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Abstract

The thesis focuses on the design and synthesis of novel organoimido delivery reagents
capable of forming bimetallic polyoxometalate (POM) hybrids, and their use in the assembly of
bimetallic hexamolybdate derivatives. These delivery reagents have been designed thoughtfully
and separate organic moieties have been selected for coordinating to both the POM cluster and
the second metal atom.

A series of three ligands [4-aminopiperidine, 4-(4-aminophenyl) piperazine, and 4-(4-
aminophenyl) piperidine] were selected and used to synthesize the dithiocarbamate metal-
coordinating ligands, which in turn were used for preparing the corresponding metal (M = Cr,
Mn, Fe, Co, Ni, Cu, Zn, Ag) complexes. All the complexes were characterized by infrared
spectroscopy (IR). Reported routes were followed for the covalent grafting of these metal
complexes onto hexamolybdate. But, the poor solubility of these metal complexes was found to
be a major stumbling block in our endeavors to synthesize the dithiocarbamate based
polyoxometalate hybrids.

The observed poor solubility of metal dithiocarbamate complexes was overcome by
synthesizing [potassium(I) tris(3,5-diphenylpyrazole)borate] and [potassium(I) tris(3,5-
dimethylpyrazole)borate] via thermal dehydrogenative condensation between tetrahydroborate
and the respective pyrazole molecule. A series of corresponding transition metal (M = Co, Ni,
Cu, Mn) complexes of tris(3,5-diphenylpyrazole)borate and tris(3,5-dimethylpyrazole)borate
were synthesized, and characterized by IR and UV-visible spectroscopy, and single crystal X-ray
diffraction. The single crystal structure of [manganese(Il) (tris(3,5-dimethylpyrazole)borate):]
turned out to an outlier as it displayed the formation of a bis-complex, thus having no
substitutable anion for further reaction with dithiocarbamates. Thereafter, a series of metal
dithiocarbamate complexes of these [hydrotris(pyrazolyl)borates] (M = Co, Ni, Cu ) were
prepared using [sodium 4-aminopiperidyldithiocarbamate] and were characterized by IR and
UV-visible spectroscopy. A remarkable improvement in the solubility of these metal
dithiocarbamates in organic solvents was observed. Furthermore, attempts to covalently graft
these complexes onto hexamolybdate cluster were undertaken, and found to be unsuccessful

possibly due to the strong oxidizing nature of PPh3;Br> and hexamolybdate. Although, we were



able to successfully tailor the solubility of the dithiocarbamate complexes to suit our needs, our
efforts to achieve the primary goal of synthesizing dithiocarbamate based polyoxometalate
hybrids have so far been unsuccessful.

A series of three pyridyl based ligands i.e., 3,5-di(pyridin-2-yl)-4H-1,2,4-triazol-4-amine,
4-(pyridin-4-ylethynyl)aniline and 4-(pyridin-3-ylethynyl)aniline were synthesized and
characterized. Covalent attachment of these ligands to hexamolybdate were attempted following
various well-known routes. Although, no evidence of covalent attachment of 3,5-di(pyridin-2-
yl)-4H-1,2,4-triazol-4-amine to hexamolybdate was observed, the covalent grafting of 4-
(pyridin-4-ylethynyl)aniline and 4-(pyridin-3-ylethynyl)aniline to hexamolybdate cluster was
successfully achieved. Characterization of these novel organic-inorganic hybrids was done using
IR and NMR spectroscopy as analytical tools. Attempts have been undertaken to obtain single
crystals of these hybrids. Also, a novel route involving halogen bonding as a purification and
separation technique for pyridyl functionalized hexamolybdate hybrids is also being explored.

The novel acetylacetonate moiety has been explored as an imidodelivery reagent for
synthesizing hexamolybdate covalent hybrids, wherein [3-(4-((4-aminophenyl)ethynyl)phenyl)-
4-hydroxypent-3-en-2-one] ligand has been successfully synthesized and characterized.
Traditional methods along with unconventional methods such as heating at elevated temperatures
and microwave reaction conditions, have so far proved to be unsuccessful in the synthesis of the
hybrids. A series of the corresponding metal complexes have been synthesized and characterized,
where the ligand and its corresponding copper(Il) complex have been characterized by single
crystal XRD. In the crystal structure of the copper complex, the metal ion sits in a slightly
distorted square-planar pocket, where no coordination to the -NH> group is observed, which

highlights the potential of using it as an imidodelivery reagent.



CONSTRUCTING ORGANIC-INORGANIC BIMETALLIC HYBRID MATERIALS BASED
ON THE POLYOXOMETALATE BACKBONE

by

KANIKA SHARMA

B.Sc., University of Delhi, 2005
M.Sc., University of Delhi, 2007
M.Phil., University of Delhi, 2008

A DISSERTATION

submitted in partial fulfillment of the requirements for the degree

DOCTOR OF PHILOSOPHY

Department of Chemistry
College of Arts and Sciences

KANSAS STATE UNIVERSITY
Manhattan, Kansas

2014

Approved by:

Major Professor
Dr. Eric A. Maatta



Copyright

KANIKA SHARMA

2014



Abstract

The thesis focuses on the design and synthesis of novel organoimido delivery reagents
capable of forming bimetallic polyoxometalate (POM) hybrids, and their use in the assembly of
bimetallic hexamolybdate derivatives. These delivery reagents have been designed thoughtfully
and separate organic moieties have been selected for coordinating to both the POM cluster and
the second metal atom.

A series of three ligands [4-aminopiperidine, 4-(4-aminophenyl) piperazine, and 4-(4-
aminophenyl) piperidine] were selected and used to synthesize the dithiocarbamate metal-
coordinating ligands, which in turn were used for preparing the corresponding metal (M = Cr,
Mn, Fe, Co, Ni, Cu, Zn, Ag) complexes. All the complexes were characterized by infrared
spectroscopy (IR). Reported routes were followed for the covalent grafting of these metal
complexes onto hexamolybdate. But, the poor solubility of these metal complexes was found to
be a major stumbling block in our endeavors to synthesize the dithiocarbamate based
polyoxometalate hybrids.

The observed poor solubility of metal dithiocarbamate complexes was overcome by
synthesizing [potassium(I) tris(3,5-diphenylpyrazole)borate] and [potassium(I) tris(3,5-
dimethylpyrazole)borate] via thermal dehydrogenative condensation between tetrahydroborate
and the respective pyrazole molecule. A series of corresponding transition metal (M = Co, Ni,
Cu, Mn) complexes of tris(3,5-diphenylpyrazole)borate and tris(3,5-dimethylpyrazole)borate
were synthesized, and characterized by IR and UV-visible spectroscopy, and single crystal X-ray
diffraction. The single crystal structure of [manganese(Il) (tris(3,5-dimethylpyrazole)borate):]
turned out to an outlier as it displayed the formation of a bis-complex, thus having no
substitutable anion for further reaction with dithiocarbamates. Thereafter, a series of metal
dithiocarbamate complexes of these [hydrotris(pyrazolyl)borates] (M = Co, Ni, Cu ) were
prepared using [sodium 4-aminopiperidyldithiocarbamate] and were characterized by IR and
UV-visible spectroscopy. A remarkable improvement in the solubility of these metal
dithiocarbamates in organic solvents was observed. Furthermore, attempts to covalently graft
these complexes onto hexamolybdate cluster were undertaken, and found to be unsuccessful

possibly due to the strong oxidizing nature of PPh3;Br> and hexamolybdate. Although, we were



able to successfully tailor the solubility of the dithiocarbamate complexes to suit our needs, our
efforts to achieve the primary goal of synthesizing dithiocarbamate based polyoxometalate
hybrids have so far been unsuccessful.

A series of three pyridyl based ligands i.e., 3,5-di(pyridin-2-yl)-4H-1,2,4-triazol-4-amine,
4-(pyridin-4-ylethynyl)aniline and 4-(pyridin-3-ylethynyl)aniline were synthesized and
characterized. Covalent attachment of these ligands to hexamolybdate were attempted following
various well-known routes. Although, no evidence of covalent attachment of 3,5-di(pyridin-2-
yl)-4H-1,2,4-triazol-4-amine to hexamolybdate was observed, the covalent grafting of 4-
(pyridin-4-ylethynyl)aniline and 4-(pyridin-3-ylethynyl)aniline to hexamolybdate cluster was
successfully achieved. Characterization of these novel organic-inorganic hybrids was done using
IR and NMR spectroscopy as analytical tools. Attempts have been undertaken to obtain single
crystals of these hybrids. Also, a novel route involving halogen bonding as a purification and
separation technique for pyridyl functionalized hexamolybdate hybrids is also being explored.

The novel acetylacetonate moiety has been explored as an imidodelivery reagent for
synthesizing hexamolybdate covalent hybrids, wherein [3-(4-((4-aminophenyl)ethynyl)phenyl)-
4-hydroxypent-3-en-2-one] ligand has been successfully synthesized and characterized.
Traditional methods along with unconventional methods such as heating at elevated temperatures
and microwave reaction conditions, have so far proved to be unsuccessful in the synthesis of the
hybrids. A series of the corresponding metal complexes have been synthesized and characterized,
where the ligand and its corresponding copper(Il) complex have been characterized by single
crystal XRD. In the crystal structure of the copper complex, the metal ion sits in a slightly
distorted square-planar pocket, where no coordination to the -NH> group is observed, which

highlights the potential of using it as an imidodelivery reagent.



Table of Contents

LIST OF FIGUIES ...eieiiieeciie ettt ettt e et e e taeeesssaeessaeeessaeesssseesssaeesnseeensseeensseeans XV

LISt OF TADIES ..ottt ettt et sb et et be et Xix

ACKNOWIEAZEMENLS.......eiiiiieiiieiiieieeee ettt ettt et e st e et e e teeebeesteeesbeessneensaessseenseensnas XX

DIAICATION ...ttt ettt e bttt e b e et e e bt e e bt e bt e et e e eat e et e e naeeebeenaeeenee xxii

(O] 0107 (o) W B 013 (06 18 (o1 10 o H SRS 1

1.1 POLYOXOMELALALES ....cuvieniieeiiieiie ettt ettt ettt e st e e e e esbeessaeensaeesneenseennnas 1

1.1.1 Classification of polyoXometalates ..........c.cccveriieriiiriieiiieeie et 2

1.1.1.1 ISOPOLYANTIONS ...ttt ettt ettt et et e st e et e naeenbens 2

1.1.1.2 HeteropOLYANIONS ......ceeeiiiieiiiieiieeie ettt ettt ettt et e st saae b e s eaeenbens 2

1.1.1.3 Molybdenum blue and molybdenum brown reduced POMs...........ccceevvveeurrennennnee. 3

1.1.2 Properties of polyoXometalates..........ccveriiriiieriieiiierieeiieeie et et sere e eeee e 3

1.1.3 Applications of polyoXometalates............oeeuierieiiiiiiieiiieee e 4

1.2 Modification of polyoXometalates ............ceouieriieiiiiiieiiiece e 6

1.2.1 TranSition METAL ........coouiiieriieieiieeeiee ettt ettt sb e e eees 7

1.2.2 Organometallic deTIVALIVES ........cccuiieiieeeiiieeiiee et erre et eeree e e e eereeeereeeneeas 8

1.2.3 Main group €leMENtS. .......ccoueiiiriiiiiiiiiiieeeese ettt 9

L.2.3.T HALIACS ettt ettt ettt 10

1.2.3.2 Monodentate alkoXide.........coouiiiiiriiiiiiniiiieieee e 10

1.2.3.3 TriSalKOXIACS .....eeiiiiiieeiieeieee ettt 11

1.2.3.4 Organosilyl derivatiVes ........ccccevueriiriiniiriiniteie ettt 12

1.2.3.5 Organoimido deriVatiVES......c..eevueriiriiniiiiirieeie ettt 13

1.3 Methods of preparing organoimido derivatives of hexamolybdate ............ccceevevvvvnieennnnen. 16

1.4 Organoimido hexamolybdate bimetallic SYStemMS ........ccccvveeviiieiiieeiieeeieece e, 18

1.5 GOQIS ..ttt b et ettt aes 21
Chapter 2 - ‘Dithiocarbamate’ as a remote functionality to form bimetallic polyoxometalate

11 01 1o PSSR 25

2.1 INEEOAUCTION. ...ttt ettt s e bt et e bt e st e e sbtesabeesbeeeabeens 25

2.2 EXPETIMENTAL......eiiiiiiiiiiieiie ettt ettt ettt et e st e bt e sabeesaeesabeessbeenbeensaeenseens 30

viil



2.2.1 Synthesis of Zwitter-ion of 4-aminopiperidine, 1..........ccccoeeevieeeciieeriieeeniie e, 30
2.2.2 Synthesis of Sodium 4-aminopiperidine dithiocarbamate, 2 ............c.cccecveeeeveeneen. 30
2.2.3 Reaction of Sodium 4-aminopiperidine dithiocarbamate with chromium(II), 2.Cr 31

2.2.4 Reaction of Sodium 4-aminopiperidine dithiocarbamate with manganese(Il), 2.Mn

........................................................................................................................................... 31
2.2.5 Reaction of Sodium 4-aminopiperidine dithiocarbamate with iron(III), 2.Fe......... 31
2.2.6 Reaction of Sodium 4-aminopiperidine dithiocarbamate with cobalt(Il), 2.Co ...... 31
2.2.7 Reaction of Sodium 4-aminopiperidine dithiocarbamate with nickel(II), 2.Ni....... 32
2.2.8 Reaction of Sodium 4-aminopiperidine dithiocarbamate with copper(Il), 2.Cu..... 32
2.2.9 Reaction of Sodium 4-aminopiperidine dithiocarbamate with zinc(Il), 2.Zn ......... 32
2.2.10 Reaction of Sodium 4-aminopiperidine dithiocarbamate with silver(I), 2.Ag ...... 32
2.2.11 Synthesis of Tetrabutylammonium 4-aminopiperidine dithiocarbamate, 3........... 33
2.2.12 Synthesis of 4-(4-nitophenyl) piperazine, 4..........ccccceecueevieeieenieniienieeee e 33
2.2.13 Synthesis of Tetrabutylammonium 4-(4-nitrophenyl) piperazine dithiocarbamate, 5
........................................................................................................................................... 33
2.2.14 Synthesis of 4-(4-aminophenyl) piperazine, 6.............cccccceeevveerieeciiencieesieenreeenens 34
2.2.15 Synthesis of Sodium 4-(4-aminophenyl) piperazine dithiocarbamate, 7............... 34
2.2.16 Reaction of Sodium 4-(4-aminophenyl) piperazine dithiocarbamate with

ChromMIUM(IL), TuCT oot et e et e e eesnreeenaeeens 35
2.2.17 Reaction of Sodium 4-(4-aminophenyl) piperazine dithiocarbamate with

mManganese(Il), 7ML ......cooiiiiiiiiiiii et ettt e e 35

2.2.18 Reaction of Sodium 4-(4-aminophenyl) piperazine dithiocarbamate with iron(III),

2.2.21 Reaction of Sodium 4-(4-aminophenyl) piperazine dithiocarbamate with
COPPEI(IL), TeCU ettt ettt et e st eseabeesnneeeas 36
2.2.22 Reaction of Sodium 4-(4-aminophenyl) piperazine dithiocarbamate with zinc(II),

X



2.2.23 Synthesis of Tetrabutylammonium 4-(4-aminophenyl) piperazine dithiocarbamate,

. J TSRS 36
2.2.24 Synthesis of 4-(4-nitrophenyl) piperidine, 9...........cccoeevveriieiiienireiieeie e 37
2.2.25 Synthesis of 4-(4-aminophenyl) piperidine, 10 ...........ccccoceeeviierieeiieniieiieeie e 37
2.2.26 Synthesis of Sodium 4-(4-aminophenyl) piperidine dithiocarbamate, 11 ............. 38

2.2.27 Reaction of Sodium 4-(4-aminophenyl) piperidine dithiocarbamate with cobalt(II),

2.2.29 Reaction of Sodium 4-(4-aminophenyl) piperidine dithiocarbamate with

COPPEI(IL), TTaCU .ttt e e et e e st e e stbeeesbeesnnseeenneeens 39
2.2.30 Reaction of Sodium 4-(4-aminophenyl) piperidine dithiocarbamate with zinc(Il),

| 8 O/ | ST SSSR 39

2.3 ReSUlts and dISCUSSION ....eeuvieuiiiiiieiieeiie et ie ettt ettt ettt e st e et e et e e seeesabeesbeesnbeesseesnneans 39

2.3.1 Studies with 4-aminOPIPETIAINE .......c.eeevieruieriieriieeieeie et eriee e eseeereeseeeereeseaeeseenenes 39

2.3.2 Studies with 4-(piperazin-1-y)aniline .............cccceeevrerieeiiienieiiiienieeieesee e 45

2.3.3 Studies with 4-(piperidin-4-y1)aniline...........c.cccceeriiieiiiiiiienieiieee e 48

2.3.4 Microwave assisted covalent grafting of 11.Zm ...........cccooiiiiniiniiiiniinecenceeee 50

2.4 CONCIUSIONS. ...couiiiiteiie ettt sttt ettt e st e bt e eab e e bt e sabeesbbeeabeesseesaneens 50

Chapter 3 - Extended dithiocarbamate systems based on poly(pyrazolyl)borates as organoimido

ELIVETY TEAZENLS ...ttt ettt et sttt et b et st b ettt e bt e naeeae e 53
3.1 Poly(pyrazolyl)DOTates .......cc.coouiriiiiiiiiiiiiieient e 53
R I 25 q 011 01011111 721 E RS 56

3.2.1 Synthesis of 3,5-diphenyl pyrazole, 12..........ccocvvieiiiieiiiieieeee e 56
3.2.2 Synthesis of Potassium tris(3,5-diphenylpyrazolylborate), 13 ..........ccccecveriinennnene 57
3.2.3 Synthesis of Potassium tris(3,5-dimethylpyrazolylborate), 14..........ccccccervenennnene. 57
3.2.4 Synthesis of Cobalt chloro tris(3,5-diphenylpyrazolylborate), 15............cceeennee.e 57
3.2.5 Synthesis of Nickel bromo tris(3,5-diphenylpyrazolylborate), 16............cc.cc......... 58
3.2.6 Synthesis of Nickel nitrate tris(3,5-diphenylpyrazolylborate), 17...........cceouvenneenne. 58
3.2.7 Synthesis of Copper nitrato tris(3,5-diphenylpyrazolylborate), 18 ......................... 58
3.2.8 Synthesis of Manganese chloro tris(3,5-diphenylpyrazolylborate), 19 ................... 58



3.2.9 Synthesis of Cobalt chloro tris(3,5-dimethylpyrazolylborate), 20........................... 59

3.2.10 Synthesis of Nickel bromo tris(3,5-dimethylpyrazolylborate), 21 ........................ 59
3.2.11 Synthesis of Copper nitrato tris(3,5-dimethylpyrazolylborate), 22 ....................... 59
3.2.12 Synthesis of Manganese chloro tris(3,5-dimethylpyrazolylborate), 23................. 60

3.2.13 Reaction of Cobalt chloro tris(3,5-diphenylpyrazolylborate) with sodium (4-
aminopiperidine) dithiocarbamate, 24 ..............cccovieeiiieeiiieeeecee e 60
3.2.14 Reaction of Nickel bromo tris(3,5-diphenylpyrazolylborate) with sodium (4-
aminopiperidine) dithiocarbamate, 25 ...........cccoooiieiieiiiiiiiee e 60
3.2.15 Reaction of Copper nitrato tris(3,5-diphenylpyrazolylborate) with sodium (4-
aminopiperidine) dithiocarbamate, 26 ...............ccccveeeiiiieiiieeiieecee e 60
3.2.16 Reaction of Cobalt chloro tris(3,5-dimethylpyrazolylborate) and sodium (4-
aminopiperidine) dithiocarbamate, 27 ...........cccveviieiiieriieiieie e 61
3.2.17 Reaction of Nickel bromo tris(3,5-dimethylpyrazolylborate) and sodium (4-
aminopiperidine) dithiocarbamate, 28 ............c.coooviieiiiieciieee e 61

3.2.18 Reaction of Copper nitrato tris(3,5-dimethylpyrazolylborate) and sodium (4-

aminopiperidine) dithiocarbamate, 29 ............cccoovvieiiieiiiiiieeieeeee e 61

3.3 Results and diSCUSSION .....c.eiiuiiiiiieiiieiie ettt ettt ettt et e bt e et e e e enbeesaeeenne 62
3.3.1 Synthesis of Poly(pyrazolyl)borate ligands ...........ccccceeviiriieniiniiiniicieeeeeee e 62
3.3.2 Synthesis of metal complexes with 13 and 14 ............cooceiiiiiiiiii e 64
3.3.2.1 Infrared analysis of metal complexes with 13 and 14............c.ccoocvveviiiiiiiiiiniens 64
3.3.2.2 Electronic spectroscopy of metal complexes of 13 and 14............cccceeveniiinnene. 65
3.3.2.3 Single crystal X-ray structures of metal complexes of 13 and 14 ........................ 65
3.3.2.3.1 Crystal structure of CuNO3;BH[tris(3,5-diphenylpyrazole)].........c.cccceeueen.e. 65
3.3.2.3.2 Crystal structure of Mn[BH(3,5-dimethylpyrazole)s]2 .....cccocevvevieerieeennnennnne. 66

3.3.3 Synthesis of metal dithiocarbamate complexes of tris(3,5-diphenylpyrazole)borates

and tris(3,5-dimethylpyrazole).........cocoviiriiiiniiiiee e 67
3.3.3.1 Infrared analysis of metal dithiocarbamate complexes of tris(3,5-

diphenylpyrazole)borates and tris(3,5-dimethylpyrazole)borates..........cccccceceenierieeniennaenne 68
3.3.3.2 Electronic spectroscopy of metal dithiocarbamate complexes of tris(3,5-

diphenylpyrazole)borates and tris(3,5-dimethylpyrazole)...........cccocerviniiiiniieniincnnne 68

X1



3.3.4 Attempts to prepare POM hybrids with metal dithiocarbamate complexes of tris(3,5-

diphenylpyrazole)borates and tris(3,5-dimethylpyrazole)borates..........ccccveeveveeecieercnreennee. 69
3.4 CONCIUSIONS. ...ttt ettt sttt e bt et e bt et et s et e beenneeaeenees 69
Chapter 4 - Bimetallic hexamolybdate systems based on the pyridyl group.........ccccceevvennrennnnn. 72
T N % T 1 (RSP 72
4.1.1 Self-assembled polyoxometalate hybrids bearing the pyridyl group..........cccvevennennee. 73
4.1.2 Organoimido hexamolybdate derivatives bearing the pyridyl group.........ccccccveeueeneee. 75
4.2 EXPETIMENTAL......eiiiiiiiiieiieiiie ettt ettt ettt ettt e et e e b e esteesnbeesaeesseenseesnseessseenseensseensaen 79
4.2.1 Synthesis of 3,5-di(pyridin-2-yl)-4H-1,2,4-triazol-4-amine, 30.............c.ccccvennee.. 80
4.2.2 Synthesis of 4-((trimethylsilyl)ethynyl)aniline, 31..........cccccooiiiiiiiniiniiiiniineens 80
4.2.3 Synthesis of 4-ethynylaniline, 32...........ccceviiiiiiieiiieiieeieeieee e 81
4.2.4 Synthesis of 4-(pyridin-4-ylethynyl)aniline, 33............ccccooiieiiiniiiiieniiciieeee e 81
4.2.5 Synthesis of 4-(pyridin-3-ylethynyl)aniline, 34...........cccociniininiiniiniiiniceens 81
4.2.6 Synthesis of phosphineimine of 3,5-di(pyridin-2-yl)-4H-1,2,4-triazol-4-amine, 3582
4.2.7 Synthesis of Triphenylphosphinimine of 4-(pyridin-4-ylethynyl)aniline, 36.......... 82
4.2.8 Synthesis of Triphenylphosphinimine of 4-(pyridin-3-ylethynyl)aniline, 37.......... 83
4.2.9 Synthesis of HCI salt of 3,5-di(pyridin-2-yl)-4H-1,2,4-triazol-4-amine, 38 ........... 83
4.2.10 Synthesis of 4-(pyridin-4-ylethynyl)aniline hydrochloride, 39 ...........cccccoeeenie. 83
4.2.11 Synthesis of 4-(pyridin-3-ylethynyl)aniline hydrochloride, 40 ................c...c....... 83
4.2.12 Synthesis of (TBA)2 [Mos018(Mo(4-(pyridin-4-ylethynyl)aniline)], 41 ............... 84
4.2.13 Synthesis of (TBA)2 [MosO13(Mo(4-(pyridin-3-ylethynyl)aniline)], 42............... 84
4.3 ReSults and diSCUSSION .....cecuuieiiiiiieeiiesiieetie ettt ettt ettt e st e et e s bt e seeesateesaeesabeesseeenseans 85
4.3.1 Synthesis of pyridyl based [iGands...........ccoeeriiieiiiieiiiieiieeeeee e 85
4.3.1.1 Synthesis of 3,5-di(pyridin-2-yl)-4H-1,2,4-triazol-4-amine, 30............c.ccvee....... 85
4.3.1.2 Synthesis 0f 33 and 34 [1iaNdS.........cceriiriiiiiiieieeee e 85
4.3.2 Attempts to use phosphineimine derivatives of the pyridyl based ligands as
TMIAOAEIIVETY TEAZENL ....eeeeiiieeiiieeiie ettt e et e et ee e sbe e e saeeesnbeeesbeeesseeenseesnseeennns 87
4.3.2.1 Phosphineimine derivative (35) of 30 as imidodelivery reagent ..............cc.c....... 87

4.3.2.2 Phosphineimine derivatives (36 and 37) of 33 and 34 as imidodelivery reagents 89
4.3.3 Attempts to use pyridyl ligands directly as imidodelivery reagent via Peng’s route... 91
4.3.3.1 30 as IMidOdelIVETY TEAZENL........ceecuiieeiieeeiieeeiie ettt eree e e e e e eree e 91

xii



4.3.3.2 33 and 34 ligands as imidodelivery reagents .........c.ccoecveeeeveeeniieenieeeniee e 91

4.3.3.3 30 as IMidOdeliVETy T€AZENT........ccccuiieeiieeeiieeeiieeetee et e e e e e e e e eeereeeeaeas 92
4.3.3.4 33 and 34 as imidodelivery reagents.........cccecueeuierieeiiienieeiienee e ereeiee e eeaens 92
4.3.4 Attempts to purify hexamolybdate derivatives, 41 and 42 .............cccceevieecienieeneennen. 96
4.3.4.1 Classical attempt of fractional crystallization..............ccceeeeveeirciieeniieeeniie e, 96
4.3.4.2 A novel attempt to purify via halogen-bonding...........c.cccecvevevciieeniieenciieeieeeeen. 97
4.3.5 Attempts to coordinate second metal 10N .........cceeveviiriieiiierieeiierie e 98
4.3.5.1 Copper as second MEtaAl 10N ........c.eeeiieriieriiieriieeiierite et erte et sereeaeeseeeebeeseneeneens 98
4.3.5.2 Palladium as second metal 10M.......ccc.eeiiiiiiiiiiiiiieieeieete e 98

4.4 CONCIUSIONS. ...couieeitieiie ettt ettt et e ettt e st e e bt e et e e bt e sabe e beesabeeseesabeesnbeenbeesseesnseans 99

Chapter 5 - Exploring acetylacetonates as a remote functionality to prepare hexamolybdate imido

RLYDTIAS ©oentieeeie e et ettt ettt e e nb e taeebe e abeenbeensbeenbeenaaeenns 101
5.1 DIKELOMNES ...ttt ettt et e et e bt e et e e bt e et e e sateebeeeneeenteen 101
5. 1.1 ACELYLACRLOMNES ..ottt ettt et et ettt et e e sneas 102
5.1.2 Application of metal acetylacetonates ...........ccceevveeeiieriieniieiieeie et 103
I 25 q 011 81011111 721 P RTRR 104
5.2.1 Synthesis of 4-iodobenzaldehyde, 43 ..........cccooiiiiriiniiii e 104
5.2.2 Synthesis of biacetyl-trimethylphosphite adduct, 44 ..............cccceviiiniiiiiiiniies 105
5.2.3 Synthesis of 4-hydroxy-3-(4-iodophenyl)pent-3-en-2-one, 45...........ccvveeveeeneen. 105

5.2.4 Synthesis of 3-(4-((4-aminophenyl)ethynyl)phenyl)-4-hydroxypent-3-en-2-one, 46

5.2.5 Synthesis of Triphenylphosphinimine of 3-(4-((4-aminophenyl)ethynyl)phenyl)-4-
hydroXypent-3-€n-2-0N€, 47 ........cccouiiriiieeieeeiie ettt e e ebee e e e enbee e e 106
5.2.6 Reaction of 3-(4-((4-aminophenyl)ethynyl)phenyl)-4-hydroxypent-3-en-2-one with
mManganese (I1), 40.IVIM .........c.oooiiiiiiiiiiiee ettt et e 106
5.2.7 Reaction of 3-(4-((4-aminophenyl)ethynyl)phenyl)-4-hydroxypent-3-en-2-one with
CODAIL(IL), 40.C0........ceeeeeeieeee ettt e e e e e e sbe e eabe e e naeeenaeas 107
5.2.8 Reaction of 3-(4-((4-aminophenyl)ethynyl)phenyl)-4-hydroxypent-3-en-2-one with
NICKE] (I1), 40N ...ttt et e e e ar e e ear e ensee e 107
5.2.9 Reaction of 3-(4-((4-aminophenyl)ethynyl)phenyl)-4-hydroxypent-3-en-2-one with
COPPET (I1), BO.CU ...ttt et e e e et e e e eeenaeeenneas 107

xiil



5.2.10 Reaction of 3-(4-((4-aminophenyl)ethynyl)phenyl)-4-hydroxypent-3-en-2-one

With ZINC (I1), 40.ZUN ...ttt ettt ettt e s e e e neas 107
5.2.11 Reaction of 3-(4-((4-aminophenyl)ethynyl)phenyl)-4-hydroxypent-3-en-2-one
with indium (I1), 46. 10 ..........coooiiiiiiieiiiee et 108
5.2.12 Synthesis of 3-(4-((4-aminophenyl)ethynyl)phenyl)-4-hydroxypent-3-en-2-one
hydroChIOTide, 48 ...........oiiiiieee et e e e e et e e e e e enens 108
5.2.13 Synthesis of Triphenylphosphinimine of 4-ethynylaniline, 49..............ccccc.c..... 108
5.3 Results and diSCUSSION ......cc.ueriiriiiiiiieiieiesteie ettt st sttt 109
5.3.1 Synthesis of 3-(4-((4-aminophenyl)ethynyl)phenyl)-4-hydroxypent-3-en-2-one ..... 109
5.3.2 Single crystal structure of 3-(4-((4-aminophenyl)ethynyl)phenyl)-4-hydroxypent-3-en-
2m0T1€ .ttt ettt h et b et h et a bt bt e et e e h et e ab e e bt e et e e e bt e e bt e nhe e et e e naeeeane 111
5.3.3 Phosphineimine derivative (47) of 46 as imidodelivery reagent ............ccccecveenneenne.. 112

