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ABSTRACT

The reaction of iron (II) chloride with 3,5-diisopropylpyrazole resulted in the
formétion of [(3,5-Pri2sz)2FeC12]. The same reaction mixture in presence of
different para substituted benzoate (p-X-OBz) and excess amount of H,0, gave
mononuclear Fe(Ill) complex [Fe(3-OCMe2,5-Pri2pz)3].2X-OBZ (where X = H,
Cl, F, CH;, OCHj;, CHO, CN, NH,, NO;). In these complexes one of the methine
groups present in each of three 3,5-diisopropylpyrazole rings were oxidized
during “oxidation and coordinated to iron centre. These complexes were

characterized by elemental analysis, IR, UV-Visible and thermal studies.

i



CONTENTS

CANDIDATE’S DECLARATION i
ACKNOWLEDGEMENT ii
ABSTRACT iii
CONTENTS iv
LIST OF FIGURES vii
LIST OF TABLES ‘ : ix
LIST OF SCHEMES X
1. Introduction 1
1.1. Introducti.on and literature survey 2
1.2 Aim and scope 28
2. Experimental Details | 29
2.1. Reagents used 30
2.2 Make and model of the instruments 31
2.3 Methods used for synthesis of ligand and complexes 31
2.3.1 Synthesis of 3,5-diisopropyl pyrazole [3,5-Pr';pzH] 31
2.3.2 Synthesis of sodium salts of various p-substituted benzoic acids 32
233 Sﬁreening of different metals 32
2.3.4 Synthesis of Fe(3,5-PrypzH);Cly 33
2.3.5 Synthesis of [Fe(3-OCMe;-5-Pr'pzH);].20Bz 33
2.3.6 Synthesis of [Fe(3-OCMe2-5-PrEsz)3].2CI-OBZ 33
2.3.7 Synthesis of [Fe(3-OCMe2-5-PripZH)3].2F-OBZ 34
2.3.8 Synthesis of [FC(3-OCM62-5-PI‘ijH)3].2CH3-OBZ 34
2.3.9 Synthesis of [Fe(3-OCMez-5-Prisz)3]._20CH3-OBZ 34
2.3.10 Synthesis of [Fe(3~OCMe2-5-PripZH)3].2CHO-OBZ 34
2.3.11 Synthesis of [Fe(3-OCMe,-5-Pr'pzH);].2CN-OBz 34

iv



2.3.12 Synthesis of [Fe(3-OCMe;,-5-Pr'pzH);].2NH,-OBz
2.3.13 Synthesis of [Fe(3-OCMe;-5-Pr'pzH);].2NO,-0OBz

3. Results and Discussion

3.1 Results and discussions

. Spectra

4.1 IR spectrum of Fe(3,5-PriypzH);Cly

4.2 IR spectrum of [F€(3-OCM62-5-PI‘ipZH)3].2OBZ

4.3 IR spectrum of [Fe(3-OCMe,-5-Pr'pzH);].2C1-OBz

4.4 IR spectrum of [Fe(3-OCMe,-5-Pr'pzH);].2F-OBz

4.5 IR spectrum of [Fe(3-OCMez-S-Prisz)g].2CH3-OBZ

4.6 IR spectrum of [Fe(3-OCMe;-5-Pr'pzH);]).20CH;-OBz

4.7 IR spectrum of [F e(3-OCMe,-5-Pr'pzH);].2CHO-OBz

4.8 IR spectrum of [Fe(3-OCMez-S-Prisz)3].2CN-OBZ

4.9 1R spectrum of [Fe(3-OCMe2—5-Prisz)3].2NH2-OBZ

4.10 IR spectrum of [Fe(3 -OCMez-S—PripZH)3].2N02-OBZ

4.11 UV-Visible spectrum of Fe(3,5-Pri2pZH)3C12

4.12 UV-Visible spectrum of [Fe(3-OCMez-5-Prisz)3].2OBZ

4.13 UV-Visible spectrum of [Fe(3-OCMe2-5—Prisz)3].2Cl-OBz
4.14 UV-Visible spectrum of [Fe(3-OCMez-5-P;isz)3].2F -OBz
4.15 UV-Visible spectrum of [Fe(3-OCMe,-5-Pr'pzH);).2CH;-OBz
4.16 UV-Visible spectrum of [Fe(3-OCMe,-5-Pr'pzH)3].20CH;-OBz
4.17 UV-Visible spectrum of [Fe(3-OCMe2-5-Prisz)3].2CHO-OBZ
4.18 UV-Visible spectrum of [Fe(3-OCMez-5-Prisz)3].2CN-OBZ
4.19 UV-Visible spectrum of [Fe(3-OCMe;-5-Pr'pzH);].2NH,-OBz
4.20 UV-Visible spectrum of [F e(3-OCMe2-5-Prisz)3].2N02-OBZ
4.21 DTA-DTG-TG curveof [Fe(3—OCMez-5-Prisz)3].2OBz

4.22 DTA-DTG-TG curve of [F ¢(3-OCMe2-5-Prisz)3].ZCI-OBZ
4.23 DTA-DTG-TG curve of [Fe(3-OCMe;-5-Pr'pzH);].2F-OBz
4.24 DTA-DTG-TG curve of [Fe(3-OCMez-5-Prisz)3].2CH3-OBZ

35
35

36
37

47
48
49
50
51
52
53

55
56
57
58
58
59
59
60
60
61
61
62
62
63
64
65
66



4.25 DTA-DTG-TG curve of [Fe(3-OCMeg-5~Prisz)3].2OCH3-OBZ
4.26 DTA-DTG-TG curve of [Fe(3-OCMe;-5-Pr'pzH);].2CHO-OBz
4.27 DTA-DTG-TG curve of [Fe(3-OCMe;-5-Pr'pzH);].2CN-OBz
4.28 DTA-DTG-TG curve of [Fe(3-OCMe;,-5-Pr'pzH);].2NH,-OBz
4.29 DTA-DTG-TG curve of [Fe(3-OCMe,-5-Pr'pzH)3].2NO,-OBz

5. Conclusion

References

vi

67
68
69
70
71

72

74



LIST OF FIGURES

Fig. No. Title Page No.
Fig 1.1 An iron protoporphyrin complex 17
Fig. 1.2 Generally accepted mechanism for C-H bond activation 18
by cytochrome P450
Fig. 1.3 Active site structures of MMOHox and MMOH,4 19
Fig 1.4 Active site structures of MMOHox and MMOH; ¢4 21
Fig. 4.1 IR spectrum of F e(3,5-Pri2pZH)3Clz 48
Fig. 4.2 " IR spectrum of [Fe(3-OCMe,-5-Pr'pzH);].20Bz 49
Fig. 4.3 IR spectrum of [Fe(3-OCMez-5-Prisz)3].2C1-OBz 50
Fig 44 IR spectrum of [Fe(3-.OCMe2-5-Prisz)3].2F-OBz 51
Fig. 4.5 IR spectrum of [Fe(3-OCMe2-5-Prisz)3].2CH3-OBZ 52
Fig. 4.6 IR spectrum of [Fe(3~OCMe2—5~PripZH)3].ZQCH3-OBZ , 53
Fig.47  [Rspectraof [Fe(3-OCMey-5-Pr'pzH);].2CHO-OBz 54
Fig 48 IR spectraof [Fe(3-OCMe,-5-Pr'pzH);] 2CN-OBz 55
Fig 49 . IRspectrum of [Fe(3-OCMex-5-Pr'pzH);] 2NHy-OBz 56
Fig. 4.10 IR spectrum of [Fe(3—OCM62-5-PI‘ipZH)3].2N07_-OBZ 57
Fig. 4.11 UV-Visible spectrum of F e(3,5-Pri2sz)3Clz 58
Fig. 4.12 UV-Visible spectrum of | 58
[Fe(3-OCMe,-5-Pr'pzH);].20Bz
Fig. 4.13 " UV-Visible spectrum of 59

[Fe(3-OCMe;,-5-Pr'pzH);].2C1-OBz

vii



Fig. 4.14

Fig. 4.15

Fig. 4.16

Fig. 4.17
Fig. 4.18
Fig. 4.19

Fig. 4.20

Fig. 4.21
Fig. 4.22
Fig. 4.23

Fig. 4.24
Fig. 4.25

Fig. 4.26
Fig. 4.27
Fig. 4.28

Fig. 4.29

UV-Visible spectrum of
[Fe(3-OCMe,-5-Pr'pzH);).2F-OBz

UV-Visible spectrum of

[Fe(3-OCMe;-5-Pr'pzH);].2CH;-OBz

UV-Visible spectrum of
[Fe(3-OCMe;-5-Pr'pzH);].20CH;3-OBz

UV-Visible spectra of
[Fe(3-OCMe;-5-Pr'pzH);].2CHO-OBz

- UV-Visible spectra of

[Fe(3-OCMe;,-5-PrpzH);].2CN-OBz
UV-Visible spectrum of
[Fe(3-OCMe;-5-Pr'pzH);].2NH,-OBz
UV-Visible spectrum of
[Fe(3-OCMe,-5-PripzH);].2N0,-OBz

DTA-DTG-TG curve of

[Fe(3-OCMe,-5-Pr'pzH);].20Bz
DTA-DTG-TG curve of
[Fe(3-OCMe,-5-Pr'pzH);].2C1-OBz
DTA-DTG-TG curve of

[Fe(3-OCMe,-5-Pr'pzH);].2F-OBz
DTA-DTG-TG curve of
[Fe(3-OCMe,-5-PripzH)3].2CH;3-OBz

DTA-DTG-TG curve of

[Fe(3-OCMe,-5-Pr'pzH);].20CH;-OBz
DTA-DTG-TG curve of
[Fe(3-OCMe,-5-Pr'pzH);].2CHO-0OBz
DTA-DTG-TG curve of
[Fe(3-OCMe,-5-Pr'pzH);].2CN-OBz

. DTA-DTG-TG curve of

[Fe(3-OCMe;,-5-PrpzH);].2NH,-OBz
DTA-DTG-TG curve of
[Fe(3-OCMe;-5-Pr'pzH);].2N0,-OBz

viii

59

60

60

61
61
62

62

63
64
65

66
67

68
69
70

71



Table No.
Table 1.1.
Table 2.1

Table 3.1
Table 3.2
Table 3.3

LIST OF TABLES

Title
Enzymes that are able to oxidize alkanes

Reagents used

UV-Visible data for compounds14-23
Thermal decomposition data for compounds 15-23

Magnetic moment data of compounds 14-23

iX

Page No.

