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Abstract Zeolite-Y enslaved complexes were prepared by
the Flexible ligand method. Synthesized materials were
characterized by various spectral tools like powder X-ray
diffraction, spectral studies (UV—-Vis and FT-IR), chemical
analysis (ICP-OES and elemental), scanning electron
microscopy, AAS and '"H-NMR techniques. Further, BET
and thermogravimetric (TG) analysis were also done for
characterization of surface area, pore volume, thermal
behavior, and related parameters. Baeyer—Villiger oxida-
tion of cyclohexanone was carried out over Zeolite-Y
enslaved complexes using hydrogen peroxide (H,O,) as an
oxidant. The performance of the heterogeneous system
with the homogeneous system was compared to determine
the protection effect of the zeolitic matrix over the active
center on the catalytic properties. In addition, the effect of
experimental variables (various solvents, amount of cata-
lyst, the mole ratio of substrate and oxidant, temperature,
and reaction time) was examined in order to get absolute
reaction conditions. Under the optimized reaction condi-
tions, [Fe(nbab),]-Y was found to be a potential candidate,
achieving 70 % e-caprolactone selectivity.
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1 Introduction

The Baeyer—Villiger (B—V) reaction is a significant oxi-
dation process, providing a straight corridor to oxidize
ketones to lactones or esters by organic peracids, and the
lactones or esters are weighty industrial intermediates for
the manufacture of polymers, pharmaceuticals, agrochem-
icals and herbicides [1-3]. Currently, the industrial process
involves the use of m-chloroperbenzoic acid to produce ¢-
caprolactone by the oxidation of cyclohexanone [4].
However, peracids are pricey and possibly explosive,
which restricts their use. Additionally, the acid by-product
can reduce ester selectivity by unwanted side-reactions.
Therefore, expansion of alternative oxidation methods is
necessary which are commercially feasible. Conversely,
catalysts are enforced for an active transfer of oxygen from
the oxidant to the substrate when O, and aqueous H,O, are
used as oxidants. Aqueous H,O, is a favorable oxidant for
B-V reaction since the only by-product is water. Thus, the
advance of catalytic B-V reaction using O, or aqueous
H,0, is essential, which satisfies the necessities of envi-
ronmentally benign approaches, compared to outdated
oxidation systems [5, 6].

Metal complex-catalyzed (homogeneous and heteroge-
neous) oxidation reactions are important reactions in
chemical industry [7, 8]. The major downside of homo-
geneous metal complexes as catalysts is their irreversible
deactivation due to the formation of p-oxo and p-peroxo
dimeric and other polymeric species, especially when using
oxidant [9]. Nanoporous materials such as framework sil-
icates, zeolites, carbon nanotubes and nanoporous silicon
have been used to iron out the kinks of homogeneous
systems [10]. During the last years, there have been
extreme developments in synthesis, characterization, and
application of novel nanoporous materials [11, 12].
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Especially, zeolite-Y can perform as “host materials”
for incoming guest molecules due to the evenness of the
pore dimensions. The stability increases by several orders
of magnitude when the metal complexes are enslaved
inside the nanopore of the faujasite zeolites. Enslavement
of transition metal complexes inside the nanocavities of
zeolite has been found to be convenient and advantageous
due to the selectivity, reusability beside with thermal sta-
bility [13, 14]. Zeolite enslaved complexes is one of the
subjects of the current catalysis research due to their
potentiality as heterogeneous catalysts for the oxidation of
alkanes, alkenes, alcohols and ketones [15—18]. Dutta et al.
[19] carried out the oxidation of various cyclic ketones
using Sn(salen)-NaY as a heterogeneous catalyst. They
have obtained 75 % yield of e-caprolactone from catalytic
oxidation of cyclohexanone over Sn(salen)-NaY catalyst.
Corma et al. [2] have developed tin-containing beta zeolite
catalyst, which became very effective for the B-V reaction
as it can catalyze the oxidation of cyclohexanone to é-
caprolactone with exceptional selectivity. Our laboratory
has been exploring the chemistry of this class of catalysts
in the last few years to improve the host—guest chemistry of
zeolite-Y enslaved complexes [20-22]. In continuation of
our work, in this article we report the catalytic B-V oxi-
dation of cyclohexanone in the liquid phase over zeolite-Y
enslaved complexes as heterogeneous catalysts, using
H»0, as an oxidant.

2 Experimental
2.1 Materials and reagents

The sodium form of zeolite-Y was purchased from Hi-
media (India). 2-aminobenzoic acid, 3-nitrobenzaldehyde,
30 % hydrogen peroxide (H,O,) and cyclohexanone were
purchased from Aldrich. Transition metal salts and solvents
were purchased from Merck and used as received without
further purifications.

