
This journal is©The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2018 New J. Chem.

Cite this:DOI: 10.1039/c8nj00281a

Nickel(II) riboflavin complex as an efficient
nanobiocatalyst for heterogeneous and
sustainable oxidation of benzylic alcohols
and sulfides

Ravak Hasanpour, Fahimeh Feizpour, Maasoumeh Jafarpour * and
Abdolreza Rezaeifard *

In this paper, a novel nickel–riboflavin nanocomplex has been prepared via the incorporation of

Ni(OAc)2 with riboflavin. This new heterogeneous nanocatalyst showed high catalytic activity towards

green oxidation reactions. The structural and morphological characterization of the as-prepared

nanocomplex was carried out using different techniques such as FT-IR, ICP-AES, TGA, SEM, EDX, TEM,

UV-vis and elemental analysis. The nano-biocatalyst showed high oxidation stability and desired activity

in the aerobic benzylic oxidation of a structurally diverse set of alcohols in ethyl acetate as a safe

solvent. Further, oxidation of sulfides in the presence of H2O2 was successfully achieved, producing the

corresponding sulfoxides in high yields and with excellent selectivity. The facile and practical reusability

of the solid catalyst at the end of the reaction was also observed.

1. Introduction

Nowadays, advancing catalytic technologies towards sustain-
able approaches for the conversion of raw materials into fine
chemicals, high-value building blocks and synthetic applica-
tions represents a grand challenge that must be urgently
addressed due to growing environmental concerns.1–5 Further,
achieving the goals of green chemistry is a strong incentive, and
will offer indispensable tools to improve environmental and
economic issues. Therefore, the synthesis of robust, readily
available, active, multi-functional and benign catalysts is a
highly cherished goal for researchers.6,7 Moreover, it is extremely
desirable that the catalytic protocols involved are energy efficient,
economically viable, operationally simple, and environmentally
friendly. To achieve this goal, suitable synthetic routes based on
naturally sourced catalysts must be developed.

Riboflavin (Rf), or vitamin B2, is an eco-friendly, naturally
occurring important biological redox cofactor, which is essential
for human and animal health.8 Besides the biological relevance of
Rf, this molecule acts as a photosensitizer in the photo-oxidation
of a range of contaminants.9 Riboflavin, especially flavin,10

posssesses unrivaled properties, such as improved activity, selec-
tivity, photochemical stability and environmental protection, and
is regarded as a promising catalyst owing to its varied applications,

including photo-oxidation and reduction,11,12 oxidative esterifica-
tion, amidation of aldehydes,13 oxidation of myoglobin14 and
electrochemical properties.15 Although Rf has been reported as
an organocatalyst, few reports have explored the catalytic activity of
Rf nanocomplexes in synthetic organic reactions.16,17

Oxidative transformations, especially selective oxidation
(selox) reactions,18 possess some desired features of a ‘green’
procedure, in terms of reduced waste production, and play
pivotal roles in the chemical industry.19–22 However, despite
extensive research in which notable efficiencies have been
demonstrated for a broad array of oxidative transformations,
most of these traditional protocols rely on the use of hazardous
terminal oxidants or cause the generation by-products.23–26 In
fact, there is still an evident need for methodological improve-
ments of selox reactions based on green reagents and solvents.
Today, a clean and environmentally friendly process using
environmentally benign oxidants such as oxygen,27–31 air,32–36

or hydrogen peroxide37–40 is preferred.
In view of the above and in a continuation of our studies to

develop innovative strategies for the selective catalytic aerobic
oxidation of organic compounds,41–47 herein, we wish to pre-
sent an efficient and sustainable aerobic oxidative nano-
biocatalyst, synthesized via the complexation of Ni(II) with
riboflavin under ultrasound agitation. The catalyst was used in
the efficient, environmentally-friendly and selective aerobic oxida-
tion of benzylic alcohols to aldehydes in ethyl acetate as a safe
solvent. It was also used in the selective oxidation of sulfides in the
presence of H2O2 under solvent free conditions (Scheme 1).
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Moreover, the nanocomplex was demonstrated to be scalable, in
terms of both the catalyst synthesis and its implementation.