30
42
44
45



LIST OF SCHEMES

Table No. Title Page No.
Scheme 1.1. Representative reactions catalyzed by alkane 6
oxygenases
Scheme 3.1  Synthesis of 3,5-Pri2sz 37
Scheme 3.2  Synthesis of sodium p-X benzoate salt 38
Scheme 3.3  Screening of metals 38
Scheme 3.4  Synthesis of [Fe(3,5 -Pzizsz)3C12] 39
Scheme 3.5  Synthesis of [(Fe(3-OCMe2-5-Pripz)3].2X-OBz] 40



1. INTRODUCTION




1.1 INTRODUCTION & LITERATURE REVIEW

Synthetic organic chemistry has developed intensely over the past fifty years. Organic

synthesis involves transformation of functional groups or structural features
exhibiting relatively high chemical reactivity. As a result, almost every class of
organic compound can now be used as a source of starting materials for conversion to
members of other classes which includes complicated materials such as polymers,
biomolecules etc. Alkanes or the saturated hydrocarbons, an important class of
organic compounds, represent an exception to this generalization. Thus, C-H bonds
are generally not viewed as functional groups in regards to organic synthesis. Out of
thousands of reagents that are regularly used in synthetic organic methods, only a few

are capable of carrying out selective chemistry on alkanes.

The reason for the difficulty in converting alkanes to more useful products is alluded
to by their other name ‘parafﬁh?_ (meaning not enough affinity’): alkanes are
relatively inert. The chemical inéﬁriess of alkanes arises due to the fact that the
constituent atoms of alkanes are all held by strong and localized C-C and C-H bonds,
such that the molecules have no empty orbitals of low energy or filled orbitals of high
energy that can readily participate in a chemical reaction, as is the case with
unsaturated hydrocarbons such as olefins and alkynes [1]. Therefore, the lack of
reactivity of alknane C-H bonds is often attributed to their high bond energies
(typically 90-100 kcal/mol) and very low acidity (difficult to measure directly but
estimated to have pK,= 45-60) and basicity [2]. |

Inspite of the fact that aliphatic C-H bonds are more difficult to break or transform,
they are not completely inert. They do react at high temperatures, as seen in
combustion but such reactions are not easily controllable and they usually result in
thermodynamically stable but economically unattractive products i.e., carbon dioxide
and water. At present the use of alkanes in combustion applications, utilizes their
energy content but not their potential to be used as efficient precursors for the fine
synthesis of important and economically important chemicals. Cracking and thermal

dehydrogenation of alkanes converts them into valuable olefins but these reactions



require extreme conditions of high temperature and intensive energy. Alkanes have
also been found to undergo a gas phase or solution phase reactions which involve
exposure to either reactive species such as super acids or free radicals, but these
species are usually expensive to make and also such processes pose a problem of

relative unselectivity.

Aliphatic C-H bond activation or functionalisation has great practical implications.
Usually the preparation of a certain class of compounds requires that there should be
some heteroatom or unsaturation in the carbon backbone of the starting materials but
this cannot be done in alkanes. In order to bring this conversion the reactive sites or
functional groups are usually incorporated by means of multiple transformations but
if the new functionality can be somehow introduced directly through transformation
of C-H bonds, the same target molecule will be accessible in a single step by
displacement of hydrogen atom. Moreover, the ability to selectively target a number
of different C-H bonds in a complex substrate will permit direct access to multiple
analogs from a common structural precursor. The C-H bond functionalization
strategies if once successfully established will also be helpful in utilization of alkanes
specially methane, which is principal constituent of natural gas. Most of the world’s
established natural gas resources are located in remote areas, at sites where the local
demand is negligible, such as north slope of Alaska. The high cost of both
transportation and methods prevalent for conversion of hydrocarbon gases into more
readily transportable liquid impedes the exploitation of such resources [3]. Thus,
development of efficient methodology for conversion of methane to other chemicals,

methanol or liquid fuel will significantly improve methane utilization.

It has been found that in nature, several microorganisms are capable of performing
functionalization of aliphatic C-H bonds continuously at ambient temperature and
sometimes with great selectivity. Oxygenases are the oxidative enzymes that catalyze
the selective oxidation of a wide range of organic compounds at physiological
temperatures and pressures. Oxidation of a wide range of linear alkanes to

corresponding alcohols is catalyzed by a group of oxidative enzymes:



multicomponent oxygenases, alkane hydoxylase and cytochrome P450 selectively.
Different bacterial multicomponent monooxygenases catalyse the O, dependent
hydroxylations of hydrocarbons. This family of enzymes includes methane/butane
monooxygenases, four-component alkene/aromatic monooxygenases, phenol
hydroxylases, alkene monooxygenases, hyperthermophilic toluene monooxygenases
and tetrahydrofurn/propane monooxygenases. Different bacterial hydroxylases that
are capable of being used in synthesis of fine chemicals using the whole cells are
alkane monooxygenase, toluene monooxygenase, xylene monooxygenase, styrene
monooxygenase and toluene dioxygenase. These enzymes are unique among diiron
proteins for their ability to hydroxylate a variety of hydrocarbon substrates including
alkanes, alkenes and aromatics Depending on the microorganism which produces it,

these enzymes carry out oxidation of a wide range of alkanes [4 -6].

Table 1.1 Enzymes that are able to oxidize alkanes [7]

Enzyme Composition and cofactors Examples of host organisms Substrate range
Class | P450 (CYP153) P450 oxygenase: P450 heme Sphingomonas sp. HXN-200, CsCse
Ferredoxin: [2Fe-28] Mycobacterium sp. HXN-1500,
) Ferredoxin reductase: FAD, NADH Acinetobacter sp. EB104
Class | P450 (CYP52) Microsomal oxygenase: P450 heme Candida maltosa, Candida tropicalis, CyoCie
Reductase: FAD, FMN, NADPH Yarrowia lipolytica
Class I P450 {CYP2E, CYP4B) Microsomal oxygenase: P450 heme Humans and rabbits CgLCio
Reductase: FAD, FMN, NADPH
Integral membrane Membrane hydroxylase: dinuclear iron  Acinetobacter, Alcanivorax, Burkholderia, Cs—Cig
akane hydroxylase Rubredoxin: iron Mycobacterum, Pseudomonas,
Rubredoxin reductase: FAD, NADH Rhodococeus
Soluble methane azPays Structure Methylisinus trichosporium OB3b, C1—Cio
monooxygenase Hydroxylase: dinuclear iron Methylococcus capsufatus (Bath) -
Reductase: [2Fe-28}, FAD, NADH
Regulatory subunit
Particulate methane Putative By, structure: All known methanotrophs CiCs
mohooxygenase '
Propane monooxygenase Putative apfi>v» structure Gordonia sp. TY-5 Czand Cy3-Cx
Reductase: NADH
Regulatory subunit
Butane monooxygenase 0aPay2 structure Pseudomonas butanovora CCs
Hydroxylase: dinuclear iron ATCC 43655
Reductase: [2Fe-2S}, FAD, NADH
Regulatory subunit -
Engineered P450cam P450 oxygenase: P450 heme Pseudomonas putida ATCC 28607 CxCio

Putidaredoxin: [2Fe-2S}
Putidaredoxin reductase: FAD, NADH

Engineered P450BM-3 Single polypeptide: FAD, FMN, NADPH Baciflus megaterium ATCC 145681 CxCa




These biological entities can be directly used for industrial alkane conversion in
principle but in practice, these approaches may be primarily applicable to small-scale
production of specialized chemicals as the large scale bioprocesses for alkane

conversion present difficulty [6, 7].

Methane monooxygenase (MMOs) is found in methane oxidising bacteria
(methanotrophs), a group of gram—negative bacteria, which are capable of utilizing
methane as a source of energy and fuel. Methanotrophs are capable of converting
methane to methanol. This key enzyme exists in two forms: the membrane bound,
particulate methane monooxygenase (pMMO) and the cytoplasmic, soluble methane
monooxygenase (SMMO). Particulate MMO contains an iron-copper cluster and is
found in all methanotrophs. It is capable of transforming small chain linear alkanes -
with (C-1 —C-5) to corresponding alcohols. Soluble MMO contains a diiron cluster
and is found in certain sub classes of methanotrophs such as M. capsulatus, M.
trichosporium, Methylosinus sporium, Methylocystis spp., Methylomonas methanica.
It is capable of oxidizing a wide range of substrates including methane, linear alkanes

with (C-5 — C-7), alkene, aromatics, alicyclic and heterocyclic compounds [8].

Alkane hydroxylase system is found in Burkholderia cepacia, Pseudomonas,
Acinetobacter and Rhodococcus strains. It is an integral membrane protein and
contains a diiron cluster [9]. This enzymatic complex is capable of oxidizing medium
and long chain linear alkanes using reducing equivalents from NADH or NADPH.
Alkane hydroxylase obtained from Fseudomonas oleovorans is capable of oxidizing
medium chain length alkanes and alkenes (C-6 — C-12) [10]. This enzyme obtained from
Acinetobacter sp. strain ADP 1 is capable of oxidizing longer alkanes (C-12 — C-18) [11]
while the alkane hydroxylse synthesized by Rhodococcus sp. oxidizes alkanes with chain
lengths ranging from dodecane to hexadecane [12]. The three alkane hydroxylases from
Acinetobacter sp. strain M-1 can oxidize long alkanes (C-20 — C-44) that are found soluble in
the sytosol or oil inclusion of the cell ‘[13] while the two enzymes obtained from

Pseudomonas aeuroginosa PAO 1 can oxidize alkanes (C-12 — C-20 and C-15 — C-24) [14].



Cytochrome P450 is a monooxygenase enzyme which catalyses the incorporation of
molecular oxygen into alkane. It is found in certain yeast as well as bacteria. It is a heme
protein [15]. Cytochrome P 450 present in certain strains of the yeast Candida is able to carry
out w-oxidation of alkanes (C-11 — C-16) to corresponding alcohols which in turn is
converted to a,m-dicarboxylic acids by other enzymes [16]. The natural activity of this
enzyme when present in Bacillus megaterium is to the catalyze the enantioselective
hydroxylation of alkanes with chain lengths ranging from dodecane to octadecane. However,
certain mutants have been found which are able to carry out direct, regioselective and

enntioselective hydroxylation of a wider range of alkanes from propanes to octadecanes [17].

fa) CHy MMO CHy-OH
{b)
SN BMO - N
{c)
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N VY N >
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Scheme 1.1 Representative reactions catalyzed by alkane oxygenases[7]



Despite the practical limitations, enzymatic transformations are much studied, to understand
the underlying reaction mechanism and guide the design of synthetic catalysts mimicking the
function, efficiency and selectivity of their biological counterparts. A number of structural
and functional mimics of these monooxygenases have been developed to oxidize C-H bonds.
Groves et al. discovered the first example of metalloporphyrin (iron tetraphenylporphyrin) in
1979, which catalysed the hydroxylation and epoxidation of different hydrocarbons using
iodosylbenzene as a sacrificial oxidant. They found that chloro-a,B,y,5-
tetraphenylporphinatoiron (III) catalyzed the oxidation of cyclohexane to cyclohexanol in a
solution of methylene chloride under nitrogen at room temperature, using iodosylbenzene as
the oxygen source. Suprisingly the same complex catalysed the oxidation of cis-stilbene to
cis-stilbene oxide while trans-stilbene was inert to this reaction with this catalyst. In fact, a
mixture of the two olefins on oxidation by the same catalyst led to efficient isolation of cis-
stilbene oxide and recovery of trans-stilbene. They also found that another complex
chlorodimethylferriprotoporphyrin IX efficiently catélysed the oxidation of cis-stilbene and
trans-stilbene to cis-stilbene oxide and trans-stilbene oxide respectively with iodosylbenzene

as the oxidizing agent [18].

