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Abstract

In this work, we present a simple method for the synthesis of metal ions stabilized on dopamine
modified iron oxide nanoparticles (FesOs@DA@M**) and their catalytic applications in
important organic transformation reactions. Two different metal ions (Cu* and Ru?*) are studied
in this work. It is observed that both synthesized Fes0s@DA@Cu* and Fes0s@DA@RUu?* can
effortlessly be separated from the reaction medium by positioning an external magnetic field.
Dopamine, which is used as an anchor between FezO4 and metal ions, increases the solubility of
catalyst in reaction medium and prevents leaching of metal ions from the catalyst surface. Here
FesO4s@DA@Cu* is used in the synthesis of 1,2,3-triazole derivatives via azide-alkyne
cycloaddition reactions and FesO4s@DA@Ru?* is used for transfer hydrogenation reaction of
various aryl ketones. The FesOs@DA@M** nanocomposite is characterized via powder X-ray
diffraction (XRD), X-ray photoelectron spectroscopy (XPS), scanning electron microscopy
(SEM), transmission electron microscopy (TEM), Fourier transform infrared spectroscopy
(FTIR), atomic absorption spectroscopy (AAS), thermogravimetric analysis (TGA) and
vibrating-sample magnetometer (VSM). The FesOs@DA@M*" catalytic systems can be reused

in the reaction mixture up to five times without significant loss in their catalytic activity.
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1 Introduction
The stabilization of metal ion catalysts on inorganic supports for their application in

important organic transformation reactions has made remarkable progress in the recent years.[1-
5] In this context, superparamagnetic nanoparticles as a catalyst support have gained significant
attention due to their relatively easy synthesis procedure, high surface activity, good stability,
and efficient recovery from the reaction medium.[6, 7]The use of magnetic nanoparticles provide
the advantage of effortless separation of the catalyst from the reaction medium just by applying a
simple external magnetic field. However, the leaching of metal ion from the support surface
hampers the efficiency and reusability of these catalysts. To overcome this issue, the concept of
introducing a linker between catalyst and solid support was presented by various research
groups. This has helped in improving the long-term stability as well as the dispersity of the
catalyst in reaction medium to obtain better catalytic efficiency[1, 8-13].

The application of copper as a homogeneous catalyst has many complexities such as
extremely difficult separation method of the catalyst, low recyclability, high cytotoxicity and

other environmental related concerns[14]. The increasingly strict regulations in the industrial



application of the catalyst demands the removal of even trace amounts of catalyst from the final
product. Even with the extensive methods, the elimination of trace amounts of catalyst from the
product is a challenge. Cu*® ions are known to be best catalyst for the synthesis of 1,2,3-Triazole
derivatives which is commonly known as ‘click 1,2,3 cycloaddition’ reaction[15]. 1,2,3-Triazole
derivatives are an extremely important class of organic compounds for pharmaceutical
applications. They also exhibit a broad range of biological, antiepileptic, anti-allergic, and anti-
HIV properties. 1,2,3-Triazole derivatives are prepared through Huisgen dipolar cycloaddition of
organic azides and alkynes[16-18]. However, the reaction has an extremely slow rate, produces a
mixture of regioisomers and has very low yield even at high temperatures (80—120°C for 12-24
h). The pioneering work on Cu-catalyzed azide—alkyne cycloaddition (CUAAC) reactions in
2002 led to a major improvement in both the rate and regioselectivity of the reaction[19, 20]. It
still continues to attract the interests of researchers. The CUAAC reaction satisfies the criteria of
click chemistry and has been extensively applied to chemical synthesis of macromolecules, and
functionalization of biomolecules. The exceptional stability of azide and terminal alkynes also
make them a suitable candidate for application as starting material in reactions pertaining to
biotechnology and materials science[18, 21]. The regioselectivity, increased reactivity of
unactivated alkynes, and very high yields even at low concentrations in aqueous media makes
CUuAAC reaction advantageous over the thermal version.[22] An extremely easy and efficient
method for the preparation of heterogeneous Cu catalytic systems based on copper is its
immobilization on solid supports. There are plenty of literature available where different solid
support systems are used to immobilize copper ions. For the immobilization of copper, various

support systems such as activated polymers [23], zeolites [24], graphene [25, 26], carbon



nanotubes[27], silica[28] and iron oxide (FesOs) nanoparticles[3] others[29-31] have been used
so far.

Hydrogenation reaction of aromatic ketones and unsaturated compounds is another class
of most fundamental organic transformation reaction in organic synthesis. Its industrial
applications ranges from fine chemicals to pharmaceuticals synthesis[32-34]. Two different
paths are followed for hydrogenation reaction. One is direct hydrogenation which involves with a
pressure of H> gas pressure and another is transfer hydrogenation without using H> gas pressure.
Transfer hydrogenation reactions are smart alternative to direct hydrogenation. It has become the
focus of recent research in hydrogenation science as it neither requires any hazardous
pressurized H> gas nor elaborate experimental setups [35]. Au, Fe, Ru, Rh, Ir ions are commonly
used as catalyst for transfer hydrogenation reactions and among all metal ions Ru ions are
extensively used as for transfer hydrogenation reaction of aromatic aldehydes and ketones [36-
39]. To stabilize Ru ions different types of catalytic support like zeolite, nanoparticles, graphene
oxide, carbon, ionic liquids, polymers are used extensively for transfer hydrogenation reactions
[40-44].

