrite is well covered.[®” There has been much
speculation that the synthesis of sodium hyponitrite from the reduction of sodium
nitrite or nitrosation of hydroylamine involves the formation of both cis and trans
hyponitrites. However as the cis is believed to be kinetically unstable to its
products, it rapidly decomposes to give nitrous oxide leaving only the sodium
trans-hyponitrite upon isolation. This preposition lends itself some weight due to
the fact that vigorous evolution of nitrous oxide is always observed during the
synthesis of sodium trans-hyponitrite which accompanies its low yield. These
outcomes are in contrast with high level computational studies of the isomeric
forms of hyponitrous acid which predicts that cis-hyponitrous acid is more stable

than frans-hyponitrous acid.*”!
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Since then multiple attempts to synthesize cis-hyponitrites have been met with the
first successful synthesis of a Pt cis-hyponitrite complex which was obtained with
low yields from the reaction of Pt(PPhs)s with nitric oxide by reductive NO
coupling (Scheme 1-9).[%!

PhP.
NO 3
_ N Se” |
Pt(PPh3),

Scheme 1-9. Synthesis of cis Pt(n*-N,0,)(PPhs)s.

The first successful synthesis of sodium cis-hyponitrite was isolated from a high
pressure and temperature gas-solid reaction of nitrous oxide with sodium oxide
(Scheme 1-10).1°% 63

Na,O + excessN,O ——> NaQ ONa + ...

360°C, 2 h NN
Scheme 1-10. Synthesis of sodium cis-hyponitrite.

The compound was structurally characterised from its powder diffraction pattern
with vibrational analysis and conditions had to be optimised to get a decent yield
as it decomposes over prolonged reaction times and is sensitive to moisture. In
further elaboration, the authors were actually trying to synthesize the third
isomeric form of hyponitrite, the nitridonitrate form (Figure 1-7), which by
serendipity was isolated as a cis-hyponitrite.

To date, more examples of cis-hyponitrites have been synthesized mostly by the
reaction of diazeniumdiolates with transition metal complexes (Scheme 1-11).
These diazeniumdiolates are in turn obtained from the reductive dimerization of
NO. These cis-hyponitrites are always isolated as chelate complexes which tend

to decompose on heating releasing nitrous oxide.
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OH 0]

NO MLRCh, L, 97N
— — - MO Il
- N

CH30 -

3 07 N=N . o
~ '3 \ _
o] o L = various phosphines
M = Ni, Pt

Scheme 1-11. Formation of cis-M(L)>(1°-N,0,).

Hyponitrous acid and the related hyponitrites discussed above produce nitrous
oxide on decomposition but are generally made in low yields and their limited
reactivity have shown them to readily decomposed to nitrous oxide. Formally,
nitrous oxide can be considered the anhydride of hyponitrous acid (Equation 1-6).
N,O + HLO ——> H,N,0,

Equation 1-6. Proposed ‘Hydration’ of N,O to give hyponitrous acid.

Hyponitrous acid as possible precursor of nitrous oxide, has limited reactivity that
can be carried out to better understand nitrous oxide reduction. The related
nitridonitrate isoform (Figure 1-7) will be discussed in section 1.3.3. The
hyponitrites with relation to hyponitrous acid display marked differences in
stability with regards to pH of the solutions. As hyponitrous acid is a weak diacid
with estimated pKa; = 7 and pKa, = 117, different dominant species are present
in solution depending on pH which contributes to differences in decomposition
pathways. At pH < 4, the dominant species is the protonated form of hyponitrous
acid which slowly decomposes to give N», NO and N,0.°*] Between pH 4 — 11,
the dianion [N,O,]” is stable, with the free acid relatively stable too. However the
monoanion [HN,O,] is very unstable and rapidly decomposes to give N,O and
hydroxide (Equation 1-7) which attacks the free acid resulting in a chain

decomposition.

[HN2O,] N,O + OH"

Equation 1-7. Decomposition of [HN,O,]".
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1.3.2 Nitroxyl (HNO)

A possible alternative for the nitrous oxide precursor comes in the form of the
nitroxyl (HNO) molecule. The existence of nitroxyl was first described in separate
reports by Angeli’® and Piloty!”” towards the end of the 19™ century. The
reagents from these reports that generate nitroxyl were henceforth named Angeli’s
salt (Na;N,O3) and Piloty’s acid (PhSO,NHNOH). Nitroxyl in both the reports is
said to be an intermediate that arise from the decomposition of the reagents and
much work has been done to better understand its chemistry, particularly its
biological chemistry.

The main obstacle in understanding nitroxyl chemistry is due to its rapid
dimerization to give nitrous oxide and water which is proposed to proceed
through the transient cis-hyponitrous acid as mentioned in the above section

)[71]

(Equation 1-8)"""! which may be exploited as a source of N,O.

2HNO — N;O + H,O

Equation 1-8. Dimerisation of nitroxyl to give N,O and water.

There are various HNO sources in literature,'’*! but Angeli’s salt and Piloty’s acid
or its derivatives (some synthesized readily from hydroxylamine and sulfonyl
chlorides)!” are usually the common reagents used to generate HNO."? 74

There have been various studies carried out on the decomposition of Angeli’s salt
and it is generally accepted to undergo a pH independent decomposition between

pH 4 - 8 (Scheme 1-12) by the initial protonation of the nitroso oxygen,

rearrangement and finally N-N bond scission.>® ¢ 7!
e O H* HO o) -0 0o
SNEND s TN =N S O F ——= HNO + NO;
O_ o_ e 5

Scheme 1-12. Decomposition of Angeli’s salt.

As nitrite is released with the formation of HNO, the presence of excess nitrite in
solution has been found to suppress the decomposition of Angeli’s salt which

demonstrates some extent of reversibility of the decomposition.[sg] At pH < 3,
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Angeli’s salt will decompose to give solely NO from a different decomposition
mechanism that has yet to be elucidated. It is stable at pH > 9.

In contrast, Piloty’s acid however undergoes base catalysed decomposition to give
HNO (Scheme 1-13) through the initial deprotonation of the sulfoxamic proton

and S-N bond cleavage.’" %

(0] O
H- T Il

Qg_H_OH O—» ﬁ—N—OH —_— § + HNO
o o) o-

+ H,0
Scheme 1-13. Decomposition of Piloty’s acid.

At pH > 13, the rates of decomposition of Piloty’s acid is similar to Angeli’s salt
between pH 4 — 8 allowing the opportunity to utilise the reagents according to the
required conditions to generate HNO. Extra precautions (under an anaerobic
atmosphere) must however be taken when using Piloty’s acid in alkaline
conditions as it readily undergoes oxidation to form nitroxide radicals which
decomposes to give NO.!"®

Nitroxyl and its related anion, NO, are of significant interest with relation to
physiological studies stemming from their close relation to the nitric oxide radical
which plays a major role in cellular metabolism. HNO and NO™ may be related by
simple acid-base relationship however fundamentally may exhibit very different
reactivity due to the difference in their ground state spin states. NO™ is
isoelectronic to O, which derives a triplet ground state while HNO is known to
have a singlet ground state. The kinetics of transformation between HNO and NO”
have been a topic of some debate with results reported by flash photolysis
concurrent with DFT calculations by Shafirovich et al. to be generally
accepted.l’”!

HNO coordination chemistry is relatively sparse in comparison to the huge
number of metal nitrosyl (M-NO) complexes that are available. There are limited

methods of synthesizing HNO complexes: 1) protonation of nitrosyl ligands

through HCI addition”® or C-H activation;”! 2) hydride addition to nitrosyl
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ligand;®*” 3) Oxidation of hydroxylamine ligand™®" and 4) NO" insertion into a

metal hydride bond (Scheme 1-14).5%

PPh;

OCii. A .Gl

Os'

O\\,Tl/ ‘ ¢

PPh;
HCI OCu,,,, | ..wCO

M(NO)(CO)(CI),(PPhs), O™ ‘e\CI

|
M=Os (x = ,Z2=2) H  PPh,

M Re (x =z =2y 0)

=Ir(z=3,x=y=0) 2HCI
\ PPh3
HI/,,“J ._\\\\\CI

p
O\\'T‘/ ‘ \CI
H  PPhy

€2

(Me)sC

(Me);C C(Me);

Ny
NO WS
PPh, PPh,
Pb(OA
ocl,,,,R‘ CO (OAC)s OC/""R’ CO
e e
Os
HO—H/ ‘ ~co ‘ITI/ ’ ~~co
2
PPh H  PHPh,
PPhs PPhg
.
OCi, ) wCO INOTTX] 0C.. | ..Co
H™ ‘ ~co O\N/ ‘ \CO
PPhs H PPhy

X= SO3CF3, PFB, BF4

Scheme 1-14. Synthetic methods to HNO complexes.

(Me)sc \ CMe)s  NaBH, (Me)gcj@j R"
S/ \S - l

C(Me);

C(Me)s

In all the above examples, there is a distinct resonance between 8 = 19 — 23 ppm

in the "H NMR spectrum which is assigned to the proton of the HNO ligand. The

recent discovery of HNO-bound myoglobin has important biological implications.

Much effort into understanding the chemical and biological properties of this
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HNO-myoglobin has been made.'™ Recently an article regarding the synthesis of
LiNO™ was reported which could potentially be used to access HNO complexes,
however the findings from the report are not convincing in confirming either the
purity or identity of the putative LiNO salt.

HNO is therefore a possible molecule that could be used as a precursor for N,O,
however the pH dependency and facile redox behaviour of the HNO sources such
as Angeli’s salt and Piloty’s acid makes it a difficult reagent to work with.
Furthermore, the nitroxyl complexes obtained so far are mostly through nitrosyl
ligand reactivity, which makes accessibility of the possible HNO complexes less

likely.

1.3.3 Nitramide (H,NNO»)

Nitramide, 2-1, is the simplest nitroamide where one of the hydrogen of ammonia
is substituted for a nitro group. Compound 2-1 was first synthesized by Thiele and
Lachman from the acid hydrolysis of dipotassium nitrocarbamate'®! (Equation 1-
9).

@)
KOTNNO, oo™ H,NNO, + CO, + 2KHSO,

K* 241

Equation 1-9. Synthesis of nitramide by Thiele and Lachman.

A modified three-step synthesis using the above preparation was reported by

Marlies et al.*®

starting from the nitration of ethyl carbamate using ethyl nitrate
and has been the method of choice even though this multi-step synthesis is tedious
and gives a low yield.

There are several possible isomers of 2-1 (Figure 1-8) and the assignment of the
correct isomer was a point of contention during the initial discovery during the

period in the early 19™ century.®”!
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OH OH
/

H, S
‘N=N"© HN=N N=N-OF HO  OH N=N
H o) o OH N=N g
1-6A/2-1 1-6B ] .
1-6C 1-6D 1.6E
_OH H
HN-N HO—N\NO
o
1-6F 1-6G

Figure 1-8. Possible isomers of nitramide.

Based on the method of synthesis and reactivity, Thiele had suggested isomer 1-
6A to be the correct isomer. Hanztsch differed and proposed isomers 1-6D and
eventually 1-6B due to the high acidity of the protons in nitramide with he
believed to be due to the presence of the OH groups.®™ Isomers 1-6C, 1-6D and
1-6E were mentioned in the hyponitrite section and correspond to the possible
free acid form of hyponitrous acid (Figure 1-7). As mentioned above, the structure
of hyponitrous acid was eventually assigned as trans-hyponitrous acid, 1-6E, with
mentioned that cis-hyponitrite, 1-6D, as kinetically unstable. Subsequent
preparation of N-nitrosohydroxylamine also ruled out the possibility of isomer 1-

6G as the isomeric form of nitramide.®”!

The structure of 2-1 was confirmed as that of isomer 1-6A by Raman,”” IRP"
and single crystal diffraction studies.”?! UV-vis absorbance!”” (H20, Amax = 207
(6300)) and 'H and "N NMRP?- 94 parameters were also obtained in later
studies. The N-H protons of nitramide do not fall in the usual range for common
amides and amines (6 =4 — 6 ppm) but are located between 8 — 10 ppm increasing
with increasing polarity of the solvent. An interesting structural aspect of
nitramide relates to the planarity of the nitramide molecule. Microwave
measurement carried out in gas—phase[gs] indicate the molecule to be non-planar
between the NH, and the NNO, plane and gas phase calculations indicate an

inversion rotation barrier of about 6.3 kJ mol™."® In contrast, X-ray single crystal

[92b

diffraction studies at room to various low temperatures””>* show an increasing

planarity of the molecule as temperature decreases. The N-N bond lengths in 2-1
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and trans-hyponitrous acid are 1.322(2) A and 1.226(4)!" respectively which
represents the N-N bond order in nitramide is less that of hyponitrous acid.
Nitramide is known to decompose to give nitrous oxide and water (Equation 1-
10).
H,NNO,

N,O + H,O
Equation 1-10. Decomposition of nitramide.

This decomposition is usually catalysed by the presence of base. It should be

mentioned that after Bronsted proposed””’ the well-known theory of Bronsted-

(98]

Lowry acids and bases, Bronsted studies on acid-base catalysis'' was derived

from catalytic decomposition of nitramide."*”!
There are two possible pathways of decomposition by 2-1. The conventional
pathway was first proposed by Brensted to involve the tautomerization of

nitramide to the aci-isomer 1-6B before deprotonation and formation of nitrous

oxide and hydroxide (Equation 1-11).%%% 1%
H, e} /OH B- _

N:N/ HN=N — BH + Nzo + OH
H el \O

Equation 1-11. Conventional base-catalysed decomposition of nitramide.

This first pathway was found to be applicable mostly to bases with a conjugate
acid of pK, < 8. When the conjugate acids of stronger bases are used as catalysts,
pKa. > 10, such as hydroxide, nitramide decomposition was found to follow
general base-catalysed decomposition where isomerisation is not involved in the

decomposition (Equation 1-12).['°!

H o -H L B
N=N{_ === HN=ND — BH + N,0 + 0%
H (0] \b

Equation 1-12. Second pathyway of base-catalysed decomposition of nitramide.

In general both pathways can exist simultaneously when the values of pK, of
conjugate acid of the bases fall between the limits described above. The kinetics
of the decomposition has also been examined by theoretical ab initio methods.!%*!
Nitramide can also undergo acid-catalysed decomposition. In dilute acid

solutions, the behaviour is similar to neutral solutions, where water acts as the
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base for 2-1 decomposition.”” A proposed mechanism involving two water

molecules in cyclic arrangement is proposed (Scheme 1-15).1'%]
_ Ho-
/
e
H .0 _\-OH H-o- TN H
N=NTJ === HN=N_""+ 24,0 — — N,O + 3H,0
H o o) OH
H
A
N—N\
— O -

Scheme 1-15. Proposed decomposition mechanism of 2-1 by water.

In stronger acid solutions, an alternative mechanism of decomposition is proposed

that is through the O-protonation of the aci-form 1-6B followed by nucleophilic

attack of a water molecule to generate nitrous oxide and water (Scheme 1-16).['%!

H 0 JOH H™  ~ Con
N —N- _— = — - 2
,N_N\O HN N\ - > /N_N\

0] H (0]

—— Nzo + Hzo + H30+

H,O
Scheme 1-16. Proposed mechanism of acid-catalysed decomposition of 2-1.

In spite of numerous reports on the properties of 2-1, there is only a single report
of a nitramide complex (Scheme 1-17).
Hg(NO3), + 221 ———» Hg(NNO,) + 2HNO;
1-7
Scheme 1-17. Synthesis of Hg(NNO,).

Complex 1-7 is formed from the reaction of Hg(NO3), with 2-1 which precipitates
out of solution as white solids. The IR spectrum of 1-7 shows a medium intensity
band at 1053 cm™ which is assigned to the N=N stretch in Hg(NNO,).'"* The
white 1-7 solids are friction and heat sensitive, decomposing explosively to
evolve N, and yellow HgO. The formation of 1-7 is attributed to the increase
covalency of mercury compounds. Complex 1-7 is stable in the mother liquor and
acid media for days, but decompose at a faster rate in other solutions. Attempts at
using 1-7 as ‘[NNO,]** transfer fragments were unsuccessful. Bubbling H,S into

a suspension of 1-7 regenerates 2-1 with the formation of HgS.!"**! The protons on
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2-1 are acidic as indicated by the reaction with Hg(NOs),. Even though 2-1 is a
diprotic acid, experimentally, only one pK, value of 6.6 has been obtained. This is
because both the monoanion [HNNO,]  as shown above and the dianion,
nitridonitate [NNO,]*, are very unstable and acts as its own base generating the
following chain reaction (Scheme 1-18).['*

INNO, > — N,0 + 0%

0% + H, 0 —— 20H"

2H,0 + [NNO,J*

H,NNO, + 20H"
Scheme 1-18. [NNO,]* self-catalysed decomposition.

The decomposition pathway is both similar and in contrast to hyponitrous acid as
shown in section 1.3.1 where both the monoanions [HON=NO] and [HNNO,]
are unstable while the trans and cis hyponitrite salts [ON=NO]> are relatively

more stable than the nitridonitrate dianion of 2-1 (Figure 1-7).
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1.4 Conclusion

The N,OR enzyme plays an important and significant role in converting nitrous
oxide into N, for fixation and current information on the active form of the
enzyme is still under debate. With increasing N,O emissions from man-made
processes which contributes to climate and environment changes, a greater
understanding of N,OR operations is essential that may contribute eventually to
its potential use as a mild oxidant. The current knowledge about N,O with regards
to coordination chemistry is that N,O is a very poor ligand which contributes to
the limited reactivity associated with the gas. The complexes or adducts of N,O
for a long time have been poorly characterised with significant improvement only
in recent times.

To contribute to this emerging field of study, we propose the synthesis of
precursor adducts of N,O possibly from nitramide or related nitro compounds for
reaction with transition metal complexes to give new coordination complexes.
The new N,O-precursor adduct complexes will be investigated for reactivity

studies which may provide new insight into N,OR functions.
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Chapter 2: Synthesis of Nitrogen Acids

2.0 Introduction

To pursue the synthesis of N>O precursor complexes, nitramide (2-1) was chosen
as a suitable candidate. The related compounds: N-nitroamides, N-
nitrocarbamates, N-nitrosocarbamates and N-nitrosulfonamides were also

considered (Figure 2-1).

1 i
o)
N=NZg R' “NHNO, RZJ\NHNOZ
2.1 2-2:R"=CH, 2-4: R? = CH;0
2-3: R'=C,H; 2-5: R? = C,Hs0
N-nitroamides N-nitrocarbamates
O
AL 0
R NHNO R4‘§_NHN02
5 O
2-6: R°=CH
CHsO 2-8: R* = p-tolyl

2-7: R® = C,Hs0

. N-nitrosulfonamides
N-nitrosocarbamates

Figure 2-1. Compounds of interest.

Due to the sensitivity of 2-1 to rapid decomposition to give nitrous oxide and
water, the carboxy groups such as acyl and ester functional groups for 2-2 to 2-7
were considered as protecting groups for the ‘NNO,’ fragment. The ‘NNO;’
fragment is a proposed synthon for nitrous oxide. The sulfonyl group in 2-8 was
also considered as an alternative to the ‘protecting’ carboxy groups. Upon
successfully coordination of the ligands to transition metals forming coordination
complexes, attempts can be made to remove the protecting groups.

During the course of our studies, we discovered that the primary N-nitroamides,
N-nitrocarbamates, N-nitrosocarbamates and the N-nitrosulfonamide have acidic

properties which will be discussed below. This acidic property allows access to
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the anions of the above class of compounds which widens the scope of potential
reaction pathways.

The primary N-nitroamides (2-2 and 2-3), N-nitrocarbamates (2-4 and 2-5), N-
nitrosocarbamates (2-6 and 2-7) and N-nitrosulfonamide, 2-8, termed as nitrogen
acids and nitramide (2-1) have been synthesized before. However some of the
described preparations were vague and irreproducible in particular the N-
nitrosocarbamate, 2-7. Coupled with mostly skeletal characterizations in the form
of melting points and elemental determinations, the spectroscopic and structural
information of this class of compounds were almost non-existent. This chapter
aims to improve and better describe the synthetic procedures for these compounds
as well as provide additional spectroscopic and if possible structural

characterizations of the nitrogen acids.
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2.1 General Experimental

General: Except noted all reagents and solvents are used as supplied
commercially. Dry CH3;OH is distilled from freshly generated magnesium
methoxide and dry hexane is distilled from sodium benzophenone ketyl. 'H
spectra are recorded on Varian Mercury 200, 400 or 500 MHz spectrometers and
13C spectra on a Varian Mercury 300 MHz spectrometer. All chemical shifts are
recorded in J (ppm) relative to residual solvent signals for 'H and "*C spectra.
Melting/decomposition points are measured by using a TA-Q2000 differential
scanning calorimeter calibrated against an internal standarad. The IR spectra are
recorded in KBr disks or a gas-tight cell for gas-phase spectra by using ABB
Bomem MB Series IR spectrometer with spectral resolution of 4 cm™. UV/visible
spectra were measured using a HP 8453 Diode Array spectrophotometer from HP.
Elemental analyses are performed in the Elemental Analyses Laboratory at
University of Montreal. Sublimation purifications are carried out under vacuum
with cold fingers inserts containing dry-ice acetone mixtures or ice-water and
heated to the required temperatures.

X-ray crystallography: Crystals are mounted on glass fibre with epoxy resin or
Mitegen mounts using Paratone-N from Hampton Research and X-ray diffraction
experiments are carried out with a BRUKER SMART CCD or BRUKER APEX-
I CCD diffractometer by using graphite-monochromated MoK, radiation (1 =
0.71073 A) and KRYOFLEX for low temperature experiments. SAINT!'® is

106] for

used for integration of the intensity reflections and scaling and SADABS!
absorption correction. Direct methods are used to generate the initial solution for
all structural solution that do not contain heavy atom e.g. potassium and Patterson
methods are used to generate the initial solution for all potassium containing
structures. Location of non-hydrogen atoms are carried out using Fourier
difference maps with the refinements solved by full-matrix least-squares method
on F? of all data using SHELXTL!"% software. The hydrogen atoms positions are

placed in calculated positions.
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Crystals of the neutral N-nitroamides and N-nitrocarbamates suitable for X-ray
crystal diffraction are grown from slow evaporation of CH,Cl,. Crystals suitable
for single crystal diffraction of the N-nitrosocarbamates are obtained from slow
sublimation under vacuum with an ice-water cold finger. N-nitro-p-
tolylsulfonamide crystals are obtained from recrystallization in toluene. The N-
nitroamides, N-nitrocarbamates and N-nitrosocarbamates are all low melting
solids with the N-nitrosocarbamates having significantly vapour pressure even at
room temperature. Low temperature diffraction data collection is therefore
required to prevent vapourisation of the crystals due to high energy X-ray
bombardment during collection. Crystallographic data and data collection
parameters of the neutral compounds are shown in Table 2-1.

Crystals of the potassium salt of the N-nitroamide are obtained from layered
C,HsOH/hexanes solutions, N-nitrocarbamate from C,HsOH/H,O/hexanes and N-
nitrosocarbamate from C,HsOH/hexanes at -21 °C. Crystals of the ammonium salt
of N-nitro-p-tolylsulfonamide is obtained from the aqueous media. Crystal and
data collection of the salts are shown in Table 2-2.

Theoretical methods:

Gaussian03 was used for all calculations with B3LYP density functional theory
and the triple zeta basis set 6-311++g**.

Precaution!

The nitro and nitroso compounds synthesized may be explosive. For dinitrourea
(2-1A) and the N-nitrosocarbamates, 2-4 and 2-5, special precautions must be

taken as they are known to spontaneously decompose!
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Table 2-1: Crystallographic data of N-nitroamides, N-nitrocarbamates, N-nitrosocarbamates and N-nitro-p-tolylsulfonamide.

Compound 2-2 2-3 2-4 2-5 2-6 2-7 2-8
empirical formula C,HsN,05 C3HN,O5 C,H;N,0, C;HN,0,4 C,HsN,04 C;HN,O5 C;HgN,O,4S
T (K) 100(2) 100(2) 100(2) 100(2) 100(2) 100(2) 298(2)
fw (g mol™) 104.07 118.10 120.07 134.10 104.07 118.10 216.21
cryst sys orthorhombic monoclinic triclinic monoclinic Monoclinic monoclinic monoclinic
space group Pnma P2,/m P-1 P2,/c P2,/m P2,/m P2,/c
a(A) 9.509(3) 4.897(2) 7.6247(17) 9.909(4) 4.8755(14) 4.7863(15) 7.1784(9)
b (A) 5.849(2) 5.952(3) 7.8003(17) 6.084(2) 5.9345(18) 6.0338(19) 17.799(2)
c(A) 7.453(3) 8.852(4) 8.3539(18) 9.487(4) 7.808(2) 9.375(3) 9.1462(8)
o (deg) 90 90 80.955(2) 90 90 90 90
B (deg) 90 100.975(5) 89.992(2) 103.643(4) 99.205(3) 90.945(3) 127.869(6)
v (deg) 90 90 76.536(2) 90 90 90 90
V(A% 414.5(3) 253.3(2) 476.84(18) 555.7(4) 223.01(11) 266.67(15) 922.51(18)
Z 4 2 4 4 2 2 4
density (g cm™) 1.668 1.549 1.673 1.603 1.550 1.471 1.557
abs coeff (mm™) 0.157 0.138 0.163 0.149 0.145 0.131 0.341
No. of reflns collected 3249 2199 5451 1824 2534 1715 8059
No. of indep reflns 531 636 2154 924 569 316 2140
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Data/restraints/parameters

Final R indices [/ > 2s(/)] R1
wR2

R indices (all data) R1
wR2

Goodness-of-fit on F>

531/0/43

0.0334
0.0880

0.0347
0.0894

1.118

636/0/49

0.0306
0.0827

0.0331
0.0851

1.092

2154/0/145

0.0539
0.1643

0.0622
0.1688

1.125

924/0/90

0.0364
0.0843

0.0494
0.0892

1.128

569/0/43

0.0471
0.1220

0.0589
0.1302

1.147

316/0/49

0.0380
0.0963

0.0426
0.0990

1.103

2140/0/128

0.0371
0.1051

0.0471
0.1128

1.080
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Table 2-2: Crystallographic data of potassium and ammonium

nitrosocarbamates and N-nitro-p-tolylsulfonamide.

salts of N-nitroamides,

N-nitrocarbamates, N-

Compound 2-2K 2-4K 2-6K 2-8K 2-8NH,
empirical formula C,H;KN,04 C,H;KN,0O,4.H,O C,H;KN,0O4 C;H;KN,O,S NH,C;H;N,0,S
T (K) 100(2) 100(2) 100(2) 100(2) 298(2)
fw (g mol™) 142.16 176.18 142.16 254.31 231.23
cryst sys triclinic triclinic orthorhombic orthorhombic orthorhombic
P-1 P-1 P2,2,2, Pben Pben
6.147(3) 7.060(3) 5.8792(7) 7.4440(6) 7.661(2)
b (A) 6.801(3) 7.506(3) 6.8542(8) 10.7526(9) 11.011(3)
c(A) 7.518(3) 7.648(3) 12.8207(14) 24.996(2) 25.156(7)
o (deg) 63.809(4) 63.478(3) 90 90 90
B (deg) 66.994(4) 65.572(3) 90 90 90
vy (deg) 68.221(4) 62.565(3) 90 90 90
V(A% 252.0(2) 310.64(19) 516.64(10) 2000.7(3) 2122.1(10)
Z 2 2 4 8 8
density (g cm™) 1.874 1.884 1.828 1.689 1.448
abs coeff (mm™) 0.962 0.823 0.938 0.734 0.304
No. of reflns collected 2804 3444 5630 10156 17195
No. of indep reflns 1140 1400 1201 2325 2514
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Data/restraints/parameters

Final R indices [/ > 2s(/)] R1
wR2

R indices (all data) R1
wR2

Goodness-of-fit on F?

1140/0/73

0.0361
0.0816

0.0498
0.1145

1.229

1400/0/99

0.0309
0.1090

0.0403
0.1693

1.172

1201/0/74

0.0262
0.0714

0.0268
0.0718

1.121

2325/0/137

0.0310
0.0859

0.0361
0.0896

1.063

2514/0/149

0.0567
0.1334

0.0732
0.1423

1.193
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2.2 N-Nitroamides and their salts

Experimental
Nitramide and N-nitroacetamide (2-2) is synthesized using a modified method of
Lobonova et al. outline below.!'?”) Ag,COj is synthesized from the reaction of

silver nitrate and sodium carbonate.

2.2.1 Synthesis of nitramide, H,NNO, (2-1)

Oleum (20 g) is added to conc. nitric acid (20 g,d=1.5¢g mL™) in an ice bath (T
<5 °C). Urea (5.720 g, 95.3 mmol) is added in portions between -5 °C and 0 °C.
The reaction mixture is allowed to stir for 40 min between 0 °C and 5 °C during
which a white precipitate is formed. Some foaming may be observed. The
reaction mixture is cooled to -15 °C and filtered, washed with cold trifluoroacetic
acid (TFA) (3 x 5 mL) and squeezed. The white precipitate is dinitrourea,
(OoNNH),CO (2-1A).

Dinitrourea, 2-1A, (14.3 g, 95.3 mmol) is dissolved in a urea solution (5.75 g,
95.8 mmol in 10 mL deionised H,O) at T < 20 °C. The mixture is stirred for 15
min and cooled to 5 °C. The white precipitate is collected by filtration, washed
with minimum cold deionised H,O and dried in air. The white precipitate is
dinitrourea-urea salt, (O,NNH),CO.(H,N),CO (2-1B) (crude, 20.02 g).
Compound 2-1B (20.02 g, 95.3 mmol) is dissolved in portions in H,SO4 (20.02 g
in 50 mL deionised H,O) at T < 20 °C. The reaction is stirred till homogenous and
subjected to ether extractions (3 x 80 mL). The ether extracts are combined and
allowed to stand for 4 h at room temperature. The ether is removed by rotary
evaporation to give white solids which are further purified by vacuum sublimation
(dry ice-acetone) at 70 °C to give nitramide (2-1) (3.339 g, 53.9 mmol, 28.3 %
yield).

IR (cm'l): 3363s, 3261s, 3200s, 3170s, 3046vs, 1583m, 1567w, 1534vs, 1516vs,

1414vs, 1403vs, 1205s, 1189s, 1049w, 783w, 708w, 590w, 1% 18]
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Raman (cm™): 1051vs, 711w, 576w.""
'H NMR (200 MHz, CDCl3) ppm: & = 8.05 (NH>, broad).
UV: (H20 Amax, nm (¢, M ecm™)): 206 nm, e= 76751

H,°NNO,

IR (cm™): 3356s, 3251s, 3189s, 3160s, 3045vs, 2747m, 2552w, 1580s, 1533vs,
1514vs, 1399vs, 1201s, 1184s, 1039m, 782m, 703m, 587m.

Raman (cm™): 1042vs, 706w, 573w.

2.2.2 Synthesis of N-nitroacetamide, CH;C(O)NHNO, (2-2)

Compound 2-1 (0.500 g, 8.06 mmol) is dissolved in ether (5 mL). The ether
solution is cooled to 0 °C in an ice-bath and acetic anhydride (10 mL, 105.8
mmol) is added. LiCl (0.4 mg, 9.41 umol) is added and the reaction mixture is
allowed to warm to room temperature. The reaction mixture is stirred for 24 h and
subjected to vacuum evaporation at T < 40 °C to give white solids. The white

solids are purified by vacuum sublimation (dry ice-acetone) at 70 °C to give N-

nitroacetamide (2-2) (0.350 g, 3.37 mmol, 42 % yield).

IR (cm™): 3433w, 3252m, 3156s, 3018s, 2856m, 2811m, 2735w, 2570w, 1962w,
1728vs, 1623vs, 1443s, 1309vs, 1196vs, 1016vs, 1007vs, 952m, 764m, 723m,
605s, 569m, 454w.

Gas phase IR (cm'l): 1747s, 1738s, 1732s, 1623vs, 1430m, 1371s, 1316s, 1230s,
1185s, 101 1m.

Raman (cm'l): 2952vw, 1718m, 1638w, 1307m, 1194m, 1005m, 954m, 763m,
608vs, 454m, 389m, 246w.

"H NMR (200 MHz, CDCls) ppm: & = 2.52 (s, 3H), 10.52 (NH, broad).

3C NMR (75 MHz, CDCl5) ppm: & = 24.13 (s), 168.08 (s)
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2.2.3 Synthesis of N-nitropropionamide, C;HsC(O)NHNO, (2-3)

Compound 2-1 (0.500 g, 8.06 mmol) is dissolved in ether (5 mL). The ether
solution is cooled to 0 °C in an ice-bath and propionic anhydride (11 mL, 85.4
mmol) is added. LiCl (0.4 mg, 9.41 umol) is added and the reaction mixture is
allowed to warm to room temperature. The reaction mixture is stirred for 24 h.
The product is purified by column chromatography using initially CH,Cl, to
remove propionic acid and anhydride followed by ethyl acetate/CH3;OH as eluant
to give white solids. The white solids are further purified by vacuum sublimation
(dry ice-acetone) at approx. 70 °C to give N-nitropropionamide (2-3) (0.172 g,
1.46 mmol, 18.1 % yield).

Melting point: 83.5 °C (16.97 kJ mol™)

IR (cm™): 3443w, 3238s, 3206s, 2994w, 2983m, 2948w, 1729vs, 1610vs, 1469m,
1436s, 1412s, 1325s, 1140s, 1064s, 1025m, 976m, 802m, 770w, 745m, 648m,
537m.

Raman (cm’l): 2952w, 2932w, 1727m, 1437w, 1435m, 1406m, 1317m, 1301m,
1116m, 1055w, 1027w, 974s, 745m, 445m, 364vs, 317w.

'H NMR (200 MHz, CDCl3) : & = 1.23 (t, 3H, J, = 7.3 Hz), 2.77 (q, 2H, J = 7.3
Hz), 10.35 (NH, broad)

2.2.4 Synthesis of N-nitroacetamide salts:

Potassium N-nitroacetamide, K[CH3C(O)NNO»] (2-2K)
Compound 2-2 (46 mg, 0.0442 mmol) is dissolved in CH,Cl, (4 mL) and ground

K,COs (30 mg, 0.0217 mmol) is added and stirred overnight at room temperature.
The white suspension is collected by filtration washed with minimum CH,Cl, and
dried to give white solids of K[N-nitroacetamide] (2-2K) (52 mg, 0.0363 mmol,
84 % yield)

IR (cm™): 1978w, 1641vs, 1427m, 1364w, 1304w, 1220vs, 1096w, 1040w, 991m,

934w, 798m, 766w, 690w, 623m, 477w.
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'H NMR (200 MHz, CD;0D) ppm: & = 1.90 (s, 3H).
Elemental analysis caled. for C;H3N,O3K (142.16 g mol™) % C, 16.88; H, 2.11;
N, 19.69. Found % C, 16.94; H, 2.01; N, 19.31.

Silver N-nitroacetamide, Ag[CH3;C(O)NNO,] (2-2Ag)
Compound 2-2 (0.108 g, 1.04 mmol) is dissolved in CH,Cl, (6 mL) and Ag,COs

(0.143 g, 0.518 mmol) added and stirred overnight at room temperature. The
white suspension is filtered, washed with minimum CH,Cl, and dried to give

white solids of Ag[N-nitroacetamide] (2-2Ag) (0.210 g, 0.996 mmol, 96 % yield)

IR (cm'l): 1977vw, 1642vs, 1504w, 1427s, 1364s, 1304s, 1222vs, 1048m, 1037m,
992s, 934m, 797m, 766m, 623m, 477w.
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2.3 N-Nitrocarbamates and their salts

Experimental

N-nitrocarbamates are synthesized using modified procedures of Luk’yanov et

[109

al ' Methylcarbamate and ethylcarbamate are used as purchased.

2.3.1 Synthesis of N-nitromethylcarbamate CH;OC(O)NHNO, (2-4)

Methyl carbamate (1.000 g, 13.3 mmol) is gradually added at 25 °C to a mixture
of conc. H,SO4 (15 mL) and KNO3 (2.03 g, 20.01 mmol). The mixture is stirred
for 15 min at 25 °C and poured onto crushed ice (14.2 g) with stirring and
extracted with ether (7 x 6 mL). The ether extracts are dried with anhydrous
MgSO4 and the solvent removed in vacuo till dryness. The white solids are
redissolved in ether (20 mL) and NHj; is bubbled into the mixture in an ice-water
bath to give a white precipitate. The white precipitate is filtered dried and
collected to give ammonium N-nitromethylcarbamate (2-4NHy4) (1.682 g, 12.3
mmol, 92 % yield).

Compound 2-4NHy (1.682 g, 12.3 mmol) is gradually dissolved in H,SO4 (1 mL
conc. H,SO4, 3.0 g of ice and 10 mL deionised H,O) and stirred until
homogeneous. The solution is extracted with ethyl acetate (7 x 10 mL) and the
extracts are dried over anhydrous MgSQO,. The solvent is removed in vacuo and
the white residue is purified by vacuum sublimation (dry ice-acetone) at 65 - 70

°C to give N-nitromethylcarbamate (2-4) (1.230 g, 10.3 mmol, 77 % yield).

IR (cm'l): 3245s, 3206s, 3060w, 3024w, 2972w, 2850vw, 1748vs, 1615vs,
1549w, 1458s, 1414m, 1325m, 1244s, 1092w, 1003m, 947m, 771m, 736,w,
625m, 456w.

'H NMR (200 MHz, CDCls) ppm: 6 =3.91 (s, 3H), 10.12 (NH, broad).
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2.3.2 Synthesis of N-nitroethvlcarbamate, C,Hs;OC(O)NHNO; (2-5)

Ethyl carbamate (1.000 g, 11.2 mmol) is gradually added at temperature less than
25 °C to a mixture of conc. H,SO, (15 mL) and KNOs (2.03 g, 20.01 mmol). The
mixture is stirred for 15 min at 25 °C and poured onto crushed ice (12 g) with
stirring and extracted with CH,Cl, (7 x 45 mL). The CH,Cl, extracts are dried
with anhydrous MgSO, and the solvent removed in vacuo till dryness. The white
solids are redissolved in ether (20 mL) and NHj3 is bubbled into the mixture for 2
min in an ice-water bath to give a white precipitate. The white precipitate is
filtered dried and collected to give ammonium N-nitroethylcarbamate (2-SNHy)
(1.607 g, 10.64 mmol, 95 % yield).

Compound 2-5NH4 (1.607 g, 10.64 mmol) is gradually dissolved in H;SO4 (1 mL
conc. H,SO4, 3.0 g of ice and 10 mL deionised H,O) and stirred until
homogeneous. The solution is extracted with ethyl acetate (7 x 10 mL) and the
extracts are dried over anhydrous MgSO,. The solvent is removed in vacuo and
the white residue is purified by vacuum sublimation (dry ice-acetone) at 65 - 70

°C to give N-nitroethylcarbamate (2-5) (1.244 g, 9.21 mmol, 87 % yield).

Melting point: 67.7 °C (14.5 kJ mol™)

IR (cm'l): 3235s, 3007m, 2988m, 2947w, 2880w, 2810w, 1741vs, 1605vs,
1548m, 1518m, 1453s, 1391s, 1368m, 1329s, 1227s, 1116m, 1017m, 997m,
878m, 798m, 768m, 731w, 603m, 458w.

'H NMR (200 MHz, CDCls) ppm: & = 1.36 (t, 3H, J = 7.1 Hz), 4.36 (q, 2H, J, =
7.1 Hz), 9.90 (NH, broad)!''"

2.3.3 Synthesis of N-nitromethylcarbamate salts

Potassium N-nitromethylcarbamate, K[CH;0C(O)NNO,] (2-4K)
Compound 2-4 (0.100 g, 0.833 mmol) is dissolved in dry CH,Cl, (5 mL) and
anhydrous KOCHj; (0.055 g, 0.786 mmol) is added and stirred overnight at room

temperature. The white suspension is filtered and the residue washed with CH,Cl,
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and dried to give white solids of K[CH30C(O)NNO;] (2-4K) (0.087 g, 0.552
mmol, 70 % yield)

IR (cm™): 2967w, 1682s, 1633m, 1567m, 1453m, 1405s, 1318m, 1234vs, 1192s,
1104s, 963w, 807w, 783m, 739w, 433w.

'H NMR (400 MHz, CD;0D) ppm: & = 3.62 (s, 3H)

Elemental analysis calcd. for C;H3N,O4K.0.15H,0 (160.85 g mol'l) % C, 14.93;
H, 2.07; N, 17.42. Found % C, 15.03; H, 1.86; N, 17.18.

Silver N-nitromethylcarbamate, Ag[CH3;0C(O)NNO,] (2-4A¢g)
N-Nitromethylcarbamate (0.045 g, 0.375 mmol) is dissolved in CH,Cl, (5 mL)
and Ag,COs (0.050 g, 0.181 mmol) is added and stirred overnight at room

temperature. The white suspension is filtered and the residue washed with CH,Cl,
and dried to give white solids of Ag[CH3;0C(O)NNO;] (2-4Ag) (0.060 g, 0.265
mmol, 73 % yield).

IR (cm™): 3020vw, 2965w, 1683vs, 1453m, 1405s, 1312m, 1236,s, 1191s, 1106s,
963w, 806w, 783m, 739w, 430w.[!!"]

2.3.4 Synthesis of N-nitroethylcarbamate salt

Silver N-nitroethylcarbamate, Ag[C,HsOC(O)NNO»] (2-5A¢g)
N-Nitroethylcarbamate (0.200 g, 1.49 mmol) is dissolved in CH,Cl, (5 mL) and
Ag,CO; (0.200 g, 0.726 mmol) is added and stirred overnight at room

temperature. The white suspension is filtered and the residue washed with CH,Cl,
and dried to give white solids of Ag[C,HsOC(O)NNO;] (2-5A¢g) (0.258 g, 1.07
mmol, 74 % yield).