Wayland et al. carried out comparative kinetic and mechanistic studies for reaction of
rhodium porphyrins in activating methane and toluene. The two rhodium complexes
(tetramesitylporphyrinato)rhodium(Il) monomer and (tetraxylylporphyrinato)rhodium(II)
dimer were reacted with the benzene solution of methane to give equal quantities of hydride
and methy] derivatives of the rhodium complexes. The reactions were studied using "H NMR
and were found to be reversible. The reaction proceeded to equilibrium position observable
with 'H NMR, the integration of which helped in evaluation of equilibrium constants.
Reactions of the rhodium complexes were carried out under similar conditions but there was
no evidence for activation of aromatic C-H bond activation in case of toluene. Instead the
methyl group of toluene was found to react with the two rhodium porphyrins to produce
hydride and benzy! derivatives without any evidence for aromatic C-H bond activation. The
studies of rate laws, activation parameters and deuterium isotope effects suggested that the C-
H bond activation reaction with rhodium (II) porphyrins involved the formation of a linear
four-centered transition state. Kinetic studies suggested that the alkyl C-H bonds in both
methane and toluene reacted with rhodium porphyrins by related mechanisms. However, the

inability of these complexes to react with the aromatic C-H bonds can be ascribed to the



steric effects due to which the two bulky metalloradicals cannot be accommodated in the
near-tetrahedral four centered transition state involved in this reaction. Thus, rhodium(II)
porphyrins appear to have selectivity for carrying out activations of alkyl C-H bonds rather
than aryl C-H bonds {19, 20].

Subsequently several metalloporphrins were designed and studied for carrying out the
oxidation of alkanes. Sakurai et al. studied the oxidation of cyclohexene using different
metalloporphyrins i.e., Mn(TPP)CIl, Cr(TPP)Cl, VO(TPP)C] and Cr(TPP)CI. The reaction
was carried out by allowing the metal porphyrins to react with cyclohexene dissolved in
benzene in the presence of dibenzo-18-crown- and sodium borohyride under an atmosphere
of 100% oxygen at 20°C in separate reactions. On carrying out these studies of the types and

amounts of the products formed manganese porphyrins were found more efficient [21].

The biomimetic alkane oxidation systems carry out the reactions with the mechanisms similar
to the enzymatic system. However, both yields and product distributions vary significantly
with oxygen-transfer reagent, suggesting that a common oxometal complex is unlikely. In
general these systems are neither as efficient nor as selective toward alkanes as natural
systems, and more significant efforts have been lately focused upon their use as olefin
epoxidation catalysts [2, 22]. As the approach of using the systems that mimic the structure of
the active site of enzymes for regioselective C-H bond activations was not found successful
another approach for designing artificial systems that mimic only the function of enzymes
was explored to obtain C-H bond activation in the desired manner. As enzymes often involve
transition metal complexes as cofactors, the application of these transition metals in
construction of chemical models for activation of different substrates is supposed to be more
productive. The controlled activation of small, relatively inert molecules has been practiced
in transition metal chemistry since:late 1950s. The binding to metal center has shown
alterations or enhanced reactivity of a variety of molecules, through the changes in energies
in their orbitals or their polarity. For instance, the coordination of the olefins and carbon
monoxide to a metal centre renders them more susceptible to nucleophilic attack [1, 23],
whereas the dioxygen when coordinated to a metal can react with an electrophile readily [1,
24]. The classic inert molecule, dinitrogen has also been shown to become activated on
coordination to a metal and subsequently take part in chemical transformation [25]. Thus,
looking at these activations with the help of transition metal coordination chemistry, it was

anticipated that the aliphatic C-H bond can also be activated by the use of transition metal



complexes. Transition metal-mediated C-H activation holds promise for the preparation of
functionalized products from readily available starting materials. Moreover, the
transformations of C-H bonds of heteroaromatic substrates would provide potentially useful
synthetic sequences due to the prevalence of heteroaromatic fragments in compounds of

biological interest [2].

Shilov et al. for the first time demonstrated the possibility of activating methane and its
homologs with Pt salts. According to their studies the addition of alkanes, including methane
to a mixture of H,PtCls and Na,PtCl, leads to the generation of both alkyl halides and alcohol.
In an attempt to deduce the mechanism with the help proton NMR and chemical analysis they
found that a complex of Pt(IV) containing a CH;-Pt is formed, which was isolated from the
solution as an adduct of PH3P [26].

Janowicz et al. reported direct C-H bond activation in completely saturated hydrocarbons.
They reported the discovery of organotransition-metal systems capable of carrying out
intermolecular oxidative addition to single C-H bonds in saturated hydrocarbon at room
temperature  in  homogeneous  solution. A  dihydridoiridium(IlI)  complex,
(Me;sCs)(MesP)Ir(H), was prepared by treatment of [(MesCs)IrCl,], with trimethylphosphine
followed by lithium triethylborohydride. This iridium complex on irradiation in benzene
solution gave (n5-pentamethylicyclopentadienyl)(trimethylphosphine)hydridophenyl
iridium(Ill) complex, while on irradiation in cyclohexane solution it gave (n5-
pentamethylcyclopentadienyl)(trimethylphosphine)hydridocyclohexyliridium(IIl)  complex
and neopentane  solution separately led to the formation of (n5-
pentamethylcyclopentadienyl)(trimethylphosphine) hydridoneopentyliridium(IlI) complex.
The structure of these products were studied and confirmed by NMR spectroscopic studies.
The NMR data suggested that the hydridoalkyliridium complexes formed are the

intermolecular C-H activation products [27].

Sen et al. studied the activation of different substrates inciuding light alkanes (ethane,
propane) in presence of species of platinum i.e., K,PtCl, and Pt/O, in aqueous medium. They
found that inactivated C-H bonds were activated by Pt(Il) species while the C-H bonds
adjacent to an oxygen atom were activated by metallic Pt. For instance, in the presence of
Pt(II) the C-H bond of the substrate was oxidized only to alcohols i.e., ethanol and ethylene

glycol while the presence of metallic Pt allowed further oxidation to corresponding



of C-H bond. The 1> C-H activated complex was now unstable as the metal center was
formally oxidized to three state. It was stabilized by rechelation of the pyrazolyl arm of the
borate to give an alkyl hydride product TpRh(CO)(R)(H). Hence, the alkane was seen to be
activated [31]. The formation of ® alkane complex at the room temperature activation of

alkane by rhodium complex was confirmed by Periana et al. [32].

Backland et al. carried out the studies on the thione substituted derivatives of maltol which
are of interest in applications of metal based drugs. During their studies they found
unexpected C-H bond activation of the complexes of dithiomaltol with Ru(II) upon oxidation.
The Ru complexes of 3-hydroxy-2-methyl-4-thiopyrone (thiomaltol or Htma) and 3-hydroxy-
2-methyl-4H-thiopyran-4-thione (dithiomaltol or Httma), [Ru(bpy),(tma)]” and
[Ru(bpy)(ttma)]* respectively were seen to undergo unexpected C-H bond activation upon
oxidation. Oxidation of [Ru(bpy),(ttma)]* with different peroxidants C-H bond activation at
its pendant methyl group to give an air-stable aldehyde [Ru(bpy)z(ﬂma-aldehyde)]+ through
the formation of an intermediate oxidation product [Ru(bpy),(ttma-alcohol)]” which was
characterized. The oxidation with different peroxidants i.e., oxone, m-chloroperbenzoic acid,
urea hydrogen peroxide and 2,6-dicarboxypyridinium chlorochromate gave similar yields of
around 15% while the yield of the aldehyde was found to be slightly higher with 2-
iodoxybenzenoic acid and Na,Ir(IV)Cl. Similar oxidations of analogous [Ru(bpy),(ettma)]*
resulted in the formation of corresponding ketone Ru(bpy)(ettma-ketone)]”. All the
complexes were characterized by UV-vis, 'H NMR and IR spectroscopies. The structure of -

the aldehyde [Ru(bpy),(ttma-aldehyde)]” was confirmed by X-ray crystallography [33].

Uhl et al. reported C-H bond activation by hyperconjugation with Al-C bonds. Treatment of
di(tert-butyl)butadiene with dialuminium hydride under different conditions resulted in
formation of organoelement compounds which contained carbocations in solution. The three
different types of carbocations obtained due to C-H bond activation were a butadienyl cation,
a vinyl cation and an aliphatic cation. The hyperconjugation with Al-C at the adjacent C
atoms activated the corresponding C-H bonds and diminished the positive charge at the inner
carbon atoms which remains after the heterolytic cleavage of the C-H bond. Further the
effective intramolecular coordination of the hydride ion by two coordinatively unsaturated
aluminium atoms which act as a chelating Lewis acid, favours the formation of the cations

over the formation of C-H bond formation [34].
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Thiophenes can be activated by different metals. Paneque et al. reported the activation of C-H
and C-S bonds of thiophene by rhodium complex. [TpRh(C,H,)(PMe;)] a mixed phosphine-
ethylene derivative of Rh, was prepared by low temperature (-20° C) addition of phosphine
(PMe,) to a solution of [TpRh(C,H,),]. Irradiation of a solution [TpRh(C,H,;)(PMe3)] in neat
thiophene lead to the C-H and C-S bond activated products of thiophene
[TpRh(H)(C4H3S)(PMe;)] and [TpRh(CHCHCHCHS)(PMes)] respectively. The study of the
reaction was carried out by NMR spectroscopy. The photolysis reaction of thiophene with Rh
complex gave both C-H and C-S activation products in almost the same yield while the
reaction at elevated temperature >60° C gave a higher yield of the C-H activated product.
Moreover, the reaction of thiophene- with the related Rh species [TpRh(C,H,)(PEt;)] gave
both C-H and C-S activated products in same proportion but again at the elevated temperature
the reaction proceeded to give a higher yield of C-H activated product. However, the reaction
of thiophene with CpRhL (Cp = cyclopentane, L = PMe;, C,Hy) gave a higher yield of C-S'
oxidized product. Thus, the electronic and steric properties of the metal environment seemed
to play an important role in deriving the reaction towards one or the other type of product
[35]. The same group further reported that 2,5-dimethylthiophene undergoes complex
transformations in it’s reaction with an iridium complex Tp“**Ir(C;H,),.This transformation
involved aliphatic C-H bond activation of one of the intermediates to give final products. 2,5-
Dimethylthiophene and Tp™®Ir(C,H,), reacted at 60° C to give a mixture of two hydride
products in the ratio 1:1, which were isolated by fractional crystallization and characterized
by different spectroscopic techniques. From their structures it was inferred that one of the
compound was formed by activation of one of the aromatic C-H bonds while the second
compound involved the activation of aliphatic C-H bond of methyl group of 2,5-
dimethylthiophene. NMR studies supported this formulation [36].

