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SYNOPSIS

Chapter 1

In this chapter, the scope and objectives of the present work have been
presented in the background of the importance of molybdenum and the
coordination chemistry of cis-dioxomolybdenum(VI1) with bi-, tri- and

tetradentate ligands.

Chapter 2

Dioxomolybdenum(VI1) complexes having the general formula cis-
[MoO,(OMe)(LM] (1-6) with the tridentate 2-((2-(pyridin-2-yl)hydrazono)-
methyl)phenol and its substituted derivatives (HL", n = 1-6) have been
synthesized. Elemental analysis and various spectroscopic (IR, UV-Vis, *H
NMR and fluorescence) measurements have been used for the characterization
of the complexes. X-ray crystal structures of all the complexes except for one
have been determined. In each of these analogous complexes, the metal
centre is in distorted octahedral N,O, coordination sphere assembled by

the meridionally spanning pyridine-N, azomethine-N and phenolate-O donor

(o)
HO , ,

| R/’ / \N

F N "N X \ NG
H R N | )
HL" OMe
(n=1-5 for R =H, Cl, Br, Me and OMe cis-[MoO,(OMe)(L")]
parato OH and n =6 for R = OMe para 1-6 (for n = 1-6)

to azomethine)

Chart 1. Chemical structure diagrams of the Schiff bases and their complexes.

vii



(L"), the methoxo-O and the two mutually cis oriented oxo groups. In the
crystal, the complex molecules are involved in intermolecular N—H:--O
hydrogen bonding interaction involving the hydrazine NH and the metal
coordinated methoxo-O. In four structures, discrete dimeric units are formed
through a pair of reciprocal N—H:--O hydrogen bonds, while N-H---O bridged

linear one-dimesional polymeric structure is formed in the fifth structure.

Chapter 3

Reactions of [MoO,(acac);] (acac” = acetylacetonate) with the
potentially N,O-donor 5,5-membered fused chelate rings forming Schiff bases
2-(2-pyridylaldimine)ethanol (HL') and 4/5-R-2-(2-pyridylaldimine)phenols
(HL"; n = 2-5 for R = H, 4-Cl, 4-Me and 5-Me, respectively) lead to facile
formation of the racemic complexes of general formula cis-[MoO,(acacL’")]
(1-5) in 80-85% vyields. Here, (acacL")®>  represents a chiral N,O,-donor
ligand system formed by a novel Mannich-type reaction that involves
acetylacetonate and the azomethine fragment of HL" both coordinated to the
cis-{MoO2}** unit. Characterization of 1-5 has been performed with the help
of microanalytical (CHN), spectroscopic (ESI-MS, IR, UV-Vis and 'H- and
3C-NMR) and electrochemical measurements. The molecular structures of all
the complexes except for 5 are authenticated by single crystal X-ray
crystallography. The Mo(V1) center in each of these analogous complexes is in
a distorted octahedral N,O,4 coordination sphere assembled by the chiral N,O,-
donor transformed ligand (acacL™? and the two mutually cis-oriented oxo
ligands. In the crystal lattice, each of 1-4 exists as centrosymmetric discrete
dimer via a pair of reciprocal N-H---O hydrogen bonds between its

enantiomeric pairs.
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I o

-(2-pyridylaldimine)ethanol 4/5-R-2-(2-pyridylaldimine)phenols
(HL") (HLZ® for R = H, 4-Cl, 4-Me, and 5-Me, respectively)

(0] 0
12 16, 1 R
13 \ 17
/K‘(‘K " 15 = 10
4 12 |
CH 7
6 \‘\ 37 N ~N ¢
[
2N o

(acacL')*

Chart 2. Chemical structure diagrams of the Schiff bases HL'> and the

transformed ligands (acacL'°)?".

Chapter 4

A series of cis-dioxomolybdenum(V1) complexes of general formula
cis-[MoO,(HL™] (1-4) have been synthesized in 80—85% yields by reacting
equimolar amounts of [MoO,(acac),] (acac” = acetylacetonate) with 2,2'-(2-
hydroxy-3,5-R1,R,-benzylazanediyl)diethanols (HsL", n = 1-4) in methanol.
Characterization of the complexes has been performed by elemental analysis,
spectroscopic (IR, UV-Vis, H- and *C-NMR) and electrochemical
measurements. The molecular structures of all four complexes have been
determined by single-crystal X-ray diffraction studies. In each of these
analogous complexes, the metal centre is in a distorted octahedral NOs
coordination sphere assembled by the single edge shared 5,5,6-membered
chelate rings forming NOgz-donor (HL")? and two cis oriented oxo groups.

Crystal structures of the complexes reveal formation of discrete



centrosymmetric dimeric species via a pair of reciprocal intermolecular
O—H:--O hydrogen bonding interactions. Spectroscopic data of all the
complexes are consistent with their molecular structures. In the cyclic
voltammograms, the redox-active complexes display a quasi-reversible to
irreversible metal centred reduction with the cathodic peak potential in the
range —0.92 to -1.12 V (vs. Ag/AgCl). All the complexes have been
evaluated for their catalytic activities in oxidative bromination reactions of

styrene and salicylaldehyde and in benzoin oxidation reaction.

OH
HO
OH R,
Hal" (n = 1-4)

n=1forR;=HandR, =Me
n=2forR;=H, R, =Et cis-[MoO,(HL™)]
n=3forR;=Hand R, ="'Bu 1(n=1),2(n=2),
n=4forR;='Buand R, ='Bu 3(n=3)and 4 (n=4)

Chart 3. Chemical structure diagrams of N-caped tripodal HsL'™ and their

complexes cis-[MoO,(HL*™)] (1-4).

Chapter 5

Reactions of [MoO;(acac);] (acac™ = acetylacetonate), 2-((2-(2-
hydroxyethylamino)-ethylamino)methyl)-4-R-phenols (H,L", n = 1-5 for R =
H, Me, OMe, CI and Br, respectively) and KOH in 1:1:2 mole ration in
methanol afford a series of complexes having the general formula cis-
[MoO(L"] (1-5) in 81-86% yields. The complexes have been characterized
by elemental analysis, spectroscopic (IR, UV-Vis, *H-, *C- and *C-DEPT

NMR) and electrochemical measurements. The molecular structures of 1-4



have been determined by single crystal X-ray crystallography. In each of 1-4,
the ONNO-donor 6,5,5-membered fused chelate rings forming (L")*" and the
two mutually cis oxo groups assemble a distorted octahedral N,O4
coordination sphere around the metal centre. In the crystal lattice, each of 1-4
forms one dimensional infinite chain structure via intermolecular N—H:--O
hydrogen bonding interactions. In cyclic voltammograms, the diamagnetic
redox active complexes display an irreversible metal centred reduction in the
potential range —0.73 to —0.88 V (vs. Ag/AgCl). The physicochemical data are
consistent with a very similar gross molecular structure for all of 1-5. All the
complexes exhibit decent bromoperoxidase activities and are also able to

effectively catalyze benzoin and methyl(phenyl)sulfide oxidation reactions.

OH
/Oi/ﬁ OH
R V\N/\/
H

HoL"
(n =1-5for R = H, Me, OMe, CI and Br, respectively)

cis-[MoO,(L")]
(1-5 for n = 1-5, respectively)

Chart 4. Chemical structure diagrams of tetradentate linear H,L' ™ and their

complexes cis-[MoO,(L*)] (1-5).
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Chapter 1

Introduction

In this chapter, the scope and objectives of the present work have been
presented in the background of the importance of molybdenum and the
coordination chemistry of cis-dioxomolybdenum(V1) with bi-, tri- and
tetradentate ligands.

1.1. Molybdenum

Molybdenum in its oxide form molybdenite was discovered in 1778 by
Carl Wilhelm Scheele. The name molybdenum has originated from the Greek
word ‘molybdos’ which means lead-like. Molybdenum is one of the
nonprecious elements and its ab undance on earth crust is about 1.2-1.5 ppm.
The oxidation state of molybdenum varies from -2 to +6 [1]. Till date thirty
three isotopes of molybdenum have been detected. Out of these isotopes only
seven with mass numbers 92, 94, 95, 96, 97, 98, and 100 occur naturally.
Among the seven naturally occurring isotopes of molybdenum, only *Mo
undergoes radioactive decay. Due to these stable isotopes, the presence of
molybdenum can be easily detected by its isotopic patterns in mass-
spectrometry. Molybdenum is relatively less toxic in its most stable +6
oxidation state and hence it has attracted considerable attention of the
chemistry world [2].

Molybdenum is present in various metalloenzymes which are essential
for many physiological reactions occurring in the plant and animal kingdoms.
Molybdenum containing CO oxidoreductase, arsenite oxidase, sulfite oxidase,
xanthine oxidase, aldehyde oxidoreductase, DMSO reductase, nitrite reductase
and nitrogenase play important roles in the metabolism of carbon, nitrogen,
sulfur, and arsenic (Chart 1.1) [3]. Consequently molybdenum has been

recognized as one of the essential elements for animals as well as plants. Its

1
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deficiency or excess supply may cause several physiological abnormalities in
humans including cancer [4]. Complexes of molybdenum also show anticancer

[5-7], antibacterial [8], antifungal [7,9,10] and antifertility [10] activities.

Carbon monoxide oxidoreductase: CO + H,0 ———— CO, +2H" +2¢".
Dimethyl sulfoxide reductase: Me,SO + 2H" + 26— Me,S + H,0.
Nitrate reductase: NOs + 2H" +26° ———» NO, + H,0.

Arsenite oxidase: HzAsO3 + H,O ————» HAsO,* + 3H" + 2e.

Sulfite oxidase: SO5* + H;0 ———— SO, + 2H" + 2e".

Xanthine oxidase: Xanthine + H,O —— Uric acid + 2H" + 2¢ .

Aldehyde oxidoreductase: RCHO + H,O ——— RCO,H + 2H" + 2¢".

Chart 1.1. Reactions involving molybdenum containing metalloenzymes.

1.2. Coordination chemistry of cis-{MoO,}**

1.2.1. Bidentate Schiff bases

Most complexes of molybdenum in its +6 oxidation state contain cis-
{MoO,}** core [11,12]. The cis-{Mo0O,}** complexes with bidentate Schiff
bases have been well studied. Zelentsov and coworkers [13] first synthesized
the [MoO,L;] type of complex by reacting [MoO,Cl,] with a bidentate Schiff
base derived from salicylaldehyde and aniline. Yamanouchi and Yamada [14]
prepared several cis-{MoO,}** complexes of monoanionic bidentate Schiff
base ligands via template reactions between [MoO,(sal);] or [MoOy(3-
methoxysal);] and alkyl/aryl amines (Chart 1.2). Later similar type of
complexes synthesized by following the same template reaction procedure
were reported by Oh and koo [15]. K. Tsukuma and coworkers [16]
determined the molecular structure of bis-(N-methylsalicylideneiminato)-
dioxomolybdenum(VI) using single crystal X-ray crystallography (Fig. 1.1)

from the crystals provided by Yamanouchi and Yamada [14].

2
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R4
A N/OR
P Mo/

© /
NG/
~
—/R,
R4
R, R1=H, Me, Et, Ph etc. R, = H, Me, OMe, Cl, Br etc.
Chart 1.2. Chemical diagram of cis-[MoO,L].

Fig. 1.1. An example of cis-[MoO,L;] type of complexes.

Several complexes possessing similar structural features were also
reported with bidentate Schiff bases derived from 2-hydroxynaphaldehyde and
various primary amines and bridged diamines [17-22]. Few bidentate
hydroxylamine condensates of salicylaldehyde, 2-hydroxyacetophenone and
2-hydroxybenzophenone have been also employed as ligands to synthesize

cis-[MoO,L;] type of complexes [23-26].

1.2.2. Tridentate Schiff bases
The cis-dioxomolybdenum(V1) complexes with tridentate Schiff bases
have been extensively studied due to the potential availability of an open

coordination site that can be occupied by an easily dissociable monodentate
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ligand [11,12]. The tridentate Schiff bases used are mainly of two types. The
2-carbonylphenol condensates with 2-aminophenols or 2-aminoalcohols form
the first type and the acid hydrazide condensates with 2-carbonylphenols or
1,3-diketones belong to the second type. These kinds of Schiff bases easily
bind the cis-{Mo0O2}** core and the planar ligands coordinate the
molybdenum(V1) center in a meridional fashion. The tridentate ligand and two
cis oriented oxo groups occupy five coordination sites of the octahedral metal
centre and the sixth coordination site is satisfied by an ancillary monodentate
ligand (Chart 1.3).

Ri Rs R,
X \N (o)
Rz_: \// d Cf\ /Q
S /MO/
O

R1=H, Me, Ph etc. R1=H, Me, Ph etc.
R,=H, Me, OMe, ClI, Br etc. R, =H, Me, OMe, ClI, Br etc.
D = Neutral solvent molecule or other ancillary ligands.
Chart 1.3. Chemical diagrams of cis-{M0O2}** complexes bearing tridentate

ligands.

A. Chakravorty and coworkers [27] proposed the meridional spanning
of tridentate Schiff base ligands based on the studies performed on cis-
{MoO,}** complexes with salicylaldehyde condensates of 2-aminophenol, 2-
aminothiophenol and 2-ethanolamine. Various monodentate ancillary ligands
like water, alcohol, aldehyde, amide, N-oxide, phosphine oxide, amine, and
phosphine ligands were screened and it was shown that these ligands occupy
the labile coordination position trans to one of the two oxo ligands of the cis-
{Mo0O,}** core.
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R.H. Holm and coworkers [28] first reported the crystal structures of
the cis-{Mo0O,}** complexes with two tridentate Schiff bases derived from 5-t-
bu-/4-HSOj3 salicylaldehyde and 2-aminophenol / 2-aminothiophenol. The
sixth labile coordination place is occupied by methanol or sulphate ion. Later,
several similar type of complexes were reported with their crystal structures

[19,29-38]. Some of these complexes are illustrated below in Fig. 1.2.

s

o

hOR
{ AL L 1

Fig. 1.2. Molecular structures of cis-{Mo0O,}** complexes of some tridentate
Schiff bases derived from 2-carbonylphenol and 2-aminophenols or 2-

aminoalcohols.

The acid hydrazones derived from acid hydrazides and various
aromatic or aliphatic carbonyl compounds are another important class of
Schiff bases. The acid hydrazones (aromatic/aliphatic) of 2-carbonylphenols
and 1,3-diketones in the deprotonated state are known to act as tridentate
phenolate-O, azomethine-N and amidate-O donor ligands [38,39]. These
ligands also coordinate the metal center in a meridional fashion. As discussed
in the previous section, a monodentate neutral ligand such as water [40,41],
alcohol [42-44], N-oxide [45], phosphine oxide [46,47], N-donor ligand

5
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[48,49] and amide [50] occupies the labile vacant coordination site trans to

one of the oxo ligands (Fig. 1.3).

Y Y YY . A
A
Ay X

Fig. 1.3. Examples of cis-{MoO,}** complexes with acid hydrazides and 2-
carbonylphenol condensates.

Apart from the biological activities of thiosemicarbazide based Schiff
bases [51, 52], they also serve as dianionic tridentate ligands [53]. Several cis-
{Mo0O,}** complexes with thiosemicarbazones of 2-carbonylphenols were
reported with their structural characteristics. The thiosemicarbazones behave
meridionally spanning phenolate-O, azomethine-N and amide-N or
thioamidate-S (ONN or ONS) coordinating ligands in these complexes [54—

59]. A couple of examples are depicted in Fig. 1.4.
N\

Fig 1.4. Examples for thiosemicarbazide based Schiff base complexes of cis-

{MoO,}*".
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1.2.3. Tetradentate ligands
1.2.3.1. Tripodal ligands

Tripodal ligands are a versatile class of compounds and their metal
complexes have found applications in a wide variety of research areas such as
activation of small molecules [60], stabilization and scrutiny of reactive
intermediates [61], biomodeling and biomimicking [60,62], catalysis in
organic synthesis [63] and sensors [64]. The cis-{Mo00O.}** complexes with
tripodal tetradentate ligands are relatively less compared to the cis-{MoO,}*
complexes with bi- and tridentate Schiff bases. The ONNO [65-68] or ONOO
[69-73] donor tripodal ligands are known to form very stable complexes with

cis-{Mo0}** core (Fig. 1.5).

P
PO

“
(b)
Fig 1.5. Examples for cis-{MoO,}** complexes with tetradentate tripodal
ligands.

1.2.3.2. Linear ligands

Tetradentate linear ligands based on diamines are also very important
in coordination chemistry because of their greater order of flexibility and
tunability. Complexes of this type of ligands are of considerable interest due to
their potential applications in medicinal chemistry [74], stereoselective
catalysis [75,76], metallo enzyme models [77] etc,. Like the cis-
{MoO,}**complexes of tripodal ligands, the linear tetradendate ligand
containing complexes of this core are also limited [65,68,78-83]. The
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complexes reported [65,68,78-83] so far are mostly with symmetrical linear

tetradentate ligands as shown in Fig. 1.6.

P

o—v
(b)

Fig 1.6. Examples for cis-{MoO,}** complexes with symmetrical linear

flexible tetradentate ligands.

1.3. Catalytic applications of cis-{MoO,}** complexes
cis—dioxomolybdenum(V1) complexes are known to catalyze various
organic reactions such as oxidation of alchohols [84], alkenes [84-86], alkanes
[84,85], sulfides [85-88], phosphine[88], and xanthine [87]. The oxo—peroxo
molybdenum(VI) species produced from cis—dioxomolybdenum(V1)
complexes are considered to be the active species in these catalytic oxidation
reactions [89]. The cis—dioxomolybdenum(V1) complexes are also employed
as catalysts in various other than oxidation reactions such as hydrosilylation of
carbonyl compounds [82,90,91], reduction of dinitrogen to ammonia [92],

reductive pinacol coupling [80] and benzaldehyde and indole coupling [49].
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The chiral complexes of cis-{Mo0O,}** core were also isolated and tested as
catalysts in asymmetric epoxidation reactions [93,94]. Apart from the catalytic
applications discussed above, complexes of cis-{MoO,}** also show
haloperoxidase activities (Chart 1.4) which are commonly associated with
various oxovanadium(IV/V) complexes [95-98]. A variety of substrates such
as olefins, carbonyl compounds, phenols, aromatic amines etc. were used to
explore the haloperoxidase activities of molybdenum complexes. Among all
molybdenum based haloperoxidase models, majority of the examples were
studied as bromoperoxidases. However, the amount of reported literature on
cis—dioxomolybdenum(VI1) complexes as haloperoxidases is very little [99—
102]

H,0,

[(L)MoOy] "H,0 > [(L)MoO(Oy)]
X, Hf

[(L)MoO(O,)] " - > [(L)MoOy]
X", OH

Xt + S > XS

Chart 1.4. Haloperoxidase activity of cis-{MoO,}** complexes.

1.4. About the present investigation

In the present investigation, we have explored the coordination
chemistry of cis-{MoO,}** with two tridentate Schiff base systems, a series of
tetradentate tripodal aminotriols and a series of unsymmetrical tetradentate
linear diaminodiols (Chart 1.5). The first series of tridentate Schiff bases were
derived from 2-hydrazinopirydine and salicylaldehyde derivatives, while the
second series of tridentate Schiff bases were obtained from the reactions of 2-
pyridinealdehyde and 2-aminophenol derivatives. A novel metal assisted
ligand transformation has been encountered during our study with the second
tridentate Schiff base system. The tetradentate tripodal aminotriols are
Mannich condensates of diethanolamine and 4-alkylphenols. The tetradentate
linear diaminodiols are reduced imines derived from  N-(2-
hydroxyethyl)ethylenediamine and  salicylaldehyde  derivatives. The
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bromoperoxidase activities of the complexes isolated with tetradentate tripodal
ligands and tetradentate linear ligands were assessed. Their catalytic abilities
in benzoin oxidation and sulfide oxidation reactions were also scrutinized.

H
C(N\N/Ij C(\ /"\14“
—R
N "o G N

R =H, CI, Br, Me, OMe (para to phenol) _ ethylene, phenyl, 4-chloro-phenyl,
and OMe para to azomethine. ~ 4-methyl-phenyl and 5-methyl-phenyl
HO
OH j
OH HN
R; R
=H and ‘Bu R = H, Me, OMe, Cl and Br.

R2 = Me, Et and ‘Bu

Chart 1.5. Tridentate Schiff bases, tetradentate tripodal aminotriols and
tetradentate linear diaminodiols.
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Chapter 2

Complexes of cis-{MoO,}** with a series of NNO-donor
pyridine based Schiff bases: Syntheses, structures and
properties®

Dioxomolybdenum(VI) complexes having the general formula cis-
[MoO,(OMe)(LM] (1-6) with the tridentate 2-((2-(pyridin-2-yl)hydrazono)-
methyl)phenol and its substituted derivatives (HL", n = 1-6) have been
synthesized. Elemental analysis and various spectroscopic (IR, UV-Vis, 'H
NMR and fluorescence) measurements have been used for the characterization
of the complexes. X-ray crystal structures of all the complexes except for one
have been determined. In each of these analogous complexes, the metal centre
is in distorted octahedral N,O, coordination sphere assembled by the
meridionally spanning pyridine-N, azomethine-N and phenolate-O donor
(L™, the methoxo-O and the two mutually cis oriented oxo groups. In the
crystal, the complex molecules are involved in intermolecular N—H---O
hydrogen bonding interaction involving the hydrazine NH and the metal
coordinated methoxo-O. In four structures, discrete dimeric units are formed
through a pair of reciprocal N—H---O hydrogen bonds, while N—H---O bridged
linear one-dimesional polymeric structure is formed in the fifth structure.

2.1. Introduction

Coordination complexes of high-valent molybdenum are of
considerable interest due to their ability to function as catalysts in a variety of
organic oxidation reactions [1—7]. Likewise, hydrazones and their complexes
have attracted much attention due to the wide variety of reactivities exhibited
by them and their applications in various research areas such as structural,

biological, pharmaceutical and materials chemistry [8—16]. Interestingly, in

S This work has been published in Polyhedron, 42, 2012, 161-167.
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the vast literature available on cisdioxomoybdenum(VI) complexes [17-21],
structurally characterized complexes of it with hydrazones are not many.
Majority of the complexes belonging to this type are with thiosemicarbazones
[22—-31] and acyl/aroylhydrazones [32—54] and only a handful are with
semicarbazones [55] and heterocyclic hydrazones [56,57]. The N,N,O-donor
Schiff base 2-((2-(pyridin-2-yl)hydrazono)methyl)phenol and its substituted
derivatives (HL") are known to exhibit azo-imine tautomerism involving its
—NH-N=CH- fragment [58] and also amino-imino tautomerism involving its
2-pyridine—NH— fragment [59]. Among these tautomeric forms, only the
imino form can act as dianionic tridentate ligand and the remaining forms are
expected to act as monoanionic tridentate ligand. We have explored the
coordination chemistry of cis-dioxomolybdenum(V1) with HL" (n = 1-6) and
isolated a series of complexes (1-6) containing the cis-{MoO,(OMe)}" unit
(Chart 2.1). In the following sections, the syntheses, characterization, physical

properties and crystal structures of these complexes are described.

(o)
HO
X N 74 /4 X o___M!)lfo
| RS — / \N
G AN X — N -
N R N/
H H |
HL" OMe
(n=1-5 for R =H, Cl, Br, Me and OMe cis-[MoO,(OMe)(L")]

parato OH and n =6 for R = OMe para

to azomethine) 1-6 (for n = 1-6)

Chart 2.1. Chemical structure diagrams of the Schiff bases and their

complexes.
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2.2. Experimental

2.2.1. Materials

The Schiff bases (HL'-HL®) were prepared from equimolar amounts
of 2-hydrazinopyridine and the appropriate substituted salicylaldehyde by
following a procedure similar to that reported earlier [60].
Bis(acetylacetonato)dioxomolybdenum(VI1) was prepared by following a
reported method [61]. All other chemicals and solvents were of analytical

grade available commercially and were used as received.

2.2.2. Physical measurements

Elemental (C, H, N) analysis data were obtained with the help of a
Thermo Finnigan Flash EA1112 series elemental analyzer. A Shimadzu
LCMS 2010 liquid chromatograph mass spectrometer was used for the purity
verification. Solution electrical conductivities were measured with the help of
a Digisun DI-909 conductivity meter. Magnetic susceptibility measurements
were performed with a Sherwood Scientific balance. The infrared spectra
were recorded on Jasco-5300 and Nicolet 380 FTIR spectrophotometers. A
Shimadzu UV-3600 UV-VIS-NIR spectrophotometer was used to collect the
electronic spectra. The fluorescence spectra were recorded using a Horiba
Jobin Yvon Fluoromax-4 spectrofluorometer. The 'H NMR spectra were

collected with the help of a Bruker 400 MHz NMR spectrometer.