IR (cm™): 2990w, 1696s, 1668m, 1488w, 1474w, 1405m, 1369w, 1314m, 1241vs,
1127m, 1097s, 1033w, 994w, 886w, 769w, 487w 117
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2.4 N-nitrosocarbamates and their salts

Experimental
N-nitrosocarbamates are synthesized using modified procedures of Thiele et al.l*”!
and Benin et al.''"! 2-4NH, and 2-5NH, are synthesized using the methods of

Luk’yanov et al.'™

2.4.1 Synthesis of N-Nitrosomethylcarbamate, CH;OC(O)NHNO (2-6) as a

mixture of isomers

Compound 2-4NH4 (2.00 g, 14.6 mmol) is dissolved in a mixture of acetic acid
(1.76 g, 29.3 mmol) and deionised H,O (16 mL) at temperature less than 25 °C.
Commercial zinc dust stored under nitrogen (1.332 g, 20.4 mmol) is added in
portions to the reaction mixture such that temperature remains below 25 °C. Some
ice can be added if the reaction temperature gets above 30 °C (It is advisable to
use an ice-water bath as the reaction is very exothermic). The reaction mixture
turns yellow and is allowed to stir for 1 h during which a green-yellow suspension
is formed.

Ice (~ 10 g) is added and cold conc. aqueous ammonia (4.1 mL, 59.5 mmol) is
added in excess and stirred for 5 min to give a yellow solution (Ensure there are
still some ice floating in solution, if not add more ice). The solution is filtered
through a plug of Celite to give a yellow filtrate. If the residue is yellow, it is
washed with dilute aqueous ammonia (0.5 mL conc. NH4OH in 2 mL deionised
H,0) and deionised H,O until the washings are colourless. Ice (~ 50 g) is added
into the yellow filtrate followed by a solution of AgNOs (1.76 g, 10.4 mmol) with
rapid stirring. Acetic acid is added slowly, forming initially a white suspension,
which dissolves on further addition of acid (if no ice is visible during the addition,
add more ice). A yellow suspension slowly forms and acetic acid is added till the
solution is acidic to pH paper (Total volume ~ 150 mL). The reaction mixture is
left standing between 10 - 15 min during which substantial yellow precipitate

appears. The yellow precipitate, Ag[CH3;0C(O)NNO)] (2-6Ag) (assumed 2.18 g,
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10.3 mmol), is filtered as rapidly as possible and washed consecutively with
deionised H,O, C,HsOH and CH3;0H and processed immediately as it rapidly
decomposes on prolonged exposure to moisture (The sintered filter may get
clogged due to the fine particulate nature of the Ag salt, an alternative would be to
centrifuge the suspension and wash with C,HsOH). The filtrate is observed to be
pale green.

NaCl (0.610 g, 10.4 mmol) is dissolved in an ice-water solution and added to 2-
6Ag (assumed 2.18 g, 10.3 mmol) and stirred/shaken vigourously for 5 min to
give a yellow suspension. The yellow suspension is filtered through a pad of
Celite and washed successively with cold deionised H,O till the filtrate is
colourless. The filtrate is added into a separatory funnel containing ethyl acetate
(20 mL), ice (~ 2 g) and conc. H,SO4 (0.500 g, 5.10 mmol). The organic layer is
separated, kept and the yellow aqueous layer further extracted with ethyl acetate
(3 x 20 mL) or till the aqueous layer is colourless. The organic extracts are
combined and dried over anhydrous CaCl,, kept cold and under a N, atmosphere
for 30 min. The yellow ethyl acetate suspension is filtered and ethyl acetate is
removed using a rotary evaporator without heating to give bright yellow solids of
2-6. 2-6 is further purified by vacuum sublimation (ice-water) at 22 - 23 °C to
give bright yellow crystals of N-nitrosomethylcarbamate, (2-6) (0.163 g, 1.57
mmol, 15 % yield).

(Note: to minimize the loss of 2-6 due to its low melting point, the sublimator is

cooled to around 6 - 7 °C before the vacuum is applied.)

Decomposition point: 60.53 °C (-83.3 kJ mol™)

IR (crn'l): 3427vs, 3199s, 2969m, 1759vs, 1707s, 1619s, 1529s, 1470s, 1459s,
1432m, 1385w, 1330w, 1250vs, 1089vs, 1061s, 929s, 766m, 717m, 560m, 444w.
'H NMR (200 MHz, CDCls) ppm: 6 = 3.68 (s, 3H, minor), 3.91 (s, 3H, minor),
4.06 (s, 3H, major), 10.65 (NH, broad). Ratio of 0.03:0.05:1 respectively

'H NMR (200 MHz, CD;0D) ppm: 6 = 3.60 (s, 3H, minor), 3.78 (s, 3H, minor),
3.97 (s, 3H, major). Ratio of 0.02:0.04:1 respectively.
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UV (CH30H Ay, nm (e, M em™)): 366sh (12.6), 385sh (34.1), 401 (61.6), 417
(88.5), 436 (76.7).

UV (CHCl3 Amax, nm (g, M em™)): 368sh (21.3), 383sh (43.0), 396 (75.0), 412
(105.0), 430 (88.7).

2.4.2 Synthesis of N-nitrosoethylcarbamate, C;HsOC(O)NHNO (2-7) as a

micture of isomers

Compound 2-5NHy4 (1.00 g, 6.62 mmol) is dissolved in a mixture of acetic acid
(0.84 g, 12.6 mmol) and cold deionised H,O (15 mL) at temperature less than 25
°C. Commercial zinc dust stored under nitrogen (0.600 g, 10.2 mmol) is added in
portions to the reaction mixture such that temperature remains below 25 °C. Some
ice can be added if the reaction temperature gets above 30 °C. The reaction
mixture turns yellow and is allowed to stir for 1 h during which a yellow-green
suspension is observed.

Ice (~ 10 g) is added and cold conc. aqueous ammonia (3.9 mL, 56.6 mmol) is
added in excess and stirred for 5 min to give a yellow solution which is filtered
through a plug of Celite. If the residue is yellow, it is washed with dilute aqueous
ammonia (0.5 mL conc. NH4OH in 2 mL deionised H,O) and deionised H,O until
the washings are colourless. Ice (~ 50 g) is added into the yellow filtrate followed
by a solution of AgNO; (0.80 g, 4.71 mmol) with rapid stirring. Acetic acid is
added slowly, forming initially a white suspension, which dissolves on further
addition of acid. A yellow suspension initially forms and acetic acid is added till
the solution is acidic to pH paper (Total volume ~ 150 mL). The reaction mixture
is left standing between 10 - 15 min during which substantial yellow precipitate
appears. The yellow precipitate, Ag[C,HsOC(O)NNO)] (2-7Ag) (assumed 1.06 g,
4.71 mmol) is filtered and washed consecutively with deionised H,O, C,HsOH
and CH3;OH and processed immediately as it rapidly decomposes on prolonged
exposure to moisture. The filtrate is observed to be colourless.

NaCl (0.280 g, 4.79 mmol) is dissolved in an ice-water solution and added to

Ag[C,HsOC(O)NNO] (assumed 1.06 g, 4.71 mmol) and stirred/shaken
47



vigourously for 5 min to give a yellow suspension. The yellow suspension is
filtered through Celite and washed successively with cold deionised H,O till the
filtrate is colourless. The filtrate is transferred into a separatory funnel containing
CH,CI;, (20 mL), ice (~ 2 g) and conc. HySO4 (0.231 g, 2.35 mmol). The organic
layer is separated, kept and the yellow aqueous layer further extracted with
CH,Cl, (5 x 20 mL) or till the aqueous layer is colourless. The organic extracts
are combined and dried over anhydrous CaCl,, kept cold and under a N,
atmosphere for 30 min. The yellow CH,Cl, suspension is filtered and CH,Cl, is
removed using a rotary evaporator without heating to give bright yellow solids of
2-7.2-7 is further purified by vacuum sublimation (ice-water) at 27- 28 °C to give
bright yellow crystals of N-nitrosoethylcarbamate (2-7) (0.190 g, 1.61 mmol, 34
% yield).

(Note: to minimize the loss of 2-7 due to its low melting point, the sublimator is

cooled to around 6-7 °C before the vacuum is applied.)

Decomposition point: 57.4 °C (-86.1 kJ mol™)

IR (cm'l): 3430vs, 2989w, 2930vw, 2859vw, 1748s, 1615m, 1520m, 1474m,
1447m, 1431m, 1393m, 1376m, 1329s, 1257s, 1233m, 1205m, 1093vs, 1073vs,
999m, 862w, 541w.

'H NMR (200 MHz, CDCls) ppm: 6 = 1.35 (t, 3H, J = 6.8 Hz, minor), 1.44 (t, 3H,
J = 6.8 Hz, major), 4.35 (q, 2H, J = 6.8 Hz, minor), 4.50 (q, 2H, J = 6.8 Hz,
major), 10.73 (NH, broad).

UV: (CH30H Apay, nm (g, M ecm™)): 366sh (13.8), 385sh (32.2), 401 (63.5), 417
(91.1),436 (79.1).

2.4.3 Synthesis of N-nitrosomethylcarbamate salt

Potassium N-nitrosomethylcarbamate, K[CH;OC(O)NNO] (2-6K)
Compound 2-6 (0.082 g, 0.788 mmol) is dissolved in dry CH,Cl, (10 mL) and
KOCH; (0.053 g, 0.757 mmol) is added. The white suspension is stirred

overnight to give a yellow suspension. The solvent is removed and the yellow
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residue dissolved in CH30OH and filtered to give a yellow filtrate. The solvent is
removed and recrystallized from dry CH;OH/ether to give yellow crystals of
K[CH3;OC(O)NNO] (2-6K) (0.075 g, 0.528 mmol , 70 % yield). Note: The yellow

crystals are hygroscopic, sensitive to friction and can detonate!

IR (cm™): 3035w, 2974w, 1685vs, 1631s, 1603s, 1474m, 1447m, 1438w, 1422m,
1384s, 1351m, 1246vs, 1214vs, 1110m, 1071s, 961m, 801m, 788m, 601w, 470m.
"H NMR (400 MHz, CD;0D) ppm: 3.63 (s, 3H, minor), 3.73 (s, 3H, minor), &
3.81 (s, 3H, major)

UV: (CH30H) Amax = 395 nm, €=37.9 L mol” cm™

Silver N-nitrosomethylcarbamate, Ag[CH;0C(O)NNO] (2-6Ag)
Compound 2-6 (0.030 g, 0.288 mmol) is dissolved in dry CH,Cl, (4 mL) and

Ag,CO3 (0.039 g, 0.142 mmol) is added. The suspension is stirred overnight to
give a yellow suspension. The suspension is filtered through filter paper/Buchner
funnel set-up, washed with CH,Cl, and dried to give yellow solids of
Ag[CH3;0C(O)NNO] (2-6Ag) (0.037 g, 0.176 mmol, 62 % yield). Note: The

yellow solids are sensitive to friction and can detonate!

IR (cm'l): 2958w, 1697s, 1441m, 1211vs, 1072s, 960w, 798m, 465w.
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2.5 N-nitro-p-tolylsulfonamide and their salts

2.5.1 N-Nitro-p-tolylsulfonamide p-C;HgSO,NHNO, (2-8)

N-nitro-p-tolylsulfonamide (2-8) is synthesized using the method of B. R.
Mathews.''?

IR (cm™): 3151s, 2992w, 2936w, 1935w, 1608vs, 1594s, 1494w, 1392s, 1320m,
1299m, 1194s, 1170vs, 1125w, 1085m, 1017w, 971w, 871m, 816m, 801w, 757m,
701w, 667m, 634w, 579m, 541m, 486w.

'H NMR (400 MHz, CDCl3) ppm: & = 2.49 (s, 3H), 7.41 (d, 2H, J = 8 Hz), 7.95
(d, 2H, J = 8.4 Hz), 10.00 ppm (NH, broad)

2.5.2 Synthesis of N-nitro-p-tolylsulfonamide salts

Ammonium N-nitro-p-tolylsulfonamide, NH4[p-C;HgSO,NNO,] (2-8NH4)
[112]

The synthesis is carried out using the method of B. R. Mathews.

IR (cm'l): 3259s, 1920vw, 1597vw, 1401vs, 1299vs, 1281vs, 1183w, 1159s,
1143s, 1082s, 1055m, 1017w, 867m, 815m, 787m, 748w, 706w, 671m, 664m,
597s, 551m, 497w.

Potassium N-nitro-p-tolylsulfonamide, K[p-C;HsSO,NNO,] (2-8K)
Compound 2-8 (0.200 g, 0.926 mmol) is dissolved in dry CH,Cl, (10 mL) and
KOCH; (0.060 g, 0.857 mmol) is added and stirred at room temperature

overnight. The white suspension is filtered and washed with CH,Cl, to remove
any unreacted N-nitro-p-tolylsulfonamide to give white solids of K[p-

C;HsSO,NNO;] (2-8) (0.155 g, 0.611 mmol, 71 % vield).

IR (KBr, cm'l): 3065vw, 3054vw, 1598vw, 1426vs, 1380vw, 1309s, 1289s,
1185w, 1148vs, 1085m, 1056m, 887m, 809w, 792w, 753w, 704w, 665m, 601m,

549m, 502w.
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'H NMR (200 MHz, CD;0D) ppm: & = 2.41 (s, 3H), 7.33 (d, 2H, J = 8.1 Hz),
7.80 (d, 2H, J = 8.1 Hz)

Elemental analysis caled. for C;H;N,SO4K (254.31 g mol™) % C, 33.03; H, 2.75;
N, 11.01; S, 12.58. Found % C, 33.03; H, 2.67; N, 10.92; S, 12.24.

Silver N-nitro-p-tolylsulfonamide, Ag[p-C;HsSO,NNO,] (2-8Ag)
Compound 2-8 (0.315 g, 1.46 mmol) is dissolved in CH,Cl, (5 mL) and Ag,CO;

(0.200 g, 0.726 mmol) is added and stirred overnight at room temperature. The
white suspension is filtered and the residue washed with CH,Cl, and dried to give

white solids of Ag[p-C;HsSO,NNO,] (2-8Ag) (0.318 g, 0.986 mmol, 68 % yield).
IR (cm™): 3045vw, 2920vw, 1596w, 1435s, 1382m, 1301vs, 1286vs, 1151s,

1140s, 1078m, 044m, 1018w, 909w, 870w, 815w, 774w, 755w, 666s, 600s,
543m.
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2.6 Results and Discussion

2.6.1 Synthesis of ligands

2.6.1.1 N-nitroamides

There are several methods to synthesize nitramide (2-1). The most utilised
synthesis is the modified preparation of Thiele and Lachman'®! by Marlies!®

which involves three steps staring from ethyl carbamate (Scheme 2-1).

?
o)
0 o N
M L). )OL — = 707 NNO )
<707 N, <0 “NHNO -2
conc. Hy,SO, 2 1. NH4OH *NH,
2. H,S0,
3. NHg, ether
0 o)
KOH
/\o)LrgNo2 — K*‘OJ\@NO2 + CHsOH (2)
N CH3OH Kt
o)
.- —_— 2-1 + CO, 3)
K0 Ni\loz conc. H,SO,
K

Scheme 2-1. Synthesis of 2-1 from urethane.

This synthesis gives relatively good yields in each step but requires lengthy and
tedious work-up. Furthermore during the isolation of dipotassium nitrocarbamate,
it must be handled with extreme caution as it can undergo spontaneous
decomposition with or without heat, friction or moisture to release CO,.

The next most commonly used synthesis is the nitration of sodium sulfamate and

subsequent hydrolysis (Scheme 2-2).1'"]

O 95 % HNO,
> 21 + NaHSO,

.S.
NaO" i "NH2 - NaNo,, -35 °C

Scheme 2-2. Synthesis of 2-1 from sodium sulfamate.

Sulfamic acid in the presence of nitric acid and sodium nitrate generates 2-1 but

[114

only in about 20 % yields.!'"*! With other alkaline nitrates, a mixture of 2-1,
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which decomposes rapidly to nitrous oxide, ammonium sulfamate, nitric acid and
ammonium hydrogen sulfamate is generated."®”) With sodium sulfamate, at low
temperatures and sodium nitrate gives 2-1 in yields up to 80 %.

Other methods of synthesizing 2-1 has been explored; from the nitrolysis of

) [115

ammonia using dinitrogen pentoxide, N,Os (Scheme 2-3 I to decomposition

of nitramines such as 1,3,5-trinitro-1,2,5-triazacyclohexane (RDX) and

(87,116

methylenedinitramine. ! however in most cases, the yields are low with other

side products.

N205 + 2NH3 E—— 21 + NH4N03
Scheme 2-3. Synthesis of 2-1 from ammonia by dinitrogen pentoxide.

A more recent synthetic pathway involves the nitration of urea followed by

. . 107, 117
hydrolysis to give 2-1 (Scheme 2-4).! ]
X
o conc. HNO; 0 HoN™ "NH, o o
H N)]\NH (0] NHN)]\NHNO O NHN)J\NHNO HoN NH
2 2 oluem, 0 °C, 40 min 2 2 2 272 2
2-1A 2-1B
i X .
OzNHNJ\NHNOZ H,NT NH, 2(2-1) + CO, + OC(NHy),
H,SO,, ether
2-1B

Scheme 2-4. Synthesis of 2-1 from urea

There are several factors to consider in nitration reactions. The most important
consideration is the nuclephilicity of the site of nitration. The reason is that all
nitration reactions require the electrophilic attack of the NO," fragment on the
nucleophilic site. The weaker the nucleophilicity of the site, the longer the
reaction time, or the use of a stronger nitrating reagent (one that is more efficient
in generating NO,") is required. In all nitration reactions using nitric acid, the
efficiency of the nitration decreases as the reaction progresses due to the dilution
effect from the liberation of the proton of the nitrated substrate to give water
(Scheme 2-5). Other factors to consider will be the stability of the nitration

products and the selectivity of the nitration site.
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NuH
H,0 + X + NO¥ ————» NuNO, + HX +H,0

HNO; + HX

X = conjugate base of mineral acid Nu = nucleophilic site of substrate to be nitrated
Scheme 2-5. General mechanism of nitration using nitric acid.

The nitration of urea requires a strong nitrating agent as the lone pair on the
nitrogen of the amide is delocalised over the amide bond. Further complicating
this reaction is that dinitrourea, 2-1A, is unstable in acidic media and decomposes

(18] Therefore a balance in

easily to give nitrous oxide, water and carbon dioxide.
the nitration efficiency and stability/isolation of the nitration product is required.
This compromise is achieved with the following reaction conditions proposed by
Lobonova et al.:!"" first to carry out the reactions at low temperature which helps
to reduce the kinetics of decomposition; second by using oleum, which is
concentrated sulfuric acid with free sulfur trioxide (SOs), which reacts with the
H,0 side-product to give sulfuric acid, maintaining the nitration efficiency; and
finally concentrated nitric acid of at least p = 1.5 g mL™" (100 %) which
maximises nitration efficiency and minimises the amount of water present which
contributes to 2-1A decomposition. The above conditions also reduces the
reaction times, thus minimising decomposition and also results in the precipitation
of 2-1A. The use of a strong acid in the presence of nitric acid supports a strongly
oxidising media which in this reaction is not observed to give any over-oxidised
nitrogen oxides. The isolation of 2-1A involves filtration and washing with an
acidic miscible solvent. Between dichloromethane and trifluoroacetic acid (TFA),
we found that TFA is a better solvent for removing the viscous and dense acidic
mixture of oleum and nitric acid as it is more miscible with the nitrating media.

Compound 2-1A is quite unstable and can spontaneously detonate from heat,
shock and friction and therefore has undergone rigorous investigation for its
energetic properties for use as propellants and explosives in military research.!''"™
Two methods have been developed for storage of 2-1A through mitigation of its
sensitivity to impact and friction. The first method consists of conversion into
highly dense salts with nitrogen containing cations such as ammonia, imidazoles
117b

] The alternative method which provides subsequent easy
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access to 2-1 uses the formation of 2-1B which is the urea salt of dinitrourea
(Scheme 2-4). Compund 2-1B is relatively stable and can be stored at low
temperature over time in absence of moisture with minimum decomposition.

The slow hydrolysis of 2-1B in acidified ether allows the controlled
decomposition of 2-1B giving 2-1. We have found that 2-1 isolated from acidic
media requires sublimation for purification as there is always some residual acid
which recrystallization does not remove.

Compound 2-1 is the simplest nitroamine and gives us access to the acyl
substituted N-nitroamides. The N-nitroamides are synthesized from 2-1 by

reaction of their corresponding anhydrides (Scheme 2-6).

o O 0.1 mmol % LiCl j\
R)J\O)LR + H2NN02 > R NHNO2
21 neat, 24 h, RT
B 2-2: R= CH3
2'3: R = C2H5

Scheme 2-6. Synthesis of N-nitroamides

The long reaction time and poor yields are the main disadvantage to this
procedure. With the addition of catalytic amounts of LiCl, reaction times are
halved and the yields are comparable to the literature."'®”! N-nitroacetamide is
obtained in approximately 40 % yield while N-nitropropionamide is isolated only
at about 18 % yield. An alternative more efficient procedure using nitronium
tetrafluoroborate, NO,BF,4, as the nitrating agent for acyl amides such as
acetamide or propionamide had been reported.!''”! Even though there were two

reports using the described procedure,!'*”

multiple attempts at repeating the
synthesis were not successful.

Compounds 2-2 and 2-3 belong to the family of primary N-nitroamides. The
proton of the amide is acidic due to the electronegative effect of the nitro group
on the amide proton. Numerous studies have been carried out on N-nitroamides,
but most of which are done on the secondary N-nitroamides where the proton is
substituted with an alkyl group. In particular White and co-workers were concern

(121} \while
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Tselinskii et al. were focused on the nitration reactions of various secondary
amides and substituted N-nitroamides using NO,BF, in various solvents."'??! In all
cases the evolution of gas was observed either during synthesis or decomposition
reactions. The gas has been identified as nitrous oxide and is caused by the acid-
promoted rearrangement!'**! to give the important rate-determining intermediate

diazoester, 2-9 confirmed with '*O labeling studies (Scheme 2-7).[212124]

' 18 R” "OR'
J.L /R H+ (6] ('3 = / / N 180
N R 0" @'N’ o]
oo \b~ o N2O . ,
R”SoH Olefins corresponding to R
29

Scheme 2-7. Proposed decomposition mechanisms of secondary N-
nitroamides.!'*!

Diazoester 2-9 subsequently decomposes by two possible pathways with pathway
a usually dominant to give nitrous oxide and the corresponding esters or pathway
b to give carboxylic acids with olefins. From the proposed reaction mechanism, it
can be inferred that the primary N-nitroamides will be more susceptible to
decomposition as the resulting extrusion of nitrous oxide generates a carboxylic
acid (Scheme 2-8).1!2!"]

©

)CJ)\'/\ o O 0

w55
N —— Ny H| ——— + N,O

Scheme 2-8. Proposed decomposition mechanism of primary N-nitroamides.

The proton that is present in primary nitroamides also contributes to the
decomposition as it is acidic. This coupled with the fact that a strong nitrating
media is required for nitration of the less nucleophilic amide which in turn
requires a highly acidic media limits the accessibility of primary N-nitroamides.
To further elaborate, the nitration of alkyl amides using NO,BF4 was unsuccessful
in our situation due to the quality of NO,BF,4; as commercial sources seem to
(125 1,

contain residual acid in the form of HBF4 or HF which affects the reaction.

the two examples where such nitration is successful, the authors synthesized their
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own NO,;BF, from HNO3, BF; and HF. Without access to the specialty apparatus
required for synthesizing NO,BF,4, the method of using 2-1 as an amine to react
with the corresponding anhydrides provides an alternate route to N-nitroamides.
The long reaction time is because of the less nucleophilic property of 2-1 due to
the presence of the nitro group. The choice of acylation reagent is also limited to
anhydrides as the acid chlorides release HCI as the side product. The side product
of the anhydride is the weak carboxylic acid which the N-nitroamides are more
tolerant of. The additional limitations of this method is that only a large excess of
anhydride is required for the reaction to proceed, thus large molecular weight
anhydrides will not be feasible. Unsuccessful attempts at using other methods of
nitration to obtain the N-nitroamides are discussed in Appendix A.

An important contrast between 2-1 and N-nitroamides 2-2 and 2-3 is that the N-
nitroamides are relatively stable to bases but are prone to acid hydrolysis which is
the inverse of 2-1. This significant difference allows us to exploit the use of either

class of compounds depending on the reaction conditions.
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2.6.1.2 N-nitrocarbamates

The related N-nitrocarbamates are more stable to acid hydrolysis due to resonance
effects which lead to a reduction in the electrophilic nature of the carbonyl

group!"*'" (Scheme 2-9).

e} ©0 OH

r. <—>R\/k R/§

"0~ "NHNO, 8 NHNO, “O” “NNO,

Scheme 2-9. Resonance structures of N-nitrocarbamates.

The greater stability allows the synthesis of N-nitrocarbamates from the nitration
of carbamates using nitrate salts in sulfuric acid (Scheme 2-10).'%! Subsequent
conversion to the ammonium salt and re-acidification followed by sublimation
allows the isolation of high purity N-nitrocarbamates 2-4 and 2-5.

O O

R\O)kNH R R\OJ\NHNO
2 1.KNOg, conc. H,S0Oy, 25 °C, 15 min 2
2. NHg, ether, 0 °C

3. H,S0,

2-4:R = CH3
2-5: R = C,Hs

Scheme 2-10. Synthesis of N-nitrocarbamates.
Although the N-nitrocarbamates are more robust to acid hydrolysis, extended
durations in acidic media results in the same acid-promoted rearrangement!'*’! to

diazoester intermediate, 2-10, which rapidly decomposes by two possible

pathways to give nitrous oxide and other products (Scheme 2-11).

(@)
o o a JU .+ N0
fL':N H o 0 _— RO OR
RO” N0 —= ROJ\O,N\\N,R' o
R © I

RJ\OH + N,O + (R-1H)olefin

2-10

Scheme 2-11. Proposed decomposition of secondary N-nitrocarbamates.!'*'*!

The decomposition of primary N-nitrocarbamates such as 2-4 and 2-5 follows the
same rearrangement mechanism to give nitrous oxide and carbamic acid which

further decomposes to CO, and alcohol (Scheme 2-12).
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o/ O S)
)J\/C\N H )OJ\ (') N,O )OJ\ — ROH + CO
RO 'N” O —* N~ H| —™ 20 + + 2
|l| RO™ ~O" @ N’ RO~ "OH

Scheme 2-12. Proposed decomposition of primary N-nitrocarbamates.

Similar to the N-nitroamides, the proton on the amide functional group of N-
nitrocarbamates is also acidic due to the presence of the nitro group. The N-
nitocarbamates are also relatively stable to base but require stronger bases such as

potassium methoxide for complete reaction.
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2.6.1.3 N-nitrosocarbamates

The N-nitrosocarbamates are more similar to the N-nitrocarbamates than to the N-
nitroamides. N-nitrosation reactions are very well studied and there are several
reagents that can be commonly used: nitrogen tetroxide (N,Os), nitrosyl halide
(NOX), nitrogen trioxide (N;O3), alkylnitrite (RONO), nitrosonium salts and
acidified nitrite.!'*! For the N-nitrosocarbamates, only limited success has been
reported for direct nitrosation due to the less nucleophilic amide and nitrosation
reactions tending to result in redox reactions. Some examples of N-

nitrosocarbamates have been synthesized by Whitel'?*

using sodium
nitrite/acetic anhydride mixtures. More studies have been carried out with N-
nitrosoamides but it has been established that the N-nitrosocarbamates follow
very similar reactivity and decomposition pathways. N-nitrosocarbamates are in
general less stable compared to the N-nitrocarbamates and decompose through the
same acid-promoted rearrangement!'*"

intermediate 2-11 (Scheme 2-13).1'*"]

O e} )J\ + N2
H+
)k /R' —> 1 /
RO N& R
( RO o} N
G

to give the essential diazoester

N
) 2-11 > RO~ “oH * (R-1H)olefin

Scheme 2-13. Decomposition of secondary N-nitrosocarbamate. !>

The diazoester 2-11 subsequently decomposes by two possible pathways to give
nitrogen and other organic side products. The size of the R’ group has been
determined to affect the rate of decomposition with larger R’ groups degrading at
a faster rate.!'*!"!

Compounds 2-6 and 2-7 belongs to the class of primary N-nitrosocarbamates and
undergoes decomposition to give nitrogen and carbamic acid which further

decomposes to release CO, and alcohol (Scheme 2-14).
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o A

o H.
H (N 0
RO N/H —_— - Kj — N, + )]\ —> ROH + CO,
\| RO o~ RO” “OH
N

Scheme 2-14. Proposed decomposition of primary N-nitrosocarbamate.

An alternative decomposition pathway is also possible where the elimination of
N2O and results in the formation of aldehyde which is mentioned by Thiele

(Scheme 2-15).1%

0
P ;
RO N
N wo s
N

Scheme 2-15. Alternative decomposition pathway of N-nitrosocarbamate.

The amide proton of N-nitrosocarbamates is acidic due to the nitroso group. They
are also relatively stable towards bases and are generally much more soluble than
the nitro analogs.

Compound 2-7 was first synthesized by Thiele et al. from the partial reduction of
the 2-5NH, in 1895 (Scheme 2-16).%

o o |~ - j\ \
/\o)kN’N\o NH, 1.Zn,AcOH,T<25°C -~ O~ "N" 0
2. NH,OH
3. AgNO3;, AcOH
2-5NH, 2. NaCl 2-7
5. H,S0,

Scheme 2-16. Synthesis of 2-7.

The report stated explicitly that the procedure has to be followed exactly and done
meticulously for the synthesis to be successful. Since then, only two reports using
Thiele’s preparation have emerged.!''" '** In the report by Benin er al., the
synthesis was completed only to the isolation of the 2-7Ag with some
modification and the reported yield was much lower compared to Thiele. 2-7Ag
was subsequently converted to a tetrabutylammonium salt by cation metathesis to
obtain a soluble form for reactivity and stability studies using NMR spectroscopy.
In all the above cases, no proper characterisation of the compound was mentioned
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other than melting point, combustion data, an inaccurate modern elemental
analysis of 2-7Ag and NMR data of the alkylammonium salt.

We attempted to synthesize 2-7 following Thiele’s procedure and were hampered
by the low yield and instability of 2-7Ag. Furthermore some of the described
phenomena during the reaction were not observed. The initial yellow precipitate
that is formed at the end of the first step of the reaction before the addition of
aqueous ammonia was not observed. The quality of the Zn dust was suspected to
be an issue as Zn is known to form a ZnO/ZnCOs layer from prolonged exposure
to air. The Zn dust was replaced with freshly purchased reagent grade Zn dust
prepared and stored under nitrogen; however there were no changes observed.

The next possible cause was the amount of acetic acid used during the reaction.
The original preparation reported a 1:1 stoichiometry of 2-SNH4 to acetic acid
with Zn dust in excess. The stoichiometric ratio would be correct based on the

balanced equation shown in Scheme 2-17.

o .

JU N

el oo

+
N__| NH
~S0" N0 4 Zn, AcOH, T < 25°C [2-7]
+ Zn?* + AcO" + NH,OH
2-5NH,

Scheme 2-17. Initial partial reduction of 2-SNHjy to [2-7] by Zn.

The protons for the reduction would be derived from the acetic acid with the
products being a Zn(N-nitrosoethylcarbamate)(acetate) salt and ammonia
hydroxide. The equation only applies if the quality of the Zn dust is not
compromised. The reaction was repeated with two equivalents of acetic acid
giving a yellow precipitate in yellow solution at the end of the reaction. The
implications of this would be either that the preparation by Thiele et al. was not
written in good faith or that the quality of commercial Zn dust in modern times is
of inferior quality to that obtained in the 1900s; we believe the latter case is more
probable.

The next step of the reaction is the addition of aqueous ammonia. In both the

Thiele et al. and Benin et al. preparations, no specific amounts were given, only
62



that it was to be used in excess. We believe it is important to use a judicious
amount of aqueous ammonia as the isolation of 2-7Ag requires acidification in
subsequent steps. The amount of aqueous ammonia that was initially used was
two times the amount of acetic acid that was used. This resulted in a voluminous
formation of a yellow-green precipitate in a yellow solution. There were no
indications in the reports if this was a normal observation. Filtering of the
precipitate gave a yellow filtrate that was further processed. The addition of silver
nitrate solution and acidification with acetic acid did generate a yellow
precipitate, but the estimated yield was still barely two percent of the starting
material. Repeating the experiment multiple times gave consistent results. We
decided to analyze the importance of the amount of aqueous ammonia that was
added and consider the yellow-green precipitate that formed. We considered all
the ions that are present in the reaction mixture before the addition of aqueous
ammonia and deduced the possible equilibrium products in the reaction (Scheme

2-18).
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Zn?* + NH,* + [2-7]" + OAc” + OH"

l

o _
+ .
/\OJ\N’N\\O NH, + Zn(OAc)(OH) (white ppt)
2-7TNH, “

NH,OH + Zn(C,HsOC(O)NNO)(OH) (yellow ppt)
Zn(OH)[2-7T

|

NH,(OAc) + Zn(C,HsOC(O)NNO)(OAC) (yellow ppt)

Zn(OAc)[2-7T

NH,(OAc) + NH,4(OH) + Zn(C,HsOC(O)NNO), (yellow ppt)
Zn([2-7]),

|

(NH4)2[Zn(C2H50C(O)NNO),(OAc),(OH),|

NH,Zn(OAc)(OH)([2-7]") (X +y+2z=4x>0)

Scheme 2-18. Equilibrium mixtures of Zn reduction of 2-SNHy reaction.

All Zn** salts are colourless as the electronic configuration of Zn*" is d'°
eliminating any visible light absorption due to d-d electronic transition. The
ammonium, acetate and hydroxyl ions are also colourless which leaves the
observe colour of the precipitate derived from the presence of [2-7]". Therefore
the possible yellow precipitate that is observe in the reaction mixture are
Zn(OH)[2-7], Zn(OAc)[2-7] and Zn(]|2-7]),. The yellow solution that is
observed can be 2-7NHy and NH4Zn(OAc)(OH)(]2-7]) with its various

coordination isomers. The addition of aqueous ammonia in insufficient amounts
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will generate more of Zn(OH)[2-7]" which is the yellow-green precipitate that
was observed. Excess aqueous ammonia will result in the formation of soluble
zincate complexes and NH4Zn(OAc)(OH)([2-7]) therefore allowing the
dissolution of all the species in the reaction mixture. In the end the appropriate
amount of aqueous ammonia to be added will be three times the amount of 2-

SNH4 (Scheme 2-19).

o o - 7 ]
o b, + Zn + ACOH + 3NH,OH — /\OJ\N’N\\ NH,
/\O N/N\O NH4 4 (@]
2-7TNH,
2-5NH,

+

(NH4)2[Zn(OH)4] + NHy(AcO)
Scheme 2-19. Complete conversion to 2-7NHy.

This is still an approximation however, as the amount of Zn and acetic acid used
in excess of 2-5NHy4 plays a role in the amount of Zn*" ions present in the
solution. Therefore additional amounts of aqueous ammonia are still required.
Experimentally, it has been determined that adding four equivalents of aqueous
ammonia results in complete dissolution of the yellow-green precipitate to give a
yellow filtrate and filtering removes unreacted Zn.

To isolate [2-7], the soluble 2-7NHy is converted to 2-7Ag using silver nitrate
and the solution is subsequently acidified using acetic acid to precipitate the
yellow silver salt. It is known that silver nitrate will dissolve in ammoniacal

solutions to form silver diammine complexes as shown in Equation 2-1.

AgNO4 [Ag(NH3),](NO3) (aq) + 2H,0

NH,OH

Equation 2-1. Dissolution of AgNO3 in ammoniacal solutions

Thus the subsequent acidification by acetic acid is required to displace the
ammine ligands to allow the precipitation of the less soluble 2-7Ag. The solvation
of all the ions allows the formation of the less soluble 2-7Ag which is observed to

form by slow precipitation of a yellow solid on standing in solution over time

(Scheme 2-20).
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Xon| X
+ - +
e Ng NH, B} e Ny Ag
o N0 1. AgNO, o N-"o (s)
2. AcOH
2-7NH, 2-7Ag

Scheme 2-20. Precipitation of 2-7Ag.

Compound 2-7Ag is very unstable to moisture and isolation of this product has
been unreliable even in the best of times. This is reflected in the less than
satisfactory elemental analysis data obtained by Benin.!''! 2-7Ag rapidly
decomposes in moist conditions to give silver ethylcarbonate which can be
observed when the yellow solids turned beige. The beige solids have been
analyzed to be silver ethylcarbonate by IR spectroscopy. The likely side-product
from the decomposition is nitrogen gas (Equation 2-2) similar to the

decomposition of the free acid.

O - O
N )J\ _N Ag+ N )k +
O~ °N” S0 -No O O Ag
2-7Ag
yellow solid beige solid

Equation 2-2. Decomposition of 2-7Ag.

Prolonged exposure of 2-7Ag to the acidic mother liquor causes the
decomposition of 2-7Ag when the solution starts turning black, indicating the
formation of silver particles. Disturbing the solution during the precipitation
process also causes the decomposition to accelerate. The observation of silver
particles may indicate a redox reaction between the silver cation and the possible
decomposition aldehyde product of 2-7 in solution (Scheme 2-21). Due to the
difficulty of handing 2-7Ag, it was decided that the next step of the reaction
towards the synthesis of 2-7 would proceed without proper isolation of 2-7Ag.
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N™ ~0 + H
H ﬁ -N,O
+ H,O + 2Ag*
(0]
ROH + CO; =— /\OLOH + 2Ag(s) + 2H*

Scheme 2-21. Possible decomposition pathway to give silver particles.

In the original synthesis, a white precipitate is observed to form during the
addition of acetic acid which subsequently dissolves. The possible sources of the
white precipitate are silver acetate, silver hydroxide and zinc hydroxide as all
ammonium and nitrate salts are soluble in aqueous solutions. The colour of the
precipitate also rules out the presence of [2-7]". The white precipitate is likely to
be zinc hydroxide as the acidification of the solution converts the soluble
ammonium zincate to give the less soluble zinc hydroxide which reacts with
additional acetic acid to form the soluble zinc acetate (Scheme 2-22).

(NH,)o[Zn(OH),] + 2AcOH —  Zn(OH), (s) + AcOH —— Zn(OAc),

+ +

2NH4(AcO) + 2H,0 2NH4(AcO) + 2H,0

Scheme 2-22. Sequential acidification of ammonium zincate.

The next step of the reaction is to convert 2-7Ag to 2-7Na by cation metathesis
with sodium chloride (Scheme 2-23). Since we were unable to determine the
amounts of 2-7Ag used for this step of the reaction exactly, the amount of sodium
chloride used was in slight excess of the amount of silver nitrate added in the
previous step. Vigorous shaking/stirring of 2-7Ag was required to convert all the

silver salt to give a yellow solution which was filtered through Celite.
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.
N — +
/\O)J\N/ \\O Ag + NaCl /\O)J\N,N\\O Na
2-7Ag 2-7Na

Scheme 2-23. Reaction of 2-7Ag with NaCl.

The yellow filtrate was next extracted with CH,Cl, which is acidified with
concentrated sulfuric acid (Scheme 2-24). The extracts have to be dried with
anhydrous CaCl, as anhydrous MgSO, seems to react with 2-7 which is
observable due to the decrease in colouration of the solution. This could be related
to the higher Lewis acidity of Mg®" compared to Ca*". It is important to keep the
solution cold at all times to prevent decomposition and also the low sublimation
point of 2-7 makes it a very volatile solid. A dry atmosphere during this process is

required to prevent moisture from condensing into the solution.
(0]

O B conc. H,SO,4 J\
+ ) N
N - N SN
/\:J\N’ N Na o ” 0

2-7Na 2-7

Scheme 2-24. Formation of 2-7.

The final steps in the purification and isolation of 2-7 require reduced pressure
sublimation as there is always some residual acid or impurities that
recrystallization is less efficient at removing as observed in previous cases with
the N-nitroamides and N-nitrocarbamates. The yield of 2-7 at the end of the
synthesis based on the amount of silver nitrate used is 34 % which is acceptable
but pales in comparison to what was reported by Thiele (76 %).

The synthesis of 2-6 is similar to 2-7 however there are some important
differences to take note. Both the salts and neutral form of 2-6 are much more
soluble in water which requires careful use of ice and water during the multiple
steps of the reaction. The precipitation of 2-6Ag is less likely to proceed to
completion compared to 2-7Ag as the filtrate remains coloured compared to

colourless in 2-7Ag (Scheme 2-25).
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1. AgNO;
2. AcOH
2-6NH, 2-6Ag

Scheme 2-25. Formation of 2-6Ag.

Compound 2-6Ag also decomposes more readily than 2-7Ag as black silver
particles are is observed to form towards the end of the 15 min precipitation time.
The increased solubility of 2-6 also requires the extraction solvent to be changed
to the more polar ethyl acetate. All the above factors contribute to the much lower
yield of 2-6 (15 %) as compared to 2-7.

The low stability of the silver salt is the main crux to getting a better yield in the
synthesis of the N-nitrosocarbamates. To that end, we have investigated if
changing the proton source from acetic acid (pKa = 4.78) for the reduction will
improve the yields for this reaction. There is a need for balance in the strength of
the acid that can be used for the reduction. Mineral acids are good proton donors
but are not suitable as the method of isolation involves the precipitation of the less
soluble silver salt from the aqueous media. Boric acid being a very weak acid was
not effective as the Zn reduction step failed. Thus other organic acids were tested
such as formic acid (pKa = 3.77), propionic acid (pKa = 4.87) and butyric acid
(pKa = 4.82). Formic acid was very efficient in the Zn reduction step but
undergoes redox reactions with silver nitrate to give colloidal silver. Butyric acid
was both a poor acid for the reduction stage and also undergoes rapid redox
reaction with silver nitrate. Propionic acid was actually the best acid comparable
to acetic acid. An advantage of propionic acid compared to acetic acid is that
during the precipitation of the silver salt stage, 2-6Ag and 2-7Ag are more stable
in propionic acid compared to acetic acid which most likely is due to the lower
acidity of propionic acid. However a major problem associated with propionic
acid is that the corresponding silver propionate has very similar solubility to 2-
7Ag and is actually less soluble than 2-6Ag. This resulted in samples of N-
nitrosocarbamates prepared with propionic acid to be contaminated with
propionic acid after acidification with sulfuric acid. The boiling point of propionic
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acid is 141 °C while the N-nitrosocarbamates have low melting points around 50
°C. Under reduced pressure environments, the boiling point and sublimation
points of propionic acid and the N-nitrosocarbamates are very similar which

prevents an efficient way of separating the mixtures.
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2.6.1.4 N-nitro-p-tolylsulfonamide

The N-nitrosulfonamides are synthesized by nitration of sulfonamides with
concentrated nitric acid (95 %, p = 1.48 g mL") in concentrated sulfuric acid

(Scheme 2-26).I''%!

