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ABSTRACT

Vanadium exhibits formal oxidation states from +V down to —III. The most stable
oxidation states +IV and +V under normal conditions are generally stabilized through V-
O bond and oxocations [VO]*, [VO]’" and [VO,]" are most common for biological
systems. Vanadium in these oxidation states comfortably binds with O, N and S donor
ligands. The discovery of vanadium(V) in vanadium based enzymes e.g. vanadate-
dependent haloperoxidases, aftracted attention of researcher to develop coordination
chemistry of " vanadium(V) in search of good models for vanadium-containing
biomolecules. Vanadium compounds have also been found to promote a peroxide-driven
oxidation of organic substrates. Basic chemistry and potential applications of vanadium
complexes in diverse fields have been discussed time to time in International Vanadium
Chemistry symposium held biannually (For chemistry discussed in recent symposium
please refer to Coord. Chem. Rev., 255 (2011)). In view of the above it may clearly be
conceived that the coordination chemistry of vanadium is of increasing potential interest
and therefore it was considered desirable to study the coordination chemistry of
vanadium with the ligands that would provide structural and functional models of
haloperoxidases. Stability, structural and reactivity studies have been carried out to m(;del -
the role of vanadium in vanadium based enzymes. Coordination chemistry has further
been extended to manganese with the idea if they would seﬁe gc;od functional models of
‘haloperoxidases. At the end, looking at the importance of zeolite-Y encapsulated metal
coxﬁplexes (ZEMC) where these complexes are suggested as model compounds for
enzyme mi’micking,-copper(ﬂ) complex has been prepared and encapsulated in the cavity
of zeolite-Y to study its catalytic activity.

For convenient the work embodied in the thesis has been divided into following

chapters:
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First chapter is introductory one and deals With the general remarks on vanadium
and manganese, their occurrence in nature and biological systems. Applications of
vanadium complexes with particular emphasis on structural and functional models of
haloperoxidases have been discussed. Applications of manganese complexes és potential
catalysts have also been considered. At the end importance of zeolite-Y encapsulated
metal complexes (with simple as well as macrocyclic ligands) in the catalytic field haé

also been presented.

[VWO(acac);] reacts with ligands CH,(H,L), in refluxing methanol to yield two
neutral binuclear VW-complexes formulated as [CH'Z{VWOL(H20)}2], namely 2.1 and
2.2. Ligands CHy(H,L), 2.1 and 2.1 are derived from 5,5.’-methylenebis(sélicylaldehyde)_
and S-benzyldithiocarbazate [CHy(H,sal-sbdt),, 2.I] or S-methydithiocarbazate
[CHZ(stal—smdt)g, 2.II]. Aerial oxidation of 2.1 and 2.2 in the presénce of KOH or
CsOH-H,O results in the formation of dioxidovanadium(V) complexes,
K [CH,{V O (sal-sbdt)},]2H,0  (2.3), ~Cs[CH,{V'O,(sal-sbdt)},]-2H,0  (2.4) .
KZ[CHZ{VVOZ(sal-smdt)}2]~2H2(_) (2.5) and Csz[CHz{VVOZ(sal-smdt)}2]-2-H20 (2.6).
Characteriiation of these complexes, their reactivity and catalytic activity are.presentcd
in Chapter 2. These compounds are characterized in the solid state and in solution,
namely by spectroscopic techniques (IR, UV-Vis, EPR, 'H, C and *'V NMR). It is
demonstrated that the VVOZ-coﬁlplexes 2.3-2.6 are efficient and selective towardé the
oxidative bromination by HyO, of styrene yielding 1,2-dibromo-1-phenylethane, 1-
phenylethane-1,2-diol and 2-bromo-1-phenylethane-1-ol, therefore acting as functional
models of vanadium dependent haloperoxidases. Plausible intermediates involved in

these catalytic processes are established by UV-Vis, EPR and *'V NMR studies.

Chapter 3 considers vanadium chemnistry with binucleating ligands derived from
2,6-diformyl-4-methylphenol and various hydrazides. These hydrazones [Hidfmp(inh),
3.0, I{3dfmp(nah)2 (3.IT) and Hsdfmp(bhz), (3.III); inh = isonicotinoylhydrazide, nah =
nicotinoylhydrazide and bhz = benzbylhydrazide] react with [V?YO(acac),] in refluxing
methanol to give oxidovanadium(IV) complexes, [V"O{Hdfmp(inh)}] (3.1),
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[VYO{Hdfmp(nah),}] (3.2) and [V'VO{Hdfinp(bhz),}] (3.3). Aerial oxidation of these
complexes in  methanol results in the formation of  complexes,
[VYO(OMe) {Hdfmp(inh),}(MeOH)] (3.4), [VYO(OMe){Hdfmp(nah),}(MeOH)] (3.5)
and [VVO(OMG){demp(bhz)Z}(MeOH)] (3.6). In the presence of KOH, oxidation of
3.1-33 results in the formation of complexes K[Vvoz{demp(inh)z}] (3.7,
K[VVOZ{demp(nah)z}] (3.8) and K[V"'O,{Hdfmp(bhz),}] (3.9). These compounds were
also prepared by the reaction of aqueous KVOs; with ligands at pH ca. 7. All compounds
are characterized by IR, electronic, EPR, 'H, ®C and *'V NMR spectroscopy and
elemental- analyses Single crystal X-ray analysis of [V'O(OMe) {Hdfmp(bhz),} (MeOH)]
(6) and K[V Oz{demp(mh)z}] (3.7) confirm the coordmatlon of the ligand in the
dianionic (ONO?™) enolate tautomeric form and one of the hydrazide moieties remains
non-coordinated. However, the nitrogen atom of the free inh moiety coordinates to the
other vanadium centre in 3.7 giving a polynuclear complex. It has also been shown that
the dioxidovanadium(V) complexes are active catalysts in the oxidative bromination of
styrene, by H,0,, therefore acting as functional models of vanadium dependent
haloperoxidases. Plausible intermediates involved in the catalytic process are estabhshed

by UV-Vis, EPR and *'V NMR studies.

Reaction of MnClOs with 2-[2-(IH~(benzo[d]imidazol-2-yl)ethylimino)
methyl]phenol (Hsal-acbmz, 4.1) under aerobic conditions results in the- formation of
[Mn(sal-acbmz),]-C10, (4.1). In the preséflce of triethylamine and using MnCl, under
similar condition 4.I forms [Mﬁm(sal—aebmz—H)(salfaebmz)] (4.2). These complexes are
characterised on the basis of elemental and electrochemical analyses, spectroscopic (IR
and UV—Vis) data and thermogravimetric studies and results are presented in Chapter 4.
Single crystal X-ray analyéis of 4.2 shows that it is stabilized, in the solid state, through
inter molecular hydrogen bonding between NH groups of the two benzimidazole moieties
after losiﬁg one of the hydrogen atoms; the coordination sites of the ligand being imine
nitrogen of the benzimidazole ring, the Ia'zomethine nifrogen and the deprotonated

phenolic oxygen. It has been demonstrated that 4.2 is efficient catalyst for the oxidative
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bromination by H,O, of styrene yielding :‘1,2—dibr0mo-l—phenylethane, 1-phenylethane-
1,2-diol and 2-bromo-1-phenylethane-1-ol. .

Chapter 5 deals with the reaction between CuCly and (Z)-2-(1-2-(1H-
benzo[d]imidazol-2-yl)ethylimino) ethyl)phenol (Hhap-aebmz) derived from o- |
h& droxyacetophenone (Hhap) and 2-aminoethylbenzimidazole (aebmz) which givés
[Cu'(hap-acbmz)Cl]. Elemental analysis, magnetic successibility, spectral (IR and
- electronic) data and single crystal X-ray studies confirm the distorted square planar
structure of the complex. Complex [Cu"(hap-aebmz)Cl] has also been encapsulated in the
nano cavity of zeolite-Y and its encapsulation ensured by various physico-chemical
techniques. The encapsulated complex has been used as catalyst for the oxidation of
cyclohexene and phenol in the presence of H,0,. With nearly quantitative oxidation of
cycloheiene, the selectivity of the oxidation products obtained follows the order: 2-
cycloﬁexenc—l ol (44 %) > 2- cyclohexené—l -one (40 %) cycloh‘eXeneoxide (12 %) > |
cyclohexane—l 2-diol (4%). Oxidation of phenol (65.7%) gives two products with the |
selectivity order: catechol (66. 1%) > hydrodumone (32.9%). |

Finally, summary and over all conclusions based on the achievements are

- presented.
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Chapter 1: General introduction.... Chanchal Haldar * Ph.D. thesis

General introduction and literature survey
1.1. Vanadium: Historical background and applications of vanadium
complexes

Vanadium with 136 ppm (0.0136 %) of the earth’s crustal rocks is the
nineteenth element in the order of abundance. It is also preseﬁt at very low
concentrations (<10™° M) in the cells of plants and animals. Vanadium exhibits
formal oxidation states from —III to +V. However, the most stable oxidation states
under normal conditions are IV and V, and generally stabilized through V-O bond
and oxocations such as [VOP**, [VOJ’* and [VO,]' are most common for
biological systems. The role of vanadium in biochemistry has attracted attention
for the last three decades. It could be used as inhibitor for nucleases and
phosphatases [1]. Cantley and coworkers revealed a potent inhibitor of Na'/K* —
ATPase, widely used to study the mechanism of the sodium-potassium pump
. [2,3]. This pump is necessary for proper transport of materials across cell
membranes to maintain ionic equilibrium.

Stﬁdies on the metabolism and detox:fication of vanadium compounds under.
physiological conditions, stability and speciation of vanadium complexes in
biofluides, and potential thei'apeutic and catalytic applicationsv have influenced the
coordination chemistry of vanadium. Vanadium is toxic both as a cation and as an |
anion [4]. The toxicity of vanadium has been found to be high when it is given
intravenous, low when it is orally administered, and intermediate in the case of
respiratory exposure. Toxicity as observed by weight lose, poor appetite, vomiting
and diarrhea has been associated with ingestion of vanadium compounds therefore
the therapeutic index of some vanadium complexes can be quite narrow [5].
However, the anti-parasitic activities of vanadium complexes are worth

mentioning here [6].



Chapter 1: General introduction.... W Chanchal Haldar * Ph.D. thesis

o
H, [
_ 2 _COOCH; CHN-Ce gy 120
HyC- s\(n?/N‘ cH Coftr™ TN CoN g s-om, |
— ’ 4 h -
N S—CH, | H,Cc—s" N CH-c-NH-CgH),
HNooC™  Hz .
; 2
4

k__ 'CH3 H3C" _) e 2
N\CH:,, H3C’N
3 4
RI O i /N_\ OIO\ “/O
/ \N/Vso — 6 O 7
R § CH; N 0
ol =
Hzg’ WV CH, O 07 T0PNA o/ ‘\0 -
>0 'AO 0] =
N8OS ool ol N
| \V< I 0.1 0= /V~
~ N‘O/ S F =~ /"V\
11 H O ©
. l\l/[e 12 0 9/0» O

9) O” O~

| , ‘ “ _Me o ~0

: : V. \ ’ o)

’ S \ /

II\I/ O \O = @ I‘\/‘ o

Me Me
0 O 0 \ lI
N X \“/ N
l V.|l
o)

Me o
Me 17 Me
HiC,_ Q _CH
H,@1,C, (:Hp{2 SN-c ~VeSpe- N 3
/ N Cé/ V\;’ N -00CH,C” > “CH,CO0
H2CH20 CH CH 2 ~ 20 2

Figure 1.1. Structure of complexes studied for insulin-mimetic activity.



Chapter 1: General introduction.... Chanchal Haldar * Ph.D. thesis

Me

P O\ n Cl V
A ~ / N .
S N _/ L : Me
21. H2 @ N\N NHZ 23 Me
0 [NH—I 22 H
0 2 OH o o
NP, N - SO; SO
o~y  NH H ] 0 / ’
Q7 N\ Son ¢ YO\ O~V 2
'/ HoN 1.0 — _N/V\N____ Y%
24 Me M 25 _/ 26
. e
no L e o218
Ph. O | 0.0 W
0 (0]
/ O\\V/N>Ph Q \/\l;ig O O\\\ /O\V//O
Me¢ i\It(O _ NH _0
_ Ph ~—\ O O lr 0
27 HN_N 0 29
\H/ \ n/ / S
Me M 1
@ Py g
~ “u,
\ V~
0" // 7/ OH
e S
HI\(}B 33 Pp&H 34 _
T\—_—
RN F R ONTX

00
Et—O\%/
0 s

o 13 ©9 37

Figure 1.2. Structure of complexes studied for insulin-mimetic activity by Rehder
et al. [12].
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Several types of neutral and low molecular weight vanadium(IV) complexes
with organic ligands have been designed and investigated in animal model systems
for the treatment of diabetes. Figure 1.1 lists some of these complexes while
review articles provide details of these complexes used in the study [7 8, 9, 10,
11]. Rehder et al. have screened tox101ty and insulin mimetic act1v1ty of a whole
range of oxidovanadium(IV), ox1dovanad1um(V) and oxidoperoxidovanadium(V)
complexes presented in Figure 1.2 along with some of the complexes presented in 4
Figure 1.1 [12].

1.2. Naturally occurring vanadium-containing enzyme
Biological systems have develof)ed haloperoxidases enzymes to catalyze

the oxidation of chloride and bromide by hydrogen peroxide. In 1983, a naturally
occurring vanadium-containing cnzymu vanadium bromoperoxidase (VBrPO),
was discovered [13]. It has trigonal pryramldal coordination sphere including
apical histdine and a meridionally bound oxo group; Figure 1.3 [14]. Trrespective
of the origin of vémadatc—dependent haloperoxidases [Ascophyllum nodosum from
brown algae [13,15], Corallina officinalis from red algae [16], or Curvularia
inequalis from fungi [17], they all show a high degree of amino acid homology in
their active ;:enters and have almost identical structural features. The enzyme
fluorinase has also been isolated and is proposed to act by SN, mechanism [18].
These enzymes catalyze the oxidation of suitable electophilic halides (X') to the
corresponding hypohalous acid (HOX) &ccording to equation (1) using H,O, as an
oxidant followed by non-enzymatically halogenation of organic compounds,
equation (2). |

X + H,0, + H® HOX + H,0

(X =CI,Br and 1)

HOX + RH RX + H,O | , ee(1.2)

(RH = organic substrate, RX = halogenated product) |
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. Figure 1.3. Active site structure of vanadate-dependent haloperoxidasese from

Ascophyllum nodosum.

Vanadium chloroperoxidases (VCIPO), in the peroxido form has also been
isolated from the fungus Curvularia inaequalis [17,19]. The active site structure of
the pefoxido form is shown in Figure 1.4 [20]. In the peroxido form, the peroxide
ligand is bound in a 1°-manner in the equatorial plane. The apical oxygen ligand
detaches and gives a distorted tetragonal pyramid coordination | geometry around
the vanadium centre with the two peroxido oxygens having V-O bond length ~
1.87 A and 0-O is 1.47 A. The oxidation state of vanadium is +V in vanadium
haloperoxidases enzymes and does not éliange when hydrogen peroxide binds to
give activated peroxido-intermediate speéies.

‘ (Afg4go)

Ar ,_—O/,,“‘” .--““O\
(Argsso)- V\G/' CSHN(Gly amide)

(His496)N \ (Lysasa)
39

Figure 1.4. The peroxide site of vanadate-dependent haloperoxidasese.
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Chloroperoxidases have been sh%wn to catalyse a variety of synthetically
useful oxygen transfer reactions with HéOz, including enantioselective oxidation of
sulfides [21,22]. The vanadium—depé_ndent bromoperoxidase from Corallina
officinalis mediates the enantioselectiAvfe oxidation of aromatic sulfides [23,24].
The brown seaweed Ascophyllum nocéosum mediate the formation of the (R)—
enantiomer of the methyl phenyl sulfoxide with 91 % enantiomeric excess,
whereas the red seaweed Corallina ﬁz‘lulifem mediates formation of the (S)-
enantiomer (55 % enantiomeric excesé:) under optimal reaction conditions [25].
Recently Butler et al. have reporte(‘l vanadium bromoperoxidase catalyzed
biosynthesis of halogenated marine natural products [26]. Isolation of
bromoperoxidase, its immobilisation on:magnetite and catalytic activity have been

reported by Wischang et al. [27].

1.3. Structural ?md functional modéls of haloperoxidases

The active site structure of Vanédate—dependent haloperoxidases has O4N
coordination environment where Vanada;ce(V) is coordinated to the histidine of the
protein matrix. Vanadium (V) cbmpi.exes provide suitable structural and/or
functional models for these enzymes [28-33] as they are stable under aerobic
conditions. Model experiments show that intermediate species having {VO(H,0)},
{VO,}, {VO(OH)} and {VO(0O,)} coreis form during catalytic turnover. A large
number of imidazole coordinated Vanaédium complexes has been synthesized in
order to model the active site of haloperoxidases. Complexes, [VO(acac)(sal-im)],
[VO(sal)(sal-im)] and [VO(sal-im),] (Hpsal-im = 4-(2-
(salicylideneamino)ethylimidazole) represent model characters observed for the
reduced form of vanadate-bromo peroxidase. Upon acidification, protonation of
coordinated imidazole (in [VO(acac)(?sal—im)] and [VO(sal)(sal-im)]) or non-
coordinated imidazole (in [VO(sal-im),]) have been suggested in these complexes
[34-36]. |
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As a peroxidovanadium(V) intermediate has been reported to form during
turnover of haloperoxidases, such corﬁplexes have also been prepared and
characteri‘zed. Tetradentate glycine-derived ligands, nitrilotriacetic acid (nta),
aminodiacetic acid (ada), N-(carbamoylmethyl)iminodiatetic acid (Hycmida) and
N-(carbamoylethyl) iminodiatetic acid (Haceida) give oxidoperoxidovanadium(V)
complexes in presence of H;0,. The X-ray structure analyses of
Ba[VO(Oz)(nta)] 3H20 and K[VO(O;)(ceida)].2H,0 ((40) of Flgure 1.5) reveal a
mononuclear structure of the complex anions with a typlcal pentagonal
b1pyram1dal arrangement around vanadium [37,38]. A glycylglycme complex of
monoperoxidovanadate, [NE][VO(O,)(glygly)].1.58H,0 (where Hglygly =
glycjlglycine) haé been isolated by reacting glycylglycine with vanadate in
presence of H,0,. Complex [NEt;][VO(O,),(glygly)].1.58H,0O has pentagonal
bipyramidal structure where axial positions are occupied by the oxo ligand and by
one oxygen of the peroxido group of the adjacent anion ((41) of Figure 1.5). The
equatorial positions are occupied by the peroxido groﬁp and the tridentate ligand
[39]. Monoperoxido complexes, M2WO(‘02)(acmaa)(H20)] (where M = K" and
NH;") and M,[VO(O,)(Hacémaa)(H,0)] (where M = K, Cs" and NBu,, Hiacmaa
"= R,S-N-(carboxymethyl)aspartic acid) exist in two isomeric forms exo and endo
with their >’V NMR chemicai shift at ca. --590 and —600 ppm, respectively. While
‘endo-form partially decomposes with pH variations, it has 'no- influence on the
chemical shifts of the diastereomers {40]. Formation of peroxidovanadate(V)
adducts with hetero ligands 1n presence df H,0, has also been.studied in solution

using various techniques [41]

O .

U\O NN 0
N \/
K\N : O>V\\:§

p “~o I
(40) (41)

Figure 1.5. Examples of model peroxido complexes.
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Several groups worldwide have prepared structural models of
haloperoxidases [28-33]. From our labératory some examples are provided here.
Simple ligands derived from salicylaidehyde, substituted sélicylaldehydc and
isonicotinic acid hydrazide (HZR'—SQ_I-inh). Thus, the dioxidovanadium(V)
complexes [K(H,0)][V"Ox(sal-inh)] ari?d [K(H,0)][V "' O,(Cl-sal-inh)] have been
isolated by the reaction of potassiu'fn vanadate and potassium salt of the
- corresponding ligands at pH ca. 7.5, Léwering the pH of the reaction mixture to
ca. 6.5 causes the formation of oxidoibridged binuclear complexes [{V"'O(sal-
inh)},—O] and [{VVO(Cl—sal—inh)}z—O]; respectively, along with the respective
expected anionic species; Figure 16 The mixture of anionic and neutrél
complexes could be separated easily b*'?f fractional crystallization from methanol
[42]. Using NH;VO; in place of KVO3 results in the formation of the
corresponding ammonium salt NI-L;[VVOz(sal-mh)(HzO)] and the neutral species
[{VYO(sal-inh)},—O] [42]. Aanionic and_neutral —oxido binuclear complexes of
the types [V'O,L]™ and [(VOL),—O] (H’zL = ligands) with ligands Hjsal-nah and

Hjsal-fah have also been isolated similarly as reported above [43]

O
R’ =N, N - =N
N” "R R NTR
R R Ligand 42
— ._ .

\ N H Hjsal-inh
/
I\{ _
(N et HClsbinh R Q VY |
o / \ 07, R

-<\;/) H H;,_sal-nah _

(@)
N\ / H Hpsal-fah

Figure 1.6. Synthetic procedure for vanadium(V) complexes.
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lReaction of aqueous solution of [VYO,(sal-nah)]” and [VVOz(saIFfah)]_ with
HCIO,4 or HCI yields the neutral complexes [V O,(Hsal-nah)] and [VVO,(Hsal-
fah)], respectively in which one of the nitrogens of the -N=N- group is protonated
(Figure 1.7). Isolation and structural characterization of such complexes, e.g.
[VVO,(Hsal-bhz)] has been reported by Plass et al. [44]. |

Reaction of equimolar amounts of potassium salt of ligands H,pydx-inh,
. Hypydx-nah and- Hzpydx-bhz with KVO; at pH ca. | 6.5 produces
[K(F20);][VOa(pydx-inh)],  [K(H;0),1[V"Ox(pydx-nah)] and
[K(H,0),1[VYO,(pydx-bhz)], respectively, along with neutral species
[VYO,(Hpydx-inh)], [VVO,(Hpydx-nah)] and [V'O,(Hpydx-bhz)]; Figure 1.8. All
these complexes are good structural models of VHPO. IR spectroscopy suggests

protonation of pyridine’s nitrogen to stabilize these complexes as neutral species
[45]. |

. o Te
O\II/O

AN ’ ™~
-~ o HCIO,/ HCI " o

. R
=N O
R = N\ / and i\ /;

Figure 1.7. Synthesis of neutral dioxidovanadium(V) complexes.

44 :

CH; } CH; O
R [
KoL o N OK o " pH=6.5 ﬁ% X 0\/{//40
+ ) l :
3 7 /N\N/U\R ——» % /N\N/)\R
HO H , HO 45
R Ligand - +
\— N  Hppydx-inh : CH; o ﬁ//o_| [K(H,0),]
/ , N7 \V\O
=N | | P / )\
N/ Hzpydx—nah ' N\N/ R
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Figure 1.8. Synthetic procedure for pyridixal based vanadium(V) complexes.
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Complex [VYO,(acac-ambmz)] '}:giiong with minor amount of [VWO(sal-
phen)] has been isolated from the filtrate obtained after isolating [V O(acac)(sal-
ambmz)] from the reaction of equimolar amounts of [V''O(acac),] and Hsal-
ambmz in refluxing methanol; Figure 19 Complex [V'0,(acac-ambmz)] can also
be prepared directly by reacting [VIVQ(acac)z] with ambmz followed by aerial
oxidation. Aerial oxidation of [Vlvot acac)(sal-ambmz)] and [VIVO(acac)(sal-
aebmz)] gives the corresponding didfxidovanadium(_V) complexes [VVO,(sal-
ambmz)]. and [V'O,(sal-aecbmz)], resﬁectiyely. These complexes can also bé
obtained from the reaction of aerially oxidized solutions of [VVO(acac),] with the
respective ligand in methanol. These cdinplexes can be considered to be strucfural
. models of VHPO as they attain the gebmetry of a trigonal bipyramid, distorted
toward the square pyramid. The D-ﬁarameters for [V'O,(acac-ambmz)] and

[VVO,(sal-ambmz)] amount to 0.71 and b.60, respectively [46].

CL Q g o
N - O V\N -
N\AL D T @———»0 //\B N@

/47

: Hsal—aebmz [VWO(acac)(sal acbmz)] [Vvoz(sal -acbmz)]
_OH ;
L &) oo Z ‘%NH 1 0, e
/N\/</ 2 O_ \N —V— NH
N MeOH O// W
o M 50 0
Hsal-ambmz ' VA 49 v
[V#*¥O(acac)(sal-ambmz)] - [VYOy(sal-ambmz)]

Filterate 102

N MeOH /{ . /,/>\
[VO(acac),] +H2N\/</ :

O
H = o @
[V.VOZ(acac-ambmz)]

Fig‘u’re 1.9. Synthesis of vanadium complexes with benzimidazole based ligands.
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‘Similarly, the reaction of [VIVO(qcac)z] with equimolar amount of Hsal-
aepy, Hfsal-dmen and Hsal-his in solvent -yield the oxidovanadium(IV) complexes
' [VWO(acac)(sal-aepy)], [VNO(acac)(fsal—dmen)] and [VWO(acac)(sal-his)],
respectively. Dioxidovanadium(V) complexes [V vOz(sal—aepky)], [VYO,(fsal-
dmen)] and [Vvoz(sal-his)] were obtained by the aerobic oxidation of respective
oxidovanadium(IV) complexes in solvent in the presence of a small amount of
H,0,; Figure 1.10 [47-49]. Single crystal X-ray diffraction study of [V¥Os(sal-
_dmen)] confirms the distorted square pyramidal structure®. The structure of this

compound was also previously reported [5 0].

’ RN / VA /
©14N _/ CHiCN /\\ _MeOH
‘ VO(acac), Hzoza 02

Hsal-aepy VIVO(acac)(sal aepy)] [VVOZ(sal—aepy)]
W
COOH COOH O\ /O COOH \\//
OH ~ e /V <
N _MeOH 07 AN MeoH 07N
VO(acac), g N — 54 H;05, 0, S N\/I 55
Hfsal-dmen v O(acac)(fsal dmen)] [VVO,(fsal-dmen)]

0. 0O
N7 [TNH

@/ JJ CH;CN /i\y MeOH ©:/ /VN))
=N VO(acac), /N 56 H202 02 =N 57
Hsal-his [VIVO(aca,)(sal-hls)] [VVO,(sal-his)]

Figure 1.10. Design of d10x1dovanad1um(V) complexes.

.Complex [V O,(sal-aepy)] exhibi:ts two resonances at = —517 and —491
ppm in DMSO-dg [47]. These chemical jshifts are within the values expected for
dioxidovanadium(V) complexes containiﬁg a O/N donor set [51]. The first major
signal at = =517 ppm (92%) is due tor'authentic complex i.e. [VVO,(sal-aepy)].
The resonance at —491 ppm gains mtens1ty with time in DMSO (24 h), and
therefore is assignable to [VV Oz(sal—aepy)(DMSO)] Addition of methanol to

11
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WVOZ(sal—aepy)] in DMSO results in the appearance of a single signal ét —542
ppm, identical to what is obtained by recording *'V NMR of [VYO,(sal-aepy)]
directly in MeOH only.l ‘The signal at —515 ppm is, therefore, assigned to
[VVOZ(sal-aepy)(MeOH)]. A very similar *'V NMR spectrum with a strong
resonance at & = —503 ppm (92.0%) and a minor resonance at —490 ppm (8.0%)
for [VYO,(fsal-dmen)] (ca. 4 mM) dissolved in DMSO-ds has also been obtained.
Addition of methanol (50% v/v) to a\4 mM solution of [V'O,(fsal-dmen)] in
DMSO shifts the =503 ppm resonances to —515 ppm, identical to the spectrum of
[VVO,(fsal-dmen)] in MeOH only.

The reaction of CHy(Hysal-bhz);, CHy(Hpsal-fah), , CHy(Hpsal-inh), and
CHy(H,sal-nah), (ligands derived from 5,5’-methylenebis(salicylaldehyde) and
hydrazides) with [V'YO(acac),] in 1:2 molar ratio in refluxing methanol followed
by aerial oxidation in the presence of KOH or CsOH.H,O yield the corresponding
salt of dioxidovanadium(V) species [CH, {VVOZ(sal—bhz)}z]z—, [CHz{VVOZ(sal—
fah)},1*, [CHx{V'O,(sal-inh)},]* and [CH,{V"'O,(sal-nah)},]*"; Figure 1.11. In
these complexes, two independent dioxidovanadium(V) units do hot'interapt with
cach other [52,53].

Vanadium(V) complexes can also act as functional models of vanadate -
dependent haloperoxidases catalyzing the oxidative bromination éf organic
substrates in the presence of H,O, and bromide ion in aqueous acidic medium [54-
56]. Oxido- and dioxidovanadium(V) complexes of multidentate ligands (59-70)
that presented the active functional models for brémopcroxidases are presented in
Figure 1.12. Efforts were made to get a better understanding of the working

mechanism of the vanadium haloperoxidase enzymes.

12



Chapter 1: General introduction.... Chanchal Haldar '* Ph.D. thesis
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Figuare 1.11. Structure of dinuclear dioxidovanadium(V) complexes.
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Figure 1.12. Structures of ligands that are used to design functional models of

haloperoxidases.
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The first functional mimic of bromoperoxidase to catalyse the bromination
of 1,3,5-trimethoxybenzene (TMB) was reported by Butler et al. [57] using cis-
dioxidovanadium(V) complex in acidic aqueous solution. The brominated product
2-brom0-1,3,5-trimethdxybenzene was obtained when the reaction was catalysed
by [VO(OMe)(MeOH)(sal-oap)] using H,O, as oxidant. Complexes
[VO(hybeb)*” and [VO(hybeb)] ) (H;hybeb = 1,2-bis(2-
hydroxybenzylamido)benzene) have dlso shown catalytic activity for the
bromination of 1,3,5-trimethoxybenzene to some extent [58].

Oxidative bromination of salicylaldehyde catalysed by the complexes
[K(H,0)][VYOy(sal-nah)] and [K(H,0)] [VVOZ(sal-fah)], using aqueous H,O,/KBr
in the presence of HCIO,, has been carried out successfully [59]. This oxidation
was also catalysed by [VO,(sal-inh)]” encapsulated in the cavity of zeolite—Y [60].
During this process vanadium reacts with one or two equivalents of H,0,, forming
monoperoxido {VO(0,)"} or bis(peroxido) {VO(O,)} species, which 'ultimately.
oxidise bromide, possibly via a hydroperoxido intermediate. The oxidised bromine
species (Br,, Br; and/or HOBr) then. brominates the substrate [57,61,62]. A
maximum of ca. 51% conversion of sali{cylaldehyde was achieved with 4 mmol of
HC10,, 2 mmol of substrate, 15 mmol of? H,0,, 0.020 g (ca. 0.05 mmol) of catalyst
and 0.476 g (4 mmol) of KBr. The selectivity of obtained pro'ducts-varied in the
order: 5-bromosalicylaldehyde (85.8%): > 3,5-dibromosalicylaldehyde (9.0%) >
unidentified (5.2 %). Under similar coﬁ.ditions, [K(H,0)3][VYO,(pydx-inh)] gave
only 46 % conversion of salicylaldehyde with almost similar selectivity of
products as obtained for above complexes [45]. Other non-oxidizing acids such as
H,SO, were also tested successfqlly giving comparable results.

Oxidative bromination of salicyialdehyde to 5-bromosalicylaldehyde and
3,5-dibromosalicylaldehyde catalysed by polymeric 6xidovanadium(IV)
- complexes (71 of Figure 1.13) [63].

14
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_

R= CHZCHZ
CH(CH,)CH,
CH,CH,CH,

71

Figure 1.13. Co'mplex used for functional model study.

Dinuclear dioxidovanadium(V) coniplexes, [CH, {VVOZ(sal-bhz)}z]Z‘,
[CH,{V"Oy(sal-fah)},]*", [CHo{V"'O,(sal-inh)},]>" and [CH,{V"'Oy(sal-nah)},]*"
have also been used as catalyst for the oxidative bromination of salicylaldehyde. A
maximum of ca. 90 % conversion of salicylaldehyde was achieved under
optimized conditions but the addition of HCIO; in four equal portions during the
first two hours of reaction time was necessary to improve the conversion of the
substrate and to avoid decomposition of catalyst. At least three products, 5-
bromosalicylaldehyde, 3,5-dibromosalicylaldehyde and 2,4,6-tribromophenol were
identified; Figure 1.14 [52,53]. Increasing the amount of oxidant improves the
conversion of salicylaldehyde but the selectivity of 5-bromosalicylaldehyde
decreasés considerably, while that of -3,5-dibromosalicylaldehyde and 2.,4,6-
tribromophenol increase. The pfesence of excess H,0, facilitates the formation of
more and more HOBr which ultimately h:‘i:lps in the further oxidative bromination

of salicylaldehyde to other position(s).

OH

@ O  Catalyst
KBr/H,0,/HCIO,

Figure 1.14. Oxidation products of salicylaldehyde.
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Oxidovanadium(I'V) complex supported on polystyrene, PS-[VO(hmbmz),]
(Hhmbmz = 2-(-hydroxymethyl)benzimidazole) has been used for the oxidative
bromination of salicylaldehyde wusing H,0, / XBr and gives 5-
bromosalicylaldehyde in quantitative yield [64]. Oxidovanadium(IV) complexes
of tridentate Schiff bases (derived from salicyaldehyde and 2-aminoethanol, L-
histidine or L-phenylalanine) supported on Merrifield resin (Figure 1.15) [65] or
oxidovanadium(IV) complexes of pentadentate Schiff bases (derived from
salicyaldehyde or -its derivatives (e.g. 3-methoxysalicyaldehyde, 5-
methoxysalicyaldehyde, 5-chlorosalicyaldehyde, 3,5-dichlorosalicyaldehyde and
3,5-dichlorosalicyaldehyde etc.) and 2,2'-bis(aminoethyl)amine) (Figure 1.15) [66]
catalyze the oxidation of methyl phenyl sulfide to the corresponding sulfoxide in
80-90% yield by TBHP. It was found that the monomeric complexes show greater

rate of reaction than the corresponding polymer supported complexes.

\I"V; “hy T
=N \ 0 TBHP V<35

_N‘\ ‘
_Mepzc' i‘.olvent , MeO,C l ’
: 72 @ . l . . enlveant
: polymer resin 73
R, R
s 1 O ]’.
_ N
G

Figure 1.15. Complexes having catalytic potential for the oxidation of methyl
phenyl sulfide.