2.2 Instrumentation

For the characterization of synthesized materials, various
physico-chemical techniques have been used. ICP-OES
(Model: PerkinElmer optima 2000 DV) was used to
determine the composition of Si, Al, Na, Mn, Fe, Ni and Cu
metal ions. The elemental analysis (C, H and N) of the
materials was carried out on Perkin Elmer, USA 2400-11
CHN analyzer. The surface area of materials was measured
by a multipoint BET method using ASAP 2010,
micromeritics surface area analyzer. XRD studies were
performed on a Bruker AXS Dg Advance X-ray powder
diffractometer with a Cu-Ko radiation as the incident beam
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to confirm the crystallinity of compounds. The scanning
electron micrographs of zeolite-Y enslaved Cu (II) com-
plex were recorded using a SEM instrument (Model: LEO
1430 VP). The sample materials were coated with a thin
gold film before taking the SEM to defend surface material
from thermal damage by the electron beam. FT-IR spectra
were recorded on a Thermo Nicolet IR200 FT-IR spec-
trometer in KBr. The electronic spectra were taken on
Spectrophotometer Make/model Varian Cary 500, Shi-
madzu. Thermogravimetric analysis (TGA) was carried out
using a thermal gravimetric analysis instrument (Shimadzu
TGA-50H) with a flow rate of 20.0 mL min~' and a
heating rate of 10 °C min~'. Reaction products were ana-
lyzed by GC-MS has a BP-5 -capillary column
(30 m x 0.25 mm x 0.25 pum), FID detector and 95 %
silicoxane surface. The reaction products were confirmed
by GC-MS model Shimadzu, QP-2012.

2.3 Synthesis of schiff base ligand

Schiff base ligand ‘nbab’  [(Z)-2-((3-nitrobenzyli-
dene)amino)benzoic acid] was synthesized by stirring a
mixture of 2-aminobenzoic acid (1.37 g, 0.01 M) with
3-nitrobenzaldehyde (1.51 g, 0.01 M) in 50 mL of
ethanolic medium. The solid product formed was removed
by filtration and recrystallized from ethanol.

nbab: Yellow crystals; m.p. 215-218 °C; Anal. Calcd.
(%), C(62.22 %), H(3.73 %), N(10.37 %); found (%)
C(62.17 %), H(3.69 %), N(10.34 %); 'H-NMR (3, ppm):
6.70-8.24 (8H, Ar-H), 8.60 (1H, N=CH), 10.10 (1H, —
COOH); IR (KBr, cm_l): —OH (str.): 3100, C=0 (str.):
1692, N=C: 1635, Ar-NO,: 1570, —OH (bend.): 1315; UV—
vis (Amax, Nm) (transition): 216 (ILCT), 246 (n — n*), 321
(n —» m*).

2.4 Synthesis of neat complexes

The solution of transition metal salts M(II) (where, M=Mn,
Fe, Ni, Cu) of 0.01 mol in 25 mL of deionized water was
added to a 25 mL of ethanolic solution of 0.02 mol ligand
nbab with constant stirring. The pH of the solution was
adjusted 5-6 by dropwise addition of an ethanolic solution
of sodium acetate in it. The resulting mixture was heated
under reflux on a water bath for 4-5 h. After cooling, the
solid product was separated by filtration and dried in
vacuum.

2.5 Synthesis of metal exchanged zeolite-Y

An amount of 4.0 g of zeolite-Y was suspended in 200 mL
deionized water containing 12 mmol transition metal salt
(MHSO4H20/FCSO47H20/NISO46H20/CHSO45H20) The
mixture was then heated with constant stirring at 100 °C for
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24 h. The solid was filtered, washed with hot deionized water
till the filtrate was free from any metal ion content and dried for
6 h at 150 °C in a muffle furnace.

2.6 Synthesis of zeolite-Y enslaved complexes

Zeolite-Y enslaved complexes have been prepared by flexible
ligand (FL) method [23]. An amount of 1.0 g of activated
metal exchanged zeolite-Y was mixed with an excessive
amount of ligand nbab in 1,4-dioxane (50 mL). It was then
refluxed for 12 h with constant stirring in an oil bath. The
resulting solid was treated for Soxhlet extraction with ace-
tonitrile and 1,4-dioxane to remove unreacted ligand, as well
as M(I) complexes adsorbed on the external surface of the
zeolite-Y. Then a material was treated with aqueous 0.01 M
NaCl to remove uncoordinated metal ions. Subsequently, it
was washed with deionized water to evacuate any chloride
particles present, and dried at 120 °C for 12 h.

