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a b s t r a c t

Two new tetraazamacrocycle complexes, namely, 7,16-dinicotinoyl[Ni{Me4(4-MeBzo)2[14]tetraen-
eN4}] and 7,16-diisonicotinoyl[Ni{Me4(4-MeBzo)2[14]tetraeneN4}] (where [Ni{Me4(4-MeBzo)2[14]tet-
raeneN4}] = 5,7,12,14-tetramethyldi-4-methylbenzo[b,i][1,4,8,11]tetraazacyclo-tetradecahexaenatonic-
kel(II)) were synthesized by acylation of [Ni{Me4(4-MeBzo)2[14]tetraeneN4}] and characterized
eywords:
henol
eterogeneous catalysis
ickel (II) macrocycle
et oxidation

using spectral and microanalytical data. All tetraazamacrocycle complexes were found to catalyze
chemical oxidation of phenol by H2O2 to catechol and hydroquinone and it is found that 7,16-
diisonicotinoyl[Ni{Me4(4-MeBzo)2[14]tetraeneN4}] showed the best performance. Catechol as the
major product and hydroquinone as the minor were characterized respectively under optimal values of
some parameters such as amount of catalyst, reaction temperature, oxidant and substrate concentration,
effect of reaction media and reaction time. Electrocatalytic oxidation of phenol on glassy carbon electrode

zed m
modified by the synthesi

. Introduction

Transition metal complexes are successfully used as homoge-
eous and heterogeneous catalysts in various chemical reactions
uch as epoxidataion of olefins [1,2], oxidation of alcohols [3–5],
hioethers [6], cyclohexane [7,8], cyclohexene [8], styrene [6,8]
nd oxyfunctionalization of hydrocarbon to produce valuable alde-
ydes, ketones, alcohols, etc. [9–12], as intermediate chemicals

or the manufacture of commercial products in common use.
eterogeneous catalysis is often more convenient than homoge-
eous catalysis because recyclability and insolubility in the reaction
edium makes the separation of the product and unreacted reac-

ant easy.
Phenol is commonly used as raw material in many chemical,

etrochemical, pharmaceutical, textile and agricultural industries.
atalyzed wet oxidation of phenol is at present widely investigated
ith the dual objectives of removal of phenolic wastes in surface
ater streams and industrial effluents and of achieving regioselec-

ive oxidation to get specific products. In fixed bed reactors where

igh temperature and pressure are employed, oxidation of phenol
ives CO2, formic acid, acetic acid maleic acid and oxalic acid as
he final products [13]. However, under mild conditions catalytic
xidation of phenol gives catechol and hydroquinone (Scheme 1)

∗ Corresponding author. Tel.: +91 1332 285331; fax: +91 1332 273560.
E-mail address: ppthnfcy@iitr.ernet.in (P.P. Thankachan).

381-1169/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcata.2009.10.011
acrocycle complexes has also been studied.
© 2009 Elsevier B.V. All rights reserved.

[3,4] and in some cases para benzoquinone has also been observed.
Catechol and its derivatives are widely used as flavouring agents,
perfumes, antioxidants, photographic developers, and in the pesti-
cide, and pharmaceutical industries. The catalyzed hydroxylation
of phenols could be carried out using hydrogen peroxide [3,4],
alkyl hydro peroxides, cerium ammonium nitrate [14], mineral
acids [15], lead tetraacetate [16], Fermy’s salt [17] and other oxi-
dants. Although organic peroxides are stronger oxidizing agents
than hydrogen peroxide, the use of hydrogen peroxide as oxidant is
preferable due to its excellent green oxygen donor ability. Secondly
it generates only water as a by-product, whereas organic peroxides
and other oxidants produce hazardous residues. Moreover, hydro-
gen peroxide also shows good selectivity for o, p-hydroxylation of
phenol.