Similarly, oxidation of methyl phenyl sulfide has also been catalysed by
oxidovanadium(IV) complexes of ligands (Figure 1.16) derived from

salicyaldehyde or its derivatives and am’no acids (eg. glycine, alanine, valine etc).
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All the oxidovanadiurh(IV) complexes having L-conformational amino acids
Schiff-bases convert sulfide to sulfoxide with R conformation in excess while D-
- conformational amino acids - Schiff bases provide the sulfoxide with S-

conformation in excess (Figure 1.16) [67].

o . O OO,

Ry = H, CH,, CH2Ph CH(CHy);, CH;CH(CHy),, CH(CH);CH, CHyCH;SCH;, (CHy)NHy, CH,SH,

CHZPh I T —H,C T\@

Figure 1.16. Ligands used to prepared oxidovanadium(IV) complexes having

catalytic potential.

Vanadyl complexes of N-salicylidene amino acids gave moderate
enantioselectivity in asymmetric sulfide oxidation with 30% aqueous hydrogen
peroxide as an oxidant. These vanadyl compiexes transformed thioanisole into its
sulfoxide with high yield at a catalyst loading as low as 0.03 (mol) % with
hydrogen peroxide. But vanadyl complexes of N-salicylidene amino alcohols did
not show éatalytic activity even at 0.1 (mol) % catalyst loading. This is probably |
because the acidity of N—saIicylidene. émino acids is higher than that of N-
salicylidene amino alcohol, and thus the former vanadyl complexes are much more
stable to excess hydrogen peroxide’s attack than the latter [68]. Mechanistic
aspects of vanadium catalysed oxidations with peroxides have recently been

reportcd by Conte et al. [69].

. 1’1
|
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1.4. Manganese complexes and thei'x:' applications _
Manganese with 1000 ppm (0.1%) of the earth’s crustal rocks is the 12th
most abundant element in the order of abundance. It is widely disiributed in nature
and in terms of terrestrial abundance it is second among the 3d-block transition
elements [70]. There are a class of méhganese catalases that have been found in
bacterial organisms such as Lactébacillu.s' plantarum [71,72), Thermus
thermophilus [73], and Thermoleophilum album [74] that catalyze the
disproportionation of H,0,. Besides the photosynthetic water-oxidizing complex;
which is known to utilize four Mn ions for the oxidation of water to molecular
oxygen [75], evidences support that the Mn site in these enzymes is comprisea of
two Mn ions per protein subunit. Manganese can adopt a wide variety of oxidation
states (+2 to +5) and this ability is related to the redox function of the metal ion in’
biological systems [76]. ‘
Manganese complexes have beén reported to be useful homogeneous
catalysts for the oxidation of organic sﬁbstrates with different oxidants [77]. For
instance, the manganese based Jacébsen catalysts are known to cétalyse
epoxidation reactions [78]. In fact, much efforts have been made to immobilize
~Jacobsen’s catalysts (i.e. C-2 asymmétric Mn(salen) complexes derived from
trans-1,2-diaminocyclohexane and sz@licylaldehyde derivatives) (7-5) on to
different polymer-supports [79,80]. Several other complexes have also been either
immobilized on polymer or encapsulated in zeolite-Y in order to stud,y their

catalytic activities.

Jacobsen’s catalyst
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Manganese complexes having tetradentate ONNO donor ligands are found
to be artificial mimics of some of the manganese containing enzymes [81]. In
'additio,r_l, they also act as catalysts for important reactions [82,83]. Man‘ganese(II)
and manganese(II[) complexes of substituted N,N'-bis(salicylidene)-1,2-diimino-
2-methylethane have been prepared and used as efficient peroxidase mimics in the
presence of water-soluble trap ABTS. The rate of peroxidase activify of the
present complexes is significantly higher than that of other series of Mn-Schiff
base compounds, probably due to their versatility in adopting in solution a

structure that allows the coordination of the hydrogen peroxide molecule to the

~ manganese.

Complexes [Mn™(pydx-en)CI(H,0)], [Mn™(pydx-1,3-pn)CI(CH;0H)] and
[Mn"(pydx-1,2-pn)CI(H;0)] (see Figure 1.17 for ligands and the corresponding
complexes) have been used as catalysts for the oxidation, by H,0,, of methyl
phenyl sulphide, styrene and benzoin [84]. Oxidation of methyl i)henyl sulphide
~under the optimized reaction conditions gave 38 - 44 % conversion with two major
products methyl phenyl sulfoxide and methyl phenyl sulfone in the ca. 70 % and
30. % selectivity, respecti{/ely. Oxidation of styrene catalyzed by these complexes
gave at least five products namely styrene oxide, benzaldehyde,.benzoic acid, 1-
pﬁenylethane-l 2-diol and phenylacetaldehyde with a maximum of 49 %
conversion of styrene by [Mn™ (pydx—e 1)CI(H,0)], 46 % by [Mn"(pydx-1, 3-
pn)CI(CH;OH)] and 47 % by [Mnm(pvdx-l ,2-pn)CI(H,0)] under optimized
conditions. The select1v1ty of the -obtained products followed the order:
benzaldehyde > benzoic acid > styréne oxide > phenylacetaldehyde > 1-
phenylethane-1,2-diol. Similarly, ca. 93% convérsion of benzoin was obtained by
these catalysts, where the selectivity of the products followed the order benzil > -
benzoic acid > benzaldehyde-dimethylacetal. Similar manganese(I)-N,N’- |
ethylenebis'(salicylideneammato) and analogous complexes have been reported
to-catalyse oxyfunctionalization of cyclohexane by tert-butyl hydroperoxide to

give cyclohexanol and cyclohexanone in high yields at room temperature in
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acetonitrile solution. A pathway involving oXidomanganese intermediate 1s

_ suggested for the reaction [85].

CH; CH; _ 01{3 CH;
I\{ ~—0OH HO | SN O\ l /O Z N 76
Z /N\R/N\ Z | 5/1 /| \ N=
HO OH OH
S Complex
R = CH,CH,: Hypydx-en (1) CHZCH H,0  [Mn"(pydx-en)CI(H,0)] (1) .

R = CHyCH,CHy: Hypydx-1,3-pn (1)  CH,CH: A_ECHZ CH;0H [Mn""(pydx-1,3-pn)CI(CH;0H)] (2)
R = CH(CH;)CH,: Hypydx-1,2-pn (IT) CH(CH4)CH, H,0 . [Mn'(pydx-1,2-pn)CI(H,0)] (3)

* Figure 1.17. Structures of tetradentate ligands and complexes.

Two chiral manganese(Ill) . " salen complexes, -('R R)-[Mn™(3,5-
dtButsalhd)CI] and (R.R) [Mnm(3,.) dfButsaldPh)CI] (Figure 1.18) were
encapsulated by in situ generation of the complexes inside of the three types of Al-
pillared clays (A-PILCs) having d1ffer_ent structural properties [86]. One- of the
PILCs used was derived from Wyomin:J clay (Al-WYO) and the other two were
from the same original clay Benavila: (1) Al-BEN, where no surfactant was used m'
the preparatlon and (i) AI-TERG, where a polyalcohol (tergitol) was used as -
surfactant to act as an interlayer gallery ,template. These complexes were screened
as heterogeneous catalysts in the epoxidation of styrene using iodosylben;ene or
m-chlbroperbenzoic acid as oxidants. The encapsulated complexes show mooerate
alkene conversion (16-40%) with poot enantiomeric elccesses (ee % = 0-14).
Neverfheless, ~complex . (R,R)-[l\/lnm(3,' 5-dtButsalhd)Cl] encapsulated into Al-
TERG using FhIO as oxidant gave 14 eéb %, which is higher than the value found
for the homogeneous catalyst under smnlar condmons The clay pillars partlally

collapse after two runs.
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2

—=N. _N=
0 t-But t-But

v ln\

t-But 0) O]

t-But t-But
77

t-But

(R,R)-[Mn"(3,5-dtButsalhd)CI] (R.R) [Mnm(3,5-dtButs£1'dPh)cu
Figure 1.18. Chiral Mn(Ill) complexes.

A series. of manganese (III) complexes of chiral pentadentate
dihydrosalen ligands, having .an imidazole group as a fifth, axial donor has .
beeﬁ synthesized (Figure 1.19) and studied for the the epoxidation of olefins
with a variety ‘of terminal oxidants, but most importantly, with dilute (i %)
aqueous hydrogen peroxide and without any added co-ligands [87]. With
1,2—dihydronépﬁﬂ1alene as substrate and 10 mol% of catalyst, enantiomeric
excesses up to 66% were achieved. This value is the highest 'so far reported
for an asymmetric epoxidation of 1,2-dihydronaphthalene, using ﬁydrogé_n
péroxide as = oxidant - and a salen-type complex as catalyst. Conffoi
experiments using a tetradentate chelate lacking the axial nnldazole donor |
showed that the pentacoordination of the manganese ion is cru01a1 for the
perox1dase activity. .

Three manganese(II) complexes of a compartmental ligand, namely
[Mn(HL)(H;0);](NO3),"Hz0, [Mn(HL)(SCN),(H,0)]-H,0 and
[Mn(HL){N(CN),} (H,0),](NO;)' H;0, ~ where HL =  2,6-bis{2-(N-
éthyl)pyridmeiminomethyl}-4-methylphénol, have been s-ynthesizéd (Figure 1.20)
and characterised by routine physicochemical techniques [88]. These domplcxes
show excellent catecholase-like activit};- with both 3,5-di-tert butylcatechol and

tetrachlorocatechol as substrates. "In addition complexes

21



Chapter 1: General introduciion.... Chanchal Haldar * PH.D. thesis

[Mn(HL)(H,0);]J(NO3), H,O  and '[l\(;h(}ﬂ,)(SCN)Z(HZQ)].HZO also exhibit
phosphatase activity. : .

a:R'= R2 R3 =H, R* = CH;
b:R'=R*=H, RP=R'= CH;,
c: R1=R ~CH,,R*=R*=H
&:R'=R®=H, R’ = OCHj, R* = CH,
e:R'=R*=R%=H, R = CH,CH,
Flgure 1.19. Structure of Mn(III) complexes with chiral ligand having appended

&

imidazole group.

Figure 1.20. Structure of compartmentai ligand.

The oxidation of ethylbenzene' with 30% aqueous hydrogen peroxide
(H,0,) in an acetone—water medium at 30 °C was investigated using [Mn™(X-
hcj)3] (Hhq = 8-quinolinol, X = H, CI or Br) as catalysts; Figure 1.21. The results

indicated that these complexes, with ammonium acetate and acetic acid as
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‘additives, selectively catalyze the side chain oxidation of ethylbenzene at
secondary carbon atoms, affording acetophenone as a major product. Among the
complexes -examined, the 5,7-dibromohq catalyst was the most active, and

provides ethylbenzene conversion of 26.1% under the optimum conditions [89].

a'Rl—H Rz"H

N, 0 :
é _ b:R;=CLR,=H
—“Mn“ ‘R, C:Ri=Cl, R,=Cl

OH d: RI Br, R2 = Br

Figure. 1.21. Structure of Mn(III) complexes.

Manganese(III) complexes of 1,2-diamines and fluorous derivatives of
salicylaldehyde have also ‘been prepared and tested as catalysts in the selective
oxidation of alkyl aryl sulfides with PhIO under biphasic cdnditions. When
reactions were camed out under fluorous biphasic (FB) conditions, the selectivity
for sulfox1des was improved and the catalyst could be easﬂy recovered by simple
phase separation and reused up to four times [90]. Despite their good.
chemoselectivity, catalytic e'ﬂiciency': and recyclability, chiral fluorous
(salen)manganese(IIl) complexes showed low enantioselectivities in preliminary
experiments run under fluorous biphasic « condltlons

Tangestaninejad et al. have reported manganese(II[) salophen chloride
[Mn(salophen)Cl], supported on functmnahzcd multi-wall carbon nanotubes
MWCNTs (Figure 1.22) [91]. The MWCNT was modified with 1,4-
diaminobenzene, 4-aminophenol and ,4-;aminothiophen61 and [Mn(salophen)Cl]
was attached to the supports via axial‘lig‘ation. These new heterogenized catalysts
were characterized by - elemental anélysis, FT-IR and diffuse reflectance
spectrometery and scanning electron miéfosc’:opy. These catalysts are effective for

efficient epoxidation of alkenes With"_ NalO4 at room. temperature. These



Chapter 1: General introduction.... Chanchal Haldar * Piz. D. thesis

heterogeneous catalysts were highly reusable in the oxidation reactions and reused

several times without significant loss of their catalytic activity.

Figure 1.22. Multi-wall carbon nanotube supported Mn(IIT) complex.

1.5. Zeolite encapsulated metal com"‘plexes and their catalytic applications
Zeolites (Figure 1.23) find appligbations in many scientific-disciplines such
as inorganic and organic chemistry, biochenﬁstry, physical chemistry, colloid
chemistry, mineralogy, geology, surfac'eié chemistry, crystallography, catalysis and
all types of chemical engineering proéess technologies. They are often called
molecular sieves because the large numlfer of small but identical pores can be used
. to separate small molecules from largeé molecules, which can pass through the
pores. Thus, the separation of air compc;nents, recovery of different hydrocarbohs,
removing carbon dioxide and small sulfur compounds from natural gases etc. are
possible by using zeolites. Zeolites have also been compared with metalloenzymes

and hence they are referred to as “zeozymes”.

(a)

Figure 1.23. .Represented zeolite strul._:';tures: (a) Zeolite A "and (b) Zeolite-Y
(adopted from Reference [92]).
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Zeolite encapsulated metal complexes having good catalytic activities
possess all the advantages of solid heterogeneous catalysts as well as share many
advantageous features of homogeneous catalysts. Bedioui has suggested basically
three general approaches to the preparation of zeolite encapsulated metal
complexes. These are: flexible ligand method, template synthesis method and
zeolite synthesis method. In addition to these, other two approaches, such as, ion
exchange method and adsorption method may also be considered [92, 93].

The zeolite-Y encapsulated metal complexes have shown tremendous
catalytic applications. A brief account of some metal complexes (mostly °
copper(Il)) and their applications of are given below:

‘Ratnasamy ef al. have isolated copper(II) and manganese(III) complexes of
salen derivatives encapsulated in the cavity 6f zeolite-X and zeolite-Y by zeolite
synthesis method. The structures of the complexes have been characterized by
FTIR, UV-visible and EPR spectroscopic techniques, }G{D, SEM, thermal and
clemental analysis, as well as nitrogen absorption and cyclic voltametric studies
[94,95]. The oxidation of styrene ﬁsing these complexes as catalysts under aerobic
conditions in the presence of tert-butylhydroperoxide gave benzaldehyde, styrene
and phenylacetaldehyde. The catalytic efficiency of these encapsulated complexes
was much higher than that of the neat complexes. Electron withdrawing
substifuents such as -Cl, -Br, -NO, qg%the aromatic ring enhances the rate of
oxidation [94, 95].' These complexes also catalyse the oxidation of phenol and p-
xylené. The aerobic oxidation of p—xyi_ene in the absence of added hydrogen
promoters and using tert-butyl hydrpperoxide as the initiator and Mn(X-sal-1,3-
pn)CI}-X and [I\dn(sal—dach)él]-X ﬂzsal-dach = Schiff derived from
salicylaldehyde and 1,2-diaminocyclohexane) at low temperature showed as high
as 60 % conversion [96, 97].

Chavan et al. have prepared dineric [Cu(CH3COO0),.H,0] in the cavity of
zéolite’-Y. The convincing proofs of dimer comes from EPR study, which gives 7-

line hyperfine structure due to the two Cu(Il) nuclei. The activity of the complex
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has been evaluated in the aerial oxidation of phenols, which is in natural system
catalyzed by the dicopper enzyme tyrosinase [98].. . ,
Zeolite encapsulated metal complexes prepared from Schiff base ligands
have been used for the oxidation of phenol using different oxidants. Cu(salen)
[99], Cu(X-salen) [100], Mn(X-salen) [101] (X =H, CI, Br or NOz), VO(salen)
[102, 103], VO(sal-1,2-pn), VO(sal-1,3-pn) and VO(saldien) (saldien =
salicylidene-diethylenetriamine) [103] eﬂcapsulated in zeolite-Y have been used as
catalysts The oxidation products are mainly catechol and hydroqumone In no
| case the formation of 1,4-benzoquinone was detected.
| Oxidation of styrene has also been studied using tetraazamacrocycle
complexes, 7,16-diacetyl[M{Me,4(Bzo),[14]tetraeneNy}], {M=‘ Cu(IT) and Ni(I)}
encapsulated in the cavity of Zeolite-Y; Scheme 1.24 [104]. These encapsulated
tetraazamacrocycle complexes have been used as a heterogeneous catalyst for the
oxidation of styrene and for the solvent free oxidation of benzyl alcohol using
hydrogen peroxide as oxidant. The solvent free catalyzed oxidation of benzyl
aléohol catalyzed by 7,16-diacetyl[Cu{Me,(Bzo),[14]tetracneN,}]-Na-Y gives
benzaldehyde as the major product, while that of styrene gives benzaldehyde and
styrene oxide as major oxidation products when 7,16-

diacetyl[N1{Me,(Bzo),[ 14]tetracneN,}]-Na-Y is used as catalyst.
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NaY M(tT)

M(II) = Cu(II) and Ni(1l)

M(ll)-NaY

7,16-diacetyl[M{Me,(Bz0),[ 14]tetracneN, } [-NaY

CH,COC!

(CH3)sN

24
[M{Me,(Bz0),[14]tetraeneN,}]-NaY [M(CGH‘*NZ)Q]_ Na¥

Séh_eme 1.24. Synthetic approach to prepare zeolite-Y encapsulated macrocyclic
complexes (M = Cu(Il) and Ni(II).

‘"The Mn(II), Co(Il), Ni(H) andﬂGu(II) complexes of the type [ML] with
bis(salicyaldehyde)oxaloyldihydrazone (I{2L) have been synthesized from the
reaction of metal acetate with HoL, in 1:1 molar ratio in ethanol under reflux.
These metal complexes with tetradendate Schiff-base ligand have also been
* entrapped in the nanocavity of zeolite-Y. The new Host-Guest nano composite
materials have been used as catalyst for oxidation of cyclohexane and their activity
- compared with the homogeneous analogues [105]. |

~ Yusuff et al. have reported the catalytic oxidation of ascorbic acid by
atmospheric oxygen usihg [Cu(dmpz)z]—,ﬂ' (Hdmpz = 3,5-dimethyl-1H- pyrazole)
as catalyst. The oxidation of ascorbic acid to dehydroascorbic acid was monitored
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by continuous measurement of transmittance at- 245 nm after -ex.posing
deoxygenated methanolic solution of ascorbic acid in air in the presénce of
catalyst. It is proposed that oxidation proceeds through Cu(l)-ascorbate
intermediate [106]. '

Oxidation of ethylbenzene over “neat” and zeolite-Y encapsulated copper
tri and tetraaza macrocyclic complexes using tert-butyl hydroperoxide’ as oxidant
has been reported; Figure 1.25. C-H bond activation takes place both at benzylic
and aromatic ring carbon atoms. Ring hydroxylation was better by neat complexes
than the ‘encapsulated ones. The differences in the selectivity are attributed to
different types of “active” copper—oxygen intermediates formed in different

proportions [107].

¢ ‘ £ O

Cu -peraza complex l R 5 '
' HQ . O

V\l
L/

e
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o
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—Z i
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75;‘ \?EJ

H, H
H -
85
Cu(tacn)? (R=H} Cufeyelen)? (R=H) Culeyclam)™
Cu(Mcimcn)?* (R=Me}  Cu{Me cyclen)? (R=Mc) :

Cu-peraza complexes

Figure 1.25.Triaza and trtraaza macrocyclic copper (II) complexes (83-85) used as

catalysts. -
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1.6. Objective of the present investigations

It is evident from the review of the literature that vanadium corriplexes have
provided opportunities to develop structural and functional models of
haloperoxidases including the oxidative halogenation of organic substrates and
oxidation of organic sulfides. Catalytic oxidation reactions by manganese
complexes are also well documented but these complexes havé not been used as
functional mimic of haloperoxidases. Therefore, it is reasonable to consider
preparing model complexés of vanadium and manganese for functional mimics of
haloperoxidases.‘

Contributions of copper complexes encapsulated in the nano cavity of
zeolite-Y are widely documented in the literature, specifically for the oxidation
reactions. However, as we go through the oxidation reactions we observe that, in
spite of considerable research, optimization of reaction conditions have not been
set out in most papers. It was, therefore, reasonable to undertake systematic study
on the synthesis and characterization of new zeolite-Y encapsulated copper(1l)
based catalysts -and to exploré their catalytic potential for the oxidation of organic
substrates under optimized reaction conditions.

Preseht study is aimed to describe (i) the structural and functional model of
haloperoxidases (i) the synthesis of manganese complexes and their functional
model of haloperoxidases and (iii) the | synthesis and characterization of new
zeolite-Y encapsulated copper complex c\.atalysts to explore catalytic potential for
the oxidation of organic substrates under optimized reaction conditions. The
ligands selected to undertake such studies and their abbreviations are presented
below: ‘ .

(i) Binucleating ONS—ONS donor ligands 2.0 and 2.IX derived from 5,5’-
methylenebis(salicylaldehyde) {C)1,(Hsal),} and S-benzyldithiocarbazate

(ébdt) or S-methyldithiocarbazate (smdt) as well simple ONS donor ligands

2.JH and 2.1V derived from salicylaldehyde (sal) and sbdt or smdt:
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R= @A S . CHy(Hsal-shdt), (2:T)

R= H,C-S— : CHy(H,sal-smdt), (2.1T)
OH

(s J
= \N)l\

H

R= @AS/ : H,sal-sbdt (2.IIT)

R= H,C-5— : Hysal-smdt (2.IV)

R

(i) Compartmental ONO donor ligands 3.1, 3.II and 3.1 derived from 2,6-
diformyl-4-methylphenol (dfmp) and . isonicotinoylhydrazide (inh),
nicotinoylhydrazide (nah) and benzoylhydrazide (bhz):

| | ] |
N OH N N OH N_

HN NH HN °NH
. =0 ) O 0
9 . /‘\ ® /B
N =N SN N~
H,dfmp(inh), (3.1) H,dfmp(nah), (3.10)
f i i i l f l
N OH N N OH N N
i ?: =< T—O HO—< :§ "OH HO_<
keto-form enol-form
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(iii) ‘Monobasic trodentate ONN donor Ligémd derived from salicylaldehyde

(sal) and 2-aminoethylbenzimidazole (aebmz):
OH N
. /'
@[—;N/\K :@
N
H .
Hsal-aebmz (4.1)

(iv) Monobasic trodentate ONN donor Ligand derived from o-

hydroxyacetophenone (hap) and 2-aminoethylbenzimidazole (acbmz):

Hhap-aebmz, 5.1
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Oxidative bromination of s‘tyrené by mono and binuclear vanadium
complexes of ONS donor ligand systems: A functional model of
haloperox1dase

2.1. Introduction -
| Interest in the coordination chemistry of vanadium, with particular emphasis
on its biological [56,108-110] structural [30,108,109] and catalytic properties
[111-115] has increased over the past two deéades._ The vanadate;dependen‘; |
haloperoxidaée~'¢nzymes (VHPO) [15-17] and the covalent bonding of the
imidazole moiety of histidine. residue through Ne to vanadate in ’the‘éctive site
* stimulated the deSign of structural models [34;36,46,116-121]. These structural
models have been extended to functional similarities in that vanadium cc_)mpleXés ‘
also model fhe oxidative halogenation and sulfoxidation of organic substrates -
[32 33,111-115]. The homogeneous as well as their immobilized -analogues of
vanadium (IV and V) complexes also catalyze other organic reactlons such as the
epoxidation of alkenes ,[122-125] the hydroxylatlon of hydrocarbons [126], hydro-,
and omdatlve-amlnatlon [47,127] and the oxidation of alcohols to aldehydes and
ketones [63,128], lthus showing their influence on the yield and selectivity in
v chemicai transformations. .

Binuclear VIVO- and Vvoz-complexes of binucleating, bis(dibasic tridentate
ONO donor) ligands have also been ‘studie,d recently [52,53]; Their gdod reactivity
- patterns and catalytic activities encouraged to consider binucleating, bis(dibasic

tridentate ONS donor) ligands and study their catalytic ractiv’itievs. The Vsyntheses

| 'cind partial characterization of binuclear VWO—[and VY0,-complexes of ligands 2.1
and 2.1 derived from 5,5’-methylénebis(salicylaldéhyde) {CHZ(HsaDz} and S-
benzyldithiocarbazate (sbdt) or S-methyldithiocarbazate (smdt) '(Scherhe 2.1) are
réported recently [129] but their reacti\?ity paﬁems and catalytic activities are not -
studied well. In this chapter, complete characterization of these complexes and
their reactivity are reported. Their haloperox1dase act1v1ty is conﬁrmed‘
considering oxidative bromination of styrene using the VV02-complexes as.

catalyst precursors. Mononuclear V'O,-complexes with ligands 2.1II and 2.IV
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have also -been . prepared to compare their catalytic activity with binuclear

complexes.
" HO : OH
if V /[SJ\
H A
R= ©AS/ : CHZ(stal—sbdt)z Q2.r .

R= 'ch—s” : CHy(Hpsal-smdt), (2.I1)

@Q s
B » = ‘\NJ\R' A
R= '@3/ : Hpsal-sbdt (2.100)

R H C S/ : Hpsal-smdt (2. IV)

Scheme 2.1. Structure of hgands de51gnated by 20— 2 IV used i in this chapter

2.2; Experimental :
. 2. 2 1. Materlals _ ) S
- Acetylacetone (Hacac E Merek, Indla) styrene (Acros, USA) 30% aqueouS'
H202, KBr (E. Merck, India), sahcylaldehyde, hydrazine hydrate, CsOH- H>0, | ‘
benzyl chloride (S'D fine chemicals, India), methyl iodide (Himedia India) and 70 . '
% HC104 (Quahgens Ind1a) were used as obtained. Other chemicals and solvents
. were of analytical ~reagent grade. S-benzyldlthlocarbazate [130], S-
methydithiocarbazate [131] and 5,5’-mej:hylbis(salicylaldehyde) [132], CH,(H,sal-
sbdt), (2.I) and CHy(Hysal-smdt), (2.I1), Hysal-sbdt (2.I1T) and stal-sb"dt’(Z.IV)
[133].

2.2.2. Instrumentatlon and Characterlzatlon Procedures
Elemental analyses of the compounds were camed out on an Elemcntar
fnodel Vario-EI-ITI. IR spectra. were recorded as KBr pellets on a Nicolet NEXUS

Aligent 1100 series FT-IR spectrometer. Electronic spectra were measured in
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methanol with an UV-1601 PC UV-Vis spectrophofometer. 'H NMR spectra were
obtained on a Bruker 200, °C and °'V NMR spectra on a Bruker Avance III 400
MHz spectrometer with the common parameter settings. NMR spectra were
usually recorded in DMSO-dg, and & 1V) values are referenced relative to neat
VYOCl; as external standard. Thermogravimetric analyses of the complexes were
carried out under oxygeri atmosphere using a TG Stanton Rederoft STA 780
instrument. The magnetic susceptibilities were measured by a Vibrating Sample
Magnetometer model 155 supplied by Princeton Applied Research, using nickel as
standard. Diamagnetic corrections were carried out using ?ascal?s constants.[ssl
EPR spectra were recorded with a Bruker ESP 300E X-band spectrometer. The
spin Hamiltonian parameters were obtained by simulation of the spectra with the
computer progrém of Rockenbauer and Korecz [134]. A Thermax Nicolet gas
chromatograph fitted with a HP—1 capillary column (30 m x 0.25 mm x 0.25 pm)
and FID detector was used to anaiyze the reaction products and their
~ quantifications were made on the basis of the relative peak area of the respective
product. Oxidation and oxidative bromination of styrene have also been
normalized from the set of calibration curve for styrene to get response factors and
obtained results are nearly same within experimé_ntal error. The identity of the
- products was confirmed using a GC;MS model Perkin-Elmer, Clarus 500 and

comparing the fragments of each product with the library available.

2.2.3. Preparations _
All these complexes were prepared using the procedure reported earlier [129].
However, for convenient their syntheses are reproduced here ‘briefly. Satisfactory

clemental analyses of all these complexes were also obtained.

2.2.3.1. Preparations of [CH,{VVO(sal-sbdt)(H,0)},] (2.1) and
[CH,{V"O(sal-smdf)(H,0)},] (2.2) — General method '

A filtered solution of [V'VO(acac),] (2.56 g, 10 mmol) in dry methanol (30
mL) was added to a filtered solution of appropriate ligand (5- mmol) >prepared in
dry hot methanol (150 mL) while shaking the reaction flask. The reaction mixture
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" was refluxed on a water bath for 4 h. After reducing the volume of the solvent to
ca. 30 mL and keeping at room temperature for 10 h, the separated brown solid

was filtered, washed with methanol and dried in desiccator over silica gel. .

[CH,{V"Y O(sal-sbdt)(H,0)},] (2.1): Yield 3.16 g (80.5 %). C3HygN4O6S4V,
(782.68): Calcd. C, 47.57; H, 3.61; N, 7.16. Found: C, 47.7; H, 3.5; N, 7.2%.

[CH,{V"YO(sal-smdt)(H,0)},] (2.2): Yield: 0.431 g (68.4 %). C1oHagN4OeS4V>
(630.48): Caled. C, 36.19; H, 3.20; N, 8.89. Found: C, 36.4; H, 3.0; N, 8.9%.

- 2.2.3.2. Kz[CH;{VVOZ(sal-sbdt)}z]-2H§O (2.3)

A filtered solution of [V?VO(acac),] (0.530 g, 2 mmol) in methanol (15 mL)
was added while stirring to a solution of CH,(Hjsal-sbdt), (0.616 g, 1 mmol) in
methanol (450 mL) and refluxed for 4 h. After adding KOH (0.224 g, 4.0 mmol)
to the above, the reaction mixture was further refluxed for 2-h. The obtained light
brown solution was allowed to oxidize aerially along with slow evaporation at
room temperaturé. After 2 days the color of the solution changed to yellow, its
volume was reduced to ca. 10 mL and the solution kept for 12 hr at room
temperature. A yellow solid of 2.3 se;iarated out. This was filtered off, washed
with methanol and dried in a desiccator over silica gel. Yield 0.786 g (72.8 %).
C31H28K2N4OgS4V2 (892.90): Calcd. C,41.70; H, 3.16; N, 6.27. Found C, 41.8; H,
3.1; N, 6.3%. " |

2.2.3.3. Cs,[CH,{V"O,(sal-sbdt)},]-2H,0 (2.4).

A filtered solution of [V!YO(acac),] (0.530 g, 2.0 mmol) in methanol (15 mL)
was added while stirring to a solution of CHy(Hpsal-sbdt), (0.616 g, 1.0 mmol) in
methanol (450 mL) and refluxed for 4 h. After adding CsOH-H,O (0.40‘3 g 24
mmol), the reaction mixture was further refluxed for 2 h. The obtained ligﬁt green
solution was allowed to oxidize aerially while slowly evaporating at room
temperature. After 2 days the green solution turned yellow, the volume reduced to
ca. 10 mL and the mixture kept over night at room temperature. A yellow solid of

2.4 separated out. This was filtered off washed with methanol and dried in a
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~ desiccator over silica gel.' Yield: 0.786 g {72.8 %). C31H28C52N4OgS4V2 (1080.49):.
Calcd. C, 34.46; H, 2.61; N, 5.19. Found C, 34.3; H, 2.5; N, 5.3%. '

2.2.3.4. Preparation of K, [CHz{VVOz(sal-srndt)z}]-ZHZO (2.5)

-' This complex was prepared by the procedures outlined for Kz[C‘Hz{VVOz(sal_-'
sbdt),}1-2H,0 ,(2'3): Yield: 0.513 g (73.9 %) . C19HQOK2N4OSS_4VZV (740.71)
~Caled. C, 30.81; H, 2.72; N, 7.56. Found:'.C, 30.9; H, 2.7; N, 7.5%.

2.2.3.5. Preparation of Cs;[CH,{V"O,(sal-smdt),}] 2H,0 (2.6) **
~ This complex was prepared by the .procedure outlined as for -
; Csz[CH2{Vv02(sal-sbdt)2}]-2H20(2 4).  Yield: 0.735 g b(79 2 %).

* C1oHpoCs,N40S4V, (928, 29): Caled. C, 24.6; H, 2 2 N, .6.0. Found C, 24.5; H
2.1; N, 6.2%.

2. 2 3.6. K[V O, (sal-sbdt)]-H,O (2. 7) [135] :
o Startrng precursor, [VO(acac),] (0.53 g, 2 mmol) was added to a eolution‘ of
stel-sbdt (0.604 g, 2 ’mrnol) dissolved in methanol (30 mL) containing KOH
(0.056- g, 1 mmol). The reaction mixture was refluxed on a water‘ b,ath’ under
aerobic condition for 6 h. After cooling to room tem’perature 1 mmol of additional-
'KOH was added, and the solution was kept for 2 days at amblent temperature to .
allow for slow evaporatmn of the solvent The yellow prec:1p1tate ‘thus obtained
) was ﬁltered washed ‘with cold methanol and dried. Fmally it was recrystallrsed :
from methanol to afford 0 40 g (45%) of crystallme complex. C15H14KN20482V

(440): Calcd. C, 40.9; H, 3.2; N, 6.4. Found C 40.8, H3.2,N 6.4%.