2.7 Catalytic oxidation of cyclohexanone

In order to check the catalytic performances of neat and
zeolite-Y enslaved complexes, the oxidation of cyclohex-
anone was tested. The catalytic reaction was carried out in a
two-necked 50 mL round bottomed flask. Reaction condi-
tions for the liquid-phase oxidation of cyclohexanone were
optimized as follows: cyclohexanone (1.03 mL, 0.01 mol),
H,0,; (2.06 mL, 0.02 mol) and catalyst (30 mg) were mixed
in acetonitrile (3 mL). The resulting mixture was then
refluxed at 70 °C in an oil bath for 12 h with continuous
stirring. After filtration and washing with a solvent, the fil-
trate was subjected to GC to analyze the reaction products.

3 Results and discussion
3.1 The chemical analysis data

The chemical analysis data confirmed the purity and stoi-
chiometry of the synthesized materials (Table 1). The neat
complexes derived from ligand nbab are formed by coor-
dination with metal and ligand in 1:2 M ratio. The chem-
ical analysis of the zeolite-Y enslaved complexes reveals
the presence of organic matter with a C/N ratio almost
comparable to that of neat complexes. The CHN analysis
data of the neat complexes showed similarity to the theo-
retical values. Moreover, the Si and Al contents in the
zeolite-Y enslaved complexes are almost in the same ratio
as in the parent zeolite-Y. This indicates that slight variation
in the zeolite framework was not due to the de-alumination
during the enslavement process.

3.2 Surface area and pore volume studies

The surface area and pore volume data of zeolite-Y
enslaved complexes are presented in Table 2. The
enslavement of metal ions and their complexes reduce the
surface area and adsorption capacity of zeolitic pores. The
lowering of the surface area and pore volume supported the
fact that metal complexes are present within the zeolite
cages and not on the exterior surface.

3.3 Powder X-ray diffraction study

The X-ray powder diffraction (XRD) blueprint of zeolite-
Y, metal exchanged zeolite-Y and zeolite-Y enslaved
complexes were recorded at 26 values between 5° and 60°
to study the crystalline nature and to ensure enslavement
(Fig. 1). The XRD outline of metal exchanged zeolite-Y
and their respective enslaved complexes showed no
momentous variations in peak positions of the diffraction
lines though a slight change in the intensity of the peaks
has been noticed. The relative intensities of the 311 and
220 reflections in zeolite-Y (I»yq > I5;;) were varied, i.e.
I311 > 5o in the case of [M(nbab),]-Y as well as in
M(II)-Y patterns. The difference indicates the replacement
of sodium ions in zeolite-Y by metal complex leads to
interrupt the random distribution of small extra frame-
work cations [24] and this variation influences the relative
intensities of 3 1 1 and 2 2 0 peaks. This, of course,
indicates that the enslaved complexes are responsible for
the displacement of the sodium ions to locations of
sodalite and center of a single six-ring (S6R) from their
random positions in the super cages. These observations
reveal that the enslavement of metal complex in zeolite-Y
had no obvious effect on the crystallinity of the zeolitic
matrix.

3.4 Scanning electron micrograph study

Scanning electron micrographs (SEMs) of [Fe(nbab),]-Y
was taken before and after Soxhlet extraction (Fig. 2). The
SEM image taken before Soxhlet extraction displays the
presence of some peripheral particles on the material sur-
face. After Soxhlet extraction, no surface complexes are
seen and the particle boundaries on the exterior of zeolite
are clearly distinguishable. Therefore, during the process of
enslavement and Soxhlet extraction, the framework of the
zeolite-Y was not damaged. These micrographs reveal the
efficiency of purification method to result in complete
removal of extraneous complexes, leading to the presence
of well-defined enslavement in the cavity.
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Table 1 The chemical