Several workers have carried out oxidation of phenol using var-
ious types of square-planar metallo-complexes as homogeneous
[3,4] and heterogeneous catalyst in pure form or immobilized on
solid supports like alumina [18], silica [19], zeolites [20–22], poly-
mers [23], carbon nanotube [24,25], etc. Nickel(II) salicylaldimine,
amine, imidazole and tetraazamacrocycle complexes have been
successfully employed as catalysts in the oxidation of phenol to
catechol and hydroquinone [4,19–21].
In this paper we report the synthesis and spectral characteriz-
ation of two new nickel(II) macrocycle complexes 7,16-dinicoti-
noyl[Ni{Me4(4-MeBzo)2[14]tetraeneN4}], (Ni-Nic) and 7,16-dii-
sonicotinoyl [Ni{Me4(4-MeBzo)2[14]tetraenN4}], (Ni-Iso) (where
[Ni{Me4(4-MeBzo)2[14]tetraeneN4}] = 5,7,12,14-tetramethyldi-4-

http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:ppthnfcy@iitr.ernet.in
dx.doi.org/10.1016/j.molcata.2009.10.011
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Scheme 1. Catalytic oxidation of phenol in presence of H2O2.

ethylbenzo[b,i][1,4,8,11]tetraazacyclotetradecahexaenatonick-
l(II)).Their characteristics as chemical and electrochemical cat-
lysts have also been studied. The catalytic activity of these
omplexes as heterogeneous catalyst towards wet chemical oxi-
ation of phenol using H2O2 as oxidant has been investigated.
he reaction conditions were optimized, in term of temperature,
ffect of reaction media, amount of catalyst, reaction time and
elative amounts of oxidant and phenol. Electrocatalytic oxidation
f phenol at glassy carbon electrode modified by the synthesized
acrocycle complexes has also been investigated.

. Experimental

.1. Materials and methods

Phenol, nickel acetate tetrahydrate and 30% H2O2 (Rankem,
ndia), nicotinic acid (Loba Chemie, India), 3, 4-diaminotoluene
Sigma Aldrich, USA) and isonicotinic acid (Acros Organics, USA)
ere used in this study. Acetylacetone, thionyl chloride and

riethylamine were obtained from Loba Chemie (India). Tetraethy-
ammonium perchlorate (TEAP) used in cyclic voltammetry studies

as obtained from Fluka (Switzerland). All solvents were of analyt-
cal reagent grade purchased from Rankem (India). Solvents were
urified before their use in the electrochemical studies and synthe-
is. The acetonitrile used in the electrochemical studies was dried
ver P2O5 and distilled while benzene used for the synthesis of acid
hloride and for electrochemical studies was dried over sodium
ire and distilled.

.2. Instrumentation

Electronic spectra of all macrocycle complexes were recorded
n a Schimadzu UV-1601 spectrophotometer in CHCl3, 1H NMR
pectra were recorded on a Bruker DRX-500 spectrometer in
hloroform-d. IR spectra were taken on a Thermo Nicolet Nexus
ligent 1100 FT-IR in KBr. The FAB mass spectra tetraazamacro-
ycle complexes were recorded on Jeol SX-102/DA-6000 mass
pectrometer in 3-nitrobenzyl alcohol matrix using xenon as
AB gas. Elemental analyses were carried out on an Elemen-
ar Vario EL III analyzer. Electrochemical studies were carried
ut on a CHI 600A electrochemical analyzer. Three-electrode
ssembly with Ag/AgCl/KCl (sat.) as reference electrode, Pt
ire as counter electrode and glassy carbon as working elec-

rode were used. All electrochemical investigations were carried
ut in dry benzene/acetonitrile (1:1, v/v) mixture in presence
f tetraethylammonium perchlorate (TEAP) as supporting elec-
rolyte while oxidation of phenol on modified electrode was
arried out in doubly distilled water using phosphate buffer
0.1 M, pH 7.3) as supporting electrolyte. Catalyzed chemical
xidations were carried out in a flask immersed in controlled

emperature oil bath. Oxidation products were analyzed using
ewlett Packard gas chromatograph model 5890 A fitted with
ID detector and a (30 m × 0.53 mm × 2.65 �m) HP-1capillary col-
mn.
lysis A: Chemical 316 (2010) 131–138

2.3. Preparations

2.3.1. Preparation of nicotinoylchloride and isonicotinoylchloride
Nicotinoylchloride and isonicotinoylchloride were prepared

using the method reported by Wingfield et al. [26]. For the synthesis
of nicotinoylchloride, nicotinic acid (12.3 g, 100 mmol) was taken
in a round bottom flask with 100 ml dry benzene, thionylchloride
(6.0 ml, 80 mmol) was added to reaction mixture and refluxed for
12 h, protecting from moisture. The reaction mixture was used as
such without any separation for later reactions. The same proce-
dure was used for the preparation of isonicotinoylchloride except
that isonicotinic acid (12.3 g, 100 mmol) was used in place of nico-
tinic acid.