2.2.3.7. Na[VVOZ(sal-smdt]-ZHzo (2.8)[119]

| A solution of [VO(acac),] (0.530 g, 2.0 mmol) dissolved inlavcetonitrile (30
rnL)'.was added to a solution of H,sal-smdt (0.452 g, 2.0 mmol) dissolved in the" :
same solvent (20 mL) and the reaction mlxnlre was retluxed for 1 h. After addition
of an aqueous solution (5 mL) of sodiurrl' carbonate (0.12 g), the resulting solution ‘
was ﬁlrther.reﬂuxe‘d for 2 h. The green solution obtained at this point was filtered

and passed air through the filtrate until the green solution turned into light yellow
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solution. After keeping the solution f&; two days yellow colour crystals slowly
separated which was filtered washed with methanol and dried. Yield : 0.501 g
(68%). CoH,N,05S,VNa (366): Caled. C, 29.51; H, 3.3; N, 7.65. Found C, 29.71;
H, 3.88; N, 7.32%. |

2.2.4. Oxidative bromination of styrene

Compounds  Csy[CHp{V'O,(sal-sbdt),}]:2H,0  (24) ©  and
Cs,[CH,{VYOy(sal-smdt),}]-2H,0 (2.6) were used as catalyst precursors to carry
out the oxidative bromination of styrené. In a typical reaction, styrene (1.04 g, 10
" mmol) was added to an aqueous solution (20 mL) of KBr (3.57 g, 30 mmol),
- followed by addition of 20 mI. CH,Cl, and 30% aqueous H>0O, (3.40 g, 30 mmo))
in a 100 mL reaction flask. The catalyst (0.0010 g) and 70% HCIO4 (1.43 g, 10
mmol) were added, and the reaction mixture was stirred at room temperature.
- Three additional 10 mmol portions of 70% HCIO, were further added aftet every
15 minutes with continuous stirring. In all batches the experimental conditions
(e.g. stirring speed, size of magnetic bar and reaction flask) were kept as similar as
possible. After 1 h the orange colored organic layer was separated using a
separatory funnel, washed with water and dried. The crude mass was redissolved
in CH,Cl,; insoluble material, if any, was removed by filtration, and the solvent -
evaporated. The reaction products we;re separated using a silica gel column.
Elution of the column with 1% CH2C1Q in n-hexane first separated a mixturé of
bromo derivatives followed by I—Bhenylethane-l,Z—diol. The two bromo
derivatives were finally separated from each other using the silica gel column.
again by eluting with pure n-hexane. The products were identified by GC-MS
[Perkin-Elmer Clarus 500 using an Elite-5 column (30 m x 0.25 mm x 0.25 pm)]
and "H NMR. '
1,2-Dibromo-1-phenylethane: 'H-NMR (CDCl;, &/ ppm): 7.29-739 (m, 5 H,
aromatic), 5.11-5.13 (q, 1H, CH), 3.97-4.06 (septet, 2 H, CH,).
1-Phenylethane-1,2-diol: "H-NMR (CDCl3, &/ ppm): 7.29-739(m, 5 H,
aromatic), 4.9 (q, 1 H, CH), 3.5 (q, 1 H of CH,), 3.6 (q, 1 H of CH,), 2.7 (broad, 1
H, OH). |
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2-Bromo-1-phenylethane-1-ol: 'H-NMR (CDCl; & ppm): 7.29-7.39
(m, 5H, aromatic), 5.1 (q, 1 H, CH), 3.9 (septate, 2H, CH,).

'2.3. Results and discussion . .

[VVO(acac),] reacts with the binucleating ligands CHy(H,sal-sbdt), (2.I) or
CHj(Hysal-smdt), (2.0X) in 2:1 molar ratio in refluxing methanol to give the
binuclear oxidovanadium(IV) complexes: CH,{V'O(sal-sbdt)(H,0)}, (2.1) and
CH,{ V™ O(sal-smdt)(H,0)}, (2.2), respectively. Oxidation of [CH,{V"VO(sal-
sbdt)(H,0)},] and [CH,{VO(sal-smdt)(H,0)},] in the presenée of KOH or
CsOH-H,O gave the correspondiﬁg VVO,-species  Ko[CH,{VVO,(sal-
sbdt),}]-2H,0 (2.3), Csy)[CH,{ VYO, (sal-sbdt),}]-2H,0 (2.4), Csy[CH,{ VYO, (sal-
smdt),}]-2H,O0  (2.5) aﬁd Cs,[CH{VVO,(sal-smdt),}]2H,O  (2:6). These

| complexes were also isolated directly by the reaction of [V'VO(acac),] with 2.1 or
2.J1 in 2:1 ratio in refluxing methanol followed by aerial oxidation in the presence
of the corresponding hydroxides. Here, the reaction probably proceeds through the
formation of the V'¥O-complexes 2.1 and 2.2. Equations (2.1) to (2.3) summarize

the synthetic procedﬁres considering CH,(H,sal-sbdt), as a representative ligand.

2[VVO(acac),] + CHy(Hpsal-sbdt), + 2H,0 — R
[CH,{V''O(sal-sbdt)(H0)},] + 4Hacac  (2.1)

[CH {V" O(sal—sbdt)(HzO)}z] + 2KOH + %0, —>
T KG[CHR{ VY Oz(sal sbdt)},]-2H,0 +H20 (22)

[CH;;_{VWO(sal-sbdt)(HzO)}2] + 2CsOH + %0, —
| Cso]CHL{ V" Oy(sal-sbdt)},]-2H,0 +H,O  (2.3)

[VO(acac),] also reacts with the potassium salt of Hysal-sbdt (2.III) or Hysal-

smdt (2.IV) in the presence of Na,CO; under aerobic conditions to give
dioxidovanadium(V) complexes, K[VO,(sal-sbdt)]-H,O (2.7) or Na[VO,(sal-

smdt)]-2H,O (2.8). All complexes are soluble in methanol, DMSO and DMF.
. Proposed structures of these complexes (Scheme 2.2) are based on the

spectroscopic characterization (IR, electronic, EPR, 'H and °'V NMR) and
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clemental analyses. The ligands coordinate through each of their d1amomc

(ONS) thioenolate tautomeric forms.

Hzo\ // \\ /OH2
O
/NN\ /)\
R Complex

(57| omvogarssananon) @

H;C-S— | [CHy{VIVO(sal-smdt)(H,0)},] (2.2)

\\ // A // '
O— V
M* R Complex

K+_ ©/\ : Kz[CHz{VVOZ(Sal-,det)}z]'2H20 (2.3) .

- @A S™ | Cs,[CH,{VVO,(sal-sbdt)},]-2H,0 (2.4)

K* HC-s— | Ko[CHy{VVOs(sal-smdt)}] 2H,0 (2.5)
Cs" H;C-S— Cs,[CH, {VOy(sal-smdt)},]-2H,0  (2.6)
A //
W ™
M+ R Complex
K* @A 5 K[VVO,(sal-sbdt)]- H,O (2.7)
Na* H3C-S— Na[VVO,(sal-smdt)]2H,O (2.8)

Scheme 2.2. Schematic structural formulae of the V'VO- and VV02-001nplexes
prepared.
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2.3.1. IR spectral studies

The IR spectra of a representative ligand and of the corresponding VVO,-
éomplex are presented in Figures 2.1 to 2.3 while a partial list of IR spectral data
of ligands and complexes is presented in Table 2.1. Detailed discussion on the IR
spectral studies is presented elsewhere [119,136,130]. The IR spectra of the
complexes have all characteristic bands of the coordinated tridentate system. The
VYO-complexes exhibit bands at 994 (2.1) and 996 cm™ (2.2), due to v(V=0)
stretch. The VVOZ-complexes exhibit one sharp band in the 888-887 c.m'1 fegion
and a weakef 6né af ca. 928-965 cm™ due to Veym(O=V=0) and v,;n(0=V=0). .
These bands confirm the cis-V¥0, structure in complexes [30]. The weakening of
one the bands may be considered to suggeét that the O-atoms of the. V¥O,-units
are probably involved in binding to Na'/K*/Cs* in the crystal structure; such

binding was confirmed in anionic dioxidovanadium(V) complexes [136,137].

Table 2.1. IR data of the bompounds prépared (v in cm™") and the corresponding

?ssignments.
Compounds : v(C=S) v(C=N) v(V=0) v(N—N)
CH,(Hpsal-sbdt), 1030 1625 948
CH,(Hjsal-smdt), 1039 1624 - - 936
[CH,{V"VO(sal-sbdt)(H,0)},] | 1609 994 1034
Ko[CH, { VYO, (sal-sbdt) },]-2H,0 | 1613 884,935 1027
Cs,[CH {V¥Oy(sal-sbdt)},] 2H,0 . 1612 887,928 1027
[CH{VVO(sal-smdt)(H,0)},] - 1609 996 1034
Ko[CH,{ V" Oy(sal-smdt))},]-2H,0 | 1612 886,939 1030
. Cs[CH{ VYO (sal-smdt)},] 2H,0 . 1612 - 887,927 1033
H,sal-sbdt 1041 1619 - 950
K[VO,(sal-sbdt)]-H,0 1601 - 888,921 1020
H,sal-smdt 1044 1610 - 946
Na[VO,(sal-smdt)}-2H,0 - 1600 900,970 1027
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Figure 2.1. FT-IR Spectrum of CH,(H,sal-smdt), (2.1).
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Figure 2.2. FT-IR Spectrum of K,[CH;{V"O,(sal-smdt))},]-2H,0 (2.5).
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Figure 2.3. FT-IR Spectrum of Csz[CHZ{Vvoz(sal—smdt)}z]-2H20 (2.6).

2.3.2. Electronic Spectral Studies

Ligands CH,(Hj,sal-sbdt), and CHz(stal smdt), exhibit absorptlon bands
at ca. 206, 255, 328 and 360 nm which are assigned to ¢ — ¢*, 1 — m*, T — MW ¥,
and n —w* transitions, respectively. Similar slightly shifted bands are also
observed in the corresponding complexes (Table 2.2). In addition, a new band of.
medium intensity appears at ca. 405 nm, which is aSsigned to a ligand to metal -
vcharge‘ transfer (LMCT) band. -

Upon dissolution the »VNO-comfiiexes have tendency to .hydrolise ‘and
. oxidize (see below). Three bands at 575,_.680 and 845 nm (in 2.1) and at 565, 675
and 875 nm (in 2.2), observed at higher concentration, are aésigned to d—d
transitions. However it is probable that these bands might be due to the presence
of more than one type of VVO-complex in solution. For the VVOZ—compiexes no

such bands were detected.
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Table 2.2. Electronic spectral data (in méthanol) of the compounds.

Compounds

A/nm (¢/ litre mole™ cm™) -

CH,(Hjsal-sbdt), (2.1)
CH,(Hj;sal-smdt), (2.1Y)

[CH,{ V"V O(sal-sbdt)(E,0)},]
2.1)

Ko[CH,{ VY O,(sal-sbdt)},]-2H,0
(2.3)

Cs,[CH,{VYO,(sal-sbdt)},]-2H,0
(2.4)

[CHZ{VIVO(saI-smdt)(H;;O)}é]
2.2)

K, [CH,{ VYO, (sal-smdt))},]-2H,0
(2.5)

Cs,[CH,{ VY0, (sal-smdt)},]-2H,0
(2.6)

362(5.07x10%),  328(3.23x10%),
(1.54x10%), 213(5.15x10%)

254

361(4.8x10%, 327(3.14x10%,
256(1.48x10%), 215(3.53%10% B
845(32), 680(62), 575(84), 417(8.16x10%),
352sh(2.52%10%, 297(3.36x10%),
210(1.80x10%
410 (1.52x10%,  352(1.73x10%), 302
(3.88x10%

410(1.64x10%,
297(4.04x10%), 210(2.53x10%

345(1.89x10%),

875(53), 675(110), 565(187), 405(5.97x10°),
350(2.65%10%), 305(2.8x10%),
215(1.52x10% |

403(1.15%10%), 343(1.98x10%),
295(3.48x10%), 233(3.54x10%) 3
345(1.78x10°,

403(1.29%10%,
238(1.96x10%),

295(3.57x10%),
208(1.91x10%
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2.3.3. "H NMR studies
Table 2.3 summarizes data of the '"H NMR spectra of the ligands and VYO,-
complexes while Figures 2.4 and 2.5 present the representatwe 'H NMR spectra of
2.II and of complex 2.6. The "H NMR data are consistent with the ONS dibasic
V'tridentate binding_ mode of each unit of ligandé 2.I and 2.I1. Data of monomeric

~ 2.7 and 2.8 complexes are also compatible with the structure proposed.

" Table 2.3. 'H NMR spectral data (6 in ppm) of hgands and complexes recorded in
DMSO-dg

Comp | CH=N= | AromaficHl —CH,- OoH NH SCH,- s
ounds ’
[a], [b]
201 | 8.50(s, 2H) 16.80 (4, 2H), 7.50 (4, 2H), 735 | 3.75(, 2H) | 13.35(s, 2H) | 10.10(s, 2H) | 4.50(s, 4H)
n, 12H) -

23 | 9.02(s,2H) 6.78(d, 2H), 7.0-7.80(m, 14H) | 3.89(s, 2HD) 439(s, 4H)
(s) 1| (0.52) : o (0.14) , : -0.11)
24 | 9.03(s,2H) 677 (d, 2H), 735-7.75 (m, | 3.89 (s, 2H) 439 (s, 4H)
@3) | 053 14H) , 7| ©.14) (-0.11)
200 | 845 (s, 2H) 63 (@ 2H), 74 (4, 2H), 755 | 3.80 (s.2H) | 1332 (s, 2H) | 10.11 (s, 21]) 2.5 (5, 6H)

4, 2H) \ ,
25 89662 (677 (4,2, 726 (4 2M), 731 | 3876.28) 2.50 (s, 6H)
08y | 0510  kd,2H) 0.07) : (0.03)
26 | 896G, 2H) 6.7 (d, 21, 726 (@, 2H) 750 | 3.86 (5. 2H) 250 s, 6H)
(1s) | ©.52) ) (0.08) (0.03
2000 | 8.55 (s, 1ED) | 6.89 (m, 2I0), 7.28 (m, 4FD), 1340 (s, 1H) | 1024 (5, 1H) | 4.50 (s, 20D)

7.40 (d, 2H), 7.64 (d, 1H) '
27 | 9.07(G,1H) | 6.86 (g, 2 H), 7.23 (g, 1 H), - 440 G, 2H)
*8). |-(0.52) 732 (t, 2 H), 7.43 (q, 3 H). (-0.10)

7.65 (d, 1 H)
21V | 851(s, 1) | 6.87 (m, 2 H), 726 (, 1 H), 1331 (s, 1) | 10.22 (5, TH) 241G, 30)
7.63 (d, 1 H) _

28 | 8.82(s,1H) | 684 (m, 2 H), 722 (4, L H), | .~ 3.18(s, 360)
#8) | (031) 7.75 (d, 1 H) ; : 0.77)

[a] Letters given in parentheses indicatej‘éhe signal structure: s = singlet, b = broad
(unresolved), m = multiplet. | |

[b] AS = & (complex) — & (ligand).
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Figure 2.5. 'H NMR spectrum of Cs,[CH,{VYO,(sal-smdt)},]-2H,0 (2.6).
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2. 3.4.5C NMR studies

The *C NMR spectra recorded for complexes 2.3 and 2.4 contaln 10 SIgnals
' correspondlng to the 31 carbon atoms of the molecules and, also owmg to their
| symmetry, the spectra for complexes 2, 5 and 2.6 contam 8 51gnals corresponding -
to 19 carbon atoms of the molecules. The peaks ob_served and their assignments

are included in Tables 2.4'and 2.5, being compatible with the structures proposed.'
Table 2.4. *C NI\/[R chem’ical‘shifts observed; for the atom;labe_lljng see scheme

below.

. '- ) N : ! . _.2_

aae

/\\ /N\
13©1\ . _

- 14

\\// g \\//
Compounds - L C8 Cl C3  C2/4/5/6/7110/11/12/13/14 C9 C16

/V (@)
| Ko[CH{V'Oy(sal-sbdt)};] - (2.3) | 164 163 159.9 138.4 133.4/129.6/128.8/127:5  39.7 36.9

Cs[CH,{V"O,(sal-sbdD)};] (2.4) | 163.3163.2 157 138.6 135.1/129.8/129.1/127.5 39.7 37

Table 2.5. 13C NMR chem1ca1 shifts observed; for the atom labelhng see scheme

~ below. i
- . ) : ! _2_
: O
O\\ 72 \\ // »
/V O
10 /k\ N /
Compound | C8 Cl1 C3  C2/4/56/7 Cc9 Ci1I Cl0
K [CH{V Oy(sal-smdt)},] (2.5) | 162.4162.2 161.7 129.6/1288  * 37 565 12.6
Cs)[CHz{V'O (sal-smdt)};] (2.6) | 162.4 1622 161.7 129.6/128.8 35 382 192
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2.3.5.°'V NMR studies

Complexes 2.3, 2.4, 2.5 and 2.6 were further characterized in solution by
recording their °'V NMR spectra in DMSO-d6 (see Table 2.6). The line widths at
half height are ca. 200 Hz. The ’'V  NMR  spectra of complexes
[CH,{V"O,(ONS)},J*" (4 mM) in DMSO show a major resonarice at & —462/—463
ppm and a minor one at 8 —494/ —497 ppm. The '.5 'V nucleus is thus less shielded
than commonlyv observed with VVOZ-Coinplexes with O, N donor atoms. Howevcr,
the chemical shifts are well within the range expected for vanadium(V) complexes
where a soft S atom participates in coordination in addition to the O and N donor

atoms [51].

Table 2.6. Summary of the 'V NMR data and assignment of the vanadium

complexes studied in. this work (see text and Scheme 2.3)

Compounds Chemical shifts / ppm

CII cuI - CIV CV CVI
2.3 —463.0 495 —445 —525 —553
24 —463.0 497 —448 —521 . 553
25 . ~462.0. 495 521

2.6 —463.0 —495 —440 —525

2.3.6. Solution behaviour of complexe':s
The *'V NMR spectrum of 2.4 dissolved in DMSO has a major resonance at

0 =—463 ppm and a minor one at § =495 ppm [Figure 2.6(a)]. The resonance at

§ = —463 ppm is assigned to [CHL{V"O,(sal-sbdt)(Sv)},]* (CII, Sv - H,0 or
DMSO, Scheme 2.3); the two V'O,-centres being equivalent. A soft 'S atom
participates in coordination in addition tb the O and N donor atoms possibly trans
to one of the Og, donors, otherwise: probably the peak would be detected at |
lower fields. The minor resonance at § = —495 ppm is tentatively assignéd to
species CIII where the Spiouae is not coordinated to the VV-centre, the chemical
shift corresponding to ONO coordina{tion. Upon the stepwise addition of an
aqueous 30% solution of H,0, to the solution of 2.4 in DMSO (ca. 4 mM), t_he'

resonance at -463 ppm progressively decreases its intensity and a resonance at —
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521 ppm progressively develops (Figure 2.6 (b-e)), which we tentatively assign to
[CH,{VVO(0,)(sal-sbdt)(Sv)},]* (CV) [at least one of the V'-centres has a
coordinated peroxide ligand.

The solution corresponding to the spectrum of Figure 2.6(d) was then divided
in two portions: Portion (i): the tube was left open for ca. 36 h. The resonance at —
521 ppm almost disappeared, indicating that, as far as V¥-species are concerned,
these were converted back to CIL with signal at —463 ppm, indicating the
reversibility of the process. Additionally the >V NMR signals show broadening
indicating the probable presence of VIVO-Species in the solution. This was
confirmed by recording the EPR spectra for both solutions of Figures 2.6 (f) and
(e). The spectra are reasonably intense with reasonable sharp lines, and the spin
Hamiltonian parameters obtained for the solution of Figure 2.6(f) are g, = 1.974;
g, = 1.934; A, = 59x107* cm™ and A, = 178x10* cm™'. This indicates partial
Hydrolysis when comparing with the A values expected for complex 2.1.

Portion (ii): addition of styrene resulted in the disappearance of the signal at —
521 ppm, the only resonance clearly detected being found at —463 ppm, giving
evidence for the involvement/consumption of the peroxo-species during the

catalytic process.

o] 7&;12;_,__,_%

@ };"\ ,
@/ :f \\\,\/{.\‘\MMM
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~-400 -430-500 -550-600 [ppm]

Figure 2.6. °'V NMR spectra for solutions (ca. 4 mM) of Cs,[CH,{ VVO(sal-
sbdt)}z]-ZHZO (2.4): (a) in DMSO and (b—d) after stepwise additions of an aqueous
solution of 30% H,0,; (b) 1.0 equiv. HO, added; (c) 2 equiv. H,O, (total) added;
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(d) 4.0 equiv. H,O, (total) added; (e) solution of (d) after 2 h leaving the tube
open,; (f) Solution of (e) after 36 h leaving the tube open.

Addition of acid (HCI, 11.6 M), viz. 1, 2, 3, 4 equiv. to solution of 2.4 (in
DMSO, ca. 4 mM), leaded to a shift of the 463 ppm resonance to -448 ppm (see
Figure 2.7); the colour of the solution turned to red and the pH was ~4.5—5‘.O. The
addition of acid may protonate the oxo group and the resonance at 6 = —463 ppm
progressively shifts to —448 ppm (broad, ca. 98%) [Figure 2.7 (d)], probably
corresponding to an oxido/hydroxido species (CIV). An alternative plausible
explanation for CIV is protonation of one of the coordinated donor atoms of the
ligand. Addition of 4 equiv. KOH to a portion of the solution of Figure 2.7 (d)
yielded a lyv NMR spectrum with a main signal at 463 ppm indicating the
reversibility of the processes. The other portion was left standing and spectrum (e)

recorded.

Additionally the spectra (d) and (e) of Figure 2.7 show broadening of the >'V
NMR signals indicating the probable presence of VVO-species in the solutioh.
This was conﬁrniéd by recording the EPR spectra of both solutions. Both EPR"
spectra gré reésohab“ly‘i\ntense and the spin Hamiltonian parameters obtained are g
=1.974; o, = 1.954; A, = 59x10" em™ and A= 178x10* cm! [for solution of (¢)].
The parﬂéi;:léte-rs-é;e' similar. to those of solutions of 2.1 in DMSO (see below)
indicating a O3N or Oy binding mode around the V¥ center due to the partial

reduction/hydrolysis.

Similar results were obtained in case of complexes 2.3, 2.5 and 2.6. The peaks
observed and their assignments are included in the Table 2.6 and details are
presented in Figures 2.8-2.12, being compatible with the structural formulae

proposed.
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Figure 2.7. Sy NMR spectra for solutions of Csp_[CHz{VVOZ(sal-sbdt)}g]-ZHzO
(2.4): (a) in DMSO (ca. 4 mM), (b) solution of (a) after addition of 1.0 equiv. of an
aqueous solution of HCI (11.6 M), the pH being ca. 5.8; (¢) solution of (b) after
addition of 2.0 equiv. HCI (total) added; (d) after addition of 4.0 equiv. HClI (total)
added (pH~3.5); (e) solution of spectrum (d) after leaving the samlestandmg for
about 24 h. Zx
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Figure 2.8. >'V NMR spectra of solutions (ca. 4 mM) of KZ[CHz{VVOZ(sal-
sbdt) },]-2H,0 (2.3): (a) in DMSO and (b—d) after stepwise additions of an aqueous
solution of 30% H,O,; (b) 1.0 equiv. H,0, added; (c) 2 equiv. H,0, (total) added;
(d) 4.0 equiv. H,O, (total) added; (e) solution of (d) after 2 h leaving tube open; (f)

solution of (e) after 36 h leaving tube open.
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Figure 2.9. 'V NMR spectra for solutions of K,[CH,{V"O,(sal-sbdt)},]-2H,0
(2.3): (a) in DMSO (ca. 4 mM), (b) solutions of (a) after addition of 1.0 equiv. of
an aqueous solution of HCI (11.6 M), the pH being about 5.8; (c) solution of (b)
after addition of 2.0 equiv. HCl (total) added; (d) after addition of 4.0 equiv. HCl
(total)'added (pH~3.5); (e) solution of spectrum (b) after standing for about 24 h.
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Figure 2.10. 'YV NMR spectra for solutions (ca. 4 mM) of Ko[CH,{V'O,(sal-
sm’dt)}z]-2H20 (2.5): (a) in DMSO and (b—c) after stepwise additions of an
aqueous solution of 30% H,0,; (b) 1.0 equiv. H,O, added; (c¢) 4 equiv. H,O, -
(total) added; (d) solution of (¢) after 36 h leaving tube open.

51



Chapter 2: Oxidative bromination... ...

Chanchal Haldar * Ph.D. thesis

(e)

-463

-5235

M\L

©

w
@ / \

-
.-400

Figure 2.11.° 'V NMR spectra for solutions (ca. 4 mM) of CSZ[CHz{Vvoz(sal-
smdt)},]-2H,O (2.6): (a) in DMSO and (b-d) after stepwise additions of an
aqueous solution of 30% H,0,; (b) 1.0 equiv. H,0O, added; (c) 2 equiv. H,0O,
(total) added; (d) 4.0 equiv. H,O, (total) added; (e) solution of (d) after 36 h

leaving tube open.
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Figure 2.12. °'V NMR spectra for solutions of Cs,[CH,{V"O(sal-smdt)},]-2H,0
(2.6): (a) in DMSO (ca. 4 mM), (b) solution of (a) after addition of 1.0 equiv. of an
aqueous solution of HCI (11.6 M), the pH being about 5.8; (¢) solution of (b) after
addition of 2.0 equiv. HCI (total) added; (d) after addition of 4.0 equiv. HCI (total)
added (pH~3.5); (&) solution of spectrum (b) after standing for about 24 h.

-430

! I

T
-300 -350 [ppm]

52



- Chapter 2: Oxidative bromination...... Chanchal Haldar - * Ph.D. thesis

O A (Partially
S/\V//\ Ojv/ SSV hydrolysed)
021 CI
A
4 L I
T 2-
S O\\ //O O\\V//OS O\\ //O O\\ 7 0O
V\ N - \ / \
ZY0 O7 ™ S O O sV
R—LSv | Sv R
_<\N,_1L N\N>_' | N NJ\)\_N N
cnll C
| - 0
O o)
HOI 1,0 n_s— Rl Al S
v V. 2V2 /_\ ~ O/V_Sv
s\;;ec(i)es +0 |\SV/>_ R o V\ \|r o \N—N/U\R
N—-N N7 D

H HCIO4, BI'_, H202

0]
H O Il /OH
| SOBr
B0 o

Cvil

Scheme 2.3. Summary of speciatioﬁ of. V¥-containing species in solutions of 2.3-
2.6. In CIV, CV and CVI either half of the V'-centres or both may be present as
specified. For  example, CIV may correspond to either
[{VYOL)(SV)} CHz{ VY O(OH)(L)(SV)}] or [{V'O(OR)(L)(SV)}
CH,{VYO(OH)L)(Sv)}] '(Sv = solvent).

2.3.7. EPR and UV/Vis studies

The EPR spectra of “frozen” solutions (77 K) in DMSO of compounds 2.1 and
2.2 are depicted in Figure 2.13. The lines show broadening due to both:
incomplete rotational averaging of the g and A tensors and probable partial
precipitation of the complexes upon fréezing the solutions. Apparently two sets of
lines' showing hyperfine splitting due té) the >'V nucleus are obtained. The spectra

were simulated and the spin Hamiltonian parameters obtained by simulation of the
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spectra are included in Table 2.7. EPR spectra were also recorded by passing He
through the DMSO solutions of 2.1 and 2.2 in the presence of ascorbic acid, but
the positions of the lines remained the same. ' -

The values of Aj.can be estimated using the additivity relationship [A™ =
ZA”,i (i=1to 4)], (Ay; = contribution of each of the four donor atoms :coordinated
equatorially), proposed by Wiithrich [138] and Chasteen [55], with estimated
accuracy of £ 3x10™ cm™'. The Ay values obtained for 2.1 and 2.2 (Table 2.7)
agree with the A values calculated from the partial contributions of the
equatorial donor groups [52,53,137,55,139—141] relevant in the pr'é's'ent case {H,0
(45.7><1(.)_4>cm_1), Optenotate (38-9x107* cm™), Nimime (38.1 to 43.7x10™ cm™),
Opmso (41.9x107* cm ™), Swiotate (31.9%107* con 1)} either assuming a NOj (species
II) or a O, (species I) equatorial binding set. If Syiolate 1S cbnsidefed as an
equatorial donor atom the A;™ are much lower (ca. 157x107* cm™). Thus, at least
in DMSO solution the Sgjcjate 1S NOt bound to the VV_centre (at least equatorially).

Addition of 1, 2 and 3 equiv. 6f H,0, to solutions of 2.1 or 2.2 in DMSO
acidifies the solutions, and VYO species form (see Figure 2.14) with almost
identical spin-Hamiltonian parameters (g = 1.939, A = 177.8x107* cm™ for 2.1
and g= 1.935, 4 = 178.0x107* cm™ for 2.2). The VWO is -also progressively
oxidized to VV. According to the g 'and Ay values obtained for these partially
oxidized solutions, in these VIVO species the equatorial binding set is probably Oy,

thus indicating the substitution of donog qtoms of the ligand by DMSO and/or H,O

~ molecules in the coordination sphere.

Table - 2.7. Spin Hamiltonian parameters obtained by simulation of the
experimental 1% derivative EPR spectra recorded for DMSO solutions of

complexes 2.1 and 2.2 at 77K.

Complexes in DMSO g A ’ gL AL
(5 mM) ' (<107 em™) (x107* em™)
2.1) SpeciesI | 1.936 |178.1 1.976 |65.0
- Species II | 1.942 | 164.9 1.977 | 64.9
(2.2) SpeciesI | 1.937 | 1774 1.976 |65.1
Species II | 1.942 | 165.4 1.976 |65.2
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Figure 2.13. 1* derivative EPR spectra of frozen (77 K) solutions (ca. 4 mM) (a)
CH,{V'VO(sal-sbdt)(H,0)},] (2.1) in DMSO (b) CH,{V"O(sal-smdt)(H,0)},]
(2.2) in DMSO. The solutions were frozen after ca. 15 min. of mixture of the solid

and solvent.
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Figure 2.14. 1% derivative EPR spectra of 4 mM [CH,{V™O(sal-sbdt)(H;0)}2]
(2.1) (a) in DMSO; (b) after addition of 1.0 equiv. of H,0, [aqueous 30%
solution] (c) after addition of a total of 2.0 equiv. of H,O,, (d) after addition of a

total of 3.0 equiv. of H,O, (e) after addition of a total of 10 equiv. of styrene to the
solution of (d). ‘
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The EPR spectra thus indicate that upon dissolving 2.1 in DMSO, the viv.
complex partly hydrolyses and oxidizes; in solution the binding set (Ophénolate,
Nimine> Sthiolates Owater)equatorial 1S 0t detected by EPR for the VIVO—complexes formed
upon dissolution. The ° IV NMR spectrum of this solution depicts a resonance at &
= —463 ppmv[Figure 2.15(a)]. The resonance at § = —463 ppm is assigne;d to
[CH,{VYO,(sal-sbdt)(S¥)},]*” (CIL, S = H;0 or DMSO Scheme 2.3). Typically
the °'V NMR spectra of the solutions of either complex 2.1 or 2.2 were measured
after ca. 1 h of mixture of the solids with the solvent. Upon the stepwise addition
of an aqueous 30% Sol‘ution of H,O, to the solution of 2.3 (in DMSO, ca. 4 mM),

the resonance at —520 ppm shows up. It corresponds to the mono-peroxo species.

-463

E)’JKJL%
Ev//\iww—mv«m
I — ) I
-400  -430  -300 -350[ppm]

Figure 2.15. Sy NMR spectra for .éolutions (ca. 4 mM) of complex
[CH,{V"VO(sal-sbdt)(H,0)},] (2.1): (a) in DMSO and (‘b—d) after stepwise
additions of an aqueous solution of 30% H;O,; (b) 1.0 equiv. H,O, added; (c) 2
equiv. H,O, (total) added; (d) 4.0 equi{/. H,0, (total) added; (e) solution of (d)
after the addition of 10 equiv. of styrene.

Similar changes in the EPR and Sy NMR spectra have also been observed for
solutions of complex 2.2 (4 mM) in DMSO upon addition of H,;O,. The spectra

recorded are presented in Figures 2.16 and 2.17.

56



Chapter 2: Oxidative bromination...... Chanchal Haldar * Ph.D. thesis

© .
o ﬂ/v\gn\[k’k\&v——_
© w \/\/\/\/\,-

VYV ——

\/‘\
%

Figure 2.16. 1% derivative EPR spectra of 4 miM [CH,{VVO(sal-smdt)(H,0)},]
(2.2) (a) in DMSO; (b) after addition of 1.0 equiv. of H,O, [aqueous 30% solution]
(¢) after addition of a total of 2.0 equiv. of H,O,, (d) after addition of a total of 3.0

19 17 15

equiv. of H,O, (e) after addition of a total of 10.0 equiv. of styrene.