C 95 % HNO3 9
R-S-NH, — ————* R—ﬁ—NHNOz

(”) conc. H,SO, (o)
2-8: R = p-tolyl

Scheme 2-26. Synthesis of N-nitrosulfonamides.

More recent methods include the use of ammonium nitrate with concentrated
sulfuric acid.'*! Most of the sulfonamides of interest are those of
arylsulfonamides and it is surprising the nitration reaction is selective towards N-
nitration instead of electrophilic aromatic nitration. This is most likely due to the
deactivatating effect of the sulfonyl group on the electron-rich benzene ring
towards electrophiles.

The N-nitrosulfonamides have similar properties to the N-nitrocarbamates in that
there are susceptible to acid hydrolysist*”! (Scheme 2-27) (but not to the extent of

N-nitroamides) and are relatively base stable.

H
Yo 2 oH
SN R-S* + HN=N —— N,O + H,0
H* RN~ "0 [ o
o, 0 O H o
S0
R NHNO,

o ot 0
o

Scheme 2-27. Possible decomposition pathways of N-nitrosulfaonamides

There is some evidence that the release of NO, is possible..'*') The isolation of
these compounds exploits the low solubility of the corresponding ammonium salts
in the aqueous acid media. This enhanced stability is attributed to the less

electrophilic nature of the sulfonyl group towards nucleophiles.
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2.6.1.5 Anionic salts of the lisands

The silver salts for the N-nitro/nitroso compounds are synthesized by reaction

with silver carbonate, Ag,COj3 (Scheme 2-28).
o) O B

2 )k + AgCO; ——— > Ag* )k + CO, + H,0
R™ NHX CH,Clp, RT, 12 h RO NX
R X Compound R X Compound
CHs NO, 2-2 CHy NO, 2-2Ag
CHO  NO, 2-4 CH,0  NO, 2-4Ag
CH:0  NO, 2-5 CH:O0  NO, 2-5Ag
CH,O  NO 26 CH,0  NO 2-6Ag
0.0 -
2 S0, * 000 = | D60 + CO, + H,0
CH,Cly, RT, 12 h R NNO,
2-8 2-8Ag

R = p-tolyl

Scheme 2-28. Synthesis of silver salts of N-nitroamides, N-nitrocarbamates, N-
nitrosocarbamates and N-nitro-p-tolylsulfonamides.

The heterogeneous suspension of silver carbonate reacted with the acidic amides
which were soluble in dichloromethane overnight in the absence of light to
generate the corresponding insoluble silver salts in good yield. This is in contrast
to the poor yields obtained for 2-5Ag when carried out in water.!''”! All the silver
salts are white solids which are relatively stable except for 2-6Ag and 2-7Ag
which are yellow. Compound 2-6Ag is actually friction sensitive when dry.
Isolation of 2-6Ag during the reduction of 2-5NHjy is risk-free due to the moist
condition of the salt. However isolation of 2-6Ag from the above preparation
requires special precaution as detonation of the substance occurred on retrieval of
the product from the sintered glass frit due to friction.

The potassium salts of the N-nitro/nitroso compounds are obtained similarly by

the reaction with bases (Scheme 2-29).
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R NO R NO
Ny 2 2
2 N + K,CO;4 - K| N7 + CO, + H,0
" CH,Cl,, RT, 12 h
R Compound R Compound
CH-C(0) 2-2 CHaC(0) 2-2K
p-talylSO; 2-8 p-talylS Q. 2-8K
R‘1 X R1 X B
SN+ CcHyOK ~ K| >N | + cHyOH
4 CH,Cl,, RT, 12 h
R’ X Compound R X Compound
CH;0 NO, 24 CH;0 NO, 2-4K
CHO  NO 2.6 CH:0  NO 2-6K

Scheme 2-29. Synthesis of potassium salts of N-nitroamides, N-nitrocarbamates,
N-nitrosocarbamates and N-nitro-p-tolylsulfonamides.

With the N-nitroamides and N-nitro-p-tolylsulfonamides, crushed potassium
carbonate was sufficient to generate the potassium salts in good purity. For the N-
nitro/nitroso carbamates, potassium methoxide was used instead as there was
always residual unreacted K,COs; remaining which affected the purity of the
products. Compound 2-5K is obtained in good yields compared to the reported

91 The potassium salts are

preparation in water using potassium hydroxide.
soluble in water and insoluble in non-polar solvents with very limited solubility in
alcohols such as methanol and ethanol. All the potassium salts are white with the
exception of 2-6K which is yellow similar to 2-6Ag. Compound 2-6K is also
relatively soluble in methanol and comparatively hygroscopic. It has similar
characteristics as 2-6Ag which requires special attention during isolation due to
detonation from friction.

An attempt to try to isolate 2-6K directly from moist 2-6Ag during the reduction
of 2-4NH, using KI in dry methanol was not successful as precise amounts of the

moist 2-6Ag could not be determined easily. This led to contamination of excess

KI in the 2-6K samples which could not be separated easily.

73



Compound 2-8NH4 was isolated by precipitation when aqueous ammonia was

added to an aqueous solution of 2-8.
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2.6.2 Crystallography discussion

The compounds discussed so far have potential multiple bond character intra-
molecularly which may give rise to various isomeric forms due to restricted bond
rotation. This sort of feature has been mentioned briefly in the NMR spectroscopy

section for the N-nitrosocarbamates.

2.6.2.1 Neutral lisands

The solid state structures of all the nitrogen acids are planar. The strong hydrogen
bonds between the amide proton and the oxygen of the acyl group results in the
high density values obtain for the crystals (Table 2-1). This strong H-bonding also

causes the crystal packing to exhibit close intermolecular contacts (Figure 2-2).

Figure 2-2. Crystal packing showing close intermolecular contacts from H-
bonding in 2-3.

The lack of disorder within the solid state determination for the possible isomers
may be due to the above crystal packing effect especially for the N-
nitrosocarbamates.

For the N-nitroamides and N-nitrocarbamates, the amidic bond gives rise to cis

(Z), trans (E) isomers due to hindered rotation about the C-N bond (Figure 2-3).
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R = alkyl, alkoxy
Figure 2-3. Cis (Z), trans (E) isomers of N-nitroamides and N-nitrocarbamates.

The two isomers are not detected in "H NMR spectroscopy which may be due to
either the rate of rotation still being fast on the NMR timescale or to one isomer
predominating in solution.

The solid state molecular structures for N-nitroamides, 2-2 and 2-3, are shown in

Figure 2-4 and Figure 2-5 respectively.

5 03) —
! ™
Y 012)

Uy >

Figure 2-4. Molecular structure of 2-2

A 003) _
< @ o2

Figure 2-5. Molecular structure of 2-3.
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Compound 2-2 and 2-3 are shown to adopt the Z conformation in the solid state.
However, Density functional theory (DFT) calculations carried out indicates that

the most stable gas phase isomer is the E isomer (Figure 2-6).

O, H o} NO,
A ./
>—N >;N
\ \
NO, H
E z
Relative E (kcal mol™) 0 0.4

Figure 2-6. Calculated relative energy levels of the isomers of 2-2.

Similarly the solid state structures for the N-nitrocarbamates, 2-4 and 2-5, are
observed to take up the Z configurataion as shown in Figure 2-7 and Figure 2-8

respectively.

0(8)

\ A)

gy 4

Figure 2-7. Molecular structure of 2-4 containing two independent molecules.

7:/ 012,{%
"

\ o

Figure 2-8. Molecular structure of 2-5.
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In the case of compound 2-4 there are 2 independent molecules in the asymmetric
unit with both molecules in the cis conformation. DFT calculations for gas phase
isomers also indicate the Z isomer to be the thermodynamic isomer which is

similar to the solid state structure (Figure 2-9).

0, H (o} NO,
N / N /
>—N —N
\ \
—0 NO, —O0 H
E z
Relative E (kcal mol™) 1.6 0

Figure 2-9. Calculated relative energy levels of isomers of 2-4.

For the N-nitrosocarbamates, the presence of the NNO fragment adds an
additional combination to the E/Z isomeric forms which is mentioned in the NMR
section. Thus there are 2° combinations which give rise to four possible
configurations of the N-nitrosocarbamates as shown in Figure 2-10. Following the
convention at the start of this section, the isomers are described in the C-N, N-N

configuration order.

o f o, H R A R H
\\_____N \ e \\»————N/\ = \/_____-;;l — \/_____-;;l/
N VAN VR /7N
R N—O_ R N: o N—0_ © N
. / /
_0 -0
E,E E,Z ZE 2,z
R = alkoxy

Figure 2-10. Possible isomers of N-nitrosocarbamates.

The solid state structures of the N-nitrosocarbamates, 2-6 and 2-7 are shown in

Figure 2-11 and Figure 2-12 respectively.

@ o2

W I

Figure 2-11. Molecular structure of 2-6.
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“ 013}

Figure 2-12. Molecular structure of 2-7.

Compound 2-6 and 2-7 are both in (Z, E) configuration. DFT calculations of the
four isomers arranged in increasing order of energy are shown in (Figure 2-13).
The gas phase calculations indicate that the (E, Z) isomer is the most
thermodynamically stable isomer while the E,E isomer is the least. The solids
state structure equivalent, (Z, E) isomer is found to be 3.7 kcal mol™ higher in

energy in comparison to the most stable isomer.

increasing energy (kcal mol™)

\ R H R H O\ H
\\____ / +/ +/ \ /
N, ——N —N “T°N
+ \\ 5 \\\\ ///- \\\ + \\
R N : o’ N : o’ N—O_ R N—O_
/ / . ..
_0 _0
R =CH30 E,Z Z,Z Z E E,E
E= -413.8472362 -413.8468552 -413.8532021 -413.8537858
Relative E 0 0.3 3.7 4.1

Figure 2-13. Isomers of 2-4 and their calculated relative energy levels.

The solid state structure of N-nitrosulfonamide 2-8 is shown in Figure 2-14. For
compound 2-8 there are no configuration isomers due to the presence of the

sulfonyl, SO,, group.
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0(4)

Figure 2-14. Molecular structure of 2-8.

A list of selected bond lengths and bond angles of the free ligands of the nitrogen
acids are presented in Table 2-3. In general all the molecules are co-planar with
most of the dihedral angles around the amide/carbamate group at or close to 180°.
The co-planar nature of the structures gives evidence of the overall conjugation
across the acyl N-NO/NO, fragment. Such an observation is matched by the C-N
bond lengths range of 1.38 to 1.40 A and the N-N bond lengths range of 1.34 to
1.39 A which indicates double bond character. An interesting observation in these
series of compounds is that the N-nitrocarbamates 2-4 and 2-5 have slightly
distorted co-planarity due to deviations from 0 or 180° in the dihedral angles of
the C-C-N-O and C-N-N-O planes. This could be the result of competing
conjugation requirements of the carbamate functional group. Increasing the alkyl
chain of the alkoxy group reduces the planarity too. However this trend is not
repeated for the N-nitrosocarbamates.

The only exception is 2-8 which is non-planar at O(1) — N(2) — N(1) — S(1) and
O(3) — S(1) — N(1) — N(2) for the dihedral angles of -162.1(2)° and -63.9(2)°
respectively due to the tetrahedral geometry of the sulfonyl group. The S-N bond
of 1.6877(15) A still indicates some degree of double bond character which

implies limited conjugation across the SNNO, fragment.
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Table 2-3: Selected bond lengths (A) bond and torsion angles (deg) of N-nitroamides, N-nitrocarbamates, N-nitrosocarbamates
and N-nitro-p-tolylsulfonamides.

Compound 2-2 2-3 2-4° 2-5 2-6° 2-7° 2-8°
N(1) - N(2) 1.3835(19) 1.3858(18) 1.382(3)/1.380(3) 1.385(2) 1.354(3) 1.347(4) 1.388(2)
N(1) - C(1) 1.389(2) 1.3949(19) 1.394(3)/1.396(3) 1.387(2) 1.385(3) 1.381(5) 1.6877(15)
0O(1)-N(2) 1.2230(17) 1.2183(16) 1.222(3)/1.226(3) 1.216(2) 1.217(3) 1.220(4) 1.213(2)
0(2) -N(Q) 1.2144(17) 1.2141(16) 1.212(3)/1.214(3) 1.2154(19) 1.213(2)
N(2) = N(1) - C(1) 125.47(13) 125.27(12) 124.5(2)/124.6(2) 123.87(14) 118.64(17) 118.7(3) 121.60(13)
0(2) - N(2) - O(1) 126.24(13) 126.42(12) 126.3(2)/126.8(2) 126.41(16) 127.18(18)
0(2) - N(2) - N(1) 119.62(13) 119.18(11) 119.7(2)/119.3(2) 118.41(15) 117.67(16)
0O(1) = N@2) - N(1) 114.14(12) 114.40(11) 114.0(2)/113.9(2) 115.17(14) 112.76(19) 112.3(3) 115.14(17)
O(1) = N(2) = N(1) - C(1) 180.0(1) 180.0(1) -178.2(2)/-178.8(2) 168.12) 180.02) -180.0(3) -162.1(2)
0(3) — C(1) = N(1) = N(2) 0.0(2) 0.0(2) -1.3(4)/0.5(4) -1.8(3) 0.0(3) -0.0(6) -63.9(2)

a. 2 independent molecules. O(5), O(6), O(7), O(8), N(3), N(4), C(3), C(4) in corresponding order for second molecule.
b. O(2) instead of O(3) for torsion angles.
c. S(1) instead of C(1).
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The C-N and N-N bond lengths of the N-nitroamides and N-nitrocarbamates are
very similar at around 1.40 and 1.38 A respectively. However the C-N (1.39 1&)
and N-N (1.35 A) bond lengths in the N-nitrosocarbamates 2-6 and 2-7 are
significantly shorter. The extent of this difference is greater in the N-N bond. This
structural observation may be related to the N-nitrosocarbamates’ propensity to
decompose to release Np. The N-O bond lengths in these series are almost
uniform at approximately 1.22 A which signifies N=0O. For compound 2-8, the N-
N and N-O bond lengths are similar to the N-nitroamides and N-nitrocarbamates.
Comparison of the bond angles in the series of compounds (Table 2-3) shows that
the N-nitro compounds are very similar, with the N-nitrosocarbamates exhibiting
smaller angles between the C-N-N and N-N-O fragments. An interesting
observation in the nitro compounds is that the N-N-O angles for the nitro group
are asymmetric. The O(1) atom which is trans to the acyl group tends to have
smaller N-N-O angles compared to O(2) atom cis to the acyl group.

There are extensive hydrogen bonds between the amide protons and the acyl
oxygen atoms in the crystal array of the compounds. This interaction may have an
effect such that the slightly less stable Z isomers (C-N bond) of the nitro/nitroso

compounds are observed instead of the more stable trans isomers.
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2.6.2.2 Anionic lisands

The anionic ligands of the above series of compounds are mostly isolated as the
potassium salts. The solid state molecular structure of N-nitroamide 2-2K, N-
nitrocarbamate 2-4K and N-nitrosocarbamate 2-6K are shown in Figure 2-15,

Figure 2-16 and Figure 2-17 respectively.

AN
=) K

Figure 2-15. Molecular structure of 2-2K. Other K atoms have been omitted.

Cim o)

Figure 2-16. Molecular structure of 2-4K. Other K atoms have been omitted.

For 2-6K, the crystals crystallize in the P2, space group which is chiral.
Compound 2-6K is achiral such that it crystallizes as a racemeric twinned crystal.
The selected bond length and bond angles of the anionic ligands are shown in

Table 2-4.
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Figure 2-17. Molecular structure of 2-6K. Other K atoms have been omitted.

In all the structures, there is no change in the configuration between the free acid
form and the potassium salt. DFT calculation of the possible isomers of 2-6Li
indicate that the Z,Z isomer is the most stable form while the solid state structure
(Z,E) that is observed is slightly higher in energy (Figure 2-18).

Computational analysis of the related diazotate anion had been carried out at the
MP level.'' The results of the stability of the different isomers are very
different from the results by DFT. This may be due to the lower level calculations
or the acid substituent instead of the ester.

Most of the structural features of the potassium salts are similar to the neutral
compounds. However certain parameters are significantly different. The more
significant differences are the decrease in N-N and increase in N-O bond lengths
between the neutral ligands and the anionic salts. On average the N-N bond
lengths are reduced by about 0.3 A [2-2 and 2-4 (1.38 A) to 2-2K and 2-4K (1.35
A), 2-6 (1.35 A) to 2-6K (1.32 A)] while the N-O bond lengths have increased by
approximately 0.23 A [2-2 and 2-4 (1.22 A) to 2-2K and 2-4K (1.45 A)]. For 2-
6K, the increase in the N-O bond length is almost 0.4 Al
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increasing energy (kcal mol™)
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R=CH30 z,z ZE EE
E=  -420.84545596 -413.84512675 -413.820869256
Relative E 0 0.12 10.52
increasing energy (kcal mol™)
b) >
o} 'N—O 0, 0O, HO
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HO HO N—0O / /
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Relative E 0 0.4 4.9 5.9

Figure 2-18. a) DFT calculations of isomers of 2-4Li. B) MP calculations of
isomers of diazotate anion.
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Table 2-4: Selected bond length (A), bond and torsion angles (deg) of potassium and ammonium salts of N-nitroamides, N-
nitrocarbamates, N-nitrosocarbamates and N-nitro-p-tolylsulfonamide.

Compound 2-2K 2-4K 2-6K° 2-8K° 2-8NH,
N(1) - N(Q2) 1.352(4) 1.343(3) 1.321(3) 1.339(2) 1.331(3)
N(1)-C(1) 1.376(4) 1.384(3) 1.399(3) 1.6487(18) 1.641(2)
0O(1)-N(2) 1.243(4) 1.257(3) 1.260(2) 1.250(2) 1.249(3)
0(2) -N(Q) 1.243(4) 1.242(3) 1.256(2) 1.233(3)

N(2) - N(1) - C(1) 118.8(3) 117.92) 108.98(18) 115.55(13) 115.41(18)
0(2) - N(2) - O(1) 120.2(3) 120.5(2) 120.89(16) 120.6(2)
0(2) - N(2) - N(1) 125.4(3) 124.7(2) 123.13(16) 123.8(2)
O(1) - N(2) - N(1) 114.5(3) 114.8(2) 113.05(17) 115.97(15) 115.6(2)
0O(1) = N(@2) - N(1) - C(1) 178.7(3) 172.42) 177.6(2) 177.8(1) 178.8(2)
0(3) — C(1) = N(1) - N(2) -3.8(6) -8.8(5) 22(3) 52.7(2) 53.2(2)

a. O(2) instead of O(3) for torsion angles
b. S(1) instead of C(1).
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The structural changes from conversion of the neutral ligand to the anionic form
indicate the possible strengthening of the N-N bond and weakening of the N-O
bond of the NNO/NNO, fragment. There is some indication that the increasing
charge separation of the NNO/NNO, fragment may be the result of increasing
electron density on the oxygen atoms making them more nucleophilic which
results in increase oxidative properties. The much larger change in 2-6K gives
some evidence of its stronger oxidation ability by the loss of the O atom of the
nitroso fragment. The C-N bond change from the neutral ligand to the anionic
form is less clear. With regards to the N-nitro compounds 2-2K and 2-4K, there is
a decrease of 0.15 A, while for N-nitroso compound 2-6K, there is an increase in
about 0.2 A. The implication for such differences between these two groups may
be that the acyl group is better able to stabilise the anionic NNO, fragment but
actually destabilise the NNO fragment.

The other difference in converting the neutral ligand to the anionic salt is the
slight increase in non-co-planarity of the C-C-N-N and C-N-N-O plane. This
structural change can be thought of as a decrease in the conjugation between the
NNO/NNO; fragments with the acyl group.

For the N-nitrosulfonamides salts 2-8K and 2-8NH,, their molecular structures
are shown in Figure 2-19 and Figure 2-20 respectively. The 2 K atoms are located

on special positions which results in each having site occupancy of 0.5.

Figure 2-19. Molecular structure of 2-8K. Other K atoms have been omitted.
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Figure 2-20. Molecular structure of 2-8NH,4 with disordered ammonium cations.

The structural changes of 2-8K and 2-8NH4 from 2-8 are similar to the other N-
nitro compounds where there is a shortening of the N-S bond and increase in the
N-O bond to mostly the same extent The structure of 2-8NHy4 is also shown to
have a disordered ammonium cation.

The differences in the structural forms of the neutral and anionic salts do give us
an insight into the possible changes on coordination of these ligands to transition

metal complexes.
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2.6.3 Spectroscopic properties of ligands

There is very limited spectroscopic information for the primary N-nitroamides, N-
nitrocarbamates, N-nitrosocarbamates and N-nitrosulfonamide except for 2-5!''"
Most of the characterisations for these compounds were for the secondary

132 Fyrthermore the spectroscopic information is generally limited to

compounds.|
boiling/melting points, elemental analysis, and electronic absorption information.
There are some rare instances of limited infra-red characterisation of the N-
nitroamides!''”) and proton NMR of the analog of the salt of 2-7."""] There are
however vast reports of the related nitrosamines, R,NNO, and nitramines,

RoNNO,, for which the NO and NO, spectroscopic information is similar.

2.6.3.1 NMR spectroscopy

Free ligand

The NH protons of the N-nitroamides, N-nitrocarbamates, N-nitrosocarbamates
and N-nitrosulfonamides are acidic and are observed in 'H NMR in the following
range: N-nitroamides (2-2 and 2-3) 10.3 to 10.5 ppm; N-nitrocarbamates (2-4 and
2-5!""9%9.9 to 10.1 ppm; N-nitrosocarbamates (2-6 and 2-7) 10.6 to 10.8 ppm; N-
nitrosulfonamide 2-8 at 10.0 ppm. Compared to 2-1 (8.05 ppm), the amide
protons are more de-shielded due to the presence of the acyl/sulfonyl functional

133] the chemical shift effect on the o-H of the —

[134

groups. For simple nitramines,
N(NO,) group is similar to that of alkoxy substituents."** Therefore by taking
into account the general chemical shifts of the related amides, carbamates and
sulfonamides, the observed chemical shift of the NAH proton of the N-nitro
compounds are expected.

The alkyl substituents of the N-nitroamides, N-nitrocarbamates, N-
nitrosocarbamates and N-nitrosulfonamides are all observed slightly downfield
(approximately 0.2 to 0.4 ppm difference) from the generic region of the regular

amides, esters or sulfonamide probably due to the inductive effect of the nitro or

nitroso groups.
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The "H NMR spectra of the N-nitrosocarbamates 2-6 and 2-7 are observed to have
multiple sets of resonances in the alkyl region: 2-6: 3.68, 3.91, 4.06 (ratio of
0.03:0.05:1 respectively); 2-7: 1.35 and 4.35 (minor), 1.44 and 4.50 (major). This
indicates the possible presence of several isomers in solution.!'**) In contrast the
N-nitroamides, N-nitrocarbamates and N-nitrosulfonamide are observed to have
only one isomer in solution. The N-nitrosocarbamates can be expressed as two

resonance forms (Figure 2-21).

RO(O)C RO(0)C
N—N -— =
/ A\Y / \
H (@) H Oo_

R = CH3 or C2H5
Figure 2-21. Two resonance forms of N-nitrosocarbamates.

The two resonance forms of N-nitrosocarbamates give rise to cis-trans isomers of

the nitroso compound across the hindered N-N bond (Scheme 2-30).

RO(0)C . RO(O)C\ /O
/N:N\ == /N:N .
H o H
trans cis
major minor

R= CH3 or C2H5
Scheme 2-30. N-nitroso compounds cis-trans isomers.

The barrier to rotation for the N-N bond is between 76 to 160 kJ mol" depending

B4 1t has been established that in general, substituents trans

on the environment.!
to the oxygen of the nitroso are observed further downfield compared to cis
substituents.!**! Furthermore, due to steric effects, the trans configuration is
favoured, which is consistent with the observed spectra of 2-6 and 2-7.

Compound 2-6 is observed to have three singlets in total. The additional minor
singlet could be due to the presence of small amount of isomers from the hindered

C-N rotation (Scheme 2-31).
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RO

Scheme 2-31. [somers of N-nitrosocarbamate from hindered C-N rotation.

Anionic salts

The 'H NMR spectra of the potassium salts of N-nitroamides, N-nitrocarbamates,
N-nitrosocarbamates and N-nitrosulfonamide are similar to the free ligand except
for the resonance for the NH proton. In general, there is an upfield shift in the
resonance signals of the alkyl substituents of approximately 0.5 to 0.8 ppm such
that the signals falls within the generic region for amides, esters and sulfonamide.
For N-nitrosocarbamate 2-6K, the additional resonance signals corresponding to

the isomers mentioned above are also observed.
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2.6.3.2 Vibrational Spectroscopy

Free ligand

The N-nitroamides/carbamates/sulfonamides and N-nitrosocarbamates exhibit
interesting infra-red bands in their IR spectrums. In particular, the presence of the
acyl/sulfonyl and nitro/nitroso conjugated system gives rise to unqiue bands that
do not reside in the usual ranges for the respective functional groups. Some
suitable references that would help in the assignment of the vibrational bands
include the regular amides!*® (N-C(O): 1695 cm™), carbamates!*” (N-C(O):
1690 - 1740 cm™ and N-C(0)-O: 1050 cm™) and sulfonamides!*®! (N-SO,: 1155
- 1170 cm™ symmetric), (SO,-N: 1335 - 1370 cm’ asymmetric). Other related

(1341 Which show two nitro bands

functional groups would include the nitramines
at 1550 - 1630 cm” (asymmetric), 1274 - 1304 cm™ (symmetric) and the
nitrosamines!"** '** which have nitroso related bands at 1421 — 1476 cm™ (N=0),
1020 cm™ (N-N).

For the N-nitroamides, the Amide 1 band is located around 1730 cm'l, Amide 2
around 1443 — 1469 cm™ and Amide 3 around 1140 — 1196 cm™. All the bands
are relatively strong while the nitro bands are observed around 1610 - 1625
(asym) and 1305 — 1330 cm™ (sym). A new strong band is observed around 1000
— 1100 cm™' corresponding to the N-N bond stretch.

For the N-nitrocarbamates, the Amide 1 band is located around 1745 cm'l, Amide
2 around 1450 — 1460 cm™ and Amide 3 around 1220 — 1250 cm™. Similarly all
the bands are relatively strong with the nitro bands in the same region as the N-
nitroamides. Several new bands are also observed around the 900 to 1150 cm™.
These bands are assigned to the carbamate stretch.!*”) The lowest energy strong
intensity band in this region, between 900 to 1000 cm™, is however better
assigned to the N-N vibration mode. The IR bands of 2-5 match well with the
literature assi gnment.[1 101

For the N-nitrosocarbamate, the Amide 1 band is located around 1750 - 1760 cm”
!, Amide 3 around 1240 — 1260 cm™. The Amide 2 band overlaps with the NO

bands and are located between 1400 and 1480 cm™. Multiple bands of medium
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intensity are located in this region and could be due to the presence of the aci-
form. Lastly between 900 and 1100 cm™ are the carbamate and N-N stretch with
the N-N band at the lowest energy between 900 and 1000 cm™. The bands at
1707s, 1619s, 1529s, 1615m, 1520m, 1393m, 1376m, 1329s, 1233m, 1205m
could be due to the aci form isomer.

The N-nitrosulfonamide 2-8 is observed to have the sulfonyl vibration modes at
1392 cm™ (asym) and 1170 cm™ (sym). The nitro bands are in the same region as
the N-nitroamides/carbamates. An additional strong band at 1085 cm™ is also
observed and corresponds to the N-N stretching mode.

In general, the bands assigned to the various acyl/sulfonyl bands are shifted to
higher energy while those of the nitro and nitroso groups are very similar to the

related to the nitramines and nitrosoamines.

Anionic salts

The anionic salts of the above ligands exhibit very simple vibrational spectra.
Both the silver and potassium salts have similar or near identical vibration bands.
In general there are several common strong bands. The first is the Amide band 1
observed around 1641 cm” for 2-2K/Ag and 1680 cm’ for the
nitro/nitrosocarbamates salts. For the N-nitroamides/carbamates/sulfonamides, the
common strong bands are between 1400 and 1460 cm™ and between 1220 and
1290 ecm™ which most likely corresponds to the asymmetric and symmetric
stretch of the nitro group. Strong bands near the 900 to 1105 cm™ region are due
to the N-N stretch for the N-nitro/nitroso amides/carbamates. Additional bands
between 1110 and 1200 bands are also observed in the carbamate salts. Multiple
bands of medium intensity are observed between 1300 and 1500 cm™ which are
most likely due to the nitroso stretch. The IR spectrum of 2-5Ag is similar to that

reported in literature.!''%
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2.6.3.3 UV-visible spectroscopy

Free ligand

Most of the compounds are colourless which indicate the usual © = 7* transition
fall in the UV range with Anax less than 400 nm. The N-nitrosocarbamates 2-6 and
2-7 however are yellow in both solution and solid states. The observed colour has
been attributed to n = 7* transition of the nitrogen lone pair on the nitroso
functional group.!'*”! The UV-vis spectrum of 2-6 in the visible region is shown in
Table 2-5 and Figure 2-22 and there is a distinct absorbance near 400 nm which
gives rise to the intense yellow colour. Of interest is the fine vibronic coupling
that is observed which is better defined in less polar solvents such as chloroform
than polar solvents such as methanol for nitrosamines."*** Initially this fine
structure was attributed to N-H vibronic effects in solution, but a control
experiment with deuterated methanol did not give any difference in the
absorbance spectrum (Table B-1, Figure B-1). The wavelength of maximum
absorbance is also observed to be red-shifted in non-polar to polar solvents which
is similar to the related nitrosoamines where the n = #* transition is sensitive to

[140

solvent effects."*” The red-shift is in striking contrast to initial reports for n > 7*

transitions, where blue-shift in the wavelength of maximum absorbance occurs for

solvents with increasing di-electric constants.!'*"

This effect was initially
attributed to the fact that polar solvents are more able to stabilise ground states
than excited states increasing in the energy gap for the transition. It has been
shown instead that hydrogen bonding is the main cause in such phenomena.!'*”
On a related note, increasing the polarity of a solvent causes a red-shift in the
wavelength for maximum absorbance for m > =* transitions which is also

] 1n the studies for the red-shift effect,

attributed to hydrogen bonding effects.!
the solute molecules were the hydrogen donors, while for the blue-shift effect, the
solvent was the hydrogen donor. For compound 2-6, as a strong acid, it can be
considered to be a solute with hydrogen donors which will account for the red-
shift effect. Therefore we believe that for red-shift versus blue-shift trends, the

hydrogen donor potential of the solute plays a major role.!"**! A similar vibronic
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fine structure absorption feature is also present for 2-7 (Table B-2, Figure B-2). It

has also been shown that this n = ©* transition can be manipulated to alter the

ratio of the cis-trans isomers of the nitrosamines.

Table 2-5. Amax, abs and Av values of 3.2 mM 2-6 in CH;0H and CHCls.

2-6 in CH;0H 2-6 in CHCl;
Amax (nm) e M em™) Av (cm™) Amax (NM) e(M'em™) Av (cm™)
366 12.6 1348 368 21.3 1064
385 34.1 1036 383 43.0 857
401 61.6 956 396 75.0 981
417 88.5 1045 412 105.0 1016
436 76.7 430 88.7
0.4 -
0.35 -
— 2-6 in methanol
0.3 - ———2-6 in chloroform
0.25 -

Absorbance
()
[\S]

0.15 A
0.1 -
0.05 -
0 T T T 1
300 350 400 450 500
Wavelength (nm)

Figure 2-22. UV-vis

CH;0H (blue).

absorption spectrum of 3.2 mM 2-6 in CHCl; (red) and
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Anionic salts

The potassium salt 2-6K is observed to have a less intense colouration and this is
confirmed by the UV-vis spectrum which is shown to have an absorbance around
400 nm with lower absorption coefficients (Figure 2-23). The vibronic coupling

absorption feature in 2-6 is also broadened out in 2-6K.

2.5 1

Absorbance
—_
W

1

—_—
1

0.5 A1

\

300 350 400 450 500
Wavelength (nm)

Figure 2-23. UV-vis absorption spectrum of 7.0 mM 2-6K in CH30H. Apax = 395
nm and £ =37.9 Lmol ' em™.
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2.7 Conclusion

The successful synthesis of 2-1 and the related N-nitroamides, N-nitrocarbamates,
N-nitrosocarbamates and N-nitrosulfonamide gives us a series of the high
oxidation nitrogen amides for reactivity studies. The acidic nature of these
compounds provides access to the corresponding anionic salts such as potassium
and silver which allow us to explore alternative reaction pathways.

Complete structural and spectroscopic determination of these compounds allows
insight to subsequent coordination reactivity studies with the transition metal

complexes.
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Chapter 3: Iridium complexes of Nitrogen Acids

3.0 Introduction

Transition metals are able to support various oxidation states depending on the
environment and the ligand coordination sphere. The ability to access multiple
oxidation states allows the transition metals to undergo redox changes with the
ligands or reagents during chemical transformation to effect catalysis of the
chemical reactions. The application of this catalytic property has been the main
basis of transition metal organometallic catalysis renaissance towards the end of
the twenty-first century. The catalytic cycle can be broken into separate stages:
mainly activation/coordination: addition/rearrangement (possibility of several
repetitions) and release of the final substrates. Not all reactions of transition metal
complexes are catalytic by default. The most common reactions by these
complexes are usually coordination with the compounds of interest to generate
new metal complexes which may be stable or metastable. The advantage of these
new complexes is that they give rise to unstable ligand fragments that cannot exist
in the uncoordinated form but are stabilised by the transition metal through
coordination.

Third row transition metal complexes tend to be kinetically inert which allow the
isolation of metastable forms of coordination complexes. The early transition
metal complexes are electron-poor, oxophilic in nature and tend to extract hard
ligands such as oxides and nitrides from coordinated ligands. Therefore the
nitrogen acids of interest may not be suitable substrates for these metals. Late
transition metals on the other hand are electron-rich, prefer softer ligands such as
phosphines and thiolates and can undergo facile oxidative addition and reductive
elimination.

The nitrogen acids contain electron-withdrawing nitro and nitroso groups which
may have a great effect on the properties of the transition metal complexes upon

coordination. To investigate the direct inductive effect of the nitrogen acids, the
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trans-Ir(D(Cl)(CO)(PPh3)2 complex (3-1) or Vaska’s complex is best suited for the
task.'"*) The chloride on 3-1 is labile and undergoes metathesis with silver salts to
give silver chloride readily.!"*"! The acidic proton on the nitrogen acids allows us
access to the silver salts of the nitrogen acids and by reaction with 3-1 will
coordinate to the Ir center and replace the chloride. The nitrogen acid ligands if
positioned trans to the carbonyl will affect the carbonyl stretch which in turn
provides some information on the electronic nature of the nitrogen acid conjugate
base. The coordinative unsaturated 3-1 is also prone to oxidative addition by
various reagents such as O,, CHsl, H,, CI, and acids.H47!

The more reactive Ir(I) dinitrogen complex (3-2) is also coordinatively

unsaturated but more electron deficient.['*3

I'It is also able to undergo oxidative
addition with the added advantage of a labile N, ligand which is readily displaced.
The main disadvantage of 3-2 is that it decomposes rapidly on exposure to air and
is metastable on extended periods in solution.!'*”!

The above Ir(I) complexes on successful reaction with the nitrogen acids will
provide an insight into the chemical reactivity of this class of largely unknown

compounds.
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3.1 General Experimental

General: Except as noted, reagents and solvents are used as supplied
commercially. Dry CH3;OH is distilled from freshly generated magnesium
methoxide, dry CHCI; is distilled from CaCl,, dry CH,Cl, and CH;CN are
distilled from CaH,, dry hexanes, pentanes, toluene and benzene are distilled from
sodium benzophenone ketyl. "H and *'P spectra are recorded on Varian Mercury
200, 400 or 500 MHz spectrometers. All chemical shifts are recorded in J (ppm)
relative to residual solvent signals for 'H spectra and H;PO, for 3p spectra.
Melting/decomposition points are measured by using a TA-Q2000 differential
scanning calorimeter. The IR spectra are recorded in KBr disks by using ABB
Bomem MB Series spectrometer with spectral resolution of 4 cm™. Elemental
analyses are performed in the Elemental Analyses Laboratory at University of
Montreal.

X-ray crystallography: Crystals are mounted on glass fibre with epoxy resin or
Mitegen mounts using Paratone-N from Hampton Research and single-crystal X-
ray diffraction experiments are carried out with a BRUKER SMART CCD or
BRUKER APEX-II CCD diffractometer by using graphite-monochromated Mok,
radiation (1 = 0.71073 A) and KRYOFLEX for low temperature experiments.
SAINT!®! is used for integration of the intensity reflections and scaling and
SADABS!"! for absorption correction. Direct methods are used for structures
that show pseudo-merohedral twinning, corrected using PLATON,"! while
Patterson maps are used for the rest of the structures to generate the initial
solution. Non-hydrogen atoms are located by difference Fourier maps and final
solution refinements are solved by full-matrix least-squares method on F* of all
data, by using SHELXTL!®! software. The hydrogen atoms are placed in
calculated positions.

Crystals of the Ir(I) carbonyl nitrogen acids and related amides are grown from
CH,CL/CH;OH layered solution at -21 °C except for Ir(n'-
CH;OC(O)NNO)(CO)(PPhs), (3-6) which is grown from slow diffusion of
pentanes into THF/CH,Cl, solution at 5 °C. The crystals of
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Ir"(N(NO2)2)(CO)(PPh3); (3-8) and Ir¥(CI)(CO)(PPhs)2[Ag(N(SOCF3))] (3-9)
co-crystallized with 3-1 and are manually separated. Crystallographic data and
data collection parameters for the Ir(I) carbonyl nitrogen acids and related amides
are shown in Table 3-1.

Crystals of the Ir(III) N-nitroamides and N-nitrocarbamates are grown from
CH,Cl,/CH;0H layered solutions at -21 °C. Crystallographic data and data

collection parameters for the Ir(II) complexes are shown in Table 3-2.
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Table 3-1: Crystallographic data for Ir®(n'-X)(CO)(PPhs), complexes and Ir™(CI)(CO)(PPh3),.Ag[N(SO,CF3),].

Compound 33 3-4 3-5 3-6 3-7 3-8 39
empirical formula C3oH33IrPoN,O4  C3oH3sIrPoN,Os  CyoHssIrPoN,Os  CioHissIrPoN,Os  CyyHisglrPoN,Os  Ci7H;30IrPoN;Os  CsoHj0IrP,ClIO.
.CH,Cl, .OC,H; S AgNOFS,
T (K) 298(2) 298(2) 296(2) 100(2) 296(2) 100(2) 100(2)
fw (g mol™) 932.76 863.81 877.84 919.92 960.96 850.78 1168.22
cryst sys triclinic monoclinic monoclinic triclinic monoclinic monoclinic orthorhombic
space group P-1 P2,/c P2,/c P-1 P2,/c P2,/c P2,2,2,
a(A) 9.892(7) 17.3160(11) 11.9228(8) 9.5341(12) 11.5792(17) 16.023(2) 11.9375(6)
b (A) 11.307(8) 11.8362(7) 29.487(2) 11.6693(15) 17.291(3) 11.7437(16) 17.6813(8)
c(A) 18.922(14) 19.8140(9) 10.5336(7) 18.640(2) 20.476(3) 19.480(2) 19.8625(9)
o (deg) 79.814(9) 90 90 76.9840(10) 90 90 90
B (deg) 87.192(9) 120.358(4) 94.6940(10) 87.842(2) 105.536(2) 116.840(9) 90
v (deg) 66.851(9) 90 90 72.248(2) 90 90 90
V(A% 1915(2) 3504.2(3) 3690.9(4) 1923.3(4) 3949.8(10) 3270.7(7) 4192.4(3)
V4 2 4 4 2 4 4 4
density (g cm™) 1.618 1.637 1.580 1.589 1.616 1.728 1.851
abs coeff (mm™) 3.752 3.949 3.750 3.602 3.563 4.230 3.948
No. of reflns collected 16440 38011 37704 16098 35556 32562 47725
No. of indep reflns 8366 7483 7054 5628 6509 6539 9838
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Data/restraints/parameters

Final R indices [/ > 2s(/)] R1
wR2

R indices (all data) R1
wR2

Goodness-of-fit on F?

8366/0/460

0.0287
0.0700

0.0332
0.0714

1.031

7483/0/443

0.0380
0.0659

0.0614
0.0727

1.055

7054/0/451

0.0258
0.0496

0.0426
0.0546

1.016

5628/49/453

0.0500
0.1039

0.0751
0.1143

1.046

6509/0/496

0.0327
0.0606

0.0560
0.0668

1.006

6539/0/433

0.0351
0.0721

0.0546
0.0794

1.057

9838/0/523

0.0240
0.0499

0.0276
0.0508

1.006
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Table 3-2: Crystallographic data of Ir™"(1n*-X)(H)(CI)(PPh;), complexes

Compound 3-11 3-12 3-13
empirical formula C;3H331rCIP,N,O5. C39H;351rCIP,N,O5. C33H331rCIP,N,O,.
CH,Cl, CH,Cl, CH,Cl,
T (K) 298(2) 298(2) 298(2)
fw (g mol™) 940.20 954.23 956.18
cryst sys triclinic triclinic triclinic
space group P-1 P-1 P-1
a(A) 10.8122(16) 11.2223(17) 9.1667(4)
b (A) 12.4141(18) 12.3960(18) 12.1296(6)
c(A) 15.610(2) 15.945(2) 18.5758(9)
o (deg) 69.852(2) 69.818(2) 84.3510(10)
B (deg) 76.836(2) 76.442(2) 76.8890(10)
vy (deg) 74.564(2) 74.736(2) 76.2610(10)
V(A% 1874.5(5) 1983.1(5) 1951.85(16)
Z 2 2 2
density (g cm™) 1.666 1.598 1.627
abs coeff (mm™) 3.901 3.689 3.750
No. of reflns collected 16635 17642 22372
No. of indep reflns 8292 8754 8821
Data/restraints/parameters 8292/0/451 8754/0/460 8821/0/460
Final R indices [/ > 2s(/)] R1 0.0300 0.0327 0.0246
wR2 0.0723 0.0823 0.0690
R indices (all data) R1 0.0366 0.0400 0.0265
wR2 0.0756 0.0878 0.0700
Goodness-of-fit on F* 1.032 1.047 1.063
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Experimental

Li[N(SO;,CF3),] is purchased from Acros Organics and used without purification.
trans-I'Y(C)(CO)(PPhs),  (3-1),[°Y  NH4N(NO,),1PY  K[N(NO,),],!
Ag[N(NOz)z][154] and H[N(SO,CF3),]!"** are synthesized according to literature
procedures. Ag[N(SO,CF3),]"* is synthesized using Ag,COj; instead of Ag,O.
The following reactions are carried out under strict exclusion of light due to the
light sensitivity of the silver salts. frans-Ir(Cl1)(N,)(PPhs), (3-2) is synthesized as

per literature method.">”)

3.2 Iridium(I) complexes of N-nitroamides/carbamates, N-nitrosocarbamates and

N-nitrosulfonamides.