2.3.2. Preparation of [Ni{Me4(4-MeBzo)2[14]tetraeneN4}]
(NiTaa)

[Ni{Me4(4-MeBzo)2[14]tetraeneN4}] was prepared following
the method reported by Place et al. [27]. Nickel acetate (12.4 g,
50 mmol) and 3, 4 diaminotolune (12.2 g, 100 mmol) were added
to 120 ml n-butanol in 250 ml round bottom flask. The reaction
mixture was refluxed on oil bath with constant stirring. After
one and half hours acetylacetone (10.4 g, 100 mmol) was added
and the reaction mixture was refluxed for 24 h. After cooling,
100 ml of methanol was added and the reaction mixture was kept
overnight in a refrigerator. The crystals obtained were filtered and
washed with methanol. Fine dark violet crystals were obtained.
Yield 9.5 g (22%). m.p. >300 ◦C. Analyses found C, 67.29; H, 6.12:
N, 13.01%. C24H26N4Ni calcd.: C, 67.16; H, 6.10; N, 13.05%. UV–vis
(in chloroform �max, cm−1/εmax, L mol−1 cm−1); 17065 (6214),
23310sh (9150), 25316 (36298), 29674 (8612), 37037 (32420),
IR (KBr pellet, v, cm−1): 2966w, 2913m, 2855m, 1579m, 1535s,
1462m, 1398vs, 1278m, 1209m, 1029s, 747m. 1H NMR (in CDCl3):
ı 2.05(s 12H, CH3), 2.13 (s 6H, arom. CH3), 4.82 (s 2H methine) and
6.36–6.58 ppm (m 6H, arom.).

2.3.3. Preparation of
7,16-dinicotinoyl[Ni{Me4(4-MeBzo)2[14]tetraeneN4}] (Ni-Nic)

[Ni{Me4(4-MeBzo)2[14]tetraeneN4}] (2.5 g, 5.83 mmol) was
dissolved in 50 ml dry benzene and the reaction mixture containing
nicotinoylchloride (prepared in step 2.3.1) was mixed with it and
then triethylamine (2.8 ml, 20 mmol) was added. The reaction mix-
ture was refluxed for 12 h with constant stirring protecting from
moisture. The reaction mixture was cooled down to room tem-
perature and filtered. The filtrate was evaporated to dryness in a
rotary evaporator and the product was washed with hot water till
the washings become colourless. The product was then dried at
80 ◦C, the dry residue was extracted in benzene and the benzene
was evaporated in rotatory evaporator. The compound was puri-
fied by passage through a 20 cm × 2.5 cm alumina column eluting
with benzene. Three green colored bands were observed. The first
and second bands were minor and were discarded. The third green
band was eluted with chloroform and the solvent was removed at
reduced pressure. Yield 2.9 g (78.3%). m.p. >300 ◦C. Analyses found
C, 67.92; H, 4.82 N, 13.03%. C36H32N6O2Ni calcd.: C, 67.61; H, 5.00;
N, 13.15%. UV–vis (in chloroform �max, cm−1/εmax, L mol−1 cm−1);
17094 (7012), 23365sh (13400), 25707 (35452), 30303 (10596),
37037 (52298), IR (KBr pellet, v, cm−1): 2922m, 2851m, 1656s,
1579m, 1531s, 1446w, 1378vs, 1241s, 1023s, 739m. FAB mass (m/z)
[M+1]+ 641, 639.38 (calcd. molecular weight). 1H NMR (in CDCl3):
ı 1.91(s 12H, CH3), 2.13 (s 6H, arom. CH3), 6.34–6.61 (m 6H, arom.),
7.56 (br s 2H (d)), 8.53 (br s 2H (e)), 8.86 (br s 2H (c)) and 9.44 ppm
(br s 2H (f)) (Scheme 2).
2.3.4. Preparation of 7,16-diisonicotinoyl
[Ni{Me4(4-MeBzo)2[14]tetraeneN4}] (Ni-Iso)