2.2.3. Synthesis of cis-[MoO,(OMe)(L™] (1-6)

All the complexes (1-6) were prepared by using the following general
procedure. Solid [MoO,(acac),;] (33 mg, 0.1 mmol) was added to a hot
methanol solution of the corresponding HL" (0.1 mmol). The mixture was
heated on a steam bath for 45 min. The resulting purple solution was slowly

cooled to ambient temperature. After about 12 h the dark crystalline complex
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deposited was collected by filtration, washed with ether, hexane and little ice-
cold methanol and finally dried in air.

cis-[MoO,(OMe)(LY)] (1 (R = H)). Yield: 26 mg (70%). Anal. calcd
for C13H13MON3O4: C, 42.05; H, 3.53; N, 11.32. Found: C, 42.15; H, 3.58; N,
11.21. Selected IR data (cm™): 3440 (vn_n), 1616 (vc=n), 926 and 910 (veis-
Mooz). "H NMR data (& (ppm) (J (Hz))): 7.65 (6) (d, 1H, HY), 6.11 (7) (t, 1H,
H?), 7.40 (8) (t, 1H, H®), 6.64 (9) (d, 1H, H*), 4.12 (s, 1H, NH), 8.42 (s, 1H,
H®), 7.59 (8) (d, 1H, H®), 7.04 (8) (t, 1H, H®), 7.28 (8) (t, 1H, H™), 6.90 (8) (d,
1H, H'Y), 3.20 (s, 3H, MOOCHs3).

cis-[MoO,(OMe)(LH)] (2 (R = 5-Cl)).Yield: 30 mg (74%). Anal. calcd
for C13H1,CIMoN304: C, 38.47; H, 2.98; N, 10.36. Found: C, 38.65; H, 2.91;
N, 10.21. Selected IR data (cm™): 3452 (vn-#), 1616 (vc=n), 932 and 910
(Veis-Mo0,). “H NMR data (& (ppm) (J (Hz))): 7.67 (6) (d, 1H, H%), 6.16 (6) (t,
1H, H?), 7.32 (8) (t, 1H, H%), 6.67 (9) (d, 1H, H%), 4.12 (s, 1H, NH), 8.39 (s,
1H, H%, 7.71 (s, 1H, H®), 7.39 (11) (d, 1H, H'%), 6.92 (9) (d, 1H, H), 3.20 (s,
3H, MoOCHy).

cis-[MoO,(OMe)(L*)] (3 (R = 5-Br)).Yield: 33 mg (73%). Anal. calcd
for C13H1,BrMoN3O4: C, 34.67; H, 2.69; N, 9.34. Found: C, 34.33; H, 2.76;
and N, 9.23. Selected IR data (cm™): 3440 (vn-n), 1616 (ve=n), 937 and 904
(Veis-Mooy)- "H NMR data (8 (ppm) (3 (Hz))): 7.67 (6) (d, 1H, HY), 6.16 (6) (t,
1H, H?), 7.32 (8) (t, 1H, H®), 6.67 (9) (d, 1H, H*), 4.13 (s, 1H, NH), 8.39 (s,
1H, H%), 7.83 (s, 1H, H®), 7.51 (9) (d, 1H, H'), 6.86 (9) (d, 1H, H™), 3.20 (s,
3H, MOOCHs3).

cis-[MoO,(OMe)(LY)] (4 (R = 5-Me)). Yield: 32 mg (83%). Anal.
calcd for C14Hi5sM0oN304: C, 43.63; H, 3.93; N, 10.91. Found: C, 43.56; H,
3.85; N, 10.67. Selected IR data (cm™): 3458 (vn_n), 1622 (vc=n), 931 and
908 (Veis-Moo,). "H NMR data (5 (ppm) (J (Hz))): 7.64 (5) (d, 1H, H'), 6.09 (6)
(t, 1H, H?), 7.27 (8) (t, 1H, H%), 6.62 (9) (d, 1H, H*), 4.13 (s, 1H, NH), 8.34 (s,
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1H, H®), 7.29 (s, 1H, H®), 2.30 (s, 3H, CHs at C®), 7.21 (8) (d, 1H, H'), 6.78
(8) (d, 1H, H™), 3.20 (s, 3H, MOOCH;).

cis-[MoO,(OMe)(L%)] (5 (R = 5-OMe)). Yield: 32 mg (80%). Anal.
caled for Ci4HisMoN3Os: C, 41.89; H, 3.77; N, 10.48. Found: C, 41.55; H,
3.71; and N, 10.31. Selected IR data (cm™%): 3454 (vn_n), 1622 (vc=n), 926
and 904 (Veis-moo,). “H NMR data (5 (ppm) (3 (Hz))): 7.64 (6) (d, 1H, HY),
6.10 (6) (t, 1H, H?), 7.27 (7) (t, 1H, H%), 6.63 (9) (d, 1H, H?), 4.12 (s, 1H, NH),
8.36 (s, 1H, H°), 7.18 (s, 1H, H®), 3.79 (s, 3H, OCHs at C°), 6.82 (9) (d, 1H,
H'), 6.98 (9) (d, 1H, H™), 3.20 (s, 3H, MOOCH).

cis-[MoO,(OMe)(L%] (6 (R = 4-OMe)). Yield: 33 mg (82%). Anal.
caled for C14HisMoON3Os: C, 41.89; H, 3.77; N, 10.48. Found: C, 41.61; H,
3.71; N, 10.28. Selected IR data (cm™): 3440 (vn-n), 1605 (vc=n), 932 and
899 (Veis-moo,). "H NMR data (5 (ppm) (J (Hz))): 7.59 (3) (d, 1H, H%), 6.00 (6)
(t, 1H, H%), 7.19 (8) (t, 1H, H%), 6.65 (9) (d, 1H, H*), 4.14 (s, 1H, NH), 8.36 (s,
1H, H%, 7.50 (9) (d, 1H, H®), 6.57 (11) (d, 1H, H®), 3.82 (s, 3H, OCHj3 at C'),
6.52 (s, 1H, H'Y), 3.21 (s, 3H, MoOCHS).

2.2.4. X-ray crystallography

Single crystals of 1-4 and 6 were collected from the crystalline
materials obtained during their synthesis. Despite our several attempts by
various ways we were not able to get X-ray quality crystals of 5.
Determination of the unit cell parameters and the collection of the intensity
data at 298 K for each of 1, 4 and 6 were performed using a Bruker-Nonius
SMART APEX CCD single crystal diffractometer, equipped with a graphite
monochromator and a Mo Ke fine-focus sealed tube (1 = 0.71073 A). The
SMART and SAINT-Plus programs were used for data acquisition and data
extraction, respectively [62]. The absorption corrections were performed
using the SADABS program [63]. The unit cell parameters and the intensity
data at 298 K for both 2 and 3 were obtained on an Oxford Diffraction
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Table 2.1. Selected crystallographic data.

[44

Complex 1 2 3 4 6

Empirical formula C13H13M0oN304 C13H12C|MON304 Ci3H12BrMoNs;O4 Ci14H15sM0ON3O4 C14H15M0ON30O5
Formula weight 371.20 405.65 450.11 385.23 401.23

Crystal system Triclinic Triclinic Triclinic Monoclinic Monoclinic
Space group P1 P1 P1 P2:/n Cc

Unit cell dimensions (A, °)

a 7.6919(15) 7.6054(4) 7.5944(6) 9.8571(16) 12.262(2)

b 9.6526(19) 9.6711(6) 9.7310(8) 7.6452(12) 16.565(3)

C 10.511(2) 11.2957(6) 11.3063(10) 20.820(3) 7.5212(13)

a 104.833(3) 105.436(5) 105.722(7) 90 90

yii 106.809(3) 106.308(5) 105.136(7) 103.016(2) 97.888(3)

y 90.242(3) 90.597(5) 91.024(7) 90 90

V(A), z 719.6(2), 2 765.37(7), 2 772.85(11), 2 1528.7(4), 4 1513.3(4), 4
p(gem™®) 1.713 1.760 1.934 1.674 1.761
u(mm™) 0.930 1.051 3.454 0.879 0.896
Reflections collected 6897 5100 4879 14029 7149
Reflections unique 2530 2701 2717 2681 2652
Reflections [1 > 20(1)] 2450 2341 2160 2513 2344
Parameters 191 200 200 201 210

R1, wR2 [I > 20(1)] 0.0281, 0.0728  0.0355, 0.0735 0.0417,0.0733 0.0303, 0.0796 0.0494, 0.0895
R1, wR2 (all data) 0.0291, 0.0735  0.0444,0.0778 0.0588, 0.0816 0.0325, 0.0813 0.0581, 0.0928
GOF on F? 1.109 1.047 1.032 1.098 1.063

Largest peak & hole (e A™®) 0.457 & —0.690 0.476 & —0.575 0.591 & —0.595 0.564 & —0.464  0.803 & —0.770
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Xcalibur  Gemini single crystal X-ray diffractometer using graphite
monochromated Mo K« radiation (4 = 0.71073 A). The CrysAlisPro software
[64] was used for data collection, reduction and absorption correction. The
structure of each of the five complexes was solved by direct method and
refined on F? by full-matrix least-squares procedures. The non-hydrogen
atoms were refined using anisotropic thermal parameters. The hydrogen atoms
were included in the structure factor calculation at idealized positions by using
a riding model. Structure solution and refinement were performed using the
SHELX-97 programs [65] available in the WinGX package [66]. The Ortex6a
[67], Platon [68] and Mercury [69] packages were used for molecular
graphics. X-ray crystallographic data (in CIF format) have been deposited
with Cambridge Crystallographic Data Center. Deposition nos. are CCDC
873195-873199 for 1-4 and 6, respectively. The selected crystal data and

structure refinement summary for 1-4 and 6 are listed in Table 2.1.

2.3. Results and discussion

2.3.1. Synthesis and some properties

The complexes 1-6 (Chart 2.1) have been synthesized in very good
yields (70—83%) by treating the Schiff bases (HL") with [MoO,(acac),] in hot
methanol under aerobic condition. The elemental analysis data are in good
agreement with the general formula of the complexes as [MoO,(OMe)(L™)].
Magnetic susceptibility measurements indicate the diamagnetic character of
1-6 and hence the +6 oxidation state of the metal centre in each of them. The
purple complexes are insoluble in acetonitrile and chlorinated solvents such as
dichloromethane and chloroform, but moderately soluble in methanol and
highly soluble in dimethylformamide and dimethylsulfoxide. However, in
dimethylformamide the complexes are not stable. In solution, all the

complexes behave as non-electrolyte.
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2.3.2. Spectroscopic characterization

2.3.2.1. Infrared spectra

Infrared spectra of HL" and the corresponding complexes were
recorded in KBr disks. Spectra of HL and 1 are shown in Fig.2.1 and the
remaining spectra are provided in the appendix at the end of the chapter. The
spectra of 1-6 display a broad band within 3440-3458 cm* and a large

number of bands with various intensities in the range 1625—400 cm L.
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Fig. 2.1. FTIR spectrum of (a) HL' and (b) [MoO,(OMe)(LH] (2).
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Except for the following we have not tried to assign all the bands. The broad
band at ~3450 cm ! is very likely associated with the hydrazine N—H stretch
of the ligand (L")". A strong band appeared between 1605-1622 cm " is
attributed to the C=N stretch of (L") [70]. All the complexes display a pair of
strong and sharp bands in the ranges 899-910 and 926-937 cm " typical of the
{cis-MoO,}** moiety [47,52,53,57,71,72].

2.3.2.2 Electronic and emission spectra

Methanol solutions of Schiff bases and 1-6 were used to record the
electronic and emission spectra. A representative electronic spectrum is shown
in Fig. 2.2. All the spectral data are listed in Table 2.2. The major features in
all the spectra are very similar. A broad and moderately strong absorption
observed at ~540 nm is followed by a shoulder of similar intensity at ~390 nm
and three (5 and 6) to four (1-4) very intense absorptions in the range

350—220 nm. Except for the absorption observed at ~540 nm and small shifts
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Fig. 2.2. Electronic spectrum of [MoO2(OMe)(L*)] (2) in methanol.
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(by ~5—10 nm) of band positions the spectral profiles of the Schiff bases
(HL'-HL®) in methanol are very similar with the spectral profiles of 1-6.
Thus the lowest energy band is assigned to ligand-to-metal charge transfer
transition [24-29,49,53,57] and the remaining absorptions are attributed to

ligand centred transitions.

Table 2.2 Electronic® and emission® spectroscopic data.

Complex Absorption Amax (hm) Emission Amax (nm)
(103 x ¢ (Mt em™)) (excitation at & nm))

HL 390 (2.8),° 335 (30.1), 310 (23.1), 451 (390)
298 (20.1),” 240 (16.2)

HL? 395 (4.0),° 345 (25.3), 316 (19.6), 478 (395)
305 (18.2),” 241 (21.8)

HL® 395 (3.6)," 345 (24.8), 316 (19.6), 480 (395)
305 (11.8),” 242 (19.3)

HL? 395 (1.9),° 340 (30.9), 312 (27.3), 473 (395)
302 (25.6),” 240 (21.8)

HL® 410 (1.0),° 351 (17.3), 316 (18.3), 505 (410)
310 (18.7),” 235 (14.5)

HL® 395 (2.0),> 338 (18.5), 309 (11.8), 455 (395)
245 (10.8)

1 535 (1.6), 385 (6.2)," 334 (18.5), 450 (385).
308 (16.3), 297 (16.4), 242 (22.3)"

2 537 (1.3), 395 (1.6),° 345 (15.1), 460 (395)
317 (12.2), 304 (11.5),” 240 (16.7)"

3 536 (1.0), 395 (2.2),” 345 (10.8), 317 460 (395)
(8.1), 304 (7.4),° 240(10.7)°

4 535 (2.6), 395 (3.1),° 342 (23.5), 450 (395)
312 (19.9), 304 (19.3),° 230 (25.7)"

5 538 (1.3), 404 (1.0),> 350 (15.2), 470 (400)
312 (16.4), 220 (19.6)°

6 545 (1.7), 383 (2.6),° 337 (22.1), 515 (383)

308 (13.6),” 243 (15.6)

2 In methanol, ® Shoulder.
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Both Schiff bases and their complexes (Chart 2.1) are emissive in
character. Emisssion spectra of HL'~HL® and 1-6 were recorded in methanol.
Representative spectra are shown in Fig. 2.3. The Schiff bases on excitation at
their first absorption (390—410 nm) display a broad emission band in the range
450—505 nm (Fig. 2.3). The emission occurs at the highest energy (450 nm)
for the unsubstituted HL' and at the lowest energy (505 nm) for HL® where the
most electron releasing group OMe is at para (C°) to its phenol fragment.
However, when the OMe is at para to azomethine and meta to phenol in HL®
there is no significant change in the band position (455 nm) when compared
with that of the unsubstituted HL!. For both HL® and HL® (electron
withdrawing Cl and Brat C°) the emission band appears at 480 nm,

while it is observed at 470 nm for HL* (electron releasing Me at C®%). Thus

——Intensity —

T T T T T T T T T
400 450 500 550 600 65
A (nm)

Fig. 2.3. Emission spectra of HL* (- - - -) and [MoO,(L*)(OMe)] (4) (—) in
methanol.
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there is a definite variation of the band position with the change of the
substituent but there is no particular trend in this variation with the electronic
nature of the substituent. Interestingly the unchanged pyridine fragment in
HL'-HL® is expected to be primarily responsible for their emission behavior.
However, the variation of emission band position with the change of
substituent on the phenol fragment indicates that, in the excited state, there is a
communication between both aromatic parts of these Schiff bases. It may be
noted that in the amine form (2-pyridine—NH-) of the pyridine end of HL"
there is no conjugation in the bridge between its two aromatic parts, but the
imine form of this end [59] provides the conjugation in the bridge.

In the case of the complexes 1-6, no emission was observed on
excitation at the ligand-to-metal charge transfer band position at ~540 nm. As
mentioned earlier below 450 nm the electronic spectral profiles and the band
positions of the Schiff bases and the corresponding complexes are very
similar. Like HL'-HL® on excitation at ~390 nm 1-6 also show a broad
emission band in the range 450—515 nm (Fig. 2.3). Thus the emission
responses of the complexes involve only ligand centred orbitals. The emission
occurs at the same position (450 nm) for HL' and its complex 1. However,
emission band positions are very different for HL>~HL?® and the corresponding
complexes 2—6. For each of 2—4 there is a blue shift by 20 nm of the emission
compared to that of the corresponding Schiff bases HL>~HL*, while for 5 the
emission is slightly more blue-shifted (by 30 nm) compared to that of HL®. It
may be noted that in 1 the ligand (L) is unsubstituted and in each of 25 the
substitution is at para (C°) to the phenolate group of the ligand (L% —(L°)".
This blue shift indicates that perhaps complexation causes more stabilization
of the ground state than the excited state and hence a larger energy gap
between them in 2-5 compared to that in the corresponding Schiff bases.

Interestingly for 6 the trend is reversed and the emission is red shifted by 60
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nm when compared with the emission of HL®. Here the most electron
releasing substituent OMe is para (C™) to the azomethine group. This causes
a stronger bonding of the azomethine-N of the ligand (L®)" to the metal centre
in 6. The X-ray structure of 6 indeed shows a shorter azomethine-N to Mo
bond length compared to that in the other complexes (vide infra). This strong
bonding may result into increased acidity of the neighboring NH proton and
hence its relatively easy dissociation causing a superior conjugated structure of
the ligand (L°%)” in 6 compared to that of the free Schiff base HL®. Perhaps this
increased conjugation in 6 leads to more stabilization of the excited state than

the ground state and hence a red-shift of its emission than that of HL®.

2.3.2 3. NMR spectra

Dimethylsulfoxide-ds was used as the solvent in the H NMR
experiments due to high solubility of 1-6 in it. All the spectral data are given
under experimental section and the spectra of HL' and 1 are illustrated in
Fig.2.4. The remaining spectra are given in the appendix at the end of the
chapter. As expected none of the complexes display the phenol proton
resonance observed for the free Schiff bases (HL'-HL®) (Chart 2.1) in the
range & 10.84-11.00 ppm. Overall the spectra of the complexes are very
similar indicating same type of coordination of the ligands. Two doublets
observed within & 7.59-7.67 ppm and & 6.62—6.67 ppm are assigned to the
two pyridine ring protons H' and H*. The remaining two pyridine ring protons
H? and H® appear as two triplets at & 6.00-6.16 ppm and & 7.19-7.40 ppm,
respectively. The proton (H'') ortho to the phenolate resonates as a doublet
within & 6.78-6.98 ppm in 1-5, while for 6 the signal for H** appears as a
singlet at & 6.52 due to the presence of the methoxy substituent at C*°. In the
complex (1) containing the unsubstituted ligand (L')", both H® and H™
resonate as triplet at & 7.04 and 7.28 ppm, respectively. On the other hand, H°
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Fig. 2.4. 'H-NMR spectra of (a) HL" and (b) 1 in dimethylsulfoxide-ds.

is absent and H'° resonates as a doublet in the range & 6.82—7.51 ppm due to
substituent at C° in all of 2-5. In contrast, H® appears as a doublet at & 6.57
ppm and H'® is absent due to the substituent at C*° in 6. In both 1 and 6, H®
appears as a doublet at 6 7.59 and 7.50 ppm, respectively, while that in 2-5
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resonates as a singlet within & 7.18—7.83 ppm. The singlet observed in the
range & 8.34—8.42 ppm for all the complexes is attributed to the azomethine
(-HC=N-) proton. In HL'-HL® the singlet corresponding to this proton
appears within & 8.21-8.28 ppm. The hydrazine NH proton of HL*~HL® is
observed within 6 9.97-10.80 ppm as a singlet. In 1-6, the singlet due to the
NH proton shows a significant up-field shift and appears at ~6 4.13 ppm. In
general, the chemical shifts of the aromatic protons in 1-6 show an up-field
shift but by a much lesser amount (6 0.50—0.70 ppm) compared to the
corresponding chemical shifts observed for the free Schiff bases (HL'-HL®).
The protons of the methyl substituent at C° in HL* and in complex 4 are
observed as a singlet at 6 2.22 and 2.30 ppm, respectively. The singlet due to
the protons of the methoxy substituent at C® in HL® and at C'° in HL® appear at
d 3.76 and 3.78 ppm, respectively, while that for their corresponding
complexes 5 and 6 is observed at & 3.79 and 3.82 ppm, respectively. The
similar environment around the metal coordinated methoxo methyl group in
1-6 is reflected by the essentially identical chemical shift (5 3.20 ppm) of the

singlet due to its protons.

2.3.4. Description of X-ray structures

Complexes 1-4 crystallize in centrosymmetric space groups, while
complex 6 crystallizes in the non-centrosymmetric monoclinic Cc space group
(Flack parameter 0.01(6)). The space group for each of 1-3 is the triclinic P1
and for 4 it is monoclinic P2:/n. In all the five structures, the asymmetric unit
contains a single complex molecule. The overall molecular structures of 1-4
and 6 are very similar. The metal centred bond lengths and angles are listed in
Table 2.3. The structures of 1—4 are represented in the Figs 2.5 and 2.6. In
each complex, the molybdenum atom is in a distorted N,O4 coordination

sphere. The pyridine-N, the azomethine-N and the phenolate-O donor (L") is
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Table 2.3. Selected bond lengths (A) and angles (°) for 1, 2, 3, 4 and 6.

Complex 1 2 3 4 6

Mo—N1 2.1302 2.1313 2.1293 2.1252 2.1008
Mo—N3 2.2342 2.2433 2.2354 2.2372 2.2125
Mo-0l1 1.9192 1.9203 1.9153 1.9132 1.9056
Mo—02 1.6932 1.6972 1.6963 1.6982 1.6864
Mo—03 1.6892 1.6983 1.6954 1.6922 1.6755
Mo—04 2.2942 2.3142 2.3153 2.3112 2.3135

NI-Mo—N3 71.188 71.3810 71.7914 71.378 70.83
N3-Mo—Ol1 83.138 83.1310 83.2213 83.248 83.62
N1-Mo—02 93.8210 94.7812 94.5915 93.7810 94.73
N1-Mo—03 94.9810 94.2713 94.2116 94.4510 92.63
NI-Mo—04  79.878 79.9911 79.6314 78.838 79.03
N3-Mo—03 93.939 94.5611 94.2816 93.669 96.33
N3-Mo—-04  76.167 75.849 75.8813 76.427 75.82
01-Mo—-02 106.21 104.9912 104.7514 105.8410 104.53
01-Mo—-03 99.0110 99.4613 99.5616 100.1811 101.83
O1-Mo—04  82.219 82.5310 82.8414 82.729 83.72
02-Mo—-03 105.1511 105.1312 105.1318 104.8111 104.82
02-Mo—-0O4  84.039 83.6911 83.8615 84.049 81.5619
NI1-Mo—Ol1 151.499 151.9010 152.2715 151.439 151.92
N3-Mo—02 156.849 156.8811 157.2115 157.309 155.02
03-Mo—-04 169.859 169.9511 169.5914  169.359 170.02

coordinated to the cis-{MoO,}** unit in a meridional fashion. The sixth
coordination site is satisfied by the methoxo-O. The conformation of the
metal coordinated (L") is unexceptional and observed before [58,70]. The
chelate bite angles for the five- and the six-membered rings are in the ranges
70.8(3)—71.79(14)° and 83.13(8)—83.6(2)°, respectively. The remaining cis
bond angles at the metal centre are within 75.84(9)-106.2(1)°. The trans
(phenolate)O—Mo—N(pyridine), (0x0)O—Mo—N(azomethine) and
(0x0)O—Mo—O(methoxo) bond angles are in  the ranges
151.43(9)-152.27(15)°,  155.0(2)-157.30(9)° and 169.35(9)-170.0(2)°,

respectively.
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Fig. 25. Molecular structures of cis-[MoO2(OMe)(LY)] (1) (top),
[MoO,(OMe)(L?)] (2) (middle) and cis-[MoO,(OMe)(L*)] (3) (bottom) with
the atom labeling schemes. All non-hydrogen atoms are represented by their

30% probability thermal ellipsoids.
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Fig. 2.6. Molecular structures of cis-[MoO,(OMe)(L*)] (4) (top) and cis-
[MoO,(OMe)(L®)] (6) (bottom) with the atom labeling schemes. All non-

hydrogen atoms are represented by their 30% probability thermal ellipsoids.

34



Complexes of cis-{MoO,}**...

In all the structures, the Mo-atom is shifted from the (ONN)O square-plane
(mean deviation 0.02—0.04 A) constituted by the (L") and one oxo group (02)
toward the second oxo group (O3) by 0.30—0.32 A (Table 2.3). The very
similar bond lengths associated with the metal centres in 1-4 (Table 2.3)
indicate that the substituent para to the phenolate has no significant influence.
Interestingly except for the Mo—O (methoxo) bond the remaining five bond
lengths in 6 are shorter than the corresponding bond lengths in 1-4 (Table
2.4). 1t is very likely that the electron releasing OMe group at para to the
azomethine group makes its N-atom a better donor and hence a shorter
Mo—N(azomethine) bond length in 6 than that in 1-4. Perhaps the short
middle Mo—N(azomethine) bond forces the terminal phenolate-O and
pyridine-N atoms of the rigid tridentate planar (L°)” to be closer to the metal
and makes the Mo—O(phenolate) and the Mo—N(azomethine) bonds also
shorter than the corresponding bonds in 1-4. However, it is not readily
apparent why the Mo=0 bonds in 6 are shorter than those in 1—4. In general,
the bond lengths associated with the Mo-atom in the present series of
complexes are within the ranges reported for complexes of cis-{Mo0O,}** with

similar ligands [22—57].

2.3.5. Hydrogen bonding and self-assembly

Considering the presence of the hydrazine N—H group and several
hydrogen bond acceptors in [MoO,(OMe)(L")] we have investigated the
intermolecular hydrogen bonding and the ensuing self-assembly pattern for
each of 1-4 and 6. During our investigation we have noticed that there is an
intermolecular short O---Br contact (3.046(3) A) in 3 involving one of the two
oxo groups (O2) bonded to the metal and the Br substituent of the ligand. The
‘checkcif” results show this short contact as ‘alert B’. This type of C—Br---O

interactions has been called as ‘halogen bonding’ [73]. However, we have not
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considered this interaction or any other non-conventional hydrogen bonding /

non-covalent interaction to explore the self-assembled motifs of 1-4 and 6.

Table 2.4. Hydrogen bonding parameters (A and °).

Complex D-H---A H---AR) D---AA) D-H---A(®
1 N(Q2)-H(2A)---O(4)  1.85 2.637(3) 151
2 N(2)-H(2A)--O(4)  1.91 2.680(3) 148
3 N(@2)-H(Q2A)---0(4)"  1.91 2.674(5) 148
4 N(@2)-HQ2A)---0(4)"  1.89 2.667(3) 149
6 N(2)-H(2A)---O(4)Y  1.84 2.649(8) 155

Symmetry transformations used: (i) —x+1, —y+1, —z+1; (ii) —Xx, —y+1,
—z+1;(iii) —x+1, —y+1, —=z; (iv) X, —y+1, z+1/2,

In all the complexes, the metal coordinated methoxo-O is involved in
strong charge assisted type hydrogen bond [70,74—76] with the N—H group of
the ligand. The N—H---O hydrogen bond parameters for all five complexes
are listed in Table 2.4. The molecules of each of 1-4 form centrosymmetric
dimeric species through a pair of reciprocal N—H:--O interactions. The
hydrogen bonded dimers of 1-4 are depicted in Fig. 2.7 (a—d). Interestingly 6
is also involved in the same N—H---O interaction, but its self-assembly leads
to a one-dimensional polymeric structure (Fig. 2.7 (e)) instead of dimeric
structure as observed for the rest (2-4). It may be noted that the
[MoO,(OMe)(LM] (1-6) molecules are asymmetric but only 6 has a non-
centrosymmetric space group and 2—4 have centrosymmetric space groups.
This difference of the space group character is reflected in the two types of

self-assembly patterns described above.
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(©) (d)

Fig. 2.7. Intermolecular Hydrogen bonding assisted self-assembly patterns of
(@1, (b)2,(c)3,(d)4and (e) 6.
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2.4. Conclusions

A series of cis-{M00O,}** complexes with 2-pyridylhydrazones of
salicylaldehyde and its derivatives have been reported. IR, UV-Vis, NMR and
fluorescence spectroscopic properties and X-ray crystal structures of these
new complexes are described. IR and *H NMR spectra are complementary to
the molecular structures determined by X-ray crystallography. Although the
purple complexes display a ligand-to-metal charge transfer band near 540 nm,
but their emission characteristics involve only the ligand centred orbitals. X-
ray structures show a distorted octahedral N,O, coordination sphere assembled
by the tridentate hydrazone, one methoxo and two mutually cis oriented oxo
groups around the molybdenum in each complex. In the crystals, the complex
molecules are involved in intermolecular N—H:--O hydrogen bond.
Crystallization in centrosymmetric space group leads to N—H---O assisted
dimeric units, while crystallization in non-centrosymmetric space group

results into N—H---O assisted infinite chain structure.
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FTIR spectrum of [MoO2(OMe)(L®)] (3).
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FTIR spectrum of [MoO2(OMe)(L>)] (5).
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Electronic spectra of HL*®.
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'H-NMR Spectrum of HL?:
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'H-NMR Spectrum of HL*:
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'H-NMR Spectrum of HL®:
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'H-NMR Spectrum of cis-[MoO,(OMe)(L%)] (3):
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'H-NMR Spectrum of cis-[MoO,(OMe)(L%)] (5):
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Complexes of cis-{MoO,}**...