composition of parent zeolite-Y, Compound C (%) H®%) N(@%) M (%) C/N Si(%) Al (%) Si/Al
metal exchanged zeolite-Y, neat Na-Y _ _ _ _ _ 17.16 6.60 260
complexes and zeolite-Y
enslaved complexes Mn(ID)-Y - - - 5.74 - 16.30 6.25 2.60
Fe(I)-Y - - - 6.85 - 16.62 6.39 2.60
Ni(Il)-Y - - - 5.98 - 16.90 6.50 2.60
Cu(I)-Y - - - 6.24 - 16.13 6.21 2.60
[Mn(nbab),(H,0),]-:3H,O  54.53 3.24 9.05 8.91 6.00 - - -
(55.00) (3.30) (9.16) (8.99) (6.00)
[Fe(nbab),(H,0),]-2H,0 54.73 3.19 9.00 8.97 6.08 - - -
(54.92) (329 (9.15) (9.12) (6.00)
[Ni(nbab),(H,0),]-2H,0 54.58 3.19 9.10 9.37 5.99 - - -
(54.67) (3.28) (9.11) (9.54) (6.00)
[Cu(nbab),(H,0),]-3H,0  54.16 3.21 9.00 10.01 6.01 - - -
(5424) (3.25) (9.04) (10.25) (6.00)
[Mn(nbab),]-Y 1.98 0.78 0.33 0.92 6.00 14.97 5.77 2.59
[Fe(nbab),]-Y 2.28 0.91 0.38 0.71 6.00 15.45 5.94 2.60
[Ni(nbab),]-Y 2.24 0.65 0.37 1.04 6.05 15.69 6.02 2.60
[Cu(nbab),]-Y 2.32 0.83 0.39 0.88 5.94 15.81 6.08 2.60

Table 2 Specific surface area

% Found (calculated)

Specific surface area (m?/g)

Specific pore volume (cm?/g)?

and pore volume data Compound
Na-Y 630
Mn(I)-Y 552
Fe(I)-Y 541
Ni(ID)-Y 574
Cu(D)-Y 548
[Mn(nbab),]-Y 345
[Fe(nbab),]-Y 361
[Ni(nbab),]-Y 364
[Cu(nbab),]-Y 331

3.5 FTIR spectral study

0.320
0.267
0.254
0.219
0.240
0.174
0.180
0.147
0.160

# Calculated by the BJH-method

The FTIR spectral data of ligand nbab along with neat and
zeolite-Y enslaved complexes have been studied in order to
characterize their structures (Table 3). As shown in Fig. 3,
a sharp band is seen in zeolite-Y enslaved complexes at
~1070 cm™', which is not observed in the Schiff base
ligand and their neat complexes. Hence, it could be
attributed to the asymmetric stretching vibrations of (SiO4/
AlQy4) units [25]. Other major zeolite framework bands
appear around 1190, 830 and 480 cm™' [26]. The intensi-
ties of IR bands of the zeolite-Y enslaved complexes are
weak due to the low concentration of the complex inside
zeolite cavities [27].

The spectra of the neat and enslaved complexes were
compared with that of the ligand nbab to determine the
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coordination sites, which involved in chelation. Ligand
nbab shows a strong band at ~ 1635 cm™ 'assigned to
V(c=n) (azomethine). While, upon complex formation, this
band was shifted towards lower wave number and appears
at 1605-1630 cmfl, indicates the coordination of the
azomethine nitrogen to the metal ion [28]. In IR spectra of
Schiff base ligand, a sharp band is observed at
~1315 cm ™' attributed to aromatic -OH. Though in the
case of all neat and zeolite-Y enslaved complexes, this
band is completely missing, which proves the involvement
of aromatic -OH in coordination with metal. The ligand
shows a broad less intense band in the region
2650-2500 cm ™" point out the probability of intramolec-
ular hydrogen bonding between O-H and azomethine
nitrogen. This band disappeared completely in complexes
suggests the involvement of O—H and C=N in chelation. An
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Fig. 1 XRD patterns of (a) zeolite-Y, (b) Mn(Il)-Y, (¢) Fe(I)-Y,
(d) Ni(D)-Y, (e) CudD)-Y, (f) [Mn(nbab),]-Y, (g) [Fe(nbab),]-Y,
(h) [Ni(nbab),]-Y and (i) [Cu(nbab),]-Y

important feature is the presence of new intense bands are
observed in the far-IR region (415-480/403-414 em ™) in
zeolite-Y enslaved complexes assigned to va_o) and
Vm-n), stretching vibrations, which indicates the coordi-
nation of nitrogen and oxygen atoms of the Schiff base
ligand to the metal ion [29]. A broadband in the region
3430-3449 cm_l, and two weaker bands in the region

815-840 and 670-690 cm™' in all zeolite-Y enslaved
complexes are attributed to —OH stretching, rocking and
wagging vibrations, respectively, of coordinated water
molecules [30]. A band at 1692 cm ™" is assigned to vc—o)
stretching frequency in the spectrum of free Schiff base
which is also shifted to a lower frequency ranging from
1654 to 1586 cm ™' in all the metal complexes. This indi-
cates the involvement of oxygen atom of hydroxy group of
—COOH group in bonding with metal ions. Two sharp
bands appeared at ~ 1320 and ~ 1530 cm ™' shows pres-
ence stretching vibration of —NO, group in the ligand.