3.2.1 Synthesis of Ir”’(n'-CH;C(O)NNO,)(CO)(PPhs), (3-3)

Complex 3-1 (0.080 g, 0.103 mmol) is dissolved in degassed CHCI; (5 mL) under
an N, atmosphere. 2-2Ag (0.022 g, 0.104 mmol) is added and stirred for 2 h at
room temperature. A white precipitate is formed and is filtered through a Celite
plug to give a yellow solution. The solvent is removed in vacuo, and the yellow
residue recrystallized from CH,Cl,/CH3;0H to give yellow crystals of Ir(D(nl-
CH;C(O)NNO,)(CO)(PPh3), (3-3) (0.065 g, 0.0767 mmol, 75 % yield).

IR (Cm'l): 3077vw, 3053vw, 1968vs (CO), 1652m, 1491m, 1436m, 1224m,
1097m, 1027w, 747m, 694m, 521m.

Raman (cm'l): 3065vw, 1970vw, 1591m, 1576vw, 1192vw, 1100m, 1030m,
1002vs, 618m, 571m, 255w

'H NMR (200 MHz, CDCls) ppm: & = 1.23 (s, 3H), 7.42 (m, PPh;), 7.73 (m,
PPhj).

*'P NMR (81 MHz, CDCls) ppm: & = 26.76 (s)

ESI-MS: 849.16 [M]"

Elemental analysis calcd. for C39H33N,04P,1r.0.9CH,Cl, (924.31 g mol']) % C,
51.85; H, 3.79; N, 3.03. Found % C, 52.37; H, 3.22; N, 3.06.
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3.2.2 Synthesis of Ir”(n!-CH;0C(O)NNO,)(CO)(PPh;), (3-4)

Complex 3-1 (0.030 g, 0.0385 mmol) is dissolved in degassed CHCl; (5 mL)
under an N, atmosphere. 2-4Ag (0.009 g, 0.0397 mmol) is added and stirred for 3
h at room temperature. A brown precipitate is formed and is filtered through a
Celite plug to give a yellow solution. The solvent is removed in vacuo, and the
yellow residue recrystallized from CH,Cl,/CH3;0OH to give yellow crystals of
Ir'’(m'-CH3;0C(0)NNO,)(CO)(PPhs), (3-4) (0.025 g, 0.0292 mmol, 76 % yield).

IR (cm'l): 3055w, 2921w, 2851w, 1965vs (CO), 1875w, 1739s, 1683w, 1482m,
1435s, 1315w, 1230m, 1204s, 1181s, 1160m, 1096s, 1027w, 999w, 745m, 694vs,
611w, 521vs, 499m.

"H NMR (CDCl3) ppm: & = 7.68 (m, PPhs), 7.43 (m, PPhs), 3.08 (s, 3H).

3P NMR (CDCl3) ppm: & = 25.03 (s)

Elemental analysis calcd. for C39H33N,OsPIr (863.86 g mol'l) % C, 54.17; H,
3.82; N, 3.24. Found % C, 54.19; H, 3.91; N, 3.13.

3.2.3 Synthesis of Ir”(n'-C,H;OC(O)NNO,)(CO)(PPh;), (3-5)

Complex 3-1 (0.100 g, 0.128 mmol) is dissolved in degassed CHCl; (10 mL)
under an N, atmosphere. 2-5Ag (0.037 g, 0.154 mmol) is added and stirred for 3 h
at room temperature. A brown precipitate is formed and is filtered through a
Celite plug to give a yellow solution. The solvent is removed in vacuo, and the
yellow residue recrystallized from CH,Cl,/CH30H to give yellow crystals of
Ir'P(n'-C,H5sOC(O)NNO,)(CO)(PPhs), (3-5) (0.100 g, 0.113 mmol, 88 % yield).

IR (cm™): 3055w, 2981vw, 2900vw, 1959vs (CO), 1912w, 1731s, 1688w, 1587w,
1572w, 1492m, 1481m, 1435s, 1388w, 1365w, 1292w, 1202s, 1185m, 1163m,
1096s, 1029w, 998m, 882w, 769w, 759m, 745m, 706m, 693w, 614m, 518s,
499m.
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'H NMR (200 Mhz, CDCls) ppm: & = 0.99 (t, 3H, J = 7.1 Hz), 3.47 (q, 2H, J =
7.1 Hz), 7.43 (m, PPhs), 7.72 (m, PPhs).

3'P NMR (81 MHz, CDCls) ppm: 8 = 26.22 (s)

ESI-MS: 900.84 [M + Na]"

Elemental analysis calcd. for C4oH3sN,O4P>Ir (877.88 g mol'l) % C, 54.67; H,
3.99; N, 3.19. Found % C, 54.45; H, 3.89; N, 3.13.

3.2.4 Synthesis of Ir(n!-CH;0C(O)NNO)(CO)(PPh;), (3-6)

Complex 3-1 (0.060 g, 0.0770 mmol) and 2-6Ag (0.018 g, 0.0854 mmol) are
added together in a reaction flask. Dry and degassed CHCl; (6 mL) is added under
an N, atmosphere and stirred for 3 h at room temperature in an inert atmosphere
glove box. A white precipitate is formed and is filtered through a Celite plug to
give a bright yellow solution. The solvent is removed in vacuo, and the yellow
residue recrystallized from dry and degassed CH,Cly/pentanes to give yellow
solids of Ir'’(n'-CH30C(O)NNO)(CO)(PPhs), (3-6) (0.056 g, 0.0623 mmol, 86 %
yield).

IR (cm'l): 3055vw, 2949vw, 2841vw, 1968vs (CO), 1734w, 1702m, 1636w,
1480m, 1436m, 1400m, 1323m, 1262w, 1235w, 1185w, 1147m, 1093s, 1028w,
998w, 777w, 747m, 694m, 610m, 522s, 513m, 498m.

'H NMR (200 MHz, CDCIl3) ppm: 6 = 3.23 (s, 3H), 7.41 (m, PPhj3), 7.70 (m,
PPhj).

'P NMR (81 MHz, CDCl;) ppm: & = 25.86 (s)

Elemental analysis calcd. for C3oH33N,O4P,Ir (847.86 g mol'l) % C, 55.19; H,
3.89; N, 3.30. Found % C, 55.04; H, 3.77; N, 3.43.

3.2.5 Synthesis of Ir'>(C;H,SO,NNO,)(CO)(PPh;), (3-7)

Complex 3-1 (0.030 g, 0.0385 mmol) and 2-8Ag (0.013 g, 0.0403 mmol) are
added together in a reaction flask. Dry and degassed CHCl; (5 mL) is added under
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an N, atmosphere and stirred for 3 h at room temperature in an inert atmosphere
glove box. A white precipitate is formed and is filtered through a Celite plug to
give a bright yellow solution. The solvent is removed in vacuo, and the yellow
residue recrystallized from dry and degassed CH,Cl,/CH3;0H to give yellow
solids of Ir'’(n'-C;H;S0,NNO,)(CO)(PPhs), (3-7) (0.025 g, 0.0257 mmol, 67 %
yield).

IR (cm™): 3054vw, 2961vw, 2919vw, 2847vw, 1977vs (CO), 1596w, 1493s,
1482m, 1434s, 1339m, 1275m, 1154s, 1093s, 1013m, 922m, 812m, 744m, 693s,
661m, 605w, 589s, 542m, 516vs, 495m, 452w.

"H NMR (200 MHz, CDCl3) ppm: & = 2.28 (s, 3H), 6.82 (d, 2H, J, = 8 Hz), 7.39
(m, p-tolyl and PPhj), 7.64 (m, PPhs).

'P NMR (81 MHz, CDCl;) ppm: & = 24.60 (s)

Elemental analysis calcd. for C44H37N,05P,SIr.0.75CH,Cl, (1023.72 g mol'l) %
C, 52.50; H, 3.79; N, 2.74; S, 3.13. Found % C, 52.84; H, 3.92; N, 2.60; S, 2.76.

3.2.6 Synthesis of IrP(N(NO,),)(CO)(PPh;), (3-8)

Complex 3-1 (0.030 g, 0.0385 mmol) is dissolved in dry and degassed CHCIl; (5
mL) and added into a dry CH3CN (2 mL) solution containing Ag[N(NO),] (0.010
g, 0.0421 mmol). A white precipitate appeared immediately (most likely some
insoluble silver salt) and this is stirred overnight at room temperature under a N,
atmosphere in an inert atmosphere glove box. The suspension is filtered through a
Celite plug to give a bright yellow solution. The solvent is removed in vacuo, and
the yellow oil recrystallized from dry and degassed CH,Cl,/CH3;OH to give brown
crystals, Ir'’(n'-N(NO,),)(CO)(PPhs), (3-8) (0.0036 g, 0.0424 mmol, 11 % yield)

contaminated with small amounts of yellow crystals of 3-1.

IR (cm'l): 3054vw, 2962vw, 2924vw, 2068w, 2024vw, 1981vs (CO), 1633w,
1588w, 1567s, 1480m, 1435s, 1385w, 1309w, 1264w, 1193s, 1158m, 1095s,
1057w, 998w, 967m, 827w, 746m, 693s, 607m, 521s, 514s, 500m, 423w.
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'H NMR (200MHz, CDCl5) ppm: & = 7.55 (m, PPh;), 7.68 (m, PPh;).
3'P NMR (81 MHz, CDCl;) ppm: & = 25.40

3.2.7 Svnthesis of Ir™(CI)(CO)(PPh;),[Ag(N(SO,CF3),)] (3-9)

Complex 3-1 (0.030 g, 0.0385 mmol) is dissolved in dry and degassed CHCl; (5
mL) and added into a dry CH3CN (2 mL) solution containing Ag[C7H7SO,NNO;]
(0.0156 g, 0.400 mmol). A white precipitate appeared immediately (most likely
some insoluble silver salt) and stirred overnight at room temperature under a N,
atmosphere in an inert atmosphere glove box. The suspension is filtered through a
Celite plug to give a bright yellow solution. The solvent is removed in vacuo, and
the yellow oil recrystallized from dry and degassed CH,Cl,/CH3;OH to give
yellow crystals of Ir™(C1)(CO)(PPhs):[Ag(N(SO,CF3),)] (3-9) (0.017 g, 0.0146

mmol, 38 % yield) contaminated with small amounts of yellow crystals of 3-1.

IR (cm™): 3058w, 2963w, 2918w, 2012s(CO), 1986m (CO), 1957w, 1627w,
1481w, 1436m, 1390m, 1356s, 1262m, 1197vs, 1133s, 1096vs, 1063m, 1026m,
997s, 805m, 747m, 693m, 613m, 569w, 513s, 461w.

'H NMR (200 MHz, CDCl3) ppm: & = 7.43 (m, PPh;), 7.51 (m, PPhs), 7.68 (m,
PPhj).

3P NMR (81 Mhz, CDCl;) ppm: & = 28.67 (s, minor) 23.82 (s, major)

Elemental analysis calcd. for C39H30NS,0sFcCIAgIr.CH,Cl, (1191.28 g mol'l) %
C,40.33; H, 2.71; N, 1.18; S, 5.38. Found % C, 40.32; H, 2.63; N, 1.18; S, 5.21.

3.2.8 Synthesis of Ir”(CH;C(O)NNO,)(N,)(PPhs), (3-10)

Complex 3-3 (0.030 g, mmol) is dissolved in deoxygenated CHCls containing
small amounts of CH3;0H (2 mL) under an N, atmosphere and cooled to 0 °C.
Compound p-nitrobenzoyl azide ( mg, mmol), dissolved in degassed CHCl; (1
mL), is added and stirred for 15 min. The solvent is removed in vacuo to give

yellow solids of Ir(l)(CH3C(O)NNOQ)(NQ)(PPH:;)Q 3-10 (approx. 0.023 g).
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IR (cm™): 3052vw, 2965vw, 2109vs (N3), 1654m, 1559m, 1541m, 1507m,
1490m, 157w, 1436m, 1262m, 1211s, 1097s, 1022m, 801m, 746m, 695m, 516vs.
'H NMR (CDCl;) ppm: 1.25 (s, 3H), 7.42 (m, PPhs), 7.75 (m, PPhs)

3P NMR (200 MHz, CDCl5) ppm: & = 22.93 (s)
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3.3 Iridium(III) complexes of N-Nitroamides and N-nitrocarbamates

3.3.1 Synthesis of Ir"™’(n2-CH;C(O)NNO,)(H)(CD)(PPhs), (3-11)

Complex 3-2 (0.110 g, 0.141 mmol), 2-2 (0.020 g, 0.192 mmol) and degassed
CHCI;s (5 mL) are mixed and stirred under an N, atmosphere. Bubbling is
observed and the reaction mixture is stirred for 3 h. The reaction mixture is
evacuated in vacuo to give yellow solids. The yellow solids are recrystallized
from CH,CL/CH;OH to give vyellow crystals of Ir'"™(n*
CH;C(O)NNO,)(H)(CI)(PPh3), (3-11) (0.104 g, 0.121 mmol, 86 % yield).

IR (cm'l): 3056w, 2963vw, 2322vw, 2068vw, 1696m, 1572vw, 1514s, 1483m,
1435s, 1363w, 1261w, 1241w, 1198s, 1096s, 1035m, 806m, 745m, 707m, 695vs,
621w, 520vs, 504m.

Raman (cm'l): 3067vw, 2326w, 1590m, 1190w, 1098m, 1030m, 1002vs, 891w,
704m, 617m, 542w, 255m.

'H NMR (200 MHz, CDCls) ppm: & = -31.78 (s, Ir-H, broad), 1.23 (s, 3H), 7.38
(m, PPh3), 7.62 (m, PPhj)

"H NMR (400 MHz, CDCl3) ppm: 6 =-31.74 (s, Ir-H, broad), 1.25 (s, 3H)

'H NMR (200 MHz, C¢Dy) ppm: 6 =-31.22 (t, Ir-H, Jp.y = 13.4 Hz), 1.47 (s, 3H),
6.92 (m, PPh;), 7.88 (m, PPh;)

'H NMR (400 MHz, C¢Dg) ppm: 6 =-31.22 (s, Ir-H, broad), 1.48 (s, 3H)

*'P NMR (81 MHz, CDCl3) ppm: & = 11.42 (s)

3P NMR (81 MHz, C¢Dg) ppm: & = 10.92 (s)

ESI-MS: 878.92 [M + Na]"

Elemental analysis calcd. for C3gH34N,O3P,CllIr.1.2CH,Cl, (958.24 g mol'l) % C,
49.14; H, 3.83; N, 2.92. Found % C, 49.22; H: 3.74; N, 2.85.

An intermediate is observed from NMR and IR studies but never isolated. The

spectra show a mixture of the intermediate and final product.
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IR (cm™) new bands: 1567m, 1239s.

'H NMR (200 MHz, CDCl3) ppm: & =-35.11 (t, Ir-H, Jp.y = 13.2 Hz), 1.36 (s,
3H)

""H NMR (200 MHz, C¢Ds) ppm: & = -34.28 (t, Ir-H, Jp.s = 13.4 Hz), 1.49 (s, 3H)
"H NMR (400 MHz, C¢Dg) ppm: & = -34.26 (t, Ir-H, Jp.y = 13.6 Hz), 1.49 (s, 3H)
3'P NMR (81 MHz, CDCls) ppm: & = 14.56 (d, Jp.y = 10.9Hz)

With decoupler offset adjusted: 14.56 (s)

3P NMR (200 MHz, C¢Dg) ppm: & = 13.99 (s)

3.3.2 Synthesis of Ir'"'""(n2-C,HsC(O)NNO,)(H)(CI)(PPh;), (3-12)

Complex 3-2 (0.156 mg, 0.200 mmol), 2-3 (0.028 g, 0.237 mmol) and CHCIl; (5
mL) are mixed and stirred under an N, atmosphere. Bubbling is observed and the
reaction mixture is stirred for 3 h. The reaction mixture is evacuated in vacuo to
give yellow solids. The yellow solids are recrystallized from CH,Cl,/CH3;0H to
give Ir(n*-C,HsC(O)NNO,)(H)(C1)(PPhs), (3-12) (0.110 g, 0.126 mmol, 63 %
yield)

Melting point: 131.4 °C

IR (cm'l): 3056m, 2983w, 2937vw, 2311vw, 1720m, 1692m, 1509vs, 1482s,
1435vs, 1222m, 1168s, 1096s, 1061w, 999w, 753m, 744m, 706s, 695vs, 618vw,
522vs, 503m.

Raman (crn'l): 3063vw, 2314vw, 1591w, 1190w, 1164w, 1099m, 1031m, 1002s,
855w, 706m, 618m, 543w, 318w.

'H NMR (200 MHz, CDCl3) ppm: & =-31.65 (t, Ir-H, Jp.y = 14 Hz), 0.49 (t, 3H, J
=17 Hz), 1.44 (q, 2H, J =7 Hz), 7.34 (m, PPhs), 7.62 (m, PPhj).

*'P NMR (81 MHz, CDCl3) ppm: & = 11.56 (s)

ESI-MS: 893.14 [M + Na]"

Elemental analysis calcd. for Cs;9H3sN,O3P,ClIr.CH,Cl, (955.27 g mol']) % C,
50.24; H, 3.98; N, 2.93. Found % C, 50.15; H, 3.46; N, 2.99.
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An intermediate is observed from NMR and IR studies but never isolated. The
spectra show a mixture of the intermediate and final product.

"H NMR (200 MHz, CDCls) ppm: & = -34.87 (t, Ir-H, Jp.s = 13.4 Hz), 0.59 (t, 3H,
J=17Hz), 1.60 (q, 2H, J =7 Hz)

3'P NMR (81 MHz, CDCls) ppm: & = 14.43 (d, Jp.iy = 9.8 Hz)

3.3.3 Synthesis of Ir""’(n2-CH;0C(O)NNO,)(H)(C)(PPh;), (3-13)

Complex 3-2 (0.015 g, 0.0192 mmol), 2-4 (0.003 g, 0.002 mmol) and degassed
CHCl; (3 mL) are mixed and stirred under an N, atmosphere. Bubbling is
observed and the reaction mixture is stirred for 3 h. The reaction mixture is
evacuated in vacuo to give yellow solids. The yellow solids are recrystallized
from CH,CL/CH;OH to give yellow crystals of Ir"™(n*
CH;0C(O)NNO,)(H)(CI)(PPh3); (3-13) (0.012 g, 0.0133 mmol, 69 % yield).

IR (cm™): 3056w, 2953vw, 2920vw, 2850vw, 2298vw, 1747s, 1518m, 1483m,
1434s, 1266m, 1212m, 1185m, 1161w, 1097s, 1028w, 998w, 843w, 795w, 747m,
695s, 918vw, 520vs, 503m, 462w.

'H NMR (200 MHz, CDCl;) ppm: & =-31.69 (t, Ir-H, Jp.iy = 13.2 Hz), 2.97 (s),
7.34 (m, PPh;), 7.62 (m, PPh;).

*'P NMR (81 MHz, CDCl5) ppm: & = 9.97(s) with decoupler off (d, Jp.y = 4.5 Hz)
Elemental analysis caled. for CssH3aN,O4P,ClIr.CH,Cl, (957.23 g mol'l) % C,
48.89; H, 3.76; N, 2.93. Found % C, 49.11; H, 3.62; N, 2.85.

Two intermediates are observed from NMR monitoring and new IR bands are
observed to form and disappear. The intermediates are not isolated. The spectra
show a mixture of the intermediates and final product.

IR (cm™): new bands at 1790 and 1620 cm™.

Intermediate A:
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'H NMR (200 MHz, CDCl3) ppm: 8 = -36.69 (t, Ir-H, Jp.y = 13.5 Hz), 3.43 (s,
3H).

3'P NMR (81 MHz, CDCls) ppm: & = 14.43 (s).

Intermediate B:

'H NMR (200 MHz, CDCls) ppm: & = -25.95 (t, Ir-H, Jp.y = 13.4 Hz), 3.64 (s,
3H).

3P NMR (81 MHz, CDCl;) ppm: & = 7.46 (s).

3.3.4 Synthesis of Ir"™’(n2-C,H:OC(O)NNO,)(H)(CD)(PPhs), (3-14)

Complex 3-2 (0.010 g, 0.100 mmol), 2-5 (0.014 g, 0.104 mmol) and degassed
CHCl; (5 mL) are mixed and stirred under an N, atmosphere. Bubbling is
observed and the reaction mixture is stirred for 3 h. The reaction mixture is
evacuated to give yellow solids. The yellow solids are recrystallized from
CH,Cly/hexanes to give yellow solids, Ir'™(n*-C,HsOC(O)NNO,)(H)(CI)(PPhs),
(3-14) (0.053 g, 0.060 mmol, 60 % yield).

IR (crn'l): 3056w, 2988vw, 2923vw, 1747m, 1517m, 1483m, 1435s, 1207s,
1207s, 1095vs, 1028w, 999w, 745m, 695vs, 542m, 522vs.

'H NMR (200 MHz, CDCls) ppm: 6 = --31.80 (t, Ir-H, Jp.y = 13.6 Hz), 0.88 (t,
3H, J=7.2 Hz), 3.32 (q, 2H, J = 7.2 Hz), 7.40 (m, PPh;), 7.64 (m, PPh;)

'H NMR (400 MHz, CDCls) ppm: 6 = --31.81 (t, Ir-H, Jp.y = 14 Hz), 0.87 (t, 3H,
J=8Hz), 3.32 (q, 2H, J = 8 Hz), 7.39 (m, PPh;), 7.65 (m, PPh;)

'H NMR (200 MHz, CsDg) ppm: & = -30.88 (t, Ir-H, Jp.y = 13.5 Hz), 0.61 (t, 3H, J
=7.2 Hz), 3.23 (q, 2H, J = 7.2 Hz), 6.96 (m, PPhs), 7.87 (m, PPhs)

'H NMR (400 MHz, C¢Dg) ppm: & = -30.91 (t, Ir-H, Jp.y = 12 Hz), 0.61 (t, 3H, J
=8 Hz), 3.23 (q, 2H, J = 8 Hz), 6.96 (m, PPhs), 7.87 (m, PPhs)

3P NMR (81MHz, CDCl3) ppm: & = 10.35 (s)

3P NMR (81MHz, C¢Dg) ppm: & = 10.71 (s)

ESI-MS: 884.96 [M - H]"
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Elemental analysis calcd. for C39H3sN2O4P,ClIr.0.3C¢H4 (912.20 g mol'l) % C,
53.72; H, 4.44; N, 3.07. Found % C, 53.30; H, 4.82; N, 2.58.

Two intermediates are observed from NMR studies but never isolated. The
spectra show a mixture of the intermediates and final product.

Intermediate A:

"H NMR (200 MHz, CDCls) ppm: & = -36.16 (t, Ir-H, Jp.s = 13.2 Hz), 0.99 (t, 3H,
J=8Hz), 3.92 (q, 2H, J =7 Hz).

3P NMR (81 MHz, CDCl;) ppm: & = 13.92 (s).

Intermediate B:

'H NMR (200 MHz, CDCl5) ppm: & = -25.96 (t, Ir-H, Jp.; = 13.7 Hz), 1.36 (t, 3H,
J=17Hz),4.05(q, 2H, J="7.3 Hz).

'P NMR (81 MHz, CDCl;) ppm: & = 7.26 (s).
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3.4 Reactivity studies of 3-11

3.4.1 Reaction with CO

Complex 3-11 (0.030 g, 0.035 mmol) is dissolved in CHCIl; (5 mL). CO is
vigorously bubbled into the solution at 5 atmospheres. The yellow solution turned
pale yellow after 10 min. The solvent is removed in vacuo, and the pale yellow
solids recrystallized from CH,Cly,/hexanes to give pale yellow solids which
contain isomers of Ir'"™(CH;C(O)NNO,)(H)(C1)(CO)(PPhs), (3-15) (0.030 mg,
0.034 mmol, 97 % yield).

IR (cm™): 3056w, 2962vw, 2185vw (broad), 2047m (CO), 1695vw, 1648vw
(broad), 1511m, 1483m, 1435s, 1362w, 1262w, 1188m, 1095s, 1029m, 1000m,
745m, 694vs, 524vs

'H NMR (400 MHz, CDCls) ppm: & = -8.31 (t, Ir-H, Jp.y = 16 Hz, minor isomer =
0.05), -7.68 (t, Ir-H, Jp.y = 12 MHz, major isomer = 0.56), -7.54 (t, Ir-H, Jp.y = 12
MHz, minor isomer = 0.39), 1.15 (s, 3H, minor isomer = 0.41), 1.57 (s, 3H, major
isomer = 0.59)

3P NMR (81 MHz, CDCls) ppm: 8 =3.61 (s, minor isomer = 0.43), 3.92 (s,

major isomer = 0.57)

Upon leaving the reaction mixture in solution overnight, 3-11 is regenerated, as
confirm by the loss of the 2047 cm” band. *'P NMR shows only the appearance
of a single resonance at 11.45 ppm. Repeated CO bubbling regenerated the three

isomers of 3-15 again.

3.4.2 Reaction with P(CH3),Ph

Complex 3-11 (0.060 g, 0.070 mmol) is dissolved in dry CHCls (5 mL).
P(CHs3),Ph (21 pL, 0.147 mmol) is added and stirred for 3 h. The solution turned

slightly pale yellow over time and the solvent is removed in vacuo. The oil that
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remained contains isomers of Ir'"™(CH;C(O)NNO,)(H)(CI)(P(CHs),Ph); (3-16)
(approx. 0.043 g).

'H NMR (200 MHz, CDCls) ppm: - 21.48 (dt, Ir-H, Juis p.u = 19.2 Hz, Jeis py =
12.2 Hz, minor isomer = 0.10), -19.96 (dt, Ir-H, J.sp.u = 19.8 Hz, Joisp.y = 12.2
Hz, major isomer = 0.42), -19.68 (t, Ir-H, Jp.y = 13.2 Hz minor isomer = 0.18), -
11.63 (dt, Ir-H, Jiyans p-u = 157.8 Hz, J¢is p.y = 16.0 Hz, minor isomer = 0.30)

3P NMR (81 MHz, CDCl3) ppm: -44.37 (s, free P(CHs)3Ph), three isomers =
0.82; -34.56 (t, P(CH3),Ph, Jgis p-trans p= 19.9 Hz), -20.12 (d, PPh3, Jirans pcisp = 19.9
Hz), -4.38 (s, free PPh3), 35.13 (s, minor isomer = 0.18)

3.4.3 Reaction with methyl trifluoromethanesulfonate

Complex 3-11 (0.050 g, 0.058 mmol) is dissolved in dry CH;CN (4 mL) under a
N, atmosphere. Methyl trifluoromethanesulfonate (7 uL, 0.064 mmol) is added
and stirred for 2 h. The reaction mixture is observed to change from pale yellow
to colourless. The solvent is removed in vacuo to give white-brown solids which
are recrystallized from CH3;CN/ether to give Ir'"(H)(C1)(CH3CN)(PPhs), (3-17)
(18 mg, 0.022 mmol, 37 % yield).

IR (Cm'l): 3059w, 3024vw, 3005vw, 2990vs, 2931vw, 2296vw, 2272vw, 2251vw,
1483m, 1435s, 1270vs, 1224m, 1187m, 1154m, 1096m, 1031s, 999m, 753m,
709m, 695s, 638s, 524vs, 504m.

'H NMR (200 MHz, CDCls) ppm: -20.67 (t, Ir-H, Jp.y = 12.3 Hz), 1.91 (s, 3H),
2.00 (s, 3H), 7.46 (m. PPh3), 7.69 (m, PPhs)

3'P NMR (81 MHz, CDCls) ppm: 4.43 (s)
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3.5 Results and Discussion

3.5.1 Ir(I) complexes of nitrogen acids and related amides

3.5.1.1 Synthesis of Ir(I) complexes of nitrogen acids and related amides

The nitrogen acids N-nitroamides, N-nitrocarbamates, N-nitrosocarbamates and
N-nitrosulfonamides have electronegative nitro and nitroso functional groups that
may exhibit unusual m-accepting properties. For comparison studies, related
amides with electron-withdrawing functional groups such as dinitramide and
bistriflimide have been synthesized.

Silver dinitramide, Ag[N(NO,);], requires a multi-step synthesis starting from the
nitration of nitramide and multiple cation metatheses to give the silver salt as

shown in Scheme 3-1.

HoNNO, + NO,BF, > NH4[N(NO,),] + NH4BF,4
2.1 1. dry CH3CN, -15 °C, 10 min
2. lig. NH3, isopropanol
NH4[N(NO,),] + KOH —_— KIN(NO2),] + NH,OH
dry MeOH white ppt
KIN(NO2),] + AgNOg > AgIN(NO,),] + KNO;
C,Hs0H, 0.5 h white ppt

Scheme 3-1. Synthesis of Ag[N(NO;),] from 2-1.

The free dinitramide acid, HN[N(NO;),], is very unstable, undergoes
decomposition which is explosive and is never isolated in the absence of solvent.
Dinitramide acid is a strong acid and reacts with base and carbonates to give
corresponding metal salts M“+[N(N02)2]n. However due to its explosive nature,
the usual reaction pathway of dintramide acid with silver oxide or carbonate is
avoided. All dinitramide salts are sensitive to shock and should be handled with
caution especially when dry!

The silver bistriflimide salt is synthesized from the reaction of the super acid,

bistrifluoromethanesulfonic acid (generated from lithium bistriflimide with conc.
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H,SO,4), with silver carbonate (Scheme 3-2). The silver salt is extremely

hygroscopic.
SO,CF;4 SO,CF; SO,CF3
+ -/ / ——
L N HN — A N + 0.5H,0 + 0.5CO,
SO,CF; conc. HSO4  50,cF, A92CO; SO,CF5

Scheme 3-2. Synthesis of Ag[N(SO,CF3),].

Several attempts at generating the silver bistriflimide salt from the reaction of
trifluoromethanesulfonic anhydride with benzyl amine and subsequent hydrolysis
with ethanol and silver oxide was unsuccessful.!'**!

The Ir(I) carbonyl complexes of the nitrogen acids and related amides are
synthesized from the reaction of 3-1 and the corresponding silver salts (Scheme 3-

3).

R
F|>F>h3 o - o
PhsP/,,, wWN—2Z
Cl I'—cCco  + Ag® R)J\NZ CHC ’ S + AgCl
‘ HCl3, RT, 3h oc PPh
PPhs
31
R z Compound R Z Complex
CH, NO, 2-2Ag CHs NO, 3-3
CH,0 NO2 2-4Ag CH;0 NQO, 3-4
C,HsO NO, 2-5Ag C.H:0 NO, 3.5
CH,0 NO 2-6Ag CH,0 NO 3-6
F"Ph3 v
c—il—co  + Ag* [y N o | PhsP \N—NO
‘ g9 |vy NOp,| —  » 3,y 2 + AgCl

Ir.
CHCI,, RT,3h  oc®  “pph,

PPh;
31 Y Compound Y Complex
p-tolylSO, 2-8Ag p-tolylSO, 3-7
NO: AGIN(NO2),] NO, 3-8

Scheme 3-3. Synthesis of Ir'(n'-X)(CO)(PPhs),.

The new Ir(I) carbonyl complexes containing the nitrogen acids and related
amides were obtained in good yields except for 3-8. Complex 3-8 was always
obtained as a mixture of 3-1 and 3-8 with 3-8 as a minor component. A significant

amount of triphenylphosphine oxide is also observed in the *'P NMR spectrum
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during the isolation process which indicates oxidation of the phosphine ligand of
3-1. There seems to be a competition between silver chloride formation and
oxidation of the triphenylphosphine ligand of 3-1. The reaction is complicated by
the mostly insoluble silver dinitramide salt.

The complexes are stable to oxygen in the solid state. Complexes 3-3, 3-4, 3-5, 3-
6 containing the amide or carbamate substituents are stable to oxygen in solution
while complexes 3-7 and 3-8 readily react with oxygen in the air to form the O,
adducts in solution similar to 3-1. The reduced reactivity of complexes 3-3, 3-4,
3-5, 3-6 to O, is unusual for the derivatives of Vaska’s complex and may be
correlated to the electron-withdrawing nature of the nitro/nitroso conjugate bases.
All the new complexes have similar solubility properties as 3-1 which are
recrystallized from CH,Cl,/CH;OH solvent systems except for 3-6 which contains
the nitroso substituent and is soluble in most solvents except for alkanes.

The reaction of silver bistrisflimide with 3-1 did not result in the displacement of
the chloride anion by the bistriflimide anion to give AgCl. An unexpected
Vaska’s complex silver bistriflimide adduct, 3-9, was instead isolated with

significant amounts of 3-1 (Scheme 3-4).

oPh, so.06, FsCO,S. | -S0;CFs
Cl—Ir—CO + Ag _Ni — A|9
- SO,CF;  CHCl, RT, 3h Ph3P,,,l’||rlb\\\CI
31 oc” “pph,
3.9

Scheme 3-4. Reaction of silver bistriflimide with 3-1.

Changing the reaction conditions such as solvent to benzene or toluene and
refluxing the reaction mixtures did not cause the displacement of the chloride
ligand by the bistriflimide anion. The silver bistriflimide salt is relatively
insoluble in the reaction solvents used but becomes more soluble after reflux.
Complex 3-9 is not the first Ag-adduct of Vaska’s complex. There are at least two
examples of such Ag-adducts mainly with anionic carborane clusters such as 3-17
and 3-18 (Figure 3-1).!"°"! These clusters are poorly coordinating and bulky which

may account for the unsuccessful silver metathesis reactions.
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3-9 3-18 3-19

Figure 3-1. Vaska complex with adducts of silver anions.

There are also other examples of silver adducts with Ir complexes and in almost
all cases the silver salt contains poorly coordinating or electron-withdrawing
anions such as trifluoromethanesulfonate (CF3;SOs’), difluorophosphinate
(P(O)F,0O) or trifluoracetate (CF3CO;).

The mechanism of the silver metathesis reactions with 3-1 is still poorly
understood as there are several possible pathways for halide displacement. The
most probable mechanism likely involves the initial dissociation of the chloride
ligand followed by the formation of AgCl which precipitates out of solution
completing the metathesis reaction. This mechanism is supported by the halide
substitution reactions for Vaska’s complex that have been carried out using ten-
fold excess reagents such as Nal, NaBr, NaNjs, etc to allow the exchange of the
chloride ligand for the iodide, bromide or azide ligand.!"*"!

However the unsuccessful reaction of Ag[N(SO,CFs),] with 3-1 may hint that
another reaction mechanism is possible. As 3-1 is coordinatively unsaturated and
electron-rich, a plausible mechanism can be an electrophilic attack of the silver
cation on the Ir center followed by nucleophilic attack of the anion on the Ir
center which eventually results in elimination of silver halide. In such cases, if the
anion is a poor nucleophile or has electron withdrawing substituents, the
displacement reaction will be unsuccessful. Finally, the coordination unsaturation
and electron-rich Ir(I) center, an alternative and more probable mechanism may
involve oxidative addition across the bond of the silver cation and the anion with
subsequent reductive elimination of silver halide (Scheme 3-5). The appropriate
mechanism for the reaction may very well depend on the bonding nature of the
silver salt, with ionic forms preferring the displacement substitution and more

covalent forms undergoing the redox pathway.
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Scheme 3-5. Possible mechanisms of silver metathesis reactions with Vaska
complex.

Silver salts forming transition metal Ag-metal adducts are not the only unusual
adducts reported before. There are also reports of thallium salts forming similar
adduct-type complexes. In particular examples involving Ir complexes, there was

an observed luminescent effect of these TI-Ir adducts (Figure 3-2).1'%"]

B / N\ -+
CNSY
_ Ph - |
| . N—TI'—N
PhP~ . MAS “PPh, & /N J _
||\\\\C| | CI ///,| | NOS- O : O N03
Ir'------ Th=----Ir i/
b o Ve
NN Ph,P—ir—PPh,
_ Ph _
3-20

3-21
Figure 3-2. Complexes of Ir-T1 adducts with luminescent properties.

The reaction of TI[N(SO,CF;),] (generated from bistrifluoromethanesulfonic acid
and thallium carbonate) with 3-1 in various solvents such as CHCl;, CH,Cl,,

toluene and benzene generated such possible Tl-Ir adducts (Scheme 3-6).
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PPhs
_ SO.CF3 |
Cl—Ir—co + TN - ™
\Sochs CHClI; or benzene PhsP, I.\CI
PPh, RT,3h AN
» oC PPh;

Proposed pink solution complex

Scheme 3-6. Reaction of 3-1 with TI[N(SO,CF3);] in CHCI; or benzene.

Concentration of the solvent of the fully dissolve yellow-orange reaction mixture
of TI[N(SO,CF3),] and 3-1 gave an intense pink solution which on dilution gave
the same yellow-orange solution. The process is reversible and when the solvent

is fully removed, solids of both 3-1 and TI[N(SO,CF3);] remained.
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3.5.1.2 Crystallograpic and spectroscopic properties

The molecular structures of 3-3, 3-4, 3-5, 3-6, 3-7 and 3-8 are shown in Figure 3-
3, Figure 3-4, Figure 3-5, Figure 3-6, Figure 3-7 and Figure 3-8 respectively. All
the structural parameters were obtained by full least squares refinement without
any restraints except for 3-6. The crystals of 3-6 were grown from slow diffusion
of pentanes into a solution of 3-6 in THF/CH,Cl, and were often very small or
microcrystalline (less than 0.01 mm). The dataset used for the structure
determination was collected from the largest possible crystal obtained but only
diffracted to 20 = 46.90°, slightly short of the ideal 20 = 50° requirement.
Nevertheless the number of unique reflections obtained was more than twelve
times the number parameters fulfilling the minimum ratio of 9:1. The diffraction
data was solved with least squares restraints such as ISOR, SIMU, DELU, which
are used to affect the thermal parameters, and SADI, which affects the bond
lengths of the atoms, on the atoms of the THF molecule as there is a slight

disorder with a CH,Cl, molecule that was left out.

Figure 3-3. Molecular structure of 3-3. Hydrogen atoms and solvent molecules
have been omitted for clarity.
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Figure 3-4. Molecular structure of 3-4. Hydrogen atoms have been omitted for
clarity.

Figure 3-5. Molecular structure of 3-5. Hydrogen atoms have been omitted for
clarity.
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Figure 3-6. Molecular structure of 3-6. Hydrogen atoms and solvent molecules
have been omitted for clarity.

Figure 3-7. Molecular structure of 3-7. Hydrogen atoms have been omitted for
clarity.
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Figure 3-8. Molecular structure of 3-8. Hydrogen atoms have been omitted for
clarity.

The Ir complexes in the above structures have trans-square planar geometry with
the triphenylphosphine ligands trans to each other while the carbonyl (CO) ligand
is trans to the respective amides of interest. The conjugate base of the nitrogen
acids is coordinated to the Ir center through the nitrogen of the amide function.
The trans arrangement of the conjugate base of the nitrogen acid to the carbonyl
ligand induces a strong electronic effect on the carbonyl ligand mostly through the
dn orbital interactions. This effect is most easily observed in the IR stretching
frequency of the CO ligand. The reduction in the electron donating ability of the
Ir center (due to competition from the m-accepting ligand trans to the CO) from
the dr orbitals into the m* orbitals of the carbonyl ligand increases the bond order
of the CO ligand. This results in the shift of the Ir-CO stretch to higher
wavenumbers (closer to free CO stretch of 2147 cm™). The CO stretching
frequency, v(CO), of 3-3, 3-4, 3-5, 3-6, 3-7 and 3-8 are listed in Table 3-3.

In general there is a shift to higher wavenumbers in v(CO) on coordination of the

new N-nitro/nitroso amide/carbamate/sulfonamide ligands. This observation
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corresponds to the general idea that the presence of the electron-withdrawing nitro
and nitroso functional groups on the ligands makes them m-accepting in nature.