5.3.4 Synthesis of metal complexes of 3-(4-((4-aminophenyl)ethynyl)phenyl)-4-

hydroXYPent-3-€N-2-01€ .......cceeriiriiiiitiieieeiie ettt ettt et e et ebeeseeeebeesaeeenne 113
5.3.4.1 Characterization of metal complexes of 46 using infrared spectroscopy ........... 114
5.3.4.2 Single crystal structure 0f 46.CU ...........cceeeiiiiiiieiieiieeieeieecie e 114
5.3.4.3 'TH NMR spectroscopic study of 46.Zm COMPIEX..........c.coeveverererereeererrereereenen. 115

5.3.5 46.Zn metal complex as imidodelivery reagent..........cccccoceeverienernieniicneenenieneeens 115

5.3.5.1 Attempts for covalent grafting of 46.Zn on to hexamolybdate using Peng’s route

......................................................................................................................................... 116

5.3.5.2 Microwave assisted covalent grafting of 46.Zn on hexamolybdate.................... 116

5.3.6 Attempts to use 46 as imidodelivery reagent..........cccceeveeveenierienienieeiienecencseeens 116
5.3.7 Attempts to use phosphineimine derivative of 4-ethynylaniline as imidodelivery

TEAZENIE 1. .veeeeetieeeteeetteeettee ettt e etteeeateeesaseeeasseeesseeasseeensseeanssaeanssaeanseesanseeesnseeensseeennseeennseeans 117

5.4 CONCIUSIONS.....cutiiiiiieiieeit ettt et st a et sbe et saeesbe et e st e sbeenaesane e 117

Appendix A - Supramolecular studies with dithiocarbamates.............cccoeceeriieniiiiiiiniiiniee 120

A.1 Hydrogen-bonding studies of dithiocarbamates.............cccccueeriieerciieeniieeniieeeiee e 120

A.2 Halogen-bonding studies of dithiocarbamates.............c.ccecveeeiiieniiiieniieecie e 121

A3 CONCIUSION ..ttt ettt et b e et sbe e bt et eatesaeebeeaee e 124

Appendix B - 'H, 13C and *'P NMR, IR and UV-Visible spectroscopic data.............c...co.c....... 126

Xiv



List of Figures

Figure 1.1 Lindqvist polyoXOmetalates...........ccueeriuiieiiieeniieeciie et et e e eee e eree e e e eree e 2
Figure 1.2 Types of heteropolyanions. ..........ccceerieriieiiieiiieiieeie ettt 3
Figure 1.3 Molybdenum blue and brown POMS. ...........cccciiviiiiiiniieniieieeeie e 3
Figure 1.4 Increase in number of publications on polyoxometalates in recent years. .................... 4
Figure 1.5 Types of organic-inorganic POM hybrids..........cccccuveviiiiiiieeiiiecieeeeeeee e 7
Figure 1.6 Transition metal functionalized POM interacting with histidine. ............ccccecevveneenen. 7
Figure 1.7 Self-assembled 1D chains of a dimanganese (Mn'"") functionalized POM.................. 8
Figure 1.8 Organo-ruthenium functionalized POM...........c.ccoceiiiiiiiiniiininiciceceseeee 9
Figure 1.9 Windmill-like structure of [ {Rum®-p-MeCsHaPr')}4M0aO16]......vevvveveeereereeereeeerennn, 9
Figure 1.10 Structure of the fully oxidized [W6014Cl10]* @nion. ..........cccocoevevevereeeeeeeeeeeeeeenenens 10

Figure 1.11 A cobalt complex stabilized by the monomethylated [IMosO23(OMe)]* anion. ...... 11

Figure 1.12 (a) Trisalkoxo functionalization as a route towards bimetallic systems; (b)

Metalloporphyrin interacting with a trisalkoxo functionalized POM..........cccccoceeviriinennnen. 12
Figure 1.13 Organosilyl functionalization of a POM for further chemical modification............. 13
Figure 1.14 Lindqvist POM displaying oxygen atoms in three different environments. ............. 14
Figure 1.15 Mixed disubstituted hexamolybdates. ............cocceveriiniiiiniiniiniccecee 15
Figure 1.16 An organoimido POM [(Bu4N)2[M0sO1s-N-Ph-(0-CH3)2-p-SCN] used as an anode in

[1th1um 10N DALLEIIES. ..c.eeiiiiiiiiiiiiiiecee e 16
Figure 1.17 POM hybrid displaying antitumor aCtiVity.........ccceeerieeerieeeiieeniieeeiieesieeesveeesivee s 16
Figure 1.18 Suggested mechanism for oxo substitution by phosphineimines in POMs............... 17
Figure 1.19 Suggested mechanism for oxo substitution by isocyanates in POMs. ...................... 17

Figure 1.20 Peng’s route for hexamolybdate functionalization using arylamine as an organoimido
AEIIVETY TEAZENL. ...eueiiieiiie ettt ettt ee e te e st e e s bt e e saaee e sseeennseessseesnsseesnnseesnseesnnns 18

Figure 1.21 Wei’s route for POM functionalization using arylamine as the organoimido delivery
reagent in the presence of its hydrochloride salt.............ccooiiriiiiiiiiiiiniice e, 18

Figure 1.22 Organoimido-based vanadium (V) derivative complexed with: (a) thodium; and (b)

tungsten, forming bimetallic architeCtures. ...........oovviieiiieeiiie e 19

XV



Figure 1.23 POM derivatives with metal-coordinating functional groups: (a) m-pyridyl; (b) p-

nitrile; and (C) P-CarbOXYL. c...oiiiiiiiiii e 19
Figure 1.24 Control of electron flow in POM hybrids by breaking the conjugation in the system
............................................................................................................................................... 20
Figure 1.25 Bimetallic POM hybrid having an extended conjugated system............c.ccccevveennenne 20
Figure 1.26 Synthesizing bimetallic organoimido hexamolybdates capable of diverse
APPLICALIONS. ..vviiiiieiieeieeitte ettt et et e et e et e et e e sttesabeesaeeesbeessseenseessaeenseensseensaessseenseensseanseens 21
Figure 2.1 Synthesis of 1,1-dithiolate anion. ..............ceccuveviiiiiienieeiieeeeee e 25
Figure 2.2 General synthesis of DTCS COMPIEXES......ueieriiieriieeiiieeiiee et 27
Figure 2.3 Mesomeric structures 0f DTCS. .....cocuiviiiiiiiiiiiiiiieneceeececceeseee e 27
Figure 2.4 Synthesis of transition metal DTCs COMPIEXES.......ccoveeiieriiiiiienieeiiecie e 27
Figure 2.5 Different modes of metal coordination of DTC ligand. .........cccccceviiniinenenienicnnnne. 28
Figure 2.6 Possible supramolecular arrays resulting from various coordinating modes in
dithIOCAIDAMALES. ...c.eiiiiieiie ettt ettt e et see e et e bt e ebeesseeenneens 28

Figure 2.7 Metal-centered electrochemical properties of copper dithiocarbamates, Cu(Radtc)> . 29

Figure 2.8 Type (I) POM hybrid, [Ru2(S2CNMe:z)3(p3-S2CNMe:)2]2[MosO19] 2CH3COCHs. ... 29
Figure 2.9 X-ray crystal structure of Zwitterion, L.........c.cccciiiiiiiiiiiiiieieee e 40
Figure 2.10 Proposed mechanism for formation of 1. .......cc.cocoviiiiiiiniininicccecee 41
Figure 2.11 Synthesis 0f 2. .....ooiiiie e et 41
Figure 2.12 X-ray crystal structure for 2.NI. ......cocooiiiiiiiiiieeeee e 43
Figure 2.13 Attempted covalent grafting of 2.Co to hexamolybdate. .........c..coceverveniininncnnenn. 44
Figure 2.14 Synthesis 0f 3. ..ot 44
Figure 2.15 Attempts to covalent graft 3 onto hexamolybdate..............ccoceeniiiiiiniiiiiiniiieene. 45
Figure 2.16 Synthetic scheme for metal dithiocarbamates of 7 as imidodelivery reagent. .......... 46
Figure 2.17 Synthetic scheme for metal dithiocarbamates of 11 as imidodelivery reagent. ........ 48
Figure 2.18 'H NMR spectrum of zinc dithiocarbamate of 4-(piperidin-4-yl)aniline, 11.Zn. ..... 49
Figure 3.1 General routes of synthesis of poly(pyrazolyl)borate ligands. .........cccceevevvrrrrieennnenne 53
Figure 3.2 Successive pyrazolyl substitution in molten synthesis. .........cccceeeeerieenienieeniennieenee. 53
Figure 3.3 Resemblance of poly(pyrazolyl)borate ligand to the shape of a hunting scorpion. .... 54
Figure 3.4 Comparison of poly(pyrazolyl)borate ligands with cyclopentadienyl ligands............. 54

XVi



Figure 3.5 Reported synthesis of dithiocarbamate complexes based on hydrotris(3,5-diphenyl-1-
PYTAZOLY1)DOTALE ANTOM. ..uviiiiiiieiiieeciee ettt et e e e et e e et eeebeeessbee e aseeeaseeesseeesseaens 55
Figure 3.6 Synthetic scheme for metal complexes of tris(diphenylpyrazolyl)borate ligands as

TMIAOAEIIVETY TEAZENL. ...eevieiiiieiiieetieiie ettt ettt ettt e ete e teeeebeesaaeebeesaaeenseensseenseens 62
Figure 3.7 Possible products under the reaction conditions. ..........ccccueeeeveeeiieeniiieencie e 63
Figure 3.8 X-ray crystal structure of 13.........ccoioiiiiiiiiiiiie e 64
Figure 3.9 X-ray crystal structure of 18..........cccoeiiiiiiiiiiiiieceee e 66
Figure 3.10 X-ray crystal Structure 0f 23 .........ccooiiiiiiiiiiieieeieee e 67
Figure 3.11 Reaction of metal pyrazolylborate complexes With 2 ..........cccceeevieeiieeniieeniie e, 67
Figure 4.1 Structure of PYTIAINe. .....cooveeiiiiiiiiienieeecee et 72

Figure 4.2 Change in the coordination environment upon modification of the pyridyl ligand .... 73

Figure 4.3 Self-assembled trimer based on bis(pyridine-trisalkoxo)-hexavanadate and

[PACTI2(CHICN)L] cevieiieiieieeteete ettt ettt ettt st ettt sa e s e s e s e sesseeseeseesaessessensesessenseesseseanes 74
Figure 4.4 A molecular switch based on POM-hybrid .........cccccoceviiiiniiniininiicccinecee 74
Figure 4.5 Possible extended supramolecular architectures resulting from bimetallic organoimido

heXAMOLYDAALES. .....eoeiiiiieciii ettt et e b et e et e e enaeebeenneas 75
Figure 4.6 Synthesis of pyridyl based imido-hexamolybdates ............cccccoveevuiriiniincniiniencnnne. 76

Figure 4.7 Reason for incompetency of pyridylimido hexamolybdate hybrid for metal
COOTAINALION ...ttt ettt ettt ettt et et be et e sae bt eaneebeenae e 76

Figure 4.8 Adding electron donating group for improving the g-donor ability of pyridylimido

heXAMOLYDAALE ....oveiiiiiiiiiii ettt 77
Figure 4.9 Synthesis of 3-(pyridin-3-yl)phenylimido hexamolybdate ...........c.cccocevveniininnennenn. 77
Figure 4.10 POM cluster rearrangement observed upon use of 1,10-phenanthrolin-5-amine as the

organoimido delIVETY TEAZENL. ......ccuiiiiiiieiiieeeiie et eree e e e e e et eeaeee e 78
Figure 4.11 Ferrocenylimido—hexamolybdate metal compleX ........cccoecvereeviiniineineniicnienienne 78
Figure 4.12 Synthesis of a coordination polymer based on organoimido hexamolybdate............ 79
Figure 4.13 Potential ligand (30) for organoimido functionalization of hexamolybdate. ............ 85
Figure 4.14 Synthesis 0f 30 ........oooiiiiiiie ettt e 85
Figure 4.15 Designing of new organoimido delivery reagents, 33 and 34 ............cccceeeverienennene. 86
Figure 4.16 Scheme for synthesis of common starting materials for 33 and 34..............ccc... 86
Figure 4.17 Final steps to prepare 33 and 34 ..........coooviiiiiiieiiieeieeeeeeeee e e 87

Xvii



Figure 4.18 Synthesis 0F 35 .....uviiiiiieie ettt e e e e e sbee e saveeenaeeennaeeeas 88

Figure 4.19 31P NMR STUAY OF 35 ......voveoeieeeeeeeeeeeeeeeeeeeeeeee e 88
Figure 4.20 Attempt to synthesize hexamolybdate hybrid using 35 as organoimido delivery
LT 0 oS 1| TP 89
Figure 4.21 Synthesis 0 36 and 37........cooouiieiiiiiiiieeee et e e 90
Figure 4.22 Maatta’s route to functionalize hexamolybdate with 36 and 37.............c.ccccveeennnen. 91
Figure 4.23 Peng’s route to synthesize derivative with 30. ...........ccccoevviiiiiiniiiiiieeeeeeeeee, 91
Figure 4.24 Wei’s route of functionalization With 30.............cccoeviieiiiiiiiiiiiiniieee e, 92

Figure 4.25 Wei’s route to functionalize hexamolybdate using 33 and 34 as organoimido delivery
TEAZEIILS. ...eeeuitteeutteeettee ettt e ettt e e bt e e ettt e eateeeaabeeeatee e bteeeabbeeeabbeeeabbeeeabaeeaabeeeeabeeeaabeeeeabeeenteeeanne 93

Figure 4.26 Infrared spectrum of hybrid, 41 containing 33 covalently anchored to

heXamMOLYDAALE. ......eoiiiiiiiiie ettt et ettt eebeennees 94
Figure 4.27 'H NMR of hybrid, 41 containing 33 covalently anchored to hexamolybdate. ........ 95
Figure 4.28 'H NMR of hybrid, 42 containing 34 covalently anchored to hexamolybdate. ........ 96
Figure 4.29 Halogen bonding in 4-10dopYyridine...........cceevveeeiierieeiiienieeieenieeieeseeeeveeseeeeneenenes 97
Figure 4.30 Selected halogen bond dOnors. ..........c.eecvieeiiiriieiiieieciece e 97
Figure 4.31 Copper iodide affinity for pyridine.........cccccoceeviriiniininiiinienecenececeece e 98
Figure 4.32 Gouzerh et al. Anderson-Evans POM, MnMosO15{(OCH2);CNHCO-(4-

CsHAN) F2PACTn ettt et b et ne e e 99
Figure 5.1 General structure of diKetOnes..........ceecviieiiiiiiiiieiieceeeeeee e e 101
Figure 5.2 Different metal coordination modes of monoanionic diketones ..........c..cccceeeerueenenn 101
Figure 5.3 Synthesis of acetylacetonates ...........ccceeiirieiiiriiniiiieiereeerteeee e 102
Figure 5.4 Resonance structures of acetylacetonates..........ccccueeevveeervieeiiieencieeeie e 102
Figure 5.5 Designing of the organoimido delivery reagent, 46. ..............cccceeeveevcieenceeencieeenen. 109
Figure 5.6 Synthetic SCheme fOr 46 ...t 110
Figure 5.7 Synthetic sSCheme 0f 45.......cc.ooiiiiiii e 110
Figure 5.8 "H NMR SPECHIUM OF 460.........coovoveveeeeieeeeeeeeeeeeeeeeeeeeeeeeeee e 111
Figure 5.9 X-ray crystal Structure 0f 46.............ccccuviiiiiiiiiie et 112
Figure 5.10 3'P NMR SPECtIUM OF 47. ....c.ovovivieieieeieeeeeeceeeeeeeee e seneseeeeeenes 113
Figure 5.11 X-ray crystal structure of 46.CU............cccooiiiiiiiiiiiiiiieeteee e 114
Figure 5.12 "H NMR SPectrum Of 46.ZuI. ..............ccovueueeeeeeeeeeeeeeeeeeeeeeeeeeeeee e 115

XViil



List of Tables

Table 2.1 Types of 1,1-dithiolates. .......ccccvviieiiiieiiiecieeee e e e 26
Table 2.2 Metal compleXes With 2.........c.coiiiiiiiiiiiiiieie ettt ieesae b e seneeseens 42
Table 2.3 Metal dithiocarbamate complexes With 7. ........ccoccvieiiiiiiiiieniieeeeeee e 47
Table 2.4 Metal dithiocarbamate complexes wWith 11, .........ccccoeviiiiiiiiiciecee e 49
Table 3.1 IR spectroscopic studies of metal complexes of 13 and 14. ..........c.cooecvveeviieecieeenenne 65

Table 3.2 IR spectroscopic studies of metal dithiocarbamate complexes of tris(3,5-

diphenylpyrazole)borates and tris(3,5-dimethylpyrazole)borates............cccoeeverveevreenrennnnne 68
Table 4.1 *'P NMR peaks for possible COMPOUNGS. ..........coovvirevieiieeeeeeeeeeeeeeeeeeeeeeeeesesesenesenans 90
Table 4.2 '"H NMR shift observed in 33 based hybrid of hexamolybdate, 41.............................. 94
Table 4.3 '"H NMR shift observed in 34 based hybrid of hexamolybdate, 42. ................ccoo....... 95
Table 5.1 IR shifts observed for metal complexes 0f 46 ...........coooveviieiieniienieeieeeeee e, 114

X1X



Acknowledgements

I express my deepest gratitude to my advisor Prof. Eric A. Maatta for his unstinted
guidance, invaluable ideas and immense support throughout the course of the past five years. His
vast knowledge coupled with the good research ethics such as logical thinking that he instilled in
me has provided the foundation stone for the present dissertation. You have always been kind
and patient with me, and treated me with utmost respect throughout these years. I have learnt a

lot from you and that will play a significant part in where I am in my life in future.

I would like to especially thank Prof. Christer B. Aakerdy for always keeping his office
door open for me at all times for both professional and personal discussions. Your invaluable
suggestions, encouragement and unwavering support always gave me courage and helped me get
through the difficult times as well as focus on my research with a renewed energy. Also, thanks a

lot for giving me an honorary membership to the Aakerdy group.

I am grateful to my committee members Prof. Kenneth J. Klabunde, Prof. Om Prakash
and Prof. John R. Schlup for being on my committee, and for always accommodating me in your

busy schedules, as well as providing me with positive feedback.

I would also like to thank Dr. John Desper for kindly collecting data and solving the
single crystal structures included in this dissertation, thus helping me solve the many puzzles
encountered during my research. Thank you Dr. Leila Maurmann for all the help with my NMR
and mass spectroscopy studies. I would also like to thank Ron Jackson for being my handyman
and helping me fix all the technical issues encountered during the course of the past five years. A
special thanks to Ron and Leila for keeping an eye on me while I was working alone in the lab,
and also for all the fun times I had with the two of you. I would also like to thank Jim Hodgson,
Tobe Eggers, chemistry staff members and Michael Hinton for making my life enjoyable and so
much easier here at K-State. A sincere thank you to the Department of Chemistry, KSU for

providing me with teaching assistantship for all these years.

I am much obliged to the Aakerdy group members, past and present, for being good

friends and for their unconditional help and support throughout. Importantly, I would like to

XX



acknowledge the endless love and support of all my friends. Thank you all for always being

there.

A sincere thanks to Abhi for just being a wonderful person. You have always been a
savior and always helped me sail through my difficult times. Thanks so much for being so

patient and comforting all this time. In short, thanks for being you.

Last but not the least, I fall short of words in expressing my profound personal gratitude
to my family for their unconditional love and affection, patience and constant encouragement
throughout all the endeavors in my life. I wish that I remain fortunate enough to always have this
support in future as well. You all were and will always be the pillars of my life and career. |

could never have achieved all this without you all.

XX1i



Dedication

I dedicate this dissertation to my ever-caring and supportive father, and my loving and

adorable mother. I really love you both.

xXx1i



Chapter 1 - Introduction

1.1 Polyoxometalates

Polyoxometalates (POMs) can be defined as discrete metal-oxygen anionic clusters. The
basic connecting unit in these clusters are {MOx} polyhedra, where M are usually early
transition metals (V, Nb, Ta, Mo, W) in their highest oxidation states.! Although their structures
and properties, such as thermal and oxidative stability, are very similar to that of metal-oxides,
they are more soluble in water or other solvents. As a result, they are also sometimes referred to
as “soluble oxides”.> Another feature that distinguishes POMs from metal-oxides is their ability
to incorporate a variety of heteroatoms (P, As, Si, Ge) in the architecture. These are well known
for their diverse sizes, nuclearities, and shapes, where these clusters can range from macro (e.g.,
Mos019%) to nanosized species (e.g., HiM036s01032(H20)240(SO4)45**).3

The first polyoxometalate was reported in the early 19" century, when Berzelius
synthesized a yellow ammonium salt, (NH3);PMo1204.* But, due to limited analytical
techniques, their characterization and a systematic study of their properties did not begin until
the early 20th century.’ Till date, hundreds of POMs have been reported, of which the most
studied structures contain molybdenum (VI) and tungsten (VI), as these metals have empty and
accessible d-orbitals for metal-oxygen m-bonding which in turn favors the combination of ionic
radius and charge.®

POMs are typically synthesized in an acidic medium, as shown below, where an
oxoanion ion undergoes protonation, and upon polycondensation of the MO4*" units, nano-sized
anionic clusters are formed.>

nMO4> + 2mH" 2 MyOun-m®™™ + mH,O

oxoanion (tetrahedral) polyanions (octahedral assemblies)

These anionic assemblies are usually stabilized by the presence of counter cations such as
alkali metal ions, ammonium or alkylammonium ions:’
18Na;WO4 + 32H3POs = Nag[P2W130s2] + 30Na[H2PO4] + 18H20
10Na;WO4 + 16HCI + 4[n-C4Ho)sN]Br = [n-CsHo)sN]s[W10032] + 16NaCl + 4NaBr + 8H,O



1.1.1 Classification of polyoxometalates
Due to the vast diversity in structure types, classification of POMs is a necessity and can
be done in several ways. Based on their composition, they can be broadly classified into three

major categories.

1.1.1.1 Isopolyanions

The condensation of similar species leads to the formation of an isopolyanion (IPA) with
the general formula of [MmOy]P".> The central atom in this category is an oxygen atom around
which the metal framework is built. Consequently, these are less stable than other forms of
POMs. Nevertheless, they display interesting physical properties, such as high charges and
strongly basic oxygen surfaces, which makes them attractive units for use as building blocks.®
The most symmetrical structure in this class is the 'Lindqvist Ion', with the general formula
[MgO19]*, where M = Mo, W, V, Nb or Ta and the charge (x) depends upon the number of metal
substitutions (Figure 1.1). The structure contains six octahedrons connected through a common

vertex, an oxygen atom, which bonds to six metal centers in a 6 coordination mode.’

Figure 1.1 Lindqvist polyoxometalates.’

1.1.1.2 Heteropolyanions

Several oxoanions condense around a central tetrahedral (e.g., SO4> or PO+*) or an
octahedral template, or around another metal atom, wherein this reaction yields a
heteropolyanion (HPA) with the general formula [XsMnOm]*".> It has been postulated that this
reaction is thermodynamically driven.!® This class of POMs can further be divided into three
main categories based on their X/M ratio (where X is heteroatom) (Figure 1.2). These types of
anions are much more robust and thus, various tungsten-based Keggin {Mi2.n} and Dawson
{Mis} anion based lacunary polyoxometalates have been developed and are still being

extensively researched.?



Anderson-Evans, [ XM0,,]™ Keggin [XM5,040]™ Dawson [X;M 306, ]™
XM=1/6 XM =1/12 XM=1/6

Figure 1.2 Types of heteropolyanions.?

1.1.1.3 Molybdenum blue and molybdenum brown reduced POMs

This is a more recent class of POMs consisting of highly reduced species. Although,
molybdenum blue was first reported by Scheele in 1783,!! its actual composition came to light in
1995, when Miiller identified it as a high nuclearity cluster {Mois4} having a ring topology.'?
Upon altering the pH and amount of reducing agent, these species can transform into
molybdenum brown {Moi32}, which possesses a ball-like spherical structure (Figure 1.3).%!2
This class of POMs is attracting increasing attention owing to their photochromic and

electrochromic applications.>%8

Blue; {X, MV, MV} Brown; {X, MV, MV}

Figure 1.3 Molybdenum blue and brown POMs.®

1.1.2 Properties of polyoxometalates
Due to their diverse molecular structure, POMs display remarkable properties which
makes them an interesting field of study. The structural similarities with classic metal oxides
makes them robust architectures with high thermal and oxidative stability. Moreover, POM

clusters exhibit high molecular mass (up to 10,000 amu) and large size (6-25 A), which in turn



provides them with high surface area.'® In aqueous medium, POMs behave as strong acids (pKa
< 0) and have gradually replaced use of mineral acids in catalysis.> POMs decompose under
basic conditions in a controlled manner.'*
[CtMo0s024H6]*>* + 90OH > Cr(OH); + 6Mo0O4> + 6H.0O
[PW12040]*" + 230H" > 12WO04* + HPO4 + 11H,0

POMs are highly charged anions (-3 to -14) and modification of the counter cations offers
excellent tunable solubility in aqueous as well as in organic solvents, which makes them
attractive in both homogeneous and heterogeneous applications.!> Some POMs are also known
for their luminescence!® and magnetic properties.!” They are also photoreducible and the
oxidized and reduced forms show different visible colors. POMs are also known as electron
reservoirs which in turn allows for reversible multi-electron transfers without structure
degradation, with remarkable redox properties. For example, some POMs can take up to 32

electrons before the cluster decomposes. !

1.1.3 Applications of polyoxometalates
The diverse physical and chemical properties exhibited by POMs (see previous section)
renders them as attractive candidates in various fields of research. A wide range of applications
of POMs are well documented, and a significant increase in the number of publications and

patents based on POMs has been observed in recent years (Figure 1.4).°
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Figure 1.4 Increase in number of publications on polyoxometalates in recent years.%*

The primary use of POMs is in the field of catalysis, which includes many homogeneous
and heterogeneous reactions such as epoxide synthesis, oxidative coupling, esterification,
condensation, hydration of olefins, and Friedel-Crafts acylation.18 Several POM-stabilized multi-
d-electron-metal-based water oxidation catalysts have been developed recently which are more
efficient, carbon-free and robust in comparison to previously reported homogeneous or

heterogeneous systems.!” Functionalization of POMs by metal substitution or covalent grafting



of organic groups can considerably alter properties such as polarity, redox potentials, surface
charge distribution, shape, and acidity, which makes them attractive in the field of medicine as
depending on the target macromolecule, the reactivity of POMs can be altered?®* Also, POM
based drugs are easier to scale-up in comparison to the counter organic drugs, which makes their
use much more economical. POMs are also very popular due to their antiviral and antitumor
activities, as well as for their role in enhancing the effectiveness of antibiotics against resistant
strains of bacteria.?

Since POMs form stable insoluble salts with large cations and have the ability to accept
electrons without major structural changes, these can act as corrosion inhibitors, which reduces
toxicity in comparison to traditional inhibitors such as chromates, phosphates or silicates.'?
Lomakina et al. reported corrosion inhibition based on POM alloys, wherein these alloys could
be used as construction materials in atomic industries owing to their high radiation stability.?!
Moreover, the ability of POMs to form stable precipitates with cationic dyes promotes their use
as pigments, dyes, and ink in jet printers and photocopier toners.!* Combining their acid catalysis
property with their photochromic, electrochromic, and ion conductive nature via the sol-gel
approach yields siloxane-POM acid networks with antireflective and antistatic properties, that
can be used as coatings for buildings and automobiles with reliable light control.'*?> Mo- and W-
based POMs are photosensitive in nature and on combining these with organic reducing agents,
photographic materials for the production of images and recording, can be synthesized.?

POMs can act as a reversible oxidant in wood pulp bleaching process, thus offering a
greener alternative to the use of chlorine which forms toxic chlorinated aromatics and dioxins as
side products.?* POMs have also been used as process aids for extracting radioactive nuclei (such
as Cs-134 and Cs-137) which are usually present in low concentrations in medium active
aqueous wastes.”> POM-based membrane devices or sensors such as solid-state electrochromic
devices and gas detection apparatuses can be produced, by coupling their high ionic conductivity
with their ability to undergo redox processes.?® POMs can also be used as a secondary charge
storage system and thus have been utilized for optimizing battery components and capacitors.'?
Also, POMs are known to self-assemble to form supramolecular gels, which exhibit thermo- and

photo-responsive properties.?’



1.2 Modification of polyoxometalates
Due to the diverse properties of POMs and their immense potential in several fields of
research, there is a growing interest in functionalizing these clusters. Following are some
important reasons for the functionalization of POMs:

a) Metal oxides have been used as catalysts for various organic reactions, but determining
the reaction mechanism is difficult in this case. The structural similarities of
polyoxometalates to metal oxides coupled with their enhanced solubility, makes them as
interesting candidates for use in such reactions and may also provide an understanding of
the elementary steps of heterogeneous reactions. Furthermore, new transition metal-based
catalysts can be developed, thus generating a new class of oxide-supported catalytic
materials.

b) Functionalization of POMs may improve the stability of otherwise unstable architectures,
thus leading to novel building blocks for macroassembly.

c) Incorporating ligands with remote functionality may provide a means of extending these
architectures into interconnected POM networks.

d) Peripheral oxygen atoms may be activated via functionalization of the POM.

e) Multifunctional oxidation catalysts demonstrating higher selectivity for antiviral
chemotherapy may also be prepared by functionalizing POMs.?®
Depending on the type of interactions, the POM hybrids can be categorized into two

classes. All the systems where the interaction between the organic and inorganic components is
non-covalent in nature, such as electrostatic interactions, hydrogen bonds, or van der Waals

interactions, are part of class I hybrids (Figure 1.5).%

On the other hand, systems where the two
components are interconnected via covalent or iono-covalent bonds comprise of class II hybrids.
In class II hybrids, the organic ligand is required to either substitute an oxo group of the POM or
bond directly to the metallic center. Since, the terminal oxygen atoms are good nucleophiles, an
electrophilic ligand bearing an organic moiety can bond covalently with POMs. Both the
chemical nature and the electronic properties of the inorganic moiety needs to be considered
before covalent functionalization of POMs. Since, POMs are anionic in nature, neutral or
negatively charged organic systems will favor covalent grafting over electrostatic interactions.’

The work presented in this thesis focuses on class II type hybrids, hence further discussion will

focus exclusively on such systems.
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Figure 1.5 Types of organic-inorganic POM hybrids.!

1.2.1 Transition metal

One of the most common ways of modifying POMs is by incorporating transition metal
ions in the framework.!?® Dawson- and Keggin-type POMs under alkaline and other appropriate
conditions (e.g. pH, temperature, and concentration) loose one or more metal centers in a
controlled manner to yield lacunary POM species.'® These lacunary species exhibit isomerism
and are known to react with various transition metals (e.g., Fe''', Mn", Co", Ni',, Zn") to form
substituted Keggin POMs. These POMs display luminescent and unusual magnetic properties
due to the unpaired electrons of transition metals, and hence can be used in nanocomputer
storage devices.?

In a recent report, a transition metal-functionalized POM derivative with a well-defined
histidine-chelating site, displayed improved AP inhibition and peroxidase-like activity in
comparison to the parent POM (Figure 1.6).3°
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Figure 1.6 Transition metal functionalized POM interacting with histidine.*



A novel dimanganese Mn"™  containing Keggin-type polyoxotungstate
Ks[Mn2SiW10037(OH)(H20)]- 11H20 self-organizes via the divacant {SiWi0O36} unit to form a
1D POM architecture containing the rarely observed Mn—O—W bridges, wherein the manganese

centers display antiferromagnetic behavior (Figure 1.7).%!