The zeolite-Y enslaved complexes show very analogous
IR data (Fig. 3) that are shifted 2—4 cm™' compared to
those of the corresponding neat complexes (Fig. 4). Such
variations may be due to distortions of the complex
geometry. IR data revealed that the ligand is a bidentate
uninegative ligand coordinated to the metal through one
azomethine nitrogen and one deprotonated oxygen atom.
Moreover, strong confirmation of the presence or absence
of coordinated water was supported by thermogravimetric
analysis of these complexes.

3.6 Electronic spectral study

Figure 5 show the electronic spectral data of ligand syn-
thesized materials. The free ligand nbab exhibit three
absorption bands at 246, 246, and 321 nm due to ILCT
(intra ligand charge transfer transition), 7 — n* (aromatic
moiety) and n — n* (C=N chromophore) transitions,
respectively. As presented in Table 4, the electronic spec-
trum of neat complexes showed intense bands in the range
220-310 nm, which was assigned to m — 7* transition
occur in the aromatic rings. The intense broad bands in the
range 320-360 nm may be assigned to the (M)
— m*(L) charge transfer transition. In addition, neat com-
plexes shows weak bands in the range 410-725 nm
attributed to d—d transitions namely “T\g — ®A.g,
*T,g(G) —» °A1g and “Tig (D) - °Ag for Mn(Il)

rd

JSM-S818
e, >

-

Fig. 2 SEM images of [Fe(nbab),]-Y a before and b after Soxhlet extraction
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Table 3 FT-IR data of ligand,

neat complexes, and zeolite-Y Compound Internal vibrations External vibrations Vic=N) Vo)  V(c-=0)
enslaved complexes Vaym  Vsym  Voend D-R Vgm  Vagym
-0 T-0 T-O -0 T-O0
nbab - - - - - - 1635 3100 1692
[Mn(nbab),(H,0),]-:3H,0 - - - - - - 1618 3320 1590
[Fe(nbab),(H,0),]-2H,0 - - - - - - 1606 3324 1588
[Ni(nbab),(H,0),]-2H,0 - - - - - - 1614 3324 1594
[Cu(nbab),(H,0),]-3H,0 - - - - - - 1608 3280 1558
[Mn(nbab),]-Y 1074 674 460 610 834 1178 1630 3458 1618
[Fe(nbab),]-Y 1070 680 452 610 834 1176 1630 3460 1618
[Ni(nbab),]-Y 1072 678 452 610 834 1178 1625 3484 1616
[Cu(nbab),]-Y 1070 674 452 610 834 1176 1620 3486 1610
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Fig. 3 FTIR spectra of (a) [Mn(nbab),]-Y, (b) [Fe(nbab),]-Y,
(c) [Ni(nbab),]-Y and (d) [Cu(nbab),]-Y

complex, °A1g — T>g(G), and °A,g — °T,g for Fe(ll)
complex, and 3A2g(F) - 3T1g(P), j’Azg(F) — 3T1g(F), and
JALg(F) — Tog(F) for Ni(I) complex, suggested an
octahedral geometry for these complexes [31]. While
copper complex showed the intense band at 327 nm
assigned to the ligand to metal charge transfer transition
and the band at 896 nm assigned to “Eg — “Thg transition
corresponding to d—d transition, which justified the dis-
torted octahedral geometry of Cu(Il) complex [32]. This
value is remarkably comparable to the values for the
enslaved complexes. The spectra of enslaved complexes
show additional absorption bands at ~465 nm may be
attributed to d—d transition. This specifies the existence of
complexes inside the nanopores of zeolite-Y.
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Fig. 4 FTIR spectra of (a) nbab, (b) [Mn(nbab),(H,0),]-3H,0,
(c) [Fe(nbab);(H,0),]-2H,0, (d) [Ni(nbab),(H,0),]-2H,O and
(e) [Cu(nbab),(H,0),]-3H,0

3.7 Thermogravimetric (TG) analysis

The thermogravimetric analysis provides reliable evidence
concerning the presence of water molecules in the coor-
dination sphere of metal complexes. The thermal behavior
of the neat and zeolite-Y enslaved complexes has been
characterized by thermogravimetric (TG) method (Fig. 6).
As given in Table 5, the thermal degradation of neat
complexes takes place in four stages. The first stage
involves the loss of hydrated water molecules in the tem-
perature range of ~ 30 and 150 °C, followed by the loss of
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coordinated water molecules between ~ 151 and 300 °C.
The third decomposition stage is in the temperature range
of ~301-600 °C, which is attributed to the loss of ligand
nbab, with the observed mass loss of ~70.00 %. The final
residues were estimated as metal oxides. The thermal
decomposition of zeolite-Y enslaved complexes usually
undergoes in two stages (Table 5).