To better discuss the m-acidic effect of ligands on transition metals, a molecular
orbital diagram analysis will be useful. The simplified molecular orbital (M.O.)
diagram of the d® square planar Ir(I) Vaska complex is shown in Figure 3-9.

z

Ir d orbitals
square planar Lo oo.. )
d® configuration

X
L, _‘\\\CO
o)
a0 N
y L = PPhs
: — dyeye LUMO ! CO ligand n* orbitals
metal d orbitals — !
P M ! Py P,
. T S SR 4 d,. HOMO
AEEEd CEEt

ligand orbitals

+

4 4 < obonding orbitals

=

Figure 3-9. Simplified molecular orbital diagram of o trans-Ir(U(Cl)(CO)(PPhg)z.
It is assume that the four ligands are homoleptic with similar c-interaction with
the Ir center. The n* orbital interaction of the CO ligand with the Ir dn orbitals are
not shown.
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Table 3-3: v(CO)(cm™), bond length (A), bond and torsion
Ir(C1)(CO)(PPh;),.Ag[N(SO,CF3),].

angles (deg) of Ir(I)(nl-X)(CO)(PPh3)2 complexes and

Compound 3-3 3-4* 3-5 3-6° 3-7 3-8° 3-9'
v(CO) 1968 1965 1959 1968 1977 1981 2011,1987
Ir(1) - C(3) 1.804(4) 1.814(6) 1.821(4) 1.803(10) 1.786(6) 1.865(6) 1.857(4)
Ir(1) - N(1) 2.111(3) 2.131(4) 2.114(3) 2.092(8) 2.146(4) 2.104(5) 2.6074(3)
C(3) - O(4) 1.141(5) 1.127(6) 1.125(4) 1.176(10) 1.152(6) 1.060(7) 1.138(5)
N(1) - N(Q2) 1.363(4) 1.351(6) 1.367(4) 1.330(12) 1.367(6) 1.343(7) 1.607(3)
N(1) - C(1) 1.393(5) 1.377(7) 1.384(5) 1.407(13) 1.673(4) 1.449(7) 1.615(3)
N(2) - 0(1) 1.233(5) 1.225(6) 1.220(4) 1.260(11) 1.237(5) 1.200(6)/1.247(7)
N(2) - 0(2) 1.221(5) 1.229(6) 1.221(4) 1.222(5) 1.245(6)/1.189(6)
C(3) —Ir(1) = N(1) 175.17(18) 176.6(3) 176.78(15) 179.5(4) 170.72) 174.5(2) 78.47(12)
0(4) — C(3) — Ir(1) 177.3(5) 177.8(7) 178.8(4) 178.8(8) 178.6(6) 177.7(7) 178.0(3)
O(1) = N(2) = N(1) — C(1) 175.7(4) -179.6(5) -169.9(3) -179.4(8) -171.2(4) -172.5(5)
0(3) - C(1) = N(1) = N(2) 177.1(3) 4.1(9) 12.6(6) -178.9(9) 48.8(4) 15.8(8)

a. O(5) instead of O(4).

b. C(4) instead of C(3) and O(5) instead of O(4).

c. O(2) instead of O(3).

d. C(8) instead of C(3), O(5) instead of O(4) and S(1) instead of C(1).
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e. C(1) instead of C(3), O(1) instead of O(4), O(2) and O(4) instead of O(1), O(3) and O(5) instead of O(2), N(3) instead of C(1) and
O(5) instead of O(3).
f. C(1) instead of C(3), Ag(1) instead of N(1), O(1) instead of O(4), S(1) instead of N(2) and S(2) instead of C(1).
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The ligand field stabilisation energy (LFSE) is indicated by A; which is the
energy level difference between the dyy2 and the d,. orbitals of the Ir center. The
LFSE can be considered to be the gap between the highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) for the square
planar @® metal complex. The strongly m-accepting ligand CO has * orbitals for
interactions with the Ir 4 orbitals. In this case the p, and p, n* orbitals are in the
same orientation as the dm orbitals, dy, and dy, respectively. This causes the
stabilisation of the similarly oriented dr orbitals such that the dy, and d,, orbitals
are no longer degenerate with d,,. The strength of the dn-n* interaction between
the Ir center and the CO ligand is dependent on the overlap extent of the
molecular orbitals (Figure 3-10).

y
A

Ay Py
n back-bonding
&

Ir—C=0
-

8=

d. x2-y2~Px
o bond

Figure 3-10. ¢ bonding and © back-bonding in Ir-CO bond interactions.

For & orbitals, the extent of the orbital overlap is also dependent on the ¢ bond
interaction of the ligand, such that the stronger the ¢ interaction of the ligand
results in better overlap of the n*-dn orbital giving a stronger n*-dn interaction.
This type of o-n* synergy effect is present for m-accepting ligands and contributes
to the overall decrease in the energy levels of the dp., dx,, dy, and d,y orbitals. The
decrease in energy levels of the HOMO increases the LFSE and makes the
transition complex less reactive towards oxidative addition reactions.

The introduction of an additional w-accepting ligand trans to the CO ligand which
is similar to the Ir(I) nitrogen acid complexes shown above result in competition

for n-backbonding from the Ir dr orbitals to the n* orbitals of the CO and nitrogen
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acid ligand. The nitrogen acids have a delocalised & system that generates its own
n* orbital. From the solid state structures obtained, the nitrogen acid ligands are
aligned to the z-axis. This would result in the n* orbital to be in the xy plane with
the x-axis as the Ir-CO o bond. Therefore there will be competition for m-
backbonding from the d,, orbital of the Ir center. For a simple double bond n-
acidic ligand, the competition would result in a much weaker M-C bond
interaction. However the CO ligand has a triple bond which has an additional
orthorgonal p,*- dy, interaction. The n-backbonding effect for the CO ligand can
be compensated from increased m-backbonding from the p,*- dy, interaction. The
presence of weak m-donors such as Cl ligand helps to mitigate the n-backbonding
competition. The overall outcome is that the Ir-CO stretch is not easily analyzed.
The strength of the m-accepting nature of these ligands may be inferred from the
extent of the shift in the v(CO) stretch of the starting Vaska’s complex which is at
1954 cm™ in KBr matrix.

The reduced m-basicity of the nitrogen acids may also play a role in the increase
of v(CO) for the Ir(I) carbonyl nitrogen acid complexes. The presence of electron-
withdrawing nitro/nitroso functional groups will also stabilised the filled pn
orbitals of the nitrogen acid ligands which makes it less available for interaction
with the Ir dr orbitals in comparison to the chloride anion in 3-1. This will result
in reduced m-basicity of the ligand frans to the carbonyl ligand, which strengthens
the carbonyl bond. It is therefore likely that a combination of the increased m-
accepting and reduced m-donating properties of the nitrogen acids result in the
increased in v(CO) for the Ir(I) carbonyl nitrogen acid complexes.

Complex 3-8 with dinitramide as the ligand has the highest v(CO) among the new
Ir(T) carbonyl nitrogen acid complexes at 1981 cm™. This is not surprising as
dintramide contains two nitro groups. The free acid of dintramide is known to be
a very strong acid as the dinitramide anion is a very weak conjugate base from the
inductive effect of the nitro groups on the amide nitrogen atom. The N-
nitrosulfonamide Ir complex 3-7 has the next highest v(CO) value at 1977 cm™.

This is followed by N-nitrosocarbamate Ir complex 3-6 and N-nitroamide Ir
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complex 3-3 which have similar v(CO) values and are the next highest after 3-7
and 3-8. Lastly the N-nitrocarbamates Ir complex 3-4 and 3-5 have the lowest
v(CO) values in the whole series. The observed v(CO) values gives a general

trend of the m-acidic properties of the ligands as shown in Figure 3-11.

decreasing n-acidic properties of nitrogen acids

p-tolylSO, OQ/\ (0] © \O o
Ph3P//,,,’” | (I)"\\N_NOZ PhsPu,,,, | I)‘.\\N—Noz PhsPy,,, (I)"\\N_NO PhyP: \N—NO,
I Al r o
oc”™” “peh, oc” pen, oc” ppn, oc”™ ppn,

37 i } 3-4:R=CH,
33 3-6 3-5: R = C,Hs

A

Increasing v(CO) cm™

Figure 3-11. General trends of the Ir(I) carbonyl nitrogen acids.

The sulfonamide has greater electron-withdrawing properties than the
carboxamide which in turn is stronger than the carbamates. The nitroso group has
also greater electron-withdrawing effect than the nitro group from direct
comparison between 3-4 and 3-6.

There have been a few studies of analogues of Vaska’s complex where the

chloride ligand is substituted for various anionic ligands some of which contain

electron withdrawing groups such as fluoride,!'®" nitrite,!'®'* "% cyano, 0!

[161c] 164]

perchlorates,!'** '] benzotriazole!
[165

isocyanate,!'®'® © 1 trifluoroacetate,
and even the psuedohalaogen, nitrosodicyanomethanide."'®! In all the examples
except for fluoride, the v(CO) stretch was higher than Vaska complex between
1965 to 1990 cm™. The fluoride stretch is unexpectedly low at around 1945 to
1957 cm™ depending on the matrix is Nujol or solvent CHCl;.

Vaska’s complex adds O, reversibly by oxidative addition to give the Ir(II) O,-
complex and the nature of the anionic ligand affects the rate of the oxidative
addition of Oy. It has been found that electron-donating anions increase the rate of
the addition while electron-withdrawing anions decrease the rate.!'*’® '%!¢] This
reactivity is similarly observed for 3-3, 3-4, 3-5 and 3-6 where handling solutions

of these complexes under aerobic conditions did not result in detectable
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formations of the Ir(Il) O, adducts by >'P NMR, IR spectrooscopy or elemental
analysis. However solutions of 3-7 and 3-8 are surprisingly reactive, especially
for 3-7, which rapidly takes up O, observed by rapid change in solution colour
from yellow to orange and a new band in the IR at 2030 cm™ corresponding to
v(05) and a new *'P resonance signal at 3.28 ppm. This is very surprising as these
complexes have the two highest v(CO) values in the series. There may be some
evidence of a geometry induced electronic effect that the anionic ligand imposed
on the complex that give rise to the observed reactivity as the solid state structures
of both 3-7 and 3-8 are shown to have the largest non-linear C(carbonyl)-Ir-N(1)
angle at 170.7(2) and 174.5(2)° respectively (Table 3-3). The increasingly bent
C(carbonyl)-Ir-N(1) angle changes the geometry of the Ir complex towards
trigonal bypyrimidal and is likely to increase the d, orbital (Figure 3-9) or
HOMO energy level causing an increase in the reaction coordinate towards
oxidative addition of O,.
The bond lengths (Table 3-3) of the conjugate base of the nitrogen acids in the
Ir(I) complexes follow the general trend of the potassium salt of the nitrogen acids
in Chapter 2. The N(1)-N(2) bond lengths are shorter and the N(1)-C(1)/S(1) bond
lengths are longer in the new Ir(I) complexes when compared to the free acid
forms. The N(2)-O(1)/O(2) bond lengths are also longer in the Ir(I) complexes
compared to the free acid which is similar to the potassium salts. The O(1)-N(2)—
N(1)-C(1) torsion angles for the nitrogen acid ligands have increased deviation
from 180° which implies reduced conjugation between the ‘NNO,/NNO’
fragment and the acyl fragment of the ligand. This is structural change is also
observed in the potassium salts. An increase in the alkyl chain on the acyl
fragment is observed to lead to an increase in the non-planarity.
The Ir-C(carbonyl) and the C(carbonyl)-O bond lengths of the determined solids
state structures are inaccurate due to both the truncation effects of the
neighbouring heavy Ir atom and the linear form of the CO ligand. Which makes
the location of the C(carbonyl) atom inaccurate. Therefore the use of these bond
lengths to evaluate the strength of the Ir-CO interaction and the m-backbonding
effect is not appropriate. An example would be the very short CO bond length of
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3-7 at 1.060(7) A which is shorter than the measured gas phase CO molecule
bond length of 1.127 A. The v(CO) stretch measured in the KBr matrix would
have minimum effect from the crystal packing due to inversion centers present in
the space group determinations of structures. The chiral space group P2,2,2; for
3-9 has no inversion center and is observed to have a splitting of the v(CO) band
probably derived from the lattice packing.

In general the conformation of the nitrogen acid ligand coordinated to the Ir
center exhibits different configuration isomers compared to both the free acid and
the potassium salts. In chapter 2 it was mentioned that there are two possible
conformations for the N-nitroamides/carbamates, E or Z, and four for the N-
nitrosocarbamates (E, E), (E, Z), (Z, E) and (Z, Z). Based on conventions, the E/Z
isomerism for ligands coordinated to transition metal complexes may be different

from the free acid or the conjugate base anions (Figure 3-12).
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R' = alkoxy
Figure 3-12. Possible configuration isomers for Ir(I) nitrogen acid complexes.

For 3-4 and 3-5, the nitrogen acid ligand has the E configuration which is similar
to both the free acid and the conjugate base potassium salt. For 3-3, the N-
nitroacetamide ligand is observed to adopt the Z configuration which differs from

both the free acid and potassium salt. Lastly for 3-6, the N-
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nitrosomethylcarbamate ligand is observed to take up the (Z, Z) configuration
while the free acid and conjugate base potassium salt has the (Z, E) configuration.
The solid state structure of 3-8 is observed to have unusual bond parameters of the
dinitramide ligand. The first unusual feature is that the two NO, groups are non-
planar to each other with a deviation approximately 15.8°. The second unusual
feature is that there are unsymmetrical N-O bond lengths within the same nitro
group! These types of structural features are apparently common for the
dinitramide ligand and have been observed in other metal complexes.!'**"!

The reaction of 3-1 with Ag[N(SO,CF;),] gave the unusual bimetallic silver

adduct 3-9 which the molecular structure is shown in Figure 3-13.

Figure 3-13. Molecular structure of 3-9. Hydrogen atoms have been omitted for
clarity.

The geometry around the Ir center is that of a square pyramidal with the
triphenylphosphines, chloride and carbonyl ligands forming the square base and
the silver bistriflimide salt in the apical position pyramid. The Ag(1)-Ir(1) bond
length is 2.6074(3) A which indicates some Ir-Ag interaction. The position of the
silver cation is along the z-axis of the original Vaska’s complex likely due to

interaction with the d,, HOMO orbital.
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3.5.1.3 Synthesis of Ir'>(CH;C(O)NNO,)(N,)(PPh;), (3-10)

Complex 3-3 is treated with p-nitrobenzoyl azide to generate trans-

Ir'(CH3C(O)NNO,)(N,)(PPhs), , 3-17 (Scheme 3-7).

PPh; o PPh;
‘ NO, ‘ NO,
/ /
oc—Ir—N + N3 > Np—Ir—N
| y— CHCl3, 5 min, RT | —
O,N
PPh; O PPh; O
3-3 3-10

Scheme 3-7. Synthesis of 3-10.

The above synthesis is adapted from the reaction of Vaska’s complex to generate
3-2 1481571661 A new band at 2109 cm™ is observed together with the loss of the
band at 1968 cm™ which is assigned to the CO stretch. The new IR band falls in
the same region as other M-N, complexes and is tentatively assigned to the N,
ligand. This is further verified by a new *'P resonance signal at 22.93 ppm similar
to 3-2 which appears at 22.3 ppm. Bubbling of CO into a chloroform solution of
3-10 regenerates 3-3 with the reappearance of CO stretch at 1965 cm™ and *'P
resonance signal at 23.76 ppm. The regeneration of 3-3 from CO addition is
similar to the reactivity of 3-2 which regenerates 3-1.'°°! The isolation of 3-10
was however unsuccessful as 3-10 is very soluble under these reaction conditions.
Addition of alkanes such as hexanes or pentanes only resulted in the precipitation
of the carbamate ester side product (Scheme 3-8). Cooling the reaction mixture to

-78 °C gave a mixture of the carbamate ester and 3-10.
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Scheme 3-8. Proposed reaction of 3-3 with p-nitrobenzoyl azide.

The Ir(I) N, complexes synthesized using the above methodology requires rapid

isolation by precipitation from the reaction mixture as further reactions with the

excess azide or the carbamate esters generated results in the displacement of the

N, ligand.!"®1%") It is noteworthy that 3-10 is relatively stable in solution even on

exposure to air. This is in contrast to the N, complexes similar to 3-2. This

phenomenon may be related to the same kinetic stability of 3-3 towards O,

observed in the previous section.
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3.5.2 Ir(IIT) complexes of N-nitroamides and N-nitrocarbamates

3.5.2.1 Svynthesis of Ir(IIl) complexes of N-nitroamides and N-

nitrocarbamates

The  N-nitroamides, N-nitrocarbamates, N-nitrosocarbamates and N-
nitrosulfonamides are termed nitrogen acids since the amide proton is acidic as
demonstrated in Chapter 2. In addition these species are m-accepting due to the
delocalized and low energy of their n* orbitals.

Vaska’s complex was initially reacted with 2-2 and 2-8 to investigate if this class
of acids is able to undergo oxidative addition across the Ir(I) carbonyl complex to
generate a new series of Ir(III) complexes containing these unusual nitrogen acid
ligands. The reaction mixtures were monitored over time by >'P NMR and show
that the reactions were not going to completion with significant amounts of 3-1
remaining after prolonged reaction times even after heating the mixtures to reflux.
New *'P NMR singlet signals are observed at 25.01 and -1.17 ppm. In the 'H
NMR, a triplet at -15.39 ppm corresponding to Ir hydride and a singlet at 1.25
ppm for the CH; group of the coordinated ligand are observed. When more 2-2 is
added, the spectrum became more complicated by the appearance of multiple new
resonances. We believe that some extent of oxidative addition occurred, but the
newly formed Ir(Ill) carbonyl complexes are unstable and undergo various
reductive elimination and rearrangements to give the starting ligands and other
products. The implication for the above observations is that the reaction could be
reversible or in equilibrium initially and with additional stoichiometry of 2-2
leads to product inhibition from the formation of small amounts of base derived
from some decomposition of 2-2. The reaction of 3-1 with 2-8 was similar to 2-2
where three sets of singlet resonances at 6.78, -1.25 and -12.67 ppm were
observed in *'P NMR in addition to 3-1. The '"H NMR spectrum was observed to
give three sets of Ir hydride triplet with resonances at -21.04, -15.36 and -13.25

ppm. Overtime, the *'P NMR spectrum became more complicated with the
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addition of multiple new signals and the '"H NMR was observed to have only a
single low intensity Ir hydride triplet at -15.34 ppm.

The conclusion of the above observations indicates that the N-nitroamide 2-2 and
N-nitrosulfonamide 2-8 have pKa values lower than the mineral acids such as
HCI. The reason is that it has been established that the extent of oxidative addition
of an acid to 3-1 is related to the strength of the acid (pKa) or the coordinating
ability of the conjugate base.!'® In comparison with the strong organic acids such
as trifluoroacetic acid and pentadifluoropropionic acid, 2-2 and 2-8 have similar
acid strength as the fluoroalkyl acids react reversibly with 3-1 to give multiple

147d1 45 observed in 2-8 and to a lesser extent 2-2. Therefore with the

isomers
above results we can come to the conclusion that the pKa value of 2-8 is less than
that of 2-2. Complex 3-2 and 3-1 have similar reactivity and 3-2 is able to
undergo similar oxidative addition reactions with acids. The N, ligand is labile
which makes 3-2 more reactive. The disadvantage of 3-2 is that it is metastable in
solution such as CHCIl; over time and easily decomposes when exposed to air in
solution.

The nitrogen acids N-nitroamides 2-2, 2-3, N-nitrocarbamates 2-4 and 2-5 were

reacted with 3-2 (Scheme 3-9).

o
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| o 9 |

/ \N
| I"’: . //’/
N,—Irh—c1 + N T 2T
R N (0] 7 I N~
| 0 CHCI;, RT, 3 h Cl ‘ o}
PPhs PPh;
3-2 R Compound R Complex
CH3 2-2 CH3 311
CaHs 2-3 CoHs 312
CHs0 24 CH50 3413
C,H:0 2-5 C,Hs0 314

Scheme 3-9. Reaction of 3-2 with N-nitroamides and N-nitrocarbamates.

In all of the above reactions, vigorous evolution of gas was observed during the
start of the reaction which is most likely from the loss of N,. The reaction mixture

was stirred at room temperature over 3 h during which the colour turned from a
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deep yellow to pale yellow. This corresponds to the formation of an Ir(IIl) species
which has a larger d-d transition energy shifting the absorbance to the UV region.
The successful reaction of 3-2 with the N-nitroamides/carbamates differs from
that of 3-1 with the same ligands because the loss of the labile N, ligand
facilitates the bidentate coordination of the nitrogen acids which is not possible
for the carbonyl complex. In addition, during the course of the reaction, reaction
intermediates are observed in the *'P and 'H NMR spectra which will be
discussed later.

Similar reactions of 3-2 with N-nitrosocarbamate 2-6 and N-nitrosulfonamide 2-8
were also carried out (Scheme 3-10).

2-6: R = CH30C(0), X=NO  Mutilple reaction

/ products observed

I|3Ph3
No—Irfh—c1  + Ry X CHCl3, RT, 3 h
| g’
PPh; —_
3-2 Formation of a mostly

2-8: R = p-tolylSO,, X = NO, insoluble yellow precipitate
Scheme 3-10. Reaction of 3-2 with 2-6 and 2-8.

The same observation of a gas evolution was also noted in the above reactions
which most likely correspond to the loss of the N, ligand. For the reaction with 2-
6 however, multiple product resonances were observed in the *'P NMR over the
course of the reaction. For the reaction with 2-8, slow precipitation of a yellow
precipitate appears over time. The recrystallization of this yellow precipitate was
not possible as it is insoluble in most solvents other than strongly coordinating
solvents such as pyridine and DMSO. The reaction monitoring details for the
synthesis of these Ir(Ill) complexes will be discussed in the next section.

The change of solvent from CHCI; to benzene causes the reaction of 3-2 with 2-2,
2-3 and 2-4 to be slower such that longer reaction times are required for the
reaction to be complete. Therefore it is very likely that polar solvents are more
favourable for the oxidative addition step due to their ability to stabilized charged

or highly polar intermediates.
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3.5.2.2 Crystallographic, spectroscopic properties

Crystallographic and molecular structural discussion

The molecular structures of 3-11, 3-12 and 3-13 are shown in Figure 3-14, Figure
3-15 and Figure 3-16 respectively. In all of the three examples, the new Ir (III)
complexes have a distorted octahedral geometry with the triphenylphosphines
trans to each other. The Ir(Ill) complexes are shown to have an unexpected
bidentate coordination of the N-nitroamide/carbamate conjugate base through the
nitrogen on the amide functionality and the oxygen of the nitro group. The
nitrogen acid conjugate bases form a four-membered Ir-N-N-O chelate ring. The
chloride ligand is positioned trans to the N atom of the amide group with CI(1)-
Ir(1)-N(1) = 172.6(1)° for 3-11. The metal hydride derived from the oxidative
addition is not located by the diffraction model, but inferred from spectroscopic
means as discussed below and it is located trans to the oxygen atom of the nitro
group. Large crystals and neutron diffraction experiments are required to

unambiguously locate metal hydrides.

Figure 3-14. Molecular structure of 3-11. Hydrogen atoms and solvent molecules
have been omitted for clarity.
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Figure 3-15. Molecular structure of 3-12. Hydrogen atoms and solvent molecules
have been omitted for clarity.

Figure 3-16. Molecular structure of 3-13. Hydrogen atoms and solvent molecules
have been omitted for clarity.
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The most interesting aspect of the solids state structures for the complexes is that
one of the oxygen atoms of the nitro group out-competes the acyl oxygen that is
present in 3-11 and 3-12 as well as an additional methoxy subsituent in 3-13 for
coordination to the Ir center. When considering the alkyl and alkoxy group as a
single entity, there are six possible bidentate coordination isomers with trans PPh;
which arises from firstly the N-O/O-O chelate, secondly, the position of
nitrogen/oxygen atom trans to the metal hydride and lastly the oxygen atom of the

nitro/acyl group that is bound to the Ir center (Figure 3-17).
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Figure 3-17. Possible coordination isomers of the Ir(II) complexes.

For 3-13, the oxygen of the alkoxy group can also coordinate to the Ir center
producing four additional possible isomers. The observed mode of coordination is
unique for a couple of reasons. The first is that the oxygen on the acyl
functionality is not the preferred coordinating site to the Ir center. There are
substantially greater numbers of cases of acyl group coordination e.g. metal-
acetylacetonyl ligands (acac) compared to nitro group coordination as there are
only a few examples where nitro groups coordinate to transition metal center.
Within these reports the nitro group coordination is through the oxygen of the
nitro group.!'® Even in examples where nitro groups are present in the ligands,
the preferred coordination to the metal centers is through other functional
groups.!'®* 17" The second reason is that between a four or six-membered cyclic

structure that can be adopted by the bidentate coordination, a six-membered
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chelate is usually more favourable. The new Ir(II) complexes however adopts the
four-membered chelate ring.
Another type of isomerism that is encountered between the Ir(IIl) complexes
involves the nitrogen acid ligands. In chapter 2 and the Ir(I) complexes section, it
was mentioned that there are two possible conformations for the N-
nitroamides/carbamates, E or Z. Based on conventions, the E/Z isomerism for
ligands coordinated to transition metal complexes may be different from the free
acid or the anionic salts (Figure 3-18).
O (ID R (ID
oMo oo
\/ \/
M M

E isomer Z isomer

R = alkyl or alkoxy
M = transition metal

Figure 3-18. E/Z isomers of nitrogen acids ligand coordinated to transition metal.

For 3-11 and 3-12, the N-nitroamide conjugate base is observed to be the Z
isomer while for 3-13 the ligand conformation is the E isomer. The conformation
of the N-nitroamide ligands in 3-11 and 3-12 differs from that of the free acid 2-2,
2-3 respectively and the potassium salt 2-2K. For the N-nitrocarbamate ligand in
3-13, the conformation is the same as the free acid 2-4 and the potassium salt 2-
4K.

The selected structural data for 3-11, 3-12 and 3-13 are shown in Table 3-4. The
Ir(1)-N(1) bond length for all three complexes are approximately 2.04 A which
corresponds to a regular Ir-N single bond. The Ir(1)-O(1) bond lengths of the
three complexes are more than 2.33 A which is longer than most Ir-O single
bonds and indicates a weak Ir-O bond. The reason for the observed structural
feature may be due to the trans influence of the hydride ligand.!"”"! The N(1)-N(2)
bond lengths of 3-11 and 3-13 decreased on coordination to the Ir center, similar
to the Ir(I) complexes, in comparison to the free acid 2-2 and 2-4 while to a

smaller extent when compared to the potassium salts 2-2K and 2-4K. For 3-12,
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the N(1)-N(2) bond length is almost similar to that of 2-3. The N(1)-C(1) bond
lengths of 3-11 and 3-13 both increased which differs significantly from 2-2K and
2-4K where there is an actual decrease in the bond lengths compared to 2-2 and 2-
4. For 3-12 a reverse in the trend is observed as the N(1)-C(1) bond length
actually decreases compared to 2-3. For the Ir(I) complexes, the increase in N-C
bond length is also seen in 3-3, but for 3-4, the trend is reversed. It is very likely
that the N-C bond lengths are subtly affected by the ligand trans to the nitrogen
acids. In the Ir(I) complexes, the m accepting carbonyl ligand may play a role
modulating the N-C bond changes between the N-nitroamide versus the N-
nitrocarbamate. For the Ir(II) complexes, the CI ligand will have a more direct ¢
interaction which accounts for the less variable N-C bond lengths across the
series.

Table 3-4: Selected bond lengths (A), bond and torsion angles (deg) of
Ir"™m2-X)(H)(CI)(PPhs), complexes.

Compound 3-11 3-12 3-13
Ir(1) - N(1) 2.030(3) 2.042(4) 2.050(3)
Ir(1) - O(1) 2.329(3) 2.357(4) 2.323(3)
N(1) - N(Q) 1.372(5) 1.389(6) 1.349(4)
N(1) - C(1) 1.398(6) 1.372(7) 1.405(5)
N(@2) - 0(1) 1.287(5) 1.298(6) 1.275(4)
N(Q2)-0(2) 1.199(5) 1.193(6) 1.223(4)
O(1) - Ir(1) - N(1) 59.26(12) 59.38(16) 58.80(11)
Ir(1) - N(1) - N(2) 101.2(2) 101.3(3) 100.4(2)
N(1) - N(2) -0(1) 109.4(3) 109.6(4) 110.8(3)
N(2) - O(1) — Ir(1) 90.1(2) 89.7(3) 89.97(19)
0(1) - N(2) - N(1) - C(1) 173.7(4) -179.9(5) 178.3(4)
0(3) - C(1) - N(1) - N(2) -174.3(4) 173.3(5) -1.2(7)
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The N-O bond lengths in 3-11, 3-12 and 3-13 differ significantly between the
N(2)-O(1) coordinated versus the N(2)-O(2) free by at least 0.5 A. This shows
that on coordination, the N-O bond is weakened. The bite angle of the Ir-N(1)-
N(2)-O(1) chelate is only approximately 60° which is very acute compared to
other five or six-membered rings. Lastly the torsion angles of the ligand between
the nitro fragment and the amide/carbamate section of the ligand is close to 180°
indicating planarity between the two sections of the ligand. The increase in the
alkyl group length for N-nitroamides in 3-11 to 3-12 seems to have no effect in
decreasing the conjugation between the nitro group and the amide section while
for the N-nitrocarbamates in the Ir(I) complexes, the increase in the alkoxy group
in 3-4 to 3-5 reduces the conjugation of nitro fragment with the carbamate section

as the torsion angles in 3-5 diverge from 180 °.

NMR spectroscopy

The *'P NMR spectroscopy of the Ir(III) complexes all show a single resonance
signal which corresponds to a single isomer in solution. With the default NMR
parameters, the resonance usually appears as a doublet with a separation of 4 to
10 Hz. The appearance of the coupling is due to the coupling of the Ir hydride (Ir-
H) to the phosphorus ligand through the Ir metal. This is uncommon as the default
3P NMR operates as °'P{'"H} NMR where the proton signals are decoupled by
saturation through broadband decoupling. In our situation, the location of the Ir
hydride is at substantially upfield regions and requires an adjustment of either the
power of the decoupler or re-centering of the decoupler offset to decouple the Ir
hydride efficiently.

In the '"H NMR spectrum, the resonance signals for the triphenylphosphine
ligands are located as two sets of multiplets between 6.7 to 8 ppm. The alkyl and
alkoxy groups are also located upfield compared to the free acid. The Ir hydride
resonance is located between -30 to -40 ppm and appears as a broad signal in
CDCIl; for 3-11 but as triplets for 3-12, 3-13 and 3-14. The observation of the Ir-H
resonance signal confirms the presence of a metal hydride which is not located in
the X-ray diffraction experiments. However the appearance of a broad signal for
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the Ir-H resonance in 3-11 is unexpected. A broad signal is usually due to some
dynamic processes that are happening to the substrates in solution. In the case of

3-11, the dynamic process is solvent dependent (Figure 3-19).

IF(N2)(PPh3)2C] w N-nitroacetamide CDCI3 1H 400 MHz
Ir(H)(CI)(PPh3)2(CH3C(O)NNO2 CED6 LH 400 MHz

Final product: -31.7 ppm (s, broad)
Final product: -31.2 ppm (s, broad)
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Figure 3-19. Variable field "H NMR in C¢Ds (left) and CDCl; (right) for Ir-H
region of 3-11.

In CDCl3, at the effective field of 200 MHz, the Ir hydride signal is very broad,
but this sharpens slightly when the effective field is increased to 400 MHz. When
CeDg is used instead, the Ir hydride signal is observed to be a triplet at the
effective field of 200 MHz. When the effective field is increased to 400 MHz, the
same signal is now observed as a broad signal. The difference in the Ir hydride
resonance signals is related to the rate of the dynamic process with respect to the
NMR time scale. From Equation 3-1, when the exchange ratio R >> Avy, the
system is in the fast exchange regime while when R << Av, the system is in the
slow exchange regime. Therefore the triplet signal that is observed in the C¢Dg
200 MHz spectrum could either be at the fast exchange limit or the slow exchange

limit.
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R= k/AVO
k = total rate constant (s™)
Avq = difference in frequency between two exchanging signals (Hz)

Equation 3-1. Exchange ratio R.

By increasing the effective field of the '"H NMR, we are increasing Avy of the
dynamic process. Since the total rate constant & is unchanged, the exchange ratio
R will be decreased which leads to a smaller difference between R and Avy. If the
dynamic process observed is at the fast exchange regime, a decrease in the R
value and increase in the Avy value may cause it to fall towards the coalescence
point or into the slow regime which will result in a change in the line-shape of the
resonance that is observed. If the dynamic process is in the slow exchange regime,
there will be no change in the line-shape of the resonance signal. From Equation
3-2, as the effective field is increased, Avy is increased which leads to a larger 4.
This causes the coalescence temperature of the dynamic process to increase.

ko = [m{2(Avo)]"

k. = total rate constant at coalescence

Equation 3-2. Total rate constant k at coalescence.

The increase in the coalescence temperature for a higher effective field NMR
together with the change in line-shape from triplet to broad resonance means that
in C¢Dg the dynamic process observed is at the fast exchange limit. In CDCls, the
dynamic process is also at the fast exchange limit and at the lower effective field
of 200 MHz NMR, is closer to the coalescence temperature which gives a broader
signal that broadens as the effective field is increased. The additional metal
hydride resonance that is located further upfield at around -35 ppm in Figure 3-19
is a separate species that is not interacting with the product resonance at -30 ppm
as the resonance signals broaden and resolve independently. This upfield
resonance is assigned to an intermediate that will be discussed in later sections.

From the collective Ir hydride resonances observed for 3-11, 3-12, 3-13 and 3-14,
it is very likely that an increase in the alkyl chain length or change to an alkoxy
chain length causes the rate of the dynamic process to increase such that all the

triplet resonances observed are actually in the fast exchange region. This is
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supported to some extent since the Ir hydride resonance signal in 3-12 is close to
being a broad signal. Low temperature 'H experiment for these substrates may
provide a definitive answer to the above question.

Since the broad resonance is observed for the Ir hydride and not in the other
proton resonance nor in the *'P NMR, it is very likely that the dynamic process
affects the Ir-H environment. We proposed that this dynamic process is due to the
labile O atom coordination trans to the hydride (Scheme 3-11). The reason for
such a phenomenon could be due to the strong trans effect of the hydride

ligand.['"!

PPh; PPh, O
Scheme 3-11. Proposed labile coordination of O atom to Ir center.

The repeated coordination and dissociation of the O atom trans to the Ir hydride
will cause the hydride to ‘see’ both forms of the complexes, giving rise to the
broad signal.

The related Ir(Il) carboxylate complex synthesized from the reaction of 3-2 with

acetic acid is proposed to give a similar bidentate ligand (Scheme 3-12).1'"
PPhs PPh;
o -N2 11, .\\O/,
N —_|r(l)‘C| + _— = 1rn o,
PPh; PPh;
3-2 3-22

Scheme 3-12. Synthesis of Ir(Ill) acetate complex 3-22.

Complex 3-22 is formed from the oxidative addition of acetic acid with 3-2. It is
reported that the v(Ir-H) stretch is observed at 2304 cm’” and the IR bands at
1535, 1445, 1423 and 1412 cm’! are from a coordinated bidentate carboxylate
vibrations. The complex is characterized only by IR and elemental analysis. By
repeating the synthesis of 3-22, it is confirmed that a v(Ir-H) band is observed at

2307 cm™ with similar bands at 1538, 1417 and 1189 cm™ corresponding to the
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acetate ligand. The *'P NMR spectrum of 3-22 shows a single singlet resonance
signal at 13.98 ppm which indicates a single species is present. The 'H NMR
spectrum of 3-22 shows resonances in the aromatic region between 7.30 and 7.80
ppm for the triphenylphosphine, 1.25 ppm for the methyl group and a well-
resolved triplet with Jp.y of 13.8 Hz at -33.15 ppm. The Ir hydride signal observed
in 3-22 is in great contrast with that of 3-11 and provides more evidence for the

dynamic behavior of 3-11 in solution.

Vibrational Spectroscopy

The vibrational spectra of 3-11, 3-12 and 3-13 have unusual bands associated with
the coordinated ligand. Of great interest is the low intensity Ir-H stretch for 3-11
and 3-12 at 2322 and 2311 cm™'. For 3-13 a weak band is observed at 2298 cm’
and is assigned to v(Ir-H). A possible reason for the very low intensity v(Ir-H)
band could be that the stretch is strongly coupled to the coordinated nitrogen acid.
It could also be that there is great thermal motion of this hydride such that the
stretching band is almost non-existent. There is however a medium intensity band
observed around 805 cm™ in 3-11, 3-12 and 3-13 which can be assigned to the
v(Ir-H) bending mode. For 3-11 and 3-12 the new bands observed are at 1690 cm’
' for the Amide 1 band, 1509 cm™ for V(NO2)agym, 1220 to 1261 cm™ for
V(NO,)gym and 1160 to 1200 cm™ for v(N-N).

For the N-nitrocarbamate complexes, 3-13 and 3-14 new bands are observed at
1750 cm™ for the Amide 1 band, 1518 cm™ for V(NO2)asym, 1260 cm™ for
V(NO,)sym and 1212 to 1185 cm™ for v(N-N).
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3.5.2.3 Reaction intermediates

In the course of 3-2 reaction with 2-2, a reaction intermediate is observed to form
initially which slowly converts into the final product. This intermediate can be
observed using *'P (Figure 3-20), 'H NMR (Figure 3-21) and IR (Figure 3-22)

spectroscopy techniques.
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Figure 3-20.°'P NMR reaction monitoring of 3-2 with 2-2 in CDCls.
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Figure 3-21. "H NMR reaction monitoring of 3-2 with 2-2 in CDCl;.

1004

80

G0

40

20+

o
T T T T T T T
2200 2100 2000 1200 1800 1700 1600 1500 1400 1200

Figure 3-22. Solution IR spectra for the reaction of 3-2 with 2-2 between 2200 to
1300 cm™'. Reaction carried out at -10 °C in CHCIl; over 24 h. Aliquots taken at
the following time intervals: Red: Initial 3-2 complex immediately after addition
of 2-2; Blue: after 15 min; Green: after 1.5 h; Black: after 17 h.
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In *'P NMR, a resonance signal at 14.5 ppm is observed to form initially together
with the resonance signal at 11.5 ppm. The 14.5 ppm signal increases and
subsequently decreases over time to give only the signal at 11.5 ppm. Thus the
signal at 14.5 ppm corresponds to an intermediate that slowly converts to 3-11
with the resonance at 11.5 ppm. The similar trend is also observed in the "H NMR
where the resonance signals at 1.36 and -35.1 ppm assigned to the intermediate
are observed to increase and subsequently decrease to resonance signals at 1.23
and -31.8 ppm observed in 3-11.

The multiple solution IR spectra of the reaction mixture over time gave the most
information regarding the functional group changes taking place over time. It is
shown that the band at 2104 cm™ corresponding to the N, band in 3-2 disappears
which indicates the loss of N, ligand. Similar bands at 1736 and 1610 cm™ which
belongs to 2-2 and a band near 1300 cm™ are also observed to decrease overtime.
The band at 1570 cm™ is observed to increase initially but decrease over the
course of the reaction. Finally bands at 1695, 1510 and 1360 cm™ are observed to
increase over time. These bands correspond to the bands in 3-11.

The conclusion of the observed vibrational changes above is that the band at 1570
cm™ most likely corresponds to the intermediate that is observed in the 'p and 'H
NMR spectra. Comparing the IR bands in some carboxamide complexes!'”*! and

172 the 1570 cm™ band can be assigned

the related Ir(IIT) carboxylate complexes,!
to a coordinated acyl ligand. Thus a mechanism involving initially an acyl
intermediate, 3-23A or 3-23B, can be proposed which subsequently isomerises to
the thermodynamically stable 3-11 (Scheme 3-13). The *'P NMR resonance
signal of 3-22 at 13.97 ppm is also very close to that of the intermediate 3-23 at

14.56 ppm.
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Scheme 3-13. Proposed reaction mechanism of 3-2 with 2-2 to form initially
intermediate 3-23 to finally give 3-11.

The difference in the intermediates 3-23A and 3-23B is that the nitrogen is trans
to the chloride ligand in 3-23A and trans to the Ir hydride in 3-23B. For
intermediate 3-23A, a dissociation followed by rotation around the Ir —N bond
would generate 3-11. For intermediate 3-23B, the stepwise dissociation of the Ir-
N bond followed by formation of a six-membered metallacycle and subsequent
dissociation of the the Ir-O(acyl) bond would give 3-11. Without more
information it would be difficult to determine which of the intermediates is more
plausible.

The reaction of 3-2 with 2-4 has also been monitored by *'P NMR (Figure 3-23),
'H NMR (Figure 3-24) and IR spectroscopy (Figure 3-25) and reveals a possible
formation of two intermediates which eventually converts to the product 3-13.
The *'P NMR is observed to show two intermediates; A at 14.4 ppm and B at 7.5
ppm with intermediate B in greater proportion. Both these intermediates are
observed to disappear within 3 h to give 3-13 which has the resonance signal at
10.0 ppm. Similarly in 'H NMR resonances corresponding to the intermediates
are observed; A at 3.4 and -36.7 ppm and B at 3.6 and -26.0 ppm with B in greater
proportion. These resonances disappear over time to give resonance signals at 3.0

and 35.7 which is assigned to 3-13.
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Figure 3-23. ° P NMR reaction monitoring of 3-2 with 2-4 in CDCl;.
Ir(N2)(PPh3)2CI w N-nitroMethylcarbamate 1 h 15 min 1H
Ir(N-nitromethylcarbamate)| complex: 3.0, -35.7 ppm
/ B
I3
_ A‘ L - ‘
Ir(N2)(PPh3)2Cl w N-nitroMethylcarbamate 15 min 1H
Intermediate B: 3.6,|-26.0 ppm
2 ‘\ L2
e | I* m
Ir(N2)(PPh3)2CI w N-nitroMethylcarbamate initial 1H Intermediate A:|3.4, -36.7 ppm
N-nitromethylcarbamate: 3.9 ppm
L 1
i i
- AU o A L . o MW
L y
T T T T T T T T T T T e e B s e e L s e s
10 9 8 5 ) 2 1 0 -25 <26 -27 -28 -29 -30 -31
f1 (ppm)

T
-32

34 -35 -36 -37 -38
f1 (ppm)

Figure 3-24. "H NMR reaction monitoring of 3-2 with 2-4 in CDCl;.
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Figure 3-25. Solution IR spectra for the reaction of 3-2 with 2-4. Reaction carried
out at -10 °C in CHCl; over 21 h. Aliquots taken at the following time intervals:
Red: Initial 3-2 complex with 2-4; Blue: 45 min after addition of 2-4; Green: after
3 h; Brown after 21 h.

The solution IR monitoring formation of 3-13 reveals some similar changes
observed in the synthesis of 3-11. The decrease of the 2104 cm™ band of the
starting N, ligand with concurrent decrease in the 1790 and 1620 cm™ bands are
assigned to 2-4. The increase in the bands at 1750 and 1260 cm™ and the general
increase in the bands between 1570 and 1500 cm™ are due to the formation of 3-
13. In this case, no initial increase and subsequent decrease and loss of any bands
could be observed. A possible reason is that the rate of reaction of 3-2 with 2-4 is
much more rapid than that of 3-2 with 2-2. This is shown by the rapid loss of the
2104 cm™ band and the overall time scale of the transformations. In the reaction
of 3-2 with 2-2, the reaction time monitored in NMR is over 24 h long while that
for 3-2 with 2-4 is observed to be complete within 2 h! Thus despite starting the
solution IR experiment at -10 °C, the rate of conversion between the intermediates
to 3-13 was too rapid for observation.

The *'P NMR resonance signal for intermediate A has similar chemical shift to

intermediate 3-23 observed in the system of 3-11. It is probable that these
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intermediates are similar. The new intermediate B that is observed could be
another coordination isomer of 3-13 that forms kinetically but converts into the
thermodynamically stable 3-13. This intermediate B is also the preferred kinetic
product in this reaction from the larger proportions present during the reaction
period. It is not known if intermediates A and B interconvert between them to
give 3-13. A proposed mechanism of the synthesis of 3-13 is shown in Scheme 3-
14.
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Scheme 3-14. Proposed reaction mechanism of 3-2 with 2-4 to form initially
intermediates 3-24A and/or 3-24B to finally give 3-13.