In this paper, we present the preparation and characterization of heterogeneous metal ions
(Cu*t and Ru?") supported on dopamine (DA) modified Fe3O4 nanoparticles. The amine group of
dopamine stabilizes the copper/ ruthenium ions and reduces the leaching of Cu*/Ru?* ions from
catalyst support. It also enhances the solubility of the catalyst in the organic solvent. The
FesO4@DA@Cu* catalyst promotes the Huisgen 1, 3-dipolar cycloaddition of organic azides and
terminal alkynes. It is also found efficient in the reaction between organic halides and terminal
alkynes in presence of sodium azide. The Fes0s@DA@Ru?" catalyst efficiently reduce number

of aromatic ketone derivatives to their respective alcohol derivatives. Both the prepared catalysts



are easily separable by the application of an external magnet at the end of the reaction. The
recovered catalyst can be reused without loss of catalytic activity or leaching of any metal

species.

2 Experimental
Characterizations

Fourier transform infrared (FTIR) spectra were recorded on Bruker Alpha T
spectrophotometer. X-ray diffraction (XRD) patterns were obtained by a Rigaku Miniflex 600
desktop X-Ray diffractometer with Cu Ka radiation in 20 range of 5-80A. Scanning electron
microscopy (SEM) images were taken on ZEISS EVO 18 SEM. Nitrogen adsorption and
desorption isotherms were obtained with an Autosorb-iQ-MP-XR (Quantachrome, Florida,
USA). X-ray photoelectron spectroscopic studies were carried out using a KRATOS AXIS 165
X-ray Photoelectron Spectrometer. Thermogravimetric analysis (TGA) was performed at heating
rate of 10°C under nitrogen atmosphere using Perkin-Elmer STA 6000 instrument. Atomic
absorption spectroscopy (AAS) measurement was carried out using a PerkinElmer (Model-
AAnalyst-700) spectrometer. Prior to analysis, the sample was digested in aqua regia.
Transmission electron microscopy (TEM) experiments were carried out by a Tecnai G2 20
TWIN electron microscope. Nuclear magnetic resonance (NMR) spectra were recorded on
Bruker DRX300 spectrometer using CDCls as solvent and tetramethylsilane (TMS) as internal
standard. The magnetic properties of samples were measured with a Vibrating Sample

Magnetometer (VSM)-LAKESHORE (Model: 7404).



Synthesis of Cu (I)/ Ru (I1) on amine terminated Fe3O4 nanoparticles

The synthesis of Fes0s@DA@M** (M** = Cu*/Ru?") catalytic system is shown in
Scheme 1. It consists of two major steps. In the first step, FesOs nanoparticles have been
synthesized by coprecipitation of FeCl, and FeCls in presence of dopamine hydrochloride in
aqueous medium. In brief, FeCl, and FeCls (1:2 molar ratio) were dissolved in doubly distilled
water acidified with HCI during continuous stirring at ambient temperature and pressure to
obtain a clear solution. Into which 0.189 g (Immol) of dopamine hydrochloride was added.
Hydrazine monohydrate was added dropwise to adjust the pH of the solution to almost 10. The
reaction mixture was stirred further for a period of 2 h. The black precipitate was collected,
filtered and repeatedly washed with distilled water. The product dopamine capped Fe3Oa
nanoparticles was subsequently dried in vacuum for 2 h at room temperature.

In the second step, 0.049 g (0.25 mmol) of cupric acetate monohydrate was dissolved in
50 mL of distilled water and mixed with 50 mL of aqueous solution of dopamine capped Fez04
containing 0.5 g of dopamine capped FesO4 NPs. The pH of the solution was adjusted to 10 and
stirred at 25°C for 2 h. After several washings with water to remove impurities followed by
magnetic separation, a highly pure Fes04@DA@Cu* catalyst system was obtained.

By similar method 0.5 g of as synthesized dopamine capped FesOs nanoparticles were
taken in 50 mL deionized water and 0.48 mmol (0.1 g) of RuCls was introduced into the mixture.
The reaction mixture was sonicated for 30 min to get highly dispersed solution. The reaction
mixture was then refluxed for 2 h in N2 atmosphere. The mixture was then cooled to room
temperature. Excess acetone was added to the mixture to precipitate the catalyst. The precipitate
was washed several times with water and finally separated by applying external magnetic field

and the powder was subsequently dried in vacuum to get Fes0s@DA@Ru?" catalytic system.
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Scheme 1: Synthesis procedure of Fes0s@DA@M** (M** = Cu*/Ru?*) catalyst system

3 Results and Discussion

The Fes;0s@DA@M*" catalytic system was characterized using various experimental
techniques such as XRD, XPS, SEM, TEM, BET, TGA, AAS, FT-IR, and VSM.