[«-SiW,0..]"™ 1D chains of [«-Mn,SiW,,0,.]"

h’% Lq
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. Mn(OAc),-4H,0 | W

Figure 1.7 Self-assembled 1D chains of a dimanganese (Mn''™") functionalized POM.>!

1.2.2 Organometallic derivatives

Organometallic compounds are well known for heterogeneous catalysis.>> Many POM
derivatives have been prepared by grafting organometallic moieties for investigating any
variations in the reactivity and surface dynamics of the organometallic fragment.*?

A series of four organo-ruthenium supported heteropolytungstates were prepared by
reacting [Ru(arene)Cl2] (arene = benzene, p-cymene) with [XaW22074(OH),]'*” (X = Sb'!!, Bi'l)
in a buffer medium, wherein these clusters showed a higher catalytic activity for several
reactions (Figure 1.8).>* For example, a strong electrocatalytic water oxidation peak which is
more positive than its parent Ru(arene) oxidation process was observed. Also, there was an

enhancement in the catalytic activity for oxidation reactions of n-hexadecane and p-xylene (due

to the ruthenium substituent on the polyanion).



Figure 1.8 Organo-ruthenium functionalized POM.>*
An interesting organometallic derivative of POM, [{Ru(n®-p-MeC¢H4Pr')}4Mo04O16], was
observed by Siiss-Fink et al., where the [RusMo04O12] framework forms a central [M04O4] cube

with four folded ORuO flaps resembling the sails of a windmill (Figure 1.9).%

Figure 1.9 Windmill-like structure of [ {Ru(m®-p-MeCe¢H4Pr')}4M04O16].%

1.2.3 Main group elements
The oxo ligand is isolelectronic to other main group ions such as F, HO", HN*, N*, and
HC?, and thus can be substituted by these ions. Another characteristic of the oxo ligand to be
considered, is that they are good z-donors, which might be a key feature for stabilizing the metal
atoms in their higher oxidation states. Also, a distintictive feature is their inclination to form

multiple bonds.?



1.2.3.1 Halides

Halides, being reactive, are suitable for further modification, and thus have been
extensively researched. An ammonium salt of [CoW1103sF>2H4]® having Keggin-like structure
was reported by Wasfi ef al., wherein the cobalt atom is thought to occupy the octahedral site
vacated by the missing tungsten atom.>® The fluorine atoms replace the oxygen atoms that form
the central cavity, and are not involved in z-bonding, thus rendering the architecture unavailable
for any further chemical modification. This observation highlights the reluctance of fluorine to
participate in multiple bonding.

A polyoxochlorotungstate, [W014Cli0]*>, was prepared by reacting (n-BusN)[W202Cl7]
with p-tolyl azide which is an example of a fully oxidized POM (Figure 1.10).>7 It consists of
two trinuclear [W303(pn-O)3Cla(pus-Cl)] fragments joined by two linear W-O-W linkages.

Figure 1.10 Structure of the fully oxidized [W6014Clio]* anion.?’

1.2.3.2 Monodentate alkoxide

Many examples in literature can be found where monodentate alkoxide groups have been
incorporated in POMs.!?® For example, monomethylated [IMosO23(OMe)]* anions, which adopt
an Anderson-type structure stabilized by the steric protection of the supporting ligand in the

dinuclear Co complex have been isolated (Figure 1.11).8
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Figure 1.11 A cobalt complex stabilized by the monomethylated [IMosO23(OMe)]* anion.*®

1.2.3.3 Trisalkoxides

Monodentate alkoxides usually do not form stable Anderson-type clusters. As a result, for
stabilizing such systems, a vast number of derivatives have been prepared by using the steric
requirements of trisalkoxy moieties. The arms of the trisalkoxy moiety binds three metal atoms
in a triangular arrangement forming a bridge, while simultaneously capping the tetrahedral
cavities of the POM frameworks. This approach has been explored in developing POM
derivatives bearing remote functionalities that can coordinate to a second metal atom (Figure
1.12 (a)).¥%% For example, POM derivatives where the bridge is a triol moiety bearing a
pyridyl functional group has been reported (Figure 1.12 (b)).*’ These display a J isomeric-
Anderson framework with a trisalkoxo ligand attached on both sides, whereas the pyridyl
nitrogen atoms are coordinated to the metalloporphyrins [ZnTPP] and [Ru(CO)TPP]. However,
cyclic voltammetric studies of these assemblies with [Ru(CO)TPP] displayed an irreversible

change in the reduction potentials.
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Figure 1.12 (a) Trisalkoxo functionalization as a route towards bimetallic systems?; (b)

Metalloporphyrin interacting with a trisalkoxo functionalized POM.*

1.2.3.4 Organosilyl derivatives

A wide variety of organosilyl POM derivatives with potential for further chemical
modifications have been explored.*! Synthesis of such hybrids usually depends on the
nucleophilicity of the oxygen atom of lacunary heteropolyoxometalates (Keggin or Dawson
lacunary structures) and the electrophilic nature of organosilanes.! In a bid to assemble new
hybrids displaying catalytic activity, a phosphine containing alkylsilane was grafted into the
defect position of a lacunary [SiW11039]®", which on further treatment with the appropriate
rhodium reagent resulted in a POM hybrid, {SiW11039[O(SiCH2CH>PPh,)PPhsRh(I)C1]}*,
bearing a covalently bonded Wilkinson's type catalyst (Figure 1.13).*1° The catalytic activity of
the hybrid towards hydrogenation of alkenes showed a marked increase in comparison to the

classic Wilkinson’s catalyst, Rh(I)Cl(Ph)s.
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Figure 1.13 Organosilyl functionalization of a POM for further chemical modification.*!¢

1.2.3.5 Organoimido derivatives

Organoimido ligands are catalytically important for ammoxidation of propylene into
acrylonitrile,* olefin aziridination** and in various nitrogen transfer reactions.** Thus, synthesis
of organoimido-POM hybrids are of great interest, as it is expected that the z electrons of an
organic group introduced via an imido linkage may get extended to the inorganic framework via
strong d—pm interactions, which in turn may modify the electronic structure and redox properties
of the resulting hybrid.>! A common method of introducing an organoimido functionality in a
POM framework is by directly substituting the oxo linkage with nitrogenous ligands in a
Lindqvist POM.*

Lindqvist POMs can be expressed by the general formula, [MO19]", (M = Mo, W, Nb,
Ta, V) (see section 1.1.1), wherein the framework contains oxo ligands in three different
coordination environments (Figure 1.14).° First, the structure contains a central oxygen atom
bound to six metal atoms in a e coordination mode resulting in an octahedral geometry. Second,
each metal atom is further connected to neighboring metal atoms via four oxo ligands in a p»
coordination mode, thus forming a bridge. Third, each metal atom is capped by a terminal oxo

ligand forming a M=O bond (one o-bond and two z-bonds).
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Terminal M=O

Figure 1.14 Lindqvist POM displaying oxygen atoms in three different environments.’

These terminal oxo ligands can potentially be substituted by various isoelectronic
nitrogenous ligands such as organoimido,*® diazoalkyl,*’ and diazenido species.*® Varying these
imido-releasing reagents yields different types of imido-POM derivatives, and can also introduce
multi-functionality in the resulting hybrid. The first documented organoimido derivative,
[MosO15(NR)]*", was synthesized by Zubieta et al. in 1988 by reacting [Mo(NR)Cla(thf)] with
[Mo0207]*".* The first reported single-crystal X-ray characterization of an organoimido derivative
was presented by Maatta ef al. in 1992, wherein the tolylimido derivative [MoeO1s(Ntol)]> was
prepared by reacting [MoeO19]*~ with PhsP=Ntol.*® This novel study greatly excelled the interest
in the synthesis and characterization of organoimido POM derivatives.

In the search for assembling multifunctional hybrids, various organic moieties have been
incorporated into POM clusters using the imido moiety. Recently, several organic ligands with
different functional groups were stepwise grafted onto hexamolybdates to form mixed
disubstituted organoimido hexamolybdates, with the aim of synthesizing chiral clusters with

reduced symmetry (Figure 1.15).%°
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Figure 1.15 Mixed disubstituted hexamolybdates.>

The use of POMs is limited in electrochemical applications, owing to their low electronic
conductivity. Thus, functionalizing them with organic moieties may improve their electronic
conductivity, due to enhanced metal to ligand charge transfer (MLCT) via d-= interactions.’!
Moreover, the organic molecules with different donor atoms than oxygen may arrange
differently around the binding site, thus providing a handle for adjusting the chemical and
geometrical preferences of various other metals. In a recent communication, the authors
synthesized an organoimido derivative, [(BusN)2[MosO1s-N-Ph-(0-CH3)2-p-SCN], bearing an
electron withdrawing group (—SCN) as a pendant and tested it as an anode for a lithium ion
battery (Figure 1.16).°2 The hybrid showed excellent capacity retention and stable cyclic life for
100 cycles. Also, the cyclic voltammetric studies showed that lithium insertion and extraction by
the hybrid is reversible in nature. These properties can be explained by the covalent modification

of the POM as it provides high conductivity, faster ion transfer and structure stabilization

through d—m interactions.
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Figure 1.16 An organoimido POM [(Bus4N)2[MosO13-N-Ph-(0-CH3)2-p-SCN] used as an anode
in lithium ion batteries.>?

An organoimido derivative of POMs containing an electron-donating ethyl group has

been prepared by Yua et. al, wherein the single crystal structure of the hybrid displays dimer

formation accompanied by z-m stacking between two parallel phenyl rings (Figure 1.17).%

Preliminary studies with the hybrid displayed enhanced antitumor activity on the cellular growth

inhibition to K562 cells when compared to the parent hexamolybdate cluster.

2

Figure 1.17 POM hybrid displaying antitumor activity.*’

1.3 Methods of preparing organoimido derivatives of hexamolybdate

Several methods for preparing organoimido derivatives of hexamolybdates have been
documented to date.*>® Maatta group follows the direct reaction of an organoimido delivery
reagent and the tetrabutylammonium hexamolybdate, [TBA]>[Mo0¢O19], under an inert
atmosphere using mild heating conditions.*” The organoimido delivery reagent used is either a

phosphineimine (R-N=PPh3) or an isocyanate (R-NCO). The detailed mechanism for the
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functionalization of hexamolmolybdates is still not clear, but with phosphineimines, it has been
suggested that the terminal Mo-O bond and the phosphorus-nitrogen double bond are involved in
forming a four-membered transition state, similar to that of the Wittig (net) [2 + 2] intermediate,
which on rearrangement yields the desired functionalized POM (Figure 1.18).*¢%55 The by-

product of this reaction is triphenylphosphine oxide which has to be removed.

[Moz04g] Mo=—0 n_no—o [Mo5045] Mo=N—Ar
+ —_— N—PR3 — +
A’ &
Ar—N=PR; O=—PR;

Figure 1.18 Suggested mechanism for oxo substitution by phosphineimines in POMs.>
Isocyanates are assumed to react in a similar manner to phosphineimines, via a four-
membered transition state, but they generally require longer reaction times and the by-product is
carbon dioxide which is expelled from the system (Figure 1.19).¢ This reaction requires minimal
workup despite involving longer reaction times, thus making this route more attractive than the

phosphineimine route.

6+ 5-
[Mo504g] Mo—=0 MO—O [Mos0O45] Mo=N—Ar
+ — N—c —_— +
75 80Ny
Ar—N=C=0 O0=C=0

Figure 1.19 Suggested mechanism for oxo substitution by isocyanates in POMs.>

New methods for the functionalization of hexamolybdates have been developed by Peng
and Wei.””*® The organoimido delivery agent in these methods is an arylamine which is used in
the presence of N,N'-dicyclohexylcarbodiimide (DCC), and the methods involve refluxing under
an inert atmosphere. Peng’s route involves direct substitution of the terminal oxygen atom in
[TBA]2[M06O19] with an arylamine, where DCC acts as a dehydrating/activating agent (Figure
1.20). While the mechanism for this method is still unknown, it is suggested that DCC plays two
roles: (i) it activates the terminal Mo-O bond of hexamolybdate by forming an activated
intermediate species, which then interacts with an arylamine (similar to its activating effect on
the carboxyl group in the synthesis of amide or peptides); and (ii) as a sacrificial dehydrating
reagent. The by-product in this route is N,N'-dicyclohexylurea which needs to be separated, and

the overall reported yields are higher in comparison to previous methods.>’
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Figure 1.20 Peng’s route for hexamolybdate functionalization using arylamine as an
organoimido delivery reagent.’” 3

Wei proposed a modified version of Peng’s method for the functionalization of POMs,

wherein octamolybdate [TBA]4[MosO26] was utilized in place of hexamolybdate, along with the

hydrochloride salt of the corresponding arylamine (Figure 1.21). In this reaction, conversion of

octamolybdate to hexamolybdate is a possibility due to the presence of the hydrochloride salt of

the arylamine. This synthetic route is reported to be highly efficient with faster reaction rates and

higher yields.>

+ AT—NHZ
[Mo,05,] Mo==0 __CH,CN > [Mos045] MO==N—Ar
reflux, inert atm.
+ Ar—NH;ClI

R—N=C=N—R R—H—C—H—R
»
»;" P o -
(3~ o3a %

€

Figure 1.21 Wei’s route for POM functionalization using arylamine as the organoimido delivery

reagent in the presence of its hydrochloride salt.*

1.4 Organoimido hexamolybdate bimetallic systems
Organoimido POM derivatives have been investigated further in a bid to assemble
bimetallic systems which find use in the field of electrochemistry®? and catalysis.®® For example,
Maatta and Hill reported a p-pyridylimido vanadium (V) complex, wherein the pyridyl nitrogen
atom (c-donor / m-acceptor) was capable of coordinating a second metal center (Figure 1.22).%!

This study attracted a great deal of attention and furthered the work on bimetallic POM

architectures.
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Figure 1.22 Organoimido-based vanadium (V) derivative complexed with: (a) rhodium; and (b)
tungsten, forming bimetallic architectures.®!

The presence of diverse metal-coordinating organic functional groups on the

oraganoimido POM derivatives makes them more active towards coordinating with a second

metal atom.®? Thus, many organoimido hexamolybdates have been synthesized with metal-

coordinating groups such as hydroxyl,®* carboxyl,%* pyridyl®® and nitrile,®® but surprisingly these

POM derivatives do not show any coordination with a second metal atom (Figure 1.23).4

(a) (b) ©

Figure 1.23 POM derivatives with metal-coordinating functional groups: (a) m-pyridyl;%* (b) p-
nitrile;* and (c) p-carboxyl.®*

The 1nability of the above POM derivatives to coordinate with another metal atom can be
attributed to the highly electron withdrawing nature of hexamolybdate, which pulls all the
electron density into the cluster, thus rendering the donor site non-basic. This problem can be
tackled via two different routes:

1. By disrupting the conjugation between the cluster and the metal-coordinating functional
group. Existing studies have indicated that incorporating non-conjugated systems in the

cluster reduces the through-bond flow of electron density into the cluster, thus POM
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derivatives having the ability to coordinate different metal atoms can be synthesized

(Figure 1.24).°7

e e-

Figure 1.24 Control of electron flow in POM hybrids by breaking the conjugation in the
system.67
2. By adding a conjugated spacer group between the cluster and the metal-coordinating
fuctional group (conjugation is retained in the system). Peng et. al. synthesized an imido
functionalized hexamolybdate bearing a remote terpyridyl moiety with an extended -
conjugated bridge displaying the capability of coordinating with Zn®" and Ru®" ions
(Figure 1.25).8

(MogO13) ==N

[(MogO4g)==N

Figure 1.25 Bimetallic POM hybrid having an extended conjugated system.5®
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1.5 Goals

Although, organoimido functionalized POM hybrids have been extensively
researched,*%° but studies based on hybrids capable of coordinating another metal atom
(bimetallic systems) for use in the fields of catalysis and electrochemistry are still rare. The work
in this thesis is focused on the design and synthesis of novel organoimido delivery reagents
capable of forming bimetallic POM hybrids, and the use of these ligands towards the synthesis of
bimetallic hexamolybdate derivatives. The delivery reagents were designed thoughtfully and
separate organic moieties were selected for coordinating to both the cluster and the second metal
atom (Figure 1.26).

(1) -NH: group: Are suitable for oxo substitution (isoelectronic to oxo ligands), hence

can be used for coordinating to POMs.

(1)) A functional group having the capability of coordinating with another metal atom.

c Organic linker @

Group that can replace Ligand to coordinate
oxo linkage second metal

_h

Figure 1.26 Synthesizing bimetallic organoimido hexamolybdates capable of diverse

Organic linker

applications.

The selected functional groups having the potential for coordinating to metal atoms are
dithiocarbamates (Chapters 2 and 3), extended pyridyl group (Chapter 4), and acetylacetonates
(Chapter 5). Detailed synthesis and characterization of these organoimido delivery reagents, and
the attempted preparations of the corresponding POM hybrids are outlined in the following
chapters. This work was undertaken envisioning organoimido hexamolybdate as the
metalloligand, which can coordinate to another metal atom, and exhibit electronic
communication between the cluster and the second metal atom, thus leading to the formation of

versatile POM hybrids.
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Chapter 2 - ‘Dithiocarbamate’ as a remote functionality to form

bimetallic polyoxometalate hybrids

2.1 Introduction

Polyoxometalates (POMs) are discrete metal-oxygen anionic clusters which are
structurally similar to that of metal oxides thus, are sometimes referred as “soluble molecular
oxides”.! Amongst the many unparalleled properties, POMs are known to undergo multiple
electron redox processes which are reversible in nature, which makes them attractive platforms
for electron- and/or energy-transfer.” Many POM-based hybrids have been known in literature
where these are combined with various organic molecules like N-containing ligands, amino
acids, polypeptides, organometallics, tetrathiafulvalene, bis(ethylenedithio)tetrathiafulvalene and
perylene, possessing n-electron donor ability.?

The properties that can emerge out of such POM-based hybrids depends vastly on the
choice of both the components. In search of synthesizing POM-based bimetallic systems, we
chose a very well-studied dithiocarbamate (DTC) functionality. Dithiocarbamate complexes have
been known for a very long time and are extensively covered in literature due to their wide range
of applications in agricultural and rubber industry materials* and their potential use as
chemotherapeutics, pesticides, and fungicides™ due to their antibacterial,”® antitumour®® and
antifungal properties.!’ Dithiocarbamates fall under the category of 1,1-dithiolates which are

formed when a nucleophile attacks at the neutral carbon disulfide as shown in Figure 2.1.1011.12
s

© C//s — Nu C//
e S \\D \e

s s©
20 c//_) c

AN e

Figure 2.1 Synthesis of 1,1-dithiolate anion.'

Some other types of 1,1-dithiolates are summarized in Table 2.1.!":1?
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Table 2.1 Types of 1,1-dithiolates.'!?

Name Composition Structure
R S
Dithiocarbamate RoNCS3 /
N— C& ©
R S
se
Dithiocarbonate 0CS* /
o—c :'
\‘e
S
Se
Trithiocarbonate CSs* /
s=—c’
\‘-e
S
S
Dithiocarboxylate RCS; /
R— Ci ©
S
S
Xanthate ROCSz /
R—O——cC. ©
S
R S
Phosphino-dithioformate R2PCS5 / o
P—cC:
R S
S
Thioxanthate RCS3
R—sS——C. ©
S
se
Dithiocarbimate RNCS»* /
R—N=—C"
\‘e
S

DTCs are generally prepared by a reaction between primary/secondary amine and carbon

disulfide together in an alkaline medium (Figure 2.2).!* The reaction is generally exothermic in
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nature. Alkali or alkaline earth metal ions usually result in water soluble DTC complexes with

limited solubility in organic solvents. To improve the solubility in organic solvents, ammonium

complexes have been prepared.®

S
\ NaOH /NH,OH _ \ //

N—H + CS, N—cC + H,0

R R S’ Na*/NH 4
Figure 2.2 General synthesis of DTCs complexes.®
The structure of dithiocarbamate anion can be expressed in four resonance structures
(Figure 2.3).!? The strong band found between 1480-1550 cm™! in the infrared spectrum of these
complexes is a key diagnostic feature for vc.n stretch having a partial double bond character also
known as the thioureide band.'>!'* The band is intermediate of that of vc.n (1250-1350 cm-1) and
ve=n stretch (1640-1690 cm-1) corroborating a significant contribution of the Figure 2.3 (d)

resonance structure, thus showing that DTCs are semi-amides of dithiocarbonic acid.

R\ /S R /s R /S R se
/N—C< - \N—c/ - \N—C © w«-—>» \N©=C
e \se R S R/ \se
(a) (b) (c) (d)

Figure 2.3 Mesomeric structures of DTCs. "

Dithiocarbamates are the ligands known for their chelation properties with various
transition metals and for stabilizing a wide range of oxidation states.'® Such behavior can be
explained due to the presence of sulfur atoms which help in delocalizing the positive charge of
the coordinating metal upon complexation.!> The transition metal complexes can be synthesized

by the metathesis of metal salt and alkali/ammonium DTCs complexes (Figure 2.4).

<
R S R S R s
/> \ / v \
N—~C e N—C —_— N—C..© /M
\3 / \\ / \\s’/
R S R S R

Figure 2.4 Synthesis of transition metal DTCs complexes.'
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From the perspective of inorganic chemistry, the dithiocarbamate functionality is
important for two reasons:
1) DTCs can adopt various chelation modes in metal complexes providing structural

variability in the metal complexes (Figure 2.5).!”

| | I I I
Z°N 25N N PN PN
) T HS\M""‘s AN / S\M/S\M T T

M M M
(a) (b) (©) (@ (e)

Figure 2.5 Different modes of metal coordination of DTC ligand.!”

The potential of DTCs to form a wide range of coordination complexes results in an array
of supramolecular frameworks being formed. Any modification to the structure of the
dithiocarbamate ligand results in substantial changes in the structure—behavior of the complexes
formed.!? Choice of appropriate substituents on DTCs and the coordinating metal can lead to

coordination architectures capable of cation, anion or neutral guest recognition (Figure 2.6)."
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e.g. M = Cufll), Ni(ll}, P(ID, Pl 1), Cuflll), Au(lil) c.g. M = Fe( 11T}, Co{lIl), Ni(I¥)
Figure 2.6 Possible supramolecular arrays resulting from various coordinating modes in
dithiocarbamates. '
2) Moreover, incorporation of different metal ions in the same molecular framework or
modifying the substituents in metal dithiocarbamate complexes provides an

opportunity to explore the metal-centered electrochemical properties of the resulting
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complexes.!® For example, Hendrickson et al. studied the redox properties using
normal pulse, ac, and cyclic voltammetry at a platinum electrode for a series of
copper dithiocarbamates, Cu(Rzdtc),, by varying the substituents attached and

established two successive and reversible electron transfer series (Figure 2.7)."

+ —_
[Cu(Rzdtc),] [Cu(Rydtc),] [Cu(R,dtc),]
ZERQ
CURRENT - SCAN DIRECTION
-
5
&
3
e
e [cuti-Prydtel, | —= Cutj- Pradtcly + & \
Cu(i-Pr;dchzsd-{Cuu-Pradvclz]' .5
-1 55 5 55 o

POTENTIAL vs Ag/AgCl
Figure 2.7 Metal-centered electrochemical properties of copper dithiocarbamates,
Cu(Radtc),. 81

To date, not many POM hybrids with metal dithiocarbamates have been reported. An
example of class (I) POM hybrid, [Ruz(S2CNMe:)3(p3-S2CNMez)2]2[MoO19] 2CH3COCH3, was

presented by Wu et al.?’

wherein a dinuclear ruthenium-dithiocarbamate cationic species is
electrostatically attached to anionic hexamolybdate and the electrochemical properties of the

ruthenium center were examined (Figure 2.8).

Figure 2.8 Type (I) POM hybrid, [Ruz(S2CNMe:)3(p3-S2CNMe:)2]2[MoeO19]-2CH3COCH;.%°
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No reports on covalent grafting of dithiocarbamates on polyoxometalate clusters are
known. Such an attachment via covalent bonds may exhibit potential electronic communication
between two units which may lead to favorable properties. With this goal in mind, we want to
investigate covalent grafting of dithiocarbamate onto polyoxometalate.

In this chapter, we have synthesized and characterized a series of novel metal

dithiocarbamate complexes and attempted to covalently graft them onto hexamolybdate cluster.

2.2 Experimental

(TBA)2[Mo¢O1s] and (TBA)s[MosO26] were prepared according to literature methods.?!
All chemicals were purchased from Aldrich and used without further purification. Acetonitrile
(CH3CN) were dried over CaH> and distilled as needed. 'H, and '*C NMR spectra were recorded
on a Varian Unity plus 400 MHz spectrometer and were referenced to residual protonated
solvent peaks (CDCl3 = 7.27 ppm, D20 = 4.75 ppm and DMSO-d® = 2.50 ppm). FT-IR spectra
were recorded on a Nicolet 380 instrument. Melting points were determined on a Fisher-Johns
melting point apparatus and are uncorrected. Mass spectra were collected using MS
system Waters ACQUITY TQD. X-ray data was collected on a Bruker SMART 1000 four-circle
CCD diffractometer at 203 K using a fine-focus molybdenum Ka tube.

2.2.1 Synthesis of Zwitter-ion of 4-aminopiperidine, 1

4-aminopiperidine (2g, 19.98 mmol) was dissolved in ethanol (30 mL). To this solution,
CS; (1.2 mL, 19.98 mmol) was added with stirring. The product was obtained as white
precipitate instantly which was filtered, washed with ethanol and diethylether and dried in air.
The precipitate was dissolved in water heated to 80°C and crystals were obtained using solvent
evaporation method. Yield: 2.89g, 82.16%; mp 188-190°C (sublimed); IR (ZnSe): 1492 cm™ (vc.
N); 'H (400 MHz, D>0) & ppm: 1.54 (d, J=12.50 Hz, 2 H) 1.99 (d, J=12.11 Hz, 2 H) 3.10 (t,
J=12.69 Hz, 2 H) 3.44 (d, ]=6.64 Hz, 1 H) 5.48 (d, J=12.11 Hz, 2 H); '3*C NMR (400 MHz, D,0)
& ppm: 29.88, 48.32, 49.58, 209.22 (N-C=S); m/z (ESI): 177.09 [M+1]", 159.97 [M-NH,]",
143.89 [M-CS]*, 126.81 [M-NH3-S]", 94.91 [M-NH3-2S]", 83.92 [M-NH3-CS»]".

2.2.2 Synthesis of Sodium 4-aminopiperidine dithiocarbamate, 2
4-aminopiperidine (4g, 39.96 mmol) was dissolved in water (30 mL) and CS; (2.4 mL,
39.96 mmol) was added with stirring. To this mixture, a solution of NaOH (1.6g, 40.00 mmol) in
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16 mL water was added dropwise and it was stirred at room temperature for 2h. The water was
removed under vacuum to obtain product as white precipitate. Yield: 6.82g, 86.18%; IR (ZnSe):
1458 cm™ (ven); '"H NMR (400 MHz, D,0) § ppm: 1.35 (d, J=12.11 Hz, 2 H) 1.88 (d, J=10.54
Hz, 2 H) 3.03 (br. s., 1 H) 3.24 (t, J=11.72 Hz, 2 H) 5.34 (d, J=12.50 Hz, 2 H); 1*C NMR (400
MHz, D>0O) 8 ppm: 33.50, 47.74, 50.56, 207.21 (N-C=S).

2.2.3 Reaction of Sodium 4-aminopiperidine dithiocarbamate with chromium(Il), 2.Cr

2 (0.25g, 1.26 mmol) was dissolved in 10 mL water. Chromium nitrate nonahydrate
(0.1877g, 0.63 mmol) was dissolved in the minimum amount of water. This solution was added
to the reaction mixture dropwise with constant stirring to obtain pale blue precipitate. The
reaction mixture was stirred for 2h at room temperature. The product was filtered on a glass

filtration frit and dried. Yield: 0.2336g, 64.58%; IR (ZnSe): 1487 cm™ (vcn).

2.2.4 Reaction of Sodium 4-aminopiperidine dithiocarbamate with manganese(Il), 2.Mn

2 (0.25g, 1.26 mmol) was dissolved in 10 mL water. Manganese chloride tetrahydrate
(0.1247g, 0.63 mmol) was dissolved in the minimum amount of water. This solution was added
to the reaction mixture dropwise with constant stirring to obtain light brown precipitate. The
reaction mixture was stirred for 2h at room temperature. The product was filtered on a glass

filtration frit and dried. Yield: 0.1482g, 58.07%; IR (ZnSe): 1470 cm™ (vcN).

2.2.5 Reaction of Sodium 4-aminopiperidine dithiocarbamate with iron(Ill), 2.Fe

2 (0.25g, 1.26 mmol) was dissolved in 10 mL water. Ferric nitrate nonahydrate (0.1697g,
0.42 mmol) was dissolved in the minimum amount of water. This solution was added to the
reaction mixture dropwise with constant stirring to obtain dark brown precipitate. The reaction
mixture was stirred for 2h at room temperature. The product was filtered on a glass filtration frit

and dried. Yield: 0.1284g, 52.88%; IR (ZnSe): 1483 cm™ (vcn).

2.2.6 Reaction of Sodium 4-aminopiperidine dithiocarbamate with cobalt(Il), 2.Co

2 (0.375g, 1.8 mmol) was dissolved in 15 mL water. Cobalt nitrate hexahydrate (0.1741g,
0.6 mmol) was dissolved in the minimum amount of water. This solution was added to the
reaction mixture dropwise with constant stirring to obtain green precipitate. The reaction mixture
was stirred for 2h at room temperature. The product was filtered on a glass filtration frit and

dried. Yield: 0.2743g, 78.69%; IR (ZnSe): 1478 cm™ (vcn); 'H NMR (400 MHz, CD.Cl) §
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ppm: 1.35 (br. s., 2 H) 1.88 (d, J=12.89 Hz, 2 H) 3.01 (br. s., 1 H) 3.08 - 3.26 (m, 2 H) 4.42 -
4.58 (m, 2 H); m/z (ESI): 408.99 [M]".

2.2.7 Reaction of Sodium 4-aminopiperidine dithiocarbamate with nickel(Il), 2. Ni

2 (0.3175g, 1.6 mmol) was dissolved in 10 mL water. Nickel nitrate hexahydrate
(0.2324¢g, 0.8 mmol) was dissolved in the minimum amount of water. This solution was added to
the reaction mixture dropwise with constant stirring to obtain green precipitate. The reaction
mixture was stirred for 2h at room temperature. The product was filtered on a glass filtration frit
and dried. Yield: 0.1952g, 59.80%; IR (ZnSe): 1442 cm™ (vc.n); 'H NMR (400 MHz, CD,Cl,) &
ppm: 1.34 (d, J=10.74 Hz, 2 H) 1.87 (d, J=17.09 Hz, 2 H) 3.05 (br. s., 1 H) 3.18 (t, J=13.67 Hz, 2
H) 4.31 (d, J=13.67 Hz, 2 H).