Heteroatomic systems are of biological significance. As a result the C-H bond
transformations in heteroatomic systems would provide useful synthetic sequences. Several
studies regarding the stoichiometric as well as catalytic C-H bond transformations in’
heteroatomic compounds which are mediated by transition metals such as tiiiophenes, furans,
pyrroles have been made. Pittard et al. reported the stoichiometric as well as catalytic C-H
bond activation in furan and thiophene compounds. A Ru(ll) complex
TpRu(CO)(NCMe)(Me), (Tp = hydridotris(pyrazolyl)borate) reacted with furan at 90°C to
give methane and TpRu(CO)(NCMe)(2-furyl) by activation of C-H bond at 2 position in

furan. The formation of methane was confirmed by the analysis of headspace of the reaction
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in a gas-tight NMR tube using GC-MS technique. It was found that the C-H bond activation
of furan in this reaction was regioselective and this regioselectivity of C-H bond activation
was supported by the studies of the reaction using 'H NMR and >C NMR spectroscopy.
Homonuclear decoupling and NOE experiments were consistent with the regioselectivity of
C-H bond activation i.e., activation at 2 position in furan. Further, the reaction of
TpRu(CO)(NCMe)(Me) with thiophene at 90°C gave a mixture of methane and
TpRu(CO)(NCMe)(2-thienyl) after approx. 19 hrs of continuous stirring. The reaction was
studied with the help of NMR spectroscopy. The solid-state structure of
TpRu(CO)(NCMe)(2-thienyl) was shown by x-ray diffraction studies. Moreover, it was
observed that the same Ru complex TpRu(CO)YNCMe)(Me) catalyzed the addition of
thiophene to ethylene at a temperature of 90°C and a pressure of 40 psi resulting in the

formation of 2-ethylthiophene [37].

Organic synthesis is one of the main aims of C-H bond functionalization. Inspite of modeling
of a number of reaction systems which are capable of activating the otherwise inert aliphatic
C-H bond, a few have been devised in a manner which find application in the field of
synthesis feasibly. Bharath et al. reported the activation of a C-H bond of pendant phenyl ring
of 2-(arylazo)pyridine by a cobalt ion to produce a low spin complex which can be used as a
precursor for further synthesis of rare low spin cobalt (II) complexes. The reaction of low-sin
complexes [Co(IT)L;][C104].H,0O (L = 2-(arylazo)pyridine), (R)CsHyN=NCsH4N (R = H, o-
Me/Cl, m-Me/Cl or p-Me/Cl) with m-chloroperbenzoic acid in a solution of acetonitrile at
room temperature lead to the hydroxylation of o-carbon—hydrogen bond of pendant phenyl
ring of both parent ligands selectively and spontaneously and resulted in another low spin
complex [Co(III)L,][C104].H,O (L = 0-OC¢H; (R)N=NCsH,N). During this transformation
the Co ion is oxidized from +2 to +3 state. The reaction was studied with the help of 'H NMR
and PC NMR to establish the configuration of the product while the d-d transitions in the
metal were studied with the help of UV spectroscopy. The hydroxylated complexes can act as
precursors for chemical as well as electrochemical synthesis of rare octahedral low spin

cobalt complexes [38].

Ito et al. proposed a reaction scheme for C-H bond activation which finds application in
asymmetric synthesis. They gave an efficient method for the preparation of rhodium and
iridium complexes by C-H bond activation and these complexes are capable of catalyzing

asymmetric synthesis. It was shown that the on heating a mixture 3,5-dimethyl-R-Phebox
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(Phebox = bis(oxazolinylphenyl)) ligand, RhCl3(H,0); and NaHCO; at 50°C for 3hrs in a
methanolic solution gave a rhodium complex (3,5-dimethyl-dimethylPhebox)RhCly(H,0)
with a yield of 84%. The production of this rhodium complex involved aliphatic C-H bond
activation. The rhodium complex (3,5-dimethyl-dimethylPhebox)RhCl(H,0) acts as a
catalyst for asymmetric conjugate reduction of o,B-unsaturated carbonyl compounds and the
asymmetric reductive aldol reaction of acralytes and aldehydes. Similarly, the iridium
complex (3,5-dimethyl-dimethylPhebox)IrCl,(H,O) was prepared by the C-H bond activation
in the reaction that involved heating a mixture 3,5-dimethyl-R-Phebox (Phebox =
bis(oxazolinylphenyl)) ligand, H,IrCl¢(H,O)s and NaHCO; in a methanolic solution at 50°C
for 3hrs. The iridium complex thus, obtained was also capable of catalyzing asymmetric
conjugate reduction of o,B-unsaturated carbonyl compounds and the asymmetric reductive
aldol reaction of acralytes and aldehydes. As a probe for testing the catalytic ability of these
complexes in asymmetric conjugate reduction, (E)-ethyl 3-phenylbut-2-enoate was used as
the substrate and it was found that in combination with diethoxymethylsilane gave a final
yield of 90% of the reduction product while the iridium complex gave the reduction product
with the yield of 63%. Similarly for testing the catalytic activities of these complexes,
produced via this method, in asymmetric reductive aldol reaction, the symmetric coupling
reaction of benzaldehyde and ter-butyl acralyte was examined. The rhodium complex in
combination with diethoxymethylsilane gave reductive aldol product with 98% yield while
the iridium product gave 19% yield. The structures of the two complexes were determined

with the help of X- ray diffraction method [39].

Burling et al. reported that C-H bond activated complexes of ruthenium N-heterocyclic
carbine can be used efficiently to catalyze a tandem oxidation / reduction reaction in
conjugation with a Wittig reaction that allows for the formation of C-C bonds from alcohols.
A number of N-alkyl-substituted heterocyclic carbine ruthenium hydride complexes have
been studied for their catalytic activities for C-C bond formation from alcohols as substrates.
All of the mono -NHC complexes of the type Ru(NHC)(PPH;),(CO)(H), gave better
catalyzed conversions of alcohols into C-C coupled products ~as compared to the
Ru(PPh;);(CO)H, complexes. On intensive studies it was found that upon heating
Ru(PPh;);(CO)H, with four equivalents of I'Pr,Me,, a C-H bond activated isopropyl
derivative Ru(I'Pr,Me,)(PPh;),(CO)H was obtained which gave more significant reaction
results by being the most efficient catalyst. The C-H bond activated carbene complex of

ruthenium showed the highest catalytic abtivity for C-C bond formation by allowing the
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reaction of PhCH,0H and Ph;=CHCN to occur at a lower temperature of 70°C and even the
reaction time was shortened to 3hrs. The reaction was studied with the help of NMR
spectroscopy. Thus, it was finally concluded that the C-H bond activate complexes could be

used as the precursors for the catalysis of the synthetic reactions [40].

Sakakura et al. reported a catalytic system for the carbonylation of hydrocarbons including
alkanes to produce aldehydes via C-H bond activation steps. They showed that the rhodium
complex RhCI(CO)(PR;), on irradiation catalyzed the carbonylation of hydrocarbons
including alkanes at ambient temperature under an atmospheric pressure of CO to yield
aldehydes. However, the use of other complexes of Co, Ir and Ru resulted in much lower
catalytic activites. The benzene was carbonylated to benzaldehyde mainly while
benzophenone and benzyl alcohol were obtained as by-products. Even the monosubstituted
benzenes were converted to meta-substituted benzaldehydes by RhCI(CO)(PR3),. In the study
of reaction with n-alkanes, it was seen the terminal methyl group was selectively
carbonylated to give a linear aldehyde. This regioselectivity vs accounted for by the
formation of thermodynamically stable hydridoalkyl intermediates. The linear aldehyde thus
produced was seen to undergo further photoreaction (Norrish Type II) to give a terminal
olefin and acetaldehyde. On irradiating the reaction with different wavelengths, it was seen
that the catalytic activity, regioselectivity of the carbonylation and occurrence of Norrish
Type II reaction were affected by irradiation wavelength. It was reported that on irradiation
RhCI(CO)(PR3), was seen to undergo CO dissociation‘to give RhCI(PR;), which inturn was

proposed as the probable active species for C-H bond activation [41].

Bolig et al. reported highly selective activation and functionalization of sp’ C-H bond with
the help of a cobalt complex [(Co)Co(VIMS),] (VIMS = vinyltrimethyl silane). 1-
(dimethyl(vinyl)silyl)azepane and 1-(dimethyl(vinyl)silyl)azocane) were transformed to
seven- and eight- membered N-protected enamines in a reaction catalyzed by this cobalt
complex. The NMR studies suggested that the enamines were formed by activation of C-H
bonds a to the protected nitrogen and involved an intramolecular hydrogen transfer.
Enamines are versatile intermediates for organic synthesis, so this process of preparing
enamines via the C-H bond activation process may find applications in organic synthesis

[42].
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Chen et al. reported an iron based small molecule catalyst which can oxidize aliphatic C-H
bonds in a number of substrates using hydrogen peroxide as an oxidizing agent.
[Fe(I)(mep)(CH;CN),](SbFs), complexes (mep = N,N’-dimethyl-N,N’-bis(2-pyridylmethyl)-
ethane, 1,2-diamine] under substrate limiting conditions converted only 1% pivalate to
tertiary hydroxylated product with modest selectivity of 56%. However, on incorporation of
methylamines into rigidifying pyrrolidine rings of this catalyst showed improvements in
selectivity to 92% as well yield to 14%. The addition of acetic acid to the reaction further
increased the catalytic activity of both these iron catalysts in epoxidation without affecting
the selectivity. However, increment in initial catalyst loading alongwith an increase in either
the equivalents of acetic acid or the equivalents of H,O, gave better yield of the hydroxylated
products. In all cases examined it was found that hydroxylation preferentially occur at the
most electron-rich tertiary C-H bond and the stereochemistry of the substrate was retained.
They further investigated the sensitivity of site of oxidation to the electronic environment of
the 3° carbon atom. A series of dihydrocitronellol derivatives with electron withdrawing
groups at o. or B positions to one of the two 3° C-H centers. In substrates with no electronic
bias hydroxylation with H,0, occurred at both the 3° C-H centers but in presence of electron
withdrawing group the hydroxylation occurred at the 3° C-H remote to the electron
withdrawing group. To test for the effect of the steric environment of 3° C-H on selectivity of
oxidation site, oxidation of acetoxy-pfethane was performed in the presence of Fe(mep)
catalyst with.H202, It was found that hydroxylation occurred at C-1 as was less sterically
hindered. The selectivity for oxidation site was also affected by the presence of a directing
group. Thus, selective C-H bond activation by using this iron complex can be used for
synthetic purposes by determining .the interplay between these three effects acting

simultaneously [43].