The removal of intrazeolite and coordinated water
molecules takes place in ~ 30-200 °C temperature range.
The second step starts above 450 °C, which involves the
weight loss of ~15 % due to the decomposition of metal

complexes in this wide temperature range. This indicates
the presence of only a small amount of metal complex
inside the cavities of zeolite-Y.

3.8 Catalytic activity

The B—V oxidation of cyclohexanone has occurred with the
formation of e-caprolactone. Our work started with a
sequence of scientific experiments on catalytic B-V oxi-
dation of cyclohexanone over parent zeolite-Y, metal
exchanged zeolite-Y, neat complexes, and zeolite-Y
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Table 4 Electronic spectral data of ligand, neat complexes, and
zeolite-Y enslaved complexes

Compound Wavelength (nm)

nbab 216, 246, 321
[Mn(nbab)>(H,0),]-3H,0 269, 278, 324, 584, 661, 701
[Fe(nbab),(H,0),]-2H,0 251, 281, 334, 526, 553
[Ni(nbab),(H,0),]-2H,0 292, 300, 306, 311, 538, 760
[Cu(nbab),(H,0),]-3H,0 269, 288, 319, 327, 896
[Mn(nbab),]-Y 204, 226, 272, 306, 465
[Fe(nbab),]-Y 206, 273, 306, 467
[Ni(nbab),]-Y 211, 229, 272, 306, 462
[Cu(nbab),]-Y 223, 236, 272, 313, 470

enslaved complexes. In a typical reaction, 1:1.5 molar ratio
of the cyclohexanone (0.01 mol) and 30 % H,0,
(0.015 mol) were taken with 3 mL of acetonitrile, 30 mg
of the catalyst was added to it and equilibrated at 70 °C in
an oil-bath with constant stirring for 12 h (Table 6). The
filtrate was collected at the different time and subjected to
GC to identify the products.

Amongst all, [Fe(nbab),]-Y gives a higher conversion of
cyclohexanone (Fig. 7). Therefore, [Fe(nbab),]-Y was
taken as a representative catalyst to check the effects of
solvents, catalyst amount, the mole ratio of substrate to an
oxidant, and temperature with reaction time on cyclohex-
anone oxidation are summarized beside with their possible
explanations.

The effect of organic solvents like acetonitrile, chloro-
form, 1, 2-dichloroethane, 1,4-dioxane, methanol, and
n-butanol over catalyzed B—V oxidation of cyclohexanone
have been studied (Fig. 8) by keeping other reaction
parameters fixed. Among all solvents, acetonitrile shows
the good activity by providing 71.03 % e-caprolactone
selectivity with 701 TONSs. Acetonitrile is highly polar
solvent, so it may readily dissolve H,O, along with the
cyclohexanone and consequently can direct the reactants in
such a way that properly be adsorbed on the catalyst sur-
face and thereby enhance the catalytic activity [33].

The influence of catalyst amount on the cyclohexanone
oxidation was studied (Fig. 9). Five different amount of
representative catalyst [Fe(nbab),]-Y were considered, viz.,
10, 15, 20, 25 and 30 mg with the fixed amount of other
reaction parameters. By varying the amount of catalyst, the
conversion of cyclohexanone shows a discrepancy. An
amount of 25 mg of catalyst shows a 26.4 conversion of
cyclohexanone. Additionally, the TONs decreased from
846 to 701 by further raising the catalyst amount from 25 to

@ Springer

30 mg, respectively. Therefore, 25 mg amount of catalyst
was taken to be optimum as there was no remarkable dif-
ference observed in the conversion when more than 25 mg
of catalyst was added.

As shown in Fig. 10, four different mole ratios (1:1,
1:1.5, 1:2, 1:2.5) of cyclohexanone and 30 % H,O, were
taken to determine their effect on cyclohexanone oxidation
by keeping all other reaction parameters fixed. Conversion
of cyclohexanone was improved from 23 to 34 % upon
increasing the mole ratio of cyclohexanone to 30 % H,O,
from 1:1 to 1:2, respectively. However, the rate of cyclo-
hexanone conversion decreased to 31.7 % as the ratio was
increased from 1:2 to 1:2.5. It may be due to a large amount
of water from H,O, decomposition product will dilute the
reaction mixture and thus, dropping the conversion rate. The
existence of excess water may have also poisoned the cata-
lyst. Moreover, additional water also causes the further
hydrolysis of e-caprolactone to 6-hydroxyhexanoic acid.
From the data collected, 1:2 cyclohexanone to H,O, molar
ratio was considered as sufficient to carry out the reaction as it
gives higher TONs (1025).