-460

Figure 2.17. °'V NMR spectra for solutions (ca. 4 mM) of [CH,{ VY O(sal-
smdt)(H,0)},] (2.1): (2) in DMSO; (b) 3.0 equiv. HO, added; (c) solution of (b)

after 10 equiv. of styrene addition.
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The formation of peroxo complexes in methanol by treatment of 2.1 and 2.2
with EHzOz was also studied by electronic absorption spectroscopy. Thus, the
addition of two drops of a dilute solution of HyO, (3.21 g, 28.3 mmol of 30%
aqueoﬁs H,0, dissolved in 30 mL MeOF) to 20 mL of ca. 20 mL of 6.43x107° M
methanolic solution of 2.1 and recording the spectra after every 15 min interval
resulted in the spectral changes presented in Figure 2.18. The band at 417 nm
slightly decreases in intensit)ﬂ the A slowly shifting to 400 nm. Simultaneously,. :
‘the weak shoulder appearing at ca. 350 nm slowly sharpens with slightly gain in
intensity. The band at 297 nm gains intensity whilé maintaining the position, and
bands at 210 and 240 nm sharply gain intensity. The three d-d bands appearing at
575, 680 and 845 nm (in 2.1) and at 565, 675 and 875 nm (in 2.2) recorded with
more concentrated solutions, slowly decrease their intensities and finally become
non-distinguishable (Figure 2.19). Changes in the UV-Vis spectra similar to those
presented here have been interpreted as involving the progressive oxidation of
V™¥O-species followed by formation of oxidoperoxidovanadium(V) compound
[128,142-145]. However, peroxo-to—vanadium charge transfer transitions have "
been reported at Amax ca. 450 nm [54,146]. In the present systems, the electronic
spectra of both complexes exhibit rather strong broad bands at ca. 410 nm,
probably involving the C=N group [147-159] thus in the same range of the peroxo-
to-vanadium charge transfer transition, making the detection of the latter band
difficult. It is possible that the séveral procésses taking place, nafnely formation of
species. CV and CVI, which decrease fhe contribution of the band involving the
C=N group, precludes the observation of an increase in the absorption around 400-
450 nm. Similar changes in the UV region of the absorption spectra of 2.2 could

also be observed using lower concentrations.
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Figure 2.18. Spectral changes obtained after adding two drops of a dilute
aqueous/MeOH solution of H,0, (3.21 g, 28.3 mmol 30% aqueous H,O, dissolved
in 30 mL. MeOH) to 20 mL of ca. of 6.43x10™ M methanolic solution of
[CHZ{VIVO(sal—sbdt)(HzO)}z] (2.1). The spectra were recorded at every 15 min. In
B the expanded region of 300 to 500 nm is shown.
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Figure 2.19. Spectral changes obtained during titration of (A) 20 mL of 5.76x107
M solution of [CHg{VWO(saI-sbdt)(Hgo)}2] (2.1) in DMSO, (B) 20 mL of
8.76x10~ M DMSO solution of [CH,{VVO(sal-smdt)(F,0)},] (2.2), with a dilute
solution of H,0, (1.26 g, 11.1 mmol of 30% aquéous H,0, in 5 mL DMSO). The
spectra were recorded after the successive addition of 1-drop portions, at 2 min
time intervals. The three d-d bands recorded progressively decrease their intensity

v . g .
as V"' O-complexes are oxidized to VV-species.
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- Reactivity of CSZ[CHZ{VVOz(sal—sbdt)}2]-2H20 (2.4) with H;O, was also tested
and spectral changes were monitored by electronic absorption spectroséopy.‘ The
spectral. changes obtained upon adding successive one drop portions of an
aqueous/MeOH solution of H,0, (3.214 g, 28.36 mmol of 30% aquebus H202
dissolved in 30 mL MeOH) to a 20 mL solution of 2.4 (ca. 5.63x10° M in
methanol) are presented in Figure 2.20. Considerable increase in the intensity of
the 210 nm band and increase in the intensity of the 297 nm band was observed at
the beginning,:i.,e. after addition of about 20 drops of HyO,, while the band at 410
nm remained nearly constant. On further addition of H,0,, vthe"'weak shoulder
appearing at ca. 345 nm started to emerge, along with weakening 6f the band at ca.
410; nm, Figure 2.20. |
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Figure 2.20. Spectral changes obtained after adding one drop of a dilute solution
- 0f 30% aqueous HéOz (3.214 g, 28.36 mmol dissolved in 30 mL. MeOH) to 20 mL
of ca. 3.12x107° M methanolic solution of Cs,[CH,{ VYO, (sal-sbdt)},]-2H,0 (2.4).
The spectra were recorded with 10 min intervals. In B the 300 — 500 nm range of

A is expanded.

The behaviour of the methanolic solutions of the V¥O,-complexes upon
addition of HCI was also monitored by electronic absorption spectroscopy. Thus

the drop-wise addition of HCI dissolved in methanol (3 9x10 M) to 20 mL of a
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solution of Cs,[CH,{V"O,(sal-sbdt)},]-2H,O (2.4) (ca. 2.85x107° M) caused the
darkening of the solution along with slow broadening of bands, with the spectral
changes depicted in Figure 2.21. Very similar features were also Similarly

observed with solutions of 2.3, 2.5 and 2.6.
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Figure 2.21. Spectral changes obtained during titration of 20 mL of a 2.85 x 107
M methanolic solution of Csz[CHz{VVOz(sal-sbdt)}z]-2H20 (2.4) upon drop wise
additions of HCI dissolved in MeOH (3.9x10™> M). Each spectrum was recorded

upon successive additions of 1-drop portions.

As reported for other systerns [52,53,54,146,150,151], besides the
formation- of V" -species, we interpret these results assuming the formation of
oxidohydroxido -species of composition [CHZ{VVO(OH)(HL)}Z]2+ via
[CH,{VVO,(HL)},] and/or [CH,{V O,(OH)(HL)},] (see Scheme 2.4). It is also
possible that complexes [CH{VO,(HL)(Sv)},] might also form. Protonation of
the hydrazone nitrogen has been reported, e.g. for the structurally characterized
[VO(Hsal-bhz)] (H,sal-bhz derives from salicylaldehyde and benzoylhydrazide),
‘which forms upon treatment of the corresponding anionic dioxido complex with
HCI [44]. EPR and ESEEM spectra recorded for [VO(salim)(acac)] (salim = a
Schiff base ligand containing imidazole) upon addition of acid were explained by
the_ protonation of the imine N-atom.[ 152] Very similar results were obtained for
related binucleating ligands [52,53]'inv01ving a ONO binding set and interpreted
similarly. Scheme 2.4 may be considered to summarize the processes taking place,

with one of the =N-N= nitrogens being the site of protonation.
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[CHy{{VO,L)}, >
- H
[{VO,(L)}CH, (VO(OE)(L)}T [{VO,(L)} CH, { VO, (HL)}T
v { H*
[CH,{(VO(OE)(L)},] [CH,{VO,(HL)},]
|[ H H
' [{VO(OR)(HL)}CHy {VO(OH)(T)}]" [{VO(OH)(HL)}CH, {VO,(HL)}T*
| H+
[CH, {VO(OH)(HL)},1**

Scheme 2.4. Formation of [CHg{VVO(OH)(HL)};,_]2+ by successive protonations
starting with complexes [CH,{ V" O,(L)},]*". All included species are in equilibria.
Each VV0,(L), VYO,(HL), VVO(OH)(L) and VVO(OH)(HL) core will probably
correspond to a different chemical shift in the 1y NMR spectra. .

2.3.8. Oxidative bromination of styrene
‘ ,Oxidativé brémination of styrene under a two-phase system, using
' Csz[CHz{VOV(SaI-sbdt)}z]-2H20 and Cs,[CH,{VO" (sal-smdt)},]-2H,0 as catalyst .
precursors in the presence of KBr, Hél()4 and H,0, gave mainly three products
namely, (a) 1,2-dibromo-1-phenylethane, (b) 2-bromo-1-phenylethane-1-ol and (c)
1-phenylethane-1,2-diol; Scheme 2.5. Some minor products (benzaldehyde,
styrene epoxide, benzoic acid and 4-bromostyrene) have also been detected but
their overall percentage is ca. 7 of thé total of the main products. The obtained
produc‘gs are the same as those reported by Conte et al. [111,112]. Addition of
HCIO4 in four equal portions was required to obtain better oxidative bromination.
All products were separated/ isolated by column chromatography and the content
of each fraction was confirmed by 'H NMR as well as GC-MS.
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Scheme 2.5. Main products obtained by oxidative bromination of styrene. (a) 1,2-

dibromo-1-phenylethane (dibromide), (b) 2-bromo-1-phenylethane-1-ol (a
bromohydrin) and (c) 1-phenylethane-1,2-diol.

The following parameters were studied to optimize the reaction conditions for
the maximum oxidative bromination of styrene taking Cs,[CH,{VO"(sal-
smdt)},]-2H,0 (2.6) as catalyst precursér: (1) Catalyst amount, (i) Oxidant amount
‘and (1i1) Catalyst precursor.

Three different amounts of 2.6: 0.0010, 0.0020 and 0.0030 g of catalyst
precursor were used while keeping the fixed amount of styrene (1.04 g, 10 mmol),
KBr (4.76 g, 40 fnmol), 30 % Hy0, (6.81 g, 60 mmol), aqueous 70 % HCIO4 (5.72
g, 40 mmol) in a 40 mL CH,Cl,—water (50% v/v) mixture at room temperature. As
presented in Figure 2.22, a maximum of 99 % conversion was obtained after 1 h of
reaction with 0.0010 g catalyst precursor, and 0.0020 and 0.0030 g of catalyst
precursor gave nearly the same conversion. Therefore, 0.0010 g of 2.6 wés set as
optimum. Additions of HClO, were made in four portions, one immediately after
the catélyst precursor (reaction time = 0), and the three other portions with 15 min.
intervals.

To optimize the amount of HCIO,, three different amounts of 70% HCIO4 were
used for a fixed amount of styrene (1.04 g, 10 mmol), amount of catalyst precursor
(0.0010 g), KBr (4.76 g, 40 mmol), 30 % H,0, (6.81 g, 60 mmol) and CH,Cl,-
H,O (40 mL, 50% v/v) at room temperature for 1 h. Increasing the perchloric acid
amount from 1.43 g (10 mmol) to 2.86 g (20 mmol), increased the conversion
from 61 % to 99 %. Only slight improvement in conversion was obtained on
further increasing this amount to 4.29 g (30 mmol). Therefore, a 2.86 g of 70%
HC1O4 was considered the more adequate one (Figure 2.23), making additions in

four equal portions.
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Figure 2.22. Effect of catalyst amount in oxidative bromination of styrene.
Reaction conditions: styrene (1.04 g, 10 mmol), amount of catalyst precursor
(0.00IO g, 0.0020 g or 0.0030 g), KBr (4.76 g, 40 mmol), aqueous 30 % Hy0,
(6.81 g, 60 mmol), 70 % HCIO, (5.72 g, 40 mmol, added in four equal portions at
t=0, 15,30 and 45 min. of reaction time (marked with arrows in the ﬁgure) and

CH,Cl1,-H,0 (40 mL, 5 0% v/v) at room temperature for 1 h
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Figure 2.23. Effect of perchloric acid amount, added in four equal portions in 15

- min. intervals, in the oxidative bromination of styrene.
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The effect of amount of H,0,, addéd as an aqueous 30% H,0; solution, was
studied considering substrate to oxidant fatios of1:2,1:3,1:4and1:5fora
fixed amount of styrene (1.04 g, 10 m_fnol), amount of catalyst precursor (0.0010
g), KBr (4.76 g, 40 mmol) and HCIO, (2.86 g, 20 mmol) in CH,Cl,-H,0 (40 mL,
50% v/v), and the reaction was monitored at room temperature for 1 h. The
conversion increases on increasing the substrate to oxidant ratio and 1:3 ratio is
sufficient to convert 98 % styrene. Increasing this ratio further did not improve. the
final conversion, except to complete the reaction in a shorter time (ca. 50 min,
Figure 2.24). |

Similarly, three different substrate to KBr ratios were used. Increaéing the
amount of KBr from 1:2 to 1:3, the obtained conversion increases from ca. 84 %
to 99 %, but further increment of the KBr amount gave almost the same
conversion (Figure 2.25). | |

Table 2.8 summarizes all conditions applied to optimize the reaction conditions
for the maximum oxidative bromination of styrene considering 2.6 as catalyst |
precursor. Entry no. 10 of this table pfesents the optimized reaction conditions
which are: styrene (1.04 g, 10 mmol), amount of catalyst precursor (0.0010 g), 30
% aqueous H,0, (3.40 g, 30 mmol), 3.56 g (30 mmol) of KBr, HCIO, (2.86 g, 20
mmol) added in four equal portions in 15 rhin. intervals, and CH,Cl,-H,0 (40 mL,

50% v/v) at room temperature for 1 h.
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Figure 2.24. Effect of the H,0, amount in the oxidative bromination of styrene.
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B Flgure 2.25. Effect of KBr amount in the oxidative bromination of styrene Other
- conditions for plots (b), (c) and (d) see text. '
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Table 2.8. Results of oxidative bromination of styrene using Csz[CHé{V 0, (sal-
smdt)},]-2H,0 (2.6) as catalyst precurs_c;r. Conversion obtained after 1 h.

SL. | Styrene KBr - | HO, HCIO, Catalyst | Solvent %
No. J (DCM/H,0) | Conversion
1. |1.04g 476¢g 5.67g 429¢ 0.001g | 20/20 99
(10 mmol) | (40 mmol) | (50 mmol) | (30 mmol)
2 | 104g 476 g 567g 429 g 0.002 g 20/20 99
(10 mmol) | (40 mmol) | (50 mmol) | (30 mmol)
3 |1.04g 476 g 5.67g 429¢ 0.003g | 20/20 99
(10 mmol) | (40 mmol) | (50 mmol) | (30 mmol)
4 |104g 476 g 567¢g 143 g 0.001g | 2020 61

(10 mmol) | (40 mmol) | (50 mmol) | (10 mmol)

5 1.04¢ 476 g 567¢g 2.86 g 0.001g | 20/20 98.
(10 mmol) | (40 mmol) | (50 mmol) - | (20 mmol)

6 1.04¢ 476 g 227g. 286g |0.001g |20/20 86
(10 mmol) . | (40 mmol) | (20 mmol) | (20 mmol)

7 | lo4g 476 g 3405g 2.86 g 0.001g |20/20- 99
(10 mmol) | (40 mmol) | (30 mmol) | (20 mmol) '

8 1.04 g 476 g 454 g 2386¢g 0.001g | 20/20 98

(10 mmol) | (40 mmol) | (40 mmol) | (20 mmol)

9 |[104g 238g 3405¢ 286 ¢ 0.001g | 20720 84
(10 mmol) | (20 mmol) | (30 mmol) | (20 mmol)
10 | 1.04g 356g 3405g 2.86 ¢ 0.00lg | 20/20 99

(10 mmol) | (30 mmol) | (30 mmol) | (20 mmol)

Figure 2.26 represents the consumption of styrene and the selectivity of the
formation of major products with time for these experimental conditions. The
formation of all three products starts Wi_th the consumption of styrene. However,
among the three products forrhed, the‘ selectivity of 1-phenylethane-1,2-diol
reaches 75 % at the end of 1 h, while that of 1,2-dibromo-1-phenylethane is only 6
%. The selectivity of the formation of 2-bromo-1-phenylethane-1-ol
(bromohydrin) initially increases, reaching ca. 23 %, and after ca. 40 min. of
reaction decreases, being ca. 18 % at the end of 1 h. Increasing the reaction time

beyond 1 h increases the formation of the dibromide, but decreases that of the
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bromohydrin, while 1-phenylethane-1,2-diol remains almost constant. It should be
‘noted here that for the catalytic oxidation of styrene the expenmental conditions
WEre set up for maximum conversion of styrene, and the product obtained in |

higher relative amount was l—phenylethane- 1,2-diol, not the bromohydrin.

0 ¥ T T T T T v T T T v 100
] —o— Styrene
20 —&— mono bromo L 80
= —*—di bromo /.L
._8 —e—di-ol ° >
2404 — 6o £
= : :
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Figure 2.26. Percentage consumption of styrene and selectivity of the formation
“of products with time using Cs,[CH,{VO"(sal-smdt)},]-2H,0 (2. 6) as catalyst

precursor and the optlrmzed conditions specified in the text.

We have also obtained oxidative bromination of stslrene using mononuclear
complexes K[VVOz(sal-sbdt)(HzO)] (2.7) and Na[VVOz(sa-l-smdt)(Hg_O)z] (2.8)
using 0.0010 g of eaéh under the above optimized conditions. Conversions
obtained after 1 h of reaction time are 98 and 97 %, respectively. Taking 0.0010 g
of mononuclear complexes approximately corresponds to the sa.me, number of
moles of metal centres as for binuclear complexes; hence their catalytic potential

is almost the same as that of the binuclear complexes.

2.3.9. Mechanism of oxidative bromination
The mode of action of V-dependent bromoperoxidase enzymes (V—BrPOs)
has received much attention [56,111,112,146,153-157]. The accepted mode of .

action of V-BrPOs involves the presence of vanadium in their active sites, this
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metal in the presence of hydrogen pero;':ide forms a peroxido vanadium derivative
which oxidizes a bromide ion, thus foffning a bromine equivalent intermediate.
Such an intermediate may then either {:?rominate an appropriate organic substrate
or react with another molecule of Br~ té form bromine. The role of the V" ion is to
serve as a strong Lewis acid in the activation of the primary oxidant, IH,0,.

The suggestion that the high éfﬁcacy of this process is related to the
formation of the intermediate, the bromination reaction occurring in two different
compartments of the enzymes, the first step in a hydrophilic region of the protein .
and the second in a hydrophobic region, has led to model the reaction by the
development of two-phase systems [111]: (i) the vanadium precursor, H,O, and
KBr are dissolved in water, where the formation of a peroxido V" derivative and
the oxidation of Br take place forming an intermediate; (ii) this intermediate is
then transferred to the organic phase, a chlorinated solvent i.e. CHCl; or CH,Cl,,
where the bromination of the substrate takes place. The processes occurring in the
aqueous phase require acidic conditions, probably to promote the profonation of
the peroxido moiety. 4

From the mechanistic point of view, there have been several attempts to
elucidate” the reaction pathways invg]ving the oxybromination reactions, by
combining reactivity analysis with e.é. spectroscopic techniques, mainly 'V
NMR, and theoretical calculations [1 11,155-157]. A mechanistic proposal

[111,155-157] included two intermediziltes, a vanadium bound hypobromite ion,
responsible for the formation of the brbmohydrin, and the second one, bromine,
which is responsible for the formation of the dibromo products. Both péthways
start from a hypobromite-like Vanadii;m intermediate, formed in the reaction
between the monoperoxido vanadium complex and Br~. However, direct evidence
on the formation of either the hydroperoxido or the hypobromite-type vanadiﬁm
intermediates, has not yet Been obtained, although the involvement of a V'-

containing brominating species has been confirmed in the two-phase reaction with
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adamantylideneadamantane, where a salt éonta_ining the bromiranium cation,
together with the vanadate anion, was isolated and characterized [158].

' The catalytic oxidative bromination of styrene described in this study also
follows the approach of using a two phase system. In our systems we believe we .
have been able to identify the monoperoxido complexes CV and CVI (Scheme
2.3), which probably act as the oxidant of the B;‘_ -ion. Thus, during oxidation:
vanadium in complexes 2.3 — 2.6 may coordinate with H;O, forming AAS

‘ oxidomonoperoxido species, e.g. CV (and CVI), Scheme '3._‘_In' acidic conditions
OXi.dohydroxido complexes may form, such as CIV, and in the presénce of H,0, .
CVI may also form. By adding KBr to these solutions, a new 1V NMR resonance
appears at —586 ppm, Figure 2.27. We suggest that this resonance may correspond
to species CVII (with a vanadium bound hypobromite ion), or to a similar species
including donqr atoms of the ligand alsro bound to VY. This species CVII may be
responsible for the formation of the bromohydrin. Accordingly, the hypobromite-
like species formed would be directly involved in the ‘“Br' transfer process or, at
least, it is one of the active species in the bromination process [111,154].

The occurrence, during the catalytic cycle, of a species where the equatorial
peroxido oxygen is protonated and the Br~ is prone to interact with the other
peroxidic oxygén has been proposed [155], weak interactions between Br and VV
being also plausible prior to the oxo-ttaglsfer step [155]. In e.g. the VHPO of the
fungus Curvularia inaequalis, a lysine s%de chain (from Lys353) also helpé in the
polarization of the V-bound peroxido 'mbiety, and tunes its reactivity [155]. It is
possible that in CV and/or CVI a similai‘ type of effect may operate, but the data

available does not allow discussing this further.
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Figui'e 2.27. °'V NMR spectra for solutions (ca. 4 mM) of Csz[CHé{VVOZ(saI-
sbdt)},]-2H,0 (2.4): (a) in DMSO; (b) 4.0 equiv. of H,O, [added as an aqueous
solution of 30% HyO;]; (¢) 5 equiv. KBr (total) added to the solution of (b); (d)
solution of (c) after 24 h leaving the tube open.
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2.4. Conclusions

The hydrazones CHj(Hjsal-sbdt), (2.I) and CHy(H;sal-smdt), (2:XX) derived -
from 5,5’-methylenebis(salicylaldehyde) =~ [CHy(Hsal);] and S-
benzyldithiocarbazate CH,(Hsal-sbdt), 2.I, or S-methydithiocarbazate CH,(Hsal-
smdt), 2.II, and- their VIVO- and V’V02-complexes were  synthesized and
charaéterized'. The complexes are binuclear in the solid state and in solution, but
‘no significant interactions were detected between the vanadium centres.

Solutions of the V'*O-complexes CH,{V'VO(L)}>"2H,0 [CH,(HL),= 2.1 (2.1)
and 2.I1 (2.2)] were studied by UV/Vis, EPR and >'V NMR spectroscopy, and also
by adding H,O, or acid (HHCI). The speciétion of solutions of the VV-complexes in
MeOH and DMSO was also studied by the same spectroscopic techniques. The
formation of several species was established, some of them prdbably béing
: iﬁtermediates in the catalytic processes studied, namely [_CHz{VVO(O2)(L)}2]2_
and [CHZ{VVO(OH)(L)}z]. On addition of acid (HCI) the VV Species present are
partly reduééd/hydrolysed, yielding several species, namely the oxidohydroxido
complex. o

The Vvog-complexes 2.3-2.6 were shown to be functional models- of
vanadium-dependent haloperoxidases, - satisfactorily catalyzing the oxidative
bromination of étyrene. Plausible intermediates involved in the catalytic process
were established by UV-Vis, EPR and *'V NMR studies, namely monoperoxido-

- VV-complexes. A *'V NMR peak deteété:d at —586 ppm wés assigned as probably

being due to a Vv-complex containing coordinated hypobromite ion.
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Effect of éoordination sites on vanadium complexes having [VO]2+,
[VO]** and [VO,]" cores with hydrazones of 2,6-diformyl-4-
-methylphenol: Synthesis, characterization, reactivity, and . catalytic
potential ’ '
3.1. Introduction

The coordination chemistry of vanadium complexes with -multidentate
» ligands has received considerable interest over the past two decades due to the
,design‘ of structural models of vanadate-dependent Haloperoxidases (VHPO)
enzyines [34%36,‘ 46,117-119,121,122,159,160] and the catalytic pptential of
several model vanadium complexes in the oxidation and oxygen-transfer reactions,
including the oxidative halogenation of organic substrates and oxidation of 6rganic
sulfides [32,33,112-116]:

Phenol-based polynucleating ligands,\ with particular emphasis on ligandé
derived from 2,6-diformyl-4-methylphenol haf/e attracted a great number of
researchers becauée such class of ligands are able to simultaneously‘ Bind two or
b,'more -metal ions thus forming bi- or polynuclear metal complexes [161]. The
.. binuclear metal complexes normally allow the understanding of the basic metal—
- metal interactions if they are in close proximity while polynuciear complexes may
constitute sﬁpramolecular assembly through intermolecular hydrogen bonding if
- suitable electronegative atoms are present on the ligand. _

Mondal et al. have reported phenoxide bridged - binuclear (VIVVV)
compiexes of general formula [V,Os;L] with binucleating, 2,6-bis[{{(2-
hydroxybenzyl)(N’,N’-(dimethylamino)ethyl) }amino } methyl] -4;methylphenol
(HsL) and related ligahds. Each unit has distorted octahedral géometry with two
tefminal V=0 groups trans to each other where the mixed-valence complex
contains two indistinguiShable vanadium atoms and is the only characterized
complex of H;L amongst six such complexes reported [162]. ‘

Recently we observed that the binucleating ligand, benzoylhydrazone of
5,5-methylenebis(salicylaldehyde) [CH,(H,sal-bhz)] forms binuclear
dioxidovanadium(V) complex Csz[CHz{VVOZ(sal-bhz)}z]-2H20 but the two units

do not interact to.each other. However, the cluster formed by the oxygen atoms
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“and Cs' ions along with [0%-cation latera1 fr-interacti'on' with two carbon atoms of
the phenyl ring produces supramolecular assembly [53]. |

In continuation of our efforts on the development of vanédium chemistry
with binucleating ligands [52,163], we have now prepared ‘and characterized
oxidovanadium(IV), oxidovanadium(V), dioxovanadium(V), = and
oxidoperoxidovanadium(V) complexes of hydrazones of 2,6-diformyl-4-
methylphenol (Scheme 3.1). Designs of these ligands are such that they can result
in the formation of mononuclear, dinuclear or polynuclear complexes depending
up on the non-participation or coordination of additional atom present on the
ligand. Iﬁ addition, the additional coordinating atom(s) may or may not participate
in coordination with the same metal. Novel structural features and the feactivity
patterns of the complexes reported here also present model chéracter fof VHPO.
The catalytic potential ofr Vv.Oz—complexes as mimics for the oxidative

bromination activity of VHPO by peroxide has also been studied.
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Scheme 3.1. Structure of ligands designated by 3.1, 3.1I and 3.III used in this work.

Tautomerism shown for 3.11I only.
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3.2. Experimental Section

3.2.1. Materials _

' Analytical reagent | grade V,0s, ethyl benzoate, hydrazine hydrate,
isonicotinic acid hydrazide, (Loba Chemie, Mumbai, India), styrene, nicotinic acid
hydrazide (Acros organics, New Jersey, USA), acetylacetone (Aldrich Chemicals
Co., U.S.A), 30'% aqueous H,0, and 70 % HCIO, (Rankem, New Delhi, India)
were used as obtained. Other chemicals and solvents were of analytical reagent |
grade. [VWO(écaq)z] [164] and 2,6-diformyl-4-methylphenol [165] were prepared
according to ;rr‘lefhods‘ reported in the literature. Benzoy1 hydrazide was prepared
by thé reaction of a two fold excess of hydrazine hydrate with ethyl benzoate in.

ethanol.

3.2.2. Instrumentation and Characterization Procedures A .

\ Instrumentétion. details are presented in Chapter 2. A Shimadzu 2010 plus.
gas-chromatograph with a Rix-1 capillary column (30 m x 0.25 mm x 0.25 pm)
was used to analyze the reéction products. The identity of the pro_duéts was
confirmed using GC-MS, model Perkin-Elmer Clarus 500 by comparing the
ﬁagmeﬁts of each product with the library that was a’v_ailable. All theoretical
éélculations were performed using Gaussian 09 package. The geometry
optimization of the ligand was carried out with B3LYP functional using 6-311g

basis Set for aH the atoms.

3.2.3. Preparations
3.2.3.1 Hzdfmp(inh), (3.I)

A solution of isonicotinic acid hydrazide (8.238 g, 60'mm01) in methanol
(80 mL) was added to a filtered solution of 2,6-diformyl-4-methylphenol (4.920 g,
30 mmol) in methanol (30 mL) with stirring. The obtained reaction mixture was
refluxed on a water bath for 2 h. After reducing the solvent volume to ca. 20 mL,
the flask was kept at room température for ca. 10 h. The separated- light yellow
solid of 3.1 was filtered, washed with methanol (2 x 5 mL) followed by petroleum
ether and dried over silica gel under vacuum. Yield 11.87 g (98.3%). Anal.' calcd.
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for CoHysNgOs (402.41): C, 62.68; H, 4.51; N, 20.88 %. Found: C, 62.47; H,
4.87: N, 20.52%.

3.2.3.2. Hzdfmp(nah), (3.II) and Hg,dfmp(bhz)'z G.I11ID |

These ligands were synthesized by following the procedure outlined for 3.1.

H:,dfm’p(hah)z (3.ID): Yield 11.52 g (95.4%). Anal. calcd. for C;;H;gN¢Os3
(402.41): C,'62.68; H, 4.51; N, 20.88 %. Found: C, 62.89; H, 4.35; N, 20.52%.

H;dfmp(bhz), (3.II): Yield 1123 g (93.5%). Anal. caled. for CpsHoN;O;
(400.44): C, 68.99; H, 5.03; N, 13.99 %. Found: C, 68.80; I, 5.27; N, 13.62%.

3.2.3.3. [VVO{Hdfmp(inh),}] (3.1)

A solution of Hzdfmp-inh (3.I) (0.402 g, 1 mmol) was prepared in absolute
methanol (20 mL) by heating and ﬁltered:. A solutioﬁ of [VY O(acac),] (0.265 g, 1
mmol) prepared in methanol (15 mL) was added to the above solution with stirring
where 'orange solid started to precipitate immédiately. After 1 h of stirring the
solid was ﬁltéred, washed with methanol followed by petroliumv ether (b.p. 60 °C)
and dried in a desiccator over silica gel. Yield 0.447 g (95.7 %). Anal. calcd. for
Cy1HisNgO4V (467.34): C, 53.97; H, 3.45; N, 17.98 %. Found: C, 53.53; H, 3.57;
N, 17.52%. | |

3.2.3.4. [VYO{Hdfmp(nah);}] (3.2) and [VVO{Hdfmp(bhz);}] (3.3)

Complexes 3.2 and 3.3 were prepared similarly by reacting [V''O(acac),]
(0.265 g, 1 mmol) with ligands.3.1X (0.402 g, 1 mmol) and 3.1TI (0.400 g, 1 mmol),
respectively.
3.2. Yield 0.419 g (89.7 %). Anal. calcd. for C3;H;6NgO4V (467.34): C, 53.97; H,
3.45; N, 17.98 %. Found: C, 53.73; H, 3.60; N, 17.71%.
3.3. Yield 0.431 g (92.6 %). Anal. calcd. for Co3HgN,O4V (465.36): C, 59.35; H,
3.90; N, 12.04 %. Found: C, 59.19; H, 4.07; N, 11.82%. |
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3.2.3.5. [VYO(OMe)(MeOH){Hdfmp(inh),}] (3.4)

Complex 3.1 (0.234 g, 0.5 mmol) was dissolved in 50 mL of methanol
while heating and filtered. The clear solution was allowed to stand for slow
evaporation in open air where upon dark bfown crystals of 3.4 slowly separated
out within ca. 2 weeks. These crystals were filtered off, washed with methanol and
dried in a desiccator over silica gel. Yield 0.198 g (75 %). Anal. calcd. for
CpsH3NgOgV (530): C, 52.08; H, 4.37; N, 15.84 %. Found: C, 52.19; H, 4.26; N, |
15.52%. |

3.2.3.6. [VYO(OMe)(MeOH){Hdfmp(nah),}] (3.5) and [VVO(OMe)(MeOII)-
fHdfmp(bhz);}] (3.6) |

Complexes 3.5 and 3.6 were isolated similarly by dissolving
[VVO{Hdfmp(nah),}] (3.2) and [VVO{Hdfmp(bhz),}]1 (3.3) (0.5 mmol each) in
~methanol (50 mL) and crystallized as mentioned for 3.4.
3.5. Yield 0.174 g (66 %.). Anal. calcd. for Cy3Hy3N¢OgV (530): C, 52.08; H, 4.37;
N, 15.84 %. Found: C, 52.31; H, 4.54; N, 15.73%. |
3.6. Yield 0.175 g (66 %). Anal. calcd. for C25H25N406V (528) C, 56. 82 H, 4. 77
N, 10.60 %. Found C,57.01; H, 4.42; N, 10.52%.

3.2.3.7. [VYO,{H,dfmp(inh),}] (3.7) |

Vanadium(V) oxide (0.182 g, 0.001 mol) was suspended in aqueous KOH
(0.1 12 g, 2 mmol in 5 mL H,0) and stifréd for 2 h with occasional heating at 50 °C.
The resulting solution was filtered. A filtered solution of 3.I (0.804 g, 2 mmol),
dissolved in 50 mL-of aqueous KOH (0.224 g, 4 fnmol), was added to the above
soiution with stirring, and the pH of the reaction mixture was slowly adjusted to ca.
7.5 with 4 M HCL The yellowish-orange solid of 3.4 started té separate and after
initial stirring for 2 h the resulting rcacﬁon mixture kept undisturbed. Within 2-3
days the brown-red X-ray quality crystals that had separated was ﬁlterpd, washed
with cold methanol (2x5 mL) and dried in a desiccator over silica gel. Yield 0.580
" g (60 %). Anal. calcd. for CyHsNgOsV (484): C, 52.08; H, 3.54; N, 17.35 %.
Found: C, 52.29; H, 3.77; N, 17.52%.
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3.2.3.8. K[VV02{demp(nah)2}] (3.8) and K[V'0,{Hdfmp(bhz),}] (3.9)
Complexes 3.8 and 3..9 were -prepared analogously to 3.7, taking

Hsdfmp(nah), (3.1T) and H3dfmp(bhz), (35111) in place of Hydfmp(inh), (3.1).

3.8. Yield 0.514 g (49 %). Anal. calcd. fbr Co1Hi6NgOsKV (522): C, 48.28; H,

3.09; N, 16.09 %. Found: C, 48.49; H, 3. 17 N, 16.00%.

3.9. Yield 0.532 g (51 %). Anal. calcd. for Cp3H;gNsOsKV (520): C, 53.08; I,

3.49; N 10.76 %. Found: C, 53.59; H, 397 N, 10.51%.

3.2.3.9. [{VYO,{Hdfmp(inh);}},p—O] (3.10)

- Complex [VVO(OMe)(MeOH){demp(inh)z}] (3.4) (0.265 g, 0.5 mmol)
was dissolved in‘ 50 mL of CH3;CN and the clear solution was refluxed in an oil
bath for ca. 4 days. After reducing the solvent volume to ca. 20 mL, flask was kept
in refrigerator (ca. 10 °C) for over night where dark brown solid of 3.10 slowly
separated out. This was filtered, washed with CH;CN and dried in a desiccator
over silica gel. Yield 0.200 g (42 %). Anal. caled. for CoHapN;pOoV, (950): C,
53.06; H, 3.39; N, 17.68%. Found: C, 52.89 H, 3.27; N, 17.55%.

3.2.3.10. vy Oz{demp(nah)z}}zu—O] (3.11) and [{VV02{demp(bhz)z}}zu—O]
(3.12)
| Complex 3.11 and 3.12 were prepared as outlined for 3.10 usmg 0.5 mmol |
of 3.5 or 3.6 in 50 mL of acetonitrile.

3.11. Yield: 0.0.212 g (45 %). Anal. Caled for CyH35N1,00V), (950.67): C, 53.06;
H, 3.39; N, 17.68. Found: C, 53.00; H, 3.28; N, 17.46. |

~ 3.12. Yield: 0.192 g (40 %). Anal. Calcd for CaH36NgOogV, (946.72): C, 58.36; H,
3.83; N, 11.84. Found: C, 58.0; H, 3.77; N, 11.56.

3.2.3.11. [VYO(Oz){demp(inh)z}] (3.13)

 Complex [VVO{Hdfmp(inh),}] (0.467g, 1 mmol) was dissolved in
methanol (30 mL) and cooled with ice. Aqueous 30% H,0, (2 mL) was added
drop wise to the above solution with stirring. The stirring was continued for next 2

h while the reaction mixture kept cool and the separated yellow-orange 3.13 was
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filtered, washed with cold methanol and dried in a desiccator over silica gel. Yield
. 0.280 g (56%). Anal. calcd. for Cy;H;6NgOgV (499.34): C, 50.51; H, 3.23; N, .
16.83%. Analysis could not be recorded dure to poor stability.