In an attempt to create the chemical model of biological activation of the C-H bond in alkanes
the possibilities of mimicking the natural processes by means of chemical catalysts and
reaction systems involving same metals were studied. Iron has been found to be one of the
most important metals in this respect [44]. Lipscomb in his review on metalloenzymes
reported that enzymes with diiron clusters are capable of oxidizing C-H bonds in alkanes.
Oxidation enzymes can be divided into two classes: the oxidases, which act through electron
transfer with concomitant reduction of O, to water and the oxygenases, which catalyse the
reaction of O, with organic- or inorganic substrates. The oxygenases can further be divided

into monooxygenases and dioxygenases. A monooxygenase incorporates one of the oxygen
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atoms from molecular oxygen into the substrate whereas the other oxygen is reduced to
water. A dioxygenase incorporates both atoms from O, into the oxygenated product. Another
subdivision can be made based on the ligands used to bind the metal ion. Enzymes that use
heme prosthetic group for this purpose are called heme proteins. The enzymes that do not use
a heme but instead bind the metal with ligands provided by the protein are called non-heme
proteins [45]. Nature has evolved a number of iron-requiring enzymes that activate dioxygen
and catalyze the oxidation of aliphatic C-H bonds. Among these are the heme-containing
cytochrome P450 and the non-heme enzymes methane monooxygenase, alkane hydroxylase

and fatty acid desaturases [46].

Cytochrome P 450 are membrane associated hemoproteins that are capable of metabolizing a
number of substrates and catalyzing a number of biological reactions. Two of the most
important reactions catalyzed by this enzyme are hydroxylation of C-H bond and epoxidation
of C=C bonds. They are the monooxygenases which carry out hydroxylation of C-H bond

with the help of molecular oxygen. It has been found that the enzyme contains an iron

porphyrin complex with sulfur-bound cysteine, at the active site.

HO,C . CO,H
Fig 1.1 An iron protoporphyrin complex[47]

The catalytic cycle begins with the binding of substrate followed by introduction of
first electron from NAD(P)H via an electron transfer cycle. In next step oxygen binds
and accepts another electron to form a ferric peroxy anion. The ferric peroxy anion is

protonated to form ferric hydroperoxy complex which undergoes subsequent
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hydrolytic cleavage to generate an iron-oxo complex. The oxo complex is considered
to be the active oxidant of C-H bonds in alkanes and it abstracts a hydrogen atom
from C-H bond of alkane to give a cage shaped hydroxoiron(Ill) complex / alkyl
radical pair. This is followed by oxygen rebound such that carbon radical combines
with the hydroxide. As the mechanism involves the formation an alkyl free radical,
cytochrome P-450 oxidations favor oxidation of the weaker tertiary C-H bonds over

the primary and secondary CH bonds [47,48].
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Fig 1.2 Generally accepted mechanism for C-H bond activation by cytochrome P450 [49]

In many, but not all, cytochrome P‘;S,OS, an interesting so called “shunt” réaction has
also been observed. In this type of reaction the substrate can be hydroxylated directly
by peroxides such as hydrogen peroxide, cumene hydroperoxide and ter-butyll
hydroperoxide without the requirement for activation of molecular oxygen by

interaction with electron donating system. Thus, utilizing this peroxygenase activity,
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cell free P450-dependent catalysis can be carried out without the need for NADPH

regeneration, additional proteins or dioxygen [47,50].

Another class of enzymes, methaﬁe monooxygense enzymes, is found in bacteria and
catalyze selective oxidation of methane to methanol. It is found in methanotropic
bacteria that use methane as their sole carbon source, like Methylococcos capsulatus
and Methylosinus trichosporium. It consists of three components, a hydroxylase,
which is responsible for the oxidation of methane, a reductase and a regulatory
protein. Methane monooxygenase hydroxylase (MMOH) belongs to a class of non-
heme iron proteins. It has been found to consist of two iron atoms in a carboxylate-
rich ligand environment at the active site. These iron atoms are often bridged by an
oxo group and / or bidentate carboxylates. The structure of both oxidized form of

MMOH (MMOH,y) and the réduced form (MMOH;.q) as shown in figure 1.3
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Fig 1.3 Active site structures of MMOHox and MMOH,.y [51]

The two iron(IIl) centers in MMOH,y are six coordinate, each having one nitrogeh
ligand (His) and five oxygen ligands like glutamic acid residues, bridging hydroxides
/waters and a terminal water ligand. Upon reduction to MMOH;,q, one of the glutamic
acid ligands undergoes a carboxylate shift and becomes a monodentate bridging
ligand. In addition a hydroxide bridge is lost and the other hydroxide / water bridge
becomes a terminal instead of a bridging ligand. The consequence of these structural
changes is one of the iron (II) center becomes effectively five coordinate and this is

the form of cluster which is capable of reacting with molecular oxygen [51, 52].
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The catalytic cycle of MMOH is believed to go through a number of intermediates.
Mixing of MMOH,.4 with O, gives an intermediate P, which is proposed to be a p-
1,2-peroxo bridged diiron(III) species. The intermediate 1 converts to intermediate Q,
which is believed to be the species responsible for methane hydroxylation.
Spectroscopic studies suggest that MMPH-Q contains an bis-u-oxo-Fe(IV), cluster
in which the two single atom oxygen bridged form a so-called “diamond core”. There
are two mechanisms suggested for the reaction between compound Q and the alkane:
radical and nonradical. The radical mechanism starts with abstraction of the hydrogen
atom from the substrate to form QH (the rate determining step), hydroxyl bridged
compound Q and the free alkyl radical. The nonradical mechanism implies a
concerted pathway, occurring via a four-center transition state and leading to a
“hydrido-alkyl-Q” compound. Some researchers suggested that the methane oxidation
proceeds via a bound-radical mechanism. It was suggested that the transition state for
the radical mechanism involves a torsion motion of the hydroxyl OH ligand before
the methyl radical can add to the bridging hydroxyl ligand to form the alcohol. As the
radical approaches, the H atom of the alkane leave the coplanar tricoordinate O
environment and bends upward to create a tetrahedral tetracoordinate O environment.
The final step for this reaction is the ¢limination of the alcohol and the regeneration
of the catalysts. There are a few ways in which this can occur. It could be a stepwise
mechanism that starts with the elimination of the alcohol and an intermediate Fe-O-Fe
core, and the the latter can eliminate the water and regenerate the enzyme through a
2e- reduction. Alternatively, it can start with a 2e- reduction process of bridging the
Ol atom to give a water molecule, followed by elimination of the alcohol and
regeneration of the enzyme. In addition, it is possible that there is a concerted
mechanism where the elimination of the methanol occurs spontaneously with 2e-
reduction of the bridging O1 center and regeneration of the catalyst [51-55]. The
generally accepted mechanism for oxidation of methane by methane monooxygenase

enzyme is shown in figure 1.4.
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Fig 1.4 Catalytic cycle for methane oxidation by MMOH [56]

Lipoxygenases are mononuclear, non-heme iron enzymes that are found in both
animals and plants and are known to catalyze the oxidative conversion of 1,4-diene-
containing fatty acids to alkyl peroxides [57]. The rate determining step of the
mechanism is generally accepted to be a hydrogen abstraction from substrate C-H
bond to generate a substrate-radical which is subsequently trapped by dioxygen [58].
The species postulated to be responsible the hydrogen abstraction is a ferric-
hydroxide complex, which is subsequently reduced by the H-atom,to ferrous water
complex [59]. Jonas et al. reported the activation of C-H bond by hydrogen
abstraction by a ferric-methoxide complex based on the active iron complex in
lipoxygenase enzyme. They designed a new ligand, 2,6-bis-((2-
pyridyl)methoxymethane)pyridine (PY5) consisting of five pyridine units which can
accommodate an iron metal in a nearly square pyramidal coordination to mimic
specific attributes of iron coordination sites. On mixing Fe-OTf, (OTf = CF3SO;3
)with the PYS5 ligand in the ratio of 1:1 using methanol as a solvent, a 6- coordinate
ferrous complex [Fe(PY5)(MeOH)}-( OTf), (1). The complex 1 on oxidation with 0.5

eq. of either H,O, or iodosobenzene in methanol yields the stable ferric complex
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[Fe(PYS5)(OMe)]-( OTf), (2). The ferric-methoxide complex 2 when treated 1,4-
cyclohexadiene abstracts a hydrogen atom from a weak C-H bond from it and itself
gets reduced back to the ferrous-methanol complex 1. Thus, a model capable of C-H
bond activation was designed which represented the chemical species involved in rate

determining step in the mechanism of lipoxygense enzyme [60].

Groves discovered the first iron metalloporphyrin (iron tetraphenylporphyrin)
catalyzed oxidation system as a biomimetic model of monooxygenases, in which
cyclohexane was oxidized to cyclohexanol using iodosobenzene as a sacrificial
oxidant [18]. In addition to these porphyrin-based monooxygenases mimics, a number
of non-porphyrin systems perform similar alkane oxidation functions. It has been
known since the last century that iron salts catalyze the oxidation of alkanes by
peroxides (Fenton oxidation). These processes are considered to involve the iron-
catalyzed homolysis of hydrogen peroxide followed by hydrogen abstraction and
radical recombination (eq. 1).
R-H+HOOH +Fe" - R-OH+OH +Fe" (1)

The mechanism for alkane oxidation by an iron catalyst can be separated into two

components: a C-H bond cleavage step and a C-O bond formation step (eq. 2)

R-H+oxidant - R +Fe-OH — R-OH (2)

The variation in the products obsér;/éd for the catalysts may be rationalized by the
relative timing of these two steps. At one extreme the two steps may occur in a
concerted fashion, so the oxygen atom is effectively inserted into the C-H bond.
Alternatively, the C-H bond is cleaved to form an alkyl radical that is very quickly
trapped to form the C-O bond [61].

Barton et al. reported C-H bond activation using iron powder. They carried out
oxidation of various aliphatic and alicyclic hydrocarbons by a system containing iron
powder and a carboxylic acid in aqueous pyridine under an atmosphere of oxygen. A
trace of hydrogen sulphide helped in initiating the reaction. In particular, the

oxidation of adamantane was carried out in an aqueous pyridine solution containing
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iron powder and tartaric acid under the atmosphere of oxygen. The reaction converted
adamantane to a mixture of adamantan-1-ol, adamantan-2-ol and adamantanone. On
carrying out the reaction in presence of different acids it was found that with
increasing acid strength favors higher relative ratio of attack at the secondary
methylene position of adamantine. Of all the acids used the highest yield was

obtained in presence of tartaric acid [62].

The pyrazole nucleus is thermally and hydrolytically very stable. As a ligand, it
coordinates to metals and metalloids through the 2-N. Due to these attractive features
the coordination chemistry of pyrazole and of its derivatives have attracted much
attention. When deprotonated, pyrazole becomes the pyrazolide ion, which can
coordinate through both the nitrogen atoms as an exobidentate ligand of C2v
symmetry. On conducting electronic spectral studies of [Ni(sz)s]2+ complex both in
solution as well as of single crystal it was suggested that pyrazole occupies a position
similar to that of pyridine or ammonia in spectrochemical series. The nucleophilicity
of the nitrogens and their steric accessibility may be varied through appropriate ring
substitution. Pyrazoles and its derivatives have biological activity which is well
studied [63]. 3,5-diisopropyl pyrazole which has an electron releasing group should
thus, be stronger coordinating ligand. The presence of a substituent at 3 position of
pyrazole introduces steric hindrance and makes it difficult to have six-3-substituted
pyrazoles coordinated via the 2-N to a metal. This difficulty can be circumvented by
coordination through a tautomeric 5-substituted structure, where steric hindrance is
minimized. Several substituted pyrazoles both at 3 and 5-positions have been

synthesized.