2.2.8 Reaction of Sodium 4-aminopiperidine dithiocarbamate with copper(Il), 2.Cu

2 (0.25g, 1.26 mmol) was dissolved in 10 mL water. Copper nitrate hemipentahydrate
(0.1465g, 0.63 mmol) was dissolved in the minimum amount of water. This solution was added
to the reaction mixture dropwise with constant stirring to obtain dark brown precipitate. The
reaction mixture was stirred for 2h at room temperature. The product was filtered on a glass

filtration frit and dried. Yield: 0.1371g, 52.63%; IR (ZnSe): 1485 cm™ (vcn).

2.2.9 Reaction of Sodium 4-aminopiperidine dithiocarbamate with zinc(Il), 2.Zn

2 (0.25g, 1.26 mmol) was dissolved in 10 mL water. Zinc nitrate hemipentahydrate
(0.1877g, 0.63 mmol) was dissolved in the minimum amount of water. This solution was added
to the reaction mixture dropwise with constant stirring to obtain white precipitate. The reaction
mixture was stirred for 2h at room temperature. The product was filtered on a glass filtration frit

and dried. Yield: 0.1173g, 44.98%; IR (ZnSe): 1477 cm™ (vcn).

2.2.10 Reaction of Sodium 4-aminopiperidine dithiocarbamate with silver(l), 2.Ag

2 (0.25g, 1.26 mmol) was dissolved in 10 mL water. Silver nitrate (0.2142g, 1.26 mmol)
was dissolved in the minimum amount of water. This solution was added to the reaction mixture
dropwise with constant stirring to obtain brown precipitate. The reaction mixture was stirred for
2h at room temperature. The product was filtered on a glass filtration frit and dried. Yield:

0.1085g, 30.55%; IR (ZnSe): 1477 cm™! (vex).

32



2.2.11 Synthesis of Tetrabutylammonium 4-aminopiperidine dithiocarbamate, 3

4-aminopiperidine (1g, 9.99 mmol) was dissolved in water (15 mL) and CS, (0.6 mL,
9.99 mmol) was added with stirring. To this mixture, a 40% aqueous solution of TBAOH (6.5
mL, 10.00 mmol) was added dropwise and it was stirred for 2h at room temperature. The solvent
was removed under vacuum to obtain product as pale yellow oil which was dried overnight
under vacuum at 60°C. Yield: 3.62g, 88.73%; IR (ZnSe): 1460 cm™ (vcn); 'H NMR (CDCl3,
400MHz, ppm): 1.00 (12H), 1.38 (2H), 1.45 (8H), 1.71 (8H), 1.80 (2H), 2.88 (1H), 3.16 (2H),
3.44 (8H), 5.82 (2H); '*C NMR (CDCls, 400MHz, ppm): 13.48, 19.54, 23.96, 35.44, 48.66,
48.97, 58.79, 212.77 (N-C=S).

2.2.12 Synthesis of 4-(4-nitophenyl) piperazine, 4??

In a 250 mL round bottom flask with a stir bar, a solution of anhydrous piperazine
(16.27g, 188.88 mmol) was prepared in 50 mL n-butanol under nitrogen atmosphere. The
solution was brought to reflux during which a solution of 4-chloronitrobenzene (10g, 63.47
mmol) in 50 mL n-butanol was added dropwise with stirring using a syringe in a course of an
hour. The reaction mixture was left to reflux overnight at about 130-140°C. The color of the
solution turned orange which on cooling resulted in yellow precipitate. The precipitate was
collected to which 6N HCI (89 mL) was added. The resulting solution was extracted with ethyl
acetate (3x100 mL). All organic layers were combined and neutralized with cold 6N NaOH
solution to attain pH=10. The organic layer was separated and was washed twice with bine
solution and was dried over Na>SO4. The solution was then filtered off and solvent was removed
under vacuum to yield bright yellow compound as product. Yield: 28.87g, 73.76%; mp 127-
128°C (lit.* 129-130°C); 'H NMR (400 MHz, CDCl3) § ppm: 3.04 (dt, J=6.64, 3.32 Hz, 4 H) 3.30
- 3.51 (m, 5 H) 6.83 (dd, J=9.37, 2.73 Hz, 2 H) 8.13 (dd, J=9.57, 2.93 Hz, 2 H); '*C NMR (400
MHz, CDCI3) 6 ppm: 46.01, 48.40, 112.87, 126.23.

2.2.13 Synthesis of Tetrabutylammonium 4-(4-nitrophenyl) piperazine dithiocarbamate, 5

In a 50 mL round bottom flask, 4 (0.3g, 1.4477 mmol) was taken in 10 mL methanol to
which carbon disulfide (0.087 mL, 1.448 mmol) was added with constant stirring, which resulted
in yellow precipitate. To this, a 40% wt. methanol solution of tetrabutylammonium hydroxide
(0.968 mL, 1.448 mmol) was added dropwise to obtain yellow solution. The resulting mixture

was stirring for 2h at room temperature after which the solvent was removed under vacuum to
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obtain yellow precipitate as the product. Yield: 0.6842g, 90.01%; IR (ZnSe): 1486 cm™ (ven);
'"H NMR (400 MHz, CDCl3) & ppm 1.01 (t, J=7.32 Hz, 12 H) 1.48 (dd, J=15.14, 7.32 Hz, 8 H)
1.73 (dt, J=7.94, 4.09 Hz, 8 H) 3.44 - 3.50 (m, 8 H) 3.51 - 3.57 (m, 4 H) 4.64 - 474 (m, 4 H)
6.76 (d, J=9.28 Hz, 2 H) 8.13 (d, J=9.28 Hz, 2 H); *C NMR (400 MHz, CDCl3) § ppm: 13.87,
19.77,24.17, 48.24, 48.93, 59.05, 111.61, 125.99, 137.88, 154.46, 214.68 (N-C=S).

2.2.14 Synthesis of 4-(4-aminophenyl) piperazine, 6>

In a 500 mL round bottom flask fitted with a stir bar, a solution of 4 (7.14g, 34.45 mmol)
was prepared in ethanol (300 mL). To this solution, conc. HCI (69 mL) was added with stirring
and the reaction mixture was heated to 70°C. SnCl>.2H>0 (25.54g, 113.22 mmol) was added and
the reaction mixture was left to reflux for 24h during which the bright yellow color of the
reaction mixture disappeared. The reaction mixture on cooling was neutralized with NaHCO3 to
pH=7-8. A large amounts of white precipitate was observed which was filtered off over Bruckner
funnel. The resulting filtrate was diluted with dichloromethane and the organic layer was
extracted (3 x 100 mL). All the organic layers were combined and washed with twice with brine
solution and was dried over NaxSO4. The solution was filtered off and the solvent was removed
under vacuum to yield a purple-brown compound as product. Yield: 4.11g, 67.23%; mp 130-
131°C (lit.* 126°C); '"H NMR (400 MHz, CDCI3) § ppm: 3.00 (d, J=4.37 Hz, 8 H) 6.65 (m,
J=8.75 Hz, 2 H) 6.81 (m, J=8.75 Hz, 2 H); 'H NMR (400 MHz, CD;0D) & ppm: 3.02 (s, 8 H)
6.71 (d, J=8.59 Hz, 2 H) 6.84 (d, J=8.59 Hz, 2 H); *C NMR (400 MHz, CDs0D) & ppm: 46.45,
52.72,117.97, 120.44.

2.2.15 Synthesis of Sodium 4-(4-aminophenyl) piperazine dithiocarbamate, 7

In a 25 mL round bottom flask, 6 (0.15g, 0.7273 mmol) was taken in 10mL methanol to
which carbon disulfide (0.044 mL, 0.7273 mmol) was added with constant stirring on which
greyish precipitate was obtained. To this, sodium hydroxide (0.0408g, 0.7273 mmol) in 1 mL
was added dropwise during which precipitate redissolved to give pale red solution. The resulting
mixture was stirred for 2h at room temperature after which the solvent was removed under
vacuum to obtain an off-white precipitate as the product. Yield: 0.12g, 51.36%; IR (ZnSe): 1454
cm™! (ven); 'TH NMR (400 MHz, D,0) § ppm: 1.62 - 1.71 (m, 2 H) 1.86 (d, J=14.45 Hz, 2 H)
2.85(s, 1 H)3.14 - 3.21 (m, 2 H) 5.60 (br. s., 2 H) 6.80 (m, J=8.59 Hz, 2 H) 7.15 (m, J=8.59 Hz,
2 H); 'H NMR (400 MHz, CD30D) & ppm: 2.94 - 3.11 (m, 4 H) 4.47 - 4.65 (m, 4 H) 6.71 (m,
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J=8.59 Hz, 2 H) 6.86 (m, J=8.98 Hz, 2 H); '*C NMR (400 MHz, CD;0D) & ppm: 51.77, 52.58,
118.02, 120.38, 142.83, 145.47, 213.50 (N-C=S).

2.2.16 Reaction of Sodium 4-(4-aminophenyl) piperazine dithiocarbamate with chromium(Il),
7.Cr

7 (0.01g, 0.0364 mmol) was dissolved in 5 mL methanol. Chromium nitrate nonahydrate
(0.0073g, 0.0182 mmol) was dissolved in the minimum amount of methanol. This solution was
added to the reaction mixture dropwise with constant stirring to obtain pale green precipitate.
The reaction mixture was stirred for 2h at room temperature. The product was filtered on a glass

filtration frit and dried. Yield: 0.0099g, 67.35%; IR (ZnSe): 1507 cm™ (vcN).

2.2.17 Reaction of Sodium 4-(4-aminophenyl) piperazine dithiocarbamate with
manganese(ll), 7.Mn

7 (0.01g, 0.0364 mmol) was dissolved in 5 mL methanol. Manganese nitrate (0.0033g,
0.0182 mmol) was dissolved in the minimum amount of methanol. This solution was added to
the reaction mixture dropwise with constant stirring to obtain purple-brown precipitate. The
reaction mixture was stirred for 2h at room temperature. The product was filtered on a glass

filtration frit and dried. Yield: 0.0045g, 44.12%; IR (ZnSe): 1510 cm™ (vcn).

2.2.18 Reaction of Sodium 4-(4-aminophenyl) piperazine dithiocarbamate with iron(I1l), 7.Fe

7 (0.01g, 0.0364 mmol) was dissolved in 5 mL methanol. Ferric nitrate nonahydrate
(0.0049g, 0.0121 mmol) was dissolved in the minimum amount of methanol. This solution was
added to the reaction mixture dropwise with constant stirring to obtain grey-brown precipitate.
The reaction mixture was stirred for 2h at room temperature. The product was filtered on a glass

filtration frit and dried. Yield: 0.0048g, 48.45%; IR (ZnSe): 1511 cm™ (vc).

2.2.19 Reaction of Sodium 4-(4-aminophenyl) piperazine dithiocarbamate with cobalt(Il),
7.Co

7 (0.01g, 0.0364 mmol) was dissolved in 5 mL methanol. Cobalt nitrate hexahydrate
(0.0053g, 0.0121 mmol) was dissolved in the minimum amount of methanol. This solution was
added to the reaction mixture dropwise with constant stirring to obtain brown precipitate. The
reaction mixture was stirred for 2h at room temperature. The product was filtered on a glass

filtration frit and dried. Yield: 0.0053g, 53.54%; IR (ZnSe): 1507 cm™ (vcN).
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2.2.20 Reaction of Sodium 4-(4-aminophenyl) piperazine dithiocarbamate with nickel(Il),
7.Ni

7 (0.01g, 0.0364 mmol) was dissolved in 5 mL methanol. Nickel nitrate hexahydrate
(0.0053g, 0.0182 mmol) was dissolved in the minimum amount of methanol. This solution was
added to the reaction mixture dropwise with constant stirring to obtain yellow-green precipitate.
The reaction mixture was stirred for 2h at room temperature. The product was filtered on a glass

filtration frit and dried. Yield: 0.0064g, 62.14%; IR (ZnSe): 1505 cm™ (vcn).

2.2.21 Reaction of Sodium 4-(4-aminophenyl) piperazine dithiocarbamate with copper(Il),
7.Cu

7 (0.01g, 0.0364 mmol) was dissolved in 5 mL methanol. Copper nitrate
hemipentahydrate (0.0041g, 0.0182 mmol) was dissolved in the minimum amount of methanol.
This solution was added to the reaction mixture dropwise with constant stirring to obtain dark
brown precipitate. The reaction mixture was stirred for 2h at room temperature. The product was

filtered on a glass filtration frit and dried. Yield: 0.0048g, 46.60%; IR (ZnSe): 1507 cm™ (vcN).

2.2.22 Reaction of Sodium 4-(4-aminophenyl) piperazine dithiocarbamate with zinc(Il), 7.Zn
7 (0.01g, 0.0364 mmol) was dissolved in 5 mL methanol. Zinc nitrate hexahydrate
(0.0054g, 0.0182 mmol) was dissolved in the minimum amount of methanol. This solution was
added to the reaction mixture dropwise with constant stirring to obtain white precipitate. The
reaction mixture was stirred for 2h at room temperature. The product was filtered on a glass

filtration frit and dried. Yield: 0.0055g, 52.88%; IR (ZnSe): 1512 cm™ (ven).

2.2.23 Synthesis of Tetrabutylammonium 4-(4-aminophenyl) piperazine dithiocarbamate, 8

In a 25 mL round bottom flask, 6 (0.10g, 0.5645 mmol) was taken in 7 mL methanol to
which carbon disulfide (0.0341 mL, 0.5645 mmol) was added with constant stirring which
resulted in greyish precipitate. To this, a 40% wt. methanol solution of tetrabutylammonium
hydroxide (0.4027 mL, 0.5645 mmol) was added dropwise on which the precipitate dissolved to
give a red solution. The resulting mixture was stirring for 2h at room temperature after which the
solvent was removed under vacuum to obtain red oil as the product. Yield: 0.2216g, 79.27%; IR
(ZnSe): 1511 cm™ (ven); 'TH NMR (400 MHz, CDCls) & ppm: 0.85 (t, J=7.29 Hz, 24 H) 1.30 (dq,
J=14.94,7.33 Hz, § H) 1.47 - 1.57 (m, 8 H) 2.84 - 2.89 (m, 4 H) 3.16 - 3.25 (m, 8 H) 4.46 - 4.54
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(m, 4 H) 6.51 (m, J=8.75 Hz, 2 H) 6.65 (m, J=8.75 Hz, 2 H); '*C NMR (400 MHz, CDCls) &
ppm: 13.34, 19.32, 23.63, 49.54, 50.62, 58.36, 115.72, 118.25, 140.06, 143.75, 213.37 (N-C=S).

2.2.24 Synthesis of 4-(4-nitrophenyl) piperidine, 9

In a 50 mL round bottom flask with a stir bar, 4-phenylpiperidine (0.5g, 3.06 mmol) was
dissolved in acetic acid (2.5 mL). To this, was added a solution of conc. H2SO4 (0.165 mL) in 2.5
mL acetic acid keeping the temperature below 25°C. The reaction mixture was then brought
below 20°C while adding a solution of conc. HNO;3 (0.13 mL) in 1.25 mL of acetic acid. To the
resulting mixture, 2.5 mL of conc. HoSO4 was further added without cooling during which the
temperature of the solution increased. When the reaction mixture cooled down to 25°C, it was
added to 6.25g of ice/water. It was neutralized with a total of 9.375g of NaHCO3 while heating at
40°C. 5M NaOH solution was further added to the reaction mixture to adjust the pH of the
solution to 14. The reaction mixture was separated using dichloromethane (3x 10 mL) and all the
organic layers were combined and dried over Na;SOs. After filtration, the solvent from the
solution was removed under vacuum to yield an oil which was further recrystallized using
methanol to give an off-white precipitate as the product. Yield: 0.5g (78.18%); mp 85-87°C (lit.*
90-92°C); 'H NMR (400 MHz, CD3Cl) & ppm: 1.66 (dd, J=12.45, 3.66 Hz, 4 H) 1.85 (d, J=12.70
Hz, 3 H) 2.69 - 2.84 (m, 4 H) 3.22 (d, J=12.21 Hz, 3 H) 7.38 (d, J=8.79 Hz, 2 H) 8.17 (d, J=8.79
Hz, 2 H); '*C NMR (400 MHz, CDsCl) § ppm: 34.01, 43.11, 46.84, 123.77, 127.64.

2.2.25 Synthesis of 4-(4-aminophenyl) piperidine, 10°’

In a 500 mL two-necked round bottom flask fitted with a stir bar, sodium borohydride
(2.32g, 61.250 mmol) was taken and sealed with a balloon on one side. A solution of 9 (1.26g,
6.125 mmol) and nickel chloride hexahydrate (1.46g, 6.125 mmol) was prepared in 100 mL
methanol, which was then injected into the flask. Instantly, blacking of the solution could be
observed due to formation of nickel boride along with effervescence due to hydrogen gas
evolution which inflated the balloon. The reaction mixture was left to stir at room temperature
till all the hydrogen gas produced is used up. On completion, the reaction mixture was filtered
off through celite column and the solvent was evaporated under vacuum. The greyish white solid
so obtained was extracted with chloroform (3 x 10 mL) and was washed with water and brine
solution. All the organic layers were dried over sodium sulfate, filtered and the solvent was

removed under vacuum to yield off-white precipitate as the product. Yield: 0.8257g, 76.49%; mp
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80-81°C (lit.”6 85-87°C); IR (ZnSe): 1473 cm™ (ven); '"H NMR (400 MHz, CDCls) & ppm: 1.60
(td, J=12.40, 4.10 Hz, 2 H) 1.78 (d, J=12.50 Hz, 2 H) 2.51 (br. s., 1 H) 2.72 (t, J=12.30 Hz, 2 H)
3.56 (br. s., 2 H) 6.64 (d, J=7.81 Hz, 2 H) 7.01 (d, J=7.81 Hz, 2 H); '*C NMR (400 MHz,
CD;0D) § ppm: 33.77, 42.11, 46.92, 117.09, 128.39.

2.2.26 Synthesis of Sodium 4-(4-aminophenyl) piperidine dithiocarbamate, 11

In a 25 mL round bottom flask, 10 (0.40g, 2.2696 mmol) was taken in 15mL methanol to
which carbon disulfide (0.14 mL, 2.2696 mmol) was added with constant stirring on which some
precipitation occurred. To this, 0.31mL of 3.275M NaOH solution (2.2696 mmol) in methanol
was added dropwise with stirring on which the precipitate dissolved. The reaction mixture was
stir for an hour and solvent was then removed under vacuum to obtain off-white precipitate as
the product. Yield: 0.5764g, 92.56%; IR (ZnSe): 1460 cm™ (ven); 'H NMR (400 MHz, CD;0D)
o ppm: 1.70 (d, J=12.89 Hz, 2 H) 1.78 (d, J=12.11 Hz, 2 H) 2.72 (br. s., 1 H) 3.01 - 3.15 (m, 2 H)
5.94 (d, J=12.50 Hz, 2 H) 6.68 (d, J=8.20 Hz, 2 H) 6.99 (d, J=8.20 Hz, 2 H); '"H NMR (400
MHz, CD;0D) 6 ppm: 1.70 (d, J=12.89 Hz, 2 H) 1.78 (d, J=12.11 Hz, 2 H) 2.72 (br. s., 1 H) 3.01
-3.15 (m, 2 H) 5.94 (d, J=12.50 Hz, 2 H) 6.68 (d, J=8.20 Hz, 2 H) 6.99 (d, J=8.20 Hz, 2 H); 1*C
NMR (400 MHz, CD30D) & ppm: 35.00, 43.40, 53.01, 117.14, 128.51, 137.34, 146.66, 211.75
(N-C=NS).

2.2.27 Reaction of Sodium 4-(4-aminophenyl) piperidine dithiocarbamate with cobalt(1l),
11.Co

11 (0.04g, 0.1459 mmol) was dissolved in 5 mL methanol. Cobalt nitrate hexahydrate
(0.0142g, 0.0488 mmol) was dissolved in the minimum amount of methanol. This solution was
added to the reaction mixture dropwise with constant stirring to obtain dark green precipitate.
The reaction mixture was stirred for 2h at room temperature. The product was filtered on a glass

filtration frit and dried. Yield: 0.0172g, 43.54%; IR (ZnSe): 1491 cm™ (vcn).

2.2.28 Reaction of Sodium 4-(4-aminophenyl) piperidine dithiocarbamate with nickel(Il),
11.Ni

11 (0.04g, 0.1459 mmol) was dissolved in 5 mL methanol. Nickel nitrate hexahydrate
(0.0212g, 0.0729 mmol) was dissolved in the minimum amount of methanol. This solution was

added to the reaction mixture dropwise with constant stirring to obtain green precipitate. The
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reaction mixture was stirred for 2h at room temperature. The product was filtered on a glass

filtration frit and dried. Yield: 0.0198g, 48.41%; IR (ZnSe): 1506 cm™ (vcN).

2.2.29 Reaction of Sodium 4-(4-aminophenyl) piperidine dithiocarbamate with copper(Il),
11.Cu

11 (0.04g, 0.1459 mmol) was dissolved in 5 mL methanol. Copper nitrate
hemipentahydrate (0.0165g, 0.0729 mmol) was dissolved in the minimum amount of methanol.
This solution was added to the reaction mixture dropwise with constant stirring to obtain dark
brown precipitate. The reaction mixture was stirred for 2h at room temperature. The product was

filtered on a glass filtration frit and dried. Yield: 0.0142g, 34.47%; IR (ZnSe): 1494 cm™ (vcN).

2.2.30 Reaction of Sodium 4-(4-aminophenyl) piperidine dithiocarbamate with zinc(ll), 11.Zn
11 (0.04g, 0.1459 mmol) was dissolved in 5 mL methanol. Zinc nitrate hemipentahydrate
(0.0217g, 0.0729 mmol) was dissolved in the minimum amount of methanol. This solution was
added to the reaction mixture dropwise with constant stirring to obtain white precipitate. The
reaction mixture was stirred for 2h at room temperature. The product was filtered on a glass
filtration frit and dried. Yield: 0.0173g, 41.79%. IR (ZnSe): 1490 cm™ (vcn); '"H NMR (400
MHz, DMSO-d®) & ppm: 1.54 (d, J=9.37 Hz, 2 H) 1.83 (d, J=12.50 Hz, 2 H) 2.66 (br. s., 2 H)
4.87 (br.s., 1 H) 5.01 (d, J=12.89 Hz, 2 H) 6.50 (d, J=7.81 Hz, 2 H) 6.89 (d, J=8.20 Hz, 2 H).

2.3 Results and discussion

2.3.1 Studies with 4-aminopiperidine

Keeping the concept of dual functionality in the ligand, 4-aminopiperidine was selected
as this possessed an -NH> group which can form imido derivative with polyoxometalate cluster.
On the other side it contains a secondary amine, piperidine —NH group, which is a precursor for
forming dithiocarbamate functionality which is known to form complexes with various transition

metals. Two different approaches could be employed for the synthesis of the POM clusters:
a) The ligand could be coordinated first to form imido derivative of ligand and the
prepared derivative could be converted to dithiocarbamate to coordinate to

transition metals.
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b) Or, the ligand could be converted to dithiocarbamate, of which various transition
metal complexes could be prepared, which could further be coordinated to the
cluster.

Since, metal coordination involves use of basic medium, which may result in
polyoxometalate cluster decomposition, transition metal coordination (step-b) was chosen to be
the first step.

Following the known procedure to synthesize dithiocrbamates, 4-aminopiperidine was
taken in ethanol to which CS; and equivalent amount of NaOH was added which resulted in the
formation of a white precipitate. The product was analyzed by infrared spectroscopy where C-N
stretch was observed at 1492 cm™'. '"H NMR also showed changes suggesting the formation of a
new compound. To further confirm the formation of desired product, crystals of the product were
obtained from water in 2 days. To our surprise, the X-ray crystal structure showed the formation

of a hydrated zwitterion (1) instead of sodium dithiocarbamate.

Figure 2.9 X-ray crystal structure of zwitterion, 1.

1 displays the formation of Rg(8) hydrogen-bonded supramolecular motif involving

dithiocarbamate moiety, NH3" and a water molecule (Figure 2.9). The other hydrogen atom of

the water molecule is hydrogen-bonded to the CS> moiety, and thus is responsible for

interlinking two adjacent Rg(S) motifs.
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(b) Proposed mechanism for zwitterion formation
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Figure 2.10 Proposed mechanism for formation of 1.

Usually, in the synthesis of dithiocarbamate complexes, the lone pair of electron on
secondary nitrogen atom attacks the nucleophilic carbon atom of CS>, which undergoes addition
resulting in the formation of carbamic acid intermediates, which are generally unstable in basic
medium (Figure 2.10(a)). Thus, further addition of a base abstracts the acidic proton of sulfur
generating a dithiocarbamate compound. With 4-aminopiperidine, first step of CS, addition
occurs in the same manner but contrary to the expected attack from a base, since NH2-group was
present in the molecule possessing a lone pair of electrons available which attacks instead
resulting in the formation of 1 (Figure 2.10(b)).

The next step was attempted in water since 1 was soluble only in water. The formation of
sodium dithiocarbamate (2) of 4-aminopiperidine was then achieved by dissolving 4-
aminopiperidine in water to which equivalent amounts of CS, and NaOH (Figure 2.11). The
solvent from the reaction mixture was removed under vacuum to yield a white precipitate as
product. The IR showed C-N stretch at 1458 cm. 'H and *C NMR also showed spectra

different than zwitterion suggesting the formation of 2. All the attempts for growing X-ray

)
NaOH g ®
—< N
+ CS; Water 8
S

Stirred, RT

quality crystals failed.
NH,

I=z

Figure 2.11 Synthesis of 2.
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The transition metal complexes were easily obtained by mixing aqueous solution of 2
with aqueous solution of the desired metal nitrate. The different transition metals used were
chosen to adopt different coordination environments. The metal complexes were found to be
insoluble in water and thus were collected by filtration, dried in air and were analyzed by
infrared spectroscopy (Table 2.2).

Table 2.2 Metal complexes with 2.

{HZN @N _{) . ven /em’?
2.Cr " 1487
2.Mn 1470
2.Fe 1483
2.Co 1478
2.Ni 1442
2.Cu 1485
2.7n 1477
2.Ag 1477

Although 2.Ni exhibited slight solubility in acetonitrile, Karcher was able to get the
single crystal structure of this nickel complex. The nickel atom sits in an octahedral pocket,
where it is bonded to two 4-aminopiperidyl dithiocarbamate molecules through four sulfur atoms
of —NCS: units. Unexpectedly, the other two sites were occupied by two —NH» groups of
neighboring piperidine molecules, which rendered the metal complex incapable of use as an
imidodelivery reagent. To avoid this unexpected coordination, it was thought to add some other
coordinating ligand in the system which has a better donating ability than —NH> group. For this,
pyridine was selected and multiple trials were done wherein along with 2, few drops of pyridine
was also added, but in all the cases results were same as before. Hence, no further studies with

this complex could be done.
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Figure 2.12 X-ray crystal structure for 2.Ni.?

Cobalt ion commonly forms a tris-complex with an octahedral arrangement, which was
expected in the prepared 2.Co. It also exhibited slight solubility in acetonitrile, dichloromethane
and dichloroethane. '"H NMR spectrum of 2.Co revealed resolved peaks which corresponds to
the Co(IIl) diamagnetic state showing tris-complexation in the metal complex. To further shed
light on the composition of the complex, mass spectroscopy was done wherein a [M ] peak for
408.99 was observed which corresponds to a bis-complex. This observation is not new as some
air stable bis-complexes cobalt(II) have been reported previously.?’ To further examine the
actual composition of 2.Co, multiple trials for obtaining the single crystals were done, but so far
no single crystals have been obtained.

Assuming 2.Co to be a tris-complex, furthermore its coordination to hexamolybdate
clusters following Peng’s method®® were attempted, but no success in coordination were
observed (Figure 2.13), which can be attributed to either non-availability of NH»>- group as
previously observed in 2.Ni or the poor solubility of these metal complexes in common organic

solvents of use.
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NH;
Figure 2.13 Attempted covalent grafting of 2.Co to hexamolybdate.

All other metal complexes were found to be insoluble in any of the common organic
solvents, thus could not be used in any further coordination studies. Since, the poor solubility of
the metal complexes restricted their covalent grafting to the POM cluster, we thought of
synthesizing tetrabutylammonium (TBA) dithiocarbamate of the ligand (3) so as to gain
solubility in organic solvents. 3 was also prepared in a similar manner in water as solvent and
solvent was removed in vacuum to obtain an oil (Figure 2.14). The IR spectrum of the product
showed a C-N stretch at 1460 cm™'. The product formation was also confirmed by 'H which
displayed similar chemical shifts as observed in 2 with an additional four new peaks arising from
TBA" ion. '3C NMR is also a strong tool in identifying these dithiocarbamates, where a

characteristic peak at 212.77 ppm corresponding to CS» group was observed.

NH,
se
(n -C4H,),N-OH ®
+ CS, e —< N(n-C4Ho)s
S

Stirred, RT

Iz

Figure 2.14 Synthesis of 3.
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All attempts to get a solid as the pure product failed, thus the oil so obtained was used as
such to prepare phosphineimine derivative of 3 (Figure 2.15). 'H and *'P NMR suggested no
formation of the product. Further, Peng’s method®? was adopted to coordinate to hexamolybdate,
which proved to be unsuccessful as well. Since both these reactions demand extremely
anhydrous conditions, the failure of the reactions suggest a possibility of existence of water,

which might be there due to incomplete drying of 3.

S8 4
[(n-C4Hg)N]; [M0ogO4o] + HzN—CN—<\ N(n-C4Hg)4
S
3
anhy. CH,CN
O'N=C=N'O Reflux, 10h
se
®
[(n-C4Hg)N]; [Mo5013Mo=N N \ N(n-C4Ho)4
S

Figure 2.15 Attempts to covalent graft 3 onto hexamolybdate.

2.3.2 Studies with 4-(piperazin-1-yl)aniline
Since aliphatic imido hexmolybdate derivatives are prone to hydrolysis, a modification in
the ligand structure was envisaged, so as to have an aromatic -NH> group, in a bid to achieve
better stability upon coordination to the POM cluster. To achieve this, the ligand was chosen to
be 4-(piperazin-1-yl)aniline (6) wherein, the molecule bears an aromatic —-NH> moiety which
may provide better coordination to cluster, while the other end bears -NH group which is

available to form the dithiocarbamate functionality.
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Figure 2.16 Synthetic scheme for metal dithiocarbamates of 7 as imidodelivery reagent.

Synthesis of this ligand was accomplished in three steps (Figure 2.16). First, coupling of
p-chloronitrobenzene with piperazine was achieved in butanol under refluxing conditions and 1-
(4-nitrophenyl)piperazine (4) was obtained as a bright yellow precipitate,’? which was analyzed
viae 'H and '3C NMR. Tetrabutylammonium dithiocarbamate derivative of 1-(4-
nitrophenyl)piperazine (5) was prepared as a mimic of the POM hybrid, where NO»-group being
electron-withdrawing resembles the electron sponge nature of the hexamolybdate cluster. The
supramolecular studies of 5 will be discussed in a later section (Appendix A). The nitro
dithiocarbamate can help understand the behavior of hybrids with other transition metal ions. To
synthesize 5, equivalent amounts of CS> and aqueous TBA-OH were added to 4 in methanol as
solvent and the product was extracted on solvent removal. IR spectrum of the product shows a
characteristic vcn stretch at 1486 cm™. NMR studies also confirmed the formation of the product

wherein in 3C NMR a peak at 214.19 ppm showed up corresponding to CSz-group.
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The reduction of 4 was further achieved with tin(Il) chloride in conc. HCI and ethanolic
solution®* to prepare the desired ligand (6), which was confirmed by 'H and *C NMR
spectroscopy. Sodium dithiocarbamate derivative of 4-(piperazin-1-yl)aniline (7) was prepared
by dissolving the ligand in methanol to which CS; and NaOH in methanol was added. The IR
spectrum of 7 showed a C-N stretch at 1454 cm™. Analyzing the product with 'H NMR revealed
that the peak at 3.02 ppm corresponding to the 8 aliphatic protons of piperazyl ring splits and
appears as two multiplets at 3.02 ppm and 4.56 ppm each integrating to 4 protons. This suggests
that the formation of dithiocarbamate derivative results in forbidden piperazyl ring rotation thus
breaking the symmetry of the molecule. Further, the product formation was confirmed by *C
NMR spectroscopy wherein the peak corresponding to N-C=S showed up at 213.50 ppm.
Following the synthesis of 7, metal complexes were prepared and analyzed by infrared
spectroscopy (Table 2.3).