The above procedure was followed for the preparation of 7,16-
diisonicotinoyl[Ni{Me4(4-MeBzo)2[14]tetraeneN4}] except that
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Scheme 2. Synthesis of t

sonicotinoylchloride was used in place of nicotinoylchloride. Yield
.75 g (74.3%). m.p. > 300 ◦C. Analyses found C, 67.81; H, 4.71; N,
3.00%. C36 H32N6O2 Ni calcd.: C, 67.63; H, 5.04; N, 13.15%. UV–vis
in chloroform �max, cm−1/εmax, L mol−1 cm−1); 17153 (7198),
3365sh (13050), 25707 (34485), 30212 (8510), 36900 (45068), IR
KBr pellet, v cm−1): 2918s, 2850m, 1663s, 1594w, 1536s, 1450w,
378vs, 1238s, 1021m, 725m. FAB mass (m/z) [M+1]+ 640, 639.38
calcd. molecular weight), 1H NMR (in CDCl3): ı 1.9(s 12H, CH3),
.14 (s 6H, arom. CH3), 6.44–6.68 (m 6H, arom.) 8.86 (dd 4H (a))
nd 8.00 ppm (dd 4H (b)) (Scheme 2).

.4. Catalyzed chemical oxidation of phenol

The catalytic hydroxylation was carried out in a 50 ml round bot-
om flask fitted with a water condenser. Phenol (0.59 g, 6.25 mmol)
nd 30% H2O2 (0.71 g, 6.25 mmol) were mixed in 10 ml of doubly
istilled water and the reaction mixture was heated with continu-
us stirring in an oil bath warmed to 80 ◦C. The reaction products
ere analyzed using a gas chromatograph by withdrawing small

liquots of the reaction mixture at specific times. The peaks in the
hromatograms were identified as corresponding to catechol and
ydroquinone by comparing the retention times with that of pure

amples of catechol and hydroquinone and also using GC-MS. The
as chromatogram of reaction product showed no additional peaks
ther than phenol, catechol and hydroquinone. Polymeric material
r other products, if any present in minor amounts, could not be
etected by gas chromatography and were neglected. The reaction

ig. 1. Electronic spectra of Ni(II) tetraazamacrocycle complexes in CH2Cl2.
amacrocycle complexes.

was studied as a function of temperature, amount of oxidant and
substrate, amount of catalyst, reaction time and effect of reaction
media.

2.5. Electrocatalytic oxidation of phenol

Electrocatalytic oxidation of phenol was investigated using lin-
ear sweep voltammetery technique. Electrocatalytic oxidation of
phenol was carried out in double distilled water. Phosphate buffer
0.1 M (pH 7.3) was used as a supporting electrolyte. The linear
sweep voltammograms were recorded for phenol (2 × 10−3 M) on
glassy carbon electrode and by glassy carbon electrode modified
with NiTaa, Ni-Nic and Ni-Iso macrocycle complexes at the scan
rate 200 mV/s using Ag/AgCl as reference electrode.

3. Results and discussion

3.1. Synthesis and spectral studies

The electronic spectra of both the newly synthesized complexes
and of the precursor complex are shown in Fig. 1. These complexes
were found diamagnetic in nature at room temperature, indicat-
ing the square-planar environment around the metal ion, which
is also supported by literature [28]. The absorption bands observed
above the 24,390 cm−1 are attributable to � → �* transitions within
a macrocycle ring [29]. An extremely intense absorption band was
observed at 25,316 cm−1 in NiTaa. On acylation of NiTaa, this band
shifts to a lower wavelength in acylated tetraazamacrocycle com-
plexes. In Ni-Nic and Ni-Iso it was observed at 25,707 cm−1, i.e. at
higher energy in acylated complexes. This appears to indicate that
steric hindrance by nicotinoyl and isonicotinoyl groups produce
strain in NiTaa skeleton [29]. Two absorption bands were observed
in the electronic spectrum of the Ni-Iso complex at 17,153 and
23,365 cm−1 while in Ni-Nic these bands were found at 17,094 and
23,365 cm−1. These bands may be assigned to d–d transitions of
Ni(II), which corresponds to the bands of the precursor complex at
17,065 and 23,310 cm−1. The spectral behavior is consistent with
that of square-planar coordination of Ni(II) [30]. The large molar
absorbance of d–d transitions could be the result of intensity steal-

ing from strong UV absorption bands [31].