2. Experimental
2.1. General remarks

All chemicals were purchased from Merck and Fluka Chemical
Companies. The FT-IR spectra were recorded on a NICOLET
system. The TGA measurements were obtained on a TGA-50
(Shimadzu) at a heating rate of 10 1C min�1 under 20 mL min�1

flowing air. TEM images were obtained using TEM instrumen-
tation 906E (Zeiss, Jena, Germany). Samples for TEM experi-
ments were prepared by dispersing the samples in ethanol,
sonicating for 30 min to ensure adequate dispersion of the
nanostructures, and evaporating one drop of the solution on
200 mesh form bar-coated copper grids. SEM images were
obtained using a TESCAN Vega model. Inductively coupled
plasma (ICP) atomic emission spectroscopy was conducted with
an OPTIMA 7300DV. UV-vis spectra were recorded on a SPECORDs

210 PLUS. Elemental analysis was carried out on an Eager 300
CHNS elemental analyzer. The progress of the reactions was
monitored by TLC using silica-gel SIL G/UV 254 plates and also
by GC-FID on a Shimadzu GC-16A instrument using a 25 m
CBP1-S25 (0.32 mm ID, 0.5 mm coating) capillary column. NMR
spectra were recorded on a Bruker Avance DPX 400 MHz
instrument.

2.2. Fabrication of Ni(II) riboflavin nanocomplex (Ni(II)Rf2)

To 0.12 g of riboflavin in ethanol (5 mL), was gradually added
1 mmol Ni(OAc)2 dissolved in ethanol over a period of 20 min at
room temperature under ultrasonic agitation. Then, the as-obtained
mixture was kept for 2 h under these conditions. Afterwards, the
product was centrifuged and unreacted riboflavin was removed
by washing with distilled water and ethanol. Finally, the Ni(II)Rf2

nanocomplex was obtained after drying for 12 h in air.

2.3. General procedure for aerobic oxidation of benzyl
alcohols

To a mixture of benzyl alcohol (1 mmol) and Ni(II)Rf2 nano-
complex (3.1 mol%, 0.005 g) in EtOAc (0.5 mL), was added
NHPI (9 mol%, 0.011 g), and the reaction mixture was stirred
under air at 70 1C for the required time. The reaction progress
was monitored using GC, and the yields of the products were
determined using GC and NMR analysis. The pure product was

confirmed using plate silica chromatography using n-hexane/
EtOAc (10 : 3).

2.4. General procedure for oxidation of sulfides

To a mixture of the sulfide (1 mmol) and Ni(II)Rf2 nanocomplex
(3.1 mol%, 0.005 g), was added H2O2 (2 mmol), and the reaction
mixture was stirred at 40 1C for the required time. The reaction
progress was monitored using TLC, and the yields of the
products were determined using GC analysis. After the comple-
tion of the reaction, the Ni(II)Rf2 nanocomplex was extracted by
adding ethyl acetate (5 mL) followed by centrifugation and
decantation (3 � 5 mL). Then, the desired product (liquid
phase) was extracted by plate chromatography eluted with
n-hexane/EtOAc (10/5).

3. Results and discussion
3.1. Structural characterization

The FT-IR measurements of the Ni(II)Rf2 nanocomplex and Rf
are depicted in Fig. 1. Comparison of the infrared spectra of
Ni(II)Rf2 with the Rf moiety as a free ligand confirmed the
successful complexation. The stretching bands at 1720, 1712
and 1650 cm�1 are attributed to CQO and CQN in the
conjugated system, respectively, which are present in Rf.48 In
Fig. 1b (the FT-IR of the Ni(II)Rf2 nanocomplex), these frequen-
cies are shifted to lower wavenumbers along with lower inten-
sities, indicating the involvement of CQO and CQN in the
complexation. The appearance of a signal at 3364 cm�1 reveals
that the –NH groups of the heterocyclic ring remain unchanged,
indicating that there is no metal-to-NH coordination in this
complex. Also, broad peaks at around 3200–3500 cm�1 correspond
to free hydroxyl groups. The absorption bands at 443 and 563 cm�1

can be assigned to the stretching vibrations of the Ni–O and Ni–N
bonds, respectively. The peaks between 1000 and 1500 cm�1

belong to the bending and stretching vibrations of N–H, C–H,
C–C and C–O bonds, which are present in the Rf structure.

Scheme 1 The selective oxidation performance of the Ni(II)Rf2 nanocomplex.

Fig. 1 FTIR spectra of (a) Rf and (b) Ni(II)Rf2 nanocomplex.
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This region is similar in both Rf and the Ni(II)Rf2 complex, with
just a little displacement.