3.2.3.12. [VVO(Oz){demp(nah)z}] (3.14) and [VVO(OZ){demp(bhz)z}] (3.15)
Complexes 3.14 and 3.15 were prepared as outlined for 3.13 using 1 mmol

0f'3.2 or 3.3 in 30'mL of methanol. | |

3.14. Yield: 0 310 g (62%). Anal. Caled for C21H16N606V (499. 34) C, 50.51; H

3.23; N 16.83. Analysis could not be recorded dure to poor stablhty

3.15. Yield: 0.351 g (70%). Anal. Calcd for CpsHgN4OgV (497.36): C, 55.54; H,

3.65; N, 11.26. Analysis could not be recorded dure to poor stability.

3.2.4. Oxidative Brominaﬁon of styrene ' _
Complexes 3.4 to 3.9 were used. as catalyst. precursors to carry out the
oxidative bromination of -styrene. In a typical reaction, styrene (1.04 g, 10 mmol),
aqueous solution (20 mL) of KBr (3.57 g, 30 mmol), 30% aqueous H,0, (3.40 g,
30 mmol) and 20.mL CH,Cl, were mixed in a 100 mL reaction flask. The cataly;st
(0.001 g) and 70% HCIO4 (1.43 g, 10 mmol) were added, and the reaction mixture
was stirred at room temperature. Additional 20 mmol of 70% HCIO, were ﬁlrthe'r.
added in three equal portioné after every 15 minutes with continuous stifring. nall
reactibns, experimental conditions (e.g. stirring speed, size of magnetic bar and
reaction flask) were kept as similar as possible. After 1 h the orange colored
organic layer was separated using a séparatory funnel, washed with water and
dried. The crude mass was re-dissolved in CH,Cly; insoluble material, if any, waé
removed by filtration, and the solvent evaporated. The reactioh products- were‘
separated and analysed as'mentioned in Chapter 2. The identity of all products was

confirmed by GC-MS and 'H NMR.
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3.2.5. X-Ray crystal structure determination of [VVO(OMe)(MeOH)—
{Hdfmp(bhz),}]2MeOH (3.62MeOH) and [V'O,{H,dfmp(inh),}]-5H,0
(3.7-5H,0) .

Three-dimensional room temperatiite X-ray data were collected on a Bruker .
Kappa Apex CCDC diffractometer at low temperature by the ¢ scan method.
Reflections were measured from a hemis}nhere of data collected from frames each
of them covering 0.3° in @. Of the 29831 in 3.6 and 27082 in 3.7 reflections
measured; all were corrected for Lorentz and polarization effects and for absorption
by multi-scan methods based on symmetry-equivalent and repeated reflections,
3858 in 3.6 and 2879 in 3.7 independent reflections exceeded the significance level
(|F |/a|F ]) > 4.0. Complex scatteringl factors were taken from the program
package SHELXTL [166]. The structures were solved by direct methods and
refined by full matrix least-squares on F’. Hydrogen atoms were left to refine
freely with isotropié thermal parameters, except hydrogen atoms of O(3W), O(5W)
and C(20) in 3.7 which were localized in residual electronic density map and fixed
to the corresponding atoms. Hydrogen atoms of O(1W) and one hydrogen atom of
O(2W) were not localized in 3.7. Reﬁnement was done with allowance for thermal

anisotropy of all non-hydrogen atoms. Further details of the crystal structure

determination are given in Table 3.1.
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Table 3.1. Crystal data and structure refinement for [VVO(OMe)(MeOH)-

{Hdfmp(bhz),} ' MeOH (3.62MeOH)

(3.7:5H;0).

| Table 1. Crystal data and structure refinement for 6 and 7

and for [VYO,{H,dfmp(inh),}]-5H,0O

¢ Rint

(A%

3.6 3.7

Formula “CoHzNOgV CoHyNO oV

Molecular weight 592.51 1574.43 |

Crystal syst.en.l:- o Triclinic - Orthothombic

Space group | P1 Pbca

/K 100(2) - 1002)

alA 7.9044(2) 16.115(5)
BA 3.4380(4) 12.857(5)
c/A 14.3137(4) o 23-.586(5)
% 64.434(2) " 90.000(5)
AP 86.071(2) 90.000(5)

e 84.930(2) 90.000(5) -

V/A3 1365.38(7) 4887(3)

Fooo 620 | 2384

zZ 2 8
 Deadgem® 1.441 1.562
- pmm”? 0.420 0.475

o° 1.58-25.15 2.14:25.04

| 0.0574 0.0745

Goodness-of-fit on F* 1.120 11.037

R | 0.0377 - 0.0515

WR; (all data)” 0.1238 0.1568 |

Largest differences peak and hole -0.407 and 0.706 -0.555 and 0.841

R == TR -TR N/ TF [ PwR, = (Zhw([TR, P IR P DA 2w@h1 ™2
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3.3. Results and discussion
3.3.1. Synthesis, reactivity and solid-state characteristics

" Scheme 3.2 provides an overview of the complexes .described in this
contribution. Structures of.these complexes are based on elemental analyses,
spectroscopic (IR, UV/Vis, 'EPR, g, -13C, and 'V NMR) dafa, and X-ray

diffraction analyses of complexes 3.6 and 3.7.

@) 0
.Hzo\l\l,/o\c . NI .
R N /N /TR g N JOMe , C—R
\ﬁ/ \PI d “N— \ﬁ/ \] O/ }\T\Ié/
O 0
R = 4-pyridyl 3.1 R =4-pyridyl 3.4
R = 3-pyridyl 3.2 R = 3-pyridyl 3.5
R =benzene 3.3 R = benzene 3.6
o o fl__o
o)
e AL e M oK e
7 R 4
\ﬁ/ \{\I S FI\N \ﬁ/ \l 3 PI\N
0] 0
R = 3-pyridyl 3.8 ' » R =4-pyridyl 3.10
R =benzene 3.9 R = 3-pyridyl 3.11
R =benzene 3.12
\NH
O
U= R =
\_./ R \N/ \ / N —R
N? H OV NS\ o o
N e \N O/ \N\ // \ /I\IH o }
R 4
\ﬁ/ \| g IN\N
3.7 O

‘R =4-pyridyl 3.13
R = 3-pyridyl 3.14
R = benzene 3.15

Scheme 3.2. Structures of complexes reported in this chapter.
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Reaction of [V"VO(acac),] with an equimolar amount of the ligands
Hsdfmp(inh), (3.I), H;dfmp(nah), (3.If) and Hgdﬁhb(bhz)z' (3.H1) (c.f. Scheme
3.1 in methanol  yields the oxidovanadium(IV) complexes,
[VVO{Hdfmp(inh),}-H,0] (3.1) [VVO{Hdfmp(nah),}-H,0] (3.2) and
[VIVO{demp(bhz)p_}-HzO] (3.3), respectively. The ligands coordinate out of their
dianionic (ONO(2-)) enolate tautomeric form leaving other coordination site free
from coordination; ¢/ Scheme 3.2. These complexes can further be transformed.
into [VVO(O_Me)(MeOH) {Hdfmp(inh),}1(3.4), [VVO(QMe)(MeOH)-
{Hdfmp(nah),}] (3.5) and [VVO(OMe)(MeOH) {Hdfmp(bhz),}]1(3.5) on prolonged
crystallization in excess of methanol in air atmosphere. Equations (3.1), and (3.2)

represent the overall synthetic procedures.

[VVO(acac),] + Hsdfmp(inh), —
[VIVO{Hdfmp(inh),}-H,0] (3.1) + 2 Hacac  (3.1)
2[VIVO{Hdfmp(inh),} ' H,0] +4MeOH + % 0, —> -
2[VVO(OMe)(MeOH){Hdfimp(inh),}] 3.4) + 2H,0 (3.2)

A reaction of potassium vanadate generated in situ by dissolving V,Os in an
aqueous solution of KOH, with solutions of the potassium salts of Hzdfmp(inh),
at pH ca. 7.5 gave neutral dioxidovanadium(V) complex 3.7 (equation 3.3), while
other ligands Hidfmp(nah), and H;dfmp(bhz), resuit in the formation of
potassium salts of dioxidovanadium(V) complexes 3.8 and 3.9, respectively

(equation 3.4).

KVO; + K,Hdfmp(inh), + H - [VV0,{H,dfmp(inh),}] +H,0 +K°  (3.3)
Their dinuclear oxidovanadium(V) -~ analogues e.g. complexes
[{V'O{Hdfmp(inh),} },y-O] (3.10), [{V'O{Hdfmp(nah)}},u-0] (3.11), and

[{VVO{Hdﬁnp(bhz)z}}zp-O] (3.12) were obtained by refluxing the corresponding

oxidomethoxido complexes in dry acetonitrile (equation 3.4).
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2[VYO(OMe)(MeOH){Hdfmp(inh),}] —
[{VYO{Hdfmp(inh),} },u-O] + 2MeOH + MeOMe  (3.4)
Peroxidovanadium(V) complexes 3.13, 3.14 and 3.15 were obtained by the
reaction of the respective oxidovanadium(I'V) complex with H,O, in methanol.
These complexes are soluble in methanol, DMSO and DMF. Complexes
- 3.1, 3.2 and 3.3 exhibit effective magnetic moment values of 1.72 - 1.74 pg at 298
K, which is normal for magnetic dilute complexes with a d' (§=1/2) system. Other

complexes are diamagnetic as expected for the 3d° system.

3.3.2. Coinputational studies

Ligands Hzdfmp(inh), (3.I), H;dfmp(nah), (3.IT) and Hsdfmp(bhz), (3.11I)
have two functionalized arms and ére expected to form bi-nuclear metal
complexes. However, in the complexes isolated and characterized, all ligands used
their only one of the functionalized arms to coordinate with the metal ioﬁs in the
enolate form. To investigate the reason we performed the theoretical calculation
using Gaussian 09 package. Since the coordinating atoms as well as environment”
are similar in all the three ligands, we have considered H;dfmp(bhz), (3.1II) as a
representative for the quantum calculation. The geometry optimization of the
ligand was carried out with B3LYP functional using 6-311g basis set for all the
atoms. The optimized structure is shown in Figure 3.1.

Figure 3.1. Fully optimized structure of the ligand H3dfmp(bhz), (3.I0I).
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The generated highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) from the optimized structure using
GaussView 5 are presented in Figure 3.2. These figures clearly show that more
electron density lies in only one of the arms while other arm has very small
electron density. Hence, vanadium ion preferentially binds to that coordinating

arm which has more electron cloud while other arm remains silent.

Figure 3.2. HOMO (upper) and LUMO (loWer) of Hsidfmp(bhz), (3.1II).

3.3.3. Description of structures of [VVO(OMe)(MeOH){demp(bhz)z}]
2MeOH (3.6-2MeOH) and [VYO,{H,dfmp(inh),}]-5H,0 (3.7-5H,0)

Figure . 3.3 = shows an ORTEP representation of
[VYO(OMe){Hdfmp(bhz),}(MeOH)] (3.6) and Figure 34 an ORTEP
represeritation of [VVO,{H,dfmp(inh),}], (3.7); In 3.6, the asymmetric unit
contains one neutral vanadium complex and two methanol molecules and in 3.7
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one neutral vanadium complex and five water molecules. In the molecular
structure of 3.6, the vanadium centers adopt a distorted six-coordinated octahedral
geometry with the (Hdfmp(bhz),) ligand coordinated through the one Opygroxyi, ONE
Nhydrazones and one Oy, atoms; the oxo and, two oxygen (one of methoxy group and
one of methanol group) atoms complete the coordination sphere. In 3.7, the
vanadium centers adopt a distorted six-coordinated octahedral geometry too, with
the [I{2dﬁnp(5hz)2, which is protonated in one py group] ligand coordinated
through the one Opydroxyt> ON€ Npydrazones and one Oy, atoms; two oxo and one
deprotonated N, (of the other complex) atoms complete the coordination sphere.
Protonation of ring nitrogen and stabilization of neutral species has previously
been observed in other complexes [137]. The structure corresponds to a polymeric
compound.

The V=0 bonds [V(1)-O(1): 1.5910(18) A in 3.6 and V(1)-O(3): 1.650(3)A
and V(1)-O(4): 1.621(3) in 3.7] are characteristic of oxo-type O atoms with strong
7 bonding (see Table 3.2). The V-Oethanot bOnd, which is trans to the oxo atom, is
significantly longer [V(1)-O(2M): 2.265(2) A] than the V-Opemory bond [V(1)-
O(1M): 1.7851(18) Al in 3.6. Such elongation has previously been observed in
other complexes with similar structures [167-169]. In 3.7, those bonds which are
trans to the oxo atoms [V(1)-N(3): 2.168(3) A and V(1)-N(6)#1: 2.494(3)A] are
longer too [170].

The tetragonal plane are best defined by N(3)-0(2)-0(3)-O(1M) (mean
deviation from the plane = 0.1078(9) A) in 3.6, and by N(3)-O(1)-O(3)-O(5) (mean
deviation from the plane = 0.0344(13) A) in 3.7, leaving the oxo atom, O(1), and
the Omethanol atom, O(2M), in 3.6, or the other oxo atom, O(4), and the N,y of the
other molecule, in the axial position, in 3.7. The torsion angles of the plane
containing hydrazone group are close to 180°: N(1)-N(2)-C(7)-C(1) is 177.6(2)°
and N(3)-N(4)-C(17)-C(18) is 173.3(2)° in 3.6 and N(3)-N(2)-(C(6)-C(3) is
178.1(3)° and N(4)-N(5)-C(14)-C(15) is 179.5(3)° in 3.7. The molecular structure
in the supramolecular assembly is partly determined by the intermolecular
interactions involving hydrogen bonds between the methanol molecules in 3.6 and

water molecules in 3.7, and the other heteroatom's present in the ligand. Distances
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and angles of hydrogen bonds in the compounds [VYO(OMe)-
{Hdfmp(bhz),}(MeOH)]-2MeOH (3.6) and for [V'O,{H,dfmp(inh),}]-5H,0 (3.7)
are given in the Table 3.3. The space filling representation of compounds 3.6 and _

3.7 are presented in Figure 3.5.

Figure 3.3. ORTEP plot of [VYO(OMe)(MeOH){Hdfmp(bhz),}]-2MeOH
(3.6:2MeOH). All the non-hydrogen atoms are represented by their 30 %

probability ellipsoids. Hydrogen atoms are included.
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Figure 3.4. ORTEP plot of [VVOz{szfmp(inh)p_}]-SHzO (3.7-5H,0). All the non-
hydrogen atoms are represented by their 30 % probability ellipsoids. Hydrogen

atoms are included.
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Figure 3.5. Above: Space—ﬁliing representation of compound 3.6 colored by atom
type where we can observe the hydrogen bond interaction between methanol
molecule and protonated hydrazoné group occupying the position of the VO group
(up) in the down part of the ligand showed in the figure. Below: Space-filling
representation of compound 3.7 colored by atom type where we can observe the

sixth coordinate position occupied by the py group of the other complex
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Table 3.2. Selected bond lengths (A) and bond angles (°) for 3.6 and 3.7.

Bond lengths 3.6 Bond lengths 3.7

V(1)-0(1) 1.5910(18) V(1)-O(1) 1.986(3)
V(1)-O(1M) 1.7851(18) V(1)-0(3) 1.650(3)
V(1)-O2) | 1.8630(17) V(1)-0(4) 1.621(3)
V(1)-0(3) 1.9489(17) V(1)-0(5) 1.913(3)
V(1)-N(3) 2.116(2) V(1)-N@3) 2.168(3)
V(1)-O(2M) ' 2.265(2) - 1 V(1)-N(6)#1 2.494(3)
N(1)-C(8) 1.274(3) N(2)-C(6) 1.310(5)
N(1)-N(2) | 1.387(3) N(2)-N(3) 1.400(4)
N(2)-C(7) 1.352(3) 0(2)-C(14) 1.237(4)
0(2)-C(14) 1.336(3) N@3)-C(7) | 1.293(5)
N(3)-C(16) 1.286(3) N(4)-C(13) 1.270(5)
N(3 )-N#4) 1.393(3) - [ N(4)-N(5) - 1.380(4)

. | O(3)-C(17) 1.315(3) O(5)-C(21) 1.328(4)
04)-C(7). 1.238(3) N(5)-C(14) 1.340(5)
N#)-C(17) 1.303(3) . | O(1)-C(6) 1.298(4)

Bond angles A Bond angles
O(1)-V(1)-0(1M) 100.05(9) 04)-V(1)-0(3) 106.06(14)
O(1)-V(1)-0(2) 99.93(9) O@)-V(1)-0(5) 97.96(13)
O(1IM)-V(1)-0(2) 103.84(8) 0(3)-V(1)-0(5) 101.56(15)
O(1)-V(1)-0(3) 103.04(8) O4)-V(1)-0(1) 99.13(13)
| O(1IM)-V(1)-0(3) 94.83(8) 0(3)-V(1)-0(1) 95.93(14)

0(2)-V(1)-0(3) 147.25(8) O(5)-V(1)-0O(1) 151.07(10)
O(l);V( 1)~N(3) 91.36(9) O(4)-V(1)-N(3) 90.31(13)
O(IM)-V(1)-N(3) 165.83(8) O(3)-V(1)-N(3) 162.02(13)
0(2)-V(1)-N(3) 82.21(8) : O(S)—V(i)—N(B) 83.04(11)
O(3)-V(1)-N(3) 74.26(8) O(1)-V(1)-N(3) 73.71(10)
O(1)-V(1)-0(2M) 175.98(9) O(4)-V(1)-N(6)#1 168.29(12)
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O(IM)-V(1)-0(2M) 83.79(8) O(3)-V(1)—N(6)#1»

0(2)-V(1)-0(2M) 77.87(8) O(5)-V(1)-N(6)#1
O(3)-V(1)-0(2M) 77.69(7) O(1)-V(1)-N(6)#1
N(3)-V(1)-O(2M) *  85.02(8) N(3)-V(1)-N(6)#1

85.65(13)
79.63(11)
78.91(10)
78.04(11)

Symmetry transformations used to generate equivalent atoms:

#1 x+1/2,-y+1/2,-z

Table 3.3. Distances [A] and angles [°] of hydrogen bonds for

[VVO(OMe){Hdfp(bhz),}(MeOH)] 2MeOH  (3.6) and for
[VV0,{H,dfmp(inh),}]-5H,0 (3.7).

Compound D-H..A d(D-H) dH..A) — d(D..A)  <(DHA)

3.6  N(2)-H2N)..O3M) 0.84(3) 2.08(3)  2.904(3) 167(3)
3.6  O(2M)-H(20)..0(4)#1 0.67(3) = 2.08(3)  2742(3) 172(d)
3.6 O(BM)-H(30)..04M#2  0.90(3) 1.80(3)  2.677(3) 163(3)
3.6  O(@AM)-H(40)..04¥3  0.84(4) 1.98(4) - - 2.717(3) 146(4)
3.6  OM@M)-HMO).N(IY¥3  0.84(4) 245(4)  3.1563) 142(4)
37 N(D)-H(IN)...O(4W) 0.754) 191(4)  2.628(5) 162(4)
3.7 OQW)-HEW).OM@#4  094(7) 1.90(7)  2.840(5) 174(6)
3.7 O@AW)-H@WA)..OWHS5 0.88(4)  1.92(4)  2.794(5) 168(4)
3.7 O@W)-HW@WB).N@M¥6  090(7)  234(7) = 3.1854) 156(6)
37 NEG)-HGN)L..OGWHT  073(5) 222(5) 29335 164(5)
3.7  O(5W)-H(5WB)..O(IW)#8  1.00 2.46 3.220(6)  132.3
3.7  O(5W)-H(5WA)..O0WH#9  1.02 1.86 2.842(6) 1603

Symmetry transformations used to generate equivalent atoms:

#1 -x,-y+2,-z+1  #2 -x,-y+1,-z+1 #3 x,y-1,z #4 x,-y+1/2,2-1/2
#5 -x+1/2,-y,z+1/2  #6 x+1/2,y-1,-2+1/2 #7 -x-1/2,y-1/2,z

#8 -x-1/2,y+1/2, z #9 x-1/2,-y+1/2,-z
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3.3.4. IR spectral studies
A partial list of IR spectral data of of ligands and complexes are presented in
"Table 3.4. Some of the representative spectra are presented in Figures 3.6 —3.8. In-
spite of the presence of two azomethine, ketonic and NH groups, all the ligands
display only single band for each. The IR spectra of the 1igarid§ exhibit Vg and
UC=0) at 3020-3090 cm ' and 1638-1690 cm’, respectively. These are
indicative of their ketonic nature in the solid state (cf. Scheme 3.1). All the
complexes retain these two bands with slight deviations along with the appearance
of a new band in the region 1230—1280 om™. The later one suggests the enolization
of one of the ketonic groups ahd replacement of H by the metal ion while presence
Q_f former bands suggests that all the lig_ands have at least one ketonic group free
from coordination. Similarly, the v (C=N) (azomethine) stretch appearing at 1608
—1629 cm ' in hgands splits into two: one remains at nearly same posmon to that
of respectlve hgand while other one appears at lower wave number (1582 — 1600
cm'). This is also in the line of the coordination of nltrogen atom of the only one

azomethme group

The vYO- complexes exhlblt a band at 974-996 cm™ due to v(V=0) stretch
while V O-complexes exhibit such band at 922-935 cm™. The VV O,-complexes
exhibit two such sharp bands in the 893—904 cm ' region due to Vsym(O=V=0) and
Vasym(O=V=0). These bands confirm the cis-V¥0, structure in complexes [30]. In
the dinuclear complexes, two (some time one) sharp bands arising at 956-975 cm™
is assigned due to v(V=0), and a broad band arising at 760-882 cm™! is assigned
due to v[V—(u-O)-V]. The presence of two v(V=0) in the dinuclear complexes -
3.10, 3.11 and 3.12 supports the nonequivalence of the two oxo-bridged halves
[171]. The peroxo complexes show three IR-active modes associated with the
{V(0,)}*" moiety, namely the symmetric V(0O,) stretch (V) at ca. 600 cm™”, the
antisymfnetric V(O,) (v3) at ca. 740 cm™, and the 0-0O(vy)) stretch at ca. 890 cm™,
characteristic of n*-coordination of the peroxo group [42]. In addition, these

complexes display the v(V=0) mode at ca. 970 cm™".

9
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Table 3.4. IR spectral data (cm™) of ligands and complexes.

S. Compounds v(NH) | v(C=0) | v(C=N) v(C-0) | v(V=0)
No.- : )
1 H;dfmp(inh), (3.I) 3030 | 1655 1618
2 Hsdfmp(nah), (3.II)- - 3050 1645 1616
3+ Hsdfmp(bhz), (3.II0) T [30s0 | 1665 | 1619
4 [VYO{Hdfmp(inh),}] (3.1) 3020 - | 1672 1615, 1590 | 1234 996
5 [VIYO{Hdfmp(nah),}](3.2) 3047 1643 1613, 1592 | 1260 974
6 [vV"O{Hdfmp(bhz),}](3.3) 3050 1653 1612, 1590 | 1230 977
7 [VVO(OMe)(MeOH){Hdfmp(inh),}] | 3040 1662 | 1613,1594 | 1260 975
1 (3.4 - ' -
8 [V'O(OMe)(MeOH){Hdfmp(nah),}] | 3065 1652 1609, 1592 | 1261 983
(3.5 _
9 [VYO(OMe)(MeOB){Hdfmp(bhz),}] | 3055 1642 1608 1270 990
(3.6)
10 | [V'O,{H,dfmp(inh),}] (3.7) 3065 1668 1617,1593 | 1232 935,
3} ' 904 |
11 | K[V'O,{Hdfmp(nah),}] (3.8) - | 3065 1661 | 1618,1600 | 1233 930, 902
12 | K[VYO,{Hdfmp(bhz),}] (3.9) .| 3055 1650 | 1618. 1280 f 922, 893
S.No. | Compounds : v v(C=0) | v(C=N) | v(C-0) | w(V=0) | v(V-(u-0)-V)
. (NH) | - . _
13 . | [{V'O{Hdfmp(inh),}}.n O] | 3043 | 1661 1614, 1231 | 975 842
310 1596 .
14 [{VYO{Hdfmp(nah),}},n—O] | 3093 | 1676 1616 1230 | 956 882
(3.11) ' (broad) .
15. [{V'O{Hdfmp(bhz),}},n ~O] | 3060 | 1690 1612 1234 | 973 760
(3.12) _ . . _
Samples ' VINH) | V(C=0) | WC=N) MC-0) | v(V=0) [ v(0-0) | v (VO
_ ' (v) ' '
Asy. | Sy.
vt - (Vz) (V3 -
16 | [V'O(0,){Hdfmp(inh),}] [ 3082 [ 1638 | 1617, | 1234 | 971 842 | 747 | 604
(3.13) : 1582 : .

17 | [V'O(0,){Hdfmp(nah),}] | 3065 | 1674 | 1616, | 1236 | 977 870 723 | 602
HEET)) 1589 . e
18 | [V'O(0,){Hdfmp(bhz),}] | 3065 | 1645 [ 1629, | 1240 | 960 | 897 693 | 567
(3.15) - | 1590 : '
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Figure.3'.8. FT-IR spectra of the complex [VYO(0,){Hdfmp(nah),}] (3.14).

3.3.5. Electronic spectral studies

| The electronic absorption spectra of all the ligands and complexes Wére
recorded in methanol; and the absorption maxima with their extinction coefficients
are pfesented in Table 3.5. The UV spectra of the 1igahds exhibit three spéct'ral'
bands at ca. 365, 300 and 200 nm. The r"nosf probable assignments for these bands
are n — ¥, 71'.—> * and ¢ — @F transitions, respectivély. All these bands are
present in compléxes with slight variations. The VVO-complexés display a
medium intenéity band at 775 — 837 nm at very high concentration and is assigned
to d—d transitions. All the complekes display an intense to 'medilim electronic
spectral band in the visible region at ca. 425 nm This is assigned to a ligémd—tof
metal charge-transfer (LMCT) transition from the Aphenolate oxygen atom to an
empty d-orbital of the vanadium atom. Dioxidbvanadium(V ) complexes have a 3d°

conﬁguration, and d‘— d bands are therefore not expected.
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Table 3.5. UV-Visible spectral data of lig'émds and complexes.

S1. No.

xmax/ nm (¢/ litre mole” cm™)

Compounds | Solvent
1 3.1 Methanol | 453( 2.804 x 10°), 364( 1.676 x 10%),
~ 303( 3.38 x 10%), 201(2.539 x 104) _
2 3.10 Methanol | 453(1.23 10%), 363(8.76 10%), 300(2.03
x 10%), 218(1.07 x 10
3 301 | Methanol | 427(3.99 x 10%), 363(2.549 % 10%), 300(7 02
x 10), 203(5.05 x 10 ) |
4 3.1 Methanol | 824(10), 409(4.14 x 10%), 337(6.24 x 10%),
272(7.74 x 10%), 220(1.09 x 10Y
5 3.2 Methanol | 775(23), 427(2.43 = 10%), 343 (9.57 x 10°),
279(1.71 % 10°).
6 3.3 Methanol | 837(8), 429(5.97 10°), 346(2.11 = 107),
298(3.68 x 10 %, 225(2.89 x 10%), 207(2.91
K . x 104 .
7 3.4 Methanol | 428(2.44 x 10°), 305(1.05 x 10, 283(1.02
x 10%), 240(8.63 x 10°)
8 3.5 Methanol | 432(6.39 10%), 340(2. 75 x 10%), 300(4.03
| e x 10%), 250(2. 94 x 10%), 211(4.33 x 10%
9 3.6 Methanol | 428(6.02 x 10°), 348(2.24 x 10%), 298(4.03
| x 10%), 223(3.17 x 10%
10 3.7 Methanol | 430(3.44 x 10%), 307(1.57 x 10%), 277(1.67
x 10%, 220(1.91 x 10%)
11 3.8 Methanol | 422(7.59 x 10%), 302(3.63 x 10%), 227(2.97
x 10%), 204(2. 90 x10%
12 3.9 Methanol | 416(1.00 x 10%), 304(3.43 x 10 9, 225(3 12
. x 10%), 204(3. 62 x 10 D)
13 3.10 | Methanol | 420(1.12 x 10%), 310(3.11 x 10%), 281(3.10
: x 10", 220(3.70 x 10%)
14 3.11 Methanol | 414(1.25 x 10%), 308(2.91 x 10%), 225(3.20
x 10%) |
15 3.12 Methanol | 402(1.81 x 10%), 326(3 41 x 107, 261(5.76
© | x 10%), 207(7. 35 10%)
16 3.13 Methanol | 418(3.72 x 10°), 339(8.4 10%), 283(1 03 x
, 10%), 220(1.89 x 10%)
17 - 3.14 Methanol | 418(4.19 x 10%), 355(8.66 x 10%), 306(1 17
| x 10%), 213(1.95 x 10%
18 3.15 424(8.64 x 10°), 302(3.00 10%), 225(2 78

Methanol

x 10%), 206(3.02 10* )
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3.3.6. EPR studies
The EPR spectra of* “frozen” solutions (77 K) in' MeOD of complexes
[VVO{Hdfmp(inh),}] =~ (3:1), [VYO{Hdfmp(nah),}] (3.2) and
[VYO{Hdfmp(bhz),}] (3.3) are depicted in Figure 3.9. The spectra were simulated |
| and the spin Hamiltonian parameters obtained by simulation of the spectra are |
included in Table 3.6. The value of Aj can be calculated using the additivity
rele{tionship [AS = 2ZA,; (i=1 to 4)] proposed by Wiithrich [139]' and Chasteen,
[55], with estimated accuracy of + 3x107* cm™. The A values obtained are in good
(Table 3.6) agreement with the A,*™ values calculated from the partial
cor_ltfibutions of the equatorial donor groups relevant in the present case {H,O
(45.7x107%em™), Opnenoiate (38.9%10%cm ™), Nimines (38.1 to 43.7x10"*cm™),0-
enolate’™ (37.6 ><1O"4cm_1)} assuming a NOj; (species II) equatorial binding set.

f l L i R i T 1 1

24 .23 22 21 2 19 18 17 16
g |

Figure 3.9. 1* derivative EPR spectra of frozen (77 K) solutions (ca. 4 mM) (a)
[VVO{Hdfmp(inh),}] (3.1), (b) [VYO{Hdfmp(nah),}] (3.2) and (c)
[V O{Hdfmp(bhz),}] (3.3) in MeOD. |
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Table 3.6. Spin Hamiltonian parameters obtained by simulation of the experimental 1%

derivative EPR spectra recorded for MeOD solutions of complexes at 77K.

Complexes in MeOD (4 |g A . gL A:_L 1
mM) (x10"cm ™) (x10 "cm™)
[V O{H,dfmp(inh),}] (3.1) | 1.950 166.1 1981 |57.7
[VVO{Hdfmp(nah),}] (3.2) | 1.952 165.6 1.982 | 57.3
[VO{Hdfmp(bhz),}] (3.3) | 1.953 165.5 1984 575

3.3.7. '"H NMR spectral studies |
'H NMR spectra of the ligands and complexes were recorded to confirm the -

coordinating modes of the ligands. The relevant spectral data are collected in Table
3.7 and. confirm the IR evidence. Some representative 'H NMR spectra are
presented in Figure 3.10 — 3.14. The broia‘d signal appearing at § = 12.21-12.34
ppm, due to the phenolic OH group, disappears in the spectra of the complexes and
is in accord with the coordination of the phenolate oxygen. The appearance of a
new signal at significantly down field eqﬁivalenf to one proton in the complexes
along with the original signal of the ligands equivalent to one proton demonstrates
the coordination of the only one of the azomethine nitrogen atom. Similarly, signal
due to the hydrogen of -NH protons (equivalent to two protons) remains at nearly
same position but equivalent to only one proton sﬁpports the enolization of only
one of the NH groups and consequent replacement of H by the metal ion. Aromatic
protons appear in the expected regions in spectra of the ligands as well as of the
compl'exes, with slight shifts in their positions. Signal due to the protons. of the
methyl appears well within the expected range and do not shift significantly with
respect to those of the free ligands. Complexes 3.4, 3.5 and 3.6 display an
additional signal due to the methyl protons of the methoxy group. Generally, the
dinuclear complexes give rise to relatively broad signals for all of the protons,
indicating that the halves of the molecule and thus the coordinated ligands are

* slightly inequivalent also in solution.
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Table 3.7. "H NMR spectral data of ligands and complexes.

Compounds —CH=N- Aromatic H -OH -NH -CH,
3.1 8.74(s,2H) | 7.61(s, 2H), 7.86(d, 4H), 8.81(b, 4H) 12.21(s, 1H) 12.43(s. 2H) 2.39(s,3H)
3.1 Not recorded

3111 8.73(s,2H) | 7.57(m, 6H), 7.64(m, 2H), 7.95(d, 4H) 12.34(s, 1H) 12.15(s, 2H) 2.31(s, 3H)
34 8.83 (s,1H), 7.53(m, 1H), 8.02(m, 5H), 8.9.05(m, 4H) 12.28(s, 1H) 2.35(s, 3H),
8.87 (s, 1H) 3.17(s, 3H)
3.5 8.88(s, 1H), | 7.63(m, 3H), 7.90(s,1H), 8.37(m, 2H), 12.19(s, 1H) 2.32(s, 3H),
) 8.97(s, 1H), | 8.79(s,2H), 9.21(d, 2H) 3.12(s, 3H) -
3.6 8.91(b,2H) | 7.55(m,7H), 7.97(m, 5H) 12.04(s, 1H) 2.31(s, 3H),
: ) : : ) 3.13(s, 3H)
3.7 Merged with | 7.59(s, 1H), 7.89(m, 5H), 8.90(m, 6H) 12.23(s,1H) 2.32(s, 3H)
8.90 signal . .
38 8.87(s, 1H), 1.7.63(d, 3H), 7.88(s, 1H), 8.43(d, 2H), 12.13(s,1H) - 2.32(s, 3H)
8.97(s, 1H) | 8.78(s, 2H), 9.16(s, 2H)
3.9 8.96(b,2H) | 7.53(m, 8H), 8.04(m, 4) 12.07(t, 1H) 2.33(s,3H)
3.10 Not recorded
3.11 Not recorded
3.12 9.01(s, 2H) 7.52(b, 16H), 8.01(b, 8H), 10.42(s, 2H) 2.34(s, 6H)
3.13 9.42(s, 1H) - | 7.92(d, 1H), 8.00(s, 1H), 8.07(s, 1H), 12.24(s, 1H) 2.46(s, 3H)
- | 8.22(d, 3H), 8.88(d, 5H)
3.14 8.87(b,2H) .| 7.80(s,2H), 7.97(s, 2H), 8.80(s, 2H), - 12.22(s, 1H) 2.46(s, 3H)
) 9.38(d, 3H) ' .
3.15 . Not recorded
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3.3.8. > C NMR Studies

- BC NMR spectra of the ligands and metal complexes -were recorded in
MeOD. All the spectra are in good agreement with the proposed structure. For
examples, complex K[VY Og{demp(nah)z}] (3.8, Figure 3.15) shows 21 signals
corresponding to the 21 C present in the system. All are well matched with

predicted value of C atoms getting from Chemdraw 11.0.