Atomic coordinates ( x 104) and equivalent isotropic displacement parameters

(A% x 103). U(eq) is defined as one third of the trace of the orthogonalized Uij

tensor.
Table A 2.1. For cis-[MoO,(OMe)(LY)] (1).
X Y Z U (eq)

Mo(1) 1737(1) 6828(1) 3248(1) 45(1)
0(1) 1805(3) 8268(2) 4907(2) 56(1)
0(2) 2004(3) 7726(2) 2118(2) 65(1)
0(@3) -500(3) 6260(2) 2709(2) 63(1)
0(4) 4844(2) 7261(2) 4146(2) 53(1)
N(1) 2558(3) 4872(3) 2195(2) 50(1)
N(2) 3054(3) 4094(2) 4184(2) 41(2)
N(3) 2494(3) 5420(2) 4677(2) 37(1)
c() 2589(5) 4582(4) 857(3) 74(1)
C(2) 3113(5) 3339(5) 204(3) 85(1)
C(3) 3613(5) 2296(4) 899(3) 73(1)
C(4) 3566(4) 2521(3) 2210(3) 56(1)
C(5) 3044(3) 3852(3) 2884(3) 44(1)
C(6) 2371(3) 5716(3) 5914(3) 41(2)
C(7) 1831(3) 7043(3) 6629(3) 41(2)
C(8) 1653(4) 7146(3) 7942(3) 52(1)
C(9) 1134(4) 8374(4) 8680(3) 62(1)
C(10) 768(4) 9533(3) 8118(3) 61(1)
C(11) 975(4) 9475(3) 6851(3) 55(1)
C(12) 1530(3) 8248(3) 6113(3) 43(1)
C(13) 5957(5) 8233(4) 3874(5) 89(1)
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Table A 2.2. For cis-[MoO,(OMe)(L?)] (2).

X Y Z U(eq)
Mo(1) 6841(1) 6911(1) 3368(1) 31(1)
0O(1) 8539(4) 6301(3) 2714(3) 48(1)
0(2) 5677(3) 7931(3) 2450(2) 44(1)
0(@3) 8290(3) 8270(3) 4925(2) 39(1)
O(4) 4553(3) 7374(3) 4368(2) 38(1)
N(1) 5015(4) 5012(3) 2362(3) 34(1)
N(2) 7226(4) 5415(3) 4617(3) 26(1)
N(3) 6229(4) 4093(3) 4108(3) 32(1)
C(@2) 9477(4) 8225(4) 6055(3) 30(1)
C(2) 10626(5) 9452(4) 6801(4) 40(2)
C(3) 11808(5) 9498(4) 7992(4) 42(1)
C4) 11780(5) 8287(4) 8439(4) 35(1)
C(5) 10703(5) 7058(4) 7710(3) 33(1)
C(6) 9520(4) 6984(4) 6478(3) 29(1)
C(7) 8387(4) 5661(4) 5764(3) 29(1)
C(8) 5118(5) 3914(4) 2924(3) 31(1)
C(9) 4008(5) 2598(4) 2253(4) 42(1)
C(10) 2785(6) 2457(5) 1068(4) 49(1)
C(11) 2656(6) 3608(5) 523(4) 51(1)
C(12) 3775(5) 4830(5) 1172(4) 46(1)
C(13) 3122(7) 8260(6) 4080(6) 83(2)
Cl(2) 13151(1) 8367(1) 9996(1) 52(1)
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Table A 2.3. For cis-[MoO,(OMe)(L*)] (3).

X Y Z U(eq)
Mo(1) 1863(1) 6909(1) 3371(1) 31(1)
0O(1) 3299(4) 8265(3) 4910(3) 40(1)
0(2) 726(4) 7924(3) 2470(3) 44(1)
0(@3) 3556(4) 6297(3) 2701(4) 49(1)
O(4) -436(4) 7358(3) 4385(3) 40(1)
N(1) 2233(5) 5425(3) 4602(4) 27(1)
N(2) 1231(5) 4098(4) 4095(4) 34(1)
N(3) 33(5) 5027(4) 2370(4) 34(1)
C(@2) 4433(6) 8219(5) 6029(4) 31(1)
C(2) 5555(6) 9456(5) 6795(5) 39(1)
C(3) 6684(7) 9507(5) 7975(5) 41(1)
C4) 6699(6) 8298(5) 8417(5) 34(1)
C(5) 5629(6) 7062(5) 7664(4) 33(1)
C(6) 4501(5) 6990(4) 6445(4) 25(1)
C(7) 3380(6) 5655(4) 5727(5) 32(1)
C(8) 134(6) 3936(5) 2928(5) 31(1)
C(9) -979(6) 2623(5) 2260(5) 40(1)
C(10) -2183(7) 2498(5) 1101(5) 47(1)
C(11) -2296(7) 3635(5) 556(5) 50(2)
C(12) -1191(7) 4851(5) 1206(5) 46(1)
C(13) -1841(9) 8260(7) 4132(8) 87(2)
Br(1) 8106(1) 8380(1) 10091(1) 50(1)
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Table A 2.4. For cis-[MoO,(OMe)(L*)] (4).

X Y Z U(eq)
Mo(1) 5277(1) 1724(1) 114(1) 35(1)
0O(1) 6693(6) 1741(3) 1198(5) 48(2)
0(2) 5805(6) 1645(3) -876(5) 49(2)
0(@3) 3234(5) 1858(3) -1225(5) 41(2)
O(4) 4551(6) 943(3) 224(5) 44(2)
N(1) 3888(7) 2677(3) 1016(6) 37(2)
N(2) 5182(7) 2698(3) 18(6) 37(2)
N(3) 4008(6) 2049(3) 934(5) 29(2)
C(@2) 3955(8) 695(4) 827(8) 39(2)
C(2) 3861(10) 67(4) 869(8) 48(3)
C(3) 3278(10) -213(4) 1459(8) 52(3)
C4) 2733(9) 127(4) 2024(8) 44(2)
C(5) 2839(9) 750(4) 1988(7) 41(2)
C(6) 3442(8) 1047(4) 1418(6) 30(2)
C(7) 3462(8) 1707(4) 1416(6) 34(2)
C(8) 4522(8) 2998(4) 547(7) 35(2)
C(9) 4527(9) 3646(4) 558(8) 46(2)
C(10) 5123(10) 3964(4) 63(10) 56(3)
C(11) 5793(10) 3656(5) -470(10) 62(3)
C(12) 5784(9) 3049(5) -450(9) 53(3)
C(13) 3066(10) 1938(5) -2289(8) 60(3)
C(14) 2098(13) -185(5) 2714(10) 73(4)
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Table A 2.5. For cis-[MoO,(OMe)(L®)] (6)

X Y Z U(eq)
Mo(1) 6317(1) 6740(1) 9694(1) 38(1)
0O(1) 6831(5) 6903(3) 11846(8) 59(2)
0(2) 5955(4) 7663(3) 8865(7) 48(1)
0(@3) 5418(4) 6348(3) 6924(6) 44(1)
O(4) 7607(5) 6474(4) 8674(9) 48(2)
O(5) 11025(4) 5360(3) 7638(7) 59(2)
N(1) 6158(5) 5416(3) 9924(8) 29(2)
N(2) 5245(5) 5124(4) 10533(9) 40(2)
N(3) 4745(6) 6462(5) 10349(10) 38(2)
C@1) 8280(7) 5843(5) 8640(11) 31(2)
C(2) 9321(7) 5952(5) 8208(10) 41(2)
C4) 9605(6) 4523(4) 8255(9) 47(2)
C@3) 9988(6) 5300(4) 8030(9) 43(2)
C(5) 8596(6) 4405(4) 8692(9) 39(2)
C(6) 7900(6) 5057(5) 8936(10) 34(2)
C(7) 6865(6) 4888(4) 9510(9) 37(2)
C(8) 4544(7) 5680(5) 10781(12) 37(2)
C(9) 3547(7) 5529(5) 11483(11) 51(2)
C(10) 2825(7) 6104(6) 11711(12) 59(2)
C(11) 3042(7) 6892(5) 11215(11) 57(2)
C(12) 3976(6) 7052(5) 10580(9) 46(2)
C(13) 11426(7) 6141(6) 7300(13) 74(3)
C(14) 4756(9) 6847(5) 5715(13) 83(3)
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cis-{MoO,}*" assisted transformation of ligands:
Mannich-type addition of methine to azomethine®

Reactions of [MoO,(acac),;] (acac™ = acetylacetonate) with the potentially
N,O-donor 5,5-membered fused chelate rings forming Schiff bases 2-(2-
pyridylaldimine)ethanol (HL') and 4/5-R-2-(2-pyridylaldimine)phenols (HL";
n = 2-5 for R = H, 4-Cl, 4-Me and 5-Me, respectively) lead to facile formation
of the racemic complexes of general formula cis-[MoO,(acacL™)] (1-5) in
80—85% yields. Here, (acacL")*" represents a chiral N,O,-donor ligand system
formed by a novel Mannich-type reaction that involves acetylacetonate and the
azomethine fragment of HL" both coordinated to the cis-{MoO,}** unit.
Characterization of 1-5 has been performed with the help of microanalytical
(CHN), spectroscopic (ESI-MS, IR, UV-Vis and 'H- and *C-NMR) and
electrochemical measurements. The molecular structures of all the complexes
except for 5 are authenticated by single crystal X-ray crystallography. The
Mo(VI1) center in each of these analogous complexes is in a distorted
octahedral N,O, coordination sphere assembled by the chiral N,O,-donor
transformed ligand (acacL™)*" and the two mutually cis-oriented oxo ligands.
In the crystal lattice, each of 1-4 exists as centrosymmetric discrete dimer via
a pair of reciprocal N—H---O hydrogen bonds between its enantiomeric pairs.

3.1. Introduction

Complexes of cis-{MoO,}** unit are generally synthesized by classical
ligand exchange reactions between the new ligands of interest and
bis(acetylacetonato)dioxomolybdenum(VI1) [MoO;(acac);] [1-24]. Such
complexes with tridentate meridionally spanning ligands are particularly
attractive as these ligands allow the octahedral metal center to have a vacant

coordination site trans to one of the two strong trans-labilizing oxo groups [1—

S This work has been published in Daltan Trans., 44, 2015, 2401-2408.
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18]. Complexes with dianionic tridentate ligands either dimerize and form a
weakly bridged {OMo(u-0),MoO}** core or pick up an ancillary monodentate
ligand such as a solvent molecule, pyridine, phosphine, phosphine oxide etc
[1-14]. Reports on complexes of cis-{MoO,}** with monoanionic tridentate
ligands are rather limited [15-18]. In such complexes, the monodentate
conjugate base of the protic synthesis reaction solvent methanol or a halide
satisfies the vacant coordination site. In the preceding chapter, we have
described the synthesis and physical properties of a series of such cis-
{Mo0O2}** complexes with 5,6-membered fused chelate rings forming N,O-
donor N-(2-pyridyl)-N'-(salicylidene)hydrazine and its derivatives where the
sixth coordination site is occupied by a methoxo group [18]. In the present
chapter, we have tried to synthesize analogous complexes with similar but 5,5-
membered fused chelate rings forming N,O-donor Schiff bases 2-(2-
pyridylaldimine)ethanol and 4/5-R-2-(2-pyridylaldimine)phenols (HL" (n = 1-
5), H represents the dissociable alcohol or phenol proton) using [MoO,(acac);]
as the starting material. During our synthesis attempts, we have encountered a
cis-{Mo0O,}** assisted transformation of ligands via Mannich-type reaction
[25,26] and isolated a series of racemic complexes of cis-{MoO,}** with the
chiral tetradentate transformed ligands (acacL™)* (Chart 3.1). Ligand
transformations via nucleophilic addition reactions involving the coordinated
polarized azomethine fragment of various transition metal complexes have
been reported before [27-29], but, to the best of our knowledge there is no
example of cis-{Mo0O,}** assisted ligand transformation of the same type.
Herein, we describe the synthesis, X-ray crystal structures and physical

properties of these complexes.
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I o

-(2-pyridylaldimine)ethanol 4/5-R-2-(2-pyridylaldimine)phenols
(HL") (HLZ5 for R = H, 4-Cl, 4-Me, and 5-Me, respectively)

(0] 0
12 16, 1 R
13 \ 17
/K{k 14 75 / 10
4 12 |
CH 7
6 \ 37 N ~N ¢
[
2N o

(acacL')* (acacL? )%
Chart 3.1. Chemical structures of Schiff bases HL'™ and the transformed

ligands (acacL*°)*".
3.2. Experimental

3.2.1. Materials

Bis(acetylacetonato)dioxomolybdenum(VI),  [MoOj(acac);], was
prepared using a literature method [30]. The Schiff bases (HL") were prepared
by condensation reactions of equimolar amounts of 2-pyridylaldehyde and the
corresponding amino alcohol/phenols by following reported procedures
[31,32]. All other chemicals and solvents used in this work were of analytical

grade and were used as procured without further purification.

3.2.2. Physical measurements

Elemental (CHN) analysis data were obtained with the help of a
Thermo Finnigan Flash EA1112 series elemental analyzer. Solid state
magnetic susceptibility measurements were performed with a Sherwood

Scientific balance. A Shimadzu LCMS 2010 liquid chromatography mass
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spectrometer was used for the purity verification of the Schiff bases. A Bruker
Maxis HRMS (ESI-TOF analyzer) spectrometer was used to record the
positive ion mass spectra of the complexes in methanol. The infrared spectra
were recorded on Jasco-5300 and Nicolet 380 FTIR spectrophotometers using
KBr pellets. A Shimadzu UV-3600 UV-Vis-NIR spectrophotometer was used
to collect the electronic spectra. The *H (400 MHz) and **C (100 MHz) NMR
spectra were collected with the help of a Bruker NMR spectrometer. Solution
electrical conductivities were measured with the help of a Digisun DI-909
conductivity meter. A CH Instruments model 620A electrochemical analyzer
was used for the cyclic voltammetric measurements under nitrogen
atmosphere with a Pt-disk working electrode, a Pt-wire auxiliary electrode and

an Ag/AgCl reference electrode.

3.2.3. Synthesis of the complexes [MoOz(acacL")] (1-5)

All five complexes were synthesized using a general method as
described next. Solid [MoO;(acac)] (33 mg, 0.1 mmol) was added to a
solution of the corresponding Schiff base HL" (0.1 mmol) in 25 mL of
methanol and the resulting mixture was heated on a steam bath for 30
min. After cooling to room temperature the reaction mixture was filtered
to remove any solid present and then evaporated slowly at room
temperature to about 2—3 mL. The complex separated as yellow to light
brown crystalline material were collected by filtration, washed with ice-
cold methanol, hexane and ether and finally dried in air. The yield was in
the range 80—85%.

cis-[MoOy(acacL)] (1). Yield 85%. Anal. Calcd for
Ci13H16M0ON,Os5 (378.011): C, 41.50; H, 4.29; N, 7.45. Found C, 41.61;
H, 4.42; N, 7.43. ESI-MS m/z (M + H)": 379.019. Selected IR bands
(cm™): Vo) 926 and 907, vic=o0) 1639, vn-+y 3431. UV-Vis data (Amax
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(nm) (103 x ¢ (Mt cm™)): 261 (11.2) and 298 (7.1). *H NMR data (&
(ppm) (3 (HZ))): 8.90 (5) (d, 1H, HY), 7.57 (7) (t, 1H, H?), 8.04 (8) (t, 1H,
H3), 7.50 (8) (d, 1H, H*, 5.36 (s, 1H, H%), 4.40 (m, 2H, H"), 3.60 (m,
1H, H®), 2.22 (m, 1H, H®), 7.05(12) (t, 1H, NH), 2.09 (s, 3H, C°Hs),
2.35 (s, 3H, CH3). 3C NMR data (8(ppm)): 148.06 (C'), 123.35(C?),
124.80 (C%), 141.06 (C*), 158.11 (C°), 59.86 (C°), 53.31 (C"), 76.25 (C?),
25.19 (C%), 175.3 (C'°), 114.53 (C'), 195.27 (C'%), 31.29 (C™). Epc =
~1.40 V.

cis-[MoOy(acacL?)] (2). Yield 82%. Anal. Calcd for
C17H16MoN,Os (426.011): C, 48.13; H, 3.80; N, 6.60. Found C, 48.37;
H, 4.01; N, 6.56. ESI-MS m/z (M + H)": 427.019. Selected IR bands
(em™): Vvooz) 931 and 909, vc=0) 1634, vn-+y 3451. UV-Vis data (Amax
(nm) (1073 x & (M* cm™)): 260 (14.5) and 285 (11.8). *H NMR data (&
(ppm) (J (Hz))): 8.85 (6) (d, 1H, HY), 7.54 (6.4) (t, 1H, H?), 7.93 (7) (t,
1H, H3), 7.43 (8) (d, 1H, H%, 5.80 (s, 1H, H°%), 6.63 (8) (d, 1H, H®), 6.86
(8) (t, 1H, H¥), 7.07 (8) (t, 1H, HY), 7.40 (8) (d, 1H, H'?), 8.66 (s, 1H,
NH), 2.21 (s, 3H, C**Hs), 2.49 (s, 3H, C"Hs). 13C NMR data (8(ppm)):
148.51 (CY), 125.51(C?), 126.38 (C%), 141.49 (C*), 157.45 (C°), 63.73
(C%), 133.35 (C), 162.03 (C?), 117.32 (C), 129.55 (C'°), 121.17 (C™),
122.50 (C*), 24.42 (C*®), 173.66 (C*), 116.31 (C'®), 195.89 (C),
31.40(C"). Epc = -1.0 V.

cis-[MoOs(acacL®] (3). Yield 80%. Anal. Calcd for
C17H15CIMON,0s (459.972): C, 44.51; H, 3.30; N, 6.11. Found C, 44.52;
H, 3.71; N, 6.23. ESI-MS m/z (M + H)": 460.980. Selected IR bands
(em™): vmooz) 922 and 906, v(c=0) 1638, V1) 3438. UV-Vis data (Amax
(nm) (103 x & (M* cm™)): 240 (11.4) and 293 (9.5). *H NMR data (&
(ppm) (3 (Hz))): 8.85 (5) (d, 1H, HY), 7.57 (6) (t, 1H, H?), 7.97 (8) (t, 1H,
H%), 7.50 (8) (d, 1H, H*), 5.80 (s, 1H, H°®), 6.66 (9) (d, 1H, H%), 7.13 (9)
(d, 1H, H'), 7.48 (s, 1H, H'), 8.78 (s, 1H, NH), 2.19 (s, 3H, C**Hj),
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2.51 (s, 3H, C'"H3). 3C NMR data (8(ppm)): 148.60 (C'), 123.70 (C?),
126.38 (C%), 141.66 (C*), 157.11 (C°), 63.73 (C°), 134.30 (C'), 161.13
(C?), 118.69 (C?), 129.62 (C'°), 123.91 (C'), 122.74 (C*®), 24.21 (C"),
173.33 (C'), 116.14 (C"), 195.13 (C™°), 31.44(C""). Epc = —0.93 V.
cis-[MoOy(acacL?)] (4). Yield 85%. Anal. Calcd for
C1gH1sMON,Os (440.026): C, 49.33; H, 4.14; N, 6.39. Found C, 49.45;
H, 4.27; N, 6.31. ESI-MS m/z (M + H)": 441.035. Selected IR bands
(em™): v(mooz) 922 and 904, v(c=0) 1632, vy.ny 3434. UV-Vis data (Amax
(nm) (103 x & (Mt cm™)): 258 (8.4) and 289 (7.1). 'H NMR data (&
(ppm) (J (Hz))): 8.85 (5) (d, 1H, HY), 7.54 (7) (t, 1H, H?), 7.93 (8) (t, 1H,
H%), 7.53 (8) (d, 1H, H*), 5.78 (s, 1H, H°®), 6.51 (5) (d, 1H, H%), 6.88 (5)
(d, 1H, H'¥), 7.19 (s, 1H, H'?), 8.59 (s, 1H, NH), 2.20 (s, 6H, C**H3 and
CHjs on *C of phenolate), 2.48 (s, 3H, C"Hs). *C NMR data (8(ppm)):
148.46 (C'), 125.44 (C?), 126.29 (C%), 141.46 (C*), 157.52 (C®), 63.60
(C%), 133.01 (C), 159.78 (C?), 116.83 (C), 130.34 (C'%), 130.10 (C™),
122.52 (C*¥), 24.49 (C*®), 173.72 (C*), 116.31 (C'®), 195.90 (C),
31.43(C'"), 20.59(CH; on C' of phenolate). Epc = —1.05 V.
cis-[MoO,(acacL>)] (5). Yield 82%. Anal. Calcd for CigH15MON,Os
(440.026): C, 49.33; H, 4.14; N, 6.39. Found C, 49.41; H, 4.25; N, 6.31. ESI-
MS m/z (M + H)": 441.035. Selected IR bands (cm™): V(Mooz) 931 and 913,
v(c=0) 1623, vy 3432. UV-Vis data (Amax (NM) (107° x & (M cm™)): 260
(15.5) and 285 (11.5). *H NMR data (& (ppm) (J (Hz))): 8.85 (5) (d, 1H, HY),
7.54 (6) (t, 1H, H?), 7.93 (8) (t, 1H, H?), 7.42 (8) (d, 1H, H*), 5.75 (s, 1H, H°),
6.43 (s, 1H, H®), 6.67 (8) (d, 1H, H™), 7.26 (8) (d, 1H, H'?), 8.54 (s, 1H, NH),
2.199 (s, 3H, CHs), 2.48 (s, 3H, C'Hj), 2.12 (s, 3H, CH; on '°C of
phenolate). *C NMR data (8(ppm)): 148.48 (C), 125.46 (C?), 125.76 (C),
141.48 (C*, 157.35 (C°), 63.65 (C°), 139.28 (C), 161.85 (C?), 117.59 (C°),
130.79 (C¥), 121.94 (C'), 122.51 (C%?), 24.44 (C*), 173.63 (C**), 116.28
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(C*), 195.89 (C'®), 31.40(C""), 20.59(CH3 on C'° of phenolate). Eyc = —1.09 V
and Epa = -0.52 V.

3.2.4. X-ray crystallography

Single crystals of 1-4 were collected from the crystalline materials
obtained from their synthesis reaction mixtures. All our attempts to grow X-
ray quality crystals of 5 using various methods were unsuccessful. A Bruker-
Nonius SMART APEX CCD single crystal diffractometer equipped with a
graphite monochromator and a Mo Ka. fine-focus sealed tube (A = 0.71073 A)
was used for unit cell determination and intensity data collection for both 1
and 3 at 298 K. The SMART and SAINT-PLUS software packages [33] were
used for data acquisition and data extraction, respectively. The absorption
corrections were performed using the SADABS program [34]. The unit cell
parameters and the intensity data at 298 K for both 2 and 3 were determined
on an Oxford Diffraction Xcalibur Gemini single crystal X-ray diffractometer
using graphite monochromated Mo Ko radiation (A = 0.71073 A). The
CrysAlisPro software package [35] was used for data collection, reduction and
absorption correction. The structures were solved by direct methods and
refined on F? by full-matrix least-squares procedures. In all the structurers, the
non-hydrogen atoms were refined using anisotropic thermal parameters. The
hydrogen atoms were included in the structure factor calculations at idealized
positions using a riding model. SHELX-97 programs [36] accessed through
the WinGX package [37] were used for structure solution and refinement. The
Platon [38] and the Mercury [39] packages were used for molecular graphics.
X-ray crystallographic data (in CIF format) have been deposited with the
Cambridge Crsystallographic Data Centre. The deposition nos. are CCDC
1029376-1029379 for 1-4, respectively. The selected crystal data and

structure refinement summary for 1-4 are listed in Table 3.1.
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Table 3.1. Selected crystallographic data.

Complex 1 2 3 4
Empirical formula C13H1sM0ON,05 C17H16MON,O5 C17H15C|MON205 C1sH1sM0ON,0O5
Formula weight 376.22 424.26 458.70 438.28
Crystal system Monoclinic Triclinic Triclinic Triclinic
Space group P2i/n P1 P1 P1

a(A) 7.3971(5) 8.1423(7) 7.8674(5) 7.9031(5)
b (A) 13.1764(9) 10.2929(11) 8.4723(5) 8.4137(7)
c(A) 14.2217(9) 11.0127(12) 13.9072(8) 14.0404(9)
a(®) 90 112.944(10) 76.819(1) 75.991(6)
5 91.405(1) 93.302(8) 84.328(1) 83.346(5)
7(°) 90 99.329(8) 77.558(1) 78.967(6)
V (A% 1385.73(16) 831.25(15) 880.16(9) 886.72(11)
z 4 2 2 2
p(gcm®) 1.803 1.695 1.731 1.642

u (mm™) 0.970 0.820 0.928 0.771
Reflections collected 14117 5724 8471 6338
Reflections unique 2725 3368 3093 3621
Reflections [1 > 2o(1)] 2597 3224 2916 2933
Parameters 190 228 235 238

R1, wR2 [I > 20(1)]
R1, wR2 (all data)
GOF on F?