The effect of temperature on the catalyst efficiency for
the cyclohexanone oxidation was carried out along with
different reaction time. Figure 11 shows that by increasing
the temperature from 50 to 80 °C, the conversion increases
from 26 to 37.3 %, respectively (for 12 h). Additionally,
TONSs increases from 401 to 1167, by increasing time from
3 to 12 h, respectively. Promoting higher temperature to
85 °C causes a decrease in conversion, this may be due to
quick decomposition of H,0,. In addition, a further
increase in reaction temperature and time results in low
selectivity of e-caprolactone viz., 74, 71, 70, 70, 68, 63, 56,
and 49 % for 3, 6, 9, 12, 15, 18, 21, and 24 h reaction time,
respectively (at 80 °C), conceivably due to the product
over oxidation or hydrolysis [34]. Therefore, 80 °C was
taken to be at the optimum temperature with a 12 h reac-
tion time.

After optimization of reaction conditions, recycling
tests of [Fe(nbab),]-Y were performed with a view to
determining the effect of enslavement on stability
(Table 7). The fresh catalyst has shown 37.3 % conver-
sion and it is only a bit reduced to 35.7 %, even after
the three consecutive runs and the selectivity of e&-
caprolactone were not differ much as well. The recycled
catalyst provides 1132, 1126, and 1126 TONs for three
successive runs, respectively. Additionally, the atomic
absorption spectroscopic analysis did not show any iron
metal content in the filtrate, which confirms that iron is
not leaching out from the catalyst during B-V oxidation
reaction. The results indicate that zeolite-Y enslaved
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complexes are almost stable to be recycled for the B-V
oxidation of cyclohexanone without much loss in activ-
ity. Thus, the enslavement of complexes in zeolites is
found to increase the life of the catalyst by reducing
dimerization due to the site isolation and restriction of
internal framework structure. Therefore, heterogenization

of metal complexes within zeolitic nanopores led to
the successful preparation of efficient and selective
heterogeneous catalysts for the B—V oxidation which
helps to avoid suffering of metal complexes from
decomposition, formation of peroxo species, and recy-
clability problems.
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Table 5 Thermogravimetric results of neat complexes and zeolite-Y enslaved complexes

Compound TG range (°C) Observed mass loss (%) Assignment
[Mn(nbab),(H,0),]-3H,O 30-150 7.15 (7.90) Loss of three crystallization H,O
151-300 4.97 (5.27) Loss of two coordinated H,O
301-550 76.068 (79. 06) Removal of Schiff base ligand
551-700 11.73 (7.02) Mn,0;5 as residue
[Fe(nbab),(H,0),]-2H,O 30-150 5.78 (5.28) Loss of two crystallization HO
151-300 4.99 (5.28) Loss of two coordinated H,O
301-600 78.75 (80. 65) Removal of Schiff base ligand
601-700 10.00 (8.4) Fe, 05 as residue
[Ni(nbab),(H,0),]-2H,0 30-150 5.40 (5.38) Loss of two crystallization H,O
151-260 4.79 (5.38) Loss of two coordinated H,O
261-550 78.21 (78. 70) Removal of Schiff base ligand
551-700 11.58 (11.30) NiO as residue
[Cu(nbab),(H,0),]-3H,0 30-120 7.69 (7.64) Loss of three crystallization H,O
121-320 5.98 (5.098) Loss of two coordinated H,O
321-510 67.53 (68.462) Removal of Schiff base ligand
511-700 18.80 (18.80) CuO as residue
[Mn(nbab),]-Y 50-180 8.39 Loss of intra zeolite + coordinated H,O
500-700 15.43 Decomposition of complex
[Fe(nbab),]-Y 50-200 7.12 Loss of intra zeolite + coordinated H,O
500-700 16.24 Decomposition of complex
[Ni(nbab),]-Y 30-180 8.74 Loss of intra zeolite + coordinated H,O
500-700 15.98 Decomposition of complex
[Cu(nbab),]-Y 50-200 6.34 Loss of intra zeolite + coordinated H,O
500-700 13.41 Decomposition of complex
% Found (calculated)
g;lf)(l)(;rgariztsag]ftfynthesize d Compound Conversion (%)  TON*® TOF (h~")® e-Caprolactone selectivity (%)
materials for the oxidation of Mn-Y 3.59 _ 46.01
cyclohexanone to &-
caprolactone with aqueous Fe-Y 5.66 - 34.85
hydrogen peroxide Ni-Y 6.28 - 67.53
Cu-Y 6.08 - 23.17
[Mn(nbab),(H,0),]-:3H,0  12.05 2479  2.06 45.14
[Fe(nbab),(H,0),]-2H,0 22.29 4634  3.86 48.35
[Ni(nbab),(H,0),]-2H,0O 14.50 30.33 252 63.29
[Cu(nbab),(H,0),]-3H,0 19.00 40.25 335 31.81
[Mn(nbab),]-Y 19.51 389 32 66.18
[Fe(nbab),]-Y 26.71 701 58 71.03
[Ni(nbab),]-Y 20.39 384 32 73.00
[Cu(nbab),]-Y 20.47 493 41 28.41