Most of the synthesized substituted pyrazoles have wide application in coordination
chemistry, bioinorganic and organometallic chemistry. The utilizations of these
compounds extend from the role as' inhibitor of the alcohol dehydrogenase to their
potential antiallergic action. Some pyrazole derivatives may even inhibit the
induction of mutations of some carcinogens. On the other hand, metal ions, especially

transition metal ions, play an important role in biological systems. For example,
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4. Water is the only by-product obtained in oxidation by hydrogen peroxide
Thus, hydrogen peroxide is used as a preferred oxidizing agent in several reactions.
Several examples of aliphatic C-H bond oxidation using hydrogen peroxide as the

oxidizing agent have been reported {66].

Cho et al. reported oxidation of a methyl group in a complex of Ni using H,O, to give
a ligand based carboxylate group and an alkoxide as the final product. In particular,
the reaction of [Niy(OH)(Mex-tpa)]*'(3) (Meytpa =  bis(6-methyl-2-
pyridylmethyl)(2-pyridylmethyl)amine) with H,0, lead to the oxidation of a
methylene group on the Me-tpa ligand to give an N-dealkylated ligand and oxidation
of a methyl group to afford a ligand-based carboxylate and an alkoxide as the final
oxidation products. A series of sequential reaction intermediates produced in the
oxidation pathways: a bis(u-oxo) dinickel(III([Niy(O)(Mex-tpa),]*"(4) a bis(p-
superoxo)dinickel(II)([Niz(Oz)z(Mez_-tp'a)z]2+(5), a  (p-hydroxo)(p-alkylperoxo)
dinickel(I)([Ni2(OH)(Me;-tpa)(Me-tpa- CH,00))** (6), and a  bis(u-
alkylperoxo)dinickel(Il)  ([Nig(Me-tpa-CH,00),]** (6), were isolated and
characterized by various physicochemical measurements including X-ray
crystallography, and their oxidation pathways were investigated. Reaction of 3with
H,0; in methanol at -40°C generates 4, which is extremely reactive with H,O,,
producing 5. Complex 4 was isolated only from disproportionation of the superoxo
1igands in 5 in the absence of H,O; at -40°C. The thermal studies carried out in an
atmosphere of nitrogen suggested that a ligand-based radical Me-tpa-CH, is generated
as a reaction intermediate, probably by H-atom abstraction by the oxo group.
Although there is a possibility that the Me-tpa-CH,0O0 species could undergo various
reactions, one of the possible reactive intermediates, 6, was isolated fro.m the
decomposition of 5 under O, at -20 °C. The alkylperoxo ligands in 6 and 7 can be
converted to a ligand-based aldehyde by either homolysis or heterolysis of the O-O
bond, and disproportionation of thie aldehyde gives a carboxylate and an alkoxide via

the Cannizzaro reaction [67].
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Hikichi et al. reported oxidation of an aliphatic C-H bond in an isopropyl chain of the
ligand in a Co complex to an alkoxo ligand using H>O, as an oxidizing agent. A
dinuclear Co(II)-p-peroxo complex, {Co[HB(3,5-Pr'2pz)s]}2(u-02) (9), is yielded by
reaction of the bis(p-hydroxo)-Co(II)complex, {Co(OH)[HB(3,5-Pr'apz)s]}, (8), with
an equimolar amount of H,O,. Spontaneous decomposition of the p-peroxo complex
9 yields a mono-oxygenated p-aikoxo-p-hydroxo complex, Co(u-OH)[HB(p-3-
OCMe;,-5-Pr'pz)(3,5-Prapz),])[HB(3,5-Prypz)s] (11), in which one of the six 3-
isopropyl methane carbon atoms is oxygenated and the resulting alkoxo ligand
bridges the two Co(II) centers. In contrast, decomposition of 9 in the presence of an
excess amount of H,O, results in further oxygenation to give a mixture of the
dinuclear  Co(Il)-bis(p-alkoxo)  complex,  {Co[HB(u-3-OCMe,-5-Pr'pz)(3,5-
Prypz)s]}, (12), and the mononuclear Co(ll)-hydroxo alcohol complex,
Co(OH)[HB(3-Me,COH-5-Pr'pz)(3-Me,COH-5-Pr'pz);] (13). In the bis(u-alkoxo)
complex 12, one of the three 3-isopropyl groups in each ligand is functionalized to
give the alkoxide group, which bridges the two metal centers. In the mononuclear
hydroxo alcohol complex 13, all of the three 3-isopropyl groups are oxygenated. The
Co(II) center is coordinated by the tesulting alcohol ligand as well as an hydroxide.
Reaction of 8 with 2 equiv of ROOH (R = Bu’ and PhMe;,C) at low temperature
yields the blue thermally unstable alkylperoxo compound 10. The HB(3-Bur-5-Pr'pz);
derivative, Co(OOCMe,-Ph)[HB(3-But-5-Pr'pz);] (9), characterized successfully by
X-ray crystallography contains the tetrahedral Co center. The monomeric alkylperoxo
complexes 10 also decomposes to give the bis(pu-alkoxo) complex 12, but neither
mono-oxygenated 11 nor fully oxygenated 13 is obtained. These observations suggest
that the present aliphatic C-H bond oxygenations may proceed via homolysis of the

0O-0 bond of the Co(II)-peroxo species [68].

In a number of examples intramolecular activation of both sp2 and sp3 hybridized C-
H bonds in a variety of ligands has appeared [69-70]. Thyagarajan et al. reported
intramolecular C-H bond activation in isopropyl group of the Tp-ligand attached to
Co in its five-coordination complex with a Tp'""™-ligand, a trimethylsilylamido

group and one of the isopropyl group of the Tp-ligand through the formation of a
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terminal cobalt imido intermediate [71]. Zhao et al reported spontaneous self-
assembly by a mononuclear complex of platinum Pt(NPA)(CHs), [NPA = N-(2’-
pyridyl)-7-azaindole] into an orgax}pplatinum Pt4 macrocycle Pt4(N,C,N-NPA)4(CHj3)4

via a cyclometallation driven self assembly process at ambient temperature [72].
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1.2 AIM AND SCOPE

The aim and scope of this work is to activate secondary aliphatic C-H bond of
isopropyl group present on 3,5-diisopropylpyrazole ring in metal complexes with iron
as central metal atom. For this the complex of iron with 3,5-diisopropylpyrazole have
been prepared and the oxidation of the one methine carbon of isopropyl groups
present on each of the three 3,5-diisopropylpyrazole rings attached to iron center have
been carried out using hydrogen peroxide as the oxidizing agent. Further the effect of
the presence of various p-substituted sodium benzoates on the oxidation of the C-H
bond of isopropyl chains in this complex has been studied. Our strategy of using 3,5-
diisopropylpyrazole has drawn inspiration from several papers reported in literature
according to which the secondary.C-H bond in isopropyl group present in 3,5-
diisopropylpyrazole ring has a great capability of getting oxidized to an OH bond
which in turn has a tendency of forming metal oxygen bond. We have been inspired
to study the effect of presence of benzoates by the papers reported in literature that
the presence of organic acids facilitates the oxidation of C-H bond using iron metal

center catalysts or complexes.
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2. EXPERIMENTAL DETAILS

Table 2.1 Reagents used:

S. Chemicals Grade | Make

No

1 Methanol [MeOH] AR Rankem

2 Acetonitrile [CH3CN] AR Rankem

3 Dichloromethane [CH,Cl;] AR Rankem

4 Iron(II) chloride [FeCl ;] AR Himedia

5 Anhydrous sodium sulphate [Nay(SO)s] AR Himedia

6 Diethyl ether [Et,0] AR Rankem

7 Benzoic acid AR Loba Chemie Pvt. Ltd.
8 4-Chloro benzoic Acid AR Spectro chem.
9 4-Cyano benzoic Acid AR Reidei-dc Haén
10 | 4-Methoxy benzoic Acid AR Merck

11 | 4-Amino benzoic Acid AR Aldrich

12 | 4-Nitro benzoic Acid LR Reidel-de Haén
13 4-Methyl benzoic Acid AR Merck

14 | 4-Flouro benzoic Acid LR Aldrich

15 | 4-Formyl benzoic Acid AR Aldrich

16 | Tertiarybutylamine [Me;CNH,] AR Aldrich

17 | Lithium amide [LiNH;] AR Aldrich

18 | Isopropylmethylketone [Me,CHCOMe] AR Aldrich

19 | Methylisobutyrate [Me3;CCOQO7] AR Aldrich

20 | Hydrochloric Acid [HCI] AR. Rankem

21 | Bromoacetaldehydediethylacetal AR. Aldrich

22 | Sodium bicarbonate [Na,COjs) AR Fluka

23 | Potassium thiocyanate [KSCN] AR. S.d. Fine

24 | Sodium sulfate [Na,SOy4) AR S.d. Fine
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25 Hydrazine monohydrate [NH,NH;.H,0] AR. Fluka

26. | Hydrogen peroxide AR. Rankem

2.2 Make and model of the instruments:

IR spectra were recorded on a Nexus FT-IR (Thermonicolet). Solid samples were
recorded as KBr pellet and liquid samples as film between NaCl plates. Elemental
Analysis were performed at Vario EL elementar. All the UV-Vis spectra were
recorded by Perkin Elmer Lambda 35 spectrometer. The room temperature magnetic
measurements were performed on Princeton applied research vibrating sample
magnetometer Model 155. Thermal analyses were recorded by Perkin Elmer Pyris
Diamond. Powder X-Ray diffraction spectra were recorded on Bruker Axs D8
Advanced diffractometer. Lyophilizer was used for removing water during the

synthesis of various sodium salts of p-substituted benzoic acids.

2.3 Method use.d for synthesis of ligand and complexes:

2.3.1 Synthesis of 3,5-diisopropyl pyrazole [3,5-Pr' ypzH]:

Diisobutyrylmethane used for the preparation of 3,5-diisopropylpyrazole was
synthesized by the following method:

Lithium amide (25.00g, 1.08mol) and diethyl ether (80ml) were placed in three
necked flask round bottom flask. To the mixture was added a dropwise solution of
isopropylmethylketone (58.82g, 0.68mol) over a 60 min. period. Methylisobutyrate
(56.62g, 0.55mol) was then added dropwise to the above mixture over a period of 90
min. After being refluxed for 10 hrs., a dilute HCI solution was added to the mixture
to hydrolyze the unreacted lithium amide and the water layer was extracted with
diethyl ether (3 x 100ml). The ether layer was washed three times with a saturated
NaCl aqueous solution. After drying over MgSOq, the diethyl ether was removed by
evaporation. The resulting solution was distilled under reduced pressure at 140 °C
affording 44.96g diisobutyrylmethane.