As per the proposed mechanism of for the synthesis of 3-11, the reaction of 3-2
with 2-4 may involve the intermediate 3-24A which has the amide nitrogen trans
to the chloride ligand. Dissociation of the Ir-O bond followed by rotation about
the Ir-N bond will generate 3-13. The reaction may also proceed by the formation
of intermediate 3-24B which has the nitrogen trans to the Ir hydride. Intermediate
3-24B then undergoes stepwise dissociation of the Ir-N bond followed by
coordination of the oxygen of the nitro group to give a six-membered
metallacycle which subsequently the Ir-O(acyl) bond dissociates to give 3-13.
Both of these intermediates may actually be present as there are two intermediates
A and B observed during the course of the reaction. The key difference between

the formation of 3-11 versus that of 3-13 is that the rate of conversion of the
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intermediates in 3-13 is much faster than that of 3-11. This difference may be
driven by the alkoxy versus the alkyl functional group or may be due to the pK, of
the free acids. However even with this information, it is not possible to determine
the actual intermediates present.

We have been unsuccessful in obtaining the crystal structure solution for 3-14,
however from the *'P and "H NMR reaction monitoring results (Figure C-1 and
Figure C-2 respectively) together with the IR results of the isolated solids, it is
determined that 3-14 has similar reaction intermediates and product geometry as
3-13. Thus the structure of 3-14 is very likely an analogue of 3-13 with an ethoxy
group.

The reaction of 3-2 with 2-6 was also studied by *'P, '"H NMR and IR
spectroscopy monitoring (Figure 3-26, Figure 3-27 and Figure 3-28 respectively).
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Figure 3-26. °'P NMR reaction monitoring of 3-2 with 2-6 in CDCl.
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Figure 3-27. "H NMR reaction monitoring of 3-2 with 2-6 in CDCl;.

In the *'P and 'H NMR spectra, the initial stage of the reaction seems to be very
similar to that of 3-13 where two intermediates are observed; intermediate A with
3'P signal at 8.3 ppm, 'H signals at 3.3, -29.3 ppm and intermediate B with *'P
signal at 5.5 ppm, 'H signals at 3.7, -27.2 ppm. These initial resonances however
do not resolve over time to give a single set of signals that correspond to a single
isomer or product but instead become more complicated as the reaction proceeds.
A new set of resonances with *'P signal at 11.4 ppm, 'H signals at 3.6 and -33.9
ppm have similar chemical shifts compared to 3-11 and 3-13. This set of
resonances may correspond to the analogue Ir(Ill) N-nitrosomethylcarbamate

complex.
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Figure 3-28. Solution IR spectra for the reaction of 3-2 with 2-6. Reaction carried
out at -10 °C in CHCIl; over 20 h. Aliquots taken at the following time intervals:
Red: Initial 3-2 complex with 2-6; Blue: 15 min after addition of 2-6; Green: after
1 h; Brown: after 3 h; Pink after 18 h.

The solution IR spectra of the reaction indicate the same disappearance of the
2104 cm™ band which is the loss of the N, ligand. There is an initial increase and
subsequent decrease in bands between 1780 and 1750 cm™ and also in the band at
1450 cm™. The bands close to 1780 and 1450 cm™ are likely to be from 2-6
however the additional band located near 1750 cm™ is new. The reaction
terminates with new bands at 1720 and between 1580 and 1500 cm™. The final IR
spectrum may represent a mixture of Ir(Ill) N-nitrosomethylcarbamate isomers
that are observed in the NMR spectra.
The *'P and "H NMR (Figure C-3 and Figure C-4 respectively) of 3-2 with 2-6 in
CeD¢ was also monitored as the acidity of CDCl; may play a role in the
decomposition of the reaction products. However, the reaction intermediates and
eventual unknown product mixtures are very similar between the two solvent
systems.
Finally the reaction of 3-2 with 2-8 was also tracked using *'P, "H NMR and IR
spectroscopy (Figure 3-29, Figure 3-30. Figure 3-31).

164



Ir(N2)(PPh3)2C1 w p-tolylSO2NHNO2 3 days 31P

J— L b lhe

L

. .

Ir(N2)(PPh3)2C w p-tolylSO2NHNO2 6 h 31P

unknown B: 11.8 ppm

F2
L. JL___,_NJL oo J J“L
Ir(N2)(PPh3)2Cl w p-tolylSO2NHNOZ initial 31P
unknown A: 8.5 ppm
unknown F: 16.1 ppm
|
\ 31
|
JL L-uw-tj‘
T T T T T T T T T T T T T T T T
30 25 20 15 10 5

-5 -10 -15 -20 -25 -30 -35
f1 (ppm)

-40
. 31 . .. . .
Figure 3-29. ° P NMR reaction monitoring of 3-2 with 2-8 in CDCl;.
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Figure 3-30. 'H NMR reaction monitoring of 3-2 with 2-8 in CDCl;.
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Figure 3-31. Solution IR spectra for the reaction of 3-2 with 2-8. Reaction carried
out at -10 °C in CHCl; over 20 h. Aliquots taken at the following time intervals:
Red: Initial 3-2 complex; Blue: 15 min after addition of 2-8; Green: after 3 h;
Brown: after 19 h.

In both the *'P and 'H NMR spectra, three sets of resonances with different
intensities are observed. The observation of hydride signals in the upfield region
of the "H NMR indicates the oxidative addition has been successful, giving rise to
Ir hydride complexes. However over time these hydride signals disappear with
concurrent new ° P signals that includes a AB pattern doublet of doublets (*Jp.p =
84.24 and 18.63 Hz) which indicates inequivalent phosphines. The precipitation
of the reaction products may very well represent the formation of dimers or
oligomeric complexes.

The solution IR spectra do not give much information except that the bands all
represent similar terminal products. The reaction of 3-2 with 2-8 is very rapid
such that on addition of 2-8, the loss of the N, ligand is immediate as the 2104
cm’' band is not even observed.

From all the reaction monitoring results obtained for the N-nitroamides, N-
nitrocarbamates, N-nitrosocarbamate and N-nitrosulfonamide, based on the rate of

reaction of the nitrogen acids with 3-2, it may be possible to approximate the pKa
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values of the nitrogen acids in decreasing order: N-nitroamide > N-nitrocarbamate
> N-nitrosocarbamate > N-nitrosulfonamide. This trend differs slightly from the
n-accepting properties of the nitrogen acids (Figure 3-11) discuss above in the
section for Ir(I) complexes. The rate of reaction of the nitrogen acids could also
be affected by the strength of the w-accepting character, where the stronger m-acid

reacts at a faster rate.
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3.5.2.4 Reactivity studies of Ir'"'"’(n2-CH;C(O)NNQO,)(H)(C)(PPh;), (3-11)

With CO

The reaction of 3-11 with CO gives a single new broad IR band at 2047 cm’
which is assigned to the newly added carbonyl ligand of the new Ir(IIl) carbonyl
complex 3-15. The Ir hydride stretch which is not observed in 3-11 is observed as
a low intensity broad band centered at 2185 cm™. The *'P and 'H NMR spectra
however show that there are more than one isomers of 3-15. In the *'P NMR
spectrum, two resonance signals are observed with unequal intensity. In the 'H
NMR, three Ir hydride triplet resonances are observed, with two signals that are
significantly stronger and the third weaker in a ratio of 0.56:0.39:0.05
respectively. Thus there are three isomers of 3-15 which is possible depending on

the site of CO addition (Scheme 3-15).
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Scheme 3-15. Possible CO addition coordination isomers with 3-11.
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The related Ir(Ill) carboxylate complexes also undergo CO addition (Scheme 3-
16).""2 The reaction of 3-22 with CO gives 3-25 which is reported to form only
one isomer based on IR analysis of the Ir-H, Ir-Cl and Ir-CO stretches. The trans
labilisation effect of CO"'"* on the Ir hydride affects v(Ir-H) stretch which is
found at 2112 em™ which is much lower than that of 3-22 at 2307 cm™. The
observation of hydridocarbonyl vibrational coupling! ™ also supports a trans H-
Ir-CO structure from isotopic analysis using 'H/’D Ir hydride samples. The *'P
single singlet resonance at 5.41 ppm, '"H NMR signals of singlet at 1.06 ppm for
the methyl group and triplet at -7.83 ppm (14 Hz) for the Ir hydride indicate the

presence of only a single isomer for 3-25.
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H//, ,,,,, |r(|||)‘\\o>///"/ CO H/"/, ‘ (|||)“\O\<O
~ > “lr
o | o | co
PPhg PPhs
3-22 3-25

Scheme 3-16. CO addition to 3-22 to give 3-25.

The formation of multiple isomers in 3-15 compared to 3-25 could be due to the
labile coordination of the oxygen of the nitro group. Without additional
information, it is not possible to assign the isomers of 3-15 to the observed *'P
and 'H signals to allow determination of the distribution of the isomers. *CO
labelling may help in the identification of 3-15C from trans 'H-Ir-">CO coupling
but this may be hampered by an unexpected phenomenon discussed next.Complex
3-15 is metastable and on standing in solution over time, the CO ligand is lost
from all three isomers and 3-11 is regenerated. The addition of CO again
regenerates 3-15 which eventually loses CO again when left in solution. The loss
of CO from an Ir(IlT) complex is very unusual as d° Tr(1) complexes are usually
inert. The loss of CO is most likely due to two factors. The first is that the
electron withdrawing N-nitroacetamide ligand causes the Ir(III) center to be
electron deficient and competes for n-backbonding from the metal center to the

carbonyl ligand. Secondly the bidentate nature of the N-nitroacetamide ligand
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allows efficient chelation to the Ir center. These two factors together may play a
role in the labile nature of the carbonyl ligand. The CO addition reaction to 3-11
to give isomers of 3-15 is in contrast to the reaction of 3-1 with 2-2 (Scheme 3-
17). The first reaction results in formation of isomers that reversibly lose the CO
ligand while the second reaction gives incomplete conversion of the starting
complex 3-1 which with additional stoichiometric amounts of 2-2 generate
multiple products. Furthermore 3-15 does not undergo reductive elimination to

give 3-1 and 2-2.

""" rny )I/"'N—O Ir"(n"-CH3C(O)NNO,)(H)(CI)(CO)(PPh3),
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Scheme 3-17. Reaction of 3-11 with CO versus reaction of 3-1 with 2-2.

With P(CH3),Ph
The reaction of 3-11 with one equivalent of P(CH3),Ph did not allow the reaction

to go to completion. Most of the starting complex, 3-11, is still present after
stirring overnight. Several new *>'P NMR resonance signals were observed, one of
which with significant intensity at -4.38 ppm belongs to free PPh;. A set of
doublet and triplet signals with similar coupling constants of 19.9 Hz in the *'P
NMR spectrum represents a phosphine ligand that is positioned cis to two
identical and trans phosphine ligands. It is very likely that the substitution of the
PPhs ligand of 3-11 is occurring such that a single substitution results in both
PPh; ligands to be substituted. This is supported by the absence of two sets of

doublets that have large coupling constants being observed in the *'P NMR for
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inequivalent trans phosphines. The substituted phosphine complex 3-16A also
undergoes further nucleophilic addition of an additional P(CHj3),Ph molecule
preferentially to give the isomers 3-16B, 3-16C and 3-16D. This is evidenced by
the appearance of three sets of doublet of triplet resonance signals and a single
triplet in the upfield region of the 'H NMR spectrum. With excess P(CH;),Ph
added, total conversion of 3-11 occurs to give the four species of complexes
(Scheme 3-18). The single Ir hydride triplet is assigned to the P(CHj),Ph
substituted 3-16A as it is not coupled to any additional phosphine.

One of the doublet of triplet 'H signals for the Ir hydride complexes have a
significantly large doublet coupling constant of 158 Hz. This isomer is most likely
3-16D which has the hydride located trans to the dimethylphenylphosphine
ligand. The remaining two doublet of triplet Ir hydride signals have the hydride
located cis to the equatorial phosphine and the assignment of the signals assumes
that P(CHs3),Ph preferentially adds from the less hindered site. Therefore 3-16B is
formed in larger proportions than 3-16C. The three complexes, 3-16B-D, will
have identical *'P NMR signals and is assigned to the doublet and triplet

resonance signals.
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Scheme 3-18. Proposed reaction isomers of 3-16 from the addition of P(CHs),Ph
to 3-11 with fractional proportions.

In a similar reaction, addition of dimethylphenylphosphine to the Ir(IIl)
carboxylate complexes,!'’ only one isomer with the trans H-Ir-P(CH;),Ph
structure, 3-26, is obtained (Scheme 3-19). In the original article this isomer is

confirmed by v(Ir-Cl). The repeated synthesis of 3-26 confirms the presence of
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v(Ir-H) at 2187 cm™. The *'P NMR contains two sets of resonances; a doublet at -
2.77 ppm (13.5 Hz) assigned to P(CHj3),Ph and a triplet of doublet at -42.50 ppm
assigned to PPhs from coupling to both the P (13.5 Hz) and CHj3 groups (7.3 Hz)
in P(CHs),Ph. The results from the *'P and '"H NMR indicates only one isomer is

formed.
PPhs ||°Phs o
s |r(|||)“\03//,,,,‘ P(CH3),Ph Ao, |r<ln>“‘o
a”” | ~o a”” | T P(CHs)Ph
PPh; PPh;
3-22 3-26

Scheme 3-19. Addition of P(CHj3),Ph to 3-22 to give 3-26.

The reactivity studies of 3-22 are in great contrast with 3-11 with regards to CO
and P(CHj3),Ph addition. In both the CO and P(CHj3),Ph additions to 3-22 only
one ligand is added to generate single isomers which are stable. For 3-11, the
addition of CO generates isomers of 3-15 which on prolonged duration in solution
loses CO and regenerates 3-11. With P(CH;3),Ph addition, PPh; substitution by
P(CHs;),Ph is observed which preferentially adds an additional P(CHj3),Ph to give
isomers of 3-16. The above reactivity for 3-11 can be attributed to both the
electron withdrawing nature of the N-nitroacetamide ligand and the labile
coordination of the oxygen atom of the nitro group observed earlier from the 'H
NMR of the Ir hydride resonance. It seems that the trans labilising effect of the Ir
hydride! " in 3-11 is not sufficient to enforce the formation of a single isomer for

nucleophiles.

With methyl triflate

The reaction of methyl triflate with 3-11 results in the loss of the N-

nitroacetamide ligand, 2-2, to give the bis(acetonitrile) Ir(Ill) complex 3-17
(Scheme 3-20).
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Scheme 3-20. Reaction of methyl triflate with 3-11 to form 3-17.

The IR spectrum of 3-17 shows multiple weak bands in the 2270 cm™ region
which can be assigned to the coordinated acetonitrile ligands and the Ir hydride
stretch. The appearance of the bands at 1270, 1154, 1031 and 638 cm™ confirms
the presence of the triflate anion. The bands at 1695, 1514, 1262, 1198 and 621
cm™ are missing indicating the loss of the coordinated N-nitroacetamide ligand.
The *'P spectrum shows only a single singlet at 4.43 ppm and the 'H NMR
spectrum has only a single triplet at -20.67 ppm for the Ir hydride indicating a
single species. New singlets at around 1.90 and 2.00 ppm can be assigned to the
coordinated CH3;CN ligands. A crystal structure solution for 3-17 has been
obtained but due to the poor quality of the diffraction data, the structure is not of
publication quality (Table C-1, Figure C-5).

The methylation of 3-11 only occurs in acetonitrile and is unsuccessful in other
solvents such as CHCI; and benzene. The use of alternative methylating agents
such as CH;I and dimethylsulfoxide did not change the reaction outcome in other
solvents. It is very likely that coordination of the acetonitrile ligand to 3-11 is
necessary for the methylation reaction to occur and is related to the proposed
labile behaviour of the coordinated oxygen atom of the nitro group. It is
interesting that successful methylation of the N-nitroacetamide ligand results in
the loss of the methlylated ligand through substitution by acetonitrile. We have
not been able to isolate the methylated N-nitroacetamide ligand but proposed the

methylation site to be on the oxygen atom of the nitro group.
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3.6 Conclusion

Ir(I) nitrogen acids complexes
New Ir(I) nitrogen acid complexes 3-3, 3-4, 3-5, 3-6, 3-7 and 3-8 have been
synthesized from the reaction of 3-1 with 2-2Ag, 2-4Ag, 2-5Ag, 2-6Ag. 2-8Ag

and Ag[N(NO;),]. The new complexes have square planar geometry with the
carbonyl ligand trans to the nitrogen acids. The reaction of 3-1 with
Ag[N(SO,CF3);] did not undergo silver metathesis but instead formed a rare
Vaska’s silver adduct, 3-9. Complex 3-9 has the silver bistriflimide ligand
located at the axial axis forming a five coordinate square pyramidal complex. It is
very likely that the bistriflimide anion is a poorer ligand compared to the
dinitramide anion. The v(CO) stretch of all the complexes are higher than 1954
cm” of the Vaska’s complex indicating that they are all strong m-acceptors which
compete with the carbonyl ligand for electron density from the electron-rich Ir(I)
center.

Conversion of 3-3 into the dinitrogen complex is shown to give a new Ir(I) N,
complex containing the 2-2. This new N, complex is uncharacteristically stable to
decomposition compared to 3-2. However due to difficulty in purification,

1solation of 3-10 was not successful.

Ir(I1I) nitrogen acids complexes

Compounds 2-2, 2-3, 2-4 and 2-5 undergo oxidative addition with 3-2 to give new
Ir(IlT) hydrido nitrogen acid complexes 3-11, 3-12, 3-13 and 3-14 respectively.
The Ir(II) complexes all feature an unusual four-membered N,O chelate with the
nitrogen of the amide and the oxygen of the nitro group to the Ir center. The
hydride ligand is also located trans to the oxygen atom. The new Ir(Ill) complexes
exhibit interesting and unique vibrational bands.

The 'H NMR spectrum for 3-11 is observed to have solvent-dependent line shape
behaviour for the metal hydride resonance which can also be observed on varying
the effective field. This effect is proposed to be due to the labile Ir-O bond and is

believed to undergo rapid coordination and release in solution. The fluxional
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behaviour of the nitrogen acid in 3-11 is believed to contribute to the unusual
reactivity with nucleophiles such as CO and P(CHj3),Ph to give multiple isomers.
Of significance is the ability of the Ir(IIl) carbonyl complex 3-15 to lose the
carbonyl ligand over time in solution. Ir(IIl) complexes with a labile carbonyl are
rare but there are precedence of labile CO on transition metal complexes such as
the &° Re®(n'-CH;CO,)(CO)3(PPhs), complex.!'” The presence of three n-
accepting CO ligands causes the Re center to be electron-deficient which affects
one of the CO ligands to be labile. Thus the electron-withdrawing effect of the N-
nitroacetamide ligand may be the reason for the loss of CO and substitution of
PPh; by P(CHs),Ph. The methylation reaction of 3-11 is only possible in
acetonitrile and results in the loss of the 2-2 with the formation of the
bis(acetonitrile) complex 3-17.

The reaction profiles for the nitrogen acids with 3-2 were also monitored using
solution IR, 'H and *'P NMR spectroscopy. It is observed that in the reaction of 3-
2 with 2-2, a single intermediate was observed to form which slowly converts to
the final 3-11. A proposed structure for this intermediate was made based on the
change in solution IR bands over time and with comparison with other reports.
Similar phenomena are observed in the reaction of 3-2 with both 2-4 and 2-5
however there are two intermediates observed. The reaction rate was significantly
more rapid which prevented decent solution IR analysis of the intermediates.
Nonetheless, similarities of one of the intermediates allow us to propose possible
structures of the intermediates.

The reaction of 3-2 with N-nitrosocarbamate 2-6 gave multiple products which
from monitoring the reaction indicate that the initial reaction intermediates are
similar to that observed in 2-4 and 2-5. The reaction rate is also very rapid but on
prolonged reaction times, multiple products are observed. Similarly, the reaction
of 3-2 with 2-8 started with few products but progressively multiple different side
products is formed. The reaction residue slowly precipitates out of solution which
may be due to the formation of insoluble oligomers. The reaction rate of 2-8 with

3-2 is the most rapid.
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We have successfully synthesized a series of Ir(I) and Ir(Ill) complexes
containing the nitrogen acids coordinated to the Ir center. Preliminary reactivity
studies indicate much unusual chemical reactivity. It is our eventual goal to
deprotect the nitrogen acids from the acyl groups to allow the study of nitrous

oxide precursors.
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Chapter 4: Rhenium complexes of Nitrogen Acids

4.0 Introduction

The successful synthesis of a series of Ir(I) carbonyl nitrogen acids and the unique
coordination and reactivity of the Ir(Ill) N-nitroamide and N-nitrocarbamate
complexes provide us with some information with regards to their chemical
reactivity. The reaction methodologies of silver salt metathesis and oxidative
addition to an electron-rich Ir(I) center are useful pathways to the above
complexes.

The presence of the strong trans-directing hydride in the Ir(III) nitrogen acid
complexes may play a role in the unusual reactivities of the Ir(II) nitrogen acid
complexes towards nucleophiles and electrophiles.
[ReP(CH3CN)»(CO)»(PPhs),](X) (4-3: X = ClOy4, 4-7: X = BF,) complexes are
suitable complexes for displacement study with the nitrogen acid salts as the
acetonitrile ligands are labile and can be substituted for the conjugate base of the
nitrogen acids. Re®(H)(CO)»(PPhs); (4-5) contains a basic hydride which can
react with acids. The CO ligands in the complexes are coordinative inert
compared to hydride ligands and 4-3, 4-5 and 4-7 are also Re(I) & complexes that
tend to be kinetically inert. There are also reports of Re complexes that are able to

activate carbon dioxide ['’"! and form coordination complexes with N,.!'”®]
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4.1 General Experimental

General: All reagents and solvents are used as supplied commercially. Dry
CH;O0H is distilled from freshly generated magnesium methoxide, dry CHCl; is
distilled from CaCl,, dry CH,Cl, is distilled from CaH,, dry hexanes, pentanes
and benzene are distilled from sodium benzophenone ketyl. 'H and *'P spectra are
recorded on Varian Mercury 200, 400 or 500 MHz. All chemical shifts are
recorded in & (ppm) relative to residual solvent signals for 'H spectra and H;PO,
for *'P spectra. Melting/decomposition points are measured by using a TA-Q2000
differential scanning calorimeter. The IR spectra are recorded in KBr disks by
using ABB Bomem MB Series spectrometer with a spectral resolution of 4 cm’.
Elemental analyses are performed in the Elemental Analyses Laboratory at
University of Montreal.

X-ray crystallography: Crystals are mounted on glass fibres with epoxy resin or
Mitegen mounts using Paratone-N from Hampton Research and single-crystal X-
ray diffraction experiments are carried out with a BRUKER APEX-II CCD
diffractometer by using graphite-monochromated Moy, radiation (4 = 0.71073 A)
and KRYOFLEX for low temperature experiments. SAINT!® is used for
integration of the intensity reflections and scaling and SADABS!®! for
absorption correction. For large and wunusual wunit cell parameters,
CELL NOW!"™ was used to check the viability of the suggested lattice and
subsequent space group solution. Direct methods are used for structures with the
rhombohedral space group R-3 while Patterson maps are used for the rest of the
structures to generate the initial solution. Location of non-hydrogen atoms are
carried out using Fourier difference maps with the refinements solved by full-

L1 software. The

matrix least-squares method on F” of all data using SHELXT
hydrogen atoms positions are placed in calculated positions.

Diffraction quality crystals of 4-7 and 4-12 are grown from CH,Cl, solutions
layered with pentanes at -21 °C. Diffraction quality crystals of 4-9, 4-10 and 4-11
are grown from slow diffusion of either pentanes or petroleum ether into CH,Cl,

solutions at 5 °C over a week. The crystals of 4-9 and 4-10 contain large solvent
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channels which require low temperature collection of the diffraction data to
prevent loss of the solvates. The crystal structure of 4-11 contains two non-
identical independent molecules. Crystallographic data and data collection

parameters are shown in Table 4-1.
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Table 4-1: Crystallographic data for Re®(’-X)(CO),(PPhs),.

4-11

4-12

Compound 4-8 4-9 4-10
empirical formula C4H;33ReP,N,O5 CyH33ReP,N,06.2.33CH,Cl,  CyoHi3ReP,;N,05.2.33CH,Cl,
T (K) 293(2) 100(2) 100(2)
fw (g mol™) 869.82 1083.98 1067.98
cryst sys triclinic rhombohedral rhombohedral
space group P-1 R-3 R-3
a(A) 10.9821(16) 45.476(3) 44.739(4)
b (A) 12.4685(18) 45.476(3) 44.739(4)
c(A) 14.339(2) 11.9001(7) 12.0464(9)
o (deg) 91.368(8) 90 90
B (deg) 108.094(7) 90 90
v (deg) 111.615(7) 120 120
V(A% 1713.7(4) 21313(2) 20881(3)
V4 2 18 18
density (g cm™) 1.686 1.520 1.529
abs coeff (mm™) 3.688 2.941 3.000
No. of reflns collected 66092 62827 62856

No. of indep reflns 17143 8285 8231

2(C40H33RCP2N206).CH2C12

100(2)
1824.57
monoclinic
P2,/c
11.1714(7)
46.877(3)
17.9886(8)
90
128.081(3)
90
7415.1(7)
4
1.634
3.483
85200
17490

C45H37RCP2N20(,S.2CH2C12

296(2)
1151.82
monoclinic
P2,/c
15.411(4)
12.131(3)
25.065(6)
90
96.007(13)
90
4660.2(19)
4
1.642
3.001
19268
9814
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Data/restraints/parameters 17143/0/451 8285/90/541 8231/170/515 17490 /411 /986 9814/0/568

Final R indices [/ > 2s(/)] R1 0.0592 0.0445 0.0575 0.0538 0.0391

wR2 0.1549 0.1237 0.1518 0.1106 0.0852

R indices (all data) R1 0.0853 0.0611 0.0863 0.0807 0.0662

wR2 0.1746 0.1329 0.1668 0.1208 0.0990
Goodness-of-fit on F* 1.156 1.044 1.053 1.066 1.041
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4.2 Rhenium complexes of N-Nitroamides

Experimental

Re™(0)(C1)3(PPhs), (4-1),1'*] Re(C1)(CO)3(PPhs), (4-2),1'*1
[ReP(CH3CN)»(CO)2(PPh3),](Cl104) (4-3),["*1 Re"(n*~ NO,)(CO)(PPhs), (4-
4)," Re"(H)(CO),(PPhs); (4-5)"* and Re“'™(H);(PPhs), (4-6)!"* are
synthesized by literature methods. [Re'’(CH;CN)»(CO),(PPhs),](BFs) (4-7) is
synthesized using AgBF, instead of AgClO,.

4.2.1 Reaction of Re""'")(H),(PPh;), (4-6) with 2-2

ReH;(PPh;3), (4-6) (0.030 g, 0.042 mmol) and 2-2 (0.005 g, 0.048 mmol) are
placed in 50 mL flask. THF (5 mL) is added into the reaction flask and stirred for
3 h. The solvent is removed to give brown solids (approx. 0.023 g).

IR (cm'l): 3056w, 1964w, 1894w, 1731w, 1668m, 1615m, 1587w, 1573w,
1480m, 1434s, 1183m, 1119m, 1092m, 909m, 748s, 722s, 694vs, 541s, 521m.

"H NMR (200 MHz, CD,Cl,) ppm: 2.27 (s), 2.14 (s), 2.03 (s), 1.98 (s), -4.90 (t)
starting complex.

3P NMR (200 MHz, CD,Cl,) ppm: 37.58 (s), 31.30 (s), 30.95 (s, major, 4-6),
22.15 (s), -4.40 (s, free PPhj).

4.2.2 Synthesis of Re®(n*-CH;C(O)NNO,)(CO),(PPhs), (4-8)

Reaction with 4-3
Complex 4-3 (0.030 g, 0.032 mmol) and 2-2K (0.0045 g, 0.032 mmol) are placed
in 50 mL flask. CH30H or C,HsOH (5 mL) is added and the reaction brought to

reflux under N,. The reflux is continued for 1 h during which the white
suspension turned into a bright yellow solution. The solvent is removed and the

residue is extracted with CH,Cl, (10 mL) and filtered through a glass frit. The
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solution is concentrated to ca. 1 mL and pentanes (20 mL) are added to give
orange crystals of Re®(n?-CH;C(O)NNO,)(CO)»(PPhs), (4-8) (0.019 g, 0.022
mmol, 69 % yield) after 2 days.

Reaction with 4-5
Complex 4-5 (0.030 g, 0.029 mmol) and 2-2 (0.003 g, 0.030 mmol) were added
into a 50 mL flask. Toluene (10 mL) is added and the reaction heated to 60 °C for

2 h under N,. The colourless solution turned bright yellow during the course of
the reaction. The solvent is removed and the mixture recrystallized from
CH,Cl,/pentanes to give orange crystals of Re"’(n>-CH3C(O)NNO,)(CO),(PPhs),
(4-8) (0.012 g, 0.014 mmol, 47 % yield).

IR (cm'l): 3055w, 1942vs (CO), 1867vs (CO), 1691m, 1511s, 1481m, 1434s,
1363w, 1257m, 1216s, 1093s, 1028m, 751m, 743s, 693s, 611m, 517s.

'H NMR (200 MHz, CDCls,) ppm: & = 1.33 (s, 3H,), 7.40 (m, PPhs), 7.46 (m,
PPhj).

'P NMR (81 MHz, CDCl;) ppm: & = 28.00 (s).

ESI: 893 [M + Na]"

Elemental analysis calcd. for C40H33N,OsP,Re (869.87 g mol'l) % C, 55.18; H,
3.79; N, 3.22. Found % C, 55.32; H, 3.92; N, 3.09.

4.2.3 Synthesis of Re(n>-CH;0C(O)NNO,)(CO),(PPh;), (4-9)

Complex 4-6 (0.050 g, 0.053 mmol) and 2-4K (0.009 g, 0.057 mmol) were placed
in a 50 mL flask. Dry CH30H (6 mL) is added and the reaction brought to reflux
under N,. The reflux is continued for 30 min during which the white suspension
turned into a bright yellow solution. The solvent is removed and the residue
extracted with CH,Cl, (10 mL) followed by filtration through sintered glass filter.
The CH,Cl, solvent is removed in vacuo to give yellow solids of Re®(n’-

CH30C(O)NNO,)(CO),(PPh3), (4-9) (0.038 g, 0.043 mmol, 80% yield).
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IR (cm™): 3056w, 2956vw, 1936vs (CO), 1860vs (CO), 1745m, 1636m, 1513m,
1482m, 1435s. 1324m, 1263w, 1231m, 1184m, 1119m, 1093s, 908m, 745m,
724m, 695vs, 542m, 517s.

'"H NMR (200 MHz, CDCls,) ppm: & = 3.38 (s, 3H,), 7.40 (m, PPhs), 7.49 (m,
PPh;)

*'P NMR (81 MHz, CDCls) ppm: 8 = 27.36 (s)

Elemental analysis calcd. for C4oH33N,06P,Re.0.55CH,Cl, (932.60 g mol'l) % C,
52.22; H, 3.69; N, 3.00. Found % C, 52.01; H, 4.00; N, 3.22.

4.2.4 Synthesis of isomers of Re®(n>-CH;0C(O)NNO)(CO),(PPh;),

Room temperature reaction
Complex 4-6 (0.030 g, 0.032 mmol) is dissolved in dry CH,Cl, (2 mL) and added
to a solution of 2-6K (0.006 g, 0.038 mmol) in dry CH30H (6 mL) in a 50 mL

flask. The white suspension was stirred overnight during which the suspension
turned into a bright yellow. The solvent is removed and the residue extracted with
CH,CI; (10 mL) followed by filtration through a sintered glass filter. The CH,Cl,
solvent is removed to give yellow solids containing isomers of Re(D(nz-

CH;OC(O)NNO)(CO)(PPhs), (4-10) (0.020 g, 0.023 mmol, 72 % yield).

IR (cm™): 3055w, 2964wv, 2924w, 1942vs (CO), 1864vs (CO), 1750m, 1633m
(broad), 1481m, 1434s, 1384m, 1311m, 1261m, 1181m, 1094s, 1029m, 9109m,
804e, 746m, 695s, 518s.

'H NMR (200 MHz, CDCls) ppm: 3.00 (s, 3H, major isomer), 3.46 (s, 3H, minor
isomer), 7.38 (m, PPhs), 7.48, (m, PPhj)

'H NMR (500 MHz, CDCls) ppm: 3.07 (s, 3H, minor isomer = 0.21), 3.41 (s, 3H,
major isomer = 0.79), 7.39 (m, PPhs), 7.52 (m, PPh3)

3'P NMR (81 MHz, CDCls) ppm: 23.74(s, minor isomer = 0.24), 29.01 (s, major
isomer = (.76)

3P NMR (202 MHz, CDCl3) ppm: & = 23.74 (s, minor isomer = 0.19), 29.03 (s,

major isomer = 0.81)
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Reflux reaction
Complex 4-6 (0.030 g, 0.032 mmol) and 2-6K (0.006 g, 0.038 mmol) were placed
in 50 mL flask. Dry CH30H (6 mL) is added and the reaction heated to 60 °C for

45 min. The white suspension turned into a bright yellow suspension. The solvent
is removed and the residue extracted with CH,Cl, (10 mL) and filtered through a
glass frit. The CH,Cl, solvent is removed in vacuo to give orange solids
containing isomers of Re’(n?-CH;0C(O)NNO)(CO),(PPhs), (4-11) (0.021 g,
0.024 mmol, 75 % yield).

IR (cm’l): 3054w, 1952vw, 1950vs (CO), 1870vs (CO), 1748m, 1556m, 1481m,
1434s, 1419m, 1327s, 1266m, 1185m, 1158m, 1093s, 1066s, 998m, 995m, 744s,
695vs, 634m, 515vs.

"H NMR (200 MHz, CDCl3) ppm: & = 3.07 (s, 3H, major isomer = 0.83), 3.41 (s,
3H, minor isomer = 0.17), 7.40 (m, PPhs), 7.48 (m, PPh;)

"H NMR (500 MHz, CDCl;) ppm: & = 3.07 (s, 3H, major isomer = 0.83), 3.41 (s,
3H, minor isomer = 0.17), 7.38 (m, PPh;), 7.47 (m, PPh;)

’'P NMR (81 MHz, CDCl5) ppm: & = 23.73 (s, major isomer = 0.78), 29.03 (s,
minor isomer = (0.22)

3P NMR (202 MHz, CDCl3) ppm: & = 23.74 (s, major isomer = 0.82), 29.03 (s,

minor isomer = (.18)

A sample containing a mixture of both the room temperature and reflux reactions
was sent for elemental analysis.

Elemental analysis calcd. for C490H33N,0sP,Re.0.8CH,Cl, (937.83 g mol']) % C,
52.25; H, 3.72; N, 2.99. Found % C, 52.49; H, 3.75; N, 2.68.
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4.2.5 Synthesis of Re®(m*~C,H-SO,NNO,)(CO),(PPh;), (4-12)

Method with 4-3
Complex 4-3 (0.070 g, 0.074 mmol) and 2-8K (0.030 g, 0.118 mmol) were placed
in 50 mL flask. CH3;0H or C,HsOH (6 mL) is added and the reaction brought to

reflux under N,. The reflux is continued for 1 h during which the white
suspension turned into a bright yellow solution. The solvent is removed and the
residue extracted with CH,Cl, (10 mL) followed by filtration through a glass frit.
The solution is concentrated to ca. 1 mL and pentanes (20 mL) are added to give
orange crystals of Re®(n’~C7H;SO,NNO,)(CO),(PPhs), (4-12) (0.053 g, 0.054
mmol, 73 % yield) after 2 days.

Method with 4-5
Complex 4-5 (0.050 g, 0.049 mmol) and 2-8 (0.013 g, 0.058 mmol) were added
into a 50 mL flask. Toluene (10 mL) is added and the reaction heated to 60 °C for

2 h under N,. The colourless solution turned bright yellow during the course of
the reaction. The solvent is removed and the mixture recrystallized from
CH,Cl,/pentanes to give orange crystals of Re(l)(n2—C7H7SOZNNOZ)(CO)Z(PPhg)z
(4-12) (0.028 g, 0.029 mmol, 59 % yield).

IR (cm'l): 3058w, 1947vs, 1881vs, 1871vs, 1595w, 1518s, 1482m, 1434s, 1351m,
1233m, 1186m, 1162m, 1094m, 1029w, 898w, 813w, 747m, 696s, 658s, 596s,
544m, 516vs.

'H NMR (200 MHz, CDCl3) ppm: & = 2.33 (s, 3H), 6.89 (d, 2H, J = 8.2 Hz), 7.17,
(d, 2H, J = 8.4 Hz), 7.45 (m, PPh3), 7.52 (m, PPhj)

'P NMR (81 MHz, CDCl;) ppm: & = 28.68 (s)

Elemental analysis calcd. for C4sH37N,SOcP,Re.0.65CH,Cl, (1037.24 g mol'l) %
C, 52.86; H, 3.72; N, 2.70; S, 3.09. Found % C, 52.29; H, 4.02; N, 2.42; S, 3.79.
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4.2.6 Reaction of Re”(C1)(CO);(PPh;), (4-2) with 2-2Ag

Complex 4-2 (0.027 g, 0.033 mmol) and 2-2Ag (0.007 g, 0.034 mmol) were
placed in a 50 mL flask. CH,Cl, (7 mL) is added into the flask and the reaction
brought to reflux for 24 h. The reaction mixture was allowed to cool and filtered
to remove silver chloride and the solvent is removed by vacuum evaporation to

give yellow solids (approx. 0.020 g).

IR (cm'l): 2958m, 2871m, 1939m, 1927m, 1896m, 1850m, 1730vs, 1587w,
1434vs, 1409vs, 1367m, 1314vs, 1227m, 1204s, 1178ms, 1095m, 1009m, 979w,
784m, 695m, 516m.

"H NMR (200 MHz, CDCl3) ppm: 3.43 (s, major), 3.65 (s, major), 7.37 — 7.44 (m)
P NMR (81 MHz, CDCl3) ppm: 33.70 (s, major), 32.41 (s), 30.34 (s), 28.00 (s,
major), 10.20 (s, 4-2)
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4.3 Results and Discussion

4.3.1 Synthesis and spectroscopic characterisation of Re(I) nitrogen acids

The reaction of 4-6 with 2-2 was not successful even though 4-6 is a strong base
with strong reducing properties. Significant amounts of the starting complex
remain even after addition of additional amounts of 2-2 which result in only small
amounts of new °'P resonance signals in the *'P NMR spectrum, one of which
corresponds to free triphenylphosphine ligand.

The Re(I) complexes are d° metal complexes which tend to be kinetically inert.
Substitution of the ligands through acid base reaction is possible with some of the
monohydrido Re complexes. Therefore a new series of Re(I) complexes
containing a single hydride or labile ligands were used for reaction with the
nitrogen acids. The Re(I) nitrogen acids complexes can be synthesized by two
separate pathways (Scheme 4-1).

The reaction of either 4-3 or 4-7 with the potassium salts of the N-
nitroamides/carbamates/sulfonamides results in the displacement of the labile
acetonitrile ligand and elimination of either KClO4 or KBF, respectively to give
the Re(I) nitrogen acid ligands 4-8, 4-9 and 4-12. The alternative reaction
pathway involves the reaction of 4-5 with the free nitrogen acids 2-2 and 2-8. The
reaction is an acid-base reaction between the nitrogen acids and the basic hydride
of 4-5 and involves the evolution of H;, and displacement of PPhs. Both reactions
give rise to a definite colour change from colourless to yellow on coordination of
the nitrogen acid ligands. The salt metathesis preparation is more efficient and
gives cleaner reaction mixtures compared to the acid-base reaction due to the
shorter reaction times and better reaction yields. The purification of the Re(I)
nitrogen acids from the acid-base preparation is harder because of the similar

solubility of the complexes and PPhj.
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Scheme 4-1. Synthesis of 4-8, 4-9 and 4-12.

191



The reaction of 4-7 with 2-6K is interesting as under different reactions

conditions, slightly different reaction products are obtained (Scheme 4-2).

o/
PPh, : o
OC,, | N
2
oc ‘ ¢
PPh,
4-10

CH,CI,/CH30H, RT, overnight

PPh, \ PPhy © o/
oC,, ‘ wO— ocC,, ‘ N

R L+ e >\N
oc”” | N o™ ‘ ~g

PPh, \(\) PPh,

411A 4-11B

Scheme 4-2. Reaction of 4-7 with 2-6K under different reaction conditions.

The reaction of 4-7 with 2-6K at room temperature gives mostly complex 4-10.
The colourless suspension is observed to turn yellow over 10 h. The *'P NMR
spectrum shows the major resonance signal at 29.03 ppm with other minor
resonance signals some of which are broad. The "H NMR spectrum is quite

complicated with a major signal at 3.41 ppm which is assigned to the methyl
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group of the coordinated N-nitrosomethylcarbamate ligand. The IR spectrum has
two bands at 1942 and 1864 cm™ for v(CO) which is similar to that observed for
4-8 and 4-9. Additional bands at 1750, 1326 and 1070 cm™ are assigned to the
Amide I, V(NNO)sym, V(INNO),sym and v(N-N) respectively.

When the same reaction is carried out under reflux for an hour, the reaction
mixture is observed to change from colourless to yellow-orange. The *'P NMR
spectrum has a new major resonance at 23.73 ppm with other minor resonances
present, one of which is at 29.03 ppm (approx. 0.20 fraction) which corresponds
to 4-10. In the '"H NMR spectrum a new major singlet at 3.07 ppm is also
observed. The IR bands for v(CO) in 4-11 is observed at 1950 and 1870 cm™,
which is different from that in 4-10. However there is still a much weaker
intensity 1748 cm™ band that can still be observed from 4-10 which may be
assigned to the isomer 4-11B discussed in the next section. New bands at 1556,
1419, 1158 and 1066 cm™ are assigned to the Amide I band, V(NNO)sym,
V(NNO),4sym and v(N-N) respectively for the new coordination isomer 4-11A,
which is discussed in the next section.

The identification of the *'P signal at 23.73 ppm and 'H signal at 3.41 ppm
allowed us to note that small amounts of 4-11A was also observed (approx. 0.20
fraction) in the room temperature reaction.