The IR absorption bands are listed in Section 2. The macrocycle
complexes Ni-Nic upon acylation show a strong band at 1656 cm−1

due to C O stretching mode along with three absorption bands at
1531 (N C–C), 1446 (C C) and 1378 ( C–H) cm−1 [32]. This three
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the solution changed appreciably due to formation of phenoxide
34 V.K. Bansal et al. / Journal of Molecula

and pattern appeared in [Ni{Me4(4-MeBzo)2[14]tetraeneN4}] at
535, 1462 and 1398 cm−1 while in case of Ni-Iso macrocycle com-
lex the corresponding three band pattern was observed at 1536
N C–C), 1450 (C C) and 1378 ( C–H) cm−1 and C O stretching

ode at 1663 cm−1.
The precursor macrocycle complex [Ni{Me4(4-

eBzo)2[14]tetraeneN4}] exhibited four NMR signals at ı 2.05
12H, CH3), ı 2.13 (6H, aromatic CH3), ı 4.8 (2H, methine), ı
.36–6.58 ppm (6H, aromatic) in CDCl3. All these signals except
he methine proton signals also appeared in Ni-Nic and Ni-Iso
omplexes. The methine proton signal of the 7 and 16 positions
isappeared after the acylation and pyridine proton signals are
bserved in the n.m.r. spectra at ı 7.30–9.50 ppm. The substituted
yridine proton signals have shifted down field by the deshielding
ffect of benzene rings. In Ni-Nic complex pyridine proton signals
ere observed at 7.56 (brs 2H (d)), 8.53 (brs 2H (e)), 8.86 (brs

H (c)) and 9.44 ppm (brs 2H (f)) while in Ni-Iso complex they
ppeared at 8.86 (dd 4H (a)) and 8.00 ppm (dd 4H (b)) (as shown
n Scheme 2), also the (12H, CH3) proton signals upon acylation
howed an upfield shift because these twelve methyl protons lie
n the shielding zone produced by the magnetic anisotropy of the
yridine rings.

This type of tetraazamacrocycle attains saddle shaped geometry
ue to the presence of two phenyl rings. Due to the square-planar
addle type geometry, the vacant axial sites present in such macro-
ycle complexes facilitate weak coordination with small molecule
r anions [3,4,33,34] with metal center.

.2. Electrochemistry and electrocatalysis

Cyclic voltammograms of all the three macrocycle complexes
ere recorded in dry acetonitrile/benzene (1:1, v/v) mixture
sing a glassy carbon (GCE) working microelectrode and Ag/AgCl
eference electrode. In the anodic scan the precursor macrocy-
le complex NiTaa exhibits two irreversible oxidation peaks at
.47 V and 1.11 V and in cathodic scan one reduction peak at
1.88 V versus Ag/AgCl as reported by Rillema and co-workers

35]. Ni-Nic and Ni-Iso both exhibit two oxidation peaks at higher
otentials at 0.78 V and 0.74 V respectively in contrast to the pre-
ursor [Ni{Me4(4-MeBzo)2[14]tetraeneN4}] macrocycle complex.

irst oxidation process in both the cases is an electrochemically
eversible redox process (Fig. 2). It seems to be due to oxidation
f the cation [Ni-Nic]+ and [Ni-Iso]+ [36] while the second oxida-
ion peak in both the cases was irreversible and were observed

ig. 2. Cyclic voltammograms of Ni-Nic (A) and Ni-Iso (B) in acetonitrile/benzene
1:1, v/v) mixture at GCE in presence of 0.1 M TEAP supporting electrolyte.
Fig. 3. Cyclic voltammograms Ni-Iso in acetonitrile/benzene (1:1, v/v) mixture at
GCE in presence of 0.1 M TEAP supporting electrolyte.

at 1.36 V and 1.38 V versus Ag/AgCl, respectively. This is due to
Ni+2/Ni+3 [35–37]. In the cathodic sweep, Ni-Nic and Ni-Iso both
exhibited two reduction peaks while precursor macrocycle com-
plex showed only one peak. First reduction peak in Ni-Nic observed
at −1.67 V was found to be irreversible while in case of Ni-Iso
the peak observed at −1.50 V corresponds to a reversible redox
process (Fig. 3). These reductions must be associated with the acy-
lated groups [36,38]. Ni-Nic and Ni-Iso exhibit second reduction
peaks at −1.85 V and −1.95 V versus Ag/AgCl which were irre-
versible and associated with metal center, i.e. Ni+2/Ni+1 [37]. Fig. 4
shows linear sweep voltammograms of 2 × 10−3 M phenol in dou-
ble distilled water, 0.1 M phosphate buffer (pH = 7.3) as supporting
electrolyte recorded at a bare glassy carbon electrode (A), glassy
carbon electrode modified with Ni-Nic (C) and with Ni-Iso (B). Phe-
nol does not show any oxidation up to E = 2.0 V versus Ag/AgCl
on glassy carbon electrode in acetonitrile solution [4], even in
the presence of either Ni-Nic or Ni-Iso tetraazamacrocycle com-
plexes. However, on adding NaOH solution the voltammogram of
ion which showed an irreversible oxidation peak. Solution of phe-
nol in doubly distilled water with phosphate buffer (pH 7.3) as
supporting electrolyte exhibited oxidation peak at 0.57 V at bare