In a two-necked round bottom flask having diisobutyrylmethane (42.49g, 0.27mol) in
60ml ethanol, the aqueous hydrazine monohydrate (23.00g, 0.46mol) was added
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dropwise to a solution over a period of 90 minutes. After refluxing for 10 hrs, the
mixture was allowed to cool at room temperature, 100 ml saturated NaCl aqueous
solution was added and the compound was extracted with diethyl ether (3 x 100ml).
The organic layer was washed with saturated NaCl solution (three times). After being
dried over MgSOy for 6 hrs. the solvent was evaporated to dryness. The resultant
white solid was recrystallized from acetonitrile, affording 3,5-diisopropylpyrazole as
white needles (yield 28.24%). Anal. Calcd. (%) for CoHNy; C, 71.01; H, 10.59; N
18.40; Found: C, 70.83; H, 10.49;'N, 17.75. IR (KBr, cm™) ( vN-H) 3415, (vC-H)
2961, (vC=C) 1677. S

2.3.2 Synthesis of sodium salts of various p-X benzoic acids [p-XCsH,COO'Na']:

Sodium salts of various para-X benzoic acids (X = H, Cl, F, CH3, OCH3, CHO, CN,
NH,, NO;) were prepared by reaction of corresponding p-benzoic acids and sodium
hydroxide in equivalent amount. In a particular experiment 40 mmol of p-X benzoic
acid was added to an aqueous solution of 40 mmol of sodium benzoate and the
solution was stirred for 6 hrs. The resultant solution was filtered and lyophilized till

solid powder was obtained.

2.3.3 Screening different metals for aliphatic C-H bond activation:

Different metal salts were screened to test their ability for being used in
intramolecular aliphatic C-H bond activation. In particular, to the methanolic solution
of (0.5 mmol) metal salt MY, (M = Ni*", Cu®*, Mn**, Fe**, . ) (Y = CI') was added
dichloromethane solution (12ml) of (0.237g, I.Sﬁlmol) 3,5-diisopropylpyrazole and
the reaction mixture was stirred for 1 hour. To this solution, the methanolic solution
(4ml) of (0.162g, 1.0 mmol) sodium p-flourobenzoate was added. To the resultant
reaction mixture was added 30eq. of aqueous 30% H,0, (2.15ml, 21.0 mmol) at room
temp., the solution was allowed to stir at -50°C for 20 minutes. The water layer
formed was separated with the help of separating funnel while the organic layer
containing the product was retained. The organic layer was then stirred with

anhydrous sodium sulfate to remove any remaining water. The resultant mixture was
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4

filtered and the solvent was evaporated under vacuum. The IR was recorded for each

product.

2.3.4 Synthesis of Fe(3,5-Pr' ;pzH)sCl, (14):

To the methanolic solution of (0.064 g, 0.5 mmol) ferrous chloride was added
dichloromethane solution (12ml) of (0.237 g, 1.5 mmol) 3,5-diisopropylpyrazole and
the reaction mixture was stirred for 1 hour. The resultant mixture was filtered and the
solvent was evaporated under vacuum. Yield = 45.23%. Anal. Calcd for
Cy9Hs4ClhFeNg: C, 56.77; H, 8.87; N, 13.70. Found: C, 56.10; H, 9.12; N, 13.81. UV-
Vis (methanol, Amax, nm, &/M'em™ ) 238 (5050), 388 (269). IR (KBr, cm’™") (vN-H)
3478, (vC-H) 2979 (vC=C)1678.

2.3.5 Synthesis of [Fe(3-OCMe,-5-Pr'pzH);].20Bz (15) :

To the methanolic solution of (0.064 g, 0.5 mmol) ferrous chloride was added
dichloromethane solution (12ml) of (0.237 g, 1.5 mmol) 3,5-diisopropylpyrazole énd
the reaction mixture was stirred for 1 hour. To the mixture the methanolic solution
(4ml) of (0.144g, 1mmol) sodium benzoate was added drop by drop. To the resultant
mixture H,O, was added drop by drop at room temperature till the colour of the
solution turned brown. The solution was allowed to stir at -50°C for 1 hour. The water
layer was separated with the help of separating funnel while the organic layer
containing the product was retained. The organic layer was dried over anhydrous
sodium suifate. The organic mixture was filtered and the solvent was evaporated
under vacuum. Yield = 46.05%. Anal. Calcd for C37Hs3FeNgOs: C, 61.49; H, 8.09; N,
11.63. Found: C, 61.70; H, 7.95; N, 11.08. UV-Vis (acetonitrile, Amax, nm, gMlem™! )
240 (5200), 378(475).. IR (KBr, cm™) (vN-H) 3406, (vC-H) 2970, (vC=C) 1670,
(vFe-0) 627.

2.3.6 Synthesis of [Fe(3-OCMe,-5-Pr'pzH)3].2CI-OBz (16) :
Compounds 16-23 were obtained in similar manner applied to 15. Yield = 50.25%.
Anal. Calcd for C37Hs;CIFeNgOs: C 58.69; H, 7.59; N, 11.10. Found: C, 58.80; H,
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7.86; N, 10.91. UV-Vis (acetonitrile, Ama, nm, &/Mcm™ ) 220 (5480), 424 (361). IR
(KBr, cm™) (VN-H) 3406, (vC-H) 2976, (vC=C) 1681, (vFe-O) 611.

2.3.7 Synthesis of [Fe(3-OCMe,-5-Pr'pzH)3]. 2F-OBz (17):

Yield = 49.72%. Anal. Calcd for C37Hs7FFeNgOs: C, 59.99; H, 7.76; N, 11.35.
Found: C, 59.60; H, 7.450; N, 11.20. UV-Vis (acetonitrile, Amay, nm, &/M"cm™ ) 238
(5190), 402 (204). IR (KBr, cm™) (VN-H) 3434, (vC-H) 2968, (vC=C) 1670, (vFe-O)
612.

2.3.8 Synthesis of [Fe(3-OCMe,-5-Pr'pzH)s;]. 2CH;-OBz (18):

Yield = 51.63%. Anal. Calcd for C3gHgoFeNgOs: C, 61.95; H, 8.21; N, 11.41. Found:
C, 61.59; H, 7.95; N, 11.81. UV-Vis (acetonitrile, Amax, nm, &/Mcm™ ) 237 (5309),
462 (162). IR (KBr, cm™) (WN-H) 3415, (vC-H) 2965, (vC=C) 1679, (vFe-0) 616.

2.3.9 Synthesis of [Fe(3-OCMe2-5-Pf§vzH)3].2OCH3-OBz 19):

Yield = 48.45%. Anal. Calcd for C3gHgoFeNgOs: C, 60.63; H, 8.03; N, 11.16. Found:
C, 61.09; H, 8.15; N, 11.81. UV-Vis (acetonitrile, Apax, nm, eMlem™! ) 220 (5080),
397 (401). IR (KBr, cm™) (vN-H) 3430, (vC-H) 2967, (vC=C) 1685, (vFe-0) 619.

2.3.10 Synthesis of [Fe(3-OCMey-5-Pr'pzH);3].2CHO-OBz (20):

Yield = 43.63%. Anal. Calcd for C3gHssFeNgOg: C, 60.79; H, 7.79; N, 11.19. Found:
C, 59.97; H, 8.90; N, 10.96. UV-Vis (acetonitrile, Amax, nm, &/M'cm™ ) 231 (5120),
460 (145). IR (KBr, cm™") (vN-H) 3418, (vC-H) 2965, (vC=C) 1697, (vFe-0) 625.

2.3.11 Synthesis of [Fe(3-OCMey-5-Pr'pzH)s].2CN-OBz (21):

Yield = 46.66%. Anal. Calcd for C3§H57FeN705: C, 61.04; H, 7.68; N, 13.11. Found:
C, 61.19; H, 7.39; N, 13.52. UV-Vis (acetonitrile, Amax, nm, gM'em ) 243 (5220),
372 (492). IR (KBr, cm™) (YN-H) 3437, (vC-H) 2970, (vC=C) 1672, (vFe-O) 625.
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2.3.12 Synthesis of [Fe(3-OCMe,-5-Pr'pzH);].2NH,-OBz (22):

Yield = 39.11%. Anal. Caled for C37HsoFeN;Os: C, 60.24; H, 8.06; N, 13.29. Found:
C, 59.91; H, 7.89; N, 12.93. UV-Vis (acetonitrile, Apax, nm, e/M'em™ ) 223 (4980),
420 (209). IR (KBr, cm™) (vN-H) 3420, (vC-H) 2981, (vC=C) 1678, (vFe-O) 620.

2.3.13 Synthesis of [Fe(3-OCMe;-5-Pr'pzH);]. 2NO,-OBz (23):

Yield = 47.33%. Anal. Calcd for C37Hs7FeN;O7: C, 57.88; H, 7.48; N, 12.77. Found:
C, 57.91; H, 6.99; N, 12.25. UV-Vis (acetonitrile, Amax, nm, M em™) 242 (5330),
391 (253). IR (KBr, cm™) (VN-H) 3406, (vC-H) 2970, (vC=C) 1671, (vFe-0) 627.
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3. RESULTS AND DISCUSSION

The ligand used in present work i.¢., 3,5-diisopropylpyrazole was synthesized by

scheme 3.1.

H .
LiNH,  + H3c—-C—(‘3—CH3

CH;
) 0
u Il o | u

H;C— C—C—OCH; HZC—C-—?—CH;;

|
CH3 \/ CH3

0O O
n Il
H3C—?—C—CH2——C—(lI—CH3
CH3 CH3

NH,.NH,. 2H,0

CH;
H;C /
\ _CH
CH— \
/
HyC \\ CH;
N——N
\
H

Scheme 3.1. Synthesis of 3,5-Pr ,pzH
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Various sodium p-X benzoate salts (X=H, F, Cl, CH3, OCH;, CN, CHO, NH,, NO,)

were synthesized according to the scheme 3.2.

COOH COONa

+ NaOH—= +H,0

aqueous

Scheme3.2. Synthesis of sodium p-X benzoate salt

Various metal salt of the MY, type (M = Ni, Mn, Cu, Fe) (Y = Cl) were screened for
their ability to be used in activation of C-H bond. The method that we tried is

according to the scheme 3.3.

=
DCM, MeOH
AN -
MY, + 3 \ L br

N-—NH

N
3,5-diisopropylpyrazole M

+2 p-F-C4HsCOONa

+ 30 eq. aq. 30%H,0,

Product
Scheme 3. 3. Screening of metals
The results show that out of these metal ions, only iron is able to activate the C-H

bond in 3,5-diisopropylpyrazole.
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The complex [Fe(3,5-Pz,pzH);Cl,](14) was synthesized according to the scheme 3.4.

N—NH

/ N
N DCM, MeOH \\ / N
FeCl, + 3 \ The > Fe H
H / \\
3,5-diisopropylpyrazole \
N\ cl

Scheme3.4. Synthesis of [Fe(3,5-Pz ,pzH);Cly]
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Scheme for synthesis of [(Fe(3-OCMey-5-Pr'pzH)3].2X-OBz] (15 -23):
The compounds [(Fe(3-OCMe,-5-Pr'pz);].2X-0OBz]( X= H, F, Cl, CHs, OCHj, CN,
CHO, NH;, NO,)(15-23) were synthesized according to the scheme 3.5.