A E z: & B
iy MWMJHWWWWLJJMJHMMMMM
—v— r T v T T 1|v ;n'lll[m vvvvv ‘l"‘lll'.PP;"] ------------------ !FP’I

|,.,.ﬁ7..|. y.,.v‘r...'r — T —r T T T T T T T T T

Figure 3.15. BCNMR spectfa of the complex K[V 0,{Hdfimp(nah),}] (3.8) in
MeOD. A: complete spectrum, while B, C and D are the part of enlarged spectrum

of A in different ranges.
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3.3.9.°' V NMR Spectra studies }'

~_ Further characterization of the vanadium(V) complexes were obtained from
1YV NMR spectra; 8('5 V) values of specific compounds recorded in CD;OD are
presented Table 3.8 and some relevant spectra are presented in Figure 3.16. Owing
to the quadrlipole moment (spin 7/2) of the *'V nucieus, the resonances are
somewhat broadened; the line widths at half-height are t_ypiéally ca. 200 Hz which
may be considered comparatively narrow [172,173]. The dioxidovanadium(V)
complexes Ig[y"oz{ﬁdfmp(nah)z}] (3.8) and K[VYO,{Hdfmp(bhz),}] (3.9)
exhibit a strong resonance at 8 = —541 and —534.6 ppm, respectively. These values
are well within the expected shift for a dioxidovanadium(V) complexes having
mixed O/N donor set [172,173,174]. Complex [VVOZ{szfmp(inh)z}] (3.7

exhibits two minor resonances at 8 —544 and —549 ppm along with the major one

at & = 540 ppm. Presence of the former two bands in
[VVO(OMe)(MeOH){Hdﬁnp(inh)z}] (3.4) is in line to interpret these bands due to
isomeric forms of methoxo - complexes as . complexes
[VYO(OMe)(MeOH){Hdfmp(nah),}] . - (3.5) and

3__:[\4VVO(OMe)(MeQH){Hdﬁnp(bhz)z}] (3.6) also exhibit two bands in the similar
L;"-'r':égion. Peroxido complexes [VYO(0,){Hdfmp(inh),}] | (3.13),
| [S./VO(OZ){Hdﬁnp(nah)z}] (3.14) and |VYO(0,){Hdfmp(bhz),}] (3.15) ‘show a
minor resonance at 8 = —603.5 to —607 ppm due to the authentic peroxido complex
~and the major one at the position- of dioxidovanadium(V) cbmplexes. This
indicates the poor stability of peroxidQ complexes and their conversion to the

corresponding dioxido complexes.
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Table 3.8. >’V NMR data of the complexes recorded in MeOD.

S1.No. Compounds/ assignments —> VO, | [VO(OMe) | [VO(O)
1 | [V'O(OMe)(MeOH){Hdfmp(inh),} ] 545,550
2 | E:\},/zez)z{szfmp(inh)z}] (3.7) —540 | —544,-549
3 | [V'O(0,){Hdfmp(inh),}] (3.13) —540 —606.4
4 | [VYO(OMe)(MeOH){Hdfmp(nah),}] 545,549
5 gﬁf/)"oz{Hdﬁnp(nah)z}] (3.8) —541
6 [VVO(Oz)A{demp(nah)z}] (3.14) —541 —549 | —603.5
7 | [V'O(OMe)(MeOH){Hdfimp(bzh),}| 540,542
8 gfff)"oz{Hdﬁnp(bzh)z}] (3.9) ~534.6
9 | [V'O(0,){Hdfmp(bzh),}] (3.15) 540 | —607,—

615
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Figure 3.16. °'V NMR Spectra of the Complex in MeOD. (a)
K[V"0,{Hdfimp(bhz),}] (3.9), (b) [V'O(OMe)(MeOH){Hdfinp(bz),}](3.6) and
~ (9) [V'O(Oz){Hdfimp(bzh),}] (3.15).
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3.3.10. Reactivity of complexes _
3.3.10.1. Reactivity of oxidovanadium(IV) and dioxidovanadilim(V)
complexes with H,0, ' ,

Solutions of [V''O{Hdfmp(inh),}H,0] (3.1), [V'YO{Hdfmp(nah),}H,0]
3.2) [VWO{demp(bhz)z}H;o_O] (3.3) in methanol are sensitive toward aqueous
30% H,0O,, as monitored by electronic absorption spectroscopy. The d — d band is
most sensitive to observe the changes and is presented in Figures 3.17. Thus, the
progressive addition of a dilute 30% H,0O, solution in methanol to a solution of
[VVO{Hdfmp(nah),}H,0] (3.2) in methanol results in the flattening of bands that
appear at ca. 775 nm. Appearance of this band indicates the oxidation of
oxidivanadium(IV) complex to higher oxidation state. At lower concentration, the
intensity of the band at 427 nm slowly increases with a slight shift towards higher
wavelehgth and stabilizes at 430 nm (in set of Figure 3.18), whereas the intensity
of the band that appears in the UV region at 279 nm increases considerably and
finally disappears. Simultanéously, the weak shoulder band at 343 nm slowly
becomés further week. These - changes indicate the interaction of
[VYO{Hdfmp(nah),}H,0] (3.2) with H,O, in methanol and formation of
[VVO(OZ){Hdﬁnp(nah)2}]. Very similar observations were recorded with other
complexes 3.1 and 3.3. | ' .

A methanolic solution of dioxidovanadium(V) complexes are also sensitive
toward H,O, dissolved in methanol. The reaction of a representative complex
[VV02{H2dfmp(inh)2}] (3.7) with H,0,, as monitored by electron absorption
spectroscopy (Figufe_ 3.19), exhibits an increase in intenSity and shift of the 427
nm band to 435 nm. Other medium intensity band af 280 nm of 3.7 gradually
disappéars with sharp increase in intensity. The relative stability of the peroxido
species at approximately 10 °C in the presence of excess of H,O, enabled us to
isolate complexes '[VVO(OZ){demp(inh)z}] (3.13), [VYO(0,){Hdfmp(nah),}]
(3.14) and [V'O(0,){Hdfmp(bhz),}] (3.15 (see Exp. Sect.), which showed that
UV/Vis spectrum of [VYO,{H,dfmp(inh),}] (3.7) is similar to that observed here
during spectroscopic studies. Other [VO,]"- complexes also'héve shown similar |
results. Interestingly, methoxido complexes (e.g.
[VVO(OMe)(MeOH){demp(inh)2}] (3.4); Figure 3.20) show very similar spectral

changes during their titrations with H,O,.
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Figure 3.17. Spectral changes observed  during titration  of |
[VIVO_{demp(nah)z}HZO] (3.2) with H;O,. The ‘spectra were recorded upon
stepwise additions of five drops portions of H,O, [1.178 g (10.39 mmol) of 30%
H,0, dissolved in 10 mL of MeOH] to 40 mL of 7.5x10> M solution in MeOH. |
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- Figure 3.18. UV/Vis spectral changes observed during titration of |
[VWO{Hdﬁnp(nah)z}‘HZO] (3.2) with H,0,. The spectra were recorded upoﬁ
stepwise additioné of five drops portions of H,O, [1.178 g (10.39 mmol) of 30%
H,0, dissolved in 10 mL of McOH] to 20 mL of 3.357 x10~ M solution in
MeOH. The inset shows expanded spectral region (340 — 550 nm).
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| Figure 3.19. Titration of methanolic solution of [VYO,{H,dfmp(inh),}] (3.7) with
H,0,. The spectra were recorded upon stepwise additions of five drops portions of
H,0, [1.178 g (10.39 mmol) of 30% H,0, dissolved in 5 mL of MebH] to 25 mL

of 8.00 x10~* M solution in MeOH.

600

g 1.0-
-
=]
w2
e
<¢ 0.5-
0.0 T T T T T T 1
300 400 500 600
Wavelength (nm)

Figure 3.20. Spect’r’;avll changes observed- during titration of methanolic solution of
[VVO(OMe)(MeOH){Hdﬁnp(inh)z}] (3.4) by 30% H,0O, dissolved in methanol.
The spectra were recorded upon stepwise additions of five drops bortions of H,O,
[1.178 g (10.39 mmol) of 30% H,0, dissolved in 10 mL of MeOH] to 25 mL of
1.27 x107* M solution in MeOH.
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3.3.10.2.Titration with HC] saturated methanol

The reactivity of a methanolic solution of [VVOZ{szfmp(inh)z}] (3.7) with
HCI was studied by drop wise addition of a methanolic solution saturated with HCI
" gasto 15 mL of a solution of 3.7 (ca. 6.86 x10™> M) and the observed changes are
presented in Flgure 3.21. The band appearing at 430 nm gains slight 1nten31ty and
ShlftS to 448 nm. Simultaneously, the broad weak band appearing at 340 nm
' sharpens with shght gain in intensity. Band at 307 nm loses its intensity while the
band at 277 nm shifts to 258 nm with gain in intensity. The solution became dark.\.'
at the end. Such changes have been interpreted in term of the formation of
oxidohydroxido species [52,53,54,147,151,152]. We also interpret our results
assuming the formation of oxidohydroxido vanadium(V) species. Other éomplexes

have very similar results. -

Absorbance

200 300 400 500 600

~ Wavelength (nm)
Figure 3.21. Titration of methanolic solution of [VVOz{szﬁrip(inh)z}] 3.7) by
HCI. The spectra were recorded upon stepw1se addltlons of two drops portions of

HCI saturated MeOH dissolved in 10 mL of MeOH to 15 mL of 6.86 ><10“5 M
solution in MeOH
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_ 3.3.11. Oxidative bromination of styrene

Oxidative bromination of styre.ne- gave mainly three products 1) 1,2-
dibromo-1-phenylethane, ii) 2-bromo-1-phenylethane-1-ol and iii) 1-phenylethane- -
1,2-diol; Scheme 3.3, along with some minor products (benzaldehyde, styrene
epoxide, benzoic acid and 4-bromostyrene). These are the normal oxidation
products of styrene observed previously but are always forming in 'Very less

amount.

= Br gy HOS~pe HOSop
H202, KBr .
' - a b c

Scheme 3.3. Products on oxidative bromination of styrene.

* " In order to maximize the oxidative bromination of styrene. the effects of
following parameters have been studied in detail using [V'O,{H,dfmp(inh),}] as a
representative catalyst:

i.  Amount of catalyst
ii.  Amount of H,0O,

ili Amount of KBr and
iv. Amount of HC10,

The effect of amount of catalyst oﬁ the oxidative bromination of styrene is
shown in Figure 3.22. Three different amounts of catalyst were considered where
the mixture of styrene .(1.04 g, 10 mlndl}, catalyst (0.001 g), KBr (3.57 g, 30
mmol) and HCIO, (.1 43 g, 10 mmol) were taken in V4O mL dichloromethane-water
(1:1 v/v) mixture.and the reaction was carried out at room tempefature. Another
three extra 10 mmol of HCIO, was added to the reaction mixture after every 15 -
min intervals. As shown in Figure 3.22, increasing the amount of catalyst from
0.001 .g to 0.002 g and then to 0.003 g did not improve much the over all
percentage conversion of the substrate buf a major change in the selectivity of the

products was observed. An amount of 0.001 g of catalyst gave 12% selectivity of
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monobromo, 7% di-bromo and 74% di-ol derivatives at the end of 1 h. In case of

.0.002 g catalyst, the selectivity of products f(_)liowed the order: di-ol (75%) >
mono-bromo (9%) = di-bromo (9%) while a selectivity order of di~ol (74%) > di-
bromo (19%) > rhono-bromo (2%) was obtained with 0.004 g of catalyst.
Therefore, we have fixed 0.001 g of catalyst to optimized other conditions.

The effect of amount of oxidant (30% aqueous H,0,) on the oxidative
~ bromination of styrene is illustrated in Figure 3.23. Under above condition,
substrate to oxidant ratio of 1:1 gave 73% conversion with 63% selectivity of
mono-bromo eﬁd 35% of di-ol derivatives. Increasing this ratio to 1:2 improved
the conversmn to 98% and this conversion remains almost constant on furthef
mcreasmg this ‘ratio. Therefore a substrate to H,0, ratio of 1:2 was considered
 suitable to optimize other conditions.

Similarly, three different amount of KBr (10 mmol, 20 mmol and 30 mmol)
were used while other reaction parameters such as 0.001 g catalyst
[VVO,{Hdfmp(inh),}], styrene (1.04 g, 10 mmol), 30% H,0, (2.27 g, 20 mmol),
and HCIO; (429 g, 30 mmol, added as described above) in 40 mL
" dichloromethane-water (1:1 v/v) mixture were kept constant and reaction was |
monitored at room temperature for 1 h. As shown in Figure 3.24, increasing the
. KBr amount ﬁoﬁlO mmol to 20 mmol resulted in the rap'id improvement in
conversion fr_om 49% to 97%. But further increament of KBr ameunt mainly
reduced the time period to ca 50 min_to complete the reaction and altered the
selecﬁvity of the products with no coﬁeiderable improvement in the conversion.
_ Anaiyses of reaction products show that 20 mmol KBr gives mono-bromo .
derivative with 60% selectivity and di-ol derivative with 38% selectivity, while 30
mﬁlol KBr gives three products with the following order of selectivity: di-ol 75%
> di-bromo (1 1%) > mono-bromo (9%)

~Acid (here HCIO,) was found to be essent1al to carry out catalytic-
bromlnatlon Its way of addition to the reaction mixture controls the stability of
the substrate while its amount has great influence on the conversion and selectivity
of products. The complexes slowly decompose during the reaction; decomposition

is slowed down, if HCIO4 is successively added in four portions (first 10 mmol
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portion at 0 time, other 20 mmol in threé equal portions and second after 15 min
and so on) dﬁring 1 h of reaction time. The effect of various amount of HCIO,
added in the reaction mixture as a function of the conversion of substrate is-shown
in the Figure 3.25. It is clear from the plot that 30 mmol of HCIO4 under above
optimized reaction conditions are the best to achieve 96% conversion. Further
increment of the HCIO4 only speeds up thé reaction but does not make significant

change on the product conversion.

100"’ '
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Figure 3.22. Effect of amount of catalyst on the oxidative bromination of styrene.
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Figure 3.23. Effect of amount of styrene to oxidant ratio on the oxidative

bromination of styrene.
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Figure 3.24. Effect of amount of KBr on the oxidative bromination of sfyrene.
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~ Figure 3.25. Effect of amount of HCIO,4 on the oxidative bronﬁnation of styrene.
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Figure 3.26. Effect of different catalyst on the conversion of oxidative

bromination of styrene.

Table 3.9 i)rovides all experimental details and conversion of styrene at
different conditions. Figure 3.26 compares the catalytic potential of the three
dioxidovanadium(V) complexes, [VVO,{ILdfmp(inh),}], K[V¥O,{Hdfmp(nah),}]
and K[VYO,{Hdfmp(bhz),}] under the optimised reaction conditions i.e. 0.001 g
catalyst, 1.04 g (10 nﬁmol) styrene, 2.27 g-(20 mmol) 30% H,0,, 2.38 g (20 mmol)
KBr and 4.29 g (30 mmol) HCIO, in in 40 mL dichloromethane-water (1:1 v/v)
mixture. Catalysts K[V'O,{Hdfmp(nah),}] and [VYO,{H,dfmp(inh),}], show
almost same conversion (ca. 97%) along with almost similér reaction curve but

K[V VOZ{demp(bhz)g}] shows a slightly better conversion (99 %).
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Table 3.9. % conversion obtained at different conditions by using
[VYO,{H,dfmp(inh),}] as catalyst in oxidative bromination of styrene.
Entry - Styrene KBr H;0, HCIO, Catalyst Solvent %
No.. . (DCM/H,0) | Conv.
1. | 104g 357g 3405 g 572¢ 0.001 g 20/20 98
‘ (10 mmol) (30 mmol) { (30-mmol) | (40 mmol) :
2 1.04 ¢ 357g 3.405g 572¢ 0.002 ¢ 20/20 97
(10 mmol) (30 mmol) |{ (30 mmol) { (40 mmol)
3 104 ¢ 357¢g 3405 g 572¢g 0.003 ¢ 20/20 98
(10 mmol). [ (30 mmol) | (30 mmol) | (40 mmol)
4 104 g 357¢ 1.135¢g 572g 0.001 g 20/20 73
(10 mmol) (30 mmol) | (10 mmol) | (40 mmol)
5 104 g 357g 227¢g 572 g 0.001 g 20/20 98
. (10 mimol) | (30mmol) | (20 mmol) | (40 mmol) »
6 104¢g 1.19g 227¢ 572g 000l g 20/20 49
(10mmol) | (10 mmol) | (30 mmol) | (40 mmol) ,
7 1.04 g 238 ¢ 227¢ 572¢g 0.001 ¢ 20/20 97
(10 mmol) (20 mmol) | (10 mmol) | (40 mmol) ]
8 104 g 238 ¢ 227g 286 g 0.001 g 20/20 79
(10 mmol) | (20 mmol) | ()0 mmol) | (20 mmol)
9 1.04 ¢ 238 ¢ 227¢g 429 g 0.001 g 20/20 96
(10 mmol) | 20mmol) | (20 mmol) | (30 mmol)

'We have also analysed the consumption of styrene and the formation of
major prodﬁcts with time under the optimized experimental conditions for the
catalyst K[VYO,{Hdfmp(bhz),}]; Figure 3.27. The formation of two products
starts with the consumption of styrene. However, among the products formed, the -
formation of 1-phenylethane-1,2-diol reaches 40% (with 41% selectivity) at the
end of 1 h. The formation of 2-bromo-1-phenylethane-1-ol (bromohydrin) initially
increases and reaches to 61% (with 70% selectivity), and after ca. 45 min. of
- reaction it starts decreasing, being ca. 53% (with 54.0% sélectivity) at the end of 1
h. Increasing the reaction time beyond 1 h, initjates the formation of the dibromide
at the expense of bromohydrin while 1-phenylethane-1,2-diol remains almost
constant. It should be noted here that for the catalytic oxidation of styrene the |
experimental conditions:were set up for maximum conversion of styrene and the

product obtained in higher relative amount was bromohydrin.
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Figuré 3.27. Diagram showing the % consumption of styrene with the %

selectivity of the products for catalyst K[VY(0,) {Hdfmp(bhz),}].

We ﬁave also tested the catalytic activity of methoxido complexes,
[VVO(OMe)(MeOH){demp(inh)2}], [VYO(OMe)(MeOH){Hdfmp(nah),}] and
[VVQ(OMVe)(MeOH){demp(bhz)z}] for the oxidative bromination of styrene and
optim‘izéd' tiw various reaction conditions considering all factors mentioned above.
Figufe‘ 3;28 show conditions applied and corresponding results. It is clear from the
figures that nearly similar conditions are required for these complexes and that
percentage conversions are also nearly same with all three complexes along with
the selectivity of different pfoducts. The only difference is that 0.003 g of catalyst

was required to obtain maximum conversion.
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Figure 3.28. A) Effect of catalyst amount, B) effect of oxidant améunt C) effect

of KBr and D) effect of HCIO4 on the oxidative bromination of styrene. us1ng
[VVO(OMe)(MeOH){demp(nah)z}] as catalyst .

Table 3.10 compares the conversion of styrene and selectivity of products usmg

methoxido and dioxido Vanadlum(V) complexes as catalysts.

Table 3.10. Product selectivity and % conversion at'optimum reaction condition.

SL. Catalyst - Catalyst | % Conv. | Selectivity (%)
No. . amount Mono- | . di-ol
' bromo '
" 1. | [V'O(OMe)(MeOH){Hdfmp(nah),}] | 0.003 g 98 - 58 40
2. | K[V'O,{Hdfmp(nah),}] 0.001 g 97 59 39
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3.4. Conclusions

Three binucleating ligands Hzdfmp(inh),, Hidfmp(nah), and H3dfmp(bhz),
derived from 2,6-diformyl-4-methylphenol and various hydrazides have been:
designed to prepare variety of vanadium complexes. All ligands utilize only one
site of the coordinating functions. Concentrations of elecfron density on one site of
the ligands promote only one site of functions in céordiﬁation.
Oxidovanadium(IV) complexes, [VYO{Hdfmp(inh),}-H,0] (3.1),
[VIYO{Hdfmp(nah),;} - H,0] (3.2) and [V™O{Hdfinp(bhz),}-H,0] (3.3) undergo
aerial oxidation in methanol with the formation of oxidomethoxido complexes
[VYO(OMe)(MeOH){Hdfmp(inh),}] (3.4), [V'O(OMe)(MeOH){Hdfmp(nah),}]
(3.5) and [VVO(OMe)(MeOH){demp(bhz)z}] (3.6). Neutral complex
[VYO,{H,dfmp(inh),}] (3.7) has been prepared by the reaction of KVO; with
potassium salt of inh based ligand at ca. pH 7. The presence of additional ring
nitrogen in inh based ligand promotes the stabilization of neutral
oxidovanadium(V) complex, [VV02{H2dfmp(inh)2}] (3.7) through protonation of
ring nitrogen and coordination of the ring nitrogen of the second unit of ligand to
vanadium. This has been confirmed by single crystal X-ray analysis of 3.7. The
nah and bhz based ligands provide potassium salts, K[VVYO,{Hdfmp(nah),}] (3.8)
and K[VYO,{Hdfmp(bhz),}] (3.9). The steric hindrance is possibly prevalént in
nah based ligand to prevent the coordination of ring nitrogen. The methoxido
complexes can be converted into the corresponding dinuclear complexes, e.g.
[{V"O,{Hdfmp(inh)} }o1p-O] (3.10), [{V'O,{Hdfmp(nah);}},u-O] (3.11) and
[{VYO,{Hdfmp(bhz),} },;—O] .(3.12) on refluxing in dry acetonitrile.

The vanadium(V) complexes, 3.4 to 3.9 can be considered partly to be
structural models of VHPO. These model characters extend to functional
similarities, in that these coxﬁplexes catalyse the oxidative bromination of styrene.
These complexes can also be converted, by treatment with H,O,, to the
corresponding  peroxido  complexes, [VVO(Oz){demp(inh)z}]. (3.13),
[VVO(0,){Hdfmp(nah),}] (3.14) and [VV((O,){Hdfmp(bhz),}] (3.15) and thus to
an intermediate in the catalytic cycle representing the activity of VHPO.
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Mn(Il) complexes of monoprotic tridentate ONN donor 2-[2-(1H-
(benzo[d]imidazol-2-yl)ethylimino)methyl]phenol as functional mimic of
‘haloperoxidases ' '

4.1. Iﬁtroduction

Benzimidazole or. its derivatives are present in Vitamin B, and related
biomolecules. Additionally, ring nitrogen of behiimidazole group containing
.lignads in metal complexes partly provides model for the coordination of
imidazole of histidine in several enzymes [175,176,46], Ligand 2-[2-(1H-
(benzo[d]imidéizol-2-yl)ethylimino)methyl]phenol (Hsal-aebmz, 4.1), derived from
salicylaldehyde and 2-aminoethylbenzimidazole, Scheme 4.1) is a monobasic
o tridentate ligand having appended benzimidazole group. Structural and functional
mociels for haloperoxidases have been prepared successfully using 4.L. Such one or
two ligands can coordinate to the metal ions depending upon fhe requirement of
coordination nurﬁber of metal ions and stabilize its complexes in different
coordination geometry. [46,177]. Additionally, same metal in different oxidatiori
states can also be stabilized depending upon whether deprotonation of ring -NH,
no protonation, protonation of only one of the two ring nitrogens or both. Its
vanadium complexes are known to undergo protonation/ deprotonation of ring

nitrogéﬁ stabilizing the complexes in both forms.
In the present chapter we report two manganese(IIl) complexes with
monoprotic tridentate ONN donor ligand 4.I. While complex [Mn"(sal-
~ aebmz),]ClO, is the expected one, the intriguing feature of the other complex
:CS&R%IQL;},;H)iMnm(saI—aebmz);j is the compensation of three units of cationic charge by two
o fnolgculeé of the ligand, giving indications that the complexation behavior of this
traditionally tridentate monoprotic ligands is not straightforward and demands
complete investigation. Therefore, we report the synthesis, crystal and molecular-
structures, spectroscopic ~characterization, and redox properties of these
| complexes, showing the diversities in their coordination propertiés. Manganese
complexes with a mixed ON coordination sphere have been studied extehsively ‘
due to their potential as (i) SOD mimics [178,179], (i1) structural models for
manganese containing enzymes [81,180-184] and (iii) catalytic activities [82,84].
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Oxidative bromination of styrene catalyzed by the neutral complex, a functional

mimic of haloperoxidases, has also been reported here.

OH N
7
©[§N/\/< j@
N
H
Hsal-aebmz (4.1)

Scheme 4.1. Structure of Hsal-aecbmz (4.1).

4.2. Experimental Section
4.2.1. Materials

Analytical reagent grade maganese(Il) chloride, manganese(Il) perchlorate
hexhydrate, 30 % aqueous H,0, (E. Merck, India), S-alanine (Spectrochem,
. Mumbai, India), styrene (Acros Organics, U.S.A.), o-phenylenediamine and -
salicyléldehyde (Qualigens, Mumbai, India) were used as obtained.  2-
Aminoethylbenzimidazole dihydrochloride (aebmz-2HCI) [185] and Hsal-acbmz
(4.I) [46] were prepared according to methods reported in the literature. All other

chemicals and solvents used were of AR grade.

4.2.2. Physical Method and Analysis

Magnetic susceptibilities of complexes were determined at 298 K with a
Vibrating Sample Magnetometer model 155, using nickel as a standard.
~ Diamagpetic corrections were carried out with Paséal’s increments [186]. Cyclic
voltammograms of the complexes were recorded in the potential range of —0.3 to
0.6 V in DMF (dried over molecular sieves), using 0.1 M tetrabutylamrhon’ium
perchiorate (TBAP) as a supporting electrolyte. Ag/AgCl as reference electrode,
glassy carbon as working electrode and platinum wire aé auxillary electrode were
used while scan rate was fixed at 0.1 V/s. Thermogravimetric analyses of the
complexes were carried out using Perkin-Elmer (Pyris Diamond) instrument in air

with a heating rate of 10 °C/min. Other experimental details are given in chapter 2.
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4 2.3. Preparations'

. 4 2. 3 1. [Mnm(sal-aebmz)z] ‘Cl104 (4.1)

| A solutlon of MnClO46H,O (1.81 g, 5 mmol) in methanol (25 ml) was
added to a stirred solution of Hsal-aebmz (2.65 g, 10 mmol) in methanol (40 mL)
. and the reabtion mixture was stirred for ca. 5 h. Air was slowly passed through the
resdlting brown solution for 1 day. After reducing the solvent leume to ca. 10 ml
and keeping the flask at room temperature complex 4.1 separated out within over
night. This was ﬁitered, washed with methanol and dried. Yield: 2.225 g (65.2 %).
Anal. Calc. for. C3,HgNsOsCIMn (683.00): C, 56.2; H, 4.1; N, 12.3. Found: C,
56.42; H, 4.13; N, 12.02%. | | |

4.2.3.2. [Mn"(sal-aebmz-H)(sal-aebmz)] (4.2)

A stirred solution of Hsal-aebmz (1.060 g, 4 mmol) and trietylamine (0.404_
g, 4 mmol) in methanol (30 ml) was treated with a solution of MnCl,.4H,0 (0.396
. 8 2 mmol) in methanol (20 ml) and the reaction mixture was stirred for 5 h. Air
was slowly pdssed through the resulting brown solution for 1 day. After reducing
the solvent volume to ca. 10 ml, flask was kept at room temperature where 4.2
separated out within over night. This was filtered, washed with methanol and
dried. Yield: 0.525 g (45.1 % ). Anal. Calc. for C3,H,7NgO0,Mn(582.54): C, 65.9;
H, 4.6; N, 14.4. Found: C, 65.66; H, 4.72; N, 14.27%.

4.2.4. Oxidative bromination of styrehe

Complex [Mnm(sal-aebmz-H)(sal—aebmz)]- (4.2) is used catalyst to carry out
the oxidative bromination of styrene. Styrene (1.04 g, 10 mmol) was added to an
aqueous solution (20 mL) of KBr (3.57 g, 30 mmol), followed by addition of 20
mL CH,Cl, and 30% aqueous H,0, (3.40 g, 30 mmol) in a 100 mL reaction flask.
| The catalyét (0.001 g) and 70% HCIO,4 (1.43 g, 10 mmol) were added, and the
' reaction mixture was stirred at room temperature. Three additional 10 mmol
portions of 70% HClO4 were further added after every 15 minutes with continuous
stirring. In all batches the experimental conditions (e.g. stirring speed, size of -

magnetic bar and reaction flask) were kept as similar as possible. After 1 h the
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orange colored organic layer was separated by separatory funnel, washed with
water and dried. The crude mass was redissolved in CH,Cl, and after filtering the
solvent evaporated. The reaction products were separated using a silica gel
column. Elution of the column with 1% CH,Cl, in n-hexane first separatfad a
* mixture of bromo derivatives followed by 1-phenylethane-1,2-diol. The two
bromo derivatives were finally separated from each other using the silica gel

column again by eluting with pure n-hexane. The identity of all products was
confirmed by GC-MS and 'H NMR.

1,2-Dibromo-1-phenylethane: 'H-NMR (CDCl;, & ppm): 7.29-7.39 (m, 5H),
aromatic), 5.11-5.13 (q, 1H, CH), 3.97-4.06 (septet, 2H, CHy,). |

1-Phenylethane-1,2-diol: 'H-NMR (CDCls, 8/ ppm) 7.29-7.39 (m, 5H, aromatic),
4.9 (g, 1H, CH), 3.5 (q, 1H of CHy), 3.6 (g, 1H of CHy), 2.7 (b, OH).

2—Broino—l—phenylethane—l-ol: '"H-NMR (CDCls, &/ ppm): 7.29-7.39 (m, 5H,
aromatic), 5.1 (q, 1H, CH), 3.9 (septet, 2H, CH,.

4.2.5. X-Ray crystal structure determination of 4.2

’ Three-dimensional X-ray data were collected on a Bruker Kappa Apex
CCDC diffractometer at low temperature for [Mnm(sal-aebmz-H)(sal—aebmi)]
(4.2) by the ¢-@ scan method. Reflections were measured from a hemisphg:re of
data collected from frames each of them covering 0.3° in @. Of the 40784
reflections measured, all were corrected for Lorentz and polarization effects and
-for absorption by multi-scan methods based on symmetry-equivalent and repeated
reflections, 3195 independent reflections exceeded the significance level
(IF |/o| F l) > 4.0. Complex scattering factors were taken from the program
package SHELXTL [166]. The structures were solved by direct methods and
refined by full matrix least-squares on /. Hydrogen atoms were left to refine
freely with isotropic thermal parameters, except hyd;ogen atoms of C(31), which

was included in calculated positions and refined in the riding mode. Refinement
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was done with allowance for thermal anisotropy of all non-hydrogen atoms.

Further details of the crystal structure determination are given in Table 4.1.

Table 4.1. Crystal data and structure refinement for [Mn"(sal-acbmz-H)(sal-
acbmz)] (4.2). '

4.2
| Formula ‘- C32Hy7MnNgO, .
- Molecular weight 582.54
Crystal system Orfhorhombic
Space group | Pbca
T/K | 100(2)
alA 18.0517(9).
b/A 14.6821(6)
c/A - 20.1716(7)
V/A? 5346.2(4) |
Fooo _ 2416
Z , 8
D /g cm™ ' 1.447
mm™ | 0.537
6 2.02-25.14
Riny 0.0990
Goodness-of-fit on F° : -1.003
R 0.0402
© WR, (all data)® 01227
Largest differences peak and hole (eA™) -0.554-and 0.526

Ry == Fo |- F I /Z | Fo| . Ry = (=W Fa P L P 1Y I/Z[w(Fo4)]}"2
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4.3. Results and discussion

Reaction of Mn(ClOy4), with Hsal-aebmz (4.I) in 1 : 2 molar ratio in
methanol under aerobic conditions yields an ionic complex ... | Mn"(sal--
aebmz),]'ClO4 (4.1). In the presence of triethylamine and using MnCiz under |
similar condition ligand forms [Mnm(sal-aebmz—H)(sal—aebmz)] (4.2), which is a
neutral species apparently stabilized, in the solid state, through inter molecular
hydrogen bonding between NH groups of the two benzimidazole moieties after
losing one of the hydrogen atoms. Equations (4.1) and (4.2) show the reaction

involved.

2Mn"(C10,), + 4Hsal-aebmz + ¥4 O, —
2[Mn'(sal-aebmz),]-C10, + 2HCIO, + H,0 4.1)
2MnCl, + 4Hsal-aebmz + 4NEt; + % Oy — |
2[Mn"(sal-acbmz-H)(sal-acbmz)] + 4NELHCI + H,0  (4.2)

Characterization of these complexes are based on spectroscopic (IR, and
UV-vis) data, elemental analyses, and X-réy diffraction analysis of complex 4.2.
Both complexes are soluble in methanol, ethanol, acetonitrile, DMF and DMSO.
Complex 4.1 is 1:1 electrolyte in DMF with molar conductance of 23.1 ohm™ c¢m®
mol™ while 4.2 is a non-electrolyte ( Ay = 1.6 ohm™ cm? mol—l). The room
temperature magnetic moment value of 4.87 up (for 4.1) and 4.93 pp (for 4.2) are
well within the range of magnetic moment reported for a magnetically -dilute

octahedral high-spin d* manganese (III) complexes [187,188].