Fig. 4. Linear sweep voltammograms of 2 × 10−3 M phenol at bare GCE (A), Ni-Iso
modified GCE (B), Ni-Nic modified GCE (C), Ni-Nic modified GCE blank (D) and Ni-
Iso modified GCE blank (E) in double distilled water in presence of 0.1 M phosphate
buffer of pH 7.3 as supporting electrolyte.
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Table 1
Effect of reaction temperature on phenol oxidationa, TOF values and product
selectivity.

Reaction
temperature (◦C)

Phenol
conversion (%)

TOFb

(h−1)
Product
selectivity (%)

CAT/HQ
ratio

CATc HQd

50 40.0 13.4 75.3 25.6 2.9
60 53.9 18.0 82.9 17.1 4.8
70 60.2 20.1 87.1 12.9 6.8
80 60.5 20.2 87.1 12.9 6.8

a Reaction conditions: phenol = 0.59 g; 30% H2O2 = 0.71 g; catalyst Ni-Iso = 0.020 g;
reaction time = 6 h.

b TOF = moles of product formed per mole of catalyst per hour.
c Catechol.
d Hydroquinone.

3.3.3. Effect of H2O2 concentration
Effect of H2O2 concentration on the oxidation of phenol was

studied and the results are shown in Fig. 7 and Table 3. Three dif-
ferent sets of molar ratios of hydrogen peroxide to phenol viz. 0.5:1,

Table 2
Effect of the amount of catalyst on the oxidation of phenol.

Catalyst weight
(mg)

Phenol conversion
after 6 h (%)

Phenol/catalyst
molar ratio

TOF (h−1)
Fig. 5. Effect of temperature on the oxidation of phenol.

lassy carbon electrode. When glassy carbon electrode was mod-
fied by the complex Ni-Nic, oxidation of phenol was observed at
lower potential of 0.52 V while in case of Ni-Iso it was observed

t 0.51 V shifting to 0.06 V at lower potential, with enhanced peak
urrent.

.3. Catalytic activity

The hydroxylation of phenol in aqueous medium was carried
ut using three different catalysts NiTaa, Ni-Nic and Ni-Iso. Phenol
0.59 g, 6.25 mmol) and 30% H2O2 (0.71 g, 6.25 mmol) were mixed
n 10 ml of doubly distilled water. To this 20 mg of Ni-Nic, 20 mg
i-Iso and 14 mg of NiTaa catalyst were added in three different

uns. The reaction mixture was heated for 6 h with continuous
tirring in an oil bath at 80 ◦C. The progress of the reaction was
onitored by gas chromatography. The two expected products

amely catechol and hydroquinone were observed along with phe-
ol in all three cases. Polymeric material or other products, if any
resent in minor amounts, could not be detected by gas chromatog-
aphy. It was found that the Ni-Iso, Ni-Nic and NiTaa catalysts
ives 60.5%, 52.0% and 27.0% conversion of phenol respectively
nder similar conditions. All three macrocycle complex catalysts
re more selective for catechol formation. To determine suitable
eaction conditions for maximum conversion, studies of various
eaction parameters were performed as described in the follow-
ng sections. Since Ni-Iso catalyst gives the maximum conversion
f phenol, it is used as a representative catalyst for further stud-
es.

.3.1. Effect of temperature
The performance of the catalyst Ni-Iso was monitored at four

ifferent temperatures viz. 50, 60, 70 and 80 ◦C in four differ-
nt reaction sets. Phenol (0.59 g, 6.25 mmol), 30% H2O2 (0.71 g,
.25 mmol)) were taken in 10 ml of doubly distilled water and
0 mg of catalyst Ni-Iso was added to it and the reaction was run at
ach temperature over a period of 6 h. The results are shown in Fig. 5
nd Table 1. It is seen that at 70 ◦C there is 60.2% conversion of phe-
ol. On increasing the temperature to 80 ◦C no significant change
as observed, whereas the percentage of phenol conversion at 50

nd 60 ◦C were found to be 40.0% and 53.9%, respectively. In all cases
he maximum conversion was reached within the first 90 min and

hereafter only a negligible change was observed. The turn over fre-
uency of the reaction at 70 and 80 ◦C were practically the same as
een from Table 1. At 70 ◦C temperature the catechol:hydroquinone
atio is also highest. So 70 ◦C is the optimal temperature for higher
henol conversion as well as catechol formation.
Fig. 6. Effect of amount of catalyst on the oxidation of phenol.