Table 2.3 Metal dithiocarbamate complexes with 7.

&

HZNOO*\@ " vey/em?
7.Cr 1507
7.Mn 1510
7.Fe 1511
7.Co 1507
7.Ni 1505
7.Cu 1507
7.Zn 1512

The corresponding TBA dithiocarbamate derivative (8) was also prepared with 6 in
methanol which appeared as a sticky oil. The IR spectrum of 8 showed a C-N stretch at 1511.33
cm™'. "TH NMR was found to be similar as the sodium dithiocarbamate derivative with additional
four peaks in the aliphatic region corresponding to TBA molecule. 3*C NMR revealed a peak at
213.37 ppm confirming the synthesis of 8. Even though the compound showed solubility in
organic medium, it could not be wused as imidodelivery reagent to coordinate to
hexamolmolybdate since complete drying of the compound could not be achieved even under

vacuum.
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2.3.3 Studies with 4-(piperidin-4-yl)aniline
In search of ligands providing better stability and solubility, another ligand which was
thought of as a suitable candidate as imidodelivery reagent was chosen to be 4-(piperidin-4-
yl)aniline (10). The molecule bears an aromatic —-NH> which might provide better coordination to
cluster while the other end bears -NH group available which is a precursor for dithiocarbamate
functionality. Since the ligand was not readily available, following synthetic scheme was

developed to achieve the goal.

conc. stoalconc HNO; N|C|2 + NaBH,4
acetic acld Methanol
N
N N
10
Methanol
CS,
NaOH
— — NH>
(TBA)2Mo501sMo=—=N NH;
M(NO3)
(TBA)>[MogO16] 3/n
2 6019,
DCC, CH3;CN Methanol
reflux
N
I 1 A
SKS _g g § S
Mne Na
MLn.q

11.M 11

Figure 2.17 Synthetic scheme for metal dithiocarbamates of 11 as imidodelivery reagent.

At first, the nitration of 4-phenylpiperidine was achieved using nitrating mixture conc.
H>SO4/HNOs in acetic acid medium?® and the product was analyzed by 'H and '*C NMR.
Further, reduction of 4-nitrophenylpiperidine (9) was achieved by reacting it with sodium
borohydride and nickel chloride as catalyst.?’” The synthesis of the product (10) was confirmed
by 'H and '3C NMR. After confirming the synthesis of the ligand, next was to prepare its sodium
dithiocarbamate derivative (11) which was achieved with CS, and NaOH in methanol. The IR
spectrum of the product showed a C-N stretch at 1460 cm™. 11 was also characterized by 'H and
13C NMR. A drastic shift in a set of aliphatic protons in 'H NMR appearing at 5.95 ppm suggests

deshielding of protons due to the addition of dithiocarbamate unit onto neighboring nitrogen of
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piperidine unit. Moreover, a confirmation of the product was provided by '*C NMR spectrum
wherein a peak appears at 211.75 ppm corresponding to N-C=S unit. Further metal complexes
from 11 were prepared and analyzed by infrared spectroscopy (Table 2.4).

Table 2.4 Metal dithiocarbamate complexes with 11.

=8
”““@‘O"ﬁs:‘ Ve / emt

11.Co 1491
11.Ni 1506
11.Cu 1494
11.Zn 1490

All of these synthesized metal complexes were generally insoluble, although 11.Zn was
found to be soluble in DMSO. 'H NMR shows slight shifts in the aromatic peaks (Figure 2.18).
Since the zinc coordination occurs at dithiocarbamate moiety, drastic upfield shift is observed
with the peak at 6.01 ppm to 5.03 ppm which is assigned to protons on the a-carbons of NCS»”
group. Shifts in other protons on the aliphatic ring were also observed, which confirms the
formation of 11.Zn.

A

70 8.5 6.0 55 50 45 40 35 30 25 20 15
Chemical Shift (ppm)

Figure 2.18 'H NMR spectrum of zinc dithiocarbamate of 4-(piperidin-4-yl)aniline, 11.Zn.
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Considering the slight solubility of 11.Zn and the solubility of the complex to increase at
refluxing temperatures, further coordination to hexamolybdate was attempted following Peng’s
route*® but no color changes could be observed. Further IR and NMR analysis also confirmed the

lack of reactivity. This may be attributed to quite low solubility in the solvent.

2.3.4 Microwave assisted covalent grafting of 11.Zn

Since the late 1970s, microwave technology has been applied in the field of inorganic
chemistry. Microwave irradiation leads to dielectric heating which remotely introduces
microwave energy into the chemical reactor which passes through the walls of the vessel without
heating it and heats only the reactants and solvent.?! The energy transfer is so fast (10 s) that the
molecules are never completely relaxed, which creates a non-equilibrium state resulting in a high
instantaneous temperature of the molecules. The uniform temperature increase throughout the
sample leads to less by-products and/or decomposition products.>? Such superheating effect
results in temperatures much higher than expected under reflux conditions and can sometimes
give rise to different results.’! Thus, we postulated that reacting 11.Zn with hexamolybdate
under microwave conditions may lead to different results (due to altered solubility of the metal
complex). To test this hypothesis, an attempt was made to covalently graft 11.Zn onto
hexamolybdate under microwave conditions. The reaction was conducted for an hour after which
the color of the solution was observed to turn brown, which was promising. Unfortunately on

further analysis, no evidence of coordination could be observed.

2.4 Conclusions
We wanted to synthesize dithiocarbamate hybrids of hexamolybdate in order to prepare
bimetallic systems. Thus, a series of dithiocarbamates and their corresponding metal complexes
were prepared and characterized. Attempts to covalently graft them onto hexamolybdate were
done using them as imidodelivery reagents following known routes. The poor solubility of these
metal complexes proved to be a major stumbling block in our endeavors to synthesize the
dithiocarbamate based polyoxometalate hybrids. Thus, it is important to investigate methods to

improve the solubility of these metal complexes in future studies.
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Chapter 3 - Extended dithiocarbamate systems based on

poly(pyrazolyl)borates as organoimido delivery reagents

3.1 Poly(pyrazolyl)borates
Poly(pyrazolyl)borates were introduced in 1966 by Trofimenko! after which these
became quite popular due to their unusual chemistry and versatile coordination modes. Their
ease of synthesis and tuning of their steric and electronic properties by altering the substituents
on the pyrazole rings’ made them widely applicable in the fields ranging from analytical
chemistry and organic synthesis, to catalysis and material science.’
In spite of their complicated looking structures, poly(pyrazolyl)borate ligands can easily

be synthesized either by condensation of 1,3-diketone with hydrazine hydrate or via thermal

dehydrogenative condensation between tetrahydroborate in molten (Figure 3.1).*

R4 R?

+ M’BH,
RS R3
NH,NH,H,0 R~ R3 A M’ TpR X-ML,
—_— / — ——— TpRML,,
0 o HN—N2 -H; M’ = Na, K, Li, Tl etc.

bulkiness: R3 > R’

Figure 3.1 General routes of synthesis of poly(pyrazolyl)borate ligands.*
Controlling the temperature, the reaction can be stopped to yield bis-, tris-, and in the

case of 5-unsubstituted pyrazoles, tetrakis(pyrazolyl)borates (Figure 3.2).>

7 4 N=N N=N
[BH,]” + (excess) m H ¢/ o/ o

/N—-N S— H/B\N—-N ve— H—B{m-----h% —_— @N-—B{u-»\%

H

HPzx Bp* Tp* pzTp*

Figure 3.2 Successive pyrazolyl substitution in molten synthesis.’
However, poly(pyrazolyl)borate ligands are known to exhibit metal coordination k3- to
«0- fashion,’ these more commonly act as tridentate ligands showing a k3N,N',N" coordination
environment resulting in effective steric shielding of the metal center.®’ Since the k3-binding
mode bear a resemblance to the shape of a hunting scorpion (with the two claws and the tail),

these have been nicknamed as “scorpionate” (Figure 3.3).%°
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N—N /g
&
Figure 3.3 Resemblance of poly(pyrazolyl)borate ligand to the shape of a hunting scorpion.®®
The modification in the coordination behavior of the poly(pyrazolyl)borate ligand can be
achieved systematically by introduction of appropriate substituents (R*7) onto the pyrazolyl
rings. The 3-substituents (R*) being in close proximity to the metal center, usually during metal
coordination, the bulkier substituent of the R® and R® groups prefers the R? position to relieve the
steric repulsion around the metal center.? In contrast, by introducing an electron-donating or -
withdrawing groups at the 4- and/or 5-positions (R*?), the electronic environment at the metal
center can be tuned. Pertaining to their analogy to charge, facial coordination, and their potential
to act as six-electron donors, poly(pyrazolyl)borate ligands have often been compared to the

cyclopentadienyl ligands (Figure 3.4).°

R?
5 3 / ;
R R %/ R HN AN
polypeptide \

—N

chain
R G—M = H—B-/_N N>M ™~

RS"\WS
R NEN
R Hs/K\R\RS
R?
(n*-CsRs)M _ ,
mononegative oM - facially coordinated
6e donor three imidazolyl groups (His)
fine tuning of coordination environment - frequently found in the active sites
R: steric environment of metalloproteins

R*, R*: electronic environment
Figure 3.4 Comparison of poly(pyrazolyl)borate ligands with cyclopentadienyl ligands.*
These are also sometimes referred as Trofimenko ligands and are commonly used
complexing ligands.® These are known to coordinate with many main group elements as well as
several transition metals,” lanthanides, and actinides.! A variety of bridged polynuclear
complexes of Mo were reported by McCleverty and Ward in 1998.°° Further, the coordination

and supramolecular chemistry with these TpPy-based ligands were studied in 2001.!!
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Poly(pyrazolyl)borates gained much attention when these were incorporated as structural and
functional models for the active site of metallo-enzymes, for instance, zinc pyrazolylborate
chemistry were recently reported to be related to zinc enzymes.'> Many peroxocopper(Il)

3 alkylperoxocopper(I) complexes,'* and thiolatocopper(Il) complexes'’ based on

complexes,’
[HB(3,5-Pr'2pz)s] (=hydrotris(3,5-diisopropyl-1-pyrazolyl)borate(1-)) were prepared and used as
models for oxy-hemocyanin, copper containing monooxygenases, and blue copper proteins,
respectively. Moreover, coordination chemistry of rhodium— and iridium—tris(pyrazolyl)borate
complexes and their further use for C—H activation were introduced by Slugovc and Carmona in
2001.'"® A number of organometallic species [TpRCoR] (R = allyl, alkyl, aryl or alkynyl) were
reported by Akita et al. to provide an understanding for catalytic transformations or for use as
polymerization catalysts.!”

One of their remarkable features which makes poly(pyrazolyl)borate ligands extremely
popular is their reliability and role as spectator ligands. This implies that in metal complexes,
these ligands do not interfere with the reactions occurring at the metal centers.® Several such
examples have been reported so far amongst which few complexes exhibit metal coordination to
dithiocarbamate moieties. In 2009, Ma et al. reported ligation of nickel hydrotris(3,5-dimethyl)-
1-pyrazolyl)borate with dithiocarbamate as nickel superoxide dismutase (NiSOD) mimics.!'®

Recently, Harding et al. also reported cobalt and nickel dithiocarbamate complexes based on

Trofimenko’s hydrotris(3,5-diphenyl-1-pyrazolyl)borate anion.!”

NaS,CNR,

-NaBr
Ph

M = Co, Ni; R=Et, Bz

Figure 3.5 Reported synthesis of dithiocarbamate complexes based on hydrotris(3,5-diphenyl-1-
pyrazolyl)borate anion."

In aforementioned studies, since the metal dithiocarbamate complexes bear

tris(pyrazolyl)borate fragments around the metal center, these complexes have been reported to

show good solubility in organic solvents in both the studies. As mentioned in the previous

chapter, the metal complexes of the selected dithiocarbamate complexes exhibited poor solubility

55



in organic solvents which resulted in reluctance of preparation of organoimido derivatives of
hexamolybdates.

Following the above mentioned studies, in this chapter we plan to prepare a series of
metal complexes with diphenyl and dimethyl pyrazolyl borate anions and subsequently co-
ligating them with sodium 4-aminopiperidine dithiocarbamate. Furthermore, these metal
dithiocarbamate complexes will be exploited as organoimido delivery reagents to prepare

hexamolybdate derivatives.

3.2 Experimental

(TBA)2[MocO1s] and (TBA)s[MosO26] were prepared according to literature methods.?°
All chemicals were purchased from Aldrich and used without further purification. All
manipulations were done under an inert atmosphere of argon, unless otherwise stated.
Tetrahydrofuran (THF) was distilled over sodium; dichloromethane was dried over P,Os and
distilled; and triethylamine and acetonitrile (CH3CN) were dried over CaH> and distilled as
needed. 'H, and 1*C NMR spectra were recorded on a Varian Unity plus 400 MHz spectrometer
and were referenced to residual protonated solvent peaks (CDCls = 7.27 ppm and acetone-d® =
2.05 ppm). FT-IR spectra were recorded on a Nicolet 380 instrument. Mass spectra were
collected using MS system Waters ACQUITY TQD. X-ray data was collected on a Bruker
SMART 1000 four-circle CCD diffractometer at 203 K using a fine-focus molybdenum Ka tube.

3.2.1 Synthesis of 3,5-diphenyl pyrazole, 12%

A solution of dibenzoylmethane (30 g, 133.77 mmol) was prepared in 60 mL of ethanol.
To this, hydrazine monohydrate (7.8 mL, 160.52 mmol) was added dropwise and the reaction
mixture was kept at 50°C during which benzoylmethane was dissolved and eventually, white
precipitate appeared. The mixture was then refluxed for 30 min. On cooling, the white solid was
collected by filtration and washed subsequently with water and ethanol. The air dried product
was then recrystallized from acetone to give 12 as a white crystalline solid. Yield: 26.90g,
91.29%; "H NMR (400 MHz, acetone-d®) & ppm: 7.11 (s, 1 H) 7.33 (s, 2 H) 7.38 - 7.50 (m, 4 H)
7.88 (d, J=7.32 Hz, 4 H) 12.56 (br. s., 1 H); 'H NMR (400 MHz, CDCl3) & ppm: 6.86 (s, 1 H)
7.33-7.39 (m, 2 H) 7.40 - 7.48 (m, 4 H) 7.75 (d, J=7.25 Hz, 4 H); '"H NMR (400 MHz, DMSO-
d®) & ppm: 7.18 (s, 1 H) 7.36 (s, 1 H) 7.33 (s, 1 H) 7.39 - 7.57 (m, 4 H) 7.70 - 7.98 (m, 4 H)
13.36 (s, 1 H).
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3.2.2 Synthesis of Potassium tris(3,5-diphenylpyrazolylborate), 13%?%3

KBH4 (2.20g, 40.71 mmol) and 12 (26.90g, 122.12 mmol) were combined with 70 mL
anisole in the glove box and the reaction mixture was heated at 250°C for 10 days. On cooling at
room temperature, white precipitate appeared which was filtered off onto a glass frit under inert
conditions. The product was washed with toluene and dried under vacuum. Single crystals
suitable for X-ray diffraction were obtained from acetone using solvent evaporation method
performed in a desiccator. Yield: 74.52g, 86.10%; IR (ZnSe): 2529 cm! (ve.n); 'H NMR (400
MHz, CDCl3) é ppm: 6.59 (s, 3 H) 6.95 (d, J=6.84 Hz, 6 H) 6.98 - 7.10 (m, 9 H) 7.22 (d, J=7.32
Hz, 4 H) 7.26 - 7.35 (m, 6 H) 7.68 (d, J=7.81 Hz, 6 H); '"H NMR (400 MHz, acetone-d®) § ppm:
6.77 (d, J=1.88 Hz, 3 H) 6.89 - 7.11 (m, 15 H) 7.12 - 7.32 (m, 9 H) 7.79 - 8.02 (m, 6 H); 13C
NMR (400 MHz, acetone-d®) & ppm: 103.53, 126.21, 127.22, 127.58, 128.23, 129.21, 129.62,
134.93, 136.39, 151.25, 151.70.

3.2.3 Synthesis of Potassium tris(3,5-dimethylpyrazolylborate), 14>%

3,5-dimethylpyrazole (10g, 104.03 mmol) and KBH4 (1.87g, 34.68 mmol) were
combined with 40 mL anisole in the glove box and the reaction mixture was heated at 250°C for
10 days. On cooling at room temperature, white precipitate appeared which was filtered off onto
a glass frit under inert conditions. The product was recrystallized from acetone yielding the
product as a white precipitate. Yield: 29.55g, 84.57%; IR (ZnSe): 2433 cm™ (vg.n); 'H NMR
(400 MHz, acetone-d®) & ppm: 2.01 (s, 9 H) 2.17 (s, 9 H) 5.54 (s, 3 H).

3.2.4 Synthesis of Cobalt chloro tris(3,5-diphenylpyrazolylborate), 15*

A THF solution of 13 (9.89g, 13.95 mmol) was prepared. In a separate beaker, a THF
solution of cobalt chloride (2.0g, 15.3488 mmol) was prepared giving a blue color. On mixing
the two solution, the color of the reaction mixture changed to deeper blue. The mixture was
stirred for 4h. The solution was then filtered off to remove the formed precipitate of KCI and the
solvent was removed under vacuum to give the product as blue precipitate. Yield: 8.76g, 82.19
%; IR (ZnSe): 2610 cm™ (ven); UV-Vis (dichloromethane) [Amax/nm (¢/M'em™)]: 600 (316.9),
638.2 (473.24), 669.2 (421.13). m/z (ESI): 728.45 [M-CI]".
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3.2.5 Synthesis of Nickel bromo tris(3,5-diphenylpyrazolylborate), 16%°

A THF solution of 13 (2.13g, 3.0 mmol) was prepared. In a separate beaker, a THF
solution of nickel bromide (0.72g, 3.3 mmol) was prepared giving a pale green color. On mixing
the two solution, the color of the reaction mixture changed to purple pink. The mixture was
stirred for 4h. The solvent was removed under vacuum and the solid was extracted with
dichloromethane. On drying under vacuum, product was obtained as purple precipitate. Yield:
1.9427g, 80.11%; IR (ZnSe): 2613 cm™ (ve.n); UV-Vis (dichloromethane) [Amax/nm (e/M'em
H]: 507 (359.04), 829.2 (62.05), 934.2 (98.19).

3.2.6 Synthesis of Nickel nitrate tris(3,5-diphenylpyrazolylborate), 17

A THF solution of 13 (0.15g, 0.2116 mmol) was prepared. In a separate beaker, a THF
solution of nickel nitrate hexahydrate (0.062g, 0.2116 mmol) was prepared giving a green color.
On mixing the two solution, the color of the reaction mixture changed to deep green with white
precipitate. The mixture was stirred for 4h. The solvent was removed under vacuum and the solid
was extracted with dichloromethane. On drying under vacuum, product was obtained as green
precipitate. Yield: 0.1482g, 88.63%; IR (ZnSe): 2606 cm™ (vp.n); UV-Vis (dichloromethane)
[Amax/nm (e/M'em™)]: 435.2 (113.64), 685.6 (34.21).

3.2.7 Synthesis of Copper nitrato tris(3,5-diphenylpyrazolylborate), 18

A solution of 13 (0.3g, 0.4233 mmol) in SmL THF was prepared. In a separate beaker, a
solution of copper nitrate (0.0959g, 0.4233 mmol) in 3mL THF was prepared giving a pale blue
color. On mixing the two solution, the color of the reaction mixture changed to green with instant
white precipitation. The mixture was stirred for 2h and left for solvent evaporation after which
dark green crystals were obtained as the product. Yield: 0.3144g, 93.40%; IR (ZnSe): 2614 cm’!
(vB-n); UV-Vis (dichloromethane) [Amax/nm (¢/M'ecm™)]: 300.8 (3327.27), 768.4 (409.09).

3.2.8 Synthesis of Manganese chloro tris(3,5-diphenylpyrazolylborate), 19

A solution of 13 (0.15g, 0.2116 mmol) in SmL THF was prepared. In a separate beaker, a
solution of manganese chloride hexahydrate (0.042g, 0.2116 mmol) in 3mL THF was prepared
giving a colorless solution. On mixing the two solution the color of the solution changed to a
pale orange with instant white precipitation. The mixture was stirred for 4h. The solvent was

removed under vacuum and the solid was extracted with dichloromethane. On solvent
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evaporation, product was obtained as white crystals. Yield: 0.0776g, 48.25%; IR (ZnSe): 2617

cm’! (VB-H).

3.2.9 Synthesis of Cobalt chloro tris(3,5-dimethylpyrazolylborate), 20

Similar preparatory method was adopted for 20 as used for 15. A THF solution of 14
(1.00g, 2.977 mmol) was prepared. In a separate beaker, a THF solution of cobalt chloride
(0.4255g, 3.2747 mmol) was prepared giving a blue color. On mixing the two solution, the color
of the reaction mixture changed to deeper blue. The mixture was stirred overnight. The solution
was then filtered off to remove the formed precipitate of KCI and the solvent was removed under
vacuum to give the product as blue precipitate. Yield: 0.6638g, 56.94%; IR (ZnSe): 2501 cm™!
(ven); UV-Vis (dichloromethane) [Amax/nm (¢/M'em™)]: 579.6 (98.53), 632 (187.55), 670.8
(80.22).

3.2.10 Synthesis of Nickel bromo tris(3,5-dimethylpyrazolylborate), 21

Similar preparatory method was adopted for 21 as used for 16. A THF solution of 14
(2.13g, 3.0 mmol) was prepared. In a separate beaker, a THF/MeOH solution of nickel bromide
(0.2433g, 1.1134 mmol) was prepared giving a pale green color. On mixing the two solution, the
color of the reaction mixture changed to purple pink. The mixture was stirred overnight. The
solvent was removed under vacuum and the solid was extracted with dichloromethane. On
drying under vacuum, product was obtained as purple precipitate. Yield: 0.8537g, 65.30%; IR
(ZnSe): 2519 cm! (vp.n); UV-Vis (dichloromethane) [Amax/nm (¢/M'ecm™)]: 504.8 sh (321.30),
581.2 (61.30), 815 (100), 904.4 (100).

3.2.11 Synthesis of Copper nitrato tris(3,5-dimethylpyrazolylborate), 22!

A solution of 14 (0.5g, 1.4485 mmol) in SmL THF was prepared. In a separate beaker, a
solution of copper nitrate hemipentahydrate (0.3710g, 1.6374 mmol) in 3mL THF was prepared
giving a pale blue color. On mixing the two solution, the color of the reaction mixture changed to
green with instant white precipitation. The mixture was stirred for 4h. The solvent was removed
under vacuum and the solid was extracted with dichloromethane. On drying under vacuum,
product was obtained as green precipitate. Yield: 0.5408g, 88.32%; IR (ZnSe): 2507 cm™! (vB-n);
UV-Vis (dichloromethane) [Amax/nm (/M 'em™)]: 292.8 (1917.39), 756.6 (230.43).

59



3.2.12 Synthesis of Manganese chloro tris(3,5-dimethylpyrazolylborate), 23

A solution of 14 (0.15g, 0.4465 mmol) in SmL THF was prepared. In a separate beaker, a
solution of manganese chloride hexahydrate (0.088g, 0.4465 mmol) in 3mL THF was prepared
giving a colorless solution. On mixing the two solution instant white precipitation was observed.
The mixture was stirred for 4h. The solvent was removed under vacuum and the solid was
extracted with dichloromethane. On solvent evaporation, product was obtained as white crystals.

Yield 0.0874g, 30.15%; IR (ZnSe): 2519 cm™! (vg.n).

3.2.13 Reaction of Cobalt chloro tris(3,5-diphenylpyrazolylborate) with sodium (4-
aminopiperidine) dithiocarbamate, 24

15 (3.8g, 4.97 mmol) was suspended in 150mL THF giving a blue solution. In a separate
beaker, 2 (0.9861g, 4.97 mmol) was dissolved in minimum amount of water. On mixing the two
solution, the color of the reaction mixture changed to brown. The mixture was stirred overnight.
The solvent was removed under vacuum and the solid was extracted with dichloromethane. On
drying under vacuum, product was obtained as light brown precipitate. Yield: 3.4082g, 75.87%;
IR (ZnSe): 2623 cm™ (vp.n); UV-Vis (dichloromethane) [Amax/nm (¢/M'cm™)]: 406.6 (373.79),
565 (48.28). m/z (ESI): 904.31 [M]".

3.2.14 Reaction of Nickel bromo tris(3,5-diphenylpyrazolylborate) with sodium (4-
aminopiperidine) dithiocarbamate, 25

16 (0.1g, 0.124 mmol) was suspended in SmL THF giving a purple solution. In a separate
beaker, 2 (0.025g, 0.124 mmol) was dissolved in minimum amount of water. On mixing the two
solution, the color of the reaction mixture changed to light green. The mixture was stirred for 4h.
The solvent was removed under vacuum and the solid was extracted with dichloromethane. On
drying under vacuum, product was obtained as light green precipitate. Yield: 0.0572g, 51.07%;
IR (ZnSe): 2612 cm™ (vgn); UV-Vis (dichloromethane) [Amax/nm (e/M'cm™)]: 371.8 sh
(565.85), 426.8 (454.27), 656.8 (50.81). m/z (ESI): 903.57 [M]", 727.44 [M-DTC-H]".

3.2.15 Reaction of Copper nitrato tris(3,5-diphenylpyrazolylborate) with sodium (4-
aminopiperidine) dithiocarbamate, 26
18 (0.02g, 0.0252 mmol) was dissolved in SmL dichloromethane giving a green solution.

In a separate beaker, 2 (0.005g, 0.0252 mmol) was dissolved in minimum amount of water. On
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mixing the two solution, the color of the reaction mixture changed to green-brown. The mixture
was stirred overnight. The solvent was removed under vacuum and the solid was extracted with
dichloromethane. On drying under vacuum, product was obtained as green-brown precipitate.
Yield: 0.0068g, 29.71%; IR (ZnSe): 2597 cm™ (v.n); UV-Vis (dichloromethane) [Amax/nm (/M-
lem™)]: 419.8 (4427.67), 654 (320.75); m/z (ESI): 908.59 [M]*, 733.49 [M-DTC]".

3.2.16 Reaction of Cobalt chloro tris(3,5-dimethylpyrazolylborate) and sodium (4-
aminopiperidine) dithiocarbamate, 27

20 (0.0395g, 0.1008 mmol) was suspended in 15mL THF giving a blue solution. In a
separate beaker, 2 (0.020g, 0.1008 mmol) was dissolved in minimum amount of water. On
mixing the two solution, the color of the reaction mixture changed to deep green. The mixture
was stirred overnight. The solvent was removed under vacuum and the solid was extracted with
dichloromethane. On drying under vacuum, product was obtained as dark green precipitate.
Yield: 0.0205g, 38.25%; IR (ZnSe): 2501 cm™ (vp.n); UV-Vis (dichloromethane) [Amax/nm (/M-
lem™)]: 484.4 (219), 645 (320.75).

3.2.17 Reaction of Nickel bromo tris(3,5-dimethylpyrazolylborate) and sodium (4-
aminopiperidine) dithiocarbamate, 28

21 (0.05g, 0.1151 mmol) was suspended in SmL THF giving a purple solution. In a
separate beaker, 2 (0.023g, 0.1151 mmol) was dissolved in minimum amount of water. On
mixing the two solution, the color of the reaction mixture changed to light green. The mixture
was stirred for 4h. The solvent was removed under vacuum and the solid was extracted with
dichloromethane. On drying under vacuum, product was obtained as light green precipitate.
Yield: 0.0332g, 54.34%; IR (ZnSe): 2506 cm™ (vp.n); UV-Vis (dichloromethane) [Amax/nm (/M-
lem™)]: 401.6 (348.94), 421 (379.79), 647.6 (55.32); m/z (ESI): 531.38 [M]", 355.29 [M-DTC-
H]".

3.2.18 Reaction of Copper nitrato tris(3,5-dimethylpyrazolylborate) and sodium (4-
aminopiperidine) dithiocarbamate, 29

22 (0.02g, 0.0487 mmol) was dissolved in SmL. THF giving a green solution. In a
separate beaker, 2 (0.025g, 0.124 mmol) was dissolved in minimum amount of water. On mixing

the two solution, the color of the reaction mixture changed to deep green. The mixture was
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stirred overnight. The solvent was removed under vacuum and the solid was extracted with
dichloromethane. On drying under vacuum, product was obtained as dark green precipitate.
Yield: 0.086g, 32.95%; IR (ZnSe): 2501 cm™ (vg.); UV-Vis (dichloromethane) [Amax/nm (&/M-
fem™)]: 396 (2794.24), 694 (156.38).

3.3 Results and discussion

3.3.1 Synthesis of Poly(pyrazolyl)borate ligands
To improve solubility of metal dithiocarbamates in organic media, we planned to prepare
a series of metal dithiocarbamate complexes of tris(diphenyl)- and tris(dimethyl) pyrazolyl
borates. For diphenylpyrazolyl borate series, following synthetic scheme was developed (Figure

3.6). A parallel synthetic scheme was followed for the dimethyl series.

o o HNNH2 0 7y N/ ©) KBt Anisole

N-N
Ethanol Ar, 250°C, 10d
12 13 3
ng THF
/M\ >—N NH
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4 NH, ¥ 3
24, 25, 26 15, 16,17, 18
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X =CI, Br, NOy-
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/
S
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/
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N (TBA);Mo50,sMo=N
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Figure 3.6 Synthetic scheme for metal complexes of tris(diphenylpyrazolyl)borate ligands as
imidodelivery reagent.
3,5-dimethylpyrazole was commercially available so was used as such, while 3,5-

diphenylpyrazole (12) was synthesized. 12 was prepared by a cyclization reaction between

dibenzoylmethane and hydrazine hydrate following a literature procedure.?? These pyrazoles
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were subsequently refluxed with KBH4 in anhydrous anisole for 10 days.?* The products were
analyzed by 'H NMR spectroscopy. With this reaction, there are different possibilities of
products wherein all the products will lead to same '"H NMR spectrum as only the pyrazolyl units

will show up (Figure 3.7).

KBH; @ O KBH2|:

2

KBH,, Anisole
/l

HN N Ar, 250°C, 10d

¢ A O | B

NN
3 4
Figure 3.7 Possible products under the reaction conditions.