TEM and SEM observations clearly reveal the nanorod
morphology of the prepared nanocomplex, with nanorods
of 80–90 nm in diameter and 390–410 nm in length (Fig. 2).

The obtained SEM image shown in Fig. 2c allows us to verify
that the Ni(II)Rf2 complex exhibits a well-formed nano-rod

Fig. 2 (a and b) TEM images and (c) SEM micrograph of Ni(II)Rf2 nanocomplex.

Fig. 3 EDX analysis of Ni(II)Rf2 nanocomplex.

Fig. 4 TGA curve of the Ni(II)Rf2 nanocomplex.

Fig. 5 UV-vis spectra of (a) Ni(OAc)2, (b) Rf and (c) Ni(II)Rf2 nanocomplex
(dispersion in ethanol through sonication for 30 min, centrifuging once,
and the supernatant is taken to analysis).
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Fig. 6 The screening of the (i) solvent nature, (ii) concentration of alcohol, (iii) temperature, (iv) NHPI, (v) amount of catalyst and (vi) oxidant nature on the
oxidation of 4-chlorobenzyl alcohol (1 mmol) catalyzed by Ni(II)Rf2 after 4 h under air, except for mentioned oxidant in (vi).

Fig. 7 Comparison of (i) oxidation of 4-chlorobenzyl alcohol (1 mmol) in the presence of NHPI and TEMPO (9 mol%) by Ni(II)Rf2 nanobiocatalyst at 70 1C
under air after 4 h, and (ii) oxidation of 4-chlorobenzyl alcohol (1 mmol) in the presence of NHPI using Ni(OAc)2, Rf, Rf + Ni(OAc)2 and Ni(II)Rf2 as catalysts
at 70 1C under air after 4 h.
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shape. Such facts are in agreement with the formation of the
new complex.

The presence of the Ni complex was confirmed by ICP-ESA
and EDX analysis (Fig. 3). Also, from the ICP-ESA spectroscopy
results, the amount of Ni was evaluated to be 7.5 wt%. There-
fore, each gram of nanocatalyst contains 1.2 mmol of Ni.

TGA was performed at a heating rate of 10 1C min�1 in air
over a range of 25–800 1C to investigate the thermal behaviour
of the Ni(II)Rf2 nanocomplex (Fig. 4). Accordingly, the first mass
loss up until 180 1C corresponds to the dehydration of the
sample and the second mass loss in the range of 260–630 1C
(58%) is attributed to the complete thermal decomposition of
the Rf moiety. These results are in good agreement with the
elemental analysis data (calc.: 49.10 C%, 4.99 H%, 12.06 N%;
found: 48.98 C%, 5.00 H%, 12.02 N%).

Further evidence for the successful fabrication of the Ni(II)Rf2

complex was obtained from UV-vis spectroscopy (Fig. 5). Clearly,
there are recognizable new bands at 384, 436 and 490 nm for the
Ni(II)Rf2 nanocomplex with some red-shifting of the absorptions
resulting from complex formation.15,16

3.2. Catalytic activities

Catalytic experiments were initiated with the oxidation of
4-chlorobenzyl alcohol (1 mmol) under air in the presence of
NHPI (N-hydroxyphthalimide), knowing that the catalyst-free
condition does not have the ability to trigger the reaction under
any conditions. Different factors were screened to standardize
the reaction conditions, such as the nature and amount of
solvent and oxidant, temperature, and the quantity of NHPI or
catalyst. The schematic examination for 4-chlorobenzaldehyde
yield can be found in Fig. 6.

The data in Fig. 6-i demonstrate the effect of solvent on the
catalytic performance. The reaction did not proceed in EtOH or the
solvent-free condition, and demonstrated a low conversion in water
under air at 70 1C. EtOAc and MeCN resulted in 100% and 70%
conversion, respectively. So, EtOAc as a safe solvent was selected.
Further investigations demonstrated that a 2 M concentration
of alcohol and 70 1C are the best conditions for this oxidation
reaction (Fig. 6-ii and iii). The efficiency of oxidation was
affected remarkably by the amount of NHPI, indicating that a
radical process prevails to a great extent in the present system
(Fig. 6-iv).49 Moreover, replacing NHPI with TEMPO ((2,2,6,6-tetra-
methylpiperidin-1-yl)oxyl) under the same conditions (Fig. 7-i)
reduced the 4-chlorobenzyl alcohol conversion to less than 20%.