3.3.2. Effect of amount of catalyst
Amount of catalyst has a significant effect on the percentage

conversion of phenol. Phenol (0.59 g, 0.006 mol) and 30% H2O2
(0.71 g, 0.006 mol) were dissolved in 10 ml of double distilled water.
Three different amounts of catalyst Ni-Iso viz. 10 mg (0.016 mmol),
20 mg (0.032 mmol) and 30 mg (0.048 mmol) were used to study
the effect of the amount of catalyst on percent conversion of phe-
nol. Reaction was carried out at 70 ◦C in all three cases. A reaction
without catalyst under similar condition showed 1.9% conversion of
phenol. From the results as shown in Fig. 6 and Table 2, it is seen that
10 mg catalyst gives 40.9% conversion of phenol and that on with
20 mg of catalyst the percentage conversion of phenol increased to
60.2%. Further increase in amount of catalyst to 30 mg resulted in
only slight change in percentage conversion of the phenol, and so
20 mg of catalyst is found optimal.
0 1.9 – –
10 40.9 404.9 27.3
20 60.2 202.4 20.1
30 62.4 135.0 13.9

Reaction conditions: phenol = 0.59 g; 30% H2O2 = 0.71 g; T = 70 ◦C; reaction time = 6 h.
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Fig. 7. Effect of H2O2:phenol molar ratio on the oxidation of phenol.

:1, and 2:1 were taken in 10 ml double distilled water with a fixed
mount of 6.25 mmol of phenol and 20 mg of catalyst Ni-Iso. The
eaction was carried out at 70 ◦C for 6 h. When the H2O2: phenol
olar ratio was 2:1 and 1:1 the percentage conversion of phenol
as observed to be 71.2% and 60.2%, respectively. In case of H2O2:
henol molar ratios of 2:1 and 1:1, the percentage H2O2 efficiency
ere 35.6% and 60.2%, respectively. In case of 0.5:1 molar ratio,

he percentage conversion of phenol was 16.3% and the percent-
ge H2O2 efficiency was 32.6%. The product selectivity of catechol
ncreased with decrease in molar ratio of H2O2:phenol. When the

2O2:phenol molar ratio was changed from 1:1 to 2:1 the increase
n conversion of phenol was only 10%. On the basis of these results
t can be concluded that on balancing higher conversion of phenol
nd H2O2 efficiency, 1:1 molar ratio of H2O2:phenol was optimum.

.3.4. Effect of reaction time
The effect of reaction time on the catalyzed hydroxylation of

henol by H2O2 in aqueous medium was studied. Phenol (0.59 g,
.25 mmol), 30% H2O2 (0.71 g, 6.25 mmol) and Ni-Iso catalyst
20 mg) were taken in 10 ml double distilled water. Reaction was
arried out at 70 ◦C for 18 h with continuous stirring. It was found
hat conversion of phenol increases rapidly in the beginning of reac-
ion and a conversion of 60.2% was achieved in first 90 min. No
ppreciable change in conversion of phenol was recorded on run-
ing the reaction for 6 h. Selectivity of catechol and hydroquinone
ere found to be 87.1% and 12.9%. When the reaction was allowed

o continue, 61.1% conversion was observed at the end of 18 h and
he selectivity for catechol and hydroquinone remained unchanged.

.3.5. Effect of reaction media on oxidation of phenol
Effect of reaction media on oxidation of phenol was investigated
n acidic and alkaline media. Phenol (0.59 g, 6.25 mmol), 30% H2O2
0.71 g, 6.25 mmol) and 20 mg of Ni-Iso catalyst were put in 10 ml
ouble distilled water and the reaction was carried out in pres-
nce of (0.1 M) glacial acetic acid and (0.1 M) ammonia at 70 ◦C.
he results are shown in Fig. 8. It was found that the reaction was

able 3
nfluence of H2O2:C6H5OH molar ratio on the phenol conversion, percent H2O2 efficiency

H2O2:C6H5OH molar ratio Phenol conversion (%)

0.5:1 16.3
1:1 60.2
2:1 71.2

eaction conditions: catalyst Ni-Iso = 0.020 g; T = 70 ◦C; reaction time = 6 h.
a H2O2 efficiency (%) = (mol of H2O2 used in product formation/mol of H2O2 added) × 1
Fig. 8. Effect of reaction medium on the oxidation of phenol.

almost stopped in alkaline medium whereas in the acidic medium
reaction progress was very slow. The poor reaction progress in
acidic medium is probably due to protonation of phenoxide ion,
while in case of alkaline medium ammonia might weakly coordi-
nate with the metal center blocking the diaxial sites of metal center
of catalyst.