To gain more details on the structure, we tried to run some 'B NMR experiments but the
product showed a very broad peak. This observation can be attributed to the boron atom being
attached to the pyrazole rings which results in an increased T» relaxation time, thus leading to
peak broadening. Since, it was difficult to determine how many hydrogen atoms are attached to
the boron atom, the ''B NMR data was deemed to be inconclusive in determining the exact
stoichiometry of the molecule. Even on mass analysis of the product, nothing is observed as only
starting pyrazole unit was observed in the spectrum which could be due to the instability of the
product under these conditions. Thus to provide more insight on the structure of the product, the

crystals were grown in a dessicator under vacuum owing to the air sensitive nature of the

product.
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Figure 3.8 X-ray crystal structure of 13.

The single crystal structure analyses of the metal complex confirmed it as the tris
complex, 13, wherein boron is tetrahedrally coordinated to three nitrogen atoms of three pyrazole
moieties and one hydrogen atom (Figure 3.8). Potassium atom exhibits a penta-coordinated state,
where it coordinates to the other three nitrogen atoms of the pyrazole units along with two
acetone molecules, which was the solvent used to grow the crystals. Upon confirming the

structure of the product, metal complexes were prepared subsequently.

3.3.2 Synthesis of metal complexes with 13 and 14
The subsequent metal complexes from 13 and 14 were prepared by reacting them with
respective metal salts, MX, (X= CI, Br or NO;3") in anhydrous THF. The resulting metal

complexes were analyzed by IR, UV-visible spectroscopy and single crystal X-ray diffraction.

3.3.2.1 Infrared analysis of metal complexes with 13 and 14

IR spectroscopic studies of 13 and 14 reveal a B-H stretch at 2529 and 2433 cm’!
indicative of a k’-coordinated TpPh, and TpMe: ligand, respectively (Table 3.1). On metal
coordination, this shifts to higher wave number in the complexes which are typical for other

TpPh,?*?* and TpMe,?® complexes reported.
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Table 3.1 IR spectroscopic studies of metal complexes of 13 and 14.

Diphenyl pyrazole IR (vgg)
series cm! Dimethyl pyrazole IR (Vgy)
series cm!
13
4 14

! 2529

5 2433
15 2610

- 2 20 2501
16 2613

4 . 21 2529
17 2606

5 s 22 2507
18 2614

6 2 23 2519
19 2617

3.3.2.2 Electronic spectroscopy of metal complexes of 13 and 14

The electronic spectra of the synthesized metal hydrotris(pyrazolyl)borates were recorded
in CH2ClL. Both 15 and 20 exhibit blue color solutions showing three absorptions at 600, 639.4,
666.4 nm and 579.6, 632, 670.8 nm, respectively, which are typical of tetrahedrally coordinated
cobalt.?*?” However, 16 and 21 are purple-pink in color and show four absorptions at 507,
584.2(sh), 829.4, 934.2 nm and 504.8, 581.2(sh), 815, 904.4 nm, respectively. These absorptions
are assigned to spin-allowed (triplet) transition energies for idealized C3v symmetry?® typical of
tetrahedral Ni(IT) and compare well with previously reported complexes.?’ Additionally, 18 and
22 are green in color. Contrary to previous cases, copper ions in these complexes exists in penta-
coordinated state as NOs™ counter anion exists as nitrato ion, thus acting as a bidentate ligand.
Two distinct bands observed in these complexes are at 301.8 (sh), 767.8 nm and 292.8 (sh) and
758.2 nm in respective diphenyl and dimethyl pyrazole copper complexes, which are
characteristic of d-d transitions of square-pyramidal or tetragonally elongated octahedral

copper(Il) complexes.*’
3.3.2.3 Single crystal X-ray structures of metal complexes of 13 and 14

3.3.2.3.1 Crystal structure of CuNO3BH([tris(3,5-diphenylpyrazole)]

Dark green crystals of 18 were obtained in anhydrous THF. Similar to the crystal
structure of 13, the analysis of these crystals shows a tetra-coordinated boron atom coordinated
to three pyrazole units and a hydrogen atom (Figure 3.9). The copper atom sits in a distorted

penta-coordinated pocket, wherein it coordinates to the other three nitrogen atoms of the
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pyrazole units, while the other two sites are occupied by nitrato ligand coordinated through two
oxygen atoms. Two THF solvent molecules are also present in the crystal lattice, where one of
the THF molecules is disordered. The structure clearly displays the presence of a nitrate ligand,

which can readily be displaced by dithiocarbamate ligand in the next step.

Figure 3.9 X-ray crystal structure of 18.

3.3.2.3.2 Crystal structure of Mn[BH(3,5-dimethylpyrazole);].

Another crystal structure that was obtained was of the metal complex 23. Attempts to
prepare 23 with equivalent amounts of 14 and manganese(Il) chloride resulted in the formation
of a bis-complex (Figure 3.10). Transparent crystals were obtained in CH>Cl» upon solvent
evaporation. The single crystal structure analysis shows the manganese atom occupying an
octahedral pocket, wherein it coordinates to two pyrazole ligands. Within each ligand, the
manganese atom is coordinated to three nitrogen atoms of three pyrazole units, thus resulting in a
hexa-coordinated arrangement. This suggests that bis-complexation 1is preferred over
MnCIBH][tris(3,5-dimethylpyrazole)] synthesis. Since the complex does not have any CI ligands

for substitution by dithiocarbamate ligand, it could not be used in further reactions.
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Figure 3.10 X-ray crystal structure of 23.

3.3.3 Synthesis of metal dithiocarbamate complexes of tris(3,5-
diphenylpyrazole)borates and tris(3,5-dimethylpyrazole)

After analyzing all the metal complexes, Co, Ni and Cu complexes were further used for
ligand substitution reaction by dithiocarbamates. The metal dithiocarbamate complexes based on
pyrazole backbone were typically prepared by stirring solutions of respective metal complexes in
THF with solution of 2 in minimum amount of water. The resulting pyrazole based metal

dithiocarbamate complexes were further analyzed by IR and UV-visible spectroscopy.

=
Ezj
m)\%
=z
X
A

-NaX
N
M = Co, Ni, Cu; X =CI, Br, NO,; Q
R = Ph, Me NH;

Figure 3.11 Reaction of metal pyrazolylborate complexes with 2.
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3.3.3.1 Infrared analysis of metal dithiocarbamate complexes of tris(3,5-
diphenylpyrazole)borates and tris(3,5-dimethylpyrazole)borates

IR spectroscopic studies of metal dithiocarbamate complexes of tris(3,5-
diphenylpyrazole)borates and tris(3,5-dimethylpyrazole)borates reveal a B—H stretch around
2600 cm™ and 2500 cm! indicative of a x*-coordinated TpPh> and TpMe: ligand, respectively
(Table 3.2).
Table 3.2 IR spectroscopic studies of metal dithiocarbamate complexes of tris(3,5-

diphenylpyrazole)borates and tris(3,5-dimethylpyrazole)borates.

Diphenylpyrazole IR (vg,) Dimethylpyrazole
DTC complexes cm? DTC complexes
1 24 27

2623 1 2503
2 25 2612 2 28 2506
3 26 2597 3 29 2501

3.3.3.2 Electronic spectroscopy of metal dithiocarbamate complexes of tris(3,5-
diphenylpyrazole)borates and tris(3,5-dimethylpyrazole)

UV-Vis spectra of these complexes were also recorded in CH>Cl,. Both 24 and 27 exhibit
two absorptions in the spectra at 406.6, 565 nm and 484.4, 645.2, respectively. The former of
these bands with a larger molar extinction coefficient can be assigned to sulfur-to-Co(II) LMCT

band,19’31

while the other band can be correlated to d—d transitions in a five-coordinate complex.
The analogous nickel dithiocarbamates, 25 and 28, feature absorptions peaks at 371.8(sh), 426.8,
656.8 nm and 401.6(sh), 421, 647.6 nm, respectively. The shoulders and bands in the UV-vis
spectrum between 426 and 429 nm are indicative of sulfur-to-Ni(II) LMCT bands,'*? wherein
the shoulder corresponds to a S—Ni 6—c* transition while other lower energy bands are caused by
the S—metal m bond which compares well with the assignments made by Fujisawa et al.’
Additional bands around 650 nm are present due to d-d transitions in metal complexes. Further in
26 and 29, similar two absorption features were observed in the spectra at 419.8, 654 nm and
396, 694 nm, respectively. The former of the two bands is associated with large extinction
coefficients and thus can be assigned to sulfur-to-Cu(Il) LMCT bands. On the other hand, bands
at 654 and 684, respectively, being lower in energy can be assigned to d-d transitions in Cu(Il)

complexes. Overall, the spectra are consistent with five-coordinate, high spin M(II) complexes.
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3.3.4 Attempts to prepare POM hybrids with metal dithiocarbamate complexes of
tris(3,5-diphenylpyrazole)borates and tris(3,5-dimethylpyrazole)borates

The solubility = of  prepared  metal dithiocarbamate complexes of
hydrotris(pyrazolyl)borates were observed to be greatly enhanced in organic solvents such as
tetrahydrofuran, dichloromethane, acetone, acetonitrile and benzene. Thus, first synthesis of
phosphineimine derivatives of these complexes were attempted.>* To our surprise, an instant
colored precipitation was observed when PPh3;Br, was mixed with the solution of these
complexes. The reaction mixture was still refluxed with the hope that the resulting precipitate
might dissolve at refluxing temperatures and some color changes might occur but no such
changes could be observed. This could be attributed to the strong oxidizing nature of PPh;Br>
which may lead to some structural changes in these hydrotris(pyrazolyl)borates.

Furthermore, direct coordination with hexamolybdate were also attempted with metal
dithiocarbamate complexes of hydrotris(pyrazolyl)borates following Peng’s route®> but
unfortunately, a similar precipitation on refluxing were observed in these cases as well. The
characteristic band in the IR spectra were also not observed. Similar to the above case,
hexamolybdate also exhibits a strong oxidizing effect, which might lead to some structural

changes in these hydrotris(pyrazolyl)borates.

3.4 Conclusions

To overcome the road block of poor solubility of metal dithiocarbamate complexes
(Chapter-2), we synthesized potassium tris(3,5-diphenylpyrazole)borates and tris(3,5-
dimethylpyrazole)borates and a series of corresponding metal (M = Co, Ni, Cu, Mn) complexes
of tris(3,5-diphenylpyrazole)borates and tris(3,5-dimethylpyrazole)borates. All these complexes
were characterized by infrared, UV-visible spectroscopy and X-ray diffraction. Further, a series
of the respective metal dithiocarbamate complexes of these hydrotris(pyrazolyl)borates were
prepared using sodium 4-aminopiperidyl dithiocarbamate and were characterized by infrared and
UV-visible spectroscopy. All these metal dithiocarbamates exhibited a tremendous improvement
in solubility in organic solvents, thus our secondary goal of enhancing the solubility was
achieved. Thereafter, we attempted to covalently graft these complexes onto the hexamolybdate
cluster. Regretfully, owing to the strong oxidizing nature of PPh3Br; and hexamolybdate, we

could not achieve our primary goal of synthesizing the polyoxometalate hybrids.
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Chapter 4 - Bimetallic hexamolybdate systems based on the pyridyl
group

4.1 Pyridine

Coordination chemistry provides both qualitative and quantitative analysis of metals,
which in turn plays an important role in the treatment, management and diagnosis of diseases,
hence, it is of great significance in the field of medicine. Coordination compounds bearing metal-
nitrogen bonds have always been the center of attention, as many of the naturally occuring
molecules such as chlorophyll and haemoglobin have similar coordination spheres. Hence, the
study of N-based metal complexes is of immense use in biochemistry as well as in antioxidants,
oil additives, colouring agents for plastics, and pesticides.!

Amongst the N-based ligands, pyridyl based compounds are an important class due to
their growing applications in medicinal drugs and in agricultural products such as herbicides,
insecticides, fungicides, and plant growth regulators.! The struture of pyridine is similar to that
of benzene and can be described as a six-membered heterocyclic ring consisting of five carbon
atoms and one nitrogen atom. Since the ring nitrogen is more electronegative than the ring
carbons, it makes the two-, four-, and six-ring carbons more electropositive which is different,

when compared to benzene (Figure 4.1).!
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Figure 4.1 Structure of pyridine.
The lone pair electrons on the nitrogen atom are not involved in resonance of the ring z-
electron system and thus, are accesible which in turn makes pyridine a weak organic base (pKa =
5.22).! As a result, they can undergo typical reactions of a weak base such as protonation,

alkylation and acylation. In metal complexation, pyidine can either act as a 7 or ¢ ligand, where o
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electron donation predominates. This behavior is attributed to the dipole structure of pyridine,
where the electron density is localized on the nitrogen atom, and hence is easily accesible for
donation to the central metal aom in the resultant complex.! Changing the environment around
the pyridyl ligand can alter the coordination sphere around the metal atom in the metal complex

(Figure 4.2).2

— q+
[ ®
\ — + HoN I."/ NH, - N/ H,N
HZN@N—AQ—NQ—NHZ NO; NH, | NH; | NO3 #l\ —
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Figure 4.2 Change in the coordination environment upon modification of the pyridyl ligand.

4.1.1 Self-assembled polyoxometalate hybrids bearing the pyridyl group

Exploiting the concept of reversible transformations in coordination complexes and their
versatile coordination environments, has led to the emergence of coordination chemistry as an
important tool in designing versatile self-assembled systems. Predictable and rational designing
of such systems is applicable in analytical chemistry and material science. As mentioned in the
previous chapters, POMs are a class of inorganic compounds possessing interesting properties.
The self-assembled POM arrays bearing organic moieties combine the properties of the
coordination complexes (optical, redox) with those of the POM cluster, thus offering synergistic
effects in these organic-inorganic hybrids.’

Combining the concepts of metallosupramolecular chemistry with organic-inorganic
hybrids, Hasenknopf et al. recently reported a hybrid based on bis(pyridine-trisalkoxo)-
hexavanadate and [PdCly(CH3CN),], which exhibited a trimeric architecture (Figure 4.3).*
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Figure 4.3 Self-assembled trimer based on bis(pyridine-trisalkoxo)-hexavanadate and
[PAClo(CH3CN),].4
Molecular switches are capable of switching between two or more states in response to an
external stimuli, such as change in pH, light, temperature, redox potential, electric field or the
presence/absence of ligands or metal ions. A Dawson-type POM linked by a 2,2'-bipyridine unit
is the first reported example of a metal-ion driven molecular switch,
TBA10H2[ {P2V3W15050(OCH2)sNHCO}2(CsH3N)2], and demonstrates a fully reversible
switching process upon the coordination of Zn>" cations (Figure 4.4).° This switching process is

believed to mimic the behavior of metal ion-directed folding and assembly of proteins.

Figure 4.4 A molecular switch based on POM-hybrid.’
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4.1.2 Organoimido hexamolybdate derivatives bearing the pyridyl group
In theory, the use of highly substituted functionalized hexamolybdates as “building
blocks” and metal coordination as a ‘“supramolecular glue” can lead to the design of highly
ordered structures exhibiting unique physical, chemical and electronic properties. Thus, it is
important to design and synthesize hexamolybdate derivatives bearing one or more of these
organoimido ligands with remote functionalities capable of coordinating to metal ions.
Furthermore, such hybrid materials can lead to more elaborate supramolecular architectures with

favorable properties (Figure 4.5).
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Figure 4.5 Possible extended supramolecular architectures resulting from bimetallic
organoimido hexamolybdates.
Several attempts to synthesize hexamolybdate-based organoimido derivatives containing

the pyridyl moiety as a pendant have been made (Figure 4.6).
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Figure 4.6 Synthesis of pyridyl based imido-hexamolybdates.

These derivatives were readily prepared but metal complexation studies revealed that
these systems were incompetent donors as no metal coordination could be observed.® This can be
attributed to the electron withdrawing nature of the hexamolybdate cluster owing to the high
oxidation state (+6) of the six molybdenum atoms in the cluster, which in turn pulls the electron
density away from the conjugated pyridyl ring, thus rendering it less basic and incapable of metal

coordination (Figure 4.7).

Electron deficient cluster @ ‘Weakend’ o-donor ability
(6 x Mo®*) (incompetent for metal coordination)
o | ® 2
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Figure 4.7 Reason for incompetency of pyridylimido hexamolybdate hybrid for metal
coordination.®
To overcome the “electron-sponge” behavior of hexamolybdate and in turn increase the
electron density at the organoimido substitutent, placing an electron donating group on the
pyridyl ring can be a viable alternative. This concept was explored by C. Moore,® wherein they
synthesized p-methoxy-m-pyridylimido-hexamolybdate (Figure 4.8). The electron donating

methoxy group was added to the pyridyl ring for increasing the electron density of the ring.
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Moreover, its para position on the ring was carefully chosen to create a bidentate pocket for
metal coordination. Metal complexation studies revealed no coordination, which suggests that
the electron density on the pyridyl ring is not significantly enhanced for metal coordination, upon

the addition of a methoxy group.®

Electron donation

Designed pocket for
metal coordination

Figure 4.8 Adding electron donating group for improving the g-donor ability of pyridylimido
hexamolybdate.

As mentioned in section 1.4, another method for improving the o-donor ability is to add a
spacer group, while maintaining a conjugated system. This concept was explored by K. Mijares,’
where pyrimidylphenyl reagents were attached as organoimido ligands to the hexamolybdate
cluster (Figure 4.9). Preliminary results indicated a good o-donor ability towards ruthenium, but

the yields were found to be low.

[Mo;0,¢]* {

N N +
F G
®
NH, NH,CI

Figure 4.9 Synthesis of 3-(pyridin-3-yl)phenylimido hexamolybdate.’
Furthermore, in an attempt to prepare a hexamolybdate derivative with 1,10-
phenanthrolin-5-amine as the organoimido ligand, cluster rearrangement was observed (Figure
4.10). This indicates that a delicate pH balance exists and careful planning is required when

designing the synthesis of novel hexamolybdate derivatives to avoid such rearrangements.
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Figure 4.10 POM cluster rearrangement observed upon use of 1,10-phenanthrolin-5-amine as
the organoimido delivery reagent.
There are a few examples of organoimido functionalized hexamolybdates demonstrating
the ability to coordinate to metals via a covalently bound remote functionality. One of the earliest
POM hybrid was reported by Maatta et al.,® wherein iron (II) was coordinated to the

hexamolybdate cluster via the cyclopentadienylimido ligand, thus resulting in ferrocenylimido-

hexamolybdate (Figure 4.11).

Figure 4.11 Ferrocenylimido—hexamolybdate metal complex.®
Another successful organoimido hexamolybdate hybrid was synthesized by Peng and
Wei et al.,’ where the hexamolybdate cluster was difunctionalized with two terpyridyl units
linked via extended m-conjugated bridges. The POM hybrid complexed with iron (II) ions

resulting in the formation of a coordination polymer (Figure 4.12).
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Figure 4.12 Synthesis of a coordination polymer based on organoimido hexamolybdate.’
As highlighted above, there are only a handful of existing studies on these organoimido
POM hybrids that show successful metal coordination to the POM cluster. Thus, it is important
to investigate such systems as they may lead to extended architectures, wherein the pyridyl
pendant acts as a donor and the hexamolybdate cluster serves as an electron acceptor site, thus
demonstrating the capability for electron- and energy-transfer. In this chapter, we are
extending the work on organoimido hexamolybdate derivatives bearing a remote functionality
for metal coordination by;
e Designing new pyridyl based organoimido delivery reagents for attaching to the
hexamolybdate cluster in a bid to assemble bimetallic organic-inorganic hybrids.
e Synthesizing and characterizing new organoimido delivery reagents via two
different routes [aryl amine (Ar-NH>) and phosphineimine (R-N=PPh3)].
e Attaching the synthesized organoimido delivery reagents to the hexamolybdate
cluster.
e Attempting to coordinate the synthesized organic-inorganic POM hybrids to a

second metal atom.

4.2 Experimental
(TBA)2[Mo¢O1s] and (TBA)s[MosO26] were prepared according to literature methods.'°
All other starting materials and Pd(II) catalyst were purchased from Sigma Aldrich, TCI
America, Matrix Scientific or Fisher Scientific. Silica gel was purchased from AnalTech (150 A
pore). Solids were dried under vacuum at 40 °C for 24 hours prior to use. All manipulations were

done under an inert atmosphere of argon, unless otherwise stated. Tetrahydrofuran (THF) was
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distilled over sodium; dichloromethane was dried over P»Os and distilled; and triethylamine,
diethylether and acetonitrile (CH3CN) were dried over CaH» and distilled as needed. All
glassware was thoroughly dried by flame under reduced pressure. 'H, '*C and *'P NMR spectra
were recorded on a Varian Unity plus 400 MHz spectrometer and were referenced to residual
protonated solvent peaks (CDClz = 7.27 ppm, CD3CN = 1.94 ppm, D>O = 4.80 ppm and DMSO-
d® = 2.50 ppm). FT-IR spectra were recorded on a Nicolet 380 instrument. Melting points were

determined on a Fisher-Johns melting point apparatus and are uncorrected.

4.2.1 Synthesis of 3,5-di(pyridin-2-yl)-4H-1,2,4-triazol-4-amine, 303

2-Pyridinecarbonitrile (5g, 48.026 mmol), hydrazine dihydrochloride (5.041g, 48.026
mmol) and hydrazine hydrate (7.002 mL, 144.078 mmol) were taken in 24 mL diethylene glycol,
and the resulting mixture was heated at 130 °C for 5 hours. Upon cooling the solution, 50 mL
water was added and the resulting white precipitate was filtered off, washed with water, and
dried in air. The ligand was recrystallized in ethanol and the product was obtained as a white
crystalline solid. Yield: 9.37g (81.97%); mp 184-186°C (lit."* 185-186°C); '"H NMR (400 MHz,
CDCI) 6 ppm: 7.39 (s, 2 H), 7.89 (d, /=1.95 Hz, 2 H), 8.38 - 8.42 (m, 2 H), 8.52 (s, 2 H), 8.66 -
8.70 (m, 2 H).

4.2.2 Synthesis of 4-((trimethylsilyl)ethynyl)aniline, 31

In a 500 mL round bottom flask fitted with stir bar, 300 mL of triethylamine was
degassed and taken under argon atmosphere. To this, 4-iodoaniline (36 g, 164.36 mmol), copper
(D) 1odide (0.314 g, 1.644 mmol), dichlorobis(triphenylphosphine)palladium(II) (0.576 g, 0.8218
mmol) were added. The reaction mixture was degassed again and was kept under argon
atmosphere again. To this, trimethylsilylacetylene (25 mL, 175.88 mmol) was added and the
reaction mixture was stirred at room temperature for 2d. After this, the solvent was removed
from the reaction mixture under vacuum. The slurry was redissolved in 200 mL chloroform and
was washed with 2M ammonium chloride solution (2x 200 mL) and further with 100 mL 1M
sodium chloride solution. The solvent was removed from the organic layer to obtain the product.
Yield: 30.37g (97.56%); 'H NMR (400 MHz, CDCls) § ppm: 0.12 - 0.33 (m, 9 H) 3.79 (br. s., 2
H) 6.58 (d, J=8.33 Hz, 2 H) 7.29 (s, 2 H).
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4.2.3 Synthesis of 4-ethynylaniline, 32!

In a 500 mL Erlenmeyer flask, 31 (16 g, 86.25 mmol) was dissolved in 250 mL methanol.
To this, potassium carbonate (17.89 g, 129.38 mmol) was added and the reaction mixture was
stirred overnight at room temperature. The organics were separated using chloroform (3x 100
mL) and further washed with brine (200 mL) and dried over sodium sulfate. The solvent was
then removed under vacuum to yield product. Yield: 9.62g (95.23%); 'H NMR (400 MHz,
CDCl3) 6 ppm: 2.96 (s, 1 H) 3.82 (br. s., 2 H) 6.61 (d, J=8.60 Hz, 2 H) 7.30 (d, J=8.60 Hz, 2 H).

4.2.4 Synthesis of 4-(pyridin-4-ylethynyl)aniline, 33

The synthesis of 33 was adapted from a literature method.!? In a 500 mL round bottom
flask fitted with stir bar, 250 mL of triethylamine was degassed and was taken under argon
atmosphere. To this, 4-iodopyridine (14.72 g, 71.79 mmol), copper (I) iodide (0.1367 g, 0.7179
mmol), dichlorobis(triphenylphosphine)palladium(II) (0.2519 g, 0.3599 mmol) were added. The
reaction mixture was degassed again and was kept under argon atmosphere again. To this, 32 (9
g, 76.82 mmol) was added and the reaction mixture was stirred at 40-50°C for 2d. After this, the
solvent was removed from the reaction mixture under vacuum. The slurry was diluted with 100
mL chloroform was washed with 2M ammonium chloride solution (2x 50 mL) and further with
30 mL 1M sodium chloride solution. The solvent was removed from the organic layer to obtain
the product and was purified by column chromatography (Hexane : Ethylacetate, 60:40). The
product was further dried under vacuum for 24h. Yield: 8.28g (59.48%); mp 191-193°C
(Decomp.); 'H NMR (400 MHz, CDCl3) & ppm: 3.91 (br. s., 2 H) 6.60 - 6.71 (m, 2 H) 7.28 - 7.43
(m, 4 H) 8.56 (br. s., 2 H); 'TH NMR (400 MHz, CD3CN) & ppm: 4.59 (br. s., 2 H) 6.66 (d, 1=8.87
Hz, 2 H) 7.30 (s, 2 H) 7.36 (d, J=1.61 Hz, 2 H) 8.54 (br. s., 2 H); 3*C NMR (400 MHz, CDCl5) §
ppm: 85.37, 95.59, 111.54, 114.99, 125.59, 132. 48, 133.74, 147.82, 149.96; '*C NMR (400
MHz, CD3;CN) 6 ppm: 115.47, 126.28, 134.63, 150.97, 151.19.

4.2.5 Synthesis of 4-(pyridin-3-ylethynyl)aniline, 34

The synthesis of 34 was adapted from a literature method.'? In a 250 mL round bottom
flask fitted with stir bar, 150 mL of triethylamine was degassed and was taken under argon
atmosphere. To this, 3-iodopyridine (6.542 g, 31.91 mmol), copper (I) iodide (0.0.061g, 0.319
mmol), dichlorobis(triphenylphosphine)palladium(II) (0.12 g, 0.1709 mmol) were added. The

reaction mixture was degassed again and was kept under argon atmosphere again. To this, 32
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(4.07 g, 31.14 mmol) was added and the reaction mixture was stirred at 40-50°C for 2d. After
this, the solvent was removed from the reaction mixture under vacuum. The slurry was diluted
with 200 mL chloroform washed with 2M ammonium chloride solution (2x 100 mL) and further
with 100 mL 1M sodium chloride solution. The solvent was removed from the organic layer to
obtain the product. The product was further washed with hexane to yield pure product which was
dried under vacuum for 24h. Yield: 4.43 g (71.50%); mp 121-123°C; 'H NMR (400 MHz,
CDCI) 6 ppm: 3.87 (br. s., 2 H) 6.66 (d, J=8.30 Hz, 2 H) 7.30 (br. s., 1 H) 7.36 (d, J=8.30 Hz, 2
H) 7.77 (d, J=7.81 Hz, 1 H) 8.51 (d, J=4.88 Hz, 1 H) 8.74 (s, 1 H); 'H NMR (400 MHz, CD3;CN)
d ppm: 4.51 (br. s., 2 H) 6.60 - 6.72 (m, 2 H) 7.22 - 7.44 (m, 3 H) 7.74 - 7.91 (m, 1 H) 8.48 (dd,
J=4.64, 1.71 Hz, 1 H) 8.66 (d, J=1.47 Hz, 1 H); 'H NMR (400 MHz, DMSO-d®) § ppm: 5.63 (s,
2 H) 6.56 (d, J=7.32 Hz, 2 H) 7.22 (d, J=7.32 Hz, 2 H) 7.36 - 7.45 (m, 1 H) 7.86 (d, J=9.77 Hz, 1
H) 8.50 (d, J=4.88 Hz, 1 H) 8.65 (s, 1 H); *C NMR (400 MHz, CDCls) & ppm: 83.99, 93.54,
111.74, 114.71, 121.12, 122. 95, 132.67, 133.10, 133.91, 138.08, 147.11, 147.92, 152.03; 1*C
NMR (400 MHz, CD3CN) ¢ ppm: 110.58, 113.85, 114.97, 121.75, 124.14, 131. 39, 133.09,
133.72, 134.54, 138.64, 148.90, 149.99, 152.34.

4.2.6 Synthesis of phosphineimine of 3,5-di(pyridin-2-yl)-4H-1,2,4-triazol-4-amine, 35

In a 50 mL round bottom flask, 30 (2.38 g, 10 mmol) and triphenylphosphine dibromide
(5.065 g, 12 mmol) were added to 25 mL of anhydrous dichloromethane in a glove box. To this
mixture, anhydrous triethylamine (2.79 mL, 20 mmol) was added, and the reaction mixture was
stirred under reflux for 16h. Upon cooling, the mixture was filtered and the solvent was removed
under vacuum resulting in a dark red residue. Yield: 4.4846 g (90% stoichiometric conversion
based on 'H NMR); 'H NMR (400 MHz, CDCl3) § ppm: 7.15 - 7.20 (m, 2 H), 7.21 - 7.32 (m, 15
H), 7.42 - 7.50 (m, 5 H), 7.60 (s, 2 H), 7.80 (dd, J=7.81, 1.17 Hz, 2 H), 8.44 (d, /=4.69 Hz, 2 H);
3P NMR (400 MHz, CDCls, ref = H3PO4) & ppm: 26.67.

4.2.7 Synthesis of Triphenylphosphinimine of 4-(pyridin-4-ylethynyl)aniline, 36

In a 50 mL round bottom flask, 33 (0.5g, 2.58 mmol), triphenylphosphine dibromide
(1.087 g, 2.58 mmol) were combined with 15 mL of anhydrous benzene in glove box. To this,
anhydrous triethylamine (0.72 mL, 5.15 mmol) was added and stirred. The reaction mixture was

then refluxed for 16h. On cooling, the mixture was filtered and the solvent from resulting dark
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red solution was removed under vacuum. Yield: 0.9539¢g (81.56%, based on 'H NMR); *'P NMR
(400 MHz, CDCl3, ref = H3PO4): & 5.84 ppm.

4.2.8 Synthesis of Triphenylphosphinimine of 4-(pyridin-3-ylethynyl)aniline, 37

In a 50 mL round bottom flask, 34 (0.5g, 2.58 mmol), triphenylphosphine dibromide
(1.087 g, 2.58 mmol) were combined with 15 mL of anhydrous benzene in glove box. To this,
anhydrous triethylamine (0.72 mL, 5.15 mmol) was added and stirred. The reaction mixture was
then refluxed for 16h. On cooling, the mixture was filtered and the solvent from resulting dark
red solution was removed under vacuum. Yield: 0.7252g (62%, based on 'H NMR); *'P NMR
(400 MHz, CDCl3, ref = H3PO4): 6 5.52 ppm.

4.2.9 Synthesis of HCI salt of 3,5-di(pyridin-2-yl)-4H-1,2,4-triazol-4-amine, 38

30 (2 g, 8.40 mmol) was dissolved in 15 mL anhydrous THF and 2N HCI in ether (4.165
mL, 8.40 mmol) was added dropwise, upon which instant white precipitation was observed. The
reaction mixture was stirred for 2h at room temperature and the precipitate was filtered off,
washed twice with THF, and dried under vacuum for 24h. Yield: 2.12 g (91.94%); 'H NMR (400
MHz, CDCI3) 6 ppm: 7.40 - 7.50 (m, 2 H), 7.89 - 8.00 (m, 2 H), 8.41 - 8.54 (m, 2 H), 8.70 (br. s.,
2 H).