@ Springer

Reaction conditions: 0.01 mol cyclohexanone, 0.015 mol 30 % H,O,, 30 mg catalyst, 3 mL acetonitrile,

70 °C, 12 h

# TON: moles of cyclohexanone converted/mole of metal

> TOF: moles of cyclohexanone converted/mole of metal x hour
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Fig. 7 Catalytic oxidation of cyclohexanone over metal exchanged
zeolite-Y, neat complexes, and zeolite-Y enslaved complexes.
Reaction conditions: 0.01 mole cyclohexanone, 0.015 mol 30 %
H,0,, 30 mg [Fe(nbab),]-Y, 3 mL acetonitrile, 70 °C, 12 h
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Fig. 8 Effect of solvents on B-V oxidation of cyclohexanone.
Reaction conditions: 0.01 mol cyclohexanone, 0.015 mol 30 %
H,0,, 30 mg [Fe(nbab),]-Y, 3 mL solvent, 70 °C, 12 h
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Fig. 9 Effect of catalyst amounts on B-V oxidation of cyclohex-
anone.” Reaction conditions: 0.01 mol cyclohexanone, 0.015 mol
30 % H,0,, X mg [Fe(nbab),]-Y, 3 mL acetonitrile, 70 °C, 12 h

Fig. 10 Effect of mole ratio of cyclohexanone to H,O, on B-V
oxidation of cyclohexanone. Reaction conditions: 0.01 mol cyclo-
hexanone, X mol 30 % H,0,, 25 mg [Fe(nbab),]-Y, 3 mL acetoni-
trile, 70 °C, 12 h
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Fig. 11 Effect of temperature with reaction time on B—V oxidation of
cyclohexanone. Reaction conditions: 0.01 mol cyclohexanone,
0.02 mol 30 % H,0,, 25 mg [Fe(nbab),]-Y, 3 mL acetonitrile,
X°C,Xh

4 Conclusions

e In summary, synthesis of zeolite-Y enslaved complexes
has been successfully done as evidenced by ICP-OES,
elemental analyses, (FT-IR and UV-Vis) spectral
studies, BET, SEMs, X-ray diffraction patterns, and
thermal studies.

e The catalytic behaviour of synthesized materials has
been tested over cyclohexanone oxidation using H,O,
as an oxidant.

e Factors that influence the oxidation were also meticu-
lously checked and the optimum reaction conditions
were: 0.01 mol cyclohexanone, 0.02 mol 30 % H,0,,
25 mg [Fe(nbab),]-Y, 3 mL acetonitrile, 80 °C, 12 h.

e [Fe(nbab),]-Y exemplifies the meaning of being
heterogeneous, displayed eventual performance by
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Table 7 The outcome of

recovered catalyst for oxidation Catalyst Conversion (%) TON* TOF (h_l)b e-Caprolactone selectivity (%)
of cyclohexanone Fresh 37.3 1167 97.26 70.00°

Ist run 359 1132 94.37 69.87

2nd run 35.7 1126 93.83 69.87

3rd run 35.7 1126 93.83 69.85

Reaction conditions: 0.01 mol cyclohexanone, 0.02 mol 30 % H,0,, 25 mg [Fe(nbab),]-Y, 3 mL ace-

tonitrile, 80 °C, 12 h

% TON: moles of cyclohexanone converted/mole of metal

® TOF: moles of cyclohexanone converted/mole of metal x hour

¢ Remaining product is 6-hydroxyhexanoic acid

providing 37.3 % conversion of cyclohexanone with
70 % e-caprolactone selectivity.

Associated with their good activity, stability, ease of
preparation, and appropriate performance in the recy-
cling reaction, they appear to be environmentally
benign and quite promising for specific applications.
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