3.4. Test for heterogeneity and recyclability

The recyclability of the catalysts has been tested in a typical
run, where after a contact time of 6 h, the reaction mixture was
filtered. The used Ni-Iso catalyst was activated by stirring the cat-
alyst with acetonitrile for 1 h followed by filtration. This process is
repeated twice and the catalyst was dried at 90 ◦C in an oven. It was
reused for a run under similar conditions. It showed nearly equal
catalytic activity for the first cycle and there was a very minor loss
for the second cycle. Electronic and IR spectra of used and fresh
catalyst were also nearly the same. All these studies suggest that
the catalyst is sufficiently stable and recyclable. The filtrate col-
lected after separating the used catalyst was placed in the reaction
flask and the reaction was continued after adding fresh H2O2 for
another 6 h. No significant change was observed in the percentage
conversion of phenol and no metal content was found in the filtrate
of reaction mixture by AAS. This showed that there was no metal
leaching during the reaction and the reaction was heterogeneous in
nature.

3.5. Possible reaction pathway
To establish the possible path of reaction, a 10−5 M solu-
tion of tetraazamacrocycle complex Ni-Iso in methanol (prepared
by first dissolving in chloroform and diluting by methanol) was
titrated against methanolic solution of 30% H2O2, and the progress

, and product selectivity.

H2O2 efficiencya (%) Product selectivity (%)

CAT HQ

32.6 92.1 7.9
60.2 87.1 12.9
35.6 84.9 15.1

00.
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Scheme 3. Proposed mechanism for cat

f reaction was monitored by UV–visible spectrophotometry.
ith addition of the methanolic solution of 30% H2O2 to the
ethanolic solution of Ni-Iso the intensity of the 17,153, 23,365

nd 25,707 cm−1 peak decreased, while peaks at 30,212 and
6,900 cm−1 gradually increased in intensity. The spectral changes
re shown in Fig. 9. An isobestic point was found at 30,120 cm−1.
he decrease in the intensity of the peak at 17,153 cm−1 sug-
ests that the Ni-Iso interacts with H2O2 and produces the active
pecies (Iso-Ni-OOH−). This active species subsequently interacts
ith phenol and produces the intermediate (Iso-Ni-phenol-OOH−)

s shown in Scheme 3. The intermediate facilitates the attack of
OH− at the ortho and para position of phenol producing cate-
hol and hydroquinone. The intermolecular oxidation-reduction
eaction between the hydrogen peroxide and phenol seems to
e an intramolecular electron transfer reaction in the intermedi-

te species (phenol-Ni-Iso-OOH−), which decreases the activation
nergy for the oxidation of phenol and the rate is enhanced signif-
cantly [39–42].

Fig. 9. Spectral change during titration of Ni-Iso with 30% H2O2.
phenol oxidation in presence of H2O2.

4. Conclusions

Tetraazamacrocycle complexes of Ni(II) have been synthesized
by acylation of nicotinoylchloride and isonicotinoylchloride. The
synthesized complexes were characterized and their catalytic
activity towards wet chemical oxidation of phenol using H2O2 as
oxidant has been investigated. All the tetraazamacrocycle com-
plexes catalyze the oxidation of phenol, yielding catechol and
hydroquinone as oxidation products. The performance of Ni-Iso
catalyst was found to be superior to that of Ni-Nic and NiTaa cat-
alysts. The oxidation of phenol is highly selective with catechol
87.1% constituting the major product. The effects of temperature,
amount of catalyst, reaction time, effect of oxidant and substrate
concentration and effect of reaction media on the oxidation were
studied. Based on the coordination behavior of the complex a pos-
sible mechanism has been proposed for the catalytic oxidation
process (Scheme 3). Catalyst Ni-Iso is stable, recyclable and free
from metal leaching. It can be effectively used as a heterogeneous
catalyst.
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