4.2.10 Synthesis of 4-(pyridin-4-ylethynyl)aniline hydrochloride, 39

In a 150 mL beaker, 33 (2g, 10.30 mmol) was dissolved in 50 mL anhydrous THF and
2N HCI in ether (5.152 mL, 10.39 mmol) was added during which instant precipitation was
observed. The reaction mixture was stirred for 2h at room temperature and the precipitate was
filtered off, washed twice with THF and dried under vacuum for 24h. Yield: 2.06g (86.69 %); 'H
NMR (400 MHz, D;0O) & ppm: 7.14 (m, J=8.20 Hz, 2 H) 7.65 (m, J=8.59 Hz, 2 H) 8.02 (d,
J=7.03 Hz, 2 H) 8.68 (d, J=6.64 Hz, 2 H).

4.2.11 Synthesis of 4-(pyridin-3-ylethynyl)aniline hydrochloride, 40

In a 100 mL beaker, 34 (2g, 10.30 mmol) was dissolved in 50 mL anhydrous THF and
2N HCI in ether (5.152 mL, 10.39 mmol) was added during which instant precipitation was
observed. The reaction mixture was stirred for 2h at room temperature and the precipitate was

filtered off, washed twice with THF and dried under vacuum for 24h. Yield: 2.19g (92.17 %); 'H
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NMR (400 MHz, D,0) & ppm: 7.34 (d, J=8.30 Hz, 2 H) 7.71 (d, J=8.30 Hz, 2 H) 8.03 (dd,
J=8.30, 5.86 Hz, 1 H) 8.63 (d, J=8.30 Hz, 1 H) 8.72 (d, J=5.86 Hz, 1 H) 8.91 (s, 1 H).

4.2.12 Synthesis of (TBA): [Mo5013(Mo(4-(pyridin-4-ylethynyl)aniline)], 41

In a 100 mL round bottom flask, octamolybdate (0.7022g, 0.3261 mmol) and DCC
(0.2365g, 1.1481 mmol) were combined with 10 mL of anhydrous acetonitrile. In a separate
beaker, 33 (0.0865g, 0.4455 mmol) was dissolved in 15 mL of anhydrous acetonitrile and was
then added to round bottom flask. The reaction mixture was stirred for 10 min after which
39(0.1028g, 0.4457 mmol) was added and the sides were washed with 5 mL anhydrous
acetonitrile. The resulting mixture was then stirred at 90°C for 15h. On cooling, the mixture was
filtered off to remove dicyclohexyl urea and the solvent from resulting dark red solution was
removed under vacuum. IR (ZnSe): 974 sh (Vmo=N), 946 cm! (vmo=0); 'H NMR (400 MHz,
CD;CN) 6 ppm: 0.97 (td, J=7.25, 2.15 Hz, 24 H) 1.26 - 1.49 (m, 16 H) 1.51 - 1.75 (m, 16 H)
2.94 -3.23 (m, 16 H) 7.27 (d, J=7.25 Hz, 2 H) 7.44 (br. s., 2 H) 7.55 - 7.67 (m, 2 H) 8.60 (br. s.,
2 H); '*C NMR (400 MHz, CD3CN) § ppm: 14.25, 20.75, 24.79, 59.73, 127.53, 129.70, 133.52,
134.62, 151.19, 151.34.

4.2.13 Synthesis of (TBA): [Mo5;013(Mo(4-(pyridin-3-ylethynyl)aniline)], 42

In a 100 mL round bottom flask, octamolybdate (0.7022g, 0.3261 mmol) and DCC
(0.2365g, 1.1481 mmol) were combined with 5 mL of anhydrous acetonitrile. In a separate
beaker, 34 (0.0865g, 0.4455 mmol) was dissolved in 5 mL of anhydrous acetonitrile and was
then added to round bottom flask. The reaction mixture was stirred for 10 min after which 40
(0.1028g, 0.4457 mmol) was added and the sides were washed with 2 mL anhydrous acetonitrile.
The resulting mixture was then stirred at 90°C for 15h. On cooling, the mixture was filtered off
to remove dicyclohexyl urea and the solvent from resulting dark red solution was removed under
vacuum. IR (ZnSe): 975 sh (vmo=x), 946 cm™ (vmo-0); 'H NMR (400 MHz, CD3CN) & ppm: 0.97
(t, /=7.32 Hz, 24 H) 1.37 (m, 16 H) 1.62 (m, 16 H) 3.14 - 3.10 (m, 16 H) 7.25 (d, J/=8.30 Hz, 2
H) 7.39 (s, 1 H) 7.59 (d, J=8.79 Hz, 2 H) 7.89 (d, J/=10.25 Hz, 1 H) 8.55 (s, 1 H). 8.73 (s, 1H);
3C NMR (400 MHz, CD3CN) & ppm: 14.17, 20.64, 24.68, 59.58, 115.38, 124.67, 126.91,
127.41, 129.57, 133.12, 134.10, 139.03, 139.75, 149.29, 153.07.
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4.3 Results and discussion

4.3.1 Synthesis of pyridyl based ligands

4.3.1.1 Synthesis of 3,5-di(pyridin-2-yl)-4H-1,2,4-triazol-4-amine, 30

To prepare organoimido derivatives of hexamolybdate, we first selected 30 as a potential
candidate (Figure 4.13). The ligand contains an amino functionality for coordinating with the
POM cluster, two bidentate pockets for coordinating with metal atoms, and complete conjugation
in the system for maintaining an electronic communication between the two units of the hybrid.

Functionality for
oxo-substitution

~¢ () \

Designed pockets for
metal coordinations

Figure 4.13 Potential ligand (30) for organoimido functionalization of hexamolybdate.
30 was synthesized following the literature method which proceeded with ease yielding

the product in stoichiometric amounts (Figure 4.14).!3

7 I';le -
| AN HO-CH,-CH,-OH \ N i
> NH,-NH, 2HCIl ! =N \ N
CN N—N

N NH,-NH,, H,0

30

Figure 4.14 Synthesis of 30."

4.3.1.2 Synthesis of 33 and 34 ligands
Following the results of Mijares, wherein for improving the yields increasing the spacing
between the hexamolybdate cluster and the pyridyl functionality was thought to be an alternative.

Based on this concept, two new ligands were designed (Figure 4.15).
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Figure 4.15 Designing of new organoimido delivery reagents, 33 and 34.

The ligands possess arylamine functionality, which is known to undergo oxo ligand
substitution to form stable hexamolybdate derivatives, a remote pyridyl functionality to
coordinate to metal ions and a fully conjugated system for maintaining an electronic
communication between the hybrids.

The ligands were not commercially available so synthetic schemes for both were

followed (Figure 4.16).

NH, NH; NH,

H

PdCl,(PPhs;),, Cul, N(C,H;); K,CO;, methanol/THF
+ —_———

| | RT, under N,, dark Stir, RT

TMS
| l I

™S H
(31) (32)

Figure 4.16 Scheme for synthesis of common starting materials for 33 and 34.
4-iodoaniline is readily available and underwent Sonogashira coupling with TMS-
acetylene to yield the TMS-protected coupled product, 31.'* This reaction was modified to work
at room temperature and yields were observed to be over 90% (Figure 4.16). The crude product
after separation and solvent evaporation was analyzed by '"H NMR spectroscopy, which showed
two sets of aromatic peaks at 6.58 and 7.29 ppm for the phenyl ring, one peak at 3.79 ppm for the
NH> group and a peak at 0.12-0.33 ppm confirming the successful incorporation of TMS group.
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No further purification was required and the product was deprotected to yield the ethynyl
derivative, 32."° Product formation was confirmed by '"H NMR spectrum showing shifts in peaks
with reference to the starting material along with the disappearance of the peak for the TMS-

group and appearance of an acetylene proton at 2.96 ppm.

I
NH, |

NZ y
o

PdC,(PPh;),, Cul, N(C,Hs);

N
45°C, under N,, dark
| | NH,
|
H
=
(32) | N

SN
Figure 4.17 Final steps to prepare 33 and 34.

Furthermore, 32 underwent Sonogashira coupling reaction with 3-iodopyridine and 4-
iodopyridine to yield the desired ligands 33 and 34, respectively (Figure 4.17).!* The pure
products were extracted after column chromatography and were analyzed using 'H and *C NMR
spectroscopy. 33 is a symmetric molecule, thus shows four sets of aromatic peaks and one peak
corresponding to NH> group. On the other hand, 34 being an asymmetric molecule, shows six set

of aromatic peaks along with a peak for NH»> group.

4.3.2 Attempts to use phosphineimine derivatives of the pyridyl based ligands as

imidodelivery reagent

4.3.2.1 Phosphineimine derivative (35) of 30 as imidodelivery reagent

After 30 was synthesized and fully characterized, 35 as the organoimido delivery reagent
was prepared. Usually, the ratio between amine and PPh3Br, used is 1:1 for this reaction,'® but
the product conversion was observed to be low (around 50-60%). When the ratio of amine to

PPh3Br> was changed to 1:1.2, product formation could be seen in high yields (Figure 4.18).
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30 35

Figure 4.18 Synthesis of 35.

In 'H NMR, the peak corresponding to the NHz group in the ligand shows up at 8.52
ppm, which disappears in the spectrum of the product suggesting the removal of these protons
due to bonding of PPhs group. Moreover, the peaks corresponding to the attached pyridyl groups
are downfield shifted, which also suggests that the product is formed. The spectrum also shows
the presence of triphenylphosphine oxide, a side-product of the reaction which forms due to the
hydrolysis of some of PPh3Br; (or hydrolysis of the phosphinimine) by trace amounts water. To
avoid any ambiguity in the analysis of the phosphineimine, *'P NMR has been used as a reliable
technique as a new peak corresponding to the product should appear. The results showed the
presence of two peaks, 30.136 and 26.731 ppm (relative to H3POs) (Figure 4.19). On comparing
the peaks to other possible compounds in the reaction, a new peak at 26.731 ppm confirmed the

formation of 35.

3 Compounds Peak (ppm) in 3'P NMR
1.0

26.69

o PPhBr, 51.12
o8 PPh, 428
o f PPh,O 30.09
06 Sample 30.13, @

Normalized Intensity
o o o o
n w E= (8]

=4
e

o

55 50 45 40 35 30 25 20 15 10 5 0 -5
Chemical Shift (ppm)

Figure 4.19 *'P NMR study of 35.
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Considering the sensitivity of the product, no further purification could be done and the
product was used as such for additional reactions. First, a direct metathetical reaction was
performed by reacting 35 with hexamolybdate following the literature method reported by
Maatta et. al (Figure 4.20).""

ﬁph3 (TBA)2M05018M0
7 N N\ (n-BugN);[MogO4] N _
\ N Y/ —_— 4 \ I:I
= CH,;CN, reflux N I
N \ S/ N 3 ~
N—N N \ l(l N
N_
35

Figure 4.20 Attempt to synthesize hexamolybdate hybrid using 35 as organoimido delivery
reagent.

No color change corresponding to the product formation was observed. Also, in the
infrared spectrum, a shoulder peak at around 970 cm™! was not observed (characteristic peak for
formation of monofunctionalized hexamolybdate derivatives). Furthermore, in 'H NMR
spectrum, the peak corresponding to the NH»-group appeared along with the peaks of 30 and
TBA peaks from hexamolybdate confirming that the reagents existed as a mixture with no
observable derivative formation. Multiple reactions were attempted by modifying the reaction
conditions, like varying the reaction times and solvents, but no reaction could be observed.
Furthermore, 35 was used to react with dimolybdate ((TBA)2[M0207]) to prepare hexamolybdate
derivative!® but no product formation could be detected. The failure observed in the
functionalization of hexamolybdate was not completely surprising since not all phosphineimines

are capable of functionalizing hexamolybdate.®’

4.3.2.2 Phosphineimine derivatives (36 and 37) of 33 and 34 as imidodelivery reagents

After confirming the synthesis of the desired 33 and 34 ligands, firstly phosphineimine
derivatives'¢ of the ligands were prepared using dichloromethane and THF as solvents. In both
the cases, some new peaks in 'H NMR spectrum suggested product formation, but the
conversions were found to be lower with reference to starting ligands. On changing the solvent to

benzene, the product conversions were observed to increase (Figure 4.21).
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NHZ N=PPh3 NH2 N=PPh3
PPh;Br,, N(C,Hs), PPh;Br,, N(C,Hs),
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reflux, under N, reflux, under N,

XD AN N N
N N AN N
(33) (36) (34) (37)
(a) (b)

Figure 4.21 Synthesis of 36 and 37.

The 'H NMR spectra of the products showed the appearance of some new peaks.
Differentiation of the chemical shifts and multiplicities of the desired phosphinimines of the
ligands was difficult from the peaks corresponding to triphenylphosphine oxide which is
typically formed as a side product. Thus, *'P NMR spectroscopy was used as a confirmatory tool
which clearly showed the emergence of new chemical shifts.

Table 4.1 *'P NMR peaks for possible compounds.

Compounds Peak (ppm) in 3'P NMR
PPh3;Br» 51.12
PPh; -4.28
PPh;O 30.09
36 30.08, 5.84
37 29.93,5.52

The *'P NMR spectra of 36 and 37 showed new signals at 5.84 and 5.52 ppm (relative to
H3PO4) which are close in the range of literature values for aryl phosphinimines confirming the
successful synthesis of phosphineimines derivatives of the two ligands (Table 4.1)."

Due to the air and moisture sensitivity of these derivatives, no further purification could
be done and they were used as such. Following Maatta’s route'’ for the functionalization of
hexamolybdates, the phosphineimines of both the ligands were refluxed with hexamolybdate
(Figure 4.22). reactions with various solvents acetonitrile,

Multiple like pyridine,
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dichloromethane and anhy. THF were tried, but the characteristic shoulder peak around 970 cm™!

could not be observed.

N=PPh — =] N=PPh — =
: N=Mo(Mos01s) : N=Mo(Mo501g)

(TBA),[MogOy5] (TBA),[Mog05]
* (TBA); ¥ (TBA),
| | Dry Pyridine, | | Dry Pyridine,

reflux, under N, | I reflux, under N, | |

(36) (37)
(a) (b)

Figure 4.22 Maatta’s route to functionalize hexamolybdate with 36 and 37.
4.3.3 Attempts to use pyridyl ligands directly as imidodelivery reagent via Peng’s route

4.3.3.1 30 as imidodelivery reagent
After these unproductive attempts to functionalize hexamolybdate using phosphineimine,
30 by itself was used as the organoimido delivery reagent following Peng’s protocol, but this
method was also unsuccessful (Figure 4.23).20-2!
(TBA)2M05018M0

(ll BU4N)2[M06019] DCC

Figure 4.23 Peng’s route to synthesize derivative with 30.

4.3.3.2 33 and 34 ligands as imidodelivery reagents
Next, Peng’s route for hexamolybdate functionalization was adopted with 33 and 34
ligands.?° IR and 'H NMR spectrum showed some new peaks, but in general the reactions were

found to be very low yielding.
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4.3.3.3 30 as imidodelivery reagent

Furthermore, functionalization of hexamolybdate with the 30 was attempted using Wei’s
method which unlike previous methods, utilizes octamolybdate in the presence of the
corresponding amine salt.?? Thus, first the hydrochloride salt of the ligand, 38 was prepared with
2N HCI in ether, which was characterized by 'H NMR spectroscopy, wherein the peak
corresponding to NH»> group disappeared and shifts in all other peaks could be observed. After
confirmation of the synthesis of 38, 30 was employed in Wei’s method along with

octamolybdate and DCC (Figure 4.24).%?

7
30 \o ) (TBA),M050,5Mo
N
(n-BuyN)4[MogOy4], DCC |I!I|
CH;CN, reflux N
’ = \ i N
N—N

+
NH,CI N
/\ N
8 (_ N AL ]
N \ N/ N
N—N

Figure 4.24 Wei’s route of functionalization with 30.

Unfortunately, no product formation could be detected in IR or 'H NMR spectra. It was
suspected that Mo=N-N bonds may not be stable or the hybrid may be too sensitive in these
analytical conditions. All the routes for the functionalization of hexamolybdate with 30 were
found to be unsuccessful even after multiple attempts with modified reaction conditions, like

ratios, temperature and reaction times and thus, no further trials could be done.

4.3.3.4 33 and 34 as imidodelivery reagents

After all previous unfruitful attempts, Wei’s method for functionalization of
hexamolybdate was explored with 33 and 34 (Figure 4.25).2? At first, hydrochloride salts (39 and
40) of both 33 and 34 were prepared in anhy. THF using 2N HCI solution in ether. 39 and 40
were then characterized by 'H NMR spectroscopy. Subsequently, 33 and 34 were used as
potential organoimido delivery reagents. As outlined, to an acetonitrile solution of an equivalent
of tetrabutylammonium octamolybdate and 3.4 equivalents of DCC, 1.34 equivalents of the 33 or
34 and its corresponding hydrochloride salt 39 or 40 were mixed. The resulting dark orange

suspension was heated to 90°C under argon with constant stirring for 15 hours. On cooling to
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room temperature, the resulting off-white precipitate of urea was filtered off and the red filtrate

was concentrated under reduced pressure.

5 - —
NH, NHCI NZ=Mo(Mo5045)
Ligand (33) +
2N HCl in ether (TBA),[Mo50,]
_— ———————— ) (TBA),
| | anhy THF, RT | | DCC, anhy CH,CN,
90°C, under Ar | |
] ~ "]
[
N NN _\N _
(33) (39) (a) (41)
5 _ —_
NH, NH.CI N=Mo(Mo50+s)
Ligand (34) +
2N HCl in ether (TBA),[Mo030,]
—_———— ——) (TBA),
| | anhy THF, RT DCC, anhy CH5CN,
| | 90°C, under Ar | |
. N . N . N
(34) (40) (p) (42)

Figure 4.25 Wei’s route to functionalize hexamolybdate using 33 and 34 as organoimido
delivery reagents.
In infrared spectra of the crude reaction mixtures of 41 and 42, the characteristic shoulder
appeared at 974 cm™' and 975 cm’!, respectively (Figure 4.26). This suggested the successful

incorporation of organoimido ligands in hexamolybdate.
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Figure 4.26 Infrared spectrum of hybrid, 41 containing 33 covalently anchored to

hexamolybdate.

'"H NMR spectra of the products from both the ligands exhibit chemical shifts in the
aromatic region along with peaks in the aliphatic region corresponding to [TBA]" ions (Table
4.2, Figure 4.27).

Table 4.2 '"H NMR shift observed in 33 based hybrid of hexamolybdate, 41.

33 (ppm) 41 (ppm)
8.53 8.60
7.35 7.61
7.30 7.44
6.66 727
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Figure 4.27 'H NMR of hybrid, 41 containing 33 covalently anchored to hexamolybdate.
41 showed four set of aromatic peaks deshielded as compared to 33 which is a direct

reflection of the electron withdrawing nature of the hexamolybdate, confirming the

functionalization.
Table 4.3 'H NMR shift observed in 34 based hybrid of hexamolybdate, 42.
34 (ppm) 42 (ppm)
8.66 8.73
8.48 8.55
7.79 7.89
7.33 7.39
7.27 7.59
6.66 7.25
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Figure 4.28 'H NMR of hybrid, 42 containing 34 covalently anchored to hexamolybdate.
42 also showed couple of sets of aromatic peaks deshielded as compared to 34 which is a
direct reflection of the electron withdrawing nature of the hexamolybdate, confirming the

functionalization.
4.3.4 Attempts to purify hexamolybdate derivatives, 41 and 42

4.3.4.1 Classical attempt of fractional crystallization

In both the cases, excess peaks corresponding to [TBA*] were observed in 'H NMR
spectrum which suggests the presence of the parent cluster ((TBA):[Mo¢O19] or
(TBA)4[MogO26]) in the crude reaction mixture, hence further purification was required before it
could be used in further reactions. Mo=N bond in organoimido derivatives is susceptible to
hydrolysis, which results in its decomposition yielding parent amine and hexamolybdate cluster.
Thus, known methods like column chromatography and prep-TLC for product purification could
not be employed. The physical properties of the derivatives are similar to that of the parent
cluster, thus the only possible way of purification is fractional crystallization. For this, several

attempts of solvent evaporation and vapor diffusion of ether in acetonitrile solution of the
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reaction mixture of 41 and 42 were done. In various instances orange-red crystals were obtained
but the X-ray crystal analysis showed either hexamolybdate or octamolybdate cluster. The red

color of the crystal shows that the product merely forms a coating over these crystals.

4.3.4.2 A novel attempt to purify via halogen-bonding

Due to unsuccessful attempts to grow the crystals of the hexamolybdate derivatives, we
thought of exploiting halogen bonding as a method for the separation and purification of the
POM derivatives. Halogen-bonding (XB) is a non-covalent interaction which is electrostatic in
nature and is comparable in strength to hydrogen-bonds. Pyridines are well known as halogen-
bond acceptors wherein the structure-directing force of interaction is the NX halogen-bond
between the pyridine nitrogen atom and the halogen atom (X = Br, 1), which gives rise to infinite

1-D chains (Figure 4.29).%

..... N S W, W

Figure 4.29 Halogen bonding in 4-iodopyridine.

Thus, six iodine donors were selected and were mixed respectively with approximately
equivalent amount of 41 and 42 in acetonitrile as solvent (Figure 4.30). The resulting reaction
mixtures were left to crystallize via solvent evaporation method. Some red crystals were obtained
only with 41 and iodopentafluorobenzene, but upon examining its structure with X-ray

crystallography, it was found to be just hexamolybdate.
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Figure 4.30 Selected halogen bond donors.
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4.3.5 Attempts to coordinate second metal ion

4.3.5.1 Copper as second metal ion
Copper iodide is also well known to coordinate with pyridyl functionality (Figure 4.31).%*
Thus, 41 was mixed in equimolar ratios with copper iodide solution in acetonitrile and was left

for slow evaporation to grow single crystals of the adduct. No crystals have been observed so far.

CN CN
| N i s
\Cu/ /N ~
N NN

XN I l &
CN CN

Figure 4.31 Copper iodide affinity for pyridine.**

4.3.5.2 Palladium as second metal ion
Upon successful characterization of 41, the metal coordination capabilities of this hybrid

was prompted. Gouzerh et al.?’

reported that the benzonitrile molecules of bisbenzonitrile-
dichloro palladium (II) can be displaced by the pyridyl substituents in the bis-alkoxy
functionalized Anderson-Evans POM resulting in the formation of an adduct,
MnMoeO15{(OCH2);CNHCO-(4-CsH4N)},PdCl; (Figure 4.32). The formation of the adduct was
confirmed by FT-IR and '"H NMR spectroscopy but no single crystal structure of the adduct
could be obtained. Following their study, two equivalents of 41 were added to a solution of
[PA(IT)] in acetonitrile and the reaction mixture was refluxed for 30 min. On cooling, diethyl
ether was added to it to precipitate out the product which was then filtered off and washed
further with diethyl ether to remove any leftover benzonitrile. On drying, the reaction mixture

was analyzed by 'H NMR. Shifts in some peaks could be observed but Pd coordination with the

pyridyl moiety of the derivatives was inconclusive.
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Figure 4.32 Gouzerh et al. Anderson-Evans POM, MnMosO13{(OCH2);CNHCO-(4-
CsHaN)}2PdCl.%

4.4 Conclusions

Pyridine based ligands were explored as imidodelivery reagents in this chapter. A series
of three different ligands were synthesized and characterized. Various attempts to covalently
attach these ligands were done following known routes. Although no evidence of covalent
attachment of 3,5-di(pyridin-2-yl)-4H-1,2,4-triazol-4-amine to hexamolybdate could be
observed, we were able to successfully attach 4-(pyridin-4-ylethynyl)aniline and 4-(pyridin-3-
ylethynyl)aniline to the hexamolybdate cluster. We characterized these organic-inorganic hybrids
using infrared and NMR spectroscopy as analytical tools. We have been trying to get single
crystals of these hybrids. We have also attempted to use a novel method involving halogen
bonding as a purification and separation technique for pyridyl functionalized hexamolybdate

hybrids.
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Chapter 5 - Exploring acetylacetonates as a remote functionality to

prepare hexamolybdate imido hybrids

5.1 Diketones

Diketones are the molecules containing two keto groups at 1,3-positions (Figure 5.1).
These are one of the oldest class of chelating ligands and play an important role in stabilizing
otherwise unstable metallic or organometallic derivatives developing structural and physio-
chemical variability.! Due to various recent industrial applications of their metal complexes, they
have been attracting significant attention.

R2
R! R?
(0] (o)

Figure 5.1 General structure of diketones.!

Metal coordination in diketones can be classified into the neutral, mono- and dianionic

results in structural variability.'

R2 R2 R? R?

forms. Monoanionic diketones with metals presents a vast variety of coordination modes which
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Figure 5.2 Different metal coordination modes of monoanionic diketones.!

101



5.1.1 Acetylacetones
Acetylacetones (acacH) or 2,4-pentanedione are the simplest member of -1,3-diketone
family wherein R!, R®> = CH; and R? = H. These are usually prepared either by the reaction of
acetone with acetic anhydride catalyzed by Lewis acid (e.g. BF3) or by the reaction of the enolate

of acetone with ethyl acetate.’

o BF, NaOEt OEt
o o o o] o] 0 o

acacH

Figure 5.3 Synthesis of acetylacetonates.’
The presence of B-carbonyl group along with a proton on intermediate carbon atom (C3)

is a key feature for the molecule to exhibit tautomerism, where it exist as an equilibrium mixture

of keto and enol forms.>

H H

(Keto-form)
o} (o]
2,4-pentanedione

H
% -
OH
) e )
o] [0}

H

\(&( W
(Enol-form) |

LI _ o 0 y

4-hydroxypent-3-ene-2-one (acac)

Figure 5.4 Resonance structures of acetylacetonates.?

Due to intramolecular H-bonding and restricted conformation in the resulting conjugated
system, the enol tautomer exhibit more stability than its corresponding keto tautomer.’> Even
though the enol form is predominantly observed under most conditions, the molecule is
commonly known as the diketone (2,4-pentanedione). The enol form is a weak acid with a
dissociation constant, Ko = 1.12 x 10”, thus deprotonation of the enolic proton at C3 results in a
monoanion (acac’) being stabilised by the charge delocalisation over both C and O in the
molecule.* These are known to coordinate to almost all the metal ions in various oxidation states

in the periodic table presenting a vast literature on metal acetylacetonates. In these complexes,
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the anion (acac’) acts as a bidentate ligand giving rise to a six-membered "pseudoaromatic" ring

with the metal since the metal atom is not a part of the aromaticity.*

5.1.2 Application of metal acetylacetonates

These metal complexes display high thermal stability, volatility and solubility in organic
solvents which makes them applicable in various fields.’ The solubility of these complexes in
organic solvents is a key to incorporate metal ions into important industrial processes like
vulcanization of rubber,® as additives and metal planting from organic solvents plastics, gasoline,
lubricating oils, paints, and enamels®® These metal complexes have emerged as versatile
catalysts for a range of industrially and academically important organic reactions’ like
polymerization of unsaturated hydrocarbons® and of silicone monomers,” for oxidation of
hydrocarbons, ! epoxidation of allylic alcohols,!! acetylation of phenols, alcohols, and amines,'?
for Negishi-type coupling,'® for acidolysis reactions,'* hydrosilylation of alkynes, coupling of

organic halides'® and in transesterification.!¢

Metal acetylacetonates have also been applied as
efficient and cost effective catalysts for the formation of cyclic carbonates by cycloaddition of
carbon dioxide with epoxides.!” The metal acetylacetonates have also been exploited as
combustion promoters in jet fuels.!® Chromic acetylacetonate reduces the tendency of
nitromethane to detonate under shock increasing the power output when used in a rocket motor.'
These complexes have been applied for the extraction and separation of metals.?’

Iron (III) acetylacetonate was used as the organometallic precursor to prepare magnetite
nanoparticles which is utilized for industrial waste-water treatment.?! A ZrAcac as cathode
buffer layer shows decreased series resistance and enhanced photocurrent demonstrating high
performance polymer solar cells (PSCs).?? These have been explored as semiconductors®® and
antioxidants.?* Their aptitude as NMR probe renders their use as NMR shift reagents.”> Metal
chelate anions of beta-ketoenolates have also shown the ability for laser emission under specific
conditions.?® The appropriate combination of volatility and thermal stability make these
complexes suitable precursors for chemical vapor deposition.?’” These metal complexes have
been found to be effective against fungal attack on canvas-paint systems.?® Pd(acac), reveals
proapoptotic activity by activating endoplasmic reticulum stress, which makes them a promising

t29

candidate as a future metal-based anticancer drug development.”” B-Diketone-cobalt complex,

103



Co(acac)2(H20)2, has recently been reported to exhibit potential antitumor activity which
demonstrates an ability to form a new family of non-platinum metal based antitumor drugs.*’
Thus, acetylacetonates are versatile ligands demonstrating diverse metal coordination and
various fields of application. Moreover, polyoxometalates (POMs) as discussed in chapter-1
display various useful properties. So far, coordination of acetylacetonates with POMs has never
been explored. Considering our goal of preparing a POM-based bimetallic system,
acetylacetonate becomes a potential candidate as a remote functionality with a strong metal
coordinating ability. Covalent grafting of the acetylacetonate moiety onto the hexamolybdate
cluster may give rise to a novel architecture. Furthermore, maintaining the conjugation between
these units in a POM hybrid might lead to functional materials with interesting and favorable
properties. In this chapter, we will attempt to use acetylacetonate ligand as an imido delivery

reagent to prepare novel POM hybrids with potential for use in the fields of electrochemistry.

5.2 Experimental

(TBA)2[Mo¢O1s] and (TBA)s[MosO26] were prepared according to literature methods.>!
All other starting materials and Pd(II) catalyst were purchased from Sigma Aldrich, TCI
America, Matrix Scientific or Fisher Scientific. Silica gel was purchased from AnalTech (150 A
pore). Solids were dried under vacuum at 40°C for 24 hours prior to use. All manipulations were
done under an inert atmosphere of argon, unless otherwise stated. Tetrahydrofuran (THF) was
distilled over sodium; dichloromethane was dried over P»Os and distilled; and triethylamine,
diethylether and acetonitrile (CH3CN) were dried over CaH, and distilled as needed. All
glassware was thoroughly dried by flame under reduced pressure. 'H, '*C and *'P NMR spectra
were recorded on a Varian Unity plus 400 MHz spectrometer and were referenced to residual
protonated solvent peaks (CDClz = 7.27 ppm, CD3CN = 1.94 ppm, D20 = 4.80 ppm and DMSO-
d® = 2.50 ppm). FT-IR spectra were recorded on a Nicolet 380 instrument. Melting points were
determined on a Fisher-Johns melting point apparatus and are uncorrected. X-ray data was
collected on a Bruker SMART 1000 four-circle CCD diffractometer at 203 K using a fine-focus
molybdenum Ka tube.