The reaction of 4-2 with 2-2Ag by silver chloride metathesis to obtain 4-8 did not
proceed to give only one product. The *'P NMR spectrum is observed to have a
signal at 28.00 ppm which can be assigned to 4-8 however significant amounts of
other *'P resonance signals were also observed. From the IR spectrum, multiple
v(CO) bands were observed at 1850, 1896, 1926 and 1939 cm™. The 1850 and
1936 c¢cm™ bands are very similar to the Re(n*-CH3CO,)(CO)y(PPhs),

[176] that has been reported at 1850 and 1930 cm™. Therefore it may be

complex
probable that the reaction of 4-2 with 2-2Ag may have resulted in partial

hydrolysis of the conjugate base of 2-2 to the acetate anion.
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4.3.2 Crystallographic and structural forms discussion

The molecular structures of 4-8, 4-9, 4-10 and 4-12 are shown in Figure 4-1,

Figure 4-2, Figure 4-3 and Figure 4-4 respectively.

Figure 4-1. Molecular structure of 4-8. Hydrogen atoms have been omitted for
clarity.

The new Re complexes 4-8, 4-9, 4-10 and 4-12 have a distorted octahedral
geometry around the Re center. The N-nitroamides/carbamates/sulfonamides and
N-nitrosocarbamates have identical bidentate coordination through the nitrogen
atom of the amide and the oxygen atom of the nitro/nitroso group to the Re center
which is similar to the Ir(IlI) complexes 3-11, 3-12 and 3-13. The isomer
associated with the coordination in 4-8, 4-9, 4-10 and 4-12 are the same as the
anionic potassium salt structures of 2-2K, 2-4K, 2-6K and 2-8K which is the Z
isomer for 4-8, 4-9, 4-12 and the (Z,E) isomer for 4-10. From the NMR
spectroscopic techniques, it could be observed that the crystals obtained for 4-10

contain about 0.2 mole fraction of 4-11A (Figure 4-7).
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Figure 4-2. Molecular structure of 4-9. Hydrogen atoms and solvent molecules
have been omitted for clarity.

Figure 4-3. Molecular structure of 4-10. Hydrogen atoms and solvent molecules
have been omitted for clarity.
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Figure 4-4. Molecular structure of 4-12. Hydrogen atoms have been omitted for
clarity.

The crystal structures of 4-9 and 4-10 have the unusual rhombohedral space group
R-3. The unit cell parameter settings for this space group contains two edges of
equal length with o and B angles equal to 90° while vy is at 120°. The R-3 space
group has two possible settings as it falls under the trigonal/hexagonal crystal
systems. The large unit cell volume of greater than 20000 A3 only allows the
hexagonal setting to be used as there are eighteen general positions versus only
six general positions per unit cell assuming a single Re complex in the
asymmetric unit cell. The two identical edges of the unit cell in 4-9 and 4-10 are
more than 44 A in length which can almost be considered a super lattice.

The solid state packing arrangement in 4-9 is shown in Figure 4-5 along the
shorter edge, the c-axis. Complex 4-10 has similar packing arrangements to

Figure 4-5.
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Figure 4-5. Crystal packing of 4-9 in R-3 along the c-axis.

In the above figure, the Re complexes are arranged in a circular pattern with six
Re complexes per group generating wide solvent channels. The model for the
crystal structure based on the diffraction data suggest up to forty-two molecules of
CH,Cl, per unit cell with fourteen molecules of CH,Cl, located within each
solvent channel! There are eighteen symmetry operators in the hexagonal R-3
with the inversion and three-fold rotation axis operators clearly defined by the
CH,Cl; molecules located at the four axes perpendicular to the ac plane and in the
middle of the channels while the Re complexes are replicated by the three-fold
rotoinversion axis located between the empty spaces external to the solvent
channels. The crystallographic packing arrangement is similar to that obtained by
Miiller et al."® with a trigonal R-3 space group. However the diameter of the
solvent channel in 4-9 is only 14.1 A compared to 28 A in their example. A close
inspection of the crystallographic packing diagram in Figure 4-5 shows that the
Re complexes are arranged such that the carbonyl ligands, which are
hydrophobic, are orientated approximately 60° towards each other within the
‘walls’ of the channel and also towards sections of ‘walls’ of the other channels to

complete the macro arrangement. The channels are inscribed by the hydrophilic
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ester section of the N-nitrocarbamate ligands (or nitroso in 4-10, Figure D-1)
oriented towards the center of the channels. This particular arrangement serves to
allow hydrogen bond linkages between the oxygen atoms of the ester group and
the hydrogen atoms of the dichloromethane solvates which give rise to the
stability of this unusual crystallographic macrostructure.

The R-3 space group is related to the triclinic space group P-1 in that the three-
fold and six-fold rotation axes are missing. The end result is that the P-1 unit cell
has only half the cell length of the identical edges and only a third of the volume
of the R-3 unit cell (Table D-1). With only an inversion center as the symmetry
operator, there are three independent molecules in the asymmetric unit which

generates a single solvent channel per unit cell (Figure 4-6).

Figure 4-6. Crystal packing of 4-9 in P-1 along the c-axis.

The solvent channel in the P-1 space group contains up to fourteen CH,Cl,
molecules per unit cell too. The difference between the R-3 or P-1 setting is
dependent on whether there is a true three-fold rotoinversion symmetry
relationship between the Re complexes and also between the CH,Cl, molecules.

[185]

The case of global psuedosymmetry may arise if the three-fold and six-fold

symmetry between the Re complexes, CH,Cl, in the R-3 setting is not real. The
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choice of the space group would be dependent on the diffraction spot pattern. For
the triclinic space group, P-1, there are no general reflection conditions required
for the diffraction spot array while the space group, R-3, has several general
reflection conditions such as systematic absences of —4 + k& + / = 3n in the hkil
zone, -h + k = 3n in the hki0O zone and others which are required to be observed in
the diffraction spot pattern. The solvent molecules are rarely found to be in an
ordered arrangement. Therefore the arrangement of the Re complexes have a
much greater effect on assigning the correct space group. Due to the large volume
of solvent space located within the channels, there are multiple possible
arrangements of the CH,Cl, molecules. With the relatively heavy element Cl of
the CH,Cl, molecule, the disordered arrangement of these molecules can greatly
affect the diffraction data at higher angles as was observed in the organic
compound example by Miiller et al ™ For complex 4-9 and 4-10, the situation is
much better as the third row transition element Re together with the phosphorus in
the phosphine ligands are also able to contribute to the diffraction data at high
angles. The outcome is that we do not observe significant streaking of the
diffraction spots in the high angle regions. Regardless of the remarkably good
data sets that are obtained in 4-9 and 4-10, it is still important to provide a suitable
model for the arrangement of the CH,Cl, molecules within the channels as they
do contribute significantly to the diffraction data obtained from the presence of
the Cl atoms. It is likely that these molecules are highly disordered and during the
course of the least squares refinement process, distance constraints, DFIX, of 1.79
A had to be used on the C-Cl bond lengths. This is in addition to the least squares
restraints on the atomic distance esds such as SADI but also the least squares
restraints ISOR, SIMU and DELU which affects the thermal parameters of the
carbon and chloride atoms of CH,Cl,. In essence the bond parameters of the
CH,Cl; molecules in 4-9 and 4-10 are not suitable for analysis.

The X-ray diffraction solution for 4-11 contains two independent Re complexes
that are different isomers of 2-6 coordinated to the Re center as shown in Scheme
4-2 (Figure 4-7). The solid state molecular structure of 4-11A and 4-11B are
shown in Figure 4-8 and Figure 4-9 respectively.
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Figure 4-7. Solid state diagram of 4-11 with two independent Re complexes, 4-
11A (right) and 4-11B (left). A CH,Cl, solvate is also shown.

Figure 4-8. Molecular structure of 4-11A. Hydrogen atoms and solvent molecules
have been omitted for clarity.
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Figure 4-9. Molecular structure of 4-11B with highlight on the disorder of the
ligand. Full black lines refer to four-membered ring coordination. White lines
refer to five-membered coordination. Phenyl rings of PPh; not shown and
hydrogen atoms and solvent molecules have been omitted for clarity.

The structure of 4-11A shows an unprecedented coordination isomer of 4-10 with
regards to our current work on the coordination chemistry of the nitrogen acids.
Structure 4-11A has the same distorted octahedral coordination around the Re
center with cis carbonyl and trans triphenylphosphine ligands. The N-
nitrosocarbamate ligand is still bidentate but coordinated to the Re center through
the oxygen atom of the acyl group and the nitrogen of the nitroso group! In
normal circumstances, this form of coordination is expected for ligands with acyl
functional groups as mention in Chapter 3. However with regards to the series of
nitrogen acid coordination complexes that has been mentioned in both Chapter 3
and the above sections of Chapter 4, this structural isomer is definitely
unexpected.

In a case of serendipity, the second Re complex in the X-ray structure model of 4-
11 contains disordered isomers of both 4-11A and the (E,E) ligand isomer of 4-
10, 4-11B (Figure 4-9, Figure 4-10).
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Figure  4-10.  Coordination  isomers of 2-6 in  Re"(n’-

CH;0C(O)NNO)(CO),(PPhj3), complexes.

The model for the diffraction data of 4-11 indicates approximately 1:1 ratio or
50% probability of either structure 4-11A or structure 4-11B in the second
disordered Re complex. Due to the severe disorder encountered, several least
squares restraints such as ISOR, SIMU, DELU for the thermal parameters and
SADI for the bond lengths are required to model the disorder. In addition, a
constraint, EADP to O(9) atom of 4-11B, was applied to the O(6) atom of 4-11B
to restrict the anisotropic thermal parameters of the O(6) atom turning non-
positive definite.

The solid state structural observations of 4-11 could be a ‘frozen frame’ of the
transformations occurring in the reaction of 4-7 with 2-6K over time. From the
observations in the *'P, "H NMR, IR spectroscopy and X-ray diffraction data, we
proposed a possible sequence of transformations occurring between 4-7 and 2-6K
over time where the kinetic product is 4-10 while the final thermodynamic
product is 4-11A. Complex 4-11B is an intermediate that is not observed in the

NMR spectroscopic techniques (Scheme 4-3).
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Scheme 4-3. Proposed transformations in reaction of 4-7 with 2-6K.

Some evidence of the proposed transformations is observed in the *'P NMR and
"H NMR spectrums of the room temperature and reflux condition reactions where
the resonance signals for 4-10 and 4-11A are observed in fractional amounts
corresponding to reaction conditions in the reaction mixtures and crystal
dissolutions of both reaction conditions. There were other minor resonance
signals present especially in the *'P spectrum, however these signals are not
observed together in both reaction conditions which may allow the assignment of
signals to 4-11B. It could be possible that 4-11B is in equilibrium with 4-10 in
solution but not observed due to rapid exchange and just happen to co-crystallize
with 4-11A. Once the crystals of 4-11 are dissolved, the signals of 4-11B appear
as 4-10.

The transformation process from 4-10 to 4-11A is not understood. However, one
could consider a ‘simplified’ pathway of conversion from 4-10 to 4-11A to
involve total ligand dissociation from one side of the complex followed by

coordination of the ligand from the opposite side of the N-
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nitrosomethylcarbamate ligand. This obviously is unlikely to occur. The
rearrangement may follow instead a similar pathway as Re”(n’-
NO,)(CO),(PPhs),, 4-4,""2) \where CO addition creates N and O coordination
isomers of the nitrite ligand either by one ended dissociation followed by
coordination or a dimeric intermediate. This type of transformation is common for

[186

transition metal nitrite complexes.!'® These possible reaction mechanisms are

better expressed in Scheme 4-4 for our present system.

Dissociation pathway
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Scheme 4-4. Possible mechanisms of transformation of 4-10 to 4-11A based on
analogy of 4-4 by Grundy et al.!'*

The reaction of Re’(n’— NO,)(CO),(PPhs), (4-4) with HCI gives two products,
Re’C1(CO)3(PPhs),, 4-2 and Re™(Cl),(NO)(CO)(PPhs),, 4-12, which seems to
indicate that the reaction proceeds by a dimer formation of the Re complexes to
allow the formal transfer of one of the carbonyl ligands to the other Re complex.

The selected bond lengths, bond and torsion angles of the Re(I) nitrogen acid
complexes are shown in Table 4-2. For the N-nitro nitrogen acid ligands 4-8, 4-9
and 4-12, the N(1)-N(2) bond lengths are shorter than the N(1)-C(1) bond lengths
which are similar to 3-11 and 3-13. The N(2)-O(1) bond lengths are also longer
than the N(2)-O(2) bond lengths due to coordination to the Re center which is also
similar to the Ir (III) complexes. The torsion angles for O(1) — N(2) — N(1) —

C(1)/S(1) and O(3) — C(1)/S(1) — N(1) — N(2) are close to 180° which means the
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ligands are also mostly planar. In general, the Re(1)-N(1) bond length is slightly
shorter than the Re(I)-O(1) bond lengths.

For 4-10, the N(1)-N(2) and N(2)-O(1) bond lengths are 1.477 and 1.403 A
respectively, which is long. This could be due to the unmarked disorder with
isomer 4-11A which is observed in the *'P and 'H NMR spectrums in small
amounts, approximately 20 %. Least square restraints ISOR, SIMU and DELU
have been applied to the nitrogen acid ligand in 4-10 to reduce the effects of 4-
11A disorder. Therefore some of the bond lengths for 4-10 are not a true
representation of the actual bond lengths. For 4-11A, the N(1)-N(2) bond length at
1.320(9) A and also the N(1)-O(1) nitrosyl bond length at 1.190(7) A indicate
double bond character. The O(2)-C(1) bond length of the coordinated acyl group
is only slightly longer at 1.248(9) A.
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Table 4-2: Selected bond lengths (A), bond and torsion angles (deg) of Re®(1>-X)(CO),(PPhs),.

Compound 4-8 4-9* 4-10 4-11A° 4-11B¢ 4-12¢
Re(1) - N(1) 2.213(4) 2.151(6) 2.117(10) 2.127(6) 2.25(4) 2.239(4)
Re(1)—O(1) 2.211(4) 2.203(5) 2.189(9) 2.176(5) 2.13(4) 2.182(4)
N(1) - N(Q) 1.339(7) 1.351(11) 1.477(17) 1.320(9) 1.31(3) 1.349(6)
N(1) — C(1)/S(1) 1.383(6) 1.378(12) 1.238(19) 1.358(10) 1.39(4) 1.653(4)
N(2)-0(1) 1.270(6) 1.295(10) 1.403(17) 1.190(7) 1.47(4) 1.273(6)
N(2)-0(Q) 1.226(6) 1.204(8) 1.210(6)
Re(1) - C(3) 1.870(4) 1.896(7) 1.902(11) 1.918(8) 1.884(7) 1.872(6)
Re(1) — C(4) 1.880(5) 1.886(6) 1.900(10) 1.881(7) 1.897(7) 1.872(6)
C(3)-0(4) 1.159(5) 1.162(7) 1.136(11) 1.159(9) 1.166(8) 1.146(6)
C(4) - 0(5) 1.142(6) 1.154(7) 1.170(11) 1.171(8) 1.162(8) 1.134(7)
O(1) — Re(1) = N(1) 57.64(16) 59.2(3) 65.3(5) 73.3(2) 55.9(11) 57.94(15)
Re(1) = N(1) = N(2) 95.3(3) 96.3(6) 94.0(9) 118.0(5) 104(2) 93.7(3)
N(1) =N(2) -0(1) 109.6(4) 108.7(6) 107.5(10) 111.7(7) 95(3) 109.6(4)
N(2) - O(1) - Re(1) 97.5(3) 95.6(4) 93.2(8) 125.0(8) 104.6(18) 98.7(3)
C(1)— O(2) — Re(1) 112.1(6)
O(1) = N(2) = N(1) — C(1)/S(1) 178.0(4) -175.2(6) -177.3(10) 179.8(6) -179(4) 169.43)
0(3) - C(1)/S(1) = N(1) = N(2) -174.8(4) 8.9(14) -175.5(9) -1.4(10) 172(3) -43.7(5)

a. O(5) instead of O(3) and O(6) instead of O(4).
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b. N(2) instead of N(1), O(2) instead of O(1), Re(1) — N(2) — N(1), N(2) = N(1) — C(1), N(1) — C(1) —O(2), O(2) instead of O(3)
c. Isomer of 4-9 and similar sequence, labels are just bigger numbers.

d. C(8) instead of C(3), C(9) instead of C(4), O(5) instead of O(4) and O(6) instead of O(5).
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4.4 Conclusion

The Re(I) nitrogen acids complexes can be synthesized from two methods: 1)
from salt metathesis reactions between the cationic Re(I) complexes 4-3 and 4-7
with the potassium salts 2-2K, 2-4K, 2-6K and 2-8K, and 2) from acid base
reactions between 4-5, which contains a basic Re hydride, with the free acid 2-2
and 2-8. The salt metathesis method is more efficient as purification through
elimination of the side product potassium salt is easier. The Re nitrogen acid
complexes containing the nitro groups 4-8, 4-9 and 4-12 have similar bidentate
coordination geometry with the Ir(III) complexes 3-11, 3-12 and 3-13 through the
amide nitrogen and the oxygen atom of the nitro group.

The reaction of 4-7 with the 2-6K gives two different products depending on the
reactions conditions. The kinetic product 4-10 is observed to form when the
reaction is carried out at room temperature while the thermodynamic product 4-
11A is observed when the reaction is carried out under reflux conditions. On
standing in solution for long periods, it is observed that greater amounts of 4-11A
is formed from 4-10. During the crystallization process of 4-11A, some amount of
4-11B is observed which is a configuration isomer of 4-10. Complex 4-11B is
most likely an intermediate from 4-10 that co-crystallizes out of solution during
the slow conversion process. Complex 4-10 has similar coordination mode with
the Ir(III) complexes and Re(I) complexes 4-8, 4-9 and 4-12. Complex 4-11A is
the first complex that coordinates to the nitrogen of the nitrosyl fragment and the
oxygen of the acyl fragment encountered in the coordination chemistry of the
nitrogen acids in our work. This unique coordination mode provides more insight
into the different chemistry between the N-nitro nitrogen acids and the N-nitroso
nitrogen acids.

Complexes 4-9 and 4-10 both crystallize in an unusual space group R-3 which
gives a large unit cell containing eighteen molecules. Within the unit cell there are
two solvent channels walled by six Re complexes that can contain up to fourteen

CH,Cl, molecules. This unexpected crystal packing may be driven by the
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hydrogen bonding effects between the dichloromethane molecules and the ester

section of the ligand in 4-9 and 4-10.
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Chapter 5: Activation of Benzotriazole Derivatives

5.0 Introduction

The 1,2,3-triazoles have risen in prominence in recent times since the
rediscovery of the 1,3-Huisgen dipolar addition of azides to alkynes!'*”! by
Sharpless et. al. in 2001 (Scheme 5-1). This hetero-cycloadditon reaction,
named the ‘Click’ reaction has found numerous incorporation in new materials,
chemical biological probes, and an array of new reagents due to its selectivity and
mild reaction conditions in the presence of a Cu(l) catalyst.'™) In order to
increase the versatility of triazoles, it would be of synthetic interest if the triazole
framework can be further exploited such that eventual multiple reaction
transformations can be carried out.

'Click’
R N Cu' RS N,
R =
“R2 'Declick'? R2
Scheme 5-1. 1,3-Huisugen dipolar addition.

Promoting a retro-1,3-dipolar addition of the triazole to the initial azide and
alkyne Scheme 5-1 is strongly enthalpically unfavored and the only example

reported is the unusual ultrasound promoted retro addition of a triazole which

190

results from a long chain alkyne and azide.!"””! Although the generality of the

[191]

ultrasound reaction is an open question," - the case for developing an unclicking

method remains compelling.
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5.1 General Experimental

General: All reagents and solvents are used as supplied commercially. Dry
CH;O0H is distilled from freshly generated magnesium methoxide, dry CHCl; is
distilled from CaCl,, dry CH,Cl, is distilled from CaH,, dry dimethylacetamide
(DMA) is refluxed with BaO and distilled under reduced pressure. Dry hexanes
and pentanes are distilled from sodium benzophenone ketyl. 'H and *'P spectra
are recorded on Varian Mercury 200, 400 or 500 MHz spectrometers, '°F spectra
on Varian Mercury 200, 300 or 500 Mhz spectrometers and *C spectra on a
Varian Mercury 300 Mhz spectrometer. All chemical shifts are recorded in o
(ppm) relative to residual solvent signals for 'H and "*C spectra, CF3COOH for
F spectra and H3PO, for *'P spectra. Melting/decomposition points are measured
by using a TA-Q2000 differential scanning calorimeter. The IR spectra are
recorded in KBr disks by using ABB Bomem MB Series spectrometer with
spectral resolution of 4 cm™. UV/visible spectra were measured using a HP 8453
Diode Array spectrophotometer from HP Elemental analyses are performed in the
Elemental Analyses Laboratory at University of Montreal.

X-ray crystallography: Crystals are mounted on Mitegen mounts using
Paratone-N from Hampton Research and X-ray diffraction experiments are
carried out with a BRUKER APEX-II CCD diffractometer by using graphite-
monochromated Mok, radiation (4 = 0.71073 A) and KRYOFLEX for low

temperature experiments. SAINTH®!

is used for integration of the intensity
reflections and scaling and SADABS!"*! for absorption correction. The initial
electron density maps are solved by Patterson vector maps followed by difference
Fourier maps for the position of light non-hydrogen atoms. Final refinements are
optimized using full-matrix least-squares method on F* of all data, by using
SHELXTL!"%! software. The hydrogen atoms positions are placed in calculated
positions. Crystallographic data and data collection parameter solutions are shown

in Table 5-1.

212



Table 5-1: Crystallographic data for 5-7 and 5-8 complexes.

Compound

5-7

5-8

empirical formula

C46H34II'P2C1N302FQS.

C4gH3gIrP2CIN6OZS.

CH,Cl,, 2CH;0H

T (K) 100(2) 100(2)
fw (g mol™) 1310.48 1193.44
cryst sys triclinic monoclinic
space group P-1 P2,/c
a(A) 9.5662(14) 11.5727(7)
b (A) 11.5285(17) 17.7144(11)
c(A) 25.311(4) 23.4260(14)
o (deg) 84.534(2) 90
B (deg) 89.423(2) 93.6100(10)
vy (deg) 74.541(2) 90
V(A% 2677.9(7) 4792.9(5)
Z 2 4
density (g cm™) 1.625 1.654
abs coeff (mm™) 2.816 3.117
No. of reflns collected 25461 54128
No. of indep reflns 9421 11147
Data/restraints/parameters 9421/419/769 11147/0/583

Final R indices [/ > 2s(/)] R1/wR2
R indices (all data) R1/wR2

Goodness-of-fit on F>

0.0545/0.1461
0.0563/0.1470
1.235

0.0459/0.1173
0.0499/0.1205
1.045

Theoretical methods:

Gaussian03 was used for all calculations with B3LYP density functional theory
and the triple zeta basis set 6-311++g**. All ground stacks are checked for non-
position frequencies and solvent effects were determined using a polarized

continuum model.
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5.2 Svynthesis of Ir diazo/diazene complexes.

Experimental

The benzotriazoles 1-[(nonafluorobutane)sulfonyl]-1H-benzotriazole (5-1),[192]

1,1'-sulfonylbis(benzotriazole) (5-2),['"*! 1-nitro-1,2,3-benzotriazole (5-3),/"*Y 1-

1931 1_p-nitrophenylsulfonyl-1,2,3-benzotriazole (5-5),

cyano-benzotriazole (5-4),!
and 1-p-tolylsulfonyl-1,2.3-benzotriazole (5-6), are prepared with modification to
known literature methods. DMA.HCL!'® 3-11""Y and 3-2">" are prepared by

literature methods.

5.2.1 Synthesis of Ir"(n'-NNPhNSQ,C,Fo)(C)(PPh;), (5-7).

Complex 3-2 (0.195 g, 0.25 mmol) and 5-1 (0.100 g, 0.25 mmol) are dissolved in
degassed CHCI; (10 mL). The solution turned dark green rapidly with vigorous
effervescence. The reaction mixture is allowed to stir for an hour and the solvent
removed in vacuo until dryness. The dark-green residue is recrystallized from dry
CH,Cl,/pentanes to give dark green crystals of Irn'-
NNPhNSO,C4F9)(CI)(PPh;), (5-7) (0.225 g, 0.195 mmol, 78 % yield).

IR (KBr, cm‘l): 3057w, 2960w, 2923w, 2856w, 1880m, 1482m, 1464m, 1436m,
1321m, 1297m, 1234s, 1190m, 1149s, 1097s, 1028m, 1010m, 982m, 825w, 746s,
709m, 693s, 582m, 573m, 520s.

'H NMR (200 MHz, CDCl3) ppm: 8 = 6.11 (dd, 1H, J = 8.0, 1.6 Hz), 6.35, ( td, 1H,
J=17.77,12Hz), 697 (td, 1H, J = 7.8, 1.4 Hz), 7.14 (m, 1H), 7.36 (m, PPhs), 7.84
(m, PPh3).

'F NMR (470 MHz, CDCl3) ppm: & = -80.86 (t, 3F, J = 9.4 Hz), -112.70 (tq, 2F, J
= 14.1, 4.7 Hz), -121.32 (m, 2F), -125.95 (m, 2F).

3'P NMR (81 MHz, CDCls) ppm: & = 16.26 (s).

UV (CHCI3 Amax, nm (g, M cm™)): 242 (60000), 290sh (34000), 405 (5400), 600
(266).
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Elemental analysis calcd. for C46H34N30,F9SP,ClIr (1153.45 ¢ mol'l) %: C, 47.85;
H, 2.95; N, 3.64; S, 2.77. Found: C, 47.87; H, 3.01; N, 3.53; S, 2.63.

5.2.2 Synthesis of Ir'"(n>-NNPhNSOQ,Btz)(C1)(PPh;), (5-8)

A solution of 3-2 (0.050 g, 0.064 mmol) in degassed chloroform (10 mL) is
cooled down to 0 °C under nitrogen. While stirring, (0.019 g, 0.064 mmol) of 5-2
in degassed chloroform (1 mL) is added via a syringe. After an additional 3 h of
stirring at ambient temperature the solvent is evaporated to give quantitative yield.
Deep red crystals of II'(IH)(T]3—NNPhNSOthZ)(CD(PPh3)2 (5-8) are obtained from
recrystallization in CH,Cl,/CH30H.

IR (KBr, cm'l): 3057w, 2960w, 2915w, 2855w, 1591w, 1484m, 1459m, 1435s,
1320m, 1272w, 1233w, 1158s, 1093s, 927m, 915m, 863w, 793w, 743s, 707m,
694s, 593w, 560w, 522s.

'"H NMR (200 MHz, CDCl3) ppm: & = 6.66 (t, 1H, J = 7.5 Hz), 7.03 (m, 1H +
PPhs), 7.34 (t, 2H, J= 7.3 Hz), 7.52 (m, 2H + PPh3), 7.75 (q, 2H, J =9 Hz)

*'P NMR (81 MHz, CDCl3) ppm: & = -13.08 (s).

UV (CHCI; Amay, nm (g, M cm™)): 270 (31000), 490 (1100).

MS (EST"), m/z: caled. for [C4gH3sNsO2SP,ClIr] M 1051.54; found: [M — [PPh;] +
H]" 790.69 (95%); [M + H]" 1052.62 (50%).

Elemental analysis calcd. for C4gH33NO,SP,ClIr.2CH3;OH (1112.59 g mol']) %: C,
53.78; H, 4.15; N, 7.53; S, 2.87. Found: C, 54.17; H, 3.92; N, 7.58; S, 2.54.

5.2.3 IR solution monitoring formation of complex 5-8

A solution of 3-2 (0.010 g, 0.013 mmol) in degassed CHCI; (3 mL) is cooled
down to -10 °C under nitrogen. 5-2 (0.004 g, 0.013 mmol) in cold degassed
CHCI; (0.5 mL) is added via a syringe with stirring. Aliquots of the reaction
mixture are removed, placed in a solution IR cell and recovered, at intervals over
a period of 3 h.
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5.2.4 Reaction of 3-2 with 5-3

Complex 3-2 (0.030 g, 0.0385 mmol) and 5-3 (0.007 g, 0.043 mmol) are
dissolved in degassed CHCIl; (5 mL). The solution turned reddish-brown over a
period of 2 min. The reaction mixture is allowed to stir for 2 hour and the solvent

removed in vacuo to give red-brown solids (approx. 0.020g).

IR (cm'l): 3055w, 1625m, 1482m, 1471m, 1435s, 1280m, 1264m, 1218m,
1095m, 1025w, 744m, 694vs.

'H NMR (200 MHz, CDCl;) ppm: & = 8.17 (t, 1H, J = 7.7 Hz), 7.87 (dd, 1H, J =
7.6 Hz, 2 Hz), 7.51 (m), 7.31 (s), 7.35 (s), 7.25(m), 7.12 (t, 1H, J= 7.4 Hz), 7.02
(d, 1H, J=5.8 Hz)

'P NMR (81 MHz, CDCl;) ppm: 8 = -6.16 (s).

5.2.5 Reaction of 3-2 with 5-4

Complex 3-2 (0.030 g, 0.0385 mmol) and 5-4 (0.006 g, 0.042 mmol) are
dissolved in degassed CHCl; (5 mL). The solution turned orange-red with
vigorous effervescence. The reaction mixture is allowed to stir for 30 min and the

solvent removed in vacuo to give red solids (approx. 0.024 g).

IR (cm™): 3056w, 2961w, 2257m, 2194m, 2170m, 1624w, 1602m, 1573w,
1482m, 1433m, 1260m, 1091s, 1025m, 798m, 742s, 692vs.

'H NMR (200 MHz, CDCl3) ppm: 6 = 7.80 (m, 1H), 7.56 (m), 7.30 (m), 6.93 (td,
1H, J=7.3 Hz, 1.8 Hz), 6.42 (td, 1H, J = 7.5 Hz, 1.4 Hz), 6.01 (dd, 1H, J = 8.4
Hz, 1.2 Hz)

*'P NMR (81 MHz, CDCls) ppm: & = -10.68 (s).
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5.2.6 Reaction of 3-2 with 5-5

Complex 3-2 (0.030 g, 0.0385 mmol) and 5-5 (0.012 g, 0.039 mmol) are
dissolved in degassed CHCl; (5 mL). The solution turned reddish-brown over 10
min. The reaction mixture is allowed to stir for 2 h and the solvent removed in

vacuo to give red-brown solids (approx. 0.020 g).

IR (cm™): 3055w, 2960w, 1604w, 1526m, 1483m, 1434m, 1348m, 1189m,
1094m, 1029m, 744s, 693vs, 521vs.

3'P NMR (81 MHz, CDCls) ppm: & = 4.94, (major, s), 3.81 (s), 1.59 (s), -3.17 (d, J
=7.45 Hz), -3.17 (s), -12.90 (d, /= 7.45 Hz)

5.2.7 Reaction of 3-2 with 5-6

Complex 3-2 (0.030 g, 0.0385 mmol) and 5-6 (0.008 g, 0.041 mmol) are
dissolved in degassed CHCI; (5 mL). There is no visible reaction and the reaction
mixture is allowed to stir for 2 h and the solvent removed in vacuo to give a
mixture of brown and yellow solids which are identified as the starting Ir

complex.

217



5.3 Reactivity studies of 5-7 and 5-8.

5.3.1 Reaction of complex 5-8 with nucleophiles.

Reaction of 5-8 with CO.
Complex 5-8 (0.030 g, 0.0285 mmol) is dissolved in CHCl; (5 mL) and CO was

bubbled into the solution for 30 min. No visible reaction was observed and the

solvent removed in vacuo to give the starting Ir complex in quantitative yield.

Reaction of complex 5-8 with pyridine.
Complex 5-8 (0.030 g, 0.0285 mmol) is dissolved in CHCI; (5 mL) and pyridine
(1.5 mL, 0.0372 mmol, 0.025 mM CHCl; solution) was added. No visible reaction

was observed and the solvent removed in vacuo to give the starting Ir complex in

quantitative yield.

5.3.2 Reaction of complex 5-7 with nucleophiles.

Reaction of 5-7 with CO
Complex 5-7 (0.030 g, 0.026 mmol) was dissolved in degassed CHCIl; (5 mL) and

CO is bubbled into the solution for 15 min. The dark-green solution slowly turned
yellow during the course of the reaction. The solvent is removed in vacuo to give

quantitative yellow solids which were identified as 3-1.

IR (KBr, cm™): 1953vs
'P NMR (81 MHz, CDCl;) ppm: & = 24.86 (s)

Reaction of 5-7 with pyridine
Complex 5-7 (0.030 g, 0.026 mmol) is dissolved in degassed CHCI; (5 mL) and
cooled to -78 °C. Pyridine (1.5 mL, 0.0372 mmol, 0.025 mM CHClI; solution) is

added into the solution and the dark-green solution turned orange-yellow
immediately. The reaction mixture is stirred for 2 h and the solvent removed in

vacuo to give orange-red residue (approx. 0.026 g).
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IR (KBr, cm™): 1609w, 1587w.
*'P NMR (81 MHz, CDCl5) ppm: & = -15.57 (s), etc.

Reaction of 5-7 with P(CH3)s
Complex 5-7 (0.030 g, 0.026 mmol) is dissolved in dry CHCl; (5 mL) and
P(CHs); (55 pl, 0.0275 mmol, 0.5 M in toluene) is added. The dark-green solution

turned orange immediately and is left to stir for 2 h. The solvent is removed in

vacuo to give orange solids (approx. 0.025 g).

IR (KBr, cm™): 1632w, 1587w.
3'P NMR (81 MHz, CDCl;) ppm: & = -42.90 (s), etc.

Reaction of 5-7 with P(CH3),Ph
Complex 5-7 (0.060 g, 0.052 mmol) is dissolved in dry CHCI; (5 mL) and
P(CHs3),Ph (105 pl, 0.053 mmol, 0.5 M in toluene) is added. The dark-green

solution turned red immediately and is left to stir for 2 h. The solvent is removed

in vacuo to give red-orange solids (approx. 0.050 g).

IR (KBr, cm™): 1604w, 1570m.
3P NMR (81 MHz, CDCls) ppm: & = -35.12 (s), -35.32 (s), -42.30(s), -42.49 (s).

Reaction of 5-7 with PPhs
Complex 5-7 (0.018 g, 0.016 mmol) is dissolved in degassed CHCl; (5 mL) and
PPh; (0.004 g, 0.016 mmol) is added. The dark-green solution turned red-brown

immediately and is left to stir for 2 h. The solvent is removed in vacuo to give

red-brown solids (approx. 0.015 g).

IR (KBr, cm™): 1627w, 1587w.
3'P NMR (81 MHz, CDCl;) ppm: & = 6.18 (s), -1.50 (s), -2.46 (s), -5.24 (free PPh;),
-14.39 (s), etc.
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Reaction of 5-7 with p-tolylSO,NC
Complex 5-7 (0.030 g, 0.026 mmol) is dissolved in dry CHCI; (5 mL) and p-
tolylSO,NC (0.005 g, 0.027 mmol) is added. The dark-green solution turned red

immediately and is left to stir for 2 h. The solvent is removed in vacuo to give red

solids (approx. 0.028 g).

IR (KBr, cm™): 1624w, 1596w.
3'P NMR (81 MHz, CDCl3) ppm: & = -5.30 (s), -7.26 (s), -9.62 (s), -13.12(s), -15.26
(s)

Reaction of 5-7 with sodium diethyldithiocarbamate
Complex 5-7 (0.030 g, 0.026 mmol) is dissolved in degassed CHCI; (5 mL) and
sodium diethyldithiocarbamate (0.006 g, 0.0266 mmol) is added. The dark-green

solution turned red immediately and is left to stir for 2 h. The solvent is removed

in vacuo to give brown-red solids (approx. 0.021 g).

IR (KBr, cm™): 1628w, 1599w.
3'P NMR (81 MHz, CDCl3) ppm: & = -12.23 (s), -12.77(s), -12.93 (s), -13.14(s), -
14.79 (s), -19.03 (s).

Reaction of 5-7 with AgBF,
Complex 5-7 (0.030 g, 0.026 mmol) is dissolved in dry CHCI; (5 mL) and AgBF,4
(0.006 g, 0.0308 mmol) is added. The dark-green solution is stirred for 2 h and

turned brown over time and a white ppt formed. The solution is filtered through a
Celite pad and the brown filtrate evaporated to give brown solids (0.018 g, 0.0150
mmol, 57 % yield).

IR (KBr, cm'l): 3060w, 2960w, 2924w, 1794m, 1676w, 1638m, 1587w, 1484m,
1437vs, 1382 m, 1351m, 1238vs, 1192s, 1141s, 1097vs, 1062s, 1031s, 747m,
711m, 694vs, 582m, 523vs, 515s.
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'H NMR (200 MHz, CDCls3) ppm: & = 7.68 (m, PPh3), 7.47 (m, PPhs), 7.04 (m,
PPhs), 6.89 (m, 1H), 6.79 (m, 1H).

F NMR (470 MHz, CDCl3) ppm: & = -80.72 (m, 3F), -110.65 (m, 2F), -121.02
(s, 2F), -125.94 (m, 2F), -152.11 (s, BF}).

3P NMR (81 MHz, CDCls) ppm: & = -16.73 (s) 5.96 (s, minor), 4.97 (s, minor), -
15.29 (s, minor).

Reaction of 5-7 with DMA.HCI
Complex 5-7 (0.030 g, 0.026 mmol) is dissolved in dry CHCl; (5 mL) and
DMA.HCI (0.007 g, 0.0566 mmol) is added. The dark-green solution turned

bright red immediately and is left to stir for 1 h. The solvent is removed in vacuo
to give bright vermillion solids which are recrystallized from CH,Cl,/CH3;0H to
give Ir'"™(n'-HNNPhNHSO0,C4Fo)(Cl)3(PPhs), (5-9) (0.025 g, 0.020 mmol, 78 %
yield).

IR (KBr, cm™): 3437ss, 3069w, 2964w, 2924w, 1632m, 1485s, 1434vs, 1240vs,
1191vs, 1141s, 1091vs, 1031s, 804m, 744m, 695vs, 522vs, 515vs.

'H NMR (200 MHz, CDCl5) ppm: & = 13.34 (s, NH), 8.36 (s, NH), 7.93 (m,
PPhs), 7.51 (m, 1H), 7.47 (m, 1H), 7.19 (m, PPh;), 6.89 (m, 1H), 6.03 (d, 1H, J=
8.6 Hz).

F NMR (470 MHz, CDCl3) ppm: & = -80.64 (t, 3F, J = 9.6 Hz), -111.55 (t, 2F, J
= 13.4 Hz), -120.95 (s, 2F), -125.87 (t, 2F, J = 12.5 Hz).

*'P NMR (81 MHz, CDCls) ppm: & = -19.89 (s).

Elemental analysis calcd. for C46H36N30,FoP,SClslr (1226.37 g mol'l), %: C,45.01;
H, 2.94; N, 3.42; S, 2.61. Found: C, 44.94; H, 2.99; N, 3.36; S, 2.58.
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5.4 Results and discussion

5.4.1 Dimroth rearrangements of benzotriazoles.

The azo-triazole equilibrium (also called Dimroth or amidine rearrangement) in
Scheme 5-2 is prevalent in many polyaza-heterocycles and has been observed
using spectroscopic methods."”” Regitz et al. using '"H NMR spectroscopy to
monitor the composition of isomers present observed that the diazo form, 5-10b,
is favoured when the substituent R', R? contains electron-donating groups and the
amine substituent R contains electron-withdrawing groups. The triazole isomer,

5-10a, is favoured when both R', R* are electron-withdrawing and R’ is electron-

donating." 970]
Rjz N, REN:N
N —_—
< =,
5-10a 5-10b

R, R?, = Electron-donating group (EDG)
R3 = Electron-withdrawing group (EWG)

Scheme 5-2. Dimroth or Amidine rearrangement of triazoles.

Such phenomenom for benzotriazole and its derivatives are however rare.
Katrizky et al. reported using custom designed benzotriazoles with different
substituents on both the phenyl and triazole ring which under thermal conditions
gave rearrangement products that are postulated to derive from the Dimroth
intermediate (Scheme 5.3)."”® Reports describing nucleophiles such as amines,
secondary amines, deprotonated malonates and cresols to effect addition products
on benzotriazoles containing electron-withdrawing groups on the triazole ring are

known, presumably by the Dimroth intermediate.!'*> '** 1*’]
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N, N=N N=N
@[ \/N —_ -

\ =N N

R R R
R = Electron-withdrawing group (EWG)

5-11a 5-11b

Scheme 5-3: Dimroth rearrangement benzotriazoles.

In all the above reports, direct spectroscopic evidence for the equilibrium
intermediate 5-11b has never been observed. There are however indications in the
literature for the presence of 5-11b for electron withdrawing substituents on N1 of
a benzotriazole. One early article for 1-cyanobenzotriazole reported a solvent
dependent yellow solution which had a A =435 nm in ethanol.[?73

In our initial studies of 5-1, we have noticed a faint yellowish tint of its solutions,
the intensity dependent on the solvent. Such colouration was reversible between

the solid state and solutions. Based on such observations, we carried out careful

and methodical sampling of 5-1 in various solvents (Table 5-2).
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Table 5-2: Visible absorption bands of 5-1 and related triazoles in different
solvents

Compound Solvent Dielectric Ay, Absorption® Momans Oscillatobr Relativbec
consgtant, om M em™) nm Strength (lii(rclggl\}/} 1 )
5-1 Gas Phase - - 409.08  0.1450 8.5
Hexanes 1.88 - - 412.51 0.1783 6.5
Chloroform 4.81 - - 409.27 0.1825 4.7
Ethyl Acetate 6 411 17.2
DMF 36.7 403 1204
Acetonitrile 37.5 408 334 404.64  0.1763 33
DMSO 47 402 2015 405.60  0.1811 33
Propylene 64.9 406 482
carbonate
Water 78.39 - - 404.18  0.1756 32
Formic acid 58.5 396 484
5-2 DMF 36.7 411 160
DMSO 47 404 452
5-3 DMSO 47 430 0.43(5)
5411721 C,H;OH 24 435 3.5

a. Experimental Visible band only from freshly prepared solutions measured at
room temperature. This is the absorbance at the Apax.

b. Theoretical Values for the electronic spectra were calculated from time
dependent density functional theory, B3LYP/6-311++g**,

c. Relative energies corresponds the difference in energy between 5-1a and 5-1b

for each solvent.