Apmax, APmin (e A_3)

0.0238, 0.0649
0.0250, 0.0657
1.063

0.400, —0.444

0.0340, 0.0763
0.0410, 0.0818
1.095
0.515,-0.297

0.0269, 0.0711
0.0287, 0.0724
1.054

0.541, -0.424

0.0454, 0.0847
0.0631, 0.0942
1.041
0.517,-0.356
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3.3. Results and discussion

3.3.1. Synthesis and some properties

The complexes 1-5 were synthesized in 80—-85% yields by reacting
[MoOy(acac),] with the corresponding HL" in hot methanol. The elemental
(CHN) analysis and ESI-mass spectral data are consistent with the general
formulation of 1-5 as [MoO,(acacL")] where (acacL")®>" represents a chiral
tetradentate ligand (Chart 3.1). Magnetic susceptibility measurements indicate
the diamagnetic character of 1-5 and hence the +6 oxidation state of the metal
center in each of them. The yellow to light brown complexes are highly
soluble in dimethylformamide and dimethylsulfoxide, moderately soluble in
methanol and acetonitrile and sparingly soluble in chloroform and

dichloromethane. In solution, all the complexes behave as non-electrolyte.

3.3.2. Description of X-ray structures

The crystal structure of 1 has been solved in the monoclinic P2;/n
space group, whereas that of each of 2—4 has been solved in the triclinic P1
space group. The asymmetric unit in each structure comprises a single
complex molecule. The metal centered bond parameters are listed in Table 3.2
and the molecular structures of 14 are illustrated in Figs. 3.1 and 3.2. The
molecular structures and the bond parameters of all four complexes are very
similar and hence suggest no significant influence of the ligand substituents on
the overall structure. In general, the metal to coordinating atom bond lengths
are comparable with the bond lengths reported for similar cis-{MoO,}**
complexes with O,N-donor tri- or tetradentate ligands [1-24]. The intraligand
bond parameters are unexceptional and consistent with the corresponding
chemical structure. In each complex, the transformed ligand (acacL™?" is

coordinated to the metal centre through the alcoholate- or the phenolate-O, the
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amine-N, the pyridine-N and the enolate-O with the formation of one six-

membered and two five-membered chelate rings. The tetradentate (acacL")®"

and the two mutually cis-oriented oxo groups assemble a distorted octahedral

N,O, coordination sphere around the metal centre.

Table 3.2. Selected bond lengths (A) and angles (°) for 1-4.

Complex 1 2 3 4

Mo1-01 1.7015(16)  1.702(2) 1.695(2) 1.693(3)
Mo1-02 1.7055(15)  1.688(2) 1.7001(19)  1.696(3)
Mo1-03 1.9089(15)  1.948(2) 1.9410(18)  1.941(2)
Mo1-04 2.0037(14)  1.938(2) 1.9729(17)  1.970(2)
Mo1-N1 2.3750(17)  2.317(2) 2.333(2) 2.336(3)
Mo1-N2 2.2955(16)  2.323(2) 2.323(2) 2.315(3)
01-Mo1-02 108.68(9)  107.71(11)  107.54(11)  107.56(15)
01-Mo1-03 99.65(8) 98.41(11)  99.67(9) 99.52(13)
01-Mo1-04 95.30(8) 96.80(11)  96.04(9) 96.44(13)
01-Mo1-N1 162.32(7)  162.79(10)  161.84(9)  162.39(12)
01-Mo1-N2 94.35(7) 92.59(9) 92.93(9) 93.60(12)
02-Mo1-03 98.04(7) 96.37(10)  96.84(9) 96.91(12)
02-Mo1-04 97.95(7) 100.57(10)  99.36(9) 99.12(12)
02-Mo1-N1 87.85(7) 89.50(9) 90.14(9) 89.60(13)
02-Mo1-N2 156.95(7)  159.44(10) 159.30(9)  158.63(13)
03-Mo1-04 153.29(8)  152.56(9)  152.84(8)  152.77(11)
03-Mo1-N1 83.70(7) 79.37(9) 81.81(8) 81.83(11)
03-Mo01-N2 76.58(6) 76.92(9) 76.19(7) 76.09(10)
04-Mo1-N1 75.67(6) 79.35(9) 76.52(7) 76.44(10)
04-Mo01-N2 80.34(6) 79.71(9) 81.03(7) 81.04(9)
N1-Mol-N2 69.38(5) 70.25(8) 69.72(7) 69.55(10)
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Fig. 3.1. Molecular structures of [MoO,(acacL})] (1) (top) and
[MoO,(acacL?)] (2) (bottom) with the atom labeling schemes. All non-

hydrogen atoms are represented by their 30% probability thermal ellipsoids.
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Fig. 3.2. Molecular structures of [MoOy(acacL®)] (3) (top) and
[MoO,(acacL®)] (4) (bottom) with the atom labeling schemes. All non-

hydrogen atoms are represented by their 30% probability thermal ellipsoids.
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The alcoholate- or the phenolate-O, the amine-N and the pyridine-N are
facially coordinated, while the enolate-O and the two oxo groups occupy the
opposite face of the distorted octahedron. The structure of (acacL")®" clearly
indicates Mannich-type addition of the central =CH- of (acac)™ across the
azomethine bond of (L")” (Chart 3.1, Fig. 3.1 and Fig 3.2 ). Consequently,
both carbon atom and the metal coordinated N-atom of the reduced

azomethine in the transformed ligand become chiral.

3.3.3. Hydrogen bonding and self-assembly

For each of 1, 3 and 4, the enantiomers of the chiral complex molecule
are involved in a pair of reciprocal N5—H---O5 hydrogen bonds involving the
N-H group and the free carbonyl O-atom of the acetylacetonate fragment of
(acacL")®". However, in the case of 2, the enantiomers are involved in a
similar pair of reciprocal N5-H---O2 hydrogen bonds involving the N-H
group of (acacL")®" and one metal coordinated oxo group. The N---O distances
are in the range 2.842(2)-2.894(3) A and the N-H---O angles are either 152 or
153° (Table 3.3.). The dimers of 1-4 are shown in Fig. 3.3. As a consequence
of the formation of these centrosymmetric hydrogen bonded dimers involving
the enantiomeric pair of molecules, each of the chiral 1-4 crystallizes in the

centrosymmetric space group and is isolated in racemic form.

Table 3.3. Hydrogen bonding parameters (A and °)

Complex D-H--A D---A(A) D-HA(°)
1 N(@2)-H(2A) -O(5) 2.842(2) 153
2 N(@2)-H(2A)---0(1)" 2.894(3) 153
3 N(@2)-H(2A)---O(5)" 2.850(3) 152
4 N(@2)-H(2A) -0(5)" 2.854(4) 152

Symmetry transformations used: (1) —x+1, =y, —z+1. (ii) —x+1, —y+1, —z+2.
(i) —x+1, —y+1, —z+1. (iv) —x-1, —y+1, —z+2.
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(b) (d)
Fig. 3.3. Intermolecular hydrogen bonding assisted self-assemby of (a) 1, (b) 2, (c) 3 and (d) 4.
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3.3.4. Spectroscopic characterization

3.3.4.1. Infrared spectra
Infrared spectra of the complexes have been recorded in KBr pellets. A
representative spectrum is shown in Fig. 3.4 and the remaining spectra are
provided in the appendix at the end of the chapter. All of 1-5 display a broad
band centered at ~3440 cm™ and a sharp strong band in the range 1623—1639
cm ™ in the infrared spectra. These bands are attributed to the N-H and C=0
groups, respectively of (acacL")®" that are involved in mutual intermolecular
hydrogen bonds. The peaks observed in the range 31502830 are likely to be
due to the C—H stretchings. The typical Mo=0 stretches of the cis-{MoO,}*"
unit are observed as two sharp and intense bands in the ranges 904-913 and
922-931 cm™ [1-22].
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Fig. 3.4. FTIR spectrum of [MoO,(acacL?)] (2).

3.3.4.2 Electronic spectra

The electronic spectra were recorded using methanol solutions of 1-5.
The spectral profiles of all the complexes are very similar. The electronic
spectra of 1-5 are illustrated in Fig. 3.5. None of the complexes display any

absorption band in the visible region. Only two intense absorption maxima
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have been observed in the wavelength ranges 285-300 and 240-260 nm.
Similar absorption bands observed for cis-{Mo0O,}** complexes with
somewhat analogous tetradentate N,O-donor ligands have been assigned as

ligand-to-metal charge transfer and intraligand transitions, respectively [40].

0.0

T T T v T T T
225 300 375 450 52
A (nm)

Fig. 3.5. Electronic spectra of [MoOx(acacL' )] (1-5) in methanol.

3.3.4 3. NMR spectra

The *H- and 'C-NMR spectra of 1-5 were recorded in
dimethylsulfoxide-ds solutions. The chemical shift values are given in the
experimental section. The representative *H- and *C-NMR spectra are given
in Fig. 3.6 and the remaining spectra are provided in the appendix of this
chapter. The NH proton in 2—4 resonates as a singlet in the range & 8.54-8.78
ppm, while that for 1 appears as a triplet at 6 7.05 ppm due to the coupling
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with the adjacent methylene group protons. For all the complexes the proton at
the chiral carbon center (C° of (acacL™)* (Chart 3.1) appears as a singlet
within 6 5.36-5.80 ppm. The methine proton of the enol form of Hacac and
acac” of [MoO;(acac);] resonates at 6 ~5.52 ppm. In 1-4, the bond distances
from the central carbon atom (C' in 1 and C* in 2—-4) of the acetylacetonate
fragment to the enolate carbon (C*° in 1 and C* in 2—4), the keto carbon (C*
in 1 and C* in 2-4) and the chiral carbon (C° in 1-4) centres are in the ranges
1.355(4)-1.369(3), 1.461(3)-1.478(4) and 1.512(4)-1.521(3) A, respectively.
These bond lengths and the sum of the three bond angles (~359.8°) at the
central carbon of the acetylacetonate fragment of (acacL'™)>" clearly establish
its sp® nature and hence the absence of any proton attached to it. Thus, the
assignment of the signal in the range & 5.36-5.80 ppm to the C° proton is very
appropriate. Further the azomethine proton of free HL" resonates as a singlet
within & 8.49-8.82 ppm. An upfield shift by ~3.08 ppm in 1-5 is not
unexpected due to the reduction of the azomethine to amine in (acacL")*". The
pyridine ring protons at C* and C* resonate as doublets at 5 ~8.88 and ~7.48
ppm, respectively and at C? and C® appear as triplets at & ~7.56 and ~7.95
ppm, respectively. In contrast to the two signals for the two methylene groups
as displayed by 2-aminoethanol and HL?, 1 shows three sets of signals due to
diastereotopicity of the protons at C® The two protons multiplet appeared at &
4.40 ppm is assigned to the methylene protons at C’, while the two separate
multiplets each of single proton observed at 6 3.60 and 2.22 ppm are attributed
to the two methylene protons at C°. A doublet for 2-4 and a singlet for 5
observed within & 6.43-6.66 ppm is assigned to the phenolate ring ortho-
proton at C°. The proton at C'° appears as a triplet at & 6.86 ppm for 2,
whereas it is observed as a doublet at & 7.23 and 6.88 ppm for 3 and 4,
respectively. A triplet at 6 7.07 ppm and a doublet at 6 6.67 ppm observed for

2 and 5 respectively are attributed to the proton at C'*. A doublet observed for
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2 and 5 and a singlet observed for 3 and 4 in the range 6 7.19-7.48 ppm are
attributed to the proton at C*. In general, for 1-5 except for the proton at C*
which shows an upfield shift by 0.5 ppm, all other aromatic ring protons show
a downfield shift when compared with that for HL", 2-pyridylaldehyde and the
corresponding 2-aminophenols. The exception observed for C* proton which is
ortho to the azomethine in HL" is perhaps due to the reduction of the
azomethine to amine in 1-5. A three protons singlet observed in the range &
2.09-2.21 ppm is assigned to the methyl group protons of the metal
coordinated enolate end of the acetylacetonate fragment of (acacL")®” in 1 (at
C%, 2, 3and 5 (at C**). A six protons singlet observed at & 2.20 ppm for 4 is
attributed to the protons of the enolate end methyl (C*®) and the methyl para to
the phenolate fragment. The methyl protons at the uncoordinated keto end of
the acetylacetonate fragment of the ligand in 1 (at C*®) and 3 (at C') appears
as a singlet at & 2.35 and 2.51 ppm, respectively. However, the corresponding
signals for 2, 4 and 5 overlaps with the solvent signal at 6 2.49 ppm. It may be
noted that the symmetric free Hacac shows a single signal for the protons of
the two methyl groups at 6 2.24 and 2.04 ppm for its diketo and enol forms,
respectively. The corresponding signals for the chelating acac™ in
[MoO,(acac),] are also very closely spaced (6 2.14 and 2.16 ppm). The
protons of the methyl group at meta position of the phenolate ring in 5
resonates as a singlet at & 2.20 ppm.

In the *C NMR spectra of 1-5, the signal observed within &
59.86-63.68 ppm has been assigned to the chiral carbon C° of (acacL")®". The
significant upfield shift of this signal with respect to the signal observed
within § 155.67-163.22 ppm for the azomethine carbon of HL" is attributed to
its conversion to amine in (acacL™)*". The C'—C® of the pyridine ring fragment
of (acacL")*" in 1-5 resonate at & ~148.3, ~125.6, ~141.4, ~124.5 and ~157.6

ppm, respectively. Two resonances observed at & 76.25 and 53.41 ppm for 1
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have been assigned to the two methylene carbons of (acacL')®” adjacent to O
and NH, respectively. The signals corresponding to the carbons (C'-C*%) of
the phenolate fragment of (acacL?)*" in 2-5 are observed in the ranges &
133.01-139.28, 159.78-162.02, 116.83-118.69, 129.55-130.79,
121.17-130.10 and 122.50-122.74 ppm, respectively. The methyl carbons at
para to the phenolate in 4 and meta to the phenolate in 5 resonate at 6 20.59
and 21.17 ppm, respectively. Overall the resonances associated with the
aromatic carbons in 1-5 show a downfield shift when compared with that for
HL", 2-pyridylaldehyde and the corresponding 2-aminophenols. The methyl
carbon at the enolate end (C° in 1 and C*® in 2-5) and that of the dangling keto
end (C* in 1 and C'" in 2-5) of the acetylacetonate fragment of (acacL")*
resonate at & ~24.7 and ~31.4 ppm, respectively. The methyl carbon signals
for the charge delocalised chelating acac™ in [MoO;(acac),] are relatively more
closely spaced (6 24.96 and 27.04 ppm), while the symmetric free Hacac
displays only one signal (at 6 30.82 (keto form) or 24.80 (enol form) ppm) for
its methyl carbons. The coordinated enolate carbon (C'° in 1 and C** in 2-5),
free carbonyl carbon (C*? in 1 and C*° in 2-5) and the central carbon (C'* in 1
and C™ in 2-5) of the acetylacetonate fragment of (acacL™)*" appear at &
~173.5, ~196.0 ppm and ~116.2 ppm, respectively. The signals for the
corresponding carbons in acac™ of [MoO,(acac),] appear at 6 191.76, 203.92
and 102.98 ppm respectively. The central carbon of free Hacac appears at &
58.52 and 100.48 ppm for the keto and enol forms, respectively. In contrast to
1-5 and [MoOy(acac),], free Hacac shows only one signal for the oxygen
bearing two carbons at & 202.09 and 191.25 ppm for the keto and enol forms,
respectively. Overall the NMR characteristics of 1-5 are consistent with the
chemical structure of (acacL")*" and the lone enolate end bound coordination

mode of its acetylacetonate fragment.
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Fig. 3.6. (a) 'H- and (b) *C-NMR spectra of [MoO,(acacL})] (1) in

dimethylsulfoxide—ds.
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3.3.5. Redox properties

Cyclic voltammograms of 1-5 were recorded using the corresponding
~10° M dimethylformamide solutions containing tetrabutylammonium
perchlorate as the supporting electrolyte. The measurements were carried out
at 298 K under nitrogen atmosphere with a Pt-disk working electrode, a Pt-
wire auxiliary electrode and an Ag/AgCI reference electrode. Under identical
condition the ferrocenium/ferrocene (Fc*/Fc) couple was observed at Eyp =
0.66 V. All the complexes display an irreversible cathodic response (Fig. 3.7).
The Epc is —1.40 V for 1, while for 2-5 it is in the range —0.93 to —1.09 V. The

I $ I I ¢ |

—_—
-1.8 -1.5 -1.2 -0.9 -0.6 -0.3
E (V) vs. Ag/AgCI

Fig. 3.7. Cyclic voltammograms of 1-5 in dimethylformamide.
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one-electron nature of this electron transfer process has been conjectured by
comparing the current heights with Fc*/Fc and other known one-electron
transfer processes [41,42]. On reverse scan except 5 no other complex shows
any anodic response (Fig. 3.7). For 5, the Ep, and the AE, (= Epa — Ejc) values
are —0.52 V and 570 mV, respectively and the ratio of the cathodic peak
current to the anodic peak current is ~5. These irreversible responses indicate
the decomposition of the reduced species for all the complexes. Similar
irreversible reductions observed in comparable potential ranges for complexes
of cis-{M00,}** with O,N-donor tri- and tetradentate ligands are attributed to
Mo(VI) to Mo(V) reduction [5,8,14,15,19,20]. The reduction potential of 1 is
significantly more cathodic than that of 2-5. This is most likely due to better
c-donor ability of alcoholate-O in 1 than that of the phenolate-O in 2-5. The
trend in the reduction potentials of 2-5 is also consistent with the inductive

effect of the substituent on the phenolate ring.

3.3.6. Plausible mechanism

X-ray structural characterization of 1-4 confirms their similar
molecular structures and formation of the chiral tetradentate ligands
(acacL™™%*", the combined form of (acac)” and (L") in all four complexes.
Considering the similarities in the synthetic methods for the preparation of
1-5 and their comparable physical properties, the same molecular structure of
5 and hence similar structure and coordination mode of the (acacL’)*" have
been inferred. In control experiments without [MoO;(acac),], the observed
transformation has not been observed. Thus, a possible cis-{MoO,}*
coordination assisted Mannich-type [25,26] reaction mechanism for the
formation of (acacL™)*" during the synthesis of 1-5 from [MoOx(acac),] and

HL" is suggested (Scheme 3.1).
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Scheme 3.1. Proposed mechanism for the formation of racemic cis-
[MoOy(acacL")] (n = 1-5).

In the very beginning, one O-atom of each of the two (acac)™ ligands
trans to the two strong trans labilising oxo groups in [MoO;(acac);]
dissociates and the two mutually cis-oriented vacant coordination sites thus

created are occupied by the Schiff base HL" through its pyridine-N and
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azomethine-N atoms. In the resulting new species cis(O),trans(acac)-
[MoO,(7*-acac),(HL")], nucleophilic attack on the polarized azomethine-C by
the central carbon atom of one of the two trans-oriented (7*-acac)” ligands is
followed by a 1,3-proton shift from the attacking carbon atom to the
azomethine-N atom (pathway ‘a’ or ‘b’). As both ‘a’ and ‘b’ paths are equally
probable, this step is expected to be the key step for the racemization of the
product. The final step involves coordination and deprotonation of the
dangling hydroxyl group of HL" and elimination of the remaining (7'-acac)”

as Hacac.

3.4. Conclusions

In conclusion, cis-{Mo00O,}*" assisted transformation of ligands and
isolation of its complexes with the transformed chiral tetradentate ligands in
their racemic forms have been described. It is very apparent that the
transformation occurs due to intramolecular Mannich-type nucleophilic
addition of the central =CH- of the coordinated acetylacetonate (acac)™ across
the N-coordinated polarized azomethine of the Schiff base system HL" (= 2-
(2-pyridyl-aldimine)ethanol and 4/5-R-2-(2-pyridylaldimine)phenols). The
molecular structures of the complexes cis-[MoO,(acacL™)] where (acacL")*"
represents the transformed ligands determined by X-ray crystallography are

consistent with their spectroscopic characteristics.
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FTIR spectrum of [MoO,(acacLM)] (2).

50 4

= 30 r“
"0'9. o
20 1
104
¥ ! ! T T ¥ ! T

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm-1)

FTIR spectrum of [MoOx(acacL®)] (3)
60

55 -
50
45 -

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber(cm-")

% T

91



Chapter 3

FTIR spectrum of [MoOx(acacL*)] (4)
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'H-NMR Spectrum of [MoO(acacL?)] (2)
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'H-NMR Spectrum of [MoO(acacL®)] (3)
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'H-NMR Spectrum of [MoO(acacL*)] (4)
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'H-NMR Spectrum of [MoO(acacL>)] (5)

T~ M 87
o )
SL6— —_— Wo T
£r'9—

99'9

B.mV

STL
,.HNNW
L
by
LA VANg
bsL
S5t
ﬂm...n./.

£6°L
mm...n.\.

¥S'8—

+8°8~_
58'8~"

01
o1

For

Eso

Fot| |

8Tl +

Forf |

Feo| T

0l

8.5 8.0 7.5 7.0 6.5 6.0 5.5 2.5 2.0 0.0
o(ppm)

9.0

3C-NMR Spectrum of [MoO(acacL>)] (5)

9T'TZ—
[ Tad
65 TE—

99'€9—

68°96T—

0

9 80 70 60 50 40 30 20 10

o(ppm)

T

T

T

170 150 130 110

190

96



cis-{MoO,}*" assisted transformation...

Atomic coordinates ( x 10*) and equivalent isotropic displacement parameters

(A% x 10%). U(eq) is defined as one third of the trace of the orthogonalized Uij

tensor.
Table A 3.1. For [MoO(acacL)] (1)
X Y Z U (eq)

Mo(1) 10786(1) 2366(1) 7543(1) 28(1)
o(1) 11774(2) 2091(1) 6643(1) 49(1)
0(2) 9860(2) 3237(1) 8276(1) 41(1)
o) 12888(2) 2048(1) 8292(1) 39(1)
0(4) 8530(2) 1999(1) 6810(1) 33(1)
0(5) 7414(2) -259(1) 4835(1) 42(1)
N(L) 9421(2) 1081(1) 8456(1) 28(1)
N(2) 11591(2) 785(1) 7022(1) 26(1)
cq) 8698(3) 1222(2) 9307(1) 35(1)
c@) 7711(3) 480(2) 9746(2) 42(1)
c@) 7465(3) -439(2) 9302(2) 46(1)
c) 8218(3) -595(2) 8432(2) 39(1)
CE) 9189(3) 183(2) 8027(1) 28(1)
C(6) 10027(3) 81(1) 7070(1) 27(1)
c() 13217(3) 445(2) 7567(2) 35(1)
C(9) 6543(3) 1637(2) 5541(2) 39(1)
c@) 14183(3) 1391(2) 7901(2) 43(1)
C(10) 7987(2) 1278(2) 6219(1) 20(1)
c(l) 8676(2) 315(1) 6275(1) 27(1)
c(12) 8267(2) -456(2) 5563(1) 30(1)
c(13) 8982(3) -1516(2) 5697(2) 40(1)
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Table A 3.2. For [MoO(acacL?)] (2)

X Y Z U (eq)
Mo(1) 5780(1) 2478(1) 8158(1) 33(1)
0O(1) 7049(4) 4103(3) 9101(3) 48(1)
0(2) 7027(3) 1305(3) 7439(3) 47(1)
0(@3) 5184(3) 2848(3) 6602(2) 38(1)
O(4) 5220(3) 1946(3) 9612(3) 43(1)
O(5) 1534(5) 2665(5) 12147(3) 81(1)
N(1) 3444(4) 658(3) 7126(3) 33(1)
N(2) 3356(4) 3397(3) 8616(3) 33(1)
C@2) 3482(5) -571(4) 6071(4) 39(1)
C(2) 2069(6) -1566(4) 5416(4) 48(1)
C(3) 538(6) -1308(5) 5816(5) 56(1)
C4) 498(5) -53(5) 6897(4) 47(1)
C(5) 1966(4) 896(4) 7537(3) 34(1)
C(6) 2045(4) 2279(4) 8738(3) 34(1)
C(7) 2913(5) 3844(4) 7562(3) 35(1)
C(8) 3918(4) 3536(4) 6551(4) 35(1)
C(9) 3605(5) 3928(4) 5501(4) 45(1)
C(10) 2355(6) 4679(4) 5515(4) 51(1)
C(11) 1382(6) 5010(5) 6530(4) 52(1)
C(12) 1647(5) 4579(4) 7555(4) 44(1)
C(13) 4635(6) 1845(6) 11629(4) 54(1)
C(14) 4027(5) 2015(4) 10399(4) 38(1)
C(15) 2474(4) 2175(4) 10054(3) 35(1)
C(16) 1179(5) 2284(5) 10959(4) 45(1)
c@7 -622(6) 1876(6) 10382(5) 60(1)
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Table A 3.3. For [MoO(acacL®)] (3)

X Y Z U (eq)
Mo(1) 4883(1) 3757(1) 2740(1) 34(1)
0O(1) 5270(3) 5432(3) 3089(2) 55(1)
0(2) 6842(3) 2595(3) 2474(2) 54(1)
0(3) 4282(2) 4750(2) 1381(1) 41(1)
0O(4) 4403(2) 2516(2) 4090(1) 39(1)
O(5) 61(3) 3093(2) 6003(1) 45(1)
N(1) 3483(3) 1747(2) 2476(1) 35(1)
N(2) 1878(3) 4656(2) 2856(1) 28(1)
C@2) 4260(4) 479(3) 2036(2) 43(1)
C(2) 3416(5) -708(3) 1943(2) 51(1)
C@3) 1703(5) -628(3) 2284(2) 52(1)
C4) 888(4) 660(3) 2743(2) 41(1)
C(5) 1829(3) 1801(3) 2835(2) 31(1)
C(6) 1065(3) 3213(3) 3343(2) 28(1)
C(7) 1315(3) 5426(3) 1868(2) 30(1)
C(8) 2647(3) 5480(3) 1133(2) 35(1)
C(9) 2263(4) 6271(3) 173(2) 47(2)
C(10) 574(4) 6998(4) -52(2) 52(1)
C(11) -749(4) 6929(3) 693(2) 46(1)
C(12) -399(3) 6156(3) 1655(2) 36(1)
C(13) 3636(4) 1758(3) 5775(2) 43(1)
C(14) 3055(3) 2415(3) 4735(2) 32(1)
C(15) 1382(3) 2798(3) 4447(2) 30(1)
C(16) -95(3) 2942(3) 5166(2) 35(1)
C@7) -1888(4) 2979(5) 4875(2) 64(1)
Cl(2) -2877(1) 7852(1) 392(1) 76(1)
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Table A 3.4. For [MoO(acacL*)] (4)

Mo(1) -107(1) 3817(1) 7755(1) 33(1)
o) 319(5) 5496(5) 8090(3) 54(1)
0(2) 1817(5) 2651(6) 7490(3) 53(1)
0@3) -644(4) 4828(5) 6404(2) 41(1)
0(4) -646(4) 2547(4) 9099(2) 37(1)
0(5) -5006(5) 3087(5) 10996(2) 44(1)
N(1) -3069(5) 4691(4) 7871(3) 26(1)
N(2) -1533(5) 1779(5) 7498(3) 32(1)
c(1) -3185(6) 1842(5) 7843(3) 28(1)
c@2) -4152(7) 710(6) 7721(4) 39(1)
C(3) -3380(8) -536(7) 7259(4) 51(1)
C(4) -1679(8) -621(7) 6937(4) 50(1)
C(5) -787(7) 553(6) 7054(4) 41(1)
C(6) -3926(5) 3239(5) 8359(3) 26(1)
c(7) -1473(7) 1742(7) 10770(4) 43(1)
C(8) -1997(6) 2420(6) 9742(3) 31(1)
C(9) -3651(6) 2792(5) 9447(3) 28(1)
C(10) -5138(6) 2924(6) 10173(3) 33(1)
C(12) -2269(6) 5550(6) 6154(3) 33(1)
C(13) -3604(6) 5475(5) 6891(3) 26(1)
C(14) -5288(6) 6158(6) 6674(3) 33(1)
C(15) -5667(7) 6940(6) 5721(4) 40(1)
C(16) -4321(8) 7002(7) 4991(4) 50(1)
C(17) -2631(8) 6331(7) 5199(4) 47(1)
C(11) -6900(7) 2914(11) 9884(4) 66(2)
C(18) -7497(8) 7681(10) 5470(5) 68(2)
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Chapter 4

Complexes of cis-{MoO,}*" with unsymmetrical
tetradentate tripodal NOs-donor ligands: syntheses,
characterization and catalytic applications®

A series of cis-dioxomolybdenum(VI) complexes of general formula cis-
[MoO,(HL™] (1-4) have been synthesized in 80-85% yields by reacting
equimolar amounts of [MoO,(acac),] (acac” = acetylacetonate) with 2,2'-(2-
hydroxy-3,5-R1,Rz-benzylazanediyl)diethanols (HsL", n = 1-4) in methanol.
Characterization of the complexes has been performed by elemental analysis,
spectroscopic (IR, UV-Vis, H- and *C-NMR) and electrochemical
measurements. The molecular structures of all four complexes have been
determined by single-crystal X-ray diffraction studies. In each of these
analogous complexes, the metal centre is in a distorted octahedral NOs
coordination sphere assembled by the single edge shared 5,5,6-membered
chelate rings forming NOgz-donor (HL")? and two cis oriented oxo groups.
Crystal structures of the complexes reveal formation of discrete
centrosymmetric dimeric species via a pair of reciprocal intermolecular
O—H---O hydrogen bonding interactions. Spectroscopic data of all the
complexes are consistent with their molecular structures. In the cyclic
voltammograms, the redox-active complexes display a quasi-reversible to
irreversible metal centred reduction with the cathodic peak potential in the
range —0.92 to —-1.12 V (vs. Ag/AgCl). All the complexes have been
evaluated for their catalytic activities in oxidative bromination reactions of
styrene and salicylaldehyde and in benzoin oxidation reaction.