DCM, MeOH

FeCl, 4 3 W

N—NH

1 hr

3,5-diisopropylpyrazole

Y
~Y

\

z—Z,

jan
&
\Z\
z/

jenld =

+ H'202

+2 p-XC6H4COONa

Scheme.3.5. Synthesis of [(Fe(3-OCMe,-5-Pr'pz);].2X-OBz]
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3.2 Screening of metals:

In case of Mn, the solution of [Mn(3,5-Pz’,pzH);Cl,] obtained after stirring for 1 hr was
slighty pink (Mn*?) but on addition of 30eq of aqueous 30% H,0, the solution turned
light brown (Mn") in colour but on stirring at -50°C the colour changed back to light
pink. This observation can be attributed tc the fact that oxidation using H,O, results in
formation of H,O as byproduct and in the presence of water Mn" undergoes a
disproportionation reaction to give Mn*? and MnO, . Moreover Mn** is highly stable

owing to the fact that this state corresponds to exactly half filled d-sub shell.

In case of Cu, the solution of {Cu(3,5-Pz,pzH);Cly] obtained after stirring for 1 hr was
green (Cu*?) and on addition of 30eq of aqueous 30% H,O, the colour of the solution did
not show any appreciable change and on stirring at -50°C the colour intensified. This
observation can be attributed to the fact that Cu shows a stable oxidation state of +2 while

+3 oxidation state is uncommon.

In case of Ni, the solution of [Ni(3,5-Pzi2sz)3Clz] obtained after stirring for 1 hr was
light green (Ni*?) but on addition of 30eq of aqueous 30% H,0, the solution did not
show any colour change and no change was seen even after stirring at -50°C as Ni shows

stable oxidation state of +2 only.

In case of Fe, the solution of [Fe(3,5-Pzi2sz)3Clz] obtained after stirring for 1 hr was
light yellowish green (Fe*?) and on addition of 30eq of aqueous 30% H,0, the colour of
the solution turned brown (Fe™) and on stirring at -50°C the colour intensified. This
observation can be attributed to the fact that Fe shows a stablility in both oxidation states

of +2 and +3 although +3 is highly stable owing to exactly half filled d-sub shell.

On the basis of these observations Fe was chosen as the preferred metal as it could
undergo oxidation from +2 to +3 to suit our reaction strategy. The choice of Fe metal was
further supported by the papers which reported that Fe metal plays key role in enzymes

involved in carrying out hydroxylation of aliphatic C-H bonds.
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3.3 Elemental Analysis:

The ligand 3,5-Pr';pzH and the complexes 14-23 were subjected to elemental analysis for
the % determination of C, H and N content. The elemental analysis was performed on
samples carefully dried under vacuum for several hours. The results obtained were within

the error range of + 3%.

3.4 Infra-red Spectra:

IR spectra of ligand 3,5-Pr;pzH and complexes 14-23 were recorded as KBr discs in the
range of 4000cm™ to 400 cm™. For ligand 3,5-Pr',pzH, peaks are obtained at 3415 (vN-
H), 2961 (vC-H), 1617 (vC=N). The IR spectra of compounds 14-23, showed peaks in the
region 3400-3450 (vN-H), 2950-2990 (vC-H), 1600-1630 (vC=C) for the stretching of N-
H bonds, C-H bands and C=C bonds respectively. For compounds 15-23 the peaks in the
region 1550-1590 (vasCOO) and 1400-1450 (vsCOO) have been obtained due to the
carboxylate group present in the benzoate. In compounds 15-23 an additional peak in the

region 610-630 (vFe-O) was obtained.

3.5 UV-Visible Spectra:

Electronic absorption spectroscopy is a powerful tool for the elucidation of the structure
of transition metal complexes and also for the organic compounds. The UV-vis spectra of
complexes 14-23 were recorded. The ligand being colorless does not exhibits any UV-vis
spectrum. The high energy absorption in the 245-220 nm is most likely due to transition
involving metal-ligand orbital. The absorption peaks in the region 370-460 nm were
obtained due to the d-d transitions. The data for UV-Visible studies has been shown in

Table 3.1.

Table 3.1 UV-Visible data for complexes 14-23.

Complexes Electronic Bands, nm (/M'cm™)

Fe(3,5-Pr',pzH),Cl, 238 (5050), 388 (269)
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[Fe(3-OCMez-S-Prisz)3].2OBz 240 (5200), 378 (475)
[Fe(3-OCMe,-5-Pr'pzH);].2Cl-OBz 220 (5480), 424 (361)
[Fe(3-OCMe,-5-PrpzH);].2F-OBz 238 (5190), 402 (204)
[Fe(3-OCMe,-5-Pr'pzH);].2CH;-OBz 237 (5309), 462 (162)
[Fe(3-OCMe,-5-PrpzH);].20CH;-OBz 220 (5080), 397 (401)
[Fe(3-OCMe,-5-PrpzH);].2CHO-OBz 231 (5120), 460 (145)
[Fe(3-OCMe,-5-PrpzH);].2CN-OBz 243 (5220), 372 (492)
[Fe(3-OCMe,-5-Pr'pzH);].2NH,-OBz 223 (4980), 420 (209)
[Fe(3-OCMe,-5-Pr'pzH);].2NO,-OBz 242 (5330), 391 (253)
3.6 TGA/ DTA Spectra:

Thermal analysis studies were carried out for compounds 15-23 in the air using DTA,
TGA and DTG techniques in the temperature range of 25-900 °C at the heating rate of 10
°C min’!. As seen from the TGA curves for complexes 15-23, the thermal decomposition
of complexes can be divided into two stages. The first stage involves weight loss due to
the removal of p-substituted benzoates anions in the temperature range of 140-250 °C
while the weight loss in second stage corresponds to the removal of three 3,5-
diisopropylpyrazole rings in the temperature range of 280-520°C . The data for thermal

decomposition studies has been shown in Table 3.2.
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Table 3.2 Thermal decomposition data for compounds 15-23

Compound Stage TG temp. % Wt. % Wt. Constituents lost
range (C) Loss Loss
observed | calculated

15

I 149-249 35.23 30.52 Two benzoate anions

11 349-484 50.73 52.86 Three 3,5-diisopropylpyrazole rings
16

I 148-230 31.21 34.20 Two p-chloro benzoate anions

11 350-524 52.00 33.12 Three 3,5-diisopropylpyrazole rings
17

I 149-249 29.36 3340 Two p-flouro benzoate anions

II 349-484 51.51 51.60 Three 3,5-diisopropylpyrazole rings
18

I 148-230 31.00 31.00 Two p-methyl benzoate anions

11 350-524 51.64 52.02 Three 3,5-diisopropylpyrazole rings
19

I 150-248 3342 34.00 Two p-methoxy benzoate anions

II 250-473 50.39 51.24 Three 3,5-diisopropylpyrazole rings
20 |

I 150-241 28.05 32.56 Two p-formyl benzoate anions

I 248-473 52.89 49.59 Three 3,5-diisopropylpyrazole rings
21

I 147-193 3424 32.66 Two p-cyano benzoate anions

I 253-457 51.81 50.76 Three 3,5-diisopropylpyrazole rings
22

I 147-230 35.43 30.96 Two p-amino benzoate anions

I 350-524 49.84 51.96 Three 3,5-diisopropylpyrazole rings
23

I 149-250 35.69 35.54 Two p-nitro benzoate anions

11 255-468 48.57 Three 3,5-diisopropylpyrazole rings

51.03
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3.6 Magnetic measurement:
Magnetic measurements were carried out for complexes 14-23. The formula used for
calculation of magnetic moment is

et = 2.84 [(Ra-p MT/(wz-wi)H] 2
where, T =24+273 =297 K
H = 5000 Gauss
M = molecular weight of the complex

Table 3.3 Magnetic moment data of complexes

wof | wi Ofhold pof
Empty older (gm) Filled | Wt. of Reft
S.No. Compounds (mol. wt.) holder holder | sample (BM)
(emu) | ooty | Filled | ™) | (&M
10 10
1 | Fe(3,5-PripzH)Cl, (631.0) 0.063 | 1.04903 | 1.06883 | 0.151 | 0.01980 | 4.23
[Fe(3-OCMe,-5-Pr'pzH);].20Bz :
2 | (858.0) 0.065 | 1.03695 | 1.04893 | 0.153 | 0.01198 | 5.53
[Fe(3-OCMe,-5-Pr'pzH);].2CI-
3 | 0Bz(912.0) 0.045 | 1.12671 | 1.13661 | 0.124 | 0.00991 | 5.91
[Fe(3-OCMe,-5-Pr'pzH);]).2F-OBz
4| (830.0) 0.063 | 1.08101 | 1.09091 | 0.139 | 0.00990 | 5.64
[Fe(3-OCMe,-5-PripzH);].2CH;-
5 | 0Bz (872.0) 0.104 | 0.97423 | 0.98569 | 0.187 | 0.01146 | 5.15
[Fe(3-OCMe,-5-Pr'pzH);].20CH;-
6 | OBz (888.0) 0.90 | 1.09412 | 1.10352 | 0.164 | 0.00940 | 5.82
[Fe(3-OCMe,-5-Pr'pzH);].2CHO- .
7 | 0Bz(915.0) 0.067 | 0.97165 | 0.98145 | 0.158 | 0.00980 | 6.30
8 | [Fe(3-OCMe,-5-PrpzH);].2CN- 0.085 | 1.08716 | 1.09406 | 0.149 | 0.00690 | 6.28
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OBz (8%94.0)

[Fe(3-OCMe,-5-PrpzH);].2NH,-
OBz (872.0)

0.054

0.95382

0.96511

0.136

0.01129

5.73

10

[Fe(3-OCMe,-5-PripzH);].2NO,-
OBz (934.0)

0.058

1.09216

1.10350

0.129

0.01134

5.51
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4. SPECTRA
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| 5. CONCLUSION




5. CONCLUSION

The ligand 3,5-diisopropylpyrazole was prepared. The complexes of this ligand with
iron (II) were prepared by reaction of the methanolic solution of ferrous chloride with
3,5-diisopropylpyrazole in a solution of dichloromethane. The oxidation of methine
C-H bond present in the isopropyl group of the pyrazole ring was tried out using
H,0; as the oxidizing agent and the effect of the presence of various sodium p-X
benzoates (X = H, Cl, F, CHs;, OCHs, CHO, CN, NO,, NH,) was studied. The
products were studied using IR spectroscopy and seen to contain an additional peak
which was inferred to be due to iron-oxygen bond formed. The UV-Vis spectra of the
compounds showed absorption in the range 220-245 due to the metal to ligand charge
transfer while d-d transitions showed absorption in the range 370-470. The thermal
studies showed that the decomposition of the compounds mainly took place in two

stages.
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