Also, a survey of the results shown in Fig. 6-iv revealed that a
sufficient amount of catalyst loading of 3.1 mol% led to higher
conversion, but this decreased with higher concentrations of
catalyst. Based on the data in Fig. 6-vi, common oxidants such
as O2, H2O2, TBHP, UHP and Oxon were weaker oxidants than
air for this transformation.

The ability of riboflavin, nickel acetate and a combination
of riboflavin and nickel acetate to promote the oxidation of
4-chlorobenzyl alcohol was then probed under optimized con-
ditions (Fig. 7-ii). These compounds exhibited poor activity
under this condition and the preferable catalytic performance
of Ni(II)Rf2 was confirmed.

Afterwards, with improved procedures for aerobic oxidation
in hand, we focused on the evaluation of the substrate scope.
Towards this aim, a set of structurally and electronically similar
benzylic alcohols was subjected to the catalytic oxidation pro-
tocol (Table 1). As shown in Table 1, good to excellent yields
were obtained for different primary and secondary benzyl
alcohols, except for those with the aryl ring substituted with a
nitro group (entries 8 and 9). It should be noted that the selectivity
of the procedure was prominent. Therefore, no overoxidation of
primary and secondary benzylic alcohols to the corresponding
carboxylic acids and ester was observed, respectively.

Next, we evaluated the potential of the title nanocomplex for
the selective aerobic oxidation of sulfides. The result obtained

Table 1 Oxidation of benzylic alcohols by Ni(II)Rf2 nanocomplexa

Entry Alcohol Productb
Yieldc (%)
(isolated yield (%))

1 91 (88)

2 83 (79)

3 91 (77)

4 88 (82)

5 89 (81)

6 93 (89)

7 66 (61)

8 20

9 40

10 81 (78)

11 78 (75)

12 73 (70)

13 64 (59)

a The molar ratio of substrate/NHPI/catalyst was 10 000 : 9 : 317. The
reactions were run under air, at 70 1C in EtOAc (0.5 mL) for 4 h. b The
products were identified using 1H NMR spectroscopy or by comparison
with the retention times of authentic samples in GC analysis. c The
selectivities of the products were 499% based on GC analysis.
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for the oxidation of thioanisole under the optimized conditions
of oxidation of benzylic alcohols was disappointing. Therefore,
to achieve new conditions for efficient oxidation, several factors
were screened (Fig. 8). The best performance of the Ni(II)Rf2

nanocomplex was achieved in the selective oxidation of thio-
anisole (1 mmol) in the presence of H2O2 (2 mmol), using
3.1 mol% catalyst and a reaction time of 1.3 h under solvent
free conditions.

Additionally, Rf and Ni(OAc)2, as well as a combination of Rf
and nickel acetate, were tested in the model oxidation reaction
under optimized conditions, and both of them demonstrated
lower efficiency than the Ni(II)Rf2 nanocomplex in the sulfoxi-
dation of thioanisole (Rf 10%, Ni(OAc)2 30%, Rf + Ni(OAc)2

43% yields of sulfoxide).
Then, the generality of this catalytic system was examined

with a number of sulfides under optimized conditions and the
corresponding sulfoxides were easily produced in good to
excellent yields and 100% selectivity (Table 2). It is worth
mentioning that no products resulting from benzylic oxidation
were detected under this condition (Table 2, entries 3 and 4).
The chemoselectivity of the procedure was remarkable. The
allylic sulfides were oxidized to the corresponding sulfoxides,
whereas the olefine moiety remained completely intact
(Table 2, entries 5 and 6)

3.3. Reusability of catalyst

The level of reusability and the catalytic activity are imperative
factors for the practical application of heterogeneous systems.

In this line, the recovery of the Ni(II)Rf2 nanocomplex was
explored in the aerobic oxidation of 4-chlorobenzyl alcohol
and oxidation of thioanisole as blank reactions. After comple-
tion of the reactions, the nanocomplex was separated by
centrifugation, followed by decantation (3 � 5 mL EtOAc).
The recovered catalyst was dried under reduced pressure.
In order to test the activity as well as the stability, the catalyst
was recycled at least six times. The catalyst gave remarkable
results without noticeable loss in catalytic activity, and pro-
ducts were obtained in 93–90% and 96–92% yields for the
oxidation of 4-chlorobenzyl alcohol and thioanisole, respec-
tively (Fig. 9). Using ICP-AES measurements, no leaching of Ni
was observed for the six recovered catalysts. Furthermore, a
comparison of the FT-IR spectra of the used Ni(II)Rf2 nano-
catalyst with those of the fresh catalyst showed that the
structure of the catalyst remained almost completely intact
after six recovery cycles (Fig. 10).