5.2.1 Synthesis of 4-iodobenzaldehyde, 43%°
4-iodobenzonitrile (12.0g, 52.40 mmol) was dissolved in 150 mL anhydrous

dichloromethane in a round bottom flask fitted under argon environment. The flask was then
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kept on ice-water bath. To this, 1M solution of DIBAL-H in hexane (64mL, 64mmol) was added
slowly in a course of an hour. The reaction mixture was then left to stir for Sh. On completion
the reaction mixture was poured on 400g of ice. The mixture was then acidified with SM HCI
(500mL) and was stirred for 2h. The pH of the solution was brought to 7-8 with 6M NaOH
solution and the mixture was extracted with dichloromethane (3x 100 mL), washed further with
brine (100mL) and dried over Na>SOs. The solvent was removed under vacuum to obtain a
yellow-colored product. Yield: 11.22g, 92.29%; mp 79-80°C (lit.** 77-78°C); 'H NMR (400 MHz,
CDCl3) 6 ppm: 7.60 (m, J=7.52 Hz, 2 H) 7.92 (m, J=7.25 Hz, 2 H) 9.97 (s, 1 H).

5.2.2 Synthesis of biacetyl-trimethylphosphite adduct, 44%3

In a flame-dried round bottom flask, trimethyl phosphite (40mL, 339.14 mmol) was taken
under argon environment and the flask was kept over ice-water bath. To this, diacetyl (23.50mL,
267.47 mmol) was added dropwise over the course of an hour while observing the yellow color
changing to colorless. The reaction mixture was left to stir overnight. The product was obtained

as a colorless liquid and was stored under argon.

5.2.3 Synthesis of 4-hydroxy-3-(4-iodophenyl)pent-3-en-2-one, 453*

43 (10g, 43.10 mmol) was taken in a round bottom flask fitted under argon environment.
To this, 44 (11.64 mL, 64.66 mmol) was added and the mixture was stirred at room temperature
for 24h. Then, 200mL of methanol was added to the mixture and it was refluxed for 4h. On
cooling, the solvent from the reaction mixture was reduced to about 50mL under vacuum. It was
cooled further over dry ice and the white precipitate formed was collected with filtration. The
filtrate was left overnight and white crystals were observed further which were collected and all
the product was combined washed with cold methanol solution and dried under air. Yield: 9.6g,
73.72%; mp 121-123°C (lit.** 120-121°C); 'H NMR (400 MHz, CDCl3) § ppm: 1.86 - 1.93 (m, 6
H) 6.94 (d, J=8.33 Hz, 2 H) 7.74 (d, J=8.33 Hz, 2 H) 16.67 (s, 1 H); '"H NMR (400 MHz,
CD;CN) 6 ppm: 1.84 (s, 7 H) 7.04 (d, J=8.30 Hz, 2 H) 7.78 (d, J=8.30 Hz, 2 H) 16.78 (s, 1 H).

5.2.4 Synthesis of 3-(4-((4-aminophenyl)ethynyl)phenyl)-4-hydroxypent-3-en-2-one, 46

45 (8.522g, 28.22 mmol) was dissolved in 100 mL anhydrous THF. To this, copper(I)
iodide (0.163g, 0.96 mmol), triphenylphosphine (0.6844g, 2.61 mmol) and
dichlorobis(triphenylphosphine)palladium(Il) (0.5876g, 0.83 mmol) were added and stirred
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under inert condition. Further on, 150 mL of triethylamine and a solution of 32 (4.00g, 34.14
mmol) in 50 mL anhydrous THF were added. The reaction mixture was heated at 80°C for 3d.
On completion, the reaction mixture was diluted with 100 mL ethyl acetate and the organics
were extracted. The aqueous layer was further washed with ethyl acetate (2x 50mL). All the
organic layers were combined, washed with brine (2x100 mL) and dried over Na>SO4. The
solvent was then removed under vacuum. The pure product was obtained after column
chromatography with Hexane:Ethyl acetate (80:20) as eluent. Yield: 2.4g, 29.21%; IR (ZnSe):
1626 cm™! (vc=0), 1595 (ve=c); mp 138-141°C; 'H NMR (400 MHz, CDCl3) & ppm: 1.91 (s, 6 H)
3.85 (br. s., 2 H) 6.66 (d, J=8.75 Hz, 2 H) 7.15 (m, J=8.26 Hz, 2 H) 7.36 (d, J=8.75 Hz, 2 H) 7.52
(m, J=8.26 Hz, 2 H) 16.68 (s, 1 H); 'H NMR (400 MHz, CD3CN) § ppm: 1.81 - 1.91 (m, 6 H)
4.47 (br. s., 2 H) 6.60 - 6.68 (m, 2 H) 7.18 - 7.35 (m, 4 H) 7.44 - 7.56 (m, 2 H); 'H NMR (400
MHz, DMSO-d6) & ppm: 1.87 (s, 6 H) 5.57 (s, 2 H) 6.56 (d, J=8.30 Hz, 2 H) 7.20 (d, J=8.30 Hz,
2 H) 7.28 (m, J=7.81 Hz, 2 H) 7.48 (m, J=7.81 Hz, 2 H) 16.83 (br. s., 1 H); 1*C NMR (400 MHz,
CDCI3) 6 ppm: 24.16, 86.81, 90.81, 112.41, 114.74, 123.21, 131.08, 131.77, 133.00, 136.30,
146.78, 190.84.

5.2.5 Synthesis of Triphenylphosphinimine of 3-(4-((4-aminophenyl)ethynyl)phenyl)-4-
hydroxypent-3-en-2-one, 47

In a 50 mL round bottom flask, 46 (0.25g, 0.8587 mmol), triphenylphosphine dibromide
(0.3625g, 0.8587 mmol) were combined with 10 mL of anhydrous benzene in glove box. To this,
anhydrous triethylamine (0.48 mL, 3.4348 mmol) was added and stirred. The reaction mixture
was then refluxed for 16h. On cooling, the mixture was filtered and the solvent from resulting
dark red solution was removed under vacuum. Yield: 0.3111g (65.69%, based on 'H NMR); 3'P
NMR (400 MHz, CDCls, ref = H3PO4): 5.59 ppm.

5.2.6 Reaction of 3-(4-((4-aminophenyl)ethynyl)phenyl)-4-hydroxypent-3-en-2-one with
manganese (I11), 46.Mn

46 (0.015g, 0.0515 mmol) was dissolved in 2mL acetonitrile to which a drop of
triethylamine was added. A separate solution of Mn(Cl04)2.6H>O (0.0094g, 0.0258 mmol) was
prepared in 1mL acetonitrile and both the solutions were mixed together resulting in brown
precipitate which was filtered off and dried in air. Yield: 0.0074g (45.12%); IR (ZnSe): 1597 cm™
! (ve=0), 1578 (ve=0).
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5.2.7 Reaction of 3-(4-((4-aminophenyl)ethynyl)phenyl)-4-hydroxypent-3-en-2-one with
cobalt(ll), 46.Co

46 (0.015g, 0.0515 mmol) was dissolved in 2mL acetonitrile to which a drop of
triethylamine was added. A separate solution of Co(BF4)2.6H>0 (0.0088g, 0.0258 mmol) was
prepared in 1mL acetonitrile and both the solutions were mixed together resulting in green-
brown precipitate which was filtered off and dried in air. Yield: 0.0082g (51.57%); IR (ZnSe):
1595 em™ (ve=o0), 1572 (ve=c).

5.2.8 Reaction of 3-(4-((4-aminophenyl)ethynyl)phenyl)-4-hydroxypent-3-en-2-one with
nickel (I11), 46.Ni

46 (0.015g, 0.0515 mmol) was dissolved in 2mL acetonitrile to which a drop of
triethylamine was added. A separate solution of Ni(BF4),.6H>O (0.0088g, 0.0258 mmol) was
prepared in 1mL acetonitrile and both the solutions were mixed together resulting in lime green
precipitate which was filtered off and dried in air. Yield: 0.0086g (52.12%); IR (ZnSe): 1610 cm™
' (ve=0), 1564 (vc=c).

5.2.9 Reaction of 3-(4-((4-aminophenyl)ethynyl)phenyl)-4-hydroxypent-3-en-2-one with
copper (I1), 46.Cu

46 (0.06g, 0.1030 mmol) was dissolved in 5SmL acetonitrile to which 4 drops of
triethylamine was added. A separate solution of Cu(BF4)2.6H>0 (0.0489¢g, 0.0515 mmol) was
prepared in 4mL acetonitrile and both the solutions were mixed together resulting in green-
brown precipitate. The reaction mixture was left as such for solvent evaporation which yield dark
green crystals which were analyzed by X-ray crystallography. Yield: 0.0156g (47.07%); IR
(ZnSe): 1600 cm™ (vc=0), 1563 (vc=c).

5.2.10 Reaction of 3-(4-((4-aminophenyl)ethynyl)phenyl)-4-hydroxypent-3-en-2-one with zinc
(I1), 46.Zn

46 (0.30g, 1.0304 mmol) was dissolved in 5mL acetonitrile to which 3 drops of
triethylamine was added. A separate solution of Zn(HC10O4),.6H>O (0.1918g, 0.5152 mmol) was
prepared in 2mL acetonitrile and both the solutions were mixed together. The instantaneous pale
yellow precipitate that formed was filtered off, washed with acetonitrile and dried in air. Yield:

0.2269g (68.24%); IR (ZnSe): 1598 cm! (vc-0), 1581 (ve=c); '"H NMR (400 MHz, DMSO-d6) §
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ppm: 1.67 (br. s., 6 H) 5.55 (br. s., 2 H) 6.56 (d, J=7.81 Hz, 2 H) 7.20 (br. s., 2 H) 7.45 (d, J=6.84
Hz, 2 H).

5.2.11 Reaction of 3-(4-((4-aminophenyl)ethynyl)phenyl)-4-hydroxypent-3-en-2-one with
indium (II), 46.In

46 (0.015g, 0.0515 mmol) was dissolved in 5mL acetonitrile to which 2 drops of
triethylamine was added. A separate solution of In(NOs3)2.xH>O (0.0155g, 0.0258 mmol) was
prepared in 2mL acetonitrile and both the solutions were mixed together. The instantaneous off-
white precipitate that formed was filtered off, washed with acetonitrile and dried in air. Yield:

0.0112g (62.57%); IR (ZnSe): 1601 em™ (ve-0), 1576 (ve=c).

5.2.12 Synthesis of 3-(4-((4-aminophenyl)ethynyl)phenyl)-4-hydroxypent-3-en-2-one
hydrochloride, 48

In a 100 mL beaker, 46 (0.5g, 1.72 mmol) was dissolved in 5 mL anhydrous THF and 2N
HCI in ether (0.86 mL, 1.72 mmol) was added and instant precipitation was observed. The
reaction mixture was stirred for 2h at room temperature and the precipitate was filtered off,
washed twice with THF and dried under vacuum for 24h. Yield: 0.52g (92.42 %); '"H NMR (400
MHz, CDCl3) § ppm: 1.91 (s, 6 H) 7.21 (s, 2 H) 7.57 (s, 4 H) 7.62 (s, 2 H) 16.69 (s, 1 H); 'H
NMR (400 MHz, DMSO-d6) 6 ppm: 1.87 (s, 6 H) 7.00 (br. s., 2 H) 7.31 (d, J=7.81 Hz, 2 H) 7.44
(m, J=7.81 Hz, 2 H) 7.54 (m, J=7.81 Hz, 2 H) 16.84 (br. s., 1 H).

5.2.13 Synthesis of Triphenylphosphinimine of 4-ethynylaniline, 49

In a 50 mL round bottom flask, 32 (0.5g, 4.268 mmol), triphenylphosphine dibromide
(1.8015g, 4.268 mmol) were combined with 10 mL of anhydrous benzene in glove box. To this,
anhydrous triethylamine (1.1906 mL, 3.4348 mmol) was added and stirred. The reaction mixture
was then refluxed for 16h. On cooling, the mixture was filtered and the solvent from resulting
dark red solution was removed under vacuum. Yield: 1.4004g (87%, based on '"H NMR); 2.95 (s,
1 H) 6.71 (d, /=8.18 Hz, 3 H) 7.16 (d, J=7.27 Hz, 3 H); *'P NMR (400 MHz, CDCls, ref =
H3PO4): 5.81 ppm.
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5.3 Results and discussion

5.3.1 Synthesis of 3-(4-((4-aminophenyl)ethynyl)phenyl)-4-hydroxypent-3-en-2-one
Considering the electron withdrawing nature of hexamolybdate, 46 was selected as
anchoring ligand (Figure 5.5). It was designed in a way to keep the acetylacetonate functionality

at a distance from the cluster to keep the remote functionality active for metal coordination.

@ Functionality for

oxo-substitution

Full conjugation for
| | == electronic
communication

"
Remote
=X functionality for
o) OH metal coordinations

Figure 5.5 Designing of the organoimido delivery reagent, 46.
One end of the ligand bears NH> group which can reliably undergo oxo substitution in
hexamolybdate cluster to covalently modify the cluster, while the other side bears the acetyl
acetonate moiety for coordinating to a second metal atom. The conjugation within the system

may give rise to the possibility of electronic communication between the two metal centers.
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Figure 5.6 Synthetic scheme for 46.
Once the designing of the ligand was done, the synthetic scheme for 46 was prepared
(Figure 5.6). The first two steps of the scheme is common to that used in the synthesis of 33 and
34 ligands in chapter-4, thus have been discussed before. After 32 was synthesized, before the

second Sonogashira coupling, 45 is needed for which the literature method was followed (Figure

5.7).32,34
HsC CHj ;
1) ;_—{
o o 44

H:c0”” | ocH,

DIBAL-H . H;CO
Dry CH,CI )
i 2) Methanolysis A
RT, under N,
CN CHO o] OH
43 a5

Figure 5.7 Synthetic scheme of 45.3%3

At first, the reduction of the nitrile group in 4-iodobenzonitrile, 43 was achieved using
DIBAL-H as the reducing agent.>? The appearance of a new peak in the '"H NMR spectrum at
9.97 ppm characteristic of the aldehyde functionality confirmed the conversion of CN group to
CHO group. Furthermore, to convert CHO group to the acac functionality, 43 was stirred for 24h

with 44 at room temperature and methanolysis of the corresponding reaction mixture was done
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for 4h.3* After removing the solvent and cooling the resulting oil to -78°C, product was isolated
as a white precipitate. In "H NMR spectrum, the disappearance of the peak at 9.97 ppm and the
appearance of a new peak at 16.67 ppm corresponding to the enol-proton of the acac moiety was
observed which confirmed the complete conversion of CHO group to the acac moiety. An
additional peak at 1.90 ppm for two CH3 protons of the acac moiety further substantiate the
synthesis of the desired product, 45. Once the synthesis of 45 was confirmed, it was subjected to

Sonogashira coupling with 32 to obtain the anticipated 46.

r~ — =
o~ NH, % S
~ - o
| |
3 4.0 ppm
; pp . O -CH,
045 R
0 40_2 _— \(I\( ||
E 0.,~.0
0‘35—; 2 ° @ 16.0 ppm O i
E (Keto-form) (Enol-form) )
0304
3 RS
0255 O OH
E 46
0.20 0o
E = Ml _~wn
3 OH 81 nlyI8s NH,
0715_; 8 ~ l‘_‘ ~ =
= © «©
E il T
0.10
0 05—5 Jl ! Jb
0 3 _J o
0.69 222 1.772.202.00 247 5.99
(] 5 s T B i [ [
e el . . e e [ e e = e e .
18 16 14 12 10 8 6 4 2 0 2

Figure 5.8 '"H NMR spectrum of 46.
'H NMR spectrum of 46 shows a set of four aromatic peaks suggesting the coupling of
the two aromatic rings. The peaks at 1.91 and 3.85 ppm shows the presence of -CH3; and —NH>
groups (Figure 5.8). A peak at 16.68 ppm characteristic of the enol-proton suggests that the

ligand exists as the enol tautomer.

5.3.2 Single crystal structure of 3-(4-((4-aminophenyl)ethynyl)phenyl)-4-hydroxypent-
3-en-2-one

The single crystal structure determination of 46 shows that the molecule exists as the enol

tautomer exhibiting intramolecular O-H O hydrogen-bonding (Figure 5.9). The two aromatic

rings are non-planar and are orthogonal to each other. The NH> group further displays H-bonding
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with the oxygen atom of the acac moiety of a neighboring molecule, thus extending the network

into 1-D chains.

Figure 5.9 X-ray crystal structure of 46.

5.3.3 Phosphineimine derivative (47) of 46 as imidodelivery reagent

Confirming the synthesis of 46, phosphineimine derivative, 47 was prepared by refluxing
it with PPh3Br2 and triethylamine. Usually, triethylamine is taken 2 equivalents to 46 but since
46 bears an acac group, wherein the enolic proton is also susceptible to deprotonation, an excess
of triethylamine was used in this case. 'H NMR of the reaction mixture displayed the emergence
of some new peaks but was inconclusive as the region of interest is crowded by the peaks for
triphenylphoshine oxide, which is a side product of the reaction. Thus to confirm the synthesis of
47, 3'P NMR was used as a conclusive technique which shows a new peak at 5.59 ppm different
from other possible compounds, which also falls close in range to the reported phosphineimines,

thus confirming the formation of the derivative (Figure 5.10).
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Figure 5.10 *'P NMR spectrum of 47.

Owing to the sensitivity of 47, no further purification could be done. It was then
incorporated as an organoimido delivery reagent to functionalize hexamolybdate following
Maatta et. al. synthetic route.*® No color changes were observed, thus suggesting the failure of
the reaction, which was further confirmed by "H NMR spectroscopy where peaks corresponding
to 46 reappeared in the spectrum, thus indicating a decomposition of the phosphineimine

compound.

5.3.4 Synthesis of metal complexes of 3-(4-((4-aminophenyl)ethynyl)phenyl)-4-
hydroxypent-3-en-2-one
As the acac moiety is prone to deprotonation in the presence of triethylamine in
phosphineimine synthesis, we thought of blocking the site first by coordinating it to some metal
ions to avoid any kind of interference. Thus, some metal complexes of 46 were prepared and
analyzed using infrared spectroscopy since it is a strong tool to characterize the acac ligand and

its corresponding metal complexes.
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5.3.4.1 Characterization of metal complexes of 46 using infrared spectroscopy

The C=0 and C=C bond stretches in acac moiety shows up around 1626.97 and 1595.72,
respectively in 46 (Table 5.1). Metal ion coordinates to acac moiety, thus significant shifts in the
corresponding bands are indicative of successful metal complexation.

Table 5.1 IR shifts observed for metal complexes of 46.

Compounds Observed bands in infrared spectra
(em™)

46 1626 1595
46.Mn 1597 1578
46.Co 1595 1572
46.Ni 1601 1564
46.Cu 1600 1563
46.Zn 1598 1581
46.In 1601 1576

5.3.4.2 Single crystal structure of 46.Cu

Furthermore, the single crystals of 46.Cu were successfully obtained and analyzed by
single crystal X-ray diffraction, wherein the copper(Il) ion is tetra-coordinated displaying a
distorted square planar geometry (Figure 5.11). Similar to the structure of the ligand, the two
aromatic rings are orthogonal to each other. The H-bonding character is retained in the metal
complex, wherein the NH> group displays a bifurcated hydrogen-bond to the metal-coordinated

acac oxygen atoms of a neighboring molecule.

Figure 5.11 X-ray crystal structure of 46.Cu.
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5.3.4.3 1H NMR spectroscopic study of 46.Zn complex
Amongst the synthesized metal complexes, only 46.Zn is diamagnetic and can be
characterized by '"H NMR spectroscopy (Figure 5.12). The addition of triethylamine abstracts the
enol-proton and the activated acac moiety then coordinates to the metal ion. Thus, one indicative
feature is the disappearance of the peak corresponding to the enol-proton of the acac moiety.
Moreover, due to the metal coordination at the acac moiety, the peak in the aliphatic region
corresponding to CH3-groups also show a shift of 0.2 ppm. The aromatic region also seems to

have been slightly shifted in the spectrum, thus supporting the formation of the metal-complex.
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Figure 5.12 'H NMR spectrum of 46.Zn.

5.3.5 46.Zn metal complex as imidodelivery reagent

46.Zn metal complex being the only diamagnetic system, was used for the attempted
synthesis of the hexamolybdate derivatives. Due to low solubility of the zinc complex, the

synthesis of its phosphinimine derivative was not attempted. Wei’s method of functionalization
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could not be attempted as HCI salt of zinc complex could not be prepared owing to its low

solubility.

5.3.5.1 Attempts for covalent grafting of 46.Zn on to hexamolybdate using Peng’s route
Following Peng’s protocol, 46.Zn complex was refluxed with hexamolybdate and DCC

with excess solvent. The color change from yellow to red-brown was promising, but further

analysis did not show the characteristic shoulder peak around 970 cm™ in the infrared spectrum

or any peak shifts in NMR spectra as would be expected for the hexamolybdate hybrid.

5.3.5.2 Microwave assisted covalent grafting of 46.Zn on hexamolybdate

As discussed in Chapter-2, microwave irradiation leads to dielectric heating which
remotely introduces microwave energy into the chemical reactor, which in turn passes through
the walls of the vessel without heating it and heats only the reactants and solvent uniformly, thus
leading to less by-products and/or decomposition products.’®3’” Following the concept, we
postulated that the solubility of 46.Zn complex might be enhanced under microwave conditions.
To test this hypothesis, an attempt to covalent graft the 46.Zn complex onto hexamolybdate
under microwave conditions was undertaken. First the reaction was conducted for 10 min and no
color change could be observed. After 30 min, a slight color started to develop. Finally, the
reaction was conducted for an hour after which the color of the solution was observed to turn
red-brown, which seemed promising. Unfortunately on further analysis, no evidence of grafting

of the zinc complex on to the POM cluster could be observed.

5.3.6 Attempts to use 46 as imidodelivery reagent

Since no further reactions with the metal complexes could be done owing to their poor
solubility, 46 was then used by itself as an organoimido delivery reagent via Peng’s route of
functionalization, but no color change for the reaction mixture was observed and spectroscopic
characterization confirmed the reaction to be unsuccessful.

Next, to try Wei’s route of functionalization, first the HCI salt of 46, 48 was prepared and
was characterized by NMR spectroscopy. The disappearance of the peak at 5.57 ppm for the
NHz-group and the shifts in the aromatic peaks confirmed the synthesis of the HCI salt of the
ligand. Later on, following Wei’s method, 46 and 48 were refluxed with octamolybdate and

DCC in acetonitrile. Again, the color change of the reaction mixture was encouraging, but
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further analysis showed no shoulder peak at 970 cm™ and the 'H NMR spectrum showed peaks
corresponding to both the ligand and hexamolybdate, thus suggesting that only a mixture of the

two components existed.

5.3.7 Attempts to use phosphineimine derivative of 4-ethynylaniline as imidodelivery
reagent

Since, all the attempts with 46 failed, we thought of preparing a POM derivative of 4-
ethynylaniline, 32 and doing a post-synthetic modification on the obtained POM cluster via
Sonogashira coupling reactions. Thus, phosphineimine derivative (49) of 32 was prepared. In 'H
NMR spectrum, the peak at 3.82 ppm corresponding to NHz-group disappeared and two new
peaks in the aromatic region showed up at 6.70 and 7.15 ppm which suggested the successful
synthesis of 49. To gain further confirmation on 49, 3P NMR spectroscopy was used, wherein a
new peak corresponding to the product appears at 5.81 ppm. 49 was then incorporated as the
organoimido delivery reagent following Maatta’s protocol, but the observations and the

characterization of the reaction mixture confirmed that no hexamolybdate derivative was formed.

5.4 Conclusions

A novel acetylacetonate moiety was explored as an imidodelivery reagent for
synthesizing hexamolybdate covalent hybrids. The acac ligand was prepared via a multistep
synthetic route. Various attempts with known routes were carried out to covalently graft the
ligand on to the hexamolybdate cluster, but without success. The single crystal structures of the
ligand and its corresponding copper complex have been determined. An examination of the
crystal structure of the copper complex highlights the potential of using it as an imidodelivery
reagent since the NH»- group is not blocked in any coordination, and thus is available for
covalent grafting. Other methods such as heating at elevated temperatures and microwave
reactions with the zinc acac complex for synthesizing the hybrids have also proved unsuccessful

so far.
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Appendix A - Supramolecular studies with dithiocarbamates

In Chapter 2, dithiocarbamate complexes have been exploited for coordination with the
hexamolybdate cluster, wherein the NH»- moiety of the molecule is used for oxo-substitution in
the cluster, while the dithiocarbamate motif is utilized for coordinating a second metal atom
towards the assembly of inorganic-organic hybrids. Supramolecular interactions such as
hydrogen- and halogen-bonds have been utilized in a parallel study with these dithiocarbamates

as a handle for constructing predictable extended architectures.

A.1 Hydrogen-bonding studies of dithiocarbamates

Dithiocarbamate functionality contains a NCS>™ moiety where negative charge is evenly
distributed between two sulfur atoms, thus creating a pocket which can act as a potential
hydrogen bond acceptor site. Considering its geometrical aspects, a series of diphenyl urea
molecules were selected, wherein the NH-CO-NH moiety may be used as suitable hydrogen-
bond donors. For this, tetrabutylammonium dithiocarbamates were selected so that the NCS;™ site
does not get blocked by the presence of a metal ion, and thus is approachable by the urea motif.
A total of 14 grind experiments were done in which equivalent amounts of dithiocarbamate and
the urea compounds were ground together in a mortar/pestle using a drop of methanol. Infrared
spectroscopy (IR) was used as the analytical tool for identifying the formation of a
multicomponent material. Secondary amides usually exhibit characteristic bands in IR for N-H
stretch at 3370-3170 cm™!, C=0 stretch at 1680-1630 cm™', N-H in-plane bend at 1570-1515 cm™
!, C-N stretch at 1310-1230 cm™!, and N-H out-of-plane bend at 750-680 cm™.! All of these
bands except for the carbonyl stretch overlap with the bands observed for the dithiocarbamate
molecule. Hence, shifts in the carbonyl stretch has been examined carefully, as any changes
would be indicative of the NH-CO-NH moiety being involved in hydrogen bonding with the
NCS2™ moiety of the dithiocarbamates. The results of the grind experiments have been shown in

Table A.1.
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Table A.1 Results of hydrogen-bond experiments of dithiocarbamates with urea compounds.

(o]
& A(carbonyl N foe A (carbonyl
Urea \H)kﬂ/ Hz"—O—ﬁ e L1-urea) °’“@‘"\_/""<s ™A L2NO2-urea)
Original / cm™ | Urea mix / cm! cm-1 Urea mix / cm! cm-1
NO;
0,10
[¢]
T,
I 1669.38 1706.06 36.68 1703.93 34.55
NC, N
o] i
|0 Ee!
oo 1671.15 1692.1 20.95 1699.08 27.93
NC. ° 0\
oSS
1678.13 1702.57 24.44 1702.57 24.44
F. o |
T
1626.45 1692.1 65.65 1699.08 72.63
OMe
F\Q ° Me
H)kﬂ Me 1627.36 1695.59 68.23 1692.1 64.74
F. N,
[+] cd
OB Ve
oo 1709.55 1702.57 -6.98 1702.42 -7.13
F
T
N N 1625.02 1688.61 63.59 1695.59 70.57

In all the cases, a significant shift in the carbonyl stretch is observed, which suggests
possible hydrogen bonding between the two compounds and the formation of multi-component
materials. To examine the intermolecular interactions present in the supramolecular architecture,
the dithiocarbamates and the urea compounds have been dissolved in equimolar quantities in a

solvent of choice and single crystals are being grown via slow evaporation technique.

A.2 Halogen-bonding studies of dithiocarbamates

Similar to the hydrogen-bond based study, we also thought of exploring halogen-bond
intermolecular interactions as a supramolecular tool for extending the dithiocarbamate
architectures. The electron density around the halogen atom nucleus is highly anisotropic which
makes them act as Lewis acids, thus giving rise to the possibility of a variety of intermolecular
interactions.? Dithiocarbamate functionality bearing NCS,™ moiety results in a negatively charged
pocket which can act as a Lewis base, and can potentially result in the formation of multi-
component materials held together by bifurcated halogen-bonds. To gain an in-depth knowledge

of the postulated interactions, grind experiments were conducted with a series of halogen-bond
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donor molecules. A total of 10 grind experiments were done in which equivalent amounts of
dithiocarbamate and the halogen-bond donor were ground in a mortar/pestle using a drop of
methanol. Infrared spectroscopy (IR) was used as the analytical tool for identifying the possible
formation of multicomponent materials. The fundamental C-I bond stretch (550 — 485 cm™) falls
beyond the detection range of the instrument.> Hence, to examine the formation of the
multicomponent product, the IR spectrum of each reaction mixture was carefully compared with
the IR spectra of the individual components, and shifts in the stretches corresponding to C=C, C-

F, and C-H bonds were monitored. The resulting shifts from these experiments are depicted in

Table A.2.
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Table A.2 Results of halogen-bond experiments of dithiocarbamates with halogen-bond donors.

Halogen donors Original bands / £ A (Donor- . f e A {Donor-
em'! "’"‘O_(g e o e ™ L2NO, mix)

Donor mix / em! cml Donor mix / cm cm'l

: 772.89 756.12 16.77 771.01 1.88

F I 813.90 807.45 6.45 809.52 4.38
v E 1023.51 1007.74 15.77 ND ND

1438.61 1430.14 8.47 1427.02 11.59

1489.58 1481.81 777 1482.42 7.16

759.26 749.42 9.84 767.26 -8.00

940.59 938.38 221 925.64 14.95

E I F 947.37 ND ND 933.60 13.77
. . 968.99 956.08 12.9 964.09 4.9
985.40 ND ND 979.17 6.23

1214.77 1203.29 115 ND ND

1356.36 1344.27 121 1361.92 -5.56

1459.45 1453.25 6.2 ND ND

0 704.31 709.28 -5.30 708.14 -4.83

) i 1049.81 1037.23 126 1036.24 13.57
! L 1325.84 ND ND 1319.50 6.34

1403.79 1393.04 10.80 1389.47 14.32

1562.67 1559.45 3.22 1558.40 4.27

717.63 ND ND 723.58 -5.95

£ FEE 763.61 758.22 5.39 752.51 11.10
|>S€$§| 888.43 877.97 10.46 894.59 -6.16
FEr 1040.58 1038.03 2.55 1037.83 2.75

1133.72 1116.70 17.02 1122.90 10.82

1192.45 1173.41 19.04 1179.13 13.32

834.18 - - 818.19 15.99

F FF FF FF F 1055.95 1052.47 3.48 1053.82 2.13
'Ml 1089.97 - - 1080.05 9.92
1112.73 - - 1105.20 7.5

1146.86 = = 1145.32 1.54

1204.63 1201.00 3.63 1195.55 9.08
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Although the magnitude of these shifts are comparatively lower and the direction of the
shift (blue/red) is inconsistent, they still indicate the formation of multi-component materials.
Similar observations are known to exist as the C=C, C-F, and C-H bonds are not directly
involved in the CS>™---X-C halogen bond, and thus are indirectly affected as a result of changes in

the neighboring environment in the solid-state.*>

A.3 Conclusion
We have demonstrated the potential of dithiocarbamate moiety as a supramolecular motif
in hydrogen- and halogen-bonding by grinding a series of urea molecules and perfluorinated
halogen-bond donors with tetrabutylammonium dithiocarbamates. Infrared spectroscopy has
been used as an analytical tool for this study to confirm the formation of multi-component
materials. Single crystals of these combinations are being grown for examining the interplay
between the different intermolecular interactions present in the crystal lattice and their role in the

assembly of extended architectures.
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Appendix B - 'H, 13C and *'P NMR, IR and UV-Visible spectroscopic
data
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