4.1. Introduction
A vast number of cis-{Mo0O,}** complexes with a variety of ligands
are available in the literature [1-5] and as mentioned in chapters 1 and 2, the

majority of these complexes are with bi- and tridentate ligands. Reports on cis-

S This work has been published in Inorg. Chim. Acta, 430, 2015, 67—73.
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{MoO,}** complexes with tetradentate tripodal ligands are rather limited
[6—-16]. Tripodal ligands are structurally and electronically easily tunable and
they create a pocket to hold the metal ion leaving one side open for ancillary
ligands. Compared to bi- or tridentate ligands tetradentate tripodal ligands are
expected to bind metal ions more strongly and provide more stable complexes
due to their increased denticity and hence greater chelate effect.

In this chapter, we have explored the coordination chemistry of
unsymmetrical tripodal tetradentate NOs-donor 2,2'-(2-hydroxy-3,5-R1,R2-
benzylazanediyl)diethanols (HsL", n = 1-4) with {cis-MoO,}** and
synthesized a series of complexes having the formula cis-[MoO»(HL")] (1-4)
(Chart 4.1). The catalytic abilities of the isolated complexes in oxidative
bromination reactions of styrene and salicylaldehyde and benzoin oxidation
reaction were also assessed. In recent times, because of the convenient and
eco-friendly nature, oxidative bromination with bromoperoxidases and their
mimics have drawn considerable attention over traditional bromination using
Br, [17-28]. Brominated organic compounds are of interest due to their
applications as flame retardants, pharmaceuticals, biocides and pesticides [29-
31]. Vanadium(V) based bromoperoxidases are most widespread amongst all
the naturally occurring bromoperoxidases [17-24]. As a result complexes of
oxovanadium(V) have been studied extensively as structural and functional
models for bromoperoxidases [18, 32-35]. As mentioned in chapter 1, the
reports on bromoperoxidase activities of cis-dioxomolybdenum(V1)
complexes are rather limited [36-41], even though they are known to
efficiently catalyze various organic oxidation reactions [42-47] and these
catalytically active complexes are with mostly bi- and tridentate ligands than
with tetradentate ligands [36-47]. a-Dicarbonyls belong to an important class
of organic compounds in the context of their applications in synthetic organic

chemistry. Hence, selective catalytic oxidation of benzoin to benzil is an
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important key reaction [48-50]. However, not many reports on benzoin
oxidation reaction catalyzed by oxomolybdenum(V1) species are available in
literature [39,40,51,52]. Herein, we describe the details of synthesis, X-ray
structures, physicochemical properties and catalytic behaviours of cis-

[MoO(HL"] (1-4).

OH R,
HsL" (n = 1-4)
n=1forR;=HandR, =Me
n=2forR;=H, R, =Et cis-[MoO,(HL™)]
n=3forR;=Hand R, ="'Bu 1(n=1),2(n=2),
n=4forR;='Buand R, ='Bu 3(n=3)and 4 (n=4)

Chart 4.1. Chemical structures of N-caped tripodal ligands HsL'* and their
corresponding complexes cis-[MoO,(HL*™)] (1-4).

4.2. Experimental

4.2.1. Materials

Bis(acetylacetonato)dioxomolybdenum(VI),  [MoOy(acac);], was
prepared according to a literature procedure [53]. 2,2'-(2-hydroxy-3,5-R1,R2-
benzylazanediyl)diethanols (HsL") were synthesized using a procedure very
similar to that reported earlier [54,55]. A general synthetic procedure and
some characterization (LC-MS and NMR) data for HsL" have been provided
in the supplementary material. All other chemicals were of analytical grade
available commercially and used as received. Solvents were purified by

standard procedures [56].

103



Chapter 4

4.2.2. Physical measurements

A Thermo Finnigan Flash EA1112 series elemental analyzer was used
to obtain the elemental (C, H, N) analysis data. A Shimadzu LCMS 2010
liquid chromatograph mass spectrometer was used for the purity verification
of HsL". Room temperature magnetic susceptibility measurements were
performed with a Sherwood Scientific balance.  Solution electrical
conductivities were measured using a Digisun DI-909 conductivity meter.
The infrared spectra were obtained with the help of a Thermo Scientific
Nicolet 380 FT-IR spectrophotometer. The electronic spectra were collected
with the help of a Shimadzu UV-3600 UV-Vis-NIR spectrophotometer. The
'H (400 MHz) and *C (100 MHz) NMR spectra were recorded using
tetramethylsilane as internal standard on a Bruker NMR spectrometer. The
cyclic voltammetric measurements were performed on a CH Instruments
model 620A electrochemical analyzer. Gas chromatographic measurements
were performed with the help of Shimadzu GC-2010 Plus equipped with FID
and Shimadzu GCMS-QP2010 instruments.

4.2.3. Synthesis of HaL*™

A mixture of 10 mmol of paraformaldehyde, 10 mmol of
diethanolamine and 10 mmol of phenol (p-cresol, 4-ethylphenol, 4-t-Bu-
phenol, 2,4 di-t-Bu-phenol) in 25 ml of methanol was stirred under reflux
condition for 24 h. Then the reaction mixture was cooled to room
temperature and solvent was evaporated on a rotary evaporator. The residue
obtained was dissolved in 5 ml of dichloromethane and excess of hexane was
added. HsL“? were separated as pale yellow oils in about 5-10 minutes,
while HsL** were precipitated as white crystalline materials in about 1 h.
HsL"? were collected by decanting the solvents and HsL** were isolated by

filtration. The products obtained after drying under vacuum were of
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sufficient purity for the synthesis of the cis-dioxomolybdenum(VI)
complexes in high yields. NMR quality samples of HzL" were obtained by
flash  column  chromatographic  purification  using  acetonitrile-
dichloromathane (1:19) mixture as eluent.

HsL™. Yellow oil, 75% yield. m/z = 226.20, *H NMR data in CDCl5 (5
(ppm) (I (Hz))): 7.00 (8) (d, 1H), 6.82 (s, 1H), 6.76 (8) (d, 1H), 5.32 (br, s,
3H), 3.85 (s, 2H), 3.79 (4) (t, 4H), 2.81 (4) (t, 4H), 2.26 (s, 3H). °C NMR
data in CDCl; (8 (ppm)): 154.78 (1C), 129.36 (1C), 129.15 (1C), 128.33 (1C),
122.17 (1C), 115.86 (1C), 59.60 (2C), 58.80 (1C), 55.81 (2C), 20.40 (1C).

HsL2. Yellow oil, 78% yield. m/z = 240.15, 'H NMR data in CDCls (6
(ppm) (J (Hz))): 7.02 (8) (d, 1H), 6.83(s, 1H), 6.77 (8) (d, 1H), 5.20 (br, s,
3H), 3.85 (s, 2H), 3.78 (4) (t, 4H), 2.79 (4) (t, 4H), 2.56 (8) (q, 2H), 1.21 (8) (t,
3H). *C NMR data in CDCl;3 (8 (ppm)): 155.02 (1C), 135.08 (1C), 128.20
(1C), 128.04 (1C), 122.20 (1C), 116.01 (1C), 59.75 (2C), 59.08 (1C), 55.96
(2C), 27.96 (1C), 15.93 (1C).

HsL3. White crystalline material, 82% vyield. m/z = 268.15, *H NMR
data in CDCl3 (8 (ppm) (J (Hz))): 7.22 (8) (d, 1H), 7.01 (s, 1H), 6.79 (8) (d,
1H), 5.19 (br, s, 3H), 3.88 (s, 2H), 3.79 (4) (t, 4H), 2.81 (4) (t, 4H), 1.30 (s,
9H). *C NMR data in CDCl; (& (ppm)): 154.68 (1C), 142.08 (1C), 125.68
(1C), 125.57 (1C), 121.60 (1C), 115.72 (1C), 59.93 (2C), 59.60 (1C), 56.02
(2C), 34.00 (1C), 31.64 (3C).

HsL® White crystalline material, 85% yield. m/z = 324.50, *H NMR
data in CDCl; (5 (ppm) (J (Hz))): 7.25(s, 1H), 6.87 (s, 1H), 5.21 (br, s, 3H),
3.87 (s, 2H), 3.78 (4) (t, 4H), 2.81 (4) (t, 4H), 1.44 (s, 9H), 1.31 (s, 9H). *C
NMR data in CDCl; (8 (ppm)): 153.80 (1C), 140.97 (1C), 135.90 (1C), 123.58
(1C), 123.15 (1C), 121.68 (1C), 60.39 (1C), 60.36 (2C), 56.46 (2C), 34.88
(1C), 34.19 (1C), 31.73 (3C), 29.66 (3C).
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4.2.4. Synthesis of complexes cis-[MoO,(HL*™)] (1-4)

All the complexes were synthesized by using the following
general procedure: 65 mg (0.2 mmol) of solid [MoO,(acac),] was added
to a hot methanol solution (30 ml) of 0.2 mmol of the corresponding
HsL" (n = 1-4). The resulting mixture was boiled at reflux for 1 h.
Then the reaction mixture was cooled to room temperature, filtered to
remove suspended particles if any and allowed to evaporate slowly in
air. After about a day the yellow microcrystalline material separated
was collected by filtration, washed first with cold methanol and then
with dichloromethane and hexane (1:1) mixture and finally dried in air.

cis-[MoO2(HLY] (1). Yield 81%. Anal. calcd for C1,Hi;7MoNOs:
C, 41.04; H, 4.88; N, 3.99. Found C, 41.28; H, 4.56; N, 4.12 %. Selected
IR data (cm™): 2947 (vcy of CHa), 2837-2668 (v of —CH,—), 908
and 881 (cis-{M00,}*"). UV-Vis data (Amax (M) (103 x ¢ (Mt cm™)):
320sh (4.0), 285sh (6.7). 'H NMR (8 (ppm) (J (Hz))): 9.03 (s, 1H, Mo-
OH), 6.92 (8) (d, 1H, H®), 6.89 (s, 1H, H), 6.56 (8) (d, 1H, H?), 4.77
(15) (d, 1H, H™®), 4.56 (m, 1H, H¥), 4.40 (m, 1H, H®), 4.00 (15) (d,
1H, H™), 3.66 (m, 1H, H®), 3.58 (m, 1H, H®), 3.26 (m, 1H, H'*¥), 3.19
(m, 1H, H™?), 2.76 (m, 1H, H%), 2.55 (m, 1H, H%), 2.20 (s, 3H, 4-Me).
¥C NMR (5 (ppm)): 160.50 (1C, Ch), 132.18 (1C, C%, 131.30 (1C, C9),
131.03 (1C, C?), 124.66 (1C, C°), 120.62 (1C, C%), 74.52 (1C, C'), 64.16
(1C, c*%), 62.32 (1C, C?), 59.47 (1C, C), 57.83 (1C, C°) and 22.75 (1C,
4-Me). Ey» (V) (AE, (MV)): —0.74 (360).

cis-[MoO2(HL?)] (2). Yield 80%. Anal. calcd for C13H16MoNOs:
C, 42.75; H, 5.24; N, 3.83. Found C, 42.68; H, 4.91; N, 3.95 %. Selected
IR data (cm™): 2964 (vc_y of CHs), 28542662 (v of —CH,— ), 914
and 892 (cis-{M00,}*"). UV-Vis data (Amax (M) (103 x ¢ (Mt cm™)):
321sh (2.6), 282sh (4.5). 'H NMR (8 (ppm) (J (Hz))): 9.03 (s, 1H, Mo-
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OH), 6.95 (8) (d, 1H, H®), 6.91 (s, 1H, H°), 6.59 (8) (d, 1H, H?), 4.82
(15) (d, 1H, H™®), 4.57 (m, 1H, H*®), 4.40 (m, 1H, H'®), 4.03 (15) (d,
1H, H™), 3.67 (m, 1H, H®), 3.58 (m, 1H, H®), 3.26 (m, 1H, H'!¥), 3.19
(m, 1H, H®), 2.77 (m, 1H, H%), 2.56 (m, 1H, H%), 2.49 (2H, CH, of 4-
Et), 1.13 (8) (t, 3H, CHj; of 4-Et ). **C NMR (8 (ppm)): 158.47 (1C, CY),
135.38 (1C, C%, 128.73 (1C, C°), 127.85 (1C, C?), 122.44 (1C, C°),
118.43 (1C, C%), 72.34 (1C, C"), 62.04 (1C, C™), 60.10 (1C, C?), 57.22
(1c, c'h, 57.65 (1C, C%), 27.74 (1C, CH, of 4-Et) and 16.28 (1C, CH3
of 4-Et). E12 (V) (AE, (MV)): —0.77 (440).

cis-[M0oO,(HL®)] (3). Yield 83%. Anal. calcd for C15H,3MoNOs:
C, 45.81; H, 5.89; N, 3.56. Found C, 45.86; H, 5.68; N, 3.51 %. Selected
IR data (cm™): 2958 (vc_y of CHa), 2859—2670 (v of —CHy— ), 925
and 886 (cis-{M00,}**). UV-Vis data (Amax (M) (103 x & (Mt cm™)):
320sh (2.7), 275sh (5.0). *H NMR (8 (ppm) (J (Hz))): 9.05 (s, 1H, Mo-
OH), 7.14 (8) (d, 1H, H3), 7.08 (s, 1H, H°), 6.60 (8) (d, 1H, H?), 4.80
(15) (d, 1H, H™®), 4.59 (m, 1H, H¥), 4.40 (m, 1H, H®), 4.07 (15) (d,
1H, H™), 3.68 (m, 1H, H®), 3.60 (m, 1H, H®), 3.27 (m, 1H, H'!¥), 3.20
(m, 1H, H®), 2.77 (m, 1H, H%), 2.55 (m, 1H, H®), 1.23 (s, 9H, CHj3 of
4-t-Bu). *C NMR (8 (ppm)): 158.19 (1C, C'), 142.37 (1C, C*%), 126.01
(1C, C%), 125.38 (1C, C?), 121.93 (1C, C°), 118.11 (1C, C%), 72.40 (1C,
C’), 62.24 (1C, C'9), 60.01 (1C, C%), 57.17 (1C, C'Y), 55.70 (1C, C9),
34.19 (1C, 4-t-Bu) and 31.82 (3C, 4-t-Bu). Epc (V): —0.96.

cis-[MoO2(HL*] (4). Yield 85%. Anal. calcd for C1gH3;MoNOs:
C, 50.78; H, 6.95; N, 3.12. Found C, 50.72; H, 6.71; N, 3.32 %. Selected
IR data (cm™): 2953 (vc_y of CHs), 2848—2660 (v of —CHy— ), 903
and 881 (cis-{M00,}*"). UV-Vis data (Amax (M) (103 x ¢ (Mt cm™)):
332 (3.6), 278sh (5.7). 'H NMR & ((ppm) (J (Hz))): 8.81 (s, 1H, Mo-
OH), 7.12 (s, 1H, H®), 6.95 (s, 1H, H*), 4.75 (14) (d, 1H, H™), 4.54 (m,
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1H, H%), 4.40 (m, 1H, H'®), 4.04 (14) (d, 1H, H™), 3.65 (m, 1H, H®),
3.47 (m, 1H, H®), 3.31 (m, 1H, H'?), 3.17 (m, 1H, H''"), 2.81 (m, 1H,
H%), 2.58 (m, 1H, H%), 1.31 (s, 9H, CH; of 2-t-Bu) 1.23 (s, 9H, CH; of
4-t-Bu). C NMR (5 (ppm)): 159.42 (1C, CY), 143.51 (1C, C*%), 139.34
(1C, C?), 126.34 (1C, C%), 124.56 (1C, C°), 124.28 (1C, C%), 73.77 (1C,
C’), 64.91 (1C, C'9), 62.62 (1C, C?), 59.59 (1C, C™), 57.62 (1C, CY),
36.55 (1C, 2-t-Bu), 32.32 (3C, 2-t-Bu), 37.42 (1C, 4-t-Bu) and 34.12
(3C, 4-t-Bu). E112 (V) (AE, (MV)): —0.71 (830).

4.2.5. Procedure for oxidative bromination of styrene

A 10 ml round bottom flask containing 4 ml of 1:1 acetonitrile
and water mixture was charged with 0.01 mmol of cis-[MoO,(HL")],
520 ul (5 mmol) of styrene, 1.2 ml of 30% w/w aqueous solution (10
mmol) of H,0,, 1.2 g (10 mmol) of KBr and 1.2 ml of 60% aqueous (10
mmol) HCIO,. The mixture was stirred at 60° C for 4 h and then cooled
to room temperature. After cooling it was diluted with 15 ml of water
and extracted with dichloromethane (2 x 4 ml). The combined
dichloromethane extracts were dried over anhydrous sodium sulphate
and then subjected to GC analysis for calculation of yields from the

areas under the peaks. The products were identified by GC-MS.

4.2.6. Procedure for oxidative bromination of salicylaldehyde

0.01 mmol of cis-[MoO(HL")], 530 ul (5 mmol) of
salicylaldehyde, 1.2 ml of 30% w/w aqueous solution (10 mmol) of
H,02, 1.2 g (10 mmol) of KBr and 1.2 ml of 60% aqueous (10 mmol)
HCIO4 were added to 4 ml of 1:1 acetonitrile and water mixture in a 10
ml round bottom flask. The mixture was stirred at 60°C for 1 h. After
cooling to room temperature the mixture was diluted with 15 ml of water

and then extracted with dichloromethane (2 x 4 ml). The

108



Complexes of cis-{MoO,}** with...

dichloromethane extracts were combined, dried over anhydrous sodium
sulphate and then subjected to GC-MS analysis for identification of the

products and calculation of yields from the areas under the peaks.

4.2.7. Procedure for benzoin oxidation

0.01 mmol of cis-[MoO,(HL")] and 1.2 ml of 30% w/w aqueous
solution (10 mmol) of H,O, were added to 1.07 g (5 mmol) of benzoin
taken in 3 ml of methanol. The resulting mixture was stirred at 60° C for
4 h. The reaction progress was monitored with TLC. After completion
of the reaction the mixture was diluted with 15 ml of water and then
extracted with dichloromethane (2 x 4 ml). After drying over anhydrous
sodium sulphate the combined dichloromethane extracts were analyzed
by GC-MS to identify the products and calculate the yields from the

areas under the peaks.

4.2.8. X-ray crystallography

Single crystals of 1 and 3 were obtained by recrystallization of the
corresponding complexes from hot acetonitrile and that of 2 and 4 were
collected from the crystalline materials obtained during their synthesis.
Selected crystallographic data for 1—4 are listed in Table 4.1. The unit cell
parameters and the intensity data at 298 K for 1, 3 and 4 were obtained with
the help of an Oxford Diffraction Xcalibur Gemini single crystal X-ray
diffractometer equipped with a graphite monochromator and a Mo Ka fine-
focus sealed tube (1 = 0.71073 A). The CrysAlisPro software [57] was used
for data collection, reduction and absorption correction. Some residual
absorption effects in the dataset of 4 were treated with XABS2 program [58].
Determination of the unit cell parameters and the collection of the intensity
data at 298 K for 2 were performed on a Bruker-Nonius SMART APEX CCD

single crystal diffractometer using graphite monochromated Mo K« radiation
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Table 4.1. Selected crystallographic data.

Complex 1 2 3-2CH3CN 4
Empirical formula C1oH17MONOs5 C13H19MONO;5 C19H29MON305 C19H31MONOs5
Formula weight 351.21 365.23 475.39 449.39
Crystal system Monoclinic Monoclinic Triclinic Monoclinic
Space group P2,/c P2,/c P1 P2./c

a (A) 6.582(4) 13.9819(9) 7.0365(5) 22.232(3)

b (A) 32.2225(12) 6.9127(4) 11.8658(8) 7.3594(14)
c(A) 7.0812(9) 15.0916(10) 14.0224(10) 12.894(2)
a(®) 90 90 70.158(6) 90

L) 119.653(6) 94.6510(10) 77.337(6) 90.071(17)
7(°) 90 90 86.791(5) 90

V (A% 1340.09(19) 1453.84(16) 1074.27(13) 2109.6(6)
z 4 4 2 4
p(gcm?) 1.741 1.669 1.47 1.415
u(mm™) 0.994 0.920 0.644 0.648
Reflections collected 4886 13382 6862 5203
Reflections unique 2349 2567 3780 3251
Reflections [1 > 2o(1)] 2217 2342 3134 2121
Parameters 172 182 255 241

R1, WR2 [I > 26(1)]
R1, wR2 (all data)
GOF on F?

Apmax, Apmin (e A_3)

0.0613, 0.1064
0.0663, 0.1081
1.449

0.663 /—1.107

0.0242, 0.0650
0.0269, 0.0663
1.083

0.360/-0.313

0.0504, 0.1171
0.0640, 0.1281
1.042

0.913/-0.886

0.0832, 0.1585
0.1263, 0.1778
1.056

1.662/-1.174
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(A = 0.71073 A).The SMART and the SAINT-Plus [59] programs were used
for data acquisition and data extraction, respectively. An empirical absorption
correction was applied using the SADABS program [60]. The structure of
each of 1-4 was solved by direct method and refined on F? by full-matrix
least-squares procedures.  All non-hydrogen atoms were refined using
anisotropic thermal parameters. All hydrogen atoms were included in the
structure factor calculations at idealized positions by using a riding model.
The SHELX-97 programs [61] provided in the WinGX package [62] were
used for structure solution and refinement. The Platon [63] and the Mercury
[64] packages were used for molecular graphics. X-ray crystallographic data
(in CIF format) have been deposited with Cambridge Crystallographic Data
Centre. The deposition nos. are CCDC 1042110-1042113 for 1-4,

respectively.
4.3. Results and discussion

4.3.1. Synthesis and some properties

The tripodal 2,2'-(2-hydroxy-3,5-R1,R,-benzylazanediyl)diethanols
(HsL") (Chart 4.1) were synthesized in 75-85% yields by Mannich
condensation reactions of equimolar amounts of bis(2-hydroxyethyl)amine,
corresponding substituted phenols and formaldehyde in methanol under reflux
condition. The complexes cis-[MoO,(HL")] (1-4) were synthesized by
reacting the appropriate HsL" and [MoO,(acac),] in refluxing methanol. All
four complexes were isolated as yellow microcrystalline materials in very
good yields (80—85%). The elemental analysis data are in good agreement
with those calculated for 1-4. Magnetic susceptibility measurements indicate
the diamagnetic character of all the complexes. The diamagnetic behaviour is
consistent with the +6 oxidation state of the metal centre in each of the four

complexes. All the complexes are highly soluble in dimethylformamide and
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dimethylsulfoxide, moderately soluble in methanol, ethanol, acetonitrile,
chloroform and dichloromethane and insoluble in diethylether, hexane and
toluene.  In solution, each of the four complexes is electrically non-

conducting.

4.3.2. Spectroscopic characterization

4.3.2.1. Infrared spectra

Infrared spectra of HsL" and the corresponding complexes (1-4) were
recorded in KBr pellets. Representative spectra are illustrated in Fig. 4.1. The
remaining spectra are provided in the appendix at the end of the chapter. All
the spectra show a large number of bands of various intensities in the range
4000-400 cm™*. However, except for the following selected few we have not
attempted to assign the remaining bands. The spectra of HsL" show a strong
and broad band around 3350 cm™ corresponding to its three hydroxyl
functionalities. In contrast, the complexes display a very weak broad band
centred at ~3420 cm™. The disappearance of the strong broad band is
consistent with deprotonation of two out of three hydroxyl groups of the
ligand due to complexation. The weak band at ~3420 cm™ is perhaps due to
the lone hydrogen bonded metal coordinated OH group in the complexes. The
bands corresponding to the symmetric and asymmetric stretches of the cis-
{MoO,}** core in 1-4, are observed in the ranges 925-903 and 892881 cm *,
respectively [6-8,11,14,16,65-71].