4.3.1. Description of structure of [Mnm(sal~aebmz;H)(Sal-aebmz) 14.2)

Figure 4.1 shows the ORTEP diagram of the complex [Mn''(sal-acbmz-
H)(sal-aebmz)] (4.2). Selected bond distances and angles are given in Table 4.2.
The structure contain neutral complex of Mn(Ill) with two sal-aecbmz ligands
occupying the six coordination positions in a distorted octahedral geometry.. One
of the ligands (sal-acbmz-H) is deprotonated in the two benzimidazole nitrogen

atoms. The ligands coordinate to the Mn(III) across of the deprotonated phenolic
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oxygen, the imine nitrogen and the deprotonated benzimidazole nitrogen atoms
acting as tridentate. The sal-acbmz ligands are meridionally bound, so that the
imine nitrogen atoms are in trans to each other and the deprotonated phenolic
oxygen atoms are in trans with respect to the deprotonated benzimidazole nitrogen
atoms of the same ligand (Figure 4.2). The meridional coordination is directed by
the C=N imine group, and is common to structures with this bond.[189]. The N(2)-
Mn(1)-N(6) interligand angle of 175.45(10)° is below the theoretical value of 180°.
In addition the cis angles comprised between 84.16° and 96.49° are above 90°. The
average bond distances for each set of Mn-Ophenotic; MN-Npenzimidazole @nd Mn-Nipine
in this complex are 1.903(2), 2.044(3) and 2.252(3) A, and are shorter than similar
Mn(II) complexes with tridentate Schiff bases [189]. Intermolecular hydrogen
bonding between protonated and deprotonated non-coordinated benzimidazole
nitrogen atoms control the molecular packing (see Figure 4.3). No n-n stacking

interactions are found.

4.3.2. Thermogravimetric analysis _

Complex [Mn(sal-aebmz),]-ClO; is stable upto ca. 100 °C and thereafter
starts losing weight exothermically. The complete loss of perchlorate group occurs
at ca. 300 °C (Obs. 14.3%; Cal. 14.6%). After this, complex decomposes in three
major but overlapping steps and stabilizes with ca. 12% residue at ca. 650 °C
which corresponds to MnyO3 (Cal. 11.56%). Neutral complex [Mn™(sal-aebmz-
H)(sal-aebmz)] has extended thermal stability up to 235 °C. Further increasing
temperature causes the exothermic decomposition of the complex in three steps
which completes at ca. 650 °C with ca. 13% residue (Cal. for Mn,O; = 13.54%).
No further loss in weight for both complexes is observed beyond 650 °C.
Approximation of the decomposition of particular group was not possible in both

cascs.
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Figure 4.1. ORTEP plot of the complex [Mn™(sal-acbmz-H)(sal-acbmz)] (4.2).
All the non-hydrogen atoms are presented by their 30% probability ellipsoids.

Hydrogen atoms are omitted for clarity.

Figure 4.2. Capped sticks showing the coordination in trans of the deprotonated
phenolic oxygen atoms respect to the benzimidazole nitrogen atoms of the same

sal-aebmz ligand.
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Figure 4.3. Crystal packing of the complex [Mnm(sal-aebmz-H)(sal-aebmz)]
(4.2). Hydrogen bonding interactions (dashed blue lines) as D-H, H---A, D--A (A)
and D-H--A(°): N(5)-H--N(1): 0.89(4), 1.99(4), 2.877(4) and 171(3); symmetry
transformations: [ x-1/2,y, -z+1/2 ]
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Table 4.2. Selected bond lengths and bond angles for [Mn"(sal-acbmz-H)(sal-
acbmz)] (4.2).

Bond lengths (A) Bond angles (©)
Mn(D-O(1) 1873(2) O(1)-Mn(1)-0(2) 89.08(10)
Mn(1)-0(2) 1 7934(2) O(1)-Mn(1)-N(2) 174.88(10)
Mn(1)-N(2) 1.986(3) 0Q2)-Mn(1)-N(2) 89.76(10)
Mn(1)-NG) T221303) O(1)-Mn(1)-N(@) 90.92(10)
Mn(1)-N(4) 2.101(3) O(2)-Mn(1)-N(4) 168.82(9)
Mn(1)-N(6) 2.29003) N(2)-Mn(1)-N(4) 91.19(11)
N(1)-C(10) 1325(a) O(1)-Mn(1)-NG3) 87.17(9)
N(1)-C(11) 1.394(4) 0(2)-Mn(1)-N(3) 94.97(9)
O )-C(1) 1327(4) N(2)-Mn(1)-NG3) 87.97(10)
0@)-C(17) T 1322(4) N@)-Mn(1)-N(3) 96.20(10)
N(2)-C(10) 1367(4) O(1)-Mn(1)-N(6) 88.35(9)
N(2)-C(16) 1.391(4) O2)-Mn(1)-N(6) 84.16(9)
NG)-C(7T) 1276() | N(2)-Mn(1)-N(6) 96.49(10)
N(3)-C(8) 1.474(4) N(4)-Mn(1)-N(6) 84.66(10)
N(4)-C(26) 1333(4) N(3)-Mn(1)-N(6) 175.45(10)
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433.IR Spectral studies

A partial list of IR spectral data is presented in Table 4.3. The ligand
exhibits a broad band at ca. 3445 cm™ due to v(OH) ‘stretch and absence of this
- band in complexes suggests the coordination of the phenollc oxygen atom after
deprotonation. A sharp band appearing at 1634 cm~ ! due to w(C=N) (azomethine)
. moves toward lower wave numbers on coordination of the azomethine nitrogen to
the manganese [46]. A strong band at 1425 cm™ due to v(-C=N-C=C-) in the free
ligand shifts to 1450-1460 thereby indicating the coordination of the imine
nitrogen of the benzimidazolyl group [177]. These complexes also exhibit two
medium intensity bands at 455 — 457 and 576 — 629 cm™' due to v(Mn-N) and v(M-
O) stretches, respectively. The presence of several medium intensity bands
" between 2500 and 2700 cm ! in the ligand, as well as in complexes, hints tlle
existence of hydrogen' -bonding between NH of benzimidazole and other
electronegative atoms. In addition, complex 4.1 exhibits two band at 1095 and 629

cm~ Wh1ch is well within the range reported for anionic perchlorate ion [190].

Table 4.3. IR spectral data (cm™) of ligand and complexes.

Compound ‘ v(C=N) |v(Mn-N) |v(@Mn-0) | v (ClOy)
Hsal-acbmz 1634 - - -
[MnT(sal-aebmz),]-ClO, - | 1619 455 629 1 1095, 629
[Mn™(sal-acbmz-H)(sal-acbmz)] | 1612 457 576

4.3.4. UV/Vis Spectral Studies

Electronic spectral data of ligand-and complexes are presented in Table 4.4. |
Figure 4.4 presents electronic spectra of complexes. Independent of the nature of
the complexes (ionic or neutral) the electronic spectra of both the complexes
(recorded in methanol) exhibit two weak shoulder bands in the 620 — 480 nm
region. The reﬂectance spectra of the complexes (see Figures. 4.5 and 4.6) also -

exhibit bands at nearly.the same positions as -of solution spectra. For the distorted
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d* system with pseudo-Cyy symmetry, three spin-allowed d—d transitions *B; —
5A1, 5B1 — °E and 5B1 — 5B2 have been predicted, of which the first one involves
an electron from the dz* orbital and is sensitive to the environment [191,192]. As
- electronic transitions of both the complexes are insensitive towards environments
the observed bands are assigned due to °B; — °E and °B, — °B, transitions,
respectively. These complexes are also dominated by a medium intensity band at
367 nm (a near UV region) attributable to phenolate O(p,) — Mn(d,+) ligand to
metal charge transfer transition. Other UV bands due to ligand in both the
complexes are obtained well within the eXpected range reported for copper [177]

and vanadium complexes [46].
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Figure 4.4. Electronic spectra of [Mnm(sal-aebmz)z]-CIO4 (4.1) and [Mn''(sal-

acbmz-H(sal-aebmz)] (4.2). In set shows spectra of visible region 450 — 900 nm.
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Figure 4.5. Diffused reflectance spectrum of [Mn(sal-aebmz),].
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Figure 4.6. Diffused reflectance spectrum of [Mn(sal-aebmz-H)(sal-aebmz)] .
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Table 4.4. Electronic spectral data of ligand and complexes.

Compound Solvent Amax(nm)/ g(litre mol” em™)
Hsal-aebmz MeOH 317,281, 275, 254, 206 |
4.1 MeOH 618(259), 482(576), 367(535), 324(1023),

280(3159), 272(3682), 241(3884), 205(7813)
Reflectance | ~615,450

4.2 MeOH 619(352), 485(865), 367(815), 324(1874),
281(6221), 272(7252),241(7755), 208(15050)
Reflectance | ~620, 450

4.3.5. Electrochemical studies |

The cyclic voltammograms of two complexes were recorded over a
potential range of —0.3 to 0.6 V in DMF (dried over molecular sieves), using 0.1M
tetrabutylammomum perchlorate (TBAP) as a supporting electrolyte. The shapes
of the cyclic voltammograms of both the complexes are similar (Flgure 4.7,
showing their similar nature in solution. Same conclusion has also been inferred
while studying UV-vis spectral studiei The observed one-electron rédox wave at
E,=0.114 (for 1) and 0.131V (for 4.2) vs. Ag/AgCl corresponds to the Mn"Mn"
redox couple [193,83]. A peak-to-peak separation (AE) value of ca. 0.51 V for
both the complexes is relatively large but can still be considered small which

suggests that both have reversible to quasireversible behaviour [193,83].
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Figure. 4.7. Cyclic voltammogram of [Mnm(sal-aebmz)z]ClO4 (4.1) (above) and
of [Mn"(sal-aebmz-H)(sal-acbmz)] (4.?.) (below) in DMF solution (1 mM), Ag/
AgCl as reference electrode, glassy carbon as working electrode and platinum wire

as auxiliary electrode. Scan rate: 0.1 V/s.
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4.3.6. Reactivity of Mn"(sal-acbmz-H)(sal-aebmz)] (4.2) with H,O, in
methanol '

The behaviour of the methanolic solution of [Mnm(sal—aebmi-H)(sal-_ -
acbmz)] (4.2) upon addition of H,0, v&;as monitored by electronic absorption
spectroscopy. Thus the stepwise additions of two drops portions of 30% H,0,
(0.305 g, 2.96 mmol) dissolved in 5 mL of MeOH to 5 mL of ca. 3.1x 10™* M
solution of [Mn"(sal-aebmz),] in MeOH results in the decrease in intensities of the
367 and 324 nm bands and emerge as a weak shoulder band at ca.350 nm; inset of
Figure. 4.8(A). Simultaneously the two UV bands appearing at 281 and 272 nm
improve their intensity while bands appearing at 241 and 208 nm increase in
intensity and finally disappear (Figure. 4.8(A)). The d-d bands appearing at 619
and 485 nm recorded with more concehtrated solutions slowly dec;reasc theif
intensities and finally 619 nm band almost disappears while 485 nm one apﬁears as
a weak shoulder (Figure. 4.8(B)). This spectral change may correspond t»o the
- formation of active oxidized manganése spec‘ies [185,194;195] which s
responsible for the oxidative bromination. Similar spectral changes have als<.) been |
observed for complex 4.1 (see Figure. 4.9). Interestingly, solutions of all

complexes acquire original spectral patterns on keeping for long time.
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Figure 4.8. (A) UV-

Vis spectral changes observed during titration of [Mnm(sal-

. aecbmz-H)(sal-aebmz)] (4.2) with H,0,. The spectra were recorded after stepwise
additions of two drops portions of 30% H,0, (0.305 g ,2.96 mmol) dissolved in 5
mL of MeOH to 5 mL of 3.1 x 10™ M solution in MeOH.
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-Figure 4.8. (B) [J'V-Vis'spegtral changes observed during titration of [Mn™(sal-
aeme-H)(sal-éebmz)] (4.2) with Hzoi. The spectra were recorded after stepwiée
additions of two drops portions of 30% H,0, (0.305 g ,2.96 mmol) dissolved 1n 5
mL of MeOH to 25 mL of 2.32 x 107> M solution of 4.2 in MeOH. |
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Figure 4.9. UV-Vis spectral changes observed during titration of [Mn"(sal-
- acbmz),]-ClO4 (4.1) with H,O,. The spectra were recorded after stepWise additions
of two drops portions of 30% H,0, dissolved in 10 mL of MeOH to 20 mL of
1.23 x 10 M solution in MeOH. |

4.3.7. Oxidative bromination of styrene

Oxidative bromination of styrene under | a two-phase system, ‘using
[Mnm(sal-'aebmz-H)(sal-aebmz)] (4.2) as catalyst in the presence of KBr, HCIO,
and H,0O, gave mainly three products namely, (a) l;2-dibroﬁ10-l-phenylethane, (b)
2-bromo-1-phenylethane-1-ol and (©) 1-phenylethane—1,2-diol; " Scheme 4.2.
Addition of HCIO, in four equal portions was required to obtain better oxidative
bromination. All products were separated/ isolated by column chromatography and
the content of each fraction was confirmed by 'H NMR as well as GC-MS. The
obtained products are the sanﬁe as those reported by Conte et al. [112,113] and |
others [163]. The formation of other minor products as obtained earlier, was
ignored.

The following parameters were studied to optimize the reaction conditions
for the maximum oxidative bromination of styrene taking 4.2 as catalyst precursor:
(1) catalyst amount, (ii) oxidant amount, (iii) potasium bromide amount and (iv) .

. perchloric acid amount.
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__ Br b HO ~Br HO ~OH
H202, KBr: .
’ o + -+
" HCIO, - | |
a b c

Scheme 4.2. Main products obtained by oxidative bromination of styrene. (a) 1,2-

: dibromo-l-j;)henylethane (dibromide), (b) 2-bromo-l-phenylethaneel-oi (a
bromohydrin) and (c).1-phenylethane-1,2-diol. |

Three different amounts of 4.2 Aviz. 0.002, 0.004 and 0.006 g of catalyst
precursor were used while keeping the fixed amount of styrene' (1.04 g, 10 mmol),
KBr (3.57 g, 30 mmol), 30 % H,O, (3.405 g, 30 mmol), aqueous 70 % HCIO;4
- (5.72 g, 40 -mmol) in a 40 mL CH2C12—wafer (50% V_/V) mixture at room
temperature.” As presented in Figure 4.10, a maximum of 96 % conversion was
obtained after 1 h of reaction time with 0.002 g catalyst precursor while 0.004 and
- 0.006 g cétalyst precursor gave nearly the same conversion. Thefefor_e, 0.002 g of |
catalyst was set as optimum. During the reaction, addition of HC1O, was made in
four -equal portions, one immediately after the catalyst precursor (reaction time =
0), and the threeother portions with 15 min. intervals. - |

The effect of amount of aqueous 30% H,0, was studied considering substrate
to oxidant ratios of 1 : 1,1 :2 and 1 : 3 for a fixed amount of styrene (1.04 g, 10
nﬁrriol), amount of catalyst precursor (0.002 g), KBr (3.57 g, 30 mmol) and HC1O,
(5.72 g, 40 mmol) in CH,Cl,-H,0 (40 mL, 50% v/v), and reaction was monitored
~ at room température for 1 h (Figure 4.11). Increasing the substrate to oxidant
ration from 1:1 to 1:2 nét only increases the % conversion but also changes the
products selectivity. Thus, 1:1, substrate to oxidant ratio gives 88% conversion
with mono bromo derivative 424 % and di-ol deﬁvative 57 %. But at substrate to
oxidaﬁt of 1:2, 95 % product conversion is observed with monobromo derivative 7
% , dibromo derivative 20 % and diol derivative 72 %. Further inc'rcasihg the
oxidant amount gives almost same product conversion with slightly different -

product selectivity i.e. mono bromo derivative 3 %, dibromo derivative 13 % and
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diol derivative 83 %. Therefore, substrate to oxidant ratio of 1:2 was considered

the best for the optimum condition.
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Figure 4.10. Effect of amount of catalyst on the oxidative bromination of styrene

at room temperature for 1 h.
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Figure 4.11. Effect of the amount of H,O, on the oxidative bromination ~‘of

styrene.
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| Similarly three different substrate to KBr ratios were considered. Substrate to
KBr ratio 1:1 gives 62 % product conversion with dibromo derivative as a maj_or
product (87 %) along with a small amount of diol derivative (13 %) but no
monobromo derivative was found in this reaction time (F igﬁre'4.12). >Su‘t')strate to
KBr ratio 122 shows 97 % conversion with monobromo derivative 25 % , dibromo
derivétive 8 % and diol derivative 66 % while 1:3 shows 95 % conversion. with
monobromo derivative 7 % , dibromo derivative 20 % and diol derlvatlve 72 %.

Thus 1:2 substrate to KBr ratio was set as optimum.

100 -
i —u=—10 mmol KBr

1—=—20 mmol KBr

80] —=— 30 mmol KBr /

% Conversion
N S
? e

T T T T T T T v T

0 10 20 30 40 S0 60
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Figure 4.12. Effect of the amount of KBr on the oxidative bromination of styrene.

- To optimize the amount of HCIO,, three different amounts of 70% HCIO,

were used for a fixed amount of styrene (1.04 g, 10 mmol) amount of catalyst

" precursor (0 002 g), KBr (2.38 g, 20 mmol), 30 % H,0, (2.27 g, 20 mmol) and

CH,CL-H,O (40 mL, 50% v/v) at room temperature for 1 h (Figure 4.13). |
Addition of extra HCIO,4 has an effect on % conversion and on product selectivity., -
One equivalent extra addition of HCIO4 gives 80 % conversion with exclusively
dibromo derivative as a major product (66 %) and small amount of diol derivative
- (33 %). Two equivalént extra addition of HClO, increases the conversion from ‘8(‘)
% to 96 % with mono bromo derivative 39 %, dibromo derivative 3 % and diol
derivative 57 %. Further increarhept of extra addition of HCIO4 does not improve
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- the product conversion only selectivity changes. Hence two equivalent extra

addition of HC1O; (a total of 30 mmol) was the best.

1009 —w— 20 mmol HCIO
4
1—=—30 mmol HCIO, =
D

80~ —=— 40 mmol HCIO, /
’ 1 n
60-
404 - /
4 u
)

204

% Conversion

0 10 20 30 40 50 60
Time (min)
Figure 4.13. Effect of the amount of perchloric acid on the oxidative bromination

of styrene.

Table | 4.5 pfesents summary of the oxidative bromination of styrene
~ obtained under various reaction conditions applied. Thus, the optimised reaction
conditions concluded for the oxidative bromination of 10 mmol of styrene are:
catalyst precursor (0.002 g), KBr (2.38 g, 20 mmol), 30% H,0, (2.27 g, 20 nimol)
and 70% HCIO4 (4.29 g, 30 mmol) in CH,Cl,-H,0 (40 mL, 50% v/v). Under this
éondition, a maximum of 96% oxidative bromination of styrene has been achieved
with monobromo derivative 39%, dibromo derivative 3% and diol derivative 57 %.

The most acceptable mode of action of vanadium-dependent
bromoperoxidase enzymes (V-BrPOs) involves the presence of vanadium in their
active sites [163,154-157]. The vanadium in the presence of hydrogen peroxide
forms a peroxido vanadium derivative that oxidizes a bromide ion, thus forming a
bromine equivalent intermediate. Such an intermediate may then either brominate
an appropriate organic substrate or react with another molecule of Br™ to form

bromine. The bromine generated may further react with substrate to brominate. -

140



Chapter 4: Mn(III) complexes

Chanchal Haldar * Ph.D. Thesis

The oxidized active manganese intermediate species formed by the interaction of

H,0, (vide supra) may oxidise the bromide ion, similar to haloperoxidases. "This

then transfers to the organic phase (CH,Cl,) where the bromination of the styrene
takes place [112,113]. |

Table 4.5. Results of oxidative bromination of styrene using v[Mnm(s’al-aebmz‘-

~ H)(sal-aebmz)] (4.2) as catalyst precursor. Conversion data obtained after 1 h.

KBr

Solvent

Entry | Styrene H,0, | HCIO, | Catalyst %
No. } | (DCM/H,0) | Conversion
1. 104g | 3.57g . |3.405g| 5.72g | 0.002 g 20/20 96
110 (30 (30 40 '
mmol) | mmol) | mmol) | mmol) - , ,
2 1.04g | 3.57g |3.405g| 5.72g | 0.004 g 20/20 97
10 | (30 (30 (40
mmol). | mmol) | mmol) | mmol) _
'3 1.04g | 3.57g {3.405g| 5.72g | 0.006 g 20/20 96
(10 | (30 (30 (40 |
mmol) | mmol) | mmol) | mmol) _ B
4 | 1.04g | 357g [1.135g| 572g | 0.002g | 20/20 88
(10 (30 (10 (40
-mmol) | mmol) | mmol) | mmol)
5 | 1.04g | 357g | 227g | 5.72g | 0.002g | 2020 95 -
(10 | @0 | @ | (o |
mmol) | mmol) | mmol) | mmol) | ,
6 | 1.04g | 1.19g | 227g | 5.72g | 0.002g | 20/20 62
(10 (10 “0 (40
‘mmol) | mmol) | mmol) | mmol)
7 1.04g | 238¢g | 227g | 572g | 0.002 ¢ 20/20 97
(10 (20 10 (40
. mmol) | mmol) | mmol) | mmol)
8 1.04g | 238g | 227g | 2.86¢g | 0.002 g 20/20 80
(10 (20 @0 (20 |
mmol) | mmol) | mmol) | mmol) .
9 104g | 238g | 227g | 429g | 0.002 ¢ 20/20 96
(10 (20 10 (30
mmol) | mmol) | mmol) | mmol)
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4.4. Conclusions_

: Neutfél [Mn"!(sal-acbmz-H)(sal-aebmz)] (4.2) with monobasic tridentate 2-
[2-(1H-(benzo[d]imidazol—Z-yl)ethylimino)methyl]phenol (Hsal-acbmz, 4.I) has
been isolated where intermolecular hydrogen bonding. between protonated and
déprotonated non-coordinated benzimidazole nitrogen atoms stabilize the neutal
species and control the molecular packing. The usual ionic complex [Mn"(sal-
aebmz),]-Cl0, (4.1) has also been isolated. In solid phase they are different but
their solution behaviours are nearly same. Complex 4.2 is shown to be a functibnal
mimic of vanadium-dependent haloperoxidases and satisfactorily catalysés ‘the
oxidative bromination of styréne where the selectivity of the products follows the
order: 1-phenylethane-1,2-diol > 2-bromo-1-phenylethane-1-ol > 1,2-dibromo-1-
phenylethane. | '
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Copper(II) complex of monobasic tridentate ONN donor ligand:
Synthesis, encapsulation in zeolite-Y, characterization and catalytic
activity ' '

5.1. Introduction

Coordination chemistry of monobasic tridentate ONN ligands has been
sfudied considerably due to their interesting structural, magnetic and other
properties [196-203]. One of the coordination sites of such ligands is'mostly
involved in Bridging with other metal centre producing dinuclear dr polynuclear
species [196-203]. Dimerization through X bridging in complexes of formula
[MLX] M = Cu", Ni¥, Zn", Mo™ , Cd", etc., L = ONN monobasic tridentate
ligands and X = N3, CI, NCO", NCS" etc.) are also known [199-203]. However,
mononuclear complexes, in the presence of suitable oxidant, may form facile
intermediate by expanding the coordination number which can facilitaté catalytic
oxidation reaction. Importance of mononuclear complexes we earlier prepared
mononuclear complexes e.g. [V O,(sal-ambmz)] and [CuH(sal-ambmz)Cl] upon
encapsulation in the nano cavity of the zeolite-Y in catalytic reactions has been
presented earlier[151]. Such zeolite encapsulated metal complexes (ZEMC) have
provided the opportunity to develop catalytic processes for the selective oxidation
of various substrates and are .able to produce important intermediates as well as
most industrial products [204-207,33]. In this chapter, we report mononuclear
copper(Il)  complex | of (Z)-2-(1-(2-(1H-benzo[d]imidazol-2-yl)ethylimino)
ethyl)phenol (Hhap-acbmz, 5.I; Scheme 5.1), its characterization by single crystal
- X-ray study and encapsulation in the nano cavity of zelite-Y. Catalytic activities of
encapsulated complex have been studied for the oxidation of cyclohexene and

phenol. Its catalytic potential has also been compared with the corresponding neat

OH N
—x .
. A H ,
~Scheme 5.1. Structure of (Z)-2-(1-(2-(1H-benzo[d]imidazol-2-yl)ethylimino)ethyl)
phenol (Hhap-aebmz, 5.1).

analogue.
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5.2. Experimental
5.2.1. Materials and methods

All chemicals and solvents were of AR grade and used without
purifications. Copper content in zeolite-Y complex was obtained by Atomic
| Absorption Spectroscopy. IR spectra were recorded as KBr pellet on a Nicolet
- NEXUS Alige.nt 1100 FT-IR spectrometer after grinding the sample with KBr. ‘
Electronic spectra of ligand and complex were recorded in methanol on shimadzu
1601 PC UV—VIS‘ spectrophotometer. Electronic spectrum  of zéolite-Y
encapsulated complex was recorded in Nujol by layering the mull of the sample to
inside of one of the cuvettes while keeping the other one layered with Nujol as
reference. 'H NMR and °C NMR spectra were obtained in CDCl; on a Bruker
Avance III 400 MHz spectrometer with the common parameter settings. The-
magnetic susceptibility of the complex was measured at 298 K with vibrating
sample magnetometer model 155, using nickel metal with saturation magnetization
of 55 emu/g as standard. X-ray powder diffractograms of zeolite related samples '
were recorded using a Bruker AXS D8 advance X-ray powder diffractometer with
a Cu-Ko target. Séanning electron micrograph (SEM) of zeolite-Y having
encapsulated complex was recorded on a Leo instrument model 435VP. The
energy dispersive X-ray analysis (EDX) was obtained on a FEI Quanta 200 FEG. |
The sample was dusted on alumina and coated with thin film of gold to prevent
surface charging and to protect the surface material from thermal damage by .
electron beam. In all analyses, a uniform thickness of about 0.1 mm was

maintained. Other details are presented in chapter 2.

5.2.2. Prepafations ‘
5.2.2.1. Hhap-aebmz (5.I)

An aqueous solution of aebmz-2HCI (4.680 g, 20 mmol in 15 ml water) was.
neutralized by adding aqueous Na,COj3 solution (2.120 g, 20 mmol). A methanolic

solution of o-hydroxyacetophenone (2.72 g, 20 mmol in 20 ml) was added drop-
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wise to the above solution with stirring. A yellow solid slowly sepafated out from
the solution within 2 h which was filtered, washed thoroughly with water followed
by petroleum ether and dried in vacuum at room temp. Finally it was recrystallized
from acetonitrile. Yield: 4.24 g (75.9 %). Anal. calc. for C;;H;N;0 (279.34) : C,
73.1; H, 6.1; N, 15;0 %. Found : C, 72'.7; H, 6.2; N, 15.1 %. 'H NMR (CDCl;,
- d/ppm): 7.5(b, 2H, —OH and -NH). 7.47(d, 1H), 7.3(d, 1H), 7.26(s, 2H), 7.19(q,
2H), 6.9(d, 1H), 6.7(t, 1H, aromatic), 4.09(t, 2H, —CHZ), 3.38(t, 2H, —CH,), 2.3(s,
3H, —-CH;). °C NMR (CDCl;, 8/ppm): 14.7 (CHj), 30.4 (CH,CH,N), 473
(CH,CH,N), 152.1(NH—C=N, benzimidazole), 164.8 (ph—C—OH)-, 173.5 (C=N,
imine), 117.1; 118.7, 119.0, 122.3, 128.3, 133.3 (aromatic). |

5.2.2.2. [Cu"(hap-aebmz)Cl] (5.1) V

A solution of CuCly-2H,0 (0.852 g, 5 mmol) dissolved in methanol (8 ml)
was added to a hot solution of Hhap-aebmz (1.396 g, 5 mmol) in methanol (15 ml)
and the reaction mixture was kept under stirring for 5 h. The dark greén solid of
[Cul(hap-aebmz)CI] slowly "separated out. This was filtered off,” washed with
petroleum ether and dried in vacuum over silica gel. Yield: 1.26 g (67.0 %). Anal. .
calc. forAC17H16N3OC1Cu (377.33): C,54.1; H,4.3 % ; N, 11-.1 %, Foﬁnd :C, 53.8;
CH 44N, 112%. |

5.2.2.3. [Cu'(hap-aebmz)CI]-Y (5.2)

A methanolic solution of Hhap-aebmz (2.0 g) was mixed with ‘copper-
exchanged zeolite-Y ([CuH]-Y, 3.0 g) [151] suspcnded in methanol (50 ml) and the
* reaction mixture was refluxed for 14 h in an oil bath with stirring. This was filtered
off, washed with methanol and again suspended in methanol to remove excess
ligand present in the cavities as well as on the surface of the zeolite along with neat
complek if any using Soxhlet extractor. The remaining uncomplexed metal ions in

zeolite were removed by stirring with aqueous 0.01M NaCl (200 ml) for 8 h.
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Finaﬂy- it was washed with double distilled water and dried at ca 120 °C for

several hours. Found : Cu, 2.4 %.

5.2.3. X-ray Crystal Struéfure Determination

Three-dimensional X-ray data for Hhap-aebmz (5.I) and [Cu"(hap-
aebmz)Cl] (5.1) were collected on a Bruker SMART Apex CCD diffractometer at
| 100(2) K, using a graphite monochromator and Mo-K radiation (1 = 0.71073 A)
by the ¢-w scan method. Reflections were measured from a hemisphere of data
- collected of frames each covering 0.3 degrees in w. Of the 14777 and 26444 |
“reflections measured, all of which were corrected for Lorentz and polarization
effects, and for absorption by semi-empirical methods based on symmetry-
equivalent and repeated reflections, 3060 and 3186 independent reflections
exceeded the significance lével |F|/s(1F]) > 4.0. Complex scattering factors were
taken from the program package SHELXTL [166]. The structures were solved by
direct methods and refined by full-matrix - least-squares methods on F?. The non-
hydrogen atoms were refined with anisotropic thermal parameters in all caées. All
hydrogen atoms were left to refine freely in the two compounds, - except ‘the
- hydrogen atom H(2N) of the benzimidazole group which was located from a
difference electron density map and fixed t0 0.90 to the corresponding heteroatom,
_in 5.1." A final difference Fourier map showed no residual density outside;
minimum and maximum final electron density: 0.417 and —0.486 for 5.1 and 0.735
and —0.366 for 5.1 e.A‘3.' Crystal data and details of the data collection and

refinement for the new compounds are collected in Table 5.1.
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Table 5.1. Crystal data and structure refinement for Hap-acbmz (5.I) and for
[Cu"'(hap-aebmz)Cl] (5.1).

- Z

. Crystal size/ mm’

Goodness-of-fit on F?

040x0.19x0.18

5.1 51

"~ Formula | C17H17N30 C17H,6CICuN;0
Formula weight 279.34 377.32
T,K 100(2) 100(2)
‘Wavelength, 4. - 0.71073 0.71073
Crystal system - Monoclinic Monoclinic
Space group C2/é P2,/c
alA 27.9320(9) 8.0432(4)
bIA 6.5521(2) 10.1802(5)
c/A 19.5644(6) 18.7209(9)
B° 127.6270(10) 99.175(3)
V/A3 2835.80(15) 1513.28(13)

8 4

Fooo 1184 772

- Deid/g cm™ 1.309 1.656
p/mm’” 0.084 1.627
& ) .. 2.63-28.46 2.28-28.41
Rin; ~0.0289 0.0502

035 x 0.12 x
0.09

1.083 1.054
R? 0.0433 0.0322
wR, (all data)® 0.1204 0.0731
Largest differences peak and hoie (eA®) 0.417 and -0.486 -0.366 and 0.735

R = 1F, |- FL NI /Z 1 Fal "Ry = (0w F, P4 o P /Siw(E T
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5.2.4. Catalytic reactions
5.2.4.1. Oxidﬁﬁon of cyclohexene

The catalytic reaction was carried out in a glass reactor of 50 ml capacity
equipped with é reflux condenser. Cyclohexene (0.82 g, 10 mmol) was dissolved in
acetonitrile (5 ml) and to this was added én aqueous 30 % H,0O, (2.27 g, 20 mmol)
and [Cun(hap-aebmz)Cl]—Y (0.005 g). The reaction was carried out in an oil bath
with continuous stirring while maintaining the reaction temperature at 80 °C. The -
* progress of the reaction was monitored by withdrawing the sample at definite time
intervals and analyzing quantitatively through thermo electron gas chromatograph
equipped with HP-1 capillary column (30 x 0.25 mm x 0.25 pum) and FID detector.
The identities of the products were confirmed by GC-MS -model Perkin—Ellner, _
_Clarus 500 by comparing the fragments of each product with the library available.

5.2.4.2. Oxidation of Phenol

In a typical reaction, aqueous 30 % H,0, (2.27 g, 20 mmol) and phenoll
(1.88 g, 20 mmol) were mixed in 5 ml of acetonitrile and the reaction mixture was
heated at 80 °C with continuous stirring in an oil bath. Catalyst [Cu"(hap-
acbmz)CI]-Y (0.010 g) was added to the reaction mixture and the reaction was
considered to begin. During the reaction, the products were analyzed and their
identities confirmed as mentioned above by withdrawing small aliquots after

specific interval of time.

5.3. Results and discussion _

Synthesis of ligand Hhap-aebmz is straight forward. Elemental anaiysis, IR,
'H and “C NMR spectral data, and single crystal X-ray study (discussed later)
confirm its structure. | '

Most [Cu(ONN)X] (where ONN = coordinating atoms of monobasic
tridentate ligands, X = CI", Br, SCN, N3 etc.) type complexes exist as dimmer /
polymer where each unit has square pyramidal structure through X~ bridging [199-
203]. The green complex [Cu"(hap-aebmz)Cl] (5.1), synthesized here by reécting

Hhap-aebmz with CuCl,, exists in its monomeric form with distorted square planar

148



Chapter 5: Copper(Il) complex... ..... 7 Chanchal Haldar * Ph.D. Thesis

structure (vide infra). Magnetic moment value of 1.72 uB also suggests its
magnetically dilute nature and existence in its monomeric form. Encapsulation of
5.1 in the nano cavity of the zeoite-Y involved the interaction of [Cu"]-Y with
excess Hhap-aebmz in methanol where ligand slowly enters into the cavity of
zeolite-Y due to its flexible nature and interacts with metal ions. Soxhlet extraction
using methanol finally purified the impure complex. The remaining uncomplexed
mefal ions "in zeolite were removed by exchanging with aqueous 0.1 M NaCl
~ solution. As one extra anionic ligand would be required to balance the overall
charges on the Cu", CI' of NaCl used during exchanged process fulfills this
requirement. The presence of chloride ion has been confirmed qualitativély. Thus,
the formula of Cu" complex may be written as [Cu'(hap-aebmz)CI]-Y (5.2). As
impure 5.2 was extracted well with methanol, the presence of 2.4 % copper is only
due to the encapsulation of metal cdmpléx in the super cages of the zeolite-Y.
About 10 A diagonal distance of [Cu"(hap-aebmz)Cl] (5.1) . allows its
encapsulation in the super cages of zeolite-Y without any strain. Similarity in the
spectral properties of neat as well as encapsulated complex (vide infra) suggests a

' similar distorted square planar structure for encapsulated complex as well.