Since the efficiency of the aerobic oxidation of benzylic
alcohols in the present protocol was dependent on the amount
of NHPI, the reaction did not proceed in the absence of NHPI
under any conditions. Therefore, a radical mechanism may be
suggested for the title oxidation system using O2 according to
the literature50,51 (Scheme 2). This was further supported by
reduced oxidation of 4-chlorobenzyl alcohol in the presence of
radical scavengers such as 2,6-di-tert-butyl-4-methylphenol
under the same conditions.

Also, a plausible mechanism has been proposed for the
oxidation of sulfides in the presence of H2O2 as an oxidant

Fig. 8 The screening of the (i) solvent nature, (ii) temperature, (iii) catalyst amount and (iv) oxidant nature on the oxidation of thioanisole (1 mmol)
catalyzed by Ni(II)Rf2 after 1.3 h at 30 1C using H2O2 (2 mmol), except for the mentioned oxidant.
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using the title nanocatalyst, and is shown in Scheme 3. In this
context, Lewis acid activation of the peroxide is the key inter-
mediate in the oxidation of sulfides.52,53

In Table 3, the oxidative activity of other Ni based catalysts is
compared with Ni(II)Rf2 in the oxidation of benzyl alcohol and
thioanisole. Compared to these previously reported methods,

Table 2 Sulfides oxidation in presence of Ni(II)Rf2 nanocomplexa

Entry Sulfide Productb
Time
(h)

Conversion (%)
(isolated yield)c

1 1.3 100 (95)

2 2 60 (56)

3 2 80 (73)

4 2 100 (90)

5 3 90 (81)

6 1.3 100 (95)

7 1 100 (92)

8 2 65 (60)

9 2 100 (90)

a Reaction conditions: molar ratio of sulfide/H2O2/Cat,
10 000 : 20 000 : 317 and the reaction was run in solvent free conditions
at 40 1C. b The products were identified by comparison with authentic
sample retention times using GC analysis and NMR spectra. The yields
of reactions were obtained using GC analysis. c The selectivities of the
products were 499% based on GC analysis.

Fig. 9 Recycling of the catalytic system for the oxidation of 4-chloro-
benzyl alcohol and thioanisole using the Ni(II)Rf2 nanocomplex, according
to procedures mentioned in the Experimental section.

Fig. 10 FT-IR spectra of the fresh Ni(II)Rf2 nanocomplex (a) and after 6
recycles in the oxidation of 4-chlorobenzyl alcohol (b) and oxidation of
thioanisole (c).

Scheme 2 A plausible mechanism for the aerobic oxidation of alcohols in
the presence of the Ni-catalyst/NHPI system.

Scheme 3 A plausible mechanism for the oxidation of sulfides in the
presence of the Ni-catalyst/H2O2 system.
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the presented catalytic oxidation systems are attractive from the
point of view of catalyst loading, solvent nature, reaction time
and yield.

4. Conclusions

In summary, we have successfully synthesized a novel of
Ni(II)Rf2 nanocomplex, by incorporating riboflavin as a biocom-
patible molecule with Ni(OAc)2 under ultrasonic agitation at
room temperature. FT-IR, ICP-AES, TGA, TEM, EDX, UV-vis and
elemental studies have been used to characterize the prepared
nanocatalyst. As a heterogeneous system, the Ni(II)Rf2 nano-
catalyst efficiently oxidizes a wide range of benzyl alcohols to
the corresponding carbonyl compounds by employing air as an
ideal oxidant and ethyl acetate as a safe solvent. Also, this
catalytic protocol is applicable for the mild oxidation of sulfides
in the presence of hydrogen peroxide under solvent free conditions.
Notably, the catalytic oxidation systems presented herein showed
remarkable selectivity. The use of air and H2O2 as green oxidants,
the mild reaction media employed, and the reusability and recycl-
ability of the catalyst are salient features of the present method
from an environmental point of view, and render the catalyst
amenable to be used in industrial applications. The catalytic
system in the present method is expected to provide new tools to
pave the way towards more sustainable transformations involving
transition metal-catalyzed C–H bond functionalization.
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