4.3.2.2 Electronic spectra

The electronic spectra of 1-4 were recorded in dimethylsulfoxide
solutions. The spectral profiles are very similar. The spectra of 1-4 have been
shown in Fig. 4.2. All the complexes display two strong absorptions in the
ranges 332-317 and 285-280 nm. Comparable absorptions observed for

complexes of cis-dioxomolybdenum(VI) with ligands having similar
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coordinating atoms have been assigned to ligand-to-metal charge transfer and

ligand centred transitions, respectively [14,34,65-71].
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Fig. 4.1. FTIR spectrum of (a) HsL" and (b) cis-[MoO2(HLY] (2).
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Fig. 4.2. Electronic spectra of cis-[MoO,(HL* )] (1-4) in dimethylsulfoxide.

4.3.2 3. NMR spectra

'H-, ¥C- and C-DEPT NMR spectroscopic measurements with
DMSO-ds solutions of 1-4 have been performed. Representative spectra are
illustrated in Fig. 4.3 and the remaining spectra are provided in the appendix at
the end of the chapter. The spectral data of all four complexes are consistent
with the corresponding molecular structures as established by X-ray
crystallography. The *H-NMR spectra of 1-3 show two doublets in the ranges
8 6.56-6.60 and 6.92—7.14 ppm for the protons at C? and C*, respectively
(Chart 4.1). The singlet observed at 6 7.12 ppm in the spectrum of 4 is
assigned to the proton at C®. The C° proton of 1-4 resonates as a singlet
within & 6.89-7.08 ppm. Each signal corresponding to the protons at C* and

C® show a small splitting due to the spatial interaction with protons of the
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alkyl substituent. The methyl group (at C*) protons of 1 are observed as a
singlet at & 2.19 ppm, while the t-butyl group (at C*) protons of each of 3 and
4 appear as singlet at 6 1.23 ppm. In the case of 2, the methyl protons of the
ethyl group (at C* resonate as a triplet at & 1.13 ppm, while the signal
corresponding to the methylene protons of the same ethyl substituent coincides
with the residual DMSO signal at 2.49 ppm. The tertiary butyl group (at C?)
protons of 4 resonate as a singlet at 6 1.31 ppm. A relatively broad signal
observed within & 8.81-9.05 ppm for 1-4 is attributed to the metal coordinated
hydroxyl group proton. Because of diastereotopicity, the five methylene
group protons of each complex show ten signals in the range & 2.5-5.0 ppm.
The methylene group (ortho to the phenolate) protons (at C’) show two clear
doublets at 8 ~4.79 and ~4.04 ppm. The protons at C*°, the methylene group
(bonded to N) of the protonated arm of (HL")*" appear as two multiplets at &
~4.57 and ~4.40 ppm. On the other hand, the corresponding methylene group
(bonded to N) protons at C® of the deprotonated arm of (HL")*" are observed
as two multiplets at 5 ~3.67 and ~3.53 ppm. The methylene group (bonded to
coordinated OH) protons at C** show two multiplets at & ~3.29 and 3.19 ppm.
In contrast, the multiplets corresponding to the methylene group (bonded to
the ethanolate-O) protons at C° are observed at § ~2.79 and ~2.57 ppm.

The *C-NMR spectra of 1-4 display the resonances corresponding to
the aromatic carbons C'~C° in the ranges & 158.2-160.5, 125.4-139.3, 118.1—
124.4, 132.2-143.5, 121.9-124.7 and 126.0-131.3 ppm, respectively. The
methylene carbon (C’) attached to the phenolate ring resonates within & 72.3—
74.5 ppm. Two signals observed in the ranges 6 60.0-62.6 and 55.7-57.8 ppm
are attributed to the methylene carbon atoms C® and C°, respectively of the
ethanolate arm of (HL")*". Two more signals appeared within & 62.0-64.9 and
55.7-59.6 ppm are assigned to the methylene carbon atoms C'° and C** of the

ethanol arm of (HL"?. The carbon atom of the methyl substituent in 1
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resonates at 6 22.75 ppm, while the primary and the secondary carbon atoms

of the ethyl substituent in 2 are observed at o 16.28 and 27.74 ppm,
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Fig. 4.3. (@) H-and (b) “C-NMR spectra of [MoO(HLY] (1) in

dimethylsulfoxide-ds.
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respectively. The quaternary carbon atom of the t-butyl group at para position
of the phenolate ring appears at & 34.19 and 37.42 ppm for 3 and 4,
respectively. The primary carbon atoms of the same t-butyl substituent in 3
and 4 are observed at 6 31.82 and 34.12 ppm, respectively. The resonances
for the quaternary and the primary carbon atoms of the t-butyl group at ortho
position of the pehenolate ring in 4 are observed at 6 36.55 and 32.32 ppm,

respectively.

4.3.3. Description of X-ray structures

Complexes 1, 2 and 4 crystallize in the monoclinic P2;/c space group
without any lattice solvent molecule, while 3 crystallizes in the triclinic P1
space group with acetonitrile molecules (Table 4.1). Asymmetric unit of each
of 1, 2 and 4 contains one complex molecule and that of 3 contains one
complex and two acetonitrile molecules. The bond lengths and angles related
to the metal centres are listed in Table 4.2. The molecular structures of 1-4
are illustrated in Figs. 4.4 and 4.5. Overall molecular structures of all the
complexes are very similar. In each complex, the dianionic tripodal ligand
(HL")*" coordinates the metal centre through the amine-N, the ethanol-O, the
ethanolate-O and the phenolate-O atoms. The intraligand bond parameters are
unexceptional. The phenolate-O, the amine-N and the ethanolate-O atoms
span meridionally, while the ethanol-O and the two mutually cis oxo groups
occupy the other meridian and complete a distorted octahedral NOs
coordination sphere around the metal centre. The Mo—0(3)
(2.287(6)-2.292(4) A) and the Mo—N(1) (2.320(8)—2.364(4) A) bonds, which
are trans to the two oxo groups (O(4) and O(5)), are significantly longer
compared to the Mo—O(1) (1.922(6)-1.941(4) A) and Mo—O(2)
(1.958(6)-1.967(3) A) bonds. It is very likely that the trans lengthening of the
Mo(1)-O(3) facilitates the proton to be on O(3) rather than on the more
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strongly metal bound O(1) or O(2), where it will be more acidic and hence
easily dissociable. There is no effect of the single substituent at para to the
phenolate-O (O(1)) on the Mo-O(1) bond lengths in 1-3.
Mo—O(1) bond length is shorter by ~0.02 A in 4 compared to the

However, the

corresponding bond lengths in 1-3 (Table 4.2). This shortening indicates that

the Mo—0O(1) bond is relatively stronger in 4 than in 1-3.

Table 4.2. Selected bond lengths (A) and angles (°) for 1-4.

Complex 1 2 3.2CH;CN 4
Mo—O(1) 1.941(4) 1.9406(17) 1.941(3) 1.922(6)
Mo—0(2) 1.960(4) 1.9639(16) 1.967(3) 1.958(6)
Mo—0(3) 2.292(4) 2.2932(17) 2.288(3) 2.287(6)
Mo—0(4) 1.693(4) 1.6938(18) 1.693(3) 1.686(6)
Mo—0(5) 1.704(5) 1.7009(17) 1.698(4) 1.724(6)
Mo—N(1) 2.361(5) 2.3422(18) 2.364(4) 2.320(8)
O(1)-Mo—-0(2) 153.01(19) 153.26(7) 152.45(15) 152.8(3)
O(1)-Mo—0(3) 80.29(17) 80.66(7) 80.20(11) 80.6(2)
O(1)~Mo—0O(4) 94.5(2) 94.05(9) 94.94(14) 96.0(3)
O(1)~Mo—0(5) 103.3(2) 104.07(9) 104.35(14) 104.1(3)
O(1)~Mo—N(1) 78.69(18) 78.73(6) 78.45(12) 78.6(3)
0O(2)~-Mo—0(3) 84.94(16) 85.69(7) 85.39(11) 85.1(3)
0O(2)~-Mo—0(4) 95.1(2) 95.03(9) 94.58(14) 93.7(3)
0O(2)~Mo—0(5) 87.4(2) 96.82(8) 97.11(15) 96.9(3)
O(2)~-Mo—N(1) 75.24(2) 75.17(6) 74.77(13) 75.0(3)
O(3)~Mo—0O(4) 167.1(2) 168.51(8) 168.35(16) 169.1(3)
O(3)~Mo—0(5) 84.12(19) 82.89(8) 83.45(14) 83.1(3)
O(3)~Mo—N(1) 71.55(17) 71.53(6) 71.69(12) 71.4(2)
O(4)~Mo—0(5) 108.6(2) 108.36(9) 108.08(18) 107.8(3)
O(4)~Mo—N(1) 96.0(2) 97.53(8) 97.02(15) 97.8(3)
O(5)—Mo—N(1) 155.0(2) 153.57(8) 154.26(14) 153.7(3)
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Fig 4.4. Molecular structures of cis-[MoOx(HLY)] (1) (top) and cis-
[MoO,(HL?] (2) (bottom). All non-hydrogen atoms are represented by their
30% probability thermal ellipsoids.
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Fig 4.5. Molecular structures of cis-[MoO,(HL®] (3) (top) and cis -
[MoO,(HL*] (4) (bottom). All non-hydrogen atoms are represented by their
30% probability thermal ellipsoids.
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This is very likely due to the combined positive inductive effect of the two t-
butyl groups at both ortho and para positions with respect to the phenolate-O
(O(2)) in 4. Overall, the bond lengths and the bond angles associated with the
metal centres in all four complexes are within the ranges reported for cis-
dioxomolybdenum(VI) complexes with ligands bearing similar coordinating
atoms [6-16,40,65-72].

4.3.4. Hydrogen bonding and self-assembly

Considering the presence of one protonated ethanol arm of (HL")*~ and
several hydrogen bond acceptors in cis-[MoO,(HL")] (1-4), we have searched
for the conventional intermolecular hydrogen bonding interaction and the
subsequent self-assembled supramolecular structure for all four complexes.
Indeed the metal coordinated ethanol-OH (O(3)—-H) participates in a strong
O—H---O interaction involving the metal coordinated ethanolate-O (O(2)) of
another molecule.  The O(3)---O(2) distances vary within the range
2.586(4)-2.606(2) A, while the O(3)-H:--O(2) angles are ~175° for this
interaction in 1-4 (Table 4.3). In the crystal lattice, the molecules of each of
the four complexes dimerise via two such reciprocal O(3)—H:--O(2)

interactions [71]. The dimers of 1-4 are represented in Fig. 4.6.

Table 4.3. Hydrogen bonding parameters (A and °) for 1-4.

Complex D-H---A D---A(A) D-HA(°)
1 O(3)-H(3A)-0(2) 1.77 2.586(6)
2 0(3)-HBA)-0(2)" 1.79 2.606(2)
3 O(3)-HBA)---0(2)" 1.77 2.586(4)
4 0(3)-HBA)--0(2)" 1.78 2.594(9)

Symmetry transformations used: (i) —x + 2, -y, —z + 2; (ii) —-X, -y + 2, =z + 2;
@) —x,-y+2,-z+1;(iv)—x+1,-y, —-z+ 1
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Fig 4.6. Intermolecular Hydrogen bonding directed dimers of 1-4 (from top to

bottom, respectively).
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4.3.5. Powder X-Ray diffraction patterns
The powder X-ray diffraction patterns using the crystalline samples of

all the complexes were also collected. The experimental diffraction patterns

have been compared with the corresponding simulated diffraction

patterns generated from the single crystal X-ray diffraction data (Fig. 4.7).
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Fig. 4.7. Simulated (S) and experimental (E) powder X-ray diffraction
patterns for cis-[MoO,(HL )] (1-4).
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The satisfactory agreement between the simulated and the experimental
diffraction patterns indicates the bulk purity of sample and phase for each of 1,
2 and 4. However, the experimental curve is somewhat different than the
simulated curve for 3-:2CH3CN (Fig. 4.7). In all probability, this difference is
due to the loss of some of the lattice acetonitrile molecules during grinding of

the sample.

4.3.6. Redox properties

Electron-transfer properties of 1-4 have been investigated by cyclic
voltammetry using their ~10~° M solutions in acetonitrile-dimethylformamide
(9:1) containing tetrabutylammonium perchlorate as the supporting electrolyte.
The measurements were carried out under nitrogen atmosphere at 298 K with
the three electrode setup comprised of a Pt-disk working electrode, a Pt-wire
auxiliary electrode and an Ag/AgCl reference electrode. The
ferrocenium/ferrocene (Fc*/Fc) couple appeared at Ei, = 0.63 V under
identical condition. The cyclic voltammograms of 1-4 have been illustrated in
Fig. 4.8. All the complexes display a quasi-reversible to irreversible reduction
response on the cathodic side of the Ag/AgCl reference electrode. The Epc
values of this reduction span the range —0.92 to —1.12 V. The reduction is
irreversible for 3 while the Ep, values for the remaining three complexes (1, 2
and 4) are within —0.29 to —0.56 V. The ratio of peak currents (ipc/ipa) for the
quasi-reversible responses varies from 2 to 4. The cathodic peak currents are
comparable with that of Fc*/Fc couple and other known one electron-transfer
processes [68,73]. Similar electron-transfer responses observed for cis-
dioxomolybdenum(VI) complexes with ligands containing comparable donor
atoms have been assigned to Mo(V1) — Mo(V) process [7,8,40,68—70].
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Fig. 4.8. Cyclic voltammograms (scan rate 100 mVs™) of cis-[MoO,(HL*™)]

(1-4) in CHyCN-(CHs);NC(O)H (1:1).

4.3.7. Catalytic studies

The catalytic behaviours of 1-4 in oxidative bromination reactions of
styrene and salicylaldehyde and in benzoin oxidation reaction have been
investigated (Scheme 4.1). Various solvents, different temperatures and
catalyst loadings have been screened using 1 as the catalyst for optimization of
all the three reaction conditions. In each reaction, irrespective of the types of
the products and their selectivities, only complete or nearly complete
conversion of the substrate has been considered during the optimization.
These optimized reaction conditions have been used for scrutiny of the
remaining three complexes (2-4) as catalysts. The details of the yields,

selectivity and TOF values are summarized in Table 4.4.
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H,0,/KBr/HCIO, oH Q .
X cis-[MoO,(HL)] (0.2 mol %) Br ' P
CH:CN-H,0,60°C
H,0,/KBr/HCIO,
OH 5. [MoO,(HL™)] (0.2 mol %)
/O (,H';CN H20 60 °C

9 é

0 H,0;
cis-[MoO,(HL")] (0.2 mol %
O OH CH;0H-H,0, 60 °C O

(h)
Scheme 4.1. Substrates and the products obtained using cis-[MoOz(HL™)]

(1-4) as catalysts.

Table 4.4. Catalysis data.

Reaction and catalyst Conversion TOF Product selectivity
(%) ™) (%)
Bromination of styrene (@) (b) (©)
1 99 124 15 73 11
2 98 123 23 68 7
3 96 120 10 73 11
4 95 119 15 68 10
Bromination of salicyladehyde (d) (e Q)
1 99.5 497 74 19 7
2 99.8 499 70 26 4
3 99.6 498 67 28 5
4 99.7 499 62 34 4
Benzoin oxidation ) (h) ()
1 99.9 125 59 29 12
2 99.9 125 57 28 15
3 99.9 125 53 30 17
4 99.9 125 60 33 7
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Generally in the present catalytic studies less number of significant
products has been detected when compared with earlier studies on the same
reactions in presence of cis-dioxomolybdenum(V1) complexes with various
tridentate ligands as catalysts [39-41]. However, for all the three reactions the
TOF values obtained with 1-4 as catalysts are lower than the corresponding

values reported earlier.

4.3.7.1. Oxidative bromination of styrene

The catalyst cis-[MoO,(HL")], styrene, H,O,, KBr and HCIO, in the
mole ratio of 0.01:5:10:10:10 in acetonitrile-water (1:1) mixture at 60 °C have
been found as the best condition for maximum conversion of the substrate in
about 4 h. Under this condition, three products 2-bromo-1-phenylethane-1-ol
(@), 2-bromo-1-phenylethane-1-one (b) and styrene oxide (c) have been
identified (Scheme 4.1) for each of the four catalysts (1-4). The yield of b is
significantly higher than that of the other two products (a and c). It is
important to note that the formation of b has occurred most likely through the
oxidation of a. The change of the catalyst from 1 to 4 does not affect too
significantly the percentage substrate conversion and product selectivity.
Under specified condition as mentioned above the control experiment without
catalyst has been carried out. The control experiment shows only 10%
conversion of the substrate to 2-bromo-1-phenylethane-1-ol (a) as the major
product. The product selectivities observed here are slightly different than that
reported for the bromination reaction of the same substrate catalyzed by cis-
dioxomolybdenum(VI) complexes [39-41]. In the previous studies, with a
and c formation of 1,2-diol and 1,2-dibromo derivatives instead of b have been
observed. We could detect a trace amount (< 1%) of the dibromo product but

no diol.
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4.3.7.2.0xidative bromination of salicylaldehyde

The optimized reaction condition for oxidative bromination of
salicylaldehyde using cis-[MoO,(HL™)] as catalyst is same as described above
for oxidative bromination of styrene. But here the maximum conversion of
the substrate has been realized within 1 h. The catalytic behaviours of 1-4 in
this reaction are comparable (Table 4.4). In all the cases, b5-
bromosalicylaldehyde (d), 3,5-dibromosalicylaldenyde (e) and 3-
bromosalicylaldehyde (f) have been identified as the products (Scheme 4.1).
The 5-bromosalicylaldehyde (d) has been produced more selectively than the
other two products with essentially complete conversion of the substrate. In
the control experiment without any catalyst, only 30% of substrate conversion
with 100% selectivity for 5-bromosalicylaldehyde (d) has been observed in 4
h of reaction time. In earlier studies on bromination of salicylaldehyde using
cis-dioxomolybdenum(V1) complexes as catalysts [39,40], d was the major
product as observed here. However, unlike the present observation 2,4,6-

tribromo phenol was also reported with e and f as a minor product.

4.3.7.3. Benzoin oxidation

The cis-[MoO,(HL")] catalyzed benzoin oxidation reactions have been
carried out in methanol employing H,O, as the oxidant. The mole ratio of
catalyst, substrate and oxidant used for the reaction is 0.01:5:10. It may be
noted that comparable results were obtained when acetonitrile or ethanol was
used instead of methanol as the reaction solvent. In all the cases, benzoic acid
(9), benzil (h) and a,a-dimethoxytoluene (i) have been detected as the
products with complete conversion of benzoin (Scheme 4.1, Table 4.4).
Benzoic acid (g) is preferentially formed as the major product followed by
benzil (h) and then a,a-dimethoxytoluene (i). A trace amount (< 1%) of

methylbenzoate was also detected. As observed in the preceding two catalytic
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reactions, here also the catalytic efficiencies of 1-4 do not vary in a significant
way. Previous studies on benzoin oxidation reactions employing cis-
dioxomolybdenum(VI1) complexes as catalysts have demonstrated benzoic
acid (g) to be the major product as found here, but along with (h) and (i) a
comparable amount of methylbenzoate has been also reported as an additional

minor product [39,40].

4.4. Conclusions

The N-capped unsymmetrical tripodal tetradentate 2,2'-(2-hydroxy-3,5-
R1,Rz-benzylazanediyl)diethanols  (HsL") afford complexes of general
molecular formula cis-[MoO,(HL")] (1-4) in very good yields. X-ray
crystallographic studies reveal the same gross molecular structure for all the
complexes. In each complex, the ligand (HL")?* acts as 5,5,6-membered
chelate rings forming NOs-donor towards the cis-{MoO,}** unit. In the
crystal lattice, the molecules of each complex form discrete dimers via two
reciprocal intermolecular O—H---O interactions involving the ethanol-OH and
the ethanolate-O both being metal coordinated. The spectroscopic (IR, UV-
Vis and NMR) features of 1-4 complement their molecular structures very
well. The redox-active complexes are also catalytically active in oxidative
bromination reactions of styrene and salicylaldehyde and in benzoin oxidation
reaction. The overall catalytic performances of 1-4 in these reactions are
generally invariant to the type and number of substituents on the phenolate

moiety of the ligands.
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FTIR spectrum of HL*.
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FTIR spectrum of cis-[MoO,(HL®)].(3)
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13C-DEPT135 NMR Spectrum of HsL':
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3C-NMR Spectrum of HsL*:

2 g8 B9% 28¢ 8208
m Q un ™Mmm P ) Rt
R §8 48§ 284 $XA”
TN Vo NP2
-L—u——ﬂs‘ s e ‘ ’ " Wil
T T T T T T T T T T T T T T T T T T T T T T T T T T T T
160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
o(ppm)
13C-DEPT135 NMR Spectrum of HaL>;
ife 28 e R g
a8 Sg8 < o
— ™ N
% v/
T T T T T T T T T T T T T T T T T T
130 120 110 100 90 80 70 60 50 40 30 20 10
J(ppm)

144




Complexes of cis-{MoO,}** with...

13C-DEPT135 NMR Spectrum of cis-[MoO»(HLY)] (1)

SLee—

3 VITN
1b'65—
£629—
919"

L —

29'0¢T1—

62 TET~_
8T'ZET"

140 130 120 110 100 9 80 70 60 50 40 30 20 10
o(ppm)

'"H-NMR Spectrum of cis-[MoO,(HL?)] (2)

150

1383¢ \h
mﬂv ItE
ST'T VOt
£5°C u\*
957\ -
oT'e o1
(e 1
71
8T'e =
6T'E
¥e'e .
TT
sz'e et
o e
65°E .
09E Jat
99'€ r
£9°€
1007 01
sov |
65
obb—> Bgq
{5 — et
AUb~_ 0T
08b— ¥
459~ .
%8y il
E.OW g0
99 71
£6'9
£0'6— Awi:

T

2.5

T

3.0

3.5

T

4.0

4.5

il

T

6.5 5.0

T

T

9.0

9.5

0.0

1.0

85 7.0

o(ppm)

145



Chapter 4

3C-NMR Spectrum of cis-[MoO,(HL?)] (2)
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13C-DEPT135 NMR Spectrum of cis-[MoO,(HL?)] (3)
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3C-NMR Spectrum of cis-[MoO,(HL*)] (4)
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Atomic coordinates ( x 10*) and equivalent isotropic displacement parameters

(A% x 10%). U(eq) is defined as one third of the trace of the orthogonalized Uij

tensor.
Table A 4.1. For cis-[MoO2(HLY)] (1)
X Y Z U (eq)

Mo 11289(1) 741(1) 11459(1) 26(1)
0(1) 12715(8) 1154(1) 10525(7) 32(1)
0(2) 8744(8) 384(1) 11012(7) 29(1)
0(3) 10998(7) 412(1) 8464(7) 30(1)
0(4) 11089(8) 1061(2) 13257(7) 38(1)
0(5) 13422(8) 394(2) 12867(7) 37(1)
N(1) 8104(9) 1012(2) 8338(8) 28(1)
c() 12226(12) 1565(2) 10291(11) 32(2)
C(2) 14019(14) 1844(2) 10955(13) 46(2)
C(3) 13646(17) 2264(2) 10747(13) 54(2)
C(4) 11486(17) 2430(2) 9898(13) 48(2)
C(5) 9734(15) 2145(2) 9241(11) 45(2)
C(6) 10028(12) 1720(2) 9387(10) 33(2)
C(7) 7904(12) 1457(2) 8692(12) 38(2)
C(8) 6047(11) 787(2) 8070(11) 39(2)
C(9) 6608(11) 592(2) 10201(11) 33(2)
C(10) 8397(12) 951(2) 6424(10) 33(2)
C(11) 9143(13) 512(2) 6359(11) 36(2)
C(12) 11115(19) 2891(2) 9755(14) 68(3)
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Table A 4.2. For cis-[MoO,(HL?)] (2)

X Y Z U (eq)
Mo 1469(1) 11076(1) 9211(1) 38(1)
0O(1) 1699(1) 11074(2) 7960(1) 46(1)
0(2) 1259(1) 9800(2) 10342(1) 44(1)
0(@3) 123(1) 9453(3) 8651(1) 44(1)
O(4) 2582(1) 11892(3) 9547(1) 60(1)
O(5) 676(1) 12917(3) 9306(1) 59(1)
N(1) 1878(1) 7833(3) 8999(1) 36(1)
C@2) 2504(2) 10500(4) 7583(2) 43(1)
C(2) 2761(2) 11485(4) 6839(2) 55(1)
C@3) 3579(2) 10942(5) 6429(2) 60(1)
C4) 4139(2) 9418(5) 6739(2) 55(1)
C(5) 3862(2) 8426(4) 7466(2) 51(1)
C(6) 3052(2) 8923(3) 7901(2) 42(1)
C(7) 2869(2) 7759(4) 8715(2) 45(1)
C(8) 1844(2) 6814(4) 9867(2) 47(1)
C(9) 1921(2) 8297(4) 10598(2) 51(1)
C(10) 1192(2) 6956(4) 8308(2) 43(1)
C(11) 175(2) 7407(4) 8497(2) 50(1)
C(12) 5050(2) 8771(5) 6311(2) 75(1)
C(13) 4940(2) 6927(6) 5834(3) 85(1)
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Table A 4.3. For cis-[MoO,(HLY] . 2CHsCN (3 . 2CH3CN)

X Y Z U (eq)
Mo 567(1) 7748(1) 5736(1) 30(1)
0O(1) -1024(5) 6400(2) 5861(2) 32(1)
0(2) 1049(5) 9157(3) 6093(3) 37(1)
0O(3) -2118(4) 8742(3) 5231(3) 35(1)
O(4) 2242(5) 6895(3) 6347(3) 45(1)
O(5) 1588(5) 8317(3) 4450(3) 44(1)
N(1) -1835(5) 7624(3) 7242(3) 27(1)
N(2) 3679(14) 1083(8) 7432(8) 141(4)
N(3) 2824(10) 5478(6) 9054(5) 100(2)
C@1) -1363(6) 5370(4) 6691(4) 29(1)
C(2) -1350(7) 4295(4) 6499(4) 33(1)
C(3) -1659(7) 3215(4) 7303(4) 35(1)
C4) -2003(6) 3166(4) 8330(4) 29(1)
C(5) -2049(6) 4251(4) 8505(4) 29(1)
C(6) -1723(6) 5356(4) 7708(3) 25(1)
C(7) -1710(7) 6442(4) 8041(4) 32(1)
C(8) -1414(7) 8594(4) 7624(4) 35(1)
C(9) 698(7) 8972(4) 7168(4) 38(1)
C(10) -3781(6) 7772(4) 6969(4) 36(1)
C(11) -3769(7) 8838(4) 6011(4) 40(1)
C(12) -2337(7) 1996(4) 9253(4) 39(1)
C(13) -4328(9) 1983(5) 9947(5) 67(2)
C(14) -2197(10) 892(4) 8924(5) 66(2)
C(15) -808(10) 1908(5) 9901(5) 70(2)
C(16) 3811(12) 1915(10) 6732(9) 88(3)
C@7) 4073(11) 2965(8) 5836(6) 86(2)
C(18) 2981(9) 4945(6) 8523(5) 57(2)
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Table A 4.4. For cis-[MoO,(HLY] (4)

X Y Z U (eq)
Mo 6112(1) -662(1) 4595(1) 34(1)
0O(1) 6828(2) 700(9) 4907(5) 39(2)
0(2) 5403(3) -2080(9) 4991(6) 45(2)
0(@3) 5701(3) 1578(8) 5597(5) 38(2)
O(4) 6469(3) -2463(9) 4071(5) 51(2)
O(5) 5779(3) 535(9) 3599(5) 43(2)
N(1) 6262(3) -1393(11) 6326(6) 35(2)
C@2) 7373(4) 50(14) 5248(9) 45(3)
C(2) 7897(4) 845(14) 4831(9) 46(3)
C@3) 8438(4) 141(16) 5183(9) 54(3)
C4) 8493(5) -1259(17) 5896(11) 62(4)
C(5) 7972(5) -1902(14) 6315(8) 49(3)
C(6) 7405(4) -1344(15) 5985(8) 41(3)
C(7) 6867(4) -2293(14) 6441(8) 47(3)
C(8) 5788(4) -2708(14) 6669(8) 45(3)
C(9) 5524(5) -3544(14) 5706(8) 46(3)
C(10) 6260(4) 267(14) 6943(8) 44(3)
C(11) 5720(4) 1398(15) 6696(8) 44(3)
C(12) 9113(5) -1980(20) 6223(13) 76(4)
C(13) 9074(6) -3490(30) 7010(20) 225(15)
C(14) 9504(6) -430(30) 6658(14) 142(8)
C(15) 9428(6) -2660(20) 5257(13) 120(7)
C(16) 7862(5) 2394(15) 4041(11) 60(4)
C@7) 8507(5) 3031(19) 3702(12) 96(5)
C(18) 7553(6) 1700(20) 3055(10) 85(5)
C(19) 7542(6) 4010(16) 4500(12) 85(5)
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Chapter 5

Complexes of cis-{MoO,}** with unsymmetrical linear
tetradentate ONNO-donor ligands: synthesis,
characterization and catalytic applications *

Reactions of [MoOg(acac);] (acact = acetylacetonate), 2-((2-(2-
hydroxyethylamino)-ethylamino)methyl)-4-R-phenols (H,L", n = 1-5 for R =
H, Me, OMe, CI and Br, respectively) and KOH in 1:1:2 mole ration in
methanol afford a series of complexes having the general formula cis-
[MoO,(L")] (1-5) in 81-86% yields. The complexes have been characterized
by elemental analysis, spectroscopic (IR, UV-Vis, *H-, 2*C- and *C-DEPT
NMR) and electrochemical measurements. The molecular structures of 1-4
have been determined by single crystal X-ray crystallography. In each of 1-4,
the ONNO-donor 6,5,5-membered fused chelate rings forming (L")>” and the
two mutually cis oxo groups assemble a distorted octahedral N,O4
coordination sphere around the metal centre. In the crystal lattice, each of 1-4

forms one dimensional infinite chain structure via intermolecular N—H---O
hydrogen bonding interactions. In cyclic voltammograms, the diamagnetic
redox active complexes display an irreversible metal centred reduction in the
potential range —0.73 to —0.88 V (vs. Ag/AgCl). The physicochemical data are
consistent with a very similar gross molecular structure for all of 1-5. All the
complexes exhibit decent bromoperoxidase activities and are also able to
effectively catalyze benzoin and methyl(phenyl)sulfide oxidation reactions.