-5.3.1. Description of structures of Hhap-aebmz, (5.I) and [Cu"(hap-
aebmz)Cl](5.1).

Figure 5.1. ORTEP plot of Hhap-aebmz (5.I) ligand. All the non-hydrogen atoms
are represented by their 30 % probability ellipsoids. Hydrogen atoms are included.
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Light orange crystals of Hhap-aebmz (5.I) ligand were grown by slow
evaporation of methanolic solution at roorh temperature. Figure 5.1 shows ORTEP
representation of Hhap-aebmz (5.I). Table 5.2 presents Bond lengths and angles
while Table 5.3 provides distances and angles of hydrogen bonds.

Structure of [Cu"(hap-aebmz)Cl] complex was grown by slow vevapdratio‘n .
of methanoli¢ solution at room temperature.. The ORTEP plot of the complex is
shown in Figure 5.2. The polyhedron is a much distorted square plane. Phenolic
oxygen, azomethine nitrogen, benzimidazolic nitrogen and Cl atoms constitute the
distorted square plane. The mean deviation from planarity of the plane containing
the four donor atoms amounts to 0.4685(9) A (see Figure 5.3). All the atoms
coordinated to Cu(Il) are within 1.9 — 2.2 A. Angles O(1)-Cu(1)-N(1): 91.44(7)°;
N(1)-Cu(1)-N(2): 89.74(7)°, O(1)-Cu(1)-Cl(1): 92.41(5)° and N(2)-Cu(1)-CI(1):
97.75(5)° are closer to expected 90°. Selected bond lengths and angles for the
complex are presented in Table 5.5.-The difference of the current structure from -
~ the literature is its existence as supramolecular form through hydrogen bonding
while other réported structures are dimeric where two chlorine atomé of two units
bridge together [199-203]. Strong intermolecular hydrogen bonding exists between
hydrogen of NH group of benzimidazole and bonded phenolic oxygen (See Table
5.3) as shown in Figure 5.4 and this is respdnsible for its existence as
supramolecular assembly. Short contacts between Cu---Cl and N---Cl atoms of the
different complexes appear in the supramolecular struéture (see Figure 5.5). The
interaction between chlorine and copper atoms of different complex is weak
[CI(1)---Cu(1): 2.974 A). Chlorine and nitrogen atoms~[Cl(1)---N(1): 3.258 A] of

different complex show short contacts interactions between them too [208].
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Figure 5.2. ORTEP plot of [Cu"(hap-acbmz)CI]. All the non-hydrogen atoms are
represented by their S0 % probability ellipsoids. Hydrogen atoms are omitted for
clarity.

oin

Figure 5.3. Coordination polyhedron around the Cu(Il) ion (two different views) in

the complex [Cu(hap-acbmz)CI].
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Figure 5.4. Supramolecular assembly showing intermolecular hydrogen bonding.
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Figure 5.5. Crystal packing view of the complex [Cu"(hap-aebmz)CI], (5.1). We
can see the intermolecular hydrogen bonds between N(3)---O(1) and short contacts
between CI(1)---N(1). '
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Table 5.2. Bond lengths and angles for (hap-aebmz) (5.I) and for [Cu"(hap-

aebmz)Cl] (5.1).

Bond lengths [A]

5.1 5.1
N(1-C(7) 1.2852(16)  Cu(1)-0(1) 1.9293(15)
N(1)-C(8) 1.4590(16)  Cu(1)-N(1) 1.9549(18)
O(1)-C(1) 1.3446(16)  Cu(1)-N(2) 2.0511(17)
N(2)-C(10) 1.3372(18)  Cu(1)-CI(1) 2.2480(6)
N(2)-C(11) 1.3889(16)  N(1)-C(7) 1.296(3)
N(3)-C(10) 1.3422(18)  N(1)-C(8) 1.474(3)
N(3)-C(12) 1.3870(17)  O(1)-C(1) 1.292(3)
. Bond angles [°] |
C(7)-N(1)-C(3) 122.69(11) O(1)-Cu(1)-N(1) 91.44(7)
O()-C(1)-C(2) 117.98(11)  O(1)-Cu(1)-N(2) 143.96(7)
 O(1)-C(1)-C(6) 122.05(11)  N(1)-Cu(1)-N(2) 89.74(7)
C(10)-N(2)-C(11) 106.11(11)  O(1)-Cu(1)-Ci(1) 92.41(5)
C(10)-N(3)-C(12) 105.91(11) N(1)-Cu(1)-CI(1) 161.36(5)
N(1)-C(7)-C(6) 117.06(11) N@2)-Cu(1)-C1) - - 97.75(5)
N(1)-C(7)-C(17) 123.91(11)  C(7)-N(1)-Cu(1) 128.47(15)
N(1)-C(8)-C(9) 1 108.55(10)  C(8)-N(1)-Cu(1) 108.92(13)
N(1)-C(7)-C(17) 123.91(11) C(1)-O(1)-Cu(1) 126.50(13)
N(1)-C(8)-C(9) 108.55(10) C(10)-N(2)}-Cu(l)  124.52(14)
N(2)-C(10)-N(3) 113.10(12) C(12)-N@)-Cu(1)  127.77(13)
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Table 5.3. Distances [A] and angles [°] of hydrogen bonds in compounds (hap-
aebmz) (5.I) and in [CuCl(hap-aebmz)] (5.1).

Compound D-H--A D-H H---A - DA D;H---A
51 O(1)-H(10)N(1) 0.99(3) 1.61(3) 2.5267(15) 152(2)
5.1 N(2)- 0.92 2.03 2.942(2) 169.1
‘ H(2N)--N(2)_$1
5.1 N(3)-H(3N)...O1_$1 0.81(3) 1.98(3) 2.786(2) 174(3)

- $1 for 5.1, -x, -y, -z+1
$1 for 5.1, x+1,y,z

5.3.2. IR Spectral Studies _
IR spectrum of 5.1 exhibits two sharp bands at 1615 and 1634 cm™ due to
v(C=N) | (azomethine / ring) stretch. These bands move towards lower wave
~ number (1610 cm™) on coordination of azomethine / ring nitrogen to the metal. -
Thé presence of hydrogen bonding between NH of benzimidazile and other
electronegative atoms in ligand is indicated by the appearance of several medium
intensity bands in the range 2500 — 2700 cm ™. These bands are also present in 5.1
indicating the presence of hydrogen bonding. The coordination of the phenolic
~ oxygen could not be ascertained unequivocally due to the appearance of a weak
band at ca. 3400 cm™. HoWever, structurally characterized complex e.g. [VOy(sal-
acbmz)](Hsal-aebmz = Schiff base derived from salicylaldehyde and 2-
aminoethylbenzimidazoie) [46] and [Cu"(hap-acbmz)Cl] discussed in this éhapter,
confirms the monobasic tridentate ONN behaviour of 5.1. In addition, thé far IR
- region the cdmplex exhibits three sharp bands at 570, 530 and 315 cm™' due to
v(Cu-0), D(Cu~N) and v(Cu—Cl) modes, respectively. Complex 5.2 exhibits these.
bands at 1612 cm™ (C=N),’570 cm™ (Cu-0), 455 cm™ (Cu-N) and 315 cm ™ (Cu—
- an. R | |

5.3.3. Electronic Spectral Studies
Table 5.3 presents electronic spectral data of ligand and complexes. The

.UV spectrum of the ligand is exactly similar to that of Hsal-acbmz reported earlier
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[46]. All these bands are also present in the complex 5.1 with slight variations. A
band at 452 nm is assigned due to the l_igand-to-metal bharge transfer (LMCT)
from the phenolate oxygen to an empty d orbital of copper. In addition, a broad
band at ca. 700 nm also appears due to d — d transition of Cu" jon. Encapsulated
complex 5.2 displays only two bands at 225 énd 297 nm in Nujol in the UV region
and LMCT band at 500 nm in the visible region. The d-d transition band could not

be located due to poor loading of 5.1 in the zeolite-Y.

Table 5.4. Electronic spectral data of ligand and complexes

Compounds Solvent  Apaxymm(e/L mol™ cm"l)
Hhap-aebmz (5.I) MeOH  204(5839), 248(1575), 274(1539),
281(1498), 320(328), 388(251)
[Cu'(hap-aebmz)CI] (5.1) MeOH  212(2366), 235(1251), 271(912),
277(821)), 357(201), 299(198),
| 452(173), 700(47)
[Cu''(hap-aebmz)CI]-Y (5.2) Nuyjol 225,297,390, 500

5.3.4. Field emission-scanning electron micrograph (FE-SEM) and energy
dispersive X-ray analysis (EDX) study
Accurate information on the morphological changes in terms of exact

orientation of ligands coordinated to the metal ion has not been possible due to

poor loading of the metal complex. However, it is clear from the micrograph that - |

zeolite-Y having encapsulated complex has well defined crystals free from any
shadow of the metal ions or complex present on its external surface. The
_micrograph of [CuH(hap-aebmz)Cl]-Y is presented in Figure 5.6 along with the
energy dispersive X-ray analysis (EDX) profile. Energy dispersive X-ray analysis
plot, evaluated semi—quantitatively, support this conclusion as no copper or
nitrogen contents‘ were noted on the spotted surface on the micrograph of
[Cu"(hap-aebmz)CI]-Y. Thus, complex is present in the nano cavities of the

zeolite-Y.
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Figure 5.6. Scanning electron micrograph of [Cu'(hap-aebmz)CI]-Y (left) and
Energy dispersive X-ray analysis (EDX) profile of [Cull(hap—aebmz)C1]—Y(right),
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5.3.5. Powder X-ray diffraction study

The powder X-ray diffraction patterns of Na-Y, [Cu™-Y and [Cu"(hap-
aepy)Cl]-Y (Figure 5.7) were recorded at 20 values between 5 and 70° to compare
their crystalline nature and to ensure enqapsulation of complex inside the cavity.
- Essentially similar diffraction patterns in encapsulated complex, [CuH]-Y‘ and Na-Y
were noticed except a slightly weaker intensity of the zeolite having metal complex
encapsulated. These observations indicate that the framework of the zeolite has not
undergone any significant structural change during incorporation of the catalyst i.e.
crystall',inity of the zeolite-Y is preserved during encapsulation. No new peaks due
to encapsulated complex were detectéd in the complex encapsulated sampleb
possibly due to very low percentage loading of metal complex. However, the
copper content found (see experimental) after encapsulation is only due to the

presence of copper(Il) complex in the cavities of the zeolite-Y.

[Cu"(hap-aepy)Cl]-Y

‘Figure 5.7. XRD patterns of Na-Y, [Cu"[-Y and [Cu{(hap-aebmz)CI]-Y.
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5.3.6. Catalytic reactions
5.3.6.1. Oxidation of cyclohexene _

Complex [CuH(hap—aebmz)Cl]-Y catalyzes the oxidation of cyclohexene by
H,O, efficiently to give cyclohexene epoxide, 2-cyclohexene-l-one, 2-

~ cyclohexene-1-ol, and cyclohexane-1,2-diol as presented in Scheme 5.2.

0 OH
OH
O G000~
catalyst OH
Cyclohexene (a) (b) © (d)

: Scheme 5.2. Reaction products of cyclohexene (a) = cyclohexene epoxide, (b) =

2- cyclohexene—l -one, (¢) = 2-cyclohexene-1-ol and (d) = cyclohexane-1,2-diol.

Reaction conditfons have been optimized for the maximum oxidation of
cyclohexene by varying different parameters viz. the effect of amount of oxidant
(moles of H,O, per mole of cyclohexene), catalyst (amount of catalyst per mole of
cyclohexene) temperature and solvent amount of the reaction mixture.

Three different cyclohexene to aqueous 30% H,0, molar ratios viz 1:1, 1:2
- and 1:3 were considered while keeping the fixed amount of cyclohexene (0.82 g, -

10 mmol) énd catalyst (0.004 g) in‘ 10 ml of MeCN and the reaction was carried
out at 80 °C. The pefcentage conversion of cyclohexene as a function of time is
preseﬁted in Figure 5.8. A maximum of 85.0 % conversion was obtained at a
: cyclohexene/ équeous H,0, molar ratio of 1:1 in 6 h of reaction time. Th.is
- conversion reached to 91.0% and 95.0% at cyclohexene/ H,O, ratio of 1:2 and 1:3,
- respectively. As cyclohexene/ aqueous HyO, ratio of 1:3 showed increment of only
4 % as compared to that of 1:2, a 1:2 molar raﬁo was considered suitable to obtain
“the optimum cyclohexene conversion of 91.0% in 6 h reaction time.
The effect of amount of catalyst on the oxidation of éyclohexene is shown
~ in Figure 5.9. Three different amounts of catalyst viz. 0.003, 0.004 and 0.005 g
Wefe considered while keeping the fixed amount of cyclohexene (0.82 g, 10

mmol), aqueous H,O0, (2.27 g, 20 mmol) in MeCN (10 ml) and reaction was
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~ carried out at 80 °C. It is clear from the plot that 0.0'0'5 g catalyst is the best one to

obtain the highést conversion (96 %) of cyclohexene.

100

804 —a— }3__‘?:7-
./

g 601 :/
§ |
g 40-
Q
°
20-
0 | T 1 ] ] T

(Time / h.)
Figure 5.8. Effect of oxidant concentration on cyclohexene oxidation. Reaction
conditions: cyclohexene (0.82 g, 10 mmol), catalyst (0.004 g), acetonitrile (10 ml)
and temp. (80 °C). .
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Figure 5.9. Effect of catalyst amount on the cyclohexene oxidation. Reaction

~ conditions: cyclohexene (0.82 g, 10 mmol), H,0, (2.27 g, 20 mmol) and
acetonitrile (10 ml) and temp. (80 °C)
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Figure 5.10 illustrates the oxidation of cyclohexene at three differ.ent
volumes (5, 10 and 15 ml) while keeping the optimized conditions of catalyst
(0.005 g), cyclohexene (0.82 g 10 mmol) and H,0, (227 g, 20 mmol), and
running the reaction at 80 °C. It is evident from the plot that the performance of the
reaction in 5 ml solvent amount is most suitable to obtain nearly quantitative
.oxidation (99.6%) of 'cyclohexene.' Similarly we have also observed that
COnducting the catalytic reaction at 80 °C is most suitable to maximize the

~ oxidation of cyclohexene.

100 —=—5 m —
|—e—10ml " .
—a—15m / A—’_—A A

801 ///

. c: A
.S 604
v A
g
S 40-
Q
X
20+
0 v 1 1 ] ] L
0 1 2 3 4 5 6
(Time / h.)

Figure 5.10. Effect of solvent amount on cyclohexene oxidation. Reaction
. conditions: Cyclohexene (. 82 g, 10 mmol), catalyst (0.005 g), H,O, (2.27 g, 20
mmol) and temp. (80 °C).

| Thus, for the maximum oxidation of 10 mmol (0.82 g) of cyclohexene, the

., other required‘ conditions as concluded were: [Cu"(hap-aebmz)CI]-Y (0.005 g),
H,0, (2.27 g, 20 mmol), acetonitrile (5 ml) and temperature (80 °C). Under this

condition nearly quantitative oxidation (99.6%) of cyclohexene was achieved

where the selectivity of different products followed the order: 2-cyclohexene-1-ol

(44%) > 2-cyclohexene-1-one (40%) cyclohexene epoxide (12%) > cyclohexanéfl,

2-diol (4%). A maximum of 90 % conversion with neat catalyst precursor

161



Chapter 5: Copper(Il) complex... ..... Chanchal Haldar * Ph.D. Thesis

[Cu"(hap-aebmz)Cl] was obtained under similar conditions where products
selectivity varied in the order: 2-cyclohexene-1-0l (33%)> 2-byclohexene-1-one
(32%) > cyclohexane-1,2-diol (23%) > cyélohexene epoxide (8%). " Thus,
encapsulated catalyst performs better and cafalyses the oxidation of cyclohexene
almost Quantitatively.'

Catalytic potential of the encapsulated complex presented here compares
well with similar encapsulated complexes. For example, [Cu(2-
pyrazinecarboxylate),]-Y exhibited as high as 90.5 % conversion of cyclohexene at
a substrate to oxidant (30 % H,0,) ratio of 1:2 where no formation of cyclohexene
epoxide was observed and the selectivity of the other oxidation products varied in
the order: 2-cyclohexene-l1-one (51%)> 2-cyclohexene-1-ol (42.4%) >
cyclohexane-1,2-diol (6.6%) [209]. Complex [Cu(sal-oaba)(H,O)]-Y, however,
exhibited only 45.8% conversion with the formation of only two products; 2-
cyclohexene-i-—one and 2-cyclohexene-1-ol [210]. Cyclohexene was oxidized very
slowly by tert-butylhydroperoxide using similar catalyst [Cu(pan)CD)]-Y (where
’Hpan = 1-(2-pyridylazo)-2-naphthol) under aerobic conditions and only 28%
conversion was obtained Here, the percent selectiv'ity of products varied in the
order: 1-tert-butylperoxy-2-cyclohexene 89% > 2-cyclohexene-1-one (11%) [211].

The reaction mixture of [Cu"(hap-aebmz)Cl]-Y, cyclohexene and solvent
taken under above optimized conditions after a contact time of 6 h at 80 °C was-
filtered and after activating the catalyst by washing with acetonitrile and drying at
ca. 120 °C, it was subjected to further catalytic reaction under similar conditions. A
maximum conversion of 98 % suggests that complex is still present in the caxfify-of

the zeolite-Y. The filtrate collected-after separating the used catalyst was placed
' into the reaction flask and the reaction was continued after adding fresh oxidant for
another 2 h. The gas chromatographic analysis showed no change in conversion
and this confirms that the reaction did not proceed upon removal of the solid

catalyst. The reaction was, therefore, heterogeneous in nature.
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‘5.-3.6.2. Oxidation of phenol

The catalysts based on zeoHte encapsulated metal complexes have played excellent
role in the oxidation of phenol and a wide range of products selectivity has been
reported [212,213,94]. Oxidation of phenol, catalyzed by [Cu'(hap-aebmz)Cl]-Y
using H,O, as an oxidant gavé two major products catechol and hydroquinohe with
a mass balance of ca. 97%. These are the only expected products based on the
dirécting gfoup of phenol. Gas chromatographic analysis also indicated a minor
product, which may p0351b1y be benzoqumone formed by partial oxidation of
hydroquinone (Scheme 5.3) but it was ignored. Slight colouration of reaction
~mixture, which is not detectable by GC under the condition used herein, is possibly

due to polymeric materials.

OH
OH }y

Catechol

- Phenol Hz()2

[ ] 1,0, [ ]
Hydroqulnone —Benzoqumone

Scheme 5.3. Oxidation products of phenol.

In order to achieve suitable reaction conditions for the maximum oxidation
of phenol, the effect, (i) amount of catalyst per mole of phenol, (ii) H,0,
concentraﬁon (moles of HyO, per mole of phenol, (iii) volume of solvent and (iv)

temperature of the reaction mixture were also studied here.

The effect of amount of catalyst on the oxidation of phenol is shown in

Figure. 5.11. Increasing the catalyst amount from 0.005 g to 0.010 g at the fixed
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amount of phenol (1.88 g, 20 mmol), dqueous 30% H,O, (2.27 g, 20 mmol),
acetonitrile (5 ml) and temperature (80 °C) increases the conversion from 40.3% to
43.3%. Further increasing the catalyst amount to 0.015 g initiates the reaction .
quickly but over all conversion of phenol reaches to only 37.1%. As 0.010 g
catalyst shows only 3 % increment of conversion compared to 0.005 g of cafalyst,
an amount of 0.005 g is considered the best to bring optimum conversion of phenol |

in 6 h of reaction time.

50+ —n—0.005 g
1 |—e—0.010g o

40 |—a—0015g . ____—a—"
g / T
E 30)- ./_‘/
Y 2
S 20-
NS i A

104

O 1 [} T T [1 I

Time (h.)

Figure 5.11. Effect of catalyst amount on phenol oxidation. Reaction conditions:
Phenol (1.88 g, 20 mmol), H,O, (2.27 g, 20 mmol), acetonitrile (5 ml) and temp.
(80 °C).

Using three different phenol to H,O, molar fatios viz.1:1,1:2and 1:3
for a fixed amount of phenol (1.88 g, 20 mmol), [CuH(hap—aebmz)Cl]-Y (0.005 g),
MeCN (5 ml) and temperature (80 °C), the obtained percentage conversion of
phenol were 40.3%, 48.3% and 65.7%, respectively. It is clear from .the plot
presented as a function of time (Figure 5.12) that the phenol to aqueous 30% H,O,

molar ratio of 1 : 3 is the best ratio to obtain maximum oxidation of phenol
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(65.7%) at 80 °C while 1 : 1 and 1 : 2 molar ratios gave lower conversions. About
6 h was required to establish the equiﬁbrium.

Variation in the volume of the solvent was also studied by taking 5, 10 and

15 ml of acetonitrile; Figure 5.13. It was observed that for 1.88 g (20 mmol) of

phenol, catalyst (0.005 g), H,O, (7.98 g, 60 mmol), acetonitrile (5 ml) and reaction

“temperature (80 °C) were sufficient enough to carry out the reaction for good
transformation (65.7%) of phenol. The temperature of the reaction medium also

influences the reaction rate. It was inferred that 80 °C was the best suited

~ temperature for the maximum oxidation of phenol under the above reaction
conditions. At this temperatufe, a maximum of 65.7% conversion of phenbl was
achieved in 6 h of contact time. Lowering the temperature lowers the conversion of

“phenol. Catélyti'c: results under all reaction conditions are presented in Table 5.5.

—u—1:1 A——=~

] |—e—12
60 —a—13|

40{ / /.;-/._,___-

% Conversion

o 1 2 3 4 5 6
4 (Time / h.)

Figure 5.12. Effect of oxidant concentration on phenol oxidation. Reabtion 4
* conditions: Phenol (1.88 g, 20 mmol), catalyst (0.005 g), acetonitrile (5 ml) and
temp. (80 °C). | '
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Figuré‘ 5.13. Effect of solvent on phenol oxidation. Reaction conditions: phenol

(1.88 g, 20 mmol), catalyst (0.005 g), H,O, (6.81 g, 60 mmol) and temp. (80 °C).

Table 5.5. Conversion of phenol (1.88 gm, 20 mmol) using [Cu"(hap-aebmz)CI]-Y

as catalyst in 6 h of reaction time under different reaction conditions.

Entry | Catalyst | H,0, | Temp. MéCN' Conv.

Selectivity % -

No. CO (ml) %

€y (g Cat
mmol)

1 | 0005 |227,20| 80 5 | 403 | 706
2 | 0010 |227,20] 80 5 | 433 |60.1
3 | 0015 [227,20] 80 | 5 | 372 | 697
4 | 0.005 |454,40| 80 5 | 483 | 667
5 | 0.005 |681,60| 80 5 | 657 | 66.1
6 | 0005 |681,60| 80 10 | 654 | 666
7 | 0.005 |681,60| 80 15 | 60.1 | 664
8 | 0005 |681,60| 75 5 | 629 | 672

Hq | Unidentified
27.0 2.4
36.5 3.4 |
29.9 0.4
32.3 ' 1.0
32.9 1.0
33.2 0.2
33.5 | 0.1
28| -
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Thus, optimized operating reaction conditions for the maximum oxidation
~ of phenol were fixed as follows: phenol (1.88 g, 20 mmol), [Cu"(hap-aecbmz)Cl]}-Y
(0.005 g), 30% H,0O, (6.81 g, 60 mmol), acetonitrile (5 ml) and reaétion
temperature (80 °C). Under this condition, [CuH(hap-aebmz)Cl]-Y exhibits 65.7 %
conversion where the éelectivity of major product catechol was 66.1 % and of
hydroquinone was 32.9 %. The perfofmance of the neat complex [Cu(hap-
- aebmz)Cl], considering same mole concentration as was used for encapsulated one,
under the above reaction conditions is low (44%) with 66% selectivity of the major
product. Thus, encapsulation of the complex [Cu”(hap-aebmz)C]] in zeolité—Y
enhances its catalytic activity. The overall performance of encapsulated complex
is also better along with the higher turn over frequency (TOF) than the

corresponding neat one.

: _Thé catalytic performance of the encapsulated complex reported here is
better than the data reported in the literature. For example, the observed
conversions for zeolite-Y encapsulated complexes are: [Cu(sal-ambmz)Cl]-Y
. (42.0%) [151], [Cu(salpn)]-Y (Hsalpn = N,N’-bis(salicylidene)propane-1,3-
diamine) (31%) [214], Cu(saldien)]-Y (46%) [215], [VO(salen)]-Y (32.6 %) [103].
Catalyst NH4[VO(sal-inh)]-Y (Hjsal-inh = Schiff base derived from
salicylaldehyde and isonicotinic acid hydrazidé) exhibits only 26.5 % conversion
[216]. The selectivity towards the formation of catechol in all c'ases_ is always

" higher than hydroquinone.

5.3.7. Reaction of [Cu''(hap-aebmz)CI] with H,O, and possible reaction
pathway of the catalyst'

| At least three types of intermediates having a copper—oxygen interaction
viz. side-on Cum—(p,-nz-peroxido)—Cum, bis(p-oxido—Cum) and Cu"™O-O-H
(copperhydroperoxide) have been reported in the literature during the catalytic.
action [217,218]. We have studied the interaction of 5.1 with HéOz in methanol by

electronic absorpt ion spectroscopy to have idea of the possible intermediate during

 catalytic activity. Thus the addition of one-drop portions of 30% H,O, dissolved in

methanol to ca.107 M methanolic solution of [Cu'(hap-aebmz)Cl] results in the
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gradual weakening of the 700 nm band. The band at 452 nm also weakens along
with increase in intensity and shifts to ca. 445 nm (see inset of Figure 5.14).
Addition of H,O, to a diluted solution (ca.lO’4 M) resulted in the increment of the
intensities of 357 and 299 nm bands (Figure 5.14) along with their conversion into
weak shoulders. Two bands appearing at 271 and 277 nm remain almost

unchanged while bands at 212 and 235 nm slightly gain intensity.

Absorbance

400 600 800 1000
Wave length (nm)

Absorbance

300 400 500 600
Wave length (nm)

0 —

Figure 5.14. Spectral changes observed during the titration of a methanolic
solution of [CuH(hap-aebmz)Cl] (ca. 107 M) with 30% H,0, dissolved in
minimum amount of methanol. Spectra were recorded after successi?e addition of
'2 drops portion of H,O, solution. In set shows similar titration with higher

concentration of complex (ca. 10~ M).

All these suggest the interaction of H,O, with Cu" centre. As complex
[Cu'(hap-acbmz)C]] is expected to remain in its monomeric form in the nano
cavity of the zeolite-Y, the facile formation of intermediate [(HOQ)—Cu”I(hap-
aebmz)Cl] is expected because of its possibility to expand—the coordination number
even in the cavity of zeolite-Y. The expansion of coordination number of Cu"

complexes having monobasic tridentate ONN donor ligands through
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dimerization/polymerization is very common’ [199-203]. Such (L)Cu™-0O-O-H
complexes are known to exhibit a charge transfer band at ca. 600 nm [219]. The
decrease in the intensity of 700 nm band without any isosbestic point in complex
~ may possibly be due to the merging of this additional charge transfer band with d—
~ d transition. The peroxide intermediaté finally transfers coordinated oxygen atoms

to the substrate to give the products.

5.4. Conclusions

' By using Schiff base Hhap-aebmz, an ONN donor ligand, complex
[Cu"(hap-aebmz)Cl] has been prepared. Structures of ligand as well as complex
have been confirmed by single crystal X-ray study. Complex [Cun(hap-aebmz)Cl]'
has been encapsulated in the cavity of zeolite-Y and its catalytic activity for the
ox_idaﬁon of cyclohexene has been evaluated. Nearly qﬁantitativc conversion with
- the selectivity of different products of the order, 2-cyclohexene-1-oi (44 %) > 2-
cyclohexene-1-one (40 %) cyclohexene epoxide (12 %) > cyclohexane-1,2-diol
(4%) has been obtained. The recyclability of the catalyst is an added advantage.
‘Oxidation of cyclohex_éne proceeds through intermedi’ate [(HOO)-Cu™(hap-
aeme)Cl] species, formation of which has been demonstrated by electronic

~ absorption spectroscopy.
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In the active center of vanadate-dependent haloperoxidases (VHPO) vanadium
is in a trigonal-bipyramidal environment where it is covalently linked to three non-
protein oxo groups in the equatorial plane, to the protein back bone through N; of an
imidazole moiety of a proximal histidine, and to an axial OH group zrans to the
histidine, further hydrogen bonded to a distal (catalytic) histidine and water
molecules. The binucleating hydrazones, CHy(Hpsal-sbdt), (2.I) and CHy(H,sal-
smdt), (2.II) derived from 5,5’-methylenebis(salicylaldehyde) [CH,(Hsal),] and S-
benzyldithiocarbazate or S-methyldithiocarbazate form VVO- and VY 0,-complexes.
The complexes are binuclear in the solid state as well as in solution, but they do not
interact to each other and thus present two independent vanadium' centers with
trigonal bipyramidal structures. The V¥O,-complexes partly model the active site of
VHPO. These model characters extend to functional similariﬁqs, in that they catalyze
the oxidative bromination of styrene in the presence of KBr, HClO, and H,0, in
biphasic aqueous/ CH,Cl, solution. The formation of several intermediate species
namely [CH2{VV0(02)(L)}2']2- and [CH,{VYO(OH)(L)},] were established, some of
them probably being involved in a the catalytic processes studied. On addition of acid
(HCI) the VY species present are partly reduced/ hydrolysed, yielding several species,

namely the oxidohydroxido complex.

The binucleating hydrazones [H;dfmp(inh), (3.I), Hzdfmp(nah), (3.II) and
Hsdfmp(bhz), (3.III); inh = isonicotinoylhydrazide, nah = nicotinoylhydrazide and
bhz = benzoylhydrazide] provide only mononuclear VVYO-, VYO- and V'O,-
complexes. Theoretical studies clearly show that more electron density lies in only
one of the arms. Hence, vanadium ion preferentially binds to that coordinating arm
which has more electron cloud while other arm remains silent. The isolated
complexes with these ligands have very interesting reactivity. Oxidovanadium(IV)
complexes oxidizes in methanol slowly and gives oxidomethoxidovanadium(V)
complexes of the type [VO(OMe)(MeOH)L] (where L = ligand). In the molecular
' str'u(;ture of [VVO(OMe){derﬁp(bhz)z}(MeOH)], the vanadium center adopts a
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distorted six-coordinated octahedral geometry with the (Hdfmp(bhz),) ligand
coordinated through the one Opygroxyl, ON€ Npydrazone, and one Oy, atoms; the oxo and,
two oxygen (one of methoxy group and one of methanol group) atoms complete the
coordination sphere. The presence of additional coordination site in inh based ligand
results in the formation of polynuclear dioxidovanadium complex
[VYO,{H,dfmp(inh),}] where pyridinic nitrogen from second ligand participates in
coordination with vanadium while pyridinic nitrogen of first ligand is simply
protonated. Ligand Hzdfmp(nah), (3.II) has no effect of having addition functional
group and behaves similar to that of Hydfmp(bhz), (3.III). These VY0- and VV0,-

complexes also catalyze the oxidative bromination of sryrene.

Synthesis of coordination compounds has further been extended to manganese
with the idea if they would serve good functional models of haloperoxidases. While |
complex [Mn"(sal-aebmz),]C1O, (where Hsal-aebmz is a Schiff base derived from
salicylaldehyde and 2-aminoethylbenzimidazole) is the expected one, complex
[MnIH(sal-aebmz—H)(sal-aebmz)] is a neutral species stabilized, in the solid- state,
through inter molecular hydrogen bonding between NH groups of the two
benzimidazole moieties after losing one of the hydrogen atoms. However, their
behaviors in solution are similar. Complex [Mnm(sal—aebmz—H)(sal-aeb.mz)] is shown
to be a‘ functional mimic of vanadium-dependent haloperoxidases and satisfactorily
catalyses the oxidative bromination of styrene where the selectivity of the products
follows the order: 1-phenylethane-1,2-diol > 2—b1‘0mo-1-phenylethane-l-olv > 1,2-
dibromo-1 —phenylethane.

At the end, looking at the importance of zeolite-Y encapsulated metal
complexes (ZEMC) where these complexés are suggested as model compounds for
enzyme mimicking, copper(Il) complex has been prepared and encapsulated in the
cavity of zeolite-Y to study its catalytic activity. Thus complex [Cu"(hap-aebmz)Cl]
(where Hhap-aebmz is a Schiff base derived from o-hydroxyacetophenone and 2-

aminoethylbenzimidazole) has been prepared using Hhap-aebmz, an ONN donor
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ligand. Complex [Cu"(hap-acbmz)Cl] has been encapsulated in the cavity of zeolite-Y
and its catalytic activity for the oxidation of cyclohexene has been evaluated. Nearly
quantitative conversion with the selectivity of different products of the order, 2-
cyclohexene-1-ol (44 %) > 2-cyclohexene-1-one (40 %) cyclohexene epoxide (12 %)
> cyclohexane-1,2-diol (4%) has been obtained. The recyclability of the catalyst is an
added advantage. Oxidation of cyclohexene proceeds through intermediate
[(HOO)-Cu"(hap-acbmz)Cl] species, formation of which has been demonstrated by

electronic absorption spectroscopy.

Thus, syntheses, characterization, reactivity and catalytic activities of
vanadium, manganese and copper complexes presented in the thesis contribute

considerably to the existing knowledge.

& ok ok ok
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