There is a marked solvent dependent correlation on the wavelength and intensity
of the solutions. Solvents with high dielectric constants exhibit a general increase

in the energy of the transition and extinction. The band at ~400 nm is similar in

[200

energy to those found in arenediazonium species, ) and for which the isolated

salts often have & ~ 10°-10* M' ¢m™!. The absorbance observed for 5-1b is
weaker due to the position of the 5-1a/5-1b equilibrium. We have attempted to
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gauge this by calculating the differences in the relative energies of the two
isomers in these media, the right hand column of Table 5-2. Although the triazole
isomer 5-1a is always theoretically favoured, more polar solvents are predicted to
stabilize the zwitterionic polar isomer more, and this shift in the equilibrium
would rationalize observed absorption trends. Attempts to confirm the presence
of 5-1b in these mixtures by IR spectroscopy have been hampered by overlapping
solvent and triazole bands and thus another structural method was sought to
confirm the 5-1a/5-1b equilibrium.

Spectroscopic evidence for the Dimroth equilibrium is found however in the
proton and fluorine variable temperature NMR for solutions of 5-1. At room
temperature, these solutions are consistent with the presence of a single species,
or the high temperature limit of a fast exchange. In prior work, high temperature
NMR spectroscopy was used to examine the DMF solution of 5-1 and neither
new signals nor significant broadening of any of the resonances was observed. '
However, if these solutions in polar solvents are cooled, the '’F NMR spectra,
Figure 5-1, exhibit marked temperature dependence with cooling leading to
coalescence at -46 °C followed by the emergence of a low temperature limit

(2011 in a 5:1 ratio. These

spectra with two signals observed for the a-CF, fluorines
resonances have a significant difference in the chemical shifts for 5-1a and 5-1b
whereas the remaining three fluorines exhibit limited broadening or splitting on
cooling (Table E-1). Analysis of these spectra give AG* = 11 kcal mol”. This low
barrier and solvent effect is consistent with the NMR results previously reported
by Regitz for non-annulated triazoles.”™® Under the same conditions '"H NMR
spectra reversibly broaden in DMF (Figure E-1) on cooling and the PF spectra
remain unaltered in CD,Cl, (Figure E-2). Thus at room temperature the NMR of
these solutions correspond to the high temperature limit where the observed
resonances are the weighted averages of the equilibrated S5-1a and 5-1b, and at

low temperatures polar solvents are required to stabilize and enrich the population

of 5-1b so the equilibrium in Scheme 5-3 can be observed.
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-57°C

-30°C

-10°C

20°C

-80 -84 -88 92 -96 -100 -104 -108 -112 -116 -120 -124 -128
f1 (ppm)

Figure 5-1. F NMR of 5-1in DMF-d, at different temperatures.

Theoretical density functional calculations, B3LYP/6-311++G** for 5-1 gives
two ground state structures for 5-1a and 5-1b which differ by 8.5 kcal mol™ in the
gas phase and 3.3 kcal mol” in DMSO (Table 5-2). A stationary state with an
out-of-plane C4F9SO; group on N1 is found 12.9 kcal mol™! above the triazole
isomer and internal reaction coordinate calculations indicate that the
isomerization of a to b through this transition state involves lengthening of the
N1-N2 bond, and shortening and linearization of the N2-N3 bond. Polar solvents
are expected to both stabilize the charges which develop in the ring opening and
in isomer S5-1b. The theoretical predictions are remarkably close to the
experiment for the dynamic behaviour. The conclusion is that for electron
withdrawing substituents on N1 the Dimroth rearrangement is accessible at low
and room temperatures for benzotriazole. For other triazoles, those with electron
donating substituents on the ring, this equilibrium is also observed under these

[203]

conditions for less electron withdrawing substituents. The implication is that
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with suitable choice of triazole substitutents, the Dimroth rearrangement
represents a powerful tool to declick or otherwise transform clicked triazoles.

From the UV-vis spectra (Table 5-2) obtained from some of the benzotriazole
derivatives, reactivity studies of p-nitrophenylSO,Btz and p-tolylSO,Btz with
nucleophiles were carried out (Scheme 5-4). Electron withdrawing groups on N1
such as C4F9SO,, BtzSO,, NO,, CN and p-nitrophenylsulfonyl give addition
products from nuclephiles. Substituents such as p-tolylsulfonyl, which are not

electron-negative, result in the substitution of the benzotriazole ring, releasing

”OJQ
Sk
NH

free benzotriazole.

SO,C4Fs
R = SO,C4F,
N, Ri
©:|TI/N 1 ONa @EN:N'N\R1
N .

@ Ri, Re o NH

R = p-tolylSO, N =S,
ONa 2. HCl H o R/N_R1

Ri. Ro 2

or

Iz

R=N02

R = p-nitrophenylSO, N °N /\Q NOz
X )QN
N + CNH

R =CN

Scheme 5-4. Reaction products of benzotriazole derivatives with various
nucleophiles (this work and others).['> 1+ 199, c]
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5.4.2 Synthesis of Ir diazo/diazene complexes

With the results collected in Scheme 5-4, we sought to investigate if low valent
organometallic complexes can be used to stabilise and trap the Dimroth ring open
isomer in Scheme 5-3. The Ir(I) carbonyl complex or Vaska complex was the
initial choice for these experiments due to its relative stability, kinetic inertness of
Ir(I) and coordination unsaturation. There has only been one other example of an
Ir benzotriazole complex and it was synthesized through a thallium salt
metathesis.'*! We found that the reactions of 3-1 with 5-1, 5-2, and 5-3 are
complicated with unreacted starting complex even when excess ligand is used.
We postulate the activation of the benzotriazle ring to be a reversible process in
these cases and therefore proceeded to try other complexes. The iridium(I)
dinitrogen complex, 3-2, has many properties of Vaska complex but also a
nitrogen ligand which is labile. To this end 3-2 is reacted with 5-1, 5-2, 5-3, 5-4,
5-5 and 5-6 (Scheme 5-5).

unidentified products

R=CN
R= N02
R = p-nitrophenylSO,

Red solution with 1600-1650 cm™" bands in IR

PPh
o\g ’ 1 PPy
—~ “-N
b PPh; N C|—|r'—NEr;l

Opiod” — o OO — T

l PPh, N PPhS’T‘

R
SO,C4F
PPhs, 24l
R = SO,Btz J R =S0,C4Fs
5-8 . 5-7
no reaction
R = p-tolylSO,

Scheme 5-5. Reaction of 3-2 with selected benzotriazole derivatives.

The reaction of 5-1 with 3-2 at room temperature produces a rapid effervescence
of gas and immediate color change to dark green. Subsequent isolation of

complex 5-7 gave intensely blackish-green crystals. The molecular structure of 5-
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(2041 ¢oordinated to the

7 shows a ring-opened benzotriazole in zwitterionic form
Ir(I) metal center through the diazo portion of the benzotriazole ring in a
monodentate fashion (Figure 5-2). Of particular note is the relatively short
diazonium-like N(2)-N(3) bond length of 1.165(9) A and close to linear N(3)-
N(2)-Ir bond angle of 171.5(7)° (Table 5-3) . The corresponding new v(NN) band
is at 1880 cm™ in the IR spectrum for 5-7. In contrast for the free non coordinated
trifluoromethyl analog of 5-1b, density function theory predicts an N-N bond
length of 1.120666 A and a v(NN) band at 2238.4 cm™. Clearly the new diazo

ligand in 5-7 is an excellent m-acid with coordination of Ir(I) leading to

considerable n-backbonding to the ligand.

7 N\
\
<
cl W
l/\ I /\f@) /]
N 7/

\’ )
)

\

X v
" " N(2) 0(7
N(1)

|/ N @@_ / -
S N T A N

Figure 5-2. Molecular structure of 5-7. Hydrogen atoms have been omitted for
clarity.

For the transition metal complexes containing diazo/zwitterionic-diazo ligands

which have been reported, the diazo bond lengths range between 1.163(7)-
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1.224(6) A2 2%] The diazo ligands are commonly N-bound to the metal in a
n' manner. There are only a few unusual examples where the diazo ligand is
bound in a n-form.** The long Ir(1)-N(1) separation, 3.762(7)A, suggests little
interaction of the sulfonyl substituted nitrogen and the iridium.

In common with many Vaska type complexes, 5-7 is relatively stable in the solid
state but exhibits oxygen and light sensitivity in solution. Upon standing in
solution and exposed to light, decomposition products which show the loss of the
1880 cm™ band and a new band at 1626 cm™ are observed.

There are numerous reports of aryldiazenido complexes and various structural

forms have been isolated™** ! (Figure 5-3).

Ar Al
~ ’I\ll ﬁl\r l?ll, r
N -
Il 'Tl MM
M M
5-A 5-B 5-C
Ar .M B1oHeX
Are !
N 7z !
I N ’I\ll
M M
5-D 5-E 5-F

Figure 5-3. Some common structural forms of aryldiazenido complexes.

The more common are the singly-bent, 5-A, which corresponds to the diazo form
and the doubly-bent, 5-B, the diazene form. Complex 5-7 falls into the category of
5-A.

In contrast with the relatively simple substitution of dinitrogen for diazo ligand in
5-7 it is possible that coordination would lead to complete formal two electron
transfer to the new ligand to give rise to an Ir(Ill) chelate complex. In part this
happens when 3-2 is treated with 5-2. As with 5-7, this triazole has been shown

193] and it exhibits some

to be able to undergo nucleophilic ring-opening,
solvatochromism in polar solvents to give a new band at ~ 410 nm (Table 5-2).

When 5-2 was added to 3-2 at 0 °C, a vigorous evolution of gas is coupled with an
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immediate color change to dark green. The reaction mixture slowly turned wine

red over the course of 3 h at room temperature (Scheme 5-6).

0= N—y Ots\ —n
\ N |||’N\
Ir(CI)(N,)(PPh), N-  PPh, —_ \Ir N
5-2 l
N‘N——lr —ClI
| PPh,
PPh,
Green intermediate 5-8

Scheme 5-6. Reaction of Btz,SO, with frans-Ir'”’(N,)(C1)(PPhs),.

The ultimate red product isolated, 5-8, contains an opened triazole which is bound
as a chelate and includes an unusual doubly-bent cis diazene!" (Figure 5-4). The
second heterocycle is a coordinated but unmodified benzotriazole. From single
X-ray crystallography all nitrogens are bound in meridonal geometry. The N(2)-
N(3) bond lengths and N(2)-N(3)-Ir(1) bond angles reveal the ring-opened
triazole fragment to be similar to the more commonly known doubly bent trans
diazene, 5-B, (Figure 5-3, Table 5-3).120%-2%%

The identity of the diazo-green intermediate in Scheme 5-6 is supported by the
solution IR spectra shown in Figure 5-5. The intense dinitrogen stretch at 2105
cm™ from the starting material dinitrogen disappears immediately on addition of
5-2 and is correlated with appearance of new diazonium bands 1887 and 567 cm’".
Over 2.5 h these bands, due to the intermediate in Scheme 5-6, disappear and lead
to new bands at 1602 and 593 cm™ which correspond to the final product 5-8.

The reaction with 5-3 results in the formation of a reddish-brown solution over 30
min which may indicate the presence of a diazene-like species. The *'P NMR
spectrum initially gives a single species while the over time a new °'P signal
appears at -9.28 ppm and also some triphenylphosphine oxide coupled with the
loss of the 1625 cm™ band indicates the complex is unstable and decomposes.
Reaction of the unstable complex with CO did not stabilize the complex too.
When 5-4 was added 3-2, an immediate colour change to bright red shows the

presence of a formation of a diazo/diazene species. The 'H and *'P spectra
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indicates mostly a single compound and the IR gave new bands around 1600 cm™.
However the band at 2200 cm™ is also present and broad. Over time, signals at -
12.93, -9.67, -16.21, -16.47 ppm in the *'P NMR spectrum means that the
compound is not stable and is undergoing further reaction. The "H NMR spectrum

also shows new resonances in the aromatic region.

Figure 5-4. Molecular structure of 5-8. Hydrogen atoms have been omitted for
clarity.

The reaction of 5-5 with 3-2 gave a red-brown solution over 2 h. Initially a single
species was observed in the *'P NMR, but over time multiple signals are
observed. A new IR band at 1603 cm™ indicates a new diazo-like species. The

new band at 1526 cm™ is due to the nitro group.
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Figure 5-5. Solution IR spectra for the reaction of 3-2 with 5-2. Reaction carried out at -10 °C in CHCI; over 2.5 h. Aliquots taken at
the following time intervals: Red: Initial 3-2 complex; Blue: Immediately after addition of 5-2; Brown: after 45 min ; Green: after 1.5
h ; Black: after 2.5 h.
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In all the above reactions of benzotriazole derivatives with electron-withdrawing
substituents at N1 (e.g. CN, NO; and p-nitrophenylSO,), the appearance of IR
bands in the 1600 cm™ region suggest a common rapid coordination to 3-2
(Scheme 5-6) to give diazene products which are followed by subsequent
reactions leading to complex product mixtures. 5-6 did not react with 3-2, similar
to its reaction with nucleophiles in Scheme 5-4 correlating with the less electron-
withdrawing nature of the p-tolylsulfonyl group.

This strategy of trapping the ring opened Dimroth intermediate has been applied
once before and this was to the reaction 1,2,3-thiadiazole, not a triazole, with iron

291 In this case the Dimroth equilibrium is more

carbonyls (Scheme 5-7).1
favoured for the ring opened form and the resulting dinuclear product has a

bridging diazo ligand.

E =S, Se
; N.
S °N
N\ \\\\\\\\ :: / \
Fe,(CO)g + N — ™ Fe(CO) Fe(CO) Fe(CO);

\Y
g hexanes, 24 h \ / Z a

Scheme 5-7. Dimroth ring opening of 1,2,3-benzothiadizole and reaction with
Fez(CO)g.

X-Ray refinement and structural comparison between 5-7 and 5-8

Crystals of 5-7 were obtained from CH,Cly/pentanes solution at -21 °C. The
diffraction model required restraints for the perfluorobutyl substituent, CH,Cl,
and pentane solvent molecules due to disorder. The final solution contain a large

electron density peak and hole located near the disordered alkyl fluorines which
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can be attributed to poor absorption correction as the crystals were very thin
plates. The opacity of the crystals made selection of a suitable crystal difficult.
Crystals of 5-8 were grown from CH,Cly/CH3;OH solution at -21 °C. Severe
disorder of the solvent molecules was also encountered. Both crystals lose solvent
easily which required low temperature and a dense matrix such as N-paratone oil
for data collection. Selected bond lengths and bond angles are shown in Table 5-
3.

The N(3)-N(2)-Ir(1) and N(2)-N(3)-C(1) bond angle in 5-7 is almost 180° and
137° respectively thus described as singly bent while in 5-8 both are close to 120°
and suitably referred as doubly-bent.**" 2071 The Ir-N(2) bond length of 5-7 is
much shorter than 5-8 emphasizing the double bond character of the M-N bond in
the singly-bent, 5-A, as compared to the doubly-bent 5-B (Figure 5-3).There are
also structural differences in the phenyl group of the diazo (5-7a)/diazene (5-8a.)
ligand reflecting the conjugation effect of the diazo/diazene on the aromaticity of

the phenyl ring (Figure 5-6).

3 N=—=N 3 N—N
VS
4 4
N302C4F9 NSOthZ
5 5
5-7a 5-8a

Figure 5-6. Conjugation difference between 5-7a and 5-8a.

In 5-7, there are alternate short and long C-C bonds in the phenyl group while in
5-8 there is a distinct difference between C-C bonds located away from the
diazene compared to the C-C bonds closest. In both cases, the S(1)-N(1) bonds
are remarkably short, indicating double bond character. This also implies the
stabilisation effect of the electron-withdrawing group on the ring-opened triazole

system.

235



Table 5-3: Selected bond lengths (A) and torsion angles (deg) of 5-7 and 5-8.

Compound 5-7 5-8
Ir(1)-N(2) 1.791(6) 1.991(4)
Ir(1)-N(1) 2.075(4)
Ir(1)-N(5) 2.107(4)
S(1)-N(1) 1.536(8) 1.600(4)
S(1)-C(7)/S(1)-N(4)* 1.867(11) 1.713(5)
N(1)-C(6) 1.420(13) 1.407(6)
N(2)-N(3) 1.165(9) 1.244(7)
N@3)-C(1) 1.410(11) 1.444(8)
C(1)-C(2) 1.401(13) 1.410(8)
C(2)-C(3) 1.360(14) 1.371(11)
C(3)-C(4) 1.403(18) 1.382(11)
C(4)-C(5) 1.388(17) 1.392(8)
C(5)-C(6) 1.405(14) 1.415(8)
C(6)-C(1) 1.386(14) 1.418(8)
N(3)-NQ2)-Ir(1) 171.5(7) 124.9(4)
N(2)-N(3)-C(1) 139.2(8) 127.4(5)

a) S(1)-C(7) for 5-7, S(1)-N(4) for 5-8
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5.4.3 Reactivites studies of Ir diazo/diazene complexes

The isolation of 5-7 and 5-8 allows us to further investigate the reactivity of the
new diazo/diazene complexes to various reagents. Complex 5-8 is air stable and
exhibits no reactivity to both CO and pyridine additions at room temperature. This
is not surprising as Ir(Ill) complexes are known to be relatively inert. Together
with the tris-chelate form of 5-2 and a coordination saturated Ir center, any
substitution or addition reactions to the complex are unlikely under these
conditions.

The reactivity of 5-7 is in great contrast to 5-8. Carbon monoxide addition results
in the loss of 5-1 and the formation of 3-1 on extended bubbling of CO gas. This
demonstrates that CO is a better n-acid compared to the ring-open diazo 5-1b for
the electron—rich Ir(I) center. The reaction of 5-7 with other nucleophiles such as
pyridine, P(CH3);, P(CHj),Ph, PPh;, p-tolylisocyanate and sodium
diethyldithiocarbamate results in rapid colour change and shows multiple *'P
NMR signals (Scheme 5-8).

unknown products

red solutions with IR bands between 1550 - 1650 cm™

pyridine, PR3, RNC,
Na[(C2H5),NCS;]

PhsP o
PPh;, |
PPhs co | AgBF, I'—N=N
Cl—Ir-co = Cl—Ir'-N=N — s BE
PPh Ph,P )
’ PPhs N 3 N
SO,C,F
S0,C,Fg 2vate
5-7
* proposed

Scheme 5-8. Complex 5-7 reaction with various reagents.

These spectroscopic observations may mean the formation of multiple isomers
based on PPh; substitution and formation of complex mixtures of Ir(I) complexes.
The possible conversion of the diazo to a new diazene ligand is compelling as the

band at 1880 cm™ disappears and new bands appears between 1550 to 1650 cm™
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corresponding to diazene complexes.**”

Such reactivity patterns have been
observed in the Ir complexes containing zwitterionic diazo ligands and the
conversion to diazene ligands based on the appearance of new IR bands between

d.[2%! The reaction of AgBF, with 5-7 gave

1500 to 1650 cm™ have been suggeste
mostly a major product that shows an IR band at 1794 cm™. This band most likely
corresponds to a diazo stretch shifted to lower energy from the increase back-
bonding of the Ir(I) center. The loss of the chloride is confirmed by the
appearance of a new '°F signal at -152 ppm assign to the BF4 anion. However the
complex is very unstable, decomposing over time in solution to give multiple IR
bands around the 1600 cm™ region.

There has been only one structurally characterized example of a conversion of a
diazo ligand to a diazene ligand. The conversion was carried out using oxidative

addition of one equivalent of HCI to the Ir(I) center containing a diazoketone

ligand (Scheme 5-9).[1%1

PPh o o
S U Ph
PPh,
N2
JDMA.HCI
PPh, PPh,
O H
cl, | N=N cl, | WN=N_ 0
Ui —— lr
CI/‘ H Ph CI/‘\o— o
PPh,;  Ph PPh,  Ph
5-12b 5-12a

Scheme 5-9. Synthesis of Ir-diazoketone 5-12.

The molecular structure 5-12a shows a bidentate N,O-bound cis diazene complex
with the nitrogen closest to the Ir protonated. The authors also reported a minor
isomer 5-12b which is in equilibrium in solution with 5-12a in approximate ratio
of 15:1. Isomer 5-12b contains a Ir-H which is observed in the '"H NMR as a

triplet at -15 ppm. However there was no observable Ir-H stretch in the IR

238



spectrum due to the weak intensity of the Ir-H vibration and small amounts of the
species. This is in contrast to the work of Schramm et al P where the Ir(T)
diazo complex forms only the iridium hydride isomer, 5-13, after addition of HCI

(Scheme 5-10).

Cl
o g PPh, cl
PPhs ol ci, | =N O
CI—!r'—NEN O - = “r! cl
PPh, Cl ca”” ‘ Sy Cl
Ci
PPh;,
5-13

Scheme 5-10. Oxidative addition of HCI to form 5-13.

The proposed molecular structure is based on the appearance of a single *'P NMR
signal coupled with the appearance of a Ir-H stretch at 2104 cm” which is
confirmed through deuterium substitution studies in the IR spectra. It has been
proposed that the ability of the dibenzoyldiazomethane ligand to form a bidentate
coordination to the Ir center results in the protonated diazene, 5-12a, to be the
more stable isomer.

Using the same methodology, 5-7 is reacted with DMA.HCI (Scheme 5-11). The
loss of the 1882 c¢m™ band in IR is coupled with the appearance of a new band at
1625 cm™. There is also an instantaneous colour change from blackish-green to
vermillion. In our case, the reaction requires two stoichiometric equivalent of HCI1
to allow for complete conversion as one equivalent of HCI results in only half of
the starting complex 5-7 to react. This outcome indicates the initial intermediate
that is formed from the first HCI addition is actually more reactive towards a
second HCI addition. There is also no Ir-H stretch observed in the IR spectrum
nor any Ir-H signal in the '"H NMR. There are two singlets located at 13.34 and
8.36 ppm in the "H NMR which can be assigned to the protons on the nitrogen
atoms. From the spectroscopic information, the structure of the isomer is assigned
as complex 5-15a. The *'P NMR however show small amounts of other singlets
which may correspond to the hydride isomer, 5-15b. Therefore the room

temperature solution NMR may however be at the fast exchange limit or the
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equilibrium may lie towards the protonated diazene isomer 5-15a. This result
differs from the formation of 5-12a as the second coordination of the
diazeneketone saturates the coordination sphere of the metal center. Thus it can be
suggested that the first addition of HCI is an oxidative one forming an Ir(III)
center while the second addition of HCI is due to the coordination of the chloride
anion as a ligand to satisfy the coordination requirements of Ir(IIl) center. This
would further imply that the nitrogen coordinated to the perfluorobutylsulfonyl
group is sufficiently electron-deficient to be a poor ligand for the Ir(IIl) center.
However the above conjunctions are still insufficient to explain the observed
phenomena as it does not explain the reactivity of the intermediate 5-14 towards

the second HCI addition as compared to 5-13.

PPh,
PPh3 CI// l \Cl
c, | o H-NR
gl NR ="
a” | NN H
‘ N PPhj
PPhj
5-15a
5-14a
DMA.HCI DMA.HCI
57 —> vs E—— vs
R = SO,C,F - B
2was Tph?ﬁ PPhj
cl ., Ir'”‘\\\\ NR cl,, ‘m,m\ H
rah Jlr NR cl
cl ‘ N=—N o \H:N
PPhs PPhs
5-14b 5-15b

Scheme 5-11. Reaction of 5-7 with DMA .HCI.

The structure, 5-15a, shown in Scheme 5-11 is observed in preliminary single
crystal diffraction. However due to the poor quality of the crystal, the crystal did
not diffract to high angles. This resulted in low data to parameter ratio (9:1) of the
final solution contributing to unsuccessful anisotropic refinement of all the non-

hydrogen atoms. There are also solvent disorders which complicate the final
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refinement. However the location and assignment of all the non-hydrogen atoms
of the complex is more certain with one of the protons on the diazene being
located. The second proton is believed to be bound between the a-N and the
nitrogen bonded to the sulfonyl group as there are also solvent molecules located
in the region.

The similar formation of the unusual cis diazeneketone complex 5-12a and 5-8
suggest that the less stable cis isomer can be stabilised by the bidentate
coordination to the metal center. In the case of 5-8 it also implies a coordination
induced oxidation of the Ir center. Together with the observed reactivity of 5-7,
the conversion of diazo to diazene ligands is not sufficient to induce an oxidation

of the metal center.
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5.5 Conclusions

The Dimroth/amidine rearrangement of benzotriazoles has been shown to exist in
solution for 5-1 using VT '’F NMR. There is some spectroscopic evidence that
other benzotriazole derivatives exhibit such a phenomenon. By using a low valent
organometallic complex, we have stabilised and trapped two forms of the
coordination complexes of the benzotriazole derivatives. Complex 5-7 is a Ir(I)
diazo complex while complex 5-8 is a Ir(IIl) diazene complex and they differ
significantly in their reactivity. Ir complexes containing other benzotriazoles
derivatives have been synthesized but were not isolated as a pure product. With
the advent of copper catalyzed Huisgen [3+2] dipolar addition of alkynes to
azides, triazoles are increasingly found in many applications. Benzotriazoles are

21 .
(2191 and any reaction or

also now widely used as auxiliaries in organic syntheses
methodology which leads to N-N activation of benzotriazole will allow for many
new applications for this fundamental organic building block as well as for the
triazole class as a whole. Diazo metal complexes are also often important
intermediates in many transformations.”'") Our observation that a mononuclear
Ir(I) complex is able to activate the most obdurate of triazoles suggests that this

reaction may be quite general. Taming this reactivity remains an important

problem to develop unclicking strategies and catalysts.
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Chapter 6: Summary, Original contribution to

Knowledge and Future Research

Summary and Original contribution to Knowledge

The biochemical reduction of nitrous oxide by N,OR is poorly understood. Recent
advances in unveiling the Cu, cluster in NOR have provided more insight into
the actual structural motif of N,OR. With the newly discovered S(2) atom that
make-up the CusS, catalytic center of Cu, (Figure 1-3), more accurate
experimental studies of N,;OR can be carried out. Instead this has led to a debate
on the true active form of N,OR.

The first structurally characterised transition metal N,O complex was reported in
2011, since than there have been no further reports using this vanadium N,O
complex. The recent report of nitrous oxide activated by carbenes is another
example of nucleophilic addition to nitrous oxide. We hypothesized that late
transition metal thiolates such as those in NoOR would be able to add to nitrous
oxide to give new addition complexes with SNNO or NN(S)O ligands.. With this
concept as our hypothesis, this research embarked on synthesizing nitrous oxide
precursors for coordination to transition metal complexes which may then allow
us to study the oxygen analogs of the anticipated nitrous oxide addition
complexes.

In Chapter 2, improvements in the synthetic procedures were made with regards
to the N-nitroamides and N-nitrosocarbamate. In addition the new compounds, N-
nitrosomethylcarbamate (2-6), as well as its potassium and silver salts were also
synthesized. For the nitrogen acids as a whole the solid state molecular structures
of the compounds 2-2 to 2-8 were also obtained. Similarly, crystals structures of
selected potassium salts were also determined for comparison.

In Chapter 3, a new series of Ir(I) carbonyl complexes containing the nitrogen
acids have been synthesized (3-3 to 3-7). For comparison studies, the new Ir(I)
carbonyl dinitramide complex, 3-8, and an unusual Ir(I) carbonyl complex silver

bistriflimide adduct, 3-9, have been synthesized. All the complexes have been
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structurally characterised and their v(CO) bands determined for comparison with
Vaska’s complex and other Ir(I) carbonyl complexes with electron-withdrawing
groups. The preliminary synthesis of a Ir(N;) nitrogen acid complex, 3-10, has
also been carried out.

The reaction of the neutral nitrogen acids with 3-2 have also been investigated
which generated four new Ir(Ill) hydride complexes containing the N-nitroamide
and N-nitrocarbamate ligands coordinated to the Ir(IIl) center. The N-nitro
ligands are coordinated to the Ir(IIl) center uniquely through the nitrogen of the
amide and the oxygen of the nitro group in a N,O bidentate mode. The 'H NMR
spectrum of 3-11 show an unusual broad signal for the Ir hydride resonance that is
both field and solvent dependent alluding dynamic behavior in solution. This
dynamic process may be a characteristic of the new Ir(IIl) nitrogen acid
complexes. The reactivity studies of 3-11 with CO and P(CH;),Ph result in the
formation of isomer mixtures of the new addition products. The new Ir(III)
nitrogen acid carbonyl complexes, 3-15, were also metastable in solution, losing
CO to regenerate 3-11. For P(CHj3),Ph, nucleophilic substitution of the PPh;
ligands occurred too to give isomers of 3-16. Lastly methylation of 3-11 with
methyl triflate results in the loss the N-nitroacetamide ligand to give the
bis(acetonitrile) complex 3-17.

In Chapter 4, new Re(l) dicarbonyl N-nitro nitrogen acid complexes (4-8, 4-9 and
4-12) have been synthesized. All the complexes have been structurally
characterised to have similar coordination modes to the Ir(Ill) complexes. New
complexes 4-10 and 4-11 with the N-nitrosomethylcarbamate ligand in different
conformations and coordination mode than the N-nitro nitrogen acid complexes
have also been obtained. The crystal packing of 4-9 and 4-10 was determined in
an unusual rhombohedral space group R-3, with large unit cell parameters that
generate multiple solvent channels that can contain up to fourteen CH,Cl, solvate
molecules.

In Chapter 5, the first spectroscopic evidence for the Dimroth rearrangement
equilibrium for benzotriazoles such as 5-1 has been shown. An extension of this
phenomenon was exploited by the coordination of the ring-opened benzotriazole
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5-1 and 5-2 to Ir center to give 5-7 and 5-8. Complexes 5-7 and 5-8 contain
benzotriazoles that have been ‘trapped’ in the ring-open forms. Complex 5-8 is
relatively inert while 5-7 undergoes nucleophilic addition readily. Phosphine

ligand substitution also occurs easily.

Future research

The coordination chemistry of the nitrogen acids can be further investigated with
other transition metal complexes such as Os, Ru and the platinum group. Early
transition metal chemistry may be interesting if successful as these transition
metals tend to be oxophilic.

The successful synthesis of the Ir and Re nitrogen acids complexes provide a
potential start point for research into nitrous oxide chemical transformations. In
general, removal of the ‘protecting’ groups such as the acyl, ester or sulfonyl
groups will generate the nitrous oxide addition complexes (Scheme 6-1) stabilised
by transition metal coordination. These complexes may be monitored by

spectroscopic means to better understand nitrous oxide chemistry.

Nu—N
LM=Nu=N === M|
o
LAM=Nu: + N=N-O —— or
Nu =S, N, O or any LM N\\N o = L M/N‘\N o
other atoms or ligand n \N/ n \Nu/

Scheme 6-1. Possible nitrous oxide addition complexes from N,O and
nucleophilic transition metal complexes.

The conversion of the Ir(I) carbonyl nitrogen acid complexes into the dinitrogen
complexes may give rise to new stable Ir(I) N, complexes that may give more
insight to dinitrogen chemistry.

The synthetically proven ability of transition metals to stabilised the ring open
forms of benzotriazoles provide new avenue in the use of such complexes as
possible diazo transfer reagents to generate new heterocycles from benzotriazoles.
Other transition metal complexes such as the platinum group metals can also be

investigated for coordination to the benzotriazole derivatives.
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Appendix

Appendix A
The reported N-nitration of carboxamides to give N-nitroacetamides using
NOZBF4[“9] could not be repeated. Commercial NO,BF, contains residual acid
that decomposes the product. Synthesis of the nitronium salt involves using
concentrated nitric acid, anhydrous HF and BF; gas that requires special apparatus
and set-up. Various attempts at nitration of acetamide was carried out using

[212]

conventional nitrating methods such as nitrate salts, aroyl nitrates,*"*! N-

[214] [215

nitropyrazole and trimethylsilyl nitrate with BFs-etherate.”'”) In most cases
the nitration of acetamide was unsuccessful or acetic acid was isolated which
results from the decomposition of either acetamide or N-nitroacetamide. The use
of dinitrogen pentoxide may be possible but requires vacuum line techniques
fitted with Teflon pumps. Most of the described nitration reactions are carried out
on aromatic compounds which undergo nitration readily.*'® For nitration
methods that were specific to amides such as a mixed media of ammonium
nitrate/morpholinium nitrate and trifluoroacetic anhydride, it was only successful
with secondary amides."*'”! The use of silver nitrate with trifluoroacetic anhydride
was unusual as a reddish-brown solution is generated most likely the presence of
nitrogen oxides which tend to generate nitroso compounds.

As the amide nitrogen is a weak nucleophile, conventional nitration methods did
not work. The unsuccessful nitration of amides to give N-nitroamides was
approached by proposing an alternative method. ‘Umpolung’ nitrations have been
reported*'®! before where the substrate to be nitrated is reacted with nucleophiles

which generates a ‘masked’ nitro group intermediate that could subsequently be

oxidised to generate the nitro group (Scheme A-1).
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X + N=Y—((R), —— N=Y—(R), —— NO,
h -MX
A-1

-0=Y—(R
X = halide (Rn
Y=P,n=3
Y=S n=2

Scheme A-1. ‘Umpolung’ nitration method.

The ‘masked’ nitro group substrate A-1 are usually ylides such as

phosphinimine/phosphinimine salts or sulfilimines (Figure A-1).

Q "
[ \j\
~
N=PPh, N~ ~=SPh,

phosphinimines sulfilimines

Figure A-1. Phosphinimines and sulfilimines.

The oxidation agents that have been successfully used to convert the
phosphinimines to the corresponding nitro group include peracids and ozone.?!”!
For the sulfilimines, peracids such as MCPBA preferentially gives the nitro
products while the use of peracid salts usually generate the sulfoximine products.
This nitration methodology has only been applied for ‘C-nitration’ of poor
nucleophilic substrates.

The Staudinger ligation reaction is used in synthetic biochemical transformation
for the selective introduction of amide bonds within complex biological
environments.?”) The reaction involves the reaction of an organic azide with
arylphosphines to generate a phosphinimine through the loss of N, which is
subsequently hydrolyzed to generate an amide bond and phosphine oxide

(Scheme A-2). The mechanism and kinetics has been studied in detail./**"!
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Scheme A-2. Mechanism of Staudinger ligation.

The phosphinimine that is generated is shown to be easily hydrolyzed by water to
generate the phosphine oxide and amide bond. Since the phosphinimines could be
easily generated, we decided to modify the final hydrolysis step to use an
oxidising agent such as nitric acid or other nitrate salts to generate the N-
nitroamide as a free acid or a salt (Scheme A-3).

O O O

)kNS FP TN )L&—Spm )J\NZPPhg

NO5
_)‘j\ 11
)CJ)\ N ‘/(PPh3
NNO, -O=PPh; _0— hl+ O_
| — O -

Scheme A-3. Proposed synthesis of N-nitroamides from phosphinimines and
nitration.
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Unfortunately the proposed synthetic method did not work as the hydrolysis of the
phosphinimine by water to give triphenylphosphine oxide and acetamide was
more rapid than the actual oxidation of the triphenylphosphinimine by the nitrate.
The strongly oxidising concentrated nitric acid did not improve the outcome of
the reaction as acidic conditions aid the hydrolysis of the tertiary

phosphinimines.**?
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Appendix B
Table B-1. Ay, abs and Av values of 3.2 mM 2-6 in CH;0H and CD;0D.

2-6 in CH;0H 2-6 in CD;0D
Amax (nm) e M em™) Av (cm™) Amax (Nm) e(M'em™) Av (cm™)
366 12.6 1348 366 13.8 1483
385 34.1 1036 387 38.4 902
401 61.6 956 401 67.0 956
417 88.5 1045 417 97.0 992
436 76.7 435 85.1
0.35 -
0.3 -
025 1 ———2-6 in methanol
54
g 0.2 1 ——2-6 in deutuerated
2 methanol
(=
2 i
2 0.15
0.1 -
0.05 -
0 T T T -1
300 350 400 450 500
Wavelength (nm)

Figure B-1. UV-vis absorption spectrum of 2-6 in CH3;OH(blue) and

CDs0D(red).
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Table B-2. Anax, abs and Av values of 2.8 mM 2-7 in CHCls.

Aimax (nm) e (M em™) Av (cm™)
366 13.8 1348
385 322 1036
401 63.5 957
417 91.1 1045
436 79.1
0.3 -
0.25 -
0.2 -
5]
=
<
£ 0.15
2
2
<
0.1 -
0.05 -
0 T 3
300 350 500

Wavelength (nm)

Figure B-2. UV-vis absorption spectrum of 2.8 mM 2-7 in CH;0H.
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Appendix C

Ir(N2)(PPh3)2C w C2H50C(O)NHNO2 2.5 h 31P

Final Ir(N-nitroethylcarbamate) complex: 10.4 ppm —mF —

Ir(N2)(PPh3)2C| w C2HSOC(O)NHNO2 50 min 31P

Ir(N2)(PPh3)2C| w C2H50C(O)NHNO2 15 min 31P

Intermediate B: 7.3 ppm

Ir(N2)(PPh3)2C! w C2HSOC(O)NHNO?2 initial 31P

Ir(N2) complex: 20.8 ppm —————

20 18
f1 (ppm)

Figure C-1. *'P NMR reaction monitoring of 3-2 with 2-5 to give 3-14.
Final Ir(N-nitroethylcarbamate) complex: -31.8, 3.3, 0.9 ppm

Ir(N2)(PPh3)2CI w C2HSOC(O)NHNO2 2.5 h 1H

4

I JLIJ-»\ - 'L«__,,

Ir(N2)(PPh3)2C1 w C2HSOC(0)NHNO2 50 min 1H

A‘L‘M - JJr‘

Excess N-nitroethylcarbamate

-/ i T *3

m._._m.",‘,,,ﬂyt|xuJ L

Ir(N2)(PPh3)2Cl w C2HSOC(O)NHNO2 15 min 1H

Intermediate B: -26.0,|1.4, 4.1 ppm
\ |

\
\ |

\\

\

‘\
e

Ir(N2)(PPh3)2CI w C2HSOC(O)NHNO? initial 1H

T
~
T

r~

. Intermediate A: -36{2, 1.0, 3.9 ppm
N-nitroethylcarbamate: 4.4, 1.4 ppm |

JL i Ll S lh A
T T : : T T T : : . ———— T T T T T T
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Figure C-2. "H NMR reaction monitoring of 3-2 with 2-5 to give 3-14.
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Figure C-3. 3'p NMR reaction monitoring of 3-2 with 2-6 in Cg¢Deg.
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Figure C-4. "H NMR reaction monitoring of 3-2 with 2-6 in C¢Dg.
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Table C-1: Crystallographic data for 3-17.

Compound

3-17

empirical formula

C20.5H165(IrCISN)o 5(OF  5)P

T (K) 273(2)
fw (g mol™) 490.17
cryst sys Monoclinic
space group P2;/m
a(A) 9.380(8)
b (A) 23.239(19)
c(A) 10.248(8)
o (deg) 90
B (deg) 95.498(12)
v (deg) 90
v (A% 2224(3)
Z 4
density (g cm™) 1.464
abs coeff (mm™) 3.230
No. of reflns collected 16465
No. of indep reflns 4256
Data/restraints/parameters 4256/709/353
Final R indices [/ > 2s(/)] R1 0.0908
wR2 0.2146
R indices (all data) R1 0.1428
wR2 0.2425
Goodness-of-fit on F 1.062
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Figure C-5. Molecular structure of 3-17. Hydrogen atoms and the triflate anion
are omitted.

The atoms Ir(1), N(1), C(1), C(2), N(2), C(3), C(4), CI(1) and the triflate anion
are on the symmetry plane. The triflate anion is disordered between itself where
the ‘SO5’ fragment is disordered with the ‘CF53’ fragment.

Due to the poor quality of the diffraction data, strong least squares thermal
parameter restraints such as ISOR, SIMU and DELU have been applied to the
whole structure. Least squares bond constraints such as DFIX is applied to the
SO; fragment of the triflate anion and least square bond restraints SADI and

SAME applied to the disordered triflate anion.
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Appendix D

Figure D-1. Crystal packing of 4-10 in R-3 along the c-axis.
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Table D-1: Crystallographic data for 4-9° in alternative space group P-1.

Compound

4-9°

empirical formula

C120H99R€3P6C114N6018.7CH2C12

Goodness-of-fit on F?

T (K) 100(2)
fw (g mol™) 1083.98
cryst sys triclinic
space group P-1
a(A) 11.9008(6)
b (A) 26.5389(14)
c(A) 26.5574(14)
o (deg) 117.7740(10)
B (deg) 98.6090(10)
v (deg) 98.5690(10)
V(A% 7104.7(6)
4 6
density (g cm™) 1.520
abs coeff (mm™) 2.941
No. of reflns collected 69349
No. of indep reflns 25079
Data/restraints/parameters 25079/220/1567
Final R indices [/ > 2s(/)] R1 0.0627
wR2 0.1826
R indices (all data) R1 0.879
wR2 0.2012
1.049
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Appendix E

Table E-1: Chemical shift changes dependence on variable temperature '°F NMR
for 5-1.

T, °C PF NMR peaks in DMF-d;
20 -81.05 -110.78 -121.17  -126.03
-10 -81.13 -111.41 -121.49  -126.39
-30 -81.15 -111.74 -121.65  -126.59
-40 -81.17 -111.37 -121.75 -126.72
-111.43
-57 -81.18 -114.67 -121.83  -126.84
Back to 20 -81.05 -110.78 -121.17 -126.03
F NMR peaks in CD,Cl,
20 -81.002 -109.37 -120.96 -126.01
-60 -80.77 -110.35 -121.42 -126.64
20°C \ ﬂ
m A
J‘ \'*I"' Il
_)I L — ) \____ij L._
-57 °C ‘
|
Y A S W
-30°C \
ﬂ' I
B ‘lt‘l‘\ ) ".\_4.; o
20°C M
M L
)L‘|x ) “L " J" | _

T T T T T T T T T T T T T T T T T T T T T T T T T
94 93 92 91 90 89 BKR R7 8 B85 R4 B3I K2 81 RO 79 7R 77 76 75 74 73 72 71 70

Figure E-1. Variable temperature '"H NMR of 5-1 in d¢-DMF.
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Figure E-2. Variable temperature F NMR of 5-1 in CD,Cl,.
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