5.1. Introduction

In the preceding chapter, we have described the synthesis and
characterization of a series of cis-dioxomolybdenum(VI) complexes with an
unsymmetrical tripodal tetradentate NOs-donor ligand system and evaluated

their catalytic efficiencies in oxidative bromination and benzoin oxidation

8 This work has been communicated.
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reactions [1]. In the present chapter, we have used unsymmetrical linear
tetradentate ONNO-donor 2-((2-(2-hydroxyethylamino)ethylamino)methyl)-4-
R-phenols (H,L"R = H, Me, OMe, Cl and Br) (Chart 5.1) to synthesize
complexes of cis-{MoO,}**. In this effort, we have isolated a new series of
cis-dioxomolybdenum(VI) complexes having the general formula cis-
[MoOy(L™]. The complexes have been also evaluated for their catalytic
efficiencies in oxidative bromination reactions as well as in benzoin and
methyl(phenyl)sulfide oxidation reactions. In the following sections, we have
described the details of synthesis, characterization, X-ray structures and

catalytic behaviours of these complexes.
OH

H
R N\/\N/\/OH
H

HoL"
(n =1-5for R = H, Me, OMe, Cl and Br, respectively)

cis-[MoO,(LM)]
(1-5 for n = 1-5, respectively)

Chart 5.1. Chemical structures of tetradentate linear ligands H,L"> and their

complexes cis-[MoO,(L* )] (1-5).
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5.2. Experimental

5.2.1. Materials

[MoO;(acac),] was prepared according to a literature procedure [2].
The hydrochloride salts of 2-((2-(2-hydroxyethylamino)ethylamino)methyl)-4-
R-phenols (H,L"-2HCI) were synthesized by following a reported procedure
[3]. All other chemicals and solvents used in this work were of reagent grade

and used as received without further purification.

5.2.2. Physical measurements

Elemental (CHN) analysis data were obtained with the help of a
Thermo Finnigan Flash EA1112 series elemental analyzer.  Magnetic
susceptibility measurements were performed with a Sherwood Scientific
balance. A Shimadzu LCMS 2010 liquid chromatograph mass spectrometer
was used for verification of the compound purity. Solution electrical
conductivities were measured with the help of a Digisun DI-909 conductivity
meter. Infrared spectra were collected by using KBr pellets on a Thermo
Scientific Nicolet 380 FT-IR spectrophotometer. A Shimadzu UV-3600 UV-
VIS-NIR spectrophotometer was used to record the electronic spectra. The *H
(400 MHz) and *C (100 MHz) NMR spectra were recorded with the help of a
Bruker NMR spectrometer using tetramethylsilane as internal standard. A
CH-Instruments model 620A electrochemical analyzer was used for cyclic
voltammetric experiments. Shimadzu GC-2010 Plus equipped with FID and
Shimadzu GCMS-QP2010 instruments were used for gas chromatographic

measurements.

5.2.3. A general procedure for the synthesis of cis-[MoOx(L*™)] (1-5)
Solid [MoO;(acac),] (0.3 mmol) was added to a solution of the

corresponding H,L"-2HCI (0.3 mmol) and KOH (0.6 mmol) in methanol (25
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mL). The resulting bright yellow reaction mixture was boiled under reflux for
0.5 h and then cooled to room temperature under ambient conditions. The
pale yellow to bright yellow microcrystalline solid separated were collected by
gravity filtration and washed with water, methanol and diethyl ether and
finally dried in air.

cis-[MoOZ(Ll)] (). Yield 83%. Anal. Calcd for C;1H1sMON,O,
(336.20): C, 39.30; H, 4.80; N, 8.33. Found C, 39.46; H, 4.71; N, 8.45.
Selected IR bands (cm™): 3238 and 3155 (w-), 2964—2865 (vc_n), 925 and
876 (¥M00,). UV-Vis (Amax (nm) (e (10° M cm™))): 313 (4.6), 273 (6.5). *H
NMR (8 (ppm) (J (Hz))): 7.12 (8) (t, 1H, H%), 7.08 (8) (d, 1H, H°), 6.74 (8) (t,
1H, H%, 6.65 (8) (d, 1H, H?), 5.77 (s, 1H, N*H), 5.39 (s, 1H, N’H), 4.59 (16)
(d, 1H, H™®), 4.51 (m, 1H, H®), 4.41 (m, 1H, H®), 3.78 (16) (d, 1H, H™®), 3.57
(m, 1H, H*), 2.96 (m, 1H, H*®), 2.66 (m, 1H, H%), 2.59 (m, 1H, H®), 2.40
(m, 2H, HY). C NMR (8 (ppm)): 161.15 (CY), 130.66 (C®), 129.34 (C°),
123.89 (C°), 120.08 (C?), 119.58 (C*, 73.74 (C), 53.83 (C?), 52.05 (C°),
4759 (C'°), 47.26 (C™). Epc (V): -0.79

cis-[MoO,(L?)] (2). Yield 85%. Anal. Calcd for CioHigMOoN2O,
(350.22): C, 41.15; H, 5.18; N, 8.00. Found C, 41.34; H, 5.09; N, 8.12.
Selected IR bands (cm™): 3205 and 3150 (w-), 2930—2840 (vc_p), 926 and
882 (¥M00,). UV-Vis (Amax (nm) (e (10° M™* cm™))): 324 (4.0), 275 (5.2). *H
NMR (8 (ppm) (J (Hz))): 6.94 (8) (d, 1H, H%), 6.90 (s, 1H, H?), 6.57 (8) (d,
1H, H?), 5.77 (s, 1H, N'H), 5.35 (s, 1H, N’H), 4.56 (12) (d, 1H, H™), 4.49 (m,
1H, H®), 4.38 (m, 1H, H®), 3.72 (16) (d, 1H, H™®), 3.55 (m, 1H, H%), 2.95 (m,
1H, H*®), 2.60 (m, 2H, H'°), 2.41 (m, 2H, H™), 2.22 (s, 3H, 4-Me). °*C NMR
(8 (ppm)): 158.95 (CY), 130.98 (C?), 129.77 (C°), 128.67 (C°), 123.52 (CH,
119.28 (C?), 73.67 (C7), 53.88 (C®), 51.98 (C°), 47.63 (C™), 47.27 (C*), 21.05
(4-Me). Epe (V): —0.73.
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cis-[MoO2(L%)] (3). Yield 86%. Anal. Calcd for CioHisMoN,Os
(366.22): C, 39.36; H, 4.95; N, 7.65. Found C, 39.25; H, 4.91; N, 7.58 %.
Selected IR bands (cm™%): 3210 and 3150 (w_11), 2940-2832 (vc_n), 915 and
887 (MM00,). UV-Vis (Amax (nm) (e (10° M cm™))): 340 (4.5), 301 (6.5). *H
NMR (8 (ppm) (J (Hz))): 6.70 (d, 1H, H%), 6.69 (s, 1H, H°), 6.58 (8) (d, 1H,
H?), 5.73 (s, 1H, N'H), 5.32 (s, 1H, N?H), 4.56 (16) (d, 1H, H"®), 4.48 (m, 1H,
H®), 4.38 (m, 1H, H®), 3.74 (16) (d, 1H, H™), 3.68 (s, 3H, 4-OMe), 3.54 (m,
1H, H%), 2.95 (m, 1H, H®), 2.60 (m, 2H, H™), 2.41 (m, 2H, H™). *C NMR (&
(ppm)): 155.13 (CY), 153.07 (C?), 124.44 (C®), 119.92 (C?), 115.56 (C°),
114.57 (C%), 73.51 (C7), 53.88 (C®), 51.98 (C°), 47.63 (C™), 47.27 (C*), 56.23
(4-OMe). Epc (V): —0.80.

cis-[MoO,(L%)] (4). Yield 81%. Anal. Calcd for Cy3H15CIMON;O,
(370.64): C, 35.65; H, 4.08; N, 7.56. Found C, 35.48; H, 4.13; N, 7.51 %.
Selected IR data (cm™): 3205 and 3140 (w_n), 2960—2850 (vc_g), 931 and
887 (¥M005). UV-Vis (Amax (nm) (e (10° M™* cm™))): 314 (5.4), 287 (7.1). *H
NMR (8 (ppm) (J (Hz))): 7.16 (s, 1H, H°), 7.13 (12) (d, 1H, H?), 6.65 (12) (d,
1H, H?), 5.80 (s, 1H, N*H), 5.48 (s, 1H, N?H), 4.52 (16) (d, 1H, H'®), 4.50 (m,
1H, H®), 4.41 (m, 1H, H®), 3.80 (16) (d, 1H, H™®), 3.59 (m, 1H, H%), 2.96 (m,
1H, H*), 2.68 (m, 1H, H%), 2.60 (m, 1H, H'®), 2.41 (m, 2H, H'). *C NMR
(8 (ppm)): 160.21 (CY), 130.07 (C?), 128.94 (C°), 125.95 (C®), 123.07 (CY,
121.31 (C?), 73.87 (C'), 53.28 (C?), 52.14 (C®), 47.55 (C'°), 47.29 (C'). Epc
(V): -0.83.

cis-[MoO,(L°)] (5). Yield 82%. Anal. Calcd for Ci1HisBrMoN;O,
(415.09): C, 31.83; H, 3.64; N, 6.75. Found C, 31.96; H, 3.58; N, 6.83 %.
Selected IR bands (cm™): 3205 (w-n), 29252843 (vc-p), 914 and 876
(YWM00,). UV-Vis (Amax (nm) (¢ (102 M* cm™)): 317 (5.6), 285 (7.5). *H
NMR (8 (ppm) (J (Hz))): 7.30 (s, 1H, H®), 7.27 (8) (d, 1H, H®), 6.62 (8) (d,
1H, H?), 5.83 (s, 1H, N'H), 5.50 (s, 1H, N’H), 4.54 (16) (d, 1H, H™), 4.51 (m,
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1H, H®), 4.41 (m, 1H, H®®), 3.80 (16) (d, 1H, H™®), 3.59 (m, 1H, H%), 2.96 (m,
1H, H*), 2.69 (m, 1H, H'®), 2.60 (m, 1H, H'), 2.41 (m, 2H, H™). *C NMR
(8 (ppm)): 160.65 (CY), 132.89 (C*), 131.82 (C°), 126.55 (C°), 121.82 (C?),
110.73 (C*, 73.87 (C'), 53.17 (C?), 52.12 (C®), 47.53 (C'°), 47.27 (C'). Epc
(V): —0.88.

5.2.4. Catalysis measurements

Catalytic activities of 1-5 in oxidative bromination of various
olefinic compounds and in oxidation of benzoin and
methyl(phenyl)sulfide were examined. The details of optimized reaction

conditions are described below.

5.2.4.1. Oxidative bromination.

10 mmol of substrate, 15 mmol of H,O;, (1.8 mL of 30% w/w
aqueous solution), 20 mmol of KBr, 20 mmol of HCIO,4 (2.4 mL of 60%
aqueous HCIO, solution) and 0.01 mmol of the catalyst cis-[MoO,(L")]
were taken in 6 mL of the mixed solvent water-methanol (1:1). The
resulting mixture was stirred at room temperature for % h to 2% h
(substrate-dependent). Then the reaction mixture was diluted with 50
mL of water and extracted with two 10 mL portions of dichloromethane.
The dichloromethane extracts were combined, dried over anhydrous
sodium sulfate and finally diluted to 40 mL with dry dichloromethane.
This diluted solution was analyzed by GC-MS for identification and

yields determination (from the areas under the peaks) of the products.

5.2.4.2. Benzoin oxidation.

20 mmol of H,0, (2.4 mL of 30% w/w aqueous solution) and
0.01 mmol of the catalyst cis-[MoO,(L")] were added to a methanol (6
mL) solution of 10 mmol of bezoin. The reaction mixture was stirred at

room temperature for 1 h, diluted with 40 mL of water and finally
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extracted with two 10 mL portions of dichloromethane. The combined
dichloromethane extracts were dried over anhydrous sodium sulfate,
diluted to 40 mL with dry dichloromethane and subjected to GC-MS
analysis to identify the products and determine (using the peak-areas)

their yields.

5.2.4.3. Oxidation of methyl(phenyl)sulfide.

10 mmol of methyl(phenyl)sulfide, 15 mmol of H,O, (1.2 mL of
30% w/w aqueous solution) and 0.01 mmol of the catalyst cis-
[MoO,(L")] were stirred at room temperature for 1 h. The reaction
mixture was then extracted with two 10 mL portions of dichloromethane.
After drying over anhydrous sodium sulfate, the combined
dichloromethane extracts were diluted to 40 mL with dry
dichloromethane and analyzed by GC-MS for identification of the

products and determination of their yields from the peak-areas.

5.2.5. X-ray crystallography

Single crystals of 1-4 were obtained by heating a mixture of
[MoO,(acac),] (0.05 mmol), the corresponding H,L"-2HCI (0.05 mmol) and
KOH (0.1 mmol) in 25 mL of methanol on a digital water bath at 90° C for 10
minutes and then uniformly cooling (by ~30° C per hour) the reaction mixture
to room temperature in about 2 h. We have tried to grow X-ray quality crystals
of 5 using various crystallization techniques, but none of them was successful.
Determination of the unit cell parameters and the collection of the intensity
data at 298 K for each of 1 and 3 were performed on a Bruker-Nonius
SMART APEX CCD single crystal diffractometer using graphite
monochromated Mo K radiation (4 = 0.71073 A). The SMART and the
SAINT-Plus [4] packages were used for data acquisition and data extraction,

respectively. Absorption correction was done using the SADABS program [5].
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Table 5.1. Selected crystallographic data.

Complex 1 2 3-2CH3CN 4
Empirical formula C11H16MON,0O4 C1oH1sMON,04 C1oH1sMOoN,Os5 C11H15C|MONzo5
Formula weight 336.20 350.22 366.22 370.64
Crystal system Orthorhombic Triclinic Triclinic Triclinic
Space group Pca2; P1 P1 P1

a (A) 10.176(5) 7.1224(11) 7.1472(6) 7.0918(6)
b (A) 6.880(4) 10.1493(14) 10.1444(9) 10.0620(7)
c (A) 17.762(9) 10.3743(17) 10.6134(9) 10.3407(8)
a(®) 90 106.585(13) 101.026(1) 106.480(7)
L) 90 104.050(13) 108.748(1) 104.952(7)
7(°) 90 100.195(12) 98.481(1) 98.345(6)
V (A% 1243.5(11) 672.32(16) 696.93(10) 664.36(9)
z 4 2 2 2
p(gecm™) 1.796 1.730 1.745 1.853

2 (mm™) 1.063 0.987 0.962 1.199
Reflections collected 11787 4574 7307 4557
Reflections unique 2435 2744 2731 2443
Reflections [1 > 2o(1)] 2392 2377 2445 1919
Parameters 163 173 181 172

R1, WR2 [I > 26(1)]
R1, wR2 (all data)
GOF on F?

Apmax, Apmin (e A_3)

0.0178, 0.0439
0.0181, 0.0443
1.165

0.405 / —0.682

0.0408, 0.0873
0.0496, 0.0918
1.071

0.772/-0.585

0.0316, 0.0729
0.0369, 0.0759
1.045

0.460 /—0.378

0.0525, 0.1315
0.0682, 0.1400
1.036

1.750 / —0.543
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The unit cell parameters and the intensity data at 298 K for both 2 and 4 were
obtained with the help of an Oxford Diffraction Xcalibur Gemini single crystal
X-ray diffractometer using graphite monochromated Mo K radiation (4 =
0.71073 A). The CrysAlisPro[6] package was used for data collection,
reduction and absorption correction. The structure of each of 1-4 was solved
by direct method and refined on F? by full-matrix least-squares procedures.
All non-hydrogen atoms were refined anisotropically, while all hydrogen
atoms were included in the structure factor calculation by using a riding
model. Structure solution and refinement were done using the SHELX-97
programs[7] as provided in the WinGX package [8]. All the molecular
graphic figures were made using either the Platon[9] or the Mercury[10]
packages. X-ray crystallographic data (in CIF format) have been deposited
with the Cambridge Crystallogrphic Date Centre. The deposition nos. are
CCDC 1062701-1062704 for 1-5, respectively.  Selected crystal and

refinement data for 1—4 are listed in Table 5.1.

5.3. Results and discussion

5.3.1. Synthesis and some properties

The complexes cis-[MoO2(L")] (1-5) have been synthesized by
reacting one mole equivalent each of [MoO,(acac),] and the corresponding
H,L"-2HCI in presence of two mole equivalents of KOH in refluxing
methanol. They have been obtained as air stable yellow microcrystalline
materials in 81-86% yields. The elemental (CHN) analysis data are in good
agreement with those calculated for the molecular formulas of 1-5. The
diamagnetic nature of 1-5 clearly establishes the +6 oxidation state of
molybdenum center in each complex. All the complexes are highly soluble in
dimethylsulfoxide and dimethylformamide, sparingly soluble in methanol,
ethanol and acetonitrile and insoluble in dichloromethane, chloroform, toluene

and hexane. In solutions, all of 1-5 behave as non-electrolytes.
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5.3.2. Spectroscopic characteristics

5.3.2.1. Infrared spectra

The infrared spectra of 1-5 were recorded using KBr pellets. The

spectra of 1 and 2 are illustrated in Fig. 5.1 and those of 3-5 are provided in

the appendix of this chapter. A few selected bands out of a large no of bands
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Fig 5.1. FTIR spectra of cis-[MoO,(LY)] (1) (top) and cis-[MoO,(L?)] (2)

(bottom).

observed in the range 4000400 cm* have been assigned. 1-4 display two

broad bands at ~3215 and ~3150 cm*, while 5 shows a single broad band at

3205 cm™.

These bands are attributed to the two metal coordinated NH
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fragments of (L")>". The aromatic and aliphatic C—H stretches appear as
multiple bands in the range 2970-2830 cm™*. The symmetric and asymmetric
stretches of the {cis-MoO,}*" core were observed as two strong and sharp

bands in the ranges 926-914 and 887-876 cm *, respectively [1,11-21].

5.3.2.2. Electronic spectra
Electronic absorption spectra of 1-5 were recorded using their
dimethylsulfoxide solutions. The spectral profiles of all the complexes are

quite similar (Fig. 5.2). Each complex displays two major absorption bands

T T T
350 400 450

A (nm)
Fig. 5.2. Electronic spectra of cis-[MoO,(L*®)] (1-5) in methanol.

T
300

below 350 nm. The first band appears in the range 340-313 nm, while the
second band is observed within 301-273 nm. In comparison, free H,L*™ in
methanol display a strong band in the wavelength range 297-276 nm. Thus for
1-5 the first low energy band is assigned to ligand-to-metal charge transfer

transition, while the second higher energy band is attributed to a ligand
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centred transition. Similar pair of absorption bands observed for complexes of
cis-dioxomolybdenum(V1) with ligands having comparable donor atoms are
reported to be due to ligand-to-metal charge transfer and ligand centred

transitions, respectively [1,11-19].

5.3.2 3. NMR spectra

'H-, 13C- and **C-DEPT NMR spectra of 1-5 in dimethylsulfoxide-ds
were recorded. The spectra (*H and **C) of 1 are depicted in Fig. 5.3. The
spectra of 2-5 are given in the appendix at the end of the chapter. The *H-
NMR spectra of 1-5 are consistent with the same gross molecular structure for
all (Chart 5.1, Figs. 5.4 and 5.5). A doublet appeared in the range 5 6.57—6.65
ppm is due to the proton at C?, whereas the proton at C* resonates as a triplet
for 1 and as a doublet for 2-5 in the range & 6.70-7.27 ppm. The proton
attached to C° appears as a doublet for 1 and as a singlet for 2-5 within &
6.69-7.30 ppm. The triplet observed at & 6.74 ppm for 1 is assigned to the
proton at C*. The protons of the Me and OMe substituents at C* in 2 and 3
appear as a singlet at 6 2.22 and 3.68 ppm, respectively. The diastereotopicity
of the methylene protons is exhibited by the spectrum of each of 1-5. The
protons of the methylene group (C’H,) ortho to phenolate are observed as two
doublets in the range & 4.52-4.59 and 3.72-3.80 ppm. The C®H; protons show
two multiplets at & ~4.50 and ~4.40 ppm. However, H"® and H®* provide
overlapping signals in the cases of 4 and 5. The methylene protons at C°
appear as two multiplets at & ~3.57 and ~2.96 ppm. The C'°H, protons of 1, 4
and 5 resonate as two multiplets at 5 ~2.68 and ~2.60 ppm, while those of 2
and 3 show a single two proton multiplet at & ~2.62 ppm. A single multiplet
observed at & ~2.41 ppm is assigned to the methylene protons at C**. The
protons at the nitrogen atoms of the benzylamine fragment and
diethyleneamine fragment are observed as two singlets in the ranges 6 5.73—

5.83 and 5.32-5.50 ppm, respectively. Overall trends in the proton chemical
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shifts are consistent with the electronic nature of the para-substituents of the

phenolate moiety of (L")*" in 1-5.

TANZERERNEE R A CRARTS ELRRARRY GRGBEESRS
NNNNWG SO O6o " n THEFLTLTT Mo Nl e NN AR
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170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
J(ppm)
(b)
Fig. 5.3. (@) 'H-and (b) C-NMR spectra of [MoO(L})] (1) in

dimethylsulfoxide—ds.
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The *C NMR spectra of 1-5 are also in good agreement with their
similar molecular structures (Chart 5.1). Generally the chemical shifts of the
individual carbon atoms of the phenolate ring vary significantly with the
change of its para substituent, whereas there is essentially no change in the
chemical shift of each of the five methylene carbon atoms in the remaining
aliphatic skeleton of (L")*". The phenolate ring carbons C*~C° resonate in the
ranges o 155.13-161.15, 119.28-121.82, 114.57-132.98, 110.73-153.07,
115.56-131.82 and 123.89-128.67 ppm, respectively. The resonances due to
the methylene carbons C'—C** appear at & ~73.73, ~53.60, ~52.05, ~47.59 and
~47.26 ppm, respectively. The signals corresponding to the carbons of the Me
and the OMe substituents at para position of the phenolate ring of (L")*" in 2
and 3 are observed at 6 21.05 and 56.23 ppm, respectively. The spectral
assignments described above are also consistent with the *C-DEPT NMR

spectra of 1-4.

5.3.3. Description of X-ray structures

Complex 1 crystallizes in the non-centrosymmetric orthorhombic
space group Pca2;, whereas the remaining three complexes (2—4) crystallize in
the centrosymmetric triclinic space group P1. In each structure, the
asymmetric unit is comprised of a single complex molecule. The bond
parameters related to the metal centres are listed in Table 5.2. Fig. 5.4
illustrates the molecular structures of 1 and 2, while Fig. 5.5 provides the
molecular structures of 3 and 4. On the whole, the molecular structures of 1-4
are very similar. In each complex molecule, the ligand (L")*" coordinates to
the metal centre through a phenolate-O, two secondary amine-N and an
ethanolate-O atoms and forms 6,5,5-membered fused chelate rings. The
unsymmetrical ONNO-donor (L")? and the two mutually cis-oriented oxo

groups form a distorted octahedral N,O,4 coordination geometry around the
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molybdenum. In all of 1-4, the Mo—N(amine) (Mo—N(1) (2.323(5)—2.365(2)
A) and Mo—N(2) (2.318(2)—2.353(3) A)) bond lengths are significantly longer
than the Mo—O(phenolate) (Mo—O(1) (1.939(2)-1.9816(17) A)) and
Mo-O(ethanolate) (Mo—O(2) (1.942(3)-1.946(4) A)) bond lengths. This
lengthening of the Mo—N bonds is due to the strong trans effects imposed by
the oxo groups (O(3) and O(4)) on the secondary amine-N atoms (N(1) and
N(2)). It is worth noting that the Mo—O(ethanolate) bond lengths are very
similar but the Mo—O(phenolate) bond lengths vary significantly with the
change of the substituent (R) at para position of the phenolate fragment of
(L"?* (Table 5.2). Although the variation of the Mo—O(phenolate) bond
length does not reflect a systematic trend with the change of the electronic
nature of R, but for the electron releasing groups (R = Me and OMe) the bond
lengths are shorter than for R = H or electron withdrawing Cl. The bond
angles in the five-membered chelate rings are in the range 72.63(7)-74.52(7)°
and those in the six-membered chelate rings are within 76.30(7)—81.25(11)°.
In contrast, the cis-MoO; bond angles (108.75(12)-109.1(2)°) are very similar
and significantly larger. The remaining cis bond angles span the broad range
of 82.01(9)-103.51(15)°, while the trans bond angles are within a relatively
narrow range of 155.51(10)-163.82(10)°. In general, the bond lengths and
bond angles within the metal ion coordination spheres of 1-4 (Table 5.2) lie in
the range reported for cis-dioxomolybdenum(VI1) complexes with ligands
coordinating through comparable donor atoms [1,11-20,27-29].

It may be noted that metal coordination to the secondary amine-N
atoms (N(1) and N(2)) of (L")* makes them asymmetric centers and hence
molecules of all the complexes are chiral. However, crystallizations of 2—4 in
the centrosymmetric space group P1 clearly suggest that in each case, the
crystals as well as the bulk sample are racemic in nature.In view of the fact

that 1 crystallizes in the non-centrosymmetric space group Pca2;, we have
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recorded the solid state circular dichroism (CD) spectrum of its bulk sample.
No signal in the CD spectrum of 1 indicates that like 2—4 here also the bulk
sample contains both the enantiomers in 1:1 ratio and hence it is optically

inactive. Thus there is a spontaneous resolution of 1 during the course of its

crystallization.

Table 5.2. Selected bond lengths (A) and angles (°) for 1-4.

Complex 1 2 3 4
Mo-O(1) 1.9816(17) 1.939(3) 1.939(2) 1.946(5)
Mo-0O(2) 1.9451(15)  1.942(3) 1.942(2) 1.946(4)
Mo-0(3) 1.7063(16) 1.704(3) 1.712(2) 1.709(4)
Mo-O(4) 1.7134(16)  1.690(3) 1.708(2) 1.691(4)
Mo-N(1) 2.365(2) 2.329(3) 2.334(2) 2.323(5)
Mo-N(2) 2.318(2) 2.353(3) 2.336(3) 2.353(5)
O(1)-Mo-0(2)  156.09(7) 155.77(12)  155.51(10)  155.8(2)
O(1)-Mo-0(3) 93.62(8) 93.59(13) 94.05(10) 93.6(2)
O(1)-Mo-0O(4) 99.68(9) 103.51(15) 102.62(11) 103.2(2)
O(1)-Mo—N(1) 76.30(7) 81.25(11) 81.03(9) 80.93(18)
O(1)-Mo—-N(2) 86.54(7) 84.36(12) 84.19(10) 84.0(2)
0(2)-Mo-0(3) 101.22(8) 96.96(13) 97.38(10) 96.6(2)
0O(2)-Mo-0O(4) 93.19(8) 93.61(13) 94.11(10) 94.1(2)
0O(2)-Mo—-N(1) 84.08(7) 82.43(12) 82.01(9) 83.04(19)
0O(2)-Mo-N(2) 74.52(7) 73.88(12) 74.15(9) 73.98(19)
O(3)-Mo-0O(4) 108.84(9) 108.92(14) 108.75(12) 109.1(2)
O(3)-Mo—N(1) 161.53(7) 163.24(11) 163.82(10) 163.3(2)
O(3)-Mo-N(2) 91.58(8) 90.24(12) 90.58(10) 90.6(2)
O(4)-Mo—N(1) 88.32(8) 87.82(12) 87.40(10) 87.6(2)
O(4)-Mo-N(2)  158.07(7) 158.49(13)  158.74(10)  158.3(2)
N(1)-Mo-N(2) 72.63(7) 73.44(11) 73.64(9) 73.26(19)
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Fig. 5.4. Molecular structures of cis-[MoO,(LY)] (1) (top) and cis-[MoOx(L?)]
(2) (bottom).  All non-hydrogen atoms are represented by their 30%
probability thermal ellipsoids.
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Fig. 5.5. Molecular structures of cis-[MoO,(L3)] (3) (top) and cis-[MoOx(L*)]
(4) (bottom). All non-hydrogen atoms are represented by their 30%
probability thermal ellipsoids.
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5.3.4. Hydrogen bonding and self-assembly
The presence of two secondary amine functionalities in each of 1-4

have led us to search for the intermolecular conventional hydrogen bonding
assisted self-assembled supramolecular structures, if any. Indeed, both N-H
functionalities in all of 1-4 are involved in intermolecular hydrogen bonding
with metal bound O-atoms. Both the phenolate- and the ethanolate-O atoms
(O(1) and O(2), respectively) in 1, while the ethanolate-O and one oxo group
(O(2) and O(3), respectively) in each of 2—4 act as donors in these N-H---O
interactions. The geometrical parameters for all three types of N-H---O
hydrogen bonds are summarized in Table 5.3. Self-assembly of the molecules
of 1-4 via these interactions leads to one-dimensional chain structures in the
corresponding crystal lattices. The self-assembled structures of 1-3 are
depicted in Fig. 5.6, while that of 4 is provided in Fig. 5.7. In the case of 1,
the one-dimensional chain formed by the N(1)-H---O(1) and N(2)-H---O(2)

interactions propagates along the a-axis of the non-centrosymmetric lattice.

Table 5.3. Hydrogen bonding parameters (A and °) in 1-4.

Complex D-H---A H---AA) D---A(A) D-H---A(°)
1 N(1)-H(1A)---0(1)' 2.42 3.316(3)  167.6
N(2)-H(2A)---0(2)"  2.04 2.931(3)  164.3
2 N(1)-H(1A)---0(2)"  1.98 2.880(4)  171.8
N(2)-H(2A)---O(3)"  2.03 2.917(4) 1635
3 N(1)-H(1A)---0(2)"  1.99 2.890(3)  171.2
N(2)-H(2A)---0(3)"  2.02 2.924(3)  169.4
4 N(1)-H(1A)---0(2)""  1.96 2.866(6)  176.1
N(2)-H(2A)---0@)"  2.03 2.920(6)  165.1

Symmetry transformations used: (i) x — 1/2, -y + 1, z; (i) x + 1/2, -y + 1, ;
@) —x, -y +2,-z; (iv) =%, -y +1,-z; (v) X, -y + 1, -z + 1; (vi) -X, -y, -z +
L(vil)—x+1,-y+2,—-z+1;(viii) x+1,-y+1, -z+1
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Fig. 5.6. One dimensional chains of 1 (top), 2 (middle) and 3

(bottom).via intermolecular hydrogen bonding.
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Fig. 5.7. One dimensional chain of 4 via intermolecular hydrogen bonding.

On the other hand, for 2—4 the one-dimensional chain structures lie along the
b-axis of the centrosymmetric lattices. In the chain, each enantiomer is
flanked by two opposite enantiomers. One of the two opposite enantiomers is
connected by a pair of reciprocal N(1)-H---O(2) interactions, while the other

one is connected by a pair of reciprocal N(2)—H---O(3) interactions.

5.3.5. Redox properties

Cyclic voltammetry has been used to scrutinize the redox properties of
1-5. The measurements were performed under nitrogen atmosphere at 298 K
with ~10™ M solutions of the corresponding complexes in dimethylformamide
containing tetrabutylammonium perchlorate as the supporting electrolyte. The
three electrode setup was comprised of a Pt-disk working electrode, a Pt-wire
auxiliary electrode and an Ag/AgCl reference electrode. The
ferrocenium/ferrocene (Fc*/Fc) couple was observed at Ej, = 0.66 V under
identical condition. The cyclic voltammograms are illustrated in Fig. 5.8. All
of 1-5 show an irreversible reduction response with cathodic peak potentials

(Epc) in the range —0.73 to —0.88 V. The one electron nature of these responses
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has been inferred by comparing the cathodic peak currents with that of the
Fc*/Fc couple as well as with other known one electron processes [1,15,26].
Such irreversible cathodic responses observed for complexes of cis-
dioxomolybdenum(V1) with ligands having similar type of coordinating atoms
have been reported to be due to molybdenum(VI) — molybdenum(V)
reduction [1,11,12,15,17,30].

12 10 08 06  -04
E (V) vs. Ag/AgCI
Fig. 5.8.Cyclic voltammograms (scan rate 100 mVs ™) of

cis-[MoO(L*™)] (1-5) in (CH3),NC(O)H .

5.3.6. Catalytic studies

Bromoperoxidase activities of 1-5 have been examined by oxidative
bromination of a variety of olefinic compounds and salicylaldehyde in
presence of H,O,, KBr and HCIO,. The product selectivity patterns are

summarized in Scheme 5.1 and Table 5.4. Catalytic abilities of 1-5 in
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benzoin and methyl(phenyl)sulfide oxidation reactions have been also

investigated. The results are shown in Scheme 5.2 and Table 5.5.

5.3.6.1. Oxidative bromination.

Screening of solvents and oxidant (H,O;) and catalysts loading to
optimize the reaction conditions at room temperature was done using 3 as
catalyst and styrene as substrate. Reaction time was decided by considering
maximum conversion of styrene. Different solvents such as methanol,
ethanol, acetonitrile, dichloromethane and chloroform with water (in 1:1 ratio)
as cosolvent were checked. The substrate conversion is low (~50%) in each
of chloroform-water and dichloromethane-water mixtures, while it improves
considerably (~70%) in acetonitrile-water mixture but remains incomplete.
On the other hand, the conversion is essentially complete in both methanol-
water and ethanol-water mixtures. Reaction of styrene, H,O,, KBr and HCIO,
in 1:1.5:2:2 mole ratio in presence of 0.1 mol% of the catalyst in methanol-
water (1:1) was considered to be the best reaction condition. Only 10% of
styrene was converted to the products in the control experiment without
catalyst. The best reaction condition thus found except for the reaction time
(determined separately for each substrate considering its maximum
conversion) was used for the other olefinic substrates. The products obtained
from various substrates using the optimized reaction conditions and 1-5 as
catalysts are shown in Scheme 5.1 and the reaction times, conversion
percentages and the product selectivities are summarized in Tables 5.4.

In the case of styrene, three products such as 1,2-diol, 2-bromo-1-ol
and 1,2-dibromide were obtained as major products with very less amount of
epoxide (< 6%). In our previous study on oxidative bromination of styrene
using cis-dioxomolybdenum(V1) complexes with tetradentate but tripodal

ligands as catalysts, with 2-bromo-1-ol the other two main products were 2-
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Scheme 5.1. cis-[MoO,(L*")] (1-5) catalyzed oxidative bromination of various olefinic compounds and

salicylaladehyde.
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Table 5.4. Data for catalytic oxidative bromination.

Substrate and catalyst Conversion Time TOF Product selectivity
(%) () () (%)

Styrene (@ (b) (©
1 94 0.5 1880 37 40 18
2 98 0.5 1960 35 43 19
3 98 0.5 1960 32 41 21
4 94 0.5 1880 35 40 19
5 96 0.5 1920 36 42 18
4-Bromostyrene (d) (e) ()]
1 96 0.5 1920 26 44 28
2 97 0.5 1940 26 48 18
3 98 0.5 1960 28 48 16
4 95 0.5 1960 35 45 15
5 96 0.5 1920 31 46 18
trans-Anethole @) (h) (i)
1 89 0.75 1187 52 32 15
2 92 0.75 1227 55 28 16
3 94 0.75 1253 56 28 16
4 88 0.75 1173 50 30 16
5 88 0.75 1173 51 30 16
Cyclohexene ()] (K) ()
1 95 0.66 1440 44 37 19
2 96 0.66 1455 43 37 20
3 98 0.66 1484 42 36 22
4 92 0.66 1393 44 35 21
5 93 0.66 1410 39 39 22
1-Octene (m) (n) (0)
1 82 1 820 50 33 17
2 80 1 800 52 30 18
3 82 1 820 55 27 18
4 85 1 850 50 31 19
5 85 1 850 51 32 17
a-Pinene () (@) (r)
1 72 2.5 288 40 33 25
2 75 2.5 300 42 30 27
3 78 2.5 312 42 26 30
4 73 2.5 292 40 35 23
5 75 2.5 300 39 36 22
Limonene (s) () (u)
1 84 125 672 19 35 45
2 91 125 728 16 38 45

179



Chapter 5

Table 5.4. Continued...

Substrate and catalyst Conversion Time TOF Product selectivity
(%) (hy () (%)

3 95 1.25 760 15 36 49
4 84 125 672 19 35 45
5 88 125 704 18 37 45
Salicylaldehyde (V) (w) x)
1 98 0.25 3920 71 13 16
2 98 0.25 3920 80 6 14
3 99 0.25 3960 90 8 2
4 96 0.25 3840 82 12 6
5 97 0.25 3880 83 5 12

bromo-1-one and epoxide instead of 1,2-diol and 1,2-dibromide [1].
Interestingly, studies on the same reaction catalyzed by cis-
dioxomolybdenum(I1V) complexes with tridentate ligands reported to produce
the same three products as observed here but with different selectivities
[27,29]. When 4-bromostyrene was used as substrate, the conversion
percentages and the product selectivities were very close to that observed for
styrene (Table 5.4 ). However, epoxides instead of 1,2-diols were obtained
with 2-bromo-1-ols and 1,2-dibromides for substrates such as trans-anethole,
cyclohexene, 1-octene and a-pinene (Scheme 5.1). In each case, 2-bromo-1-
ol was produced more selectively than the dibromo derivative and the epoxide
(Table 5.4). In the case of limonene, it is important to note that no dibromide
was observed and with more selectively produced 2-bromo-1-ol both mono-
and diepoxides were formed in significant amounts. Including the above
mentioned olefinic compounds, the catalytic oxidative bromination of
salicylaldehyde was also performed. In this reaction, although the products
obtained were similar, but 5-bromosalicylaldehyde was formed with very high
selectivity when compared with the previous observations[27—-29] including
our recent results [1]. Overall, catalytic efficiencies of 1-5 in all the above

oxidative bromination reactions are comparable. Thus the variation of
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substituents (R) on the ligand (L")* has no effect on the bromoperoxidase

activities of the present series of complexes.

5.3.6.2. Benzoin oxidation.

Complexes 1-5 were also used as catalysts in benzoin oxidation
reaction in methanol. Optimized reaction condition was determined by
varying the amounts of 3 as catalyst and H,O, (30% w/w aqueous solution) as
oxidant. It was found that maximum conversion of benzoin occurred in 1 h
when it was reacted with H,O; in 1:2 mole ratio in presence of 0.1 mol% of 3.
This same reaction condition was used for each of the remaining four
complexes as catalyst. In all the cases, benzoic acid was obtained as the major
product with benzil and a,a-dimethoxytoluene as the minor products (Scheme
5.2, Table 5.5). It may be noted that methyl benzoate was also produced but
in very less amount (< 3%). The present product selectivity and yield patterns
are very similar to those observed in our previous study [1]. However, methyl

benzoate was reported to be produced in much larger amount with the other

HP—b- N 6

(BA) (BZL DMT

(Sulfoxide) (Sulfone)
Scheme 5.2. cis-[MoO,(L*™®)] (1-5) catalyzed oxidation of benzoin and
methyl(phenyl)sulfide.
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Table 5.5 Data for catalytic benzoin and methyl(phenyl)sulfide oxidation.

Reaction and catalyst ~ Conversion Time TOF Product selectivity
(%) () (h™ (%)

Benzoin oxidation BA BZL DMT
1 96 1 960 46 33 18
2 97 1 970 48 31 19
3 98 1 980 53 28 18
4 94 1 940 46 31 21
5 95 1 950 49 30 18
Methyl(phenyl)sulfide oxidation Sulfoxide Sulfone
1 92 1 920 67 33

2 93 1 930 65 35

3 94 1 940 64 36

4 91 1 910 66 33

5 93 1 930 65 35

three products in benzoin oxidation reactions catalyzed by cis-
dioxomolybdenum(IV) complexes with tridentate ligands [27,29]. In the
control experiment without any catalyst, only eight percent of benzoin was
converted to benzoic acid (major product), benzil (distant second major
product) and a,o-dimethoxytoluene (very small amount) (Table 5.5).
Regardless of the nature of the substituent (R) on (L"), the catalytic

performances of 1-5 in benzoin oxidation reaction remain comparable.

5.3.6.3. Oxidation of methyl(phenyl)sulfide.

The present series of complexes (1-5) was also tested for catalytic activity in
oxidation of methyl(phenyl)sulfide with H,O,. The reaction condition was
optimized by varying the amounts of 3 as catalyst and the oxidant H,O; (30%
w/w aqueous solution). A combination of methyl(phenyl)sulfide and H,0; in
1:1.5 mole ratio in presence of 0.1 mol% of 3 was found to be the best for
maximum conversion of the substrate to the products in 1 h. The catalytic

activities of the remaining four complexes in methyl(phenyl)sulfide oxidation
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were assessed using the above mentioned combination of substrate, oxidant
and catalyst. In all the cases, two oxidized products namely the
methyl(phenyl)sulfoxide and the methyl(phenyl)sulfone were formed in
~1.9:1 ratio (Scheme 5.2, Table 5.5). Twenty percent of the substrate was
converted to the oxidized products under the optimized reaction condition
without catalyst. There are few reports on sulfide oxidation using tridentate
ligand supported cis-dioxomolybdenum(VI) complexes as catalysts
[19,20,27]. When compared with present results, the catalytic activities and
the product selectivities are similar in one case [30], while essentially 100%
selectivity for the sulfoxide was reported in the other cases [19,20]. As
observed in the oxidative bromination and benzoin oxidation, here also the
catalytic activities of 1-5 are practically invariant with the change of

substituents on their corresponding ligands.

5.4. Conclusions

A new series of complexes having the general molecular formula cis-
[MoO2(L")] (1-5) with unsymmetrical linear tetradentate 2-((2-(2-
hydroxyethylamino)ethylamino)methyl)-4-R-phenols ~ (H,L") has  been
synthesized. Molecular structures of four out of five complexes have been
determined by X-ray crystallography. In each structure, (L")*~ coordinates to
the cis-{MoO,}*" unit through the phenolate-O, two secondary amine-N and
the ethanolate-O atoms and completes a distorted octahedral N,O4
coordination geometry of the metal centre.  Spectroscopic and redox
characteristics are consistent with the same overall molecular structure for all
five complexes. All the complexes are catalytically active in oxidative
bromination of various olefinic compounds and salicylaldehyde and in
benzoin and sulfide oxidation reactions. The product selectivities in each

reaction are very similar for all five complexes. Thus the substituents at the
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para position of the phenolate fragment of (L")~ have no significant effect on

the catalytic abilities of 1-5.
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FTIR spectrum of cis-[MoO,(L%)] (3).
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FTIR spectrum of cis-[MoO,(L>)] (5).
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'H-NMR Spectrum of cis-[MoO2(L?)] (2):
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13C-DEPT135 NMR Spectrum of cis-[MoO,(L?)] (2):

)))))

S~
STLb~"
6b'15—
SEe5~"

6T'EL—

08'81T—

66T~
0S'0ET~"

130 120 110 100 9 8 70 60 50 40 30 20 10
d(ppm)

140

'H-NMR Spectrum of cis-[MoO2(L%)] (3):

€7

Fez |

TT
0€

T T

[

| T 9

TT

60 55 50 45 40 35 30 25 05 00
5(ppm)

6.5

7.0

191



Chapter 5

3C- NMR Spectrum of cis-[MoO2(L%)] (3):
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'H-NMR Spectrum of cis-[MoO,(LY] (4):
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13C-DEPT135 NMR Spectrum of cis-[MoO,(L"] (4):
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13C-NMR Spectrum of cis-[MoO,(L°)] (5):
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Atomic coordinates ( x 10*) and equivalent isotropic displacement parameters

(A% x 10%). U(eq) is defined as one third of the trace of the orthogonalized Uij

tensor.
Table A 5.1. For cis-[MoO,(LY)] (1)
X Y Z U (eq)

Mo(1) 2746(1) 6672(1) -569(1) 27(1)
0(1) 4185(2) 7098(2) 164(1) 34(1)
0(2) 1424(1) 5184(2) -1112(1) 35(1)
0(3) 3588(2) 7715(3) -1295(1) 39(1)
0(4) 1620(2) 8307(2) -233(1) 41(2)
N(1) 2194(2) 4604(3) 446(1) 33(1)
N(2) 3702(2) 3674(3) -804(1) 35(1)
c() 4084(2) 7632(3) 901(1) 30(1)
C(2) 5051(2) 8906(3) 1172(1) 36(1)
C(3) 5051(3) 9499(3) 1917(2) 44(1)
C(4) 3108(3) 6956(3) 1389(1) 34(1)
C(5) 1962(2) 5677(4) 1152(1) 41(2)
C(6) 4090(3) 8819(4) 2403(1) 47(2)
C(7) 3149(2) 7568(4) 2139(1) 41(2)
C(8) 3218(3) 3089(4) 530(2) 40(1)
C(9) 3430(2) 2160(3) -227(2) 42(1)
C(10) 3175(4) 3111(4) -1551(2) 45(1)
C(11) 1682(3) 3469(4) -1529(2) 46(1)
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Table A 5.2. For cis-[MoO,(L?)] (2)

X Y Z U (eq)
Mo(1) 995(1) 7940(1) 1077(2) 29(1)
0O(1) 202(5) 7325(3) 2518(3) 41(1)
0(2) 570(4) 8284(3) -706(3) 36(1)
0(@3) 2261(4) 6679(3) 708(4) 40(2)
O(4) 2675(4) 9539(3) 2012(4) 48(1)
N(1) -1541(5) 9088(3) 1248(4) 33(1)
N(2) -2034(5) 6286(3) -473(4) 35(1)
C@2) -1193(6) 7423(4) 3194(5) 34(1)
C(2) -1675(7) 6390(4) 3781(5) 40(1)
C@3) -3108(7) 6450(4) 4457(5) 39(1)
C4) -4122(6) 7477(4) 4561(5) 35(1)
C(5) -3614(7) 8506(4) 3962(5) 36(1)
C(6) -2174(7) 8503(4) 3296(5) 35(1)
C(7) -1610(7) 9646(4) 2698(5) 40(1)
C(8) -3490(6) 8288(4) 180(5) 40(1)
C(9) -3774(6) 6704(4) -139(5) 39(1)
C(10) -2014(7) 6134(5) -1910(6) 54(1)
C(11) -228(11) 7080(6) -1927(6) 81(2)
C(12) -5706(7) 7533(5) 5287(5) 42(1)
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Table A 5.3. For cis-[MoO,(L?)] (3)

X Y Z U (eq)
Mo(1) 956(1) 2794(1) 5950(1) 31(1)
0(1) 273(4) 2026(2) 7326(2) 41(1)
0(2) 392(4) 3351(2) 4239(2) 38(1)
0(3) 2250(3) 1570(2) 5588(3) 44(1)
O(4) 2666(4) 4297(2) 6916(2) 48(1)
O(5) -5146(4) 1906(2) 10023(3) 52(1)
N(1) -1590(4) 3938(2) 6120(3) 34(1)
N(2) -2107(4) 1329(3) 4430(3) 37(1)
C@2) -1049(5) 2066(3) 7994(3) 35(1)
C(2) -1433(5) 987(3) 8579(3) 39(1)
C@3) -2781(5) 973(3) 9261(3) 41(1)
C4) -3774(5) 2034(3) 9367(3) 38(1)
C(5) -3397(5) 3119(3) 8800(3) 40(1)
C(6) -2029(5) 3150(3) 8117(3) 37(1)
C(7) -1603(6) 4355(3) 7539(4) 45(1)
C(8) -3602(5) 3259(3) 5068(4) 45(1)
C(9) -3860(5) 1700(3) 4732(4) 43(1)
C(10) -2210(6) 1299(4) 3010(4) 56(1)
C(11) -507(9) 2330(5) 3013(4) 92(2)
C(12) -5942(6) 3060(4) 10367(4) 52(1)
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Table A 5.4. For cis-[MoO,(L%)] (4)

X Y Z U (eq)
Mo(1) 4052(1) 7061(1) 3902(1) 27(1)
0O(1) 4899(7) 7733(5) 2504(5) 41(1)
0(2) 4420(7) 6673(4) 5680(5) 36(1)
0(3) 2705(7) 8322(5) 4247(5) 40(1)
0O(4) 2446(7) 5466(5) 2905(5) 48(1)
N(1) 6659(8) 5924(5) 3774(6) 33(1)
N(2) 7016(8) 8691(5) 5521(6) 32(1)
C@1) 6259(10) 7632(7) 1820(7) 33(2)
C(2) 6711(10) 8676(7) 1237(7) 35(2)
C(3) 8147(11) 8648(7) 560(7) 38(2)
C4) 9151(10) 7566(7) 472(7) 34(2)
C(5) 8746(10) 6525(7) 1043(7) 35(2)
C(6) 7306(10) 6548(7) 1724(7) 33(2)
C(7) 6803(12) 5383(7) 2309(8) 43(2)
C(8) 8590(10) 6706(7) 4869(8) 39(2)
C(9) 8807(10) 8306(7) 5222(8) 40(2)
C(10) 6981(12) 8803(8) 6965(8) 50(2)
C(11) 5113(15) 7874(8) 6908(9) 68(3)
C(11) 5113(15) 7874(8) 6908(9) 68(3)
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