The powder X-ray diffraction patterns of the dopamine capped FesO4 catalyst system was
measured and are shown in Fig. 1 which shows the crystalline nature of the nanocatalyst. The
pattern observed during the measurement was compared with the standard FezO4 pattern (JCPDS

(The Joint Committee on Powder Diffraction Standards) card no. 19-0629). Eight typical peaks

were observed at 18.4°, 30.1°, 35.4° , 43.2° , 53.4° , 57.2° , 62.5° , and 74.3° , which are due to

the diffraction of the (111), (220), (311), (400), (422), (511), (440), and (533) lattice planes of

Fe3Oq4, respectively.
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Fig. 1 XRD patterns of dopamine capped Fe3Os NPs

The FTIR spectra of FesO4@DA is shown in Fig.2. The broad peak at 3390 cm™ has been
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Fig. 2 FTIR spectra of Fes04s@DA NPs.



assigned to the surface absorbed water, NH stretching vibration and OH stretching
vibrations. The peak at ~1615cm™ can be assigned to N-H bending vibrations. The
absorption bands in the FTIR spectrum of Fes0s-DA-Cu™ at ~1405 cm™ and ~1296 cm™
are assigned as v (C=C) and v (C—N) of the dopamine coating. The peak at ~600 cm™
confirms the presence of iron oxide nanoparticles.

The scanning electron microscopy (SEM) image of Fes0s@DA is shown in Fig. 3. The
SEM image reveals the morphology of the catalyst surface, which is rough due to the presence of

magnetic nanoparticles.

Fig. 3 SEM images of FesO4s@DA

Thermogravimetric analysis (TGA) analysis of FesOs@DAwas performed in the range of
25 to 600 °C to determine the loading of organic groups coated onto the surface of the magnetite.
Sl Fig 1 shows the TGA of FesOs@DA. In all the samples, the weight loss within 100-200 °C is

due to the physically adsorbed water molecules and hydroxyl groups at the surface of the FezOa.



Fe304@DA shows a 15% weight loss at 250-600 °C corresponding to the thermal decomposition
of the dopamine groups on the surface of Fe3Oa.

The TEM image of the freshly prepared FesO.@DA@Cu* catalyst is shown in Fig. 4 (a). It is
observed that the synthesized particles are about 45-50 nm in size. The TEM image of the
catalyst after five repeated reactions (Fig. 4 (b)) shows some agglomeration but overall no

change in the morphology of the particle was observed.

Fig. 4 TEM images of (a) Fes0.@DA@Cu* and (b) recovered Fes0s@DA@Cu* catalyst
after the fifth run.

TEM images of Fes0s@DA@Ru?* catalytic system also recorded. Fig. 5 (a) shows the
TEM micrographs of the Fes0s@DA@Ru?* catalyst before reaction. It is observed that
the synthesized particles are nearly spherical, about 45-50 nm in size. Fig. 5. (b) shows
the TEM micrograph of catalyst after 5 repeated reactions, which shows agglomerated

particles with an average size around 50 nm.



Fig. 5(a) and (b) TEM micrographs of the Fes0.@DA@Ru?" catalyst (a) before (b) after

5 repeated cycles.

X-ray photoelectron spectroscopy studies were carried out to establish the
oxidation state of Cu and Ru present in their respective catalyst systems. Sl Fig. 2(a)
shows the XPS spectrum of Cu. The Cu 2ps/2 binding energy spectrum is fitted using the
nonlinear least-square fit program using Gaussian equation. The spectrum consists of a
single peak at 931.3 eV with an FWHM of 3.2eV. This peak is attributed to the Cu in +1
oxidation state, which agrees with the reported data. The oxidation state +1 of Cu is
known to be most active for “Click Reactions”. Sl Fig. 2 (b) is the Ru 3psz binding
energy spectrum fitted using the nonlinear least-square fit program using Gaussian-
Lorentzian equation. The spectrum consists of a single peak at 463.05eV with an FWHM
of 3.725. This peak is attributed to the Ru in 2+ oxidation state that agrees with reported

data.[45, 46]



The N2 adsorption desorption isotherm of Fes0s-DA-Cu* and FesOs-DA-Ru?* catalyst
system and the corresponding pore-size distribution curve are shown in Fig. 6 (a) and (b). A
linear increase in the amount of adsorbed nitrogen was observed at a low relative pressure. This
can be classified as a type of Hz hysteresis loops. The catalyst FezO4-DA-Cu® exhibited 1V-type
curves (Fig 7(b)). For the For Fe3sO4-DA-Cu* catalyst system, the BET surface area (SBET), total
pore volume (VP) and mean pore diameter (rp) for FesO4 was found to be respectively 45.31
m?g?, 0.13 cm3g?, and 2.1 nm respectively. For Fes04-DA-Ru?* BET surface area (SBET), total
pore volume (VP) and mean pore diameter (rp) was found to be 85.33 m?g™, 0.20 cm®g%, and 4.8

nm respectively.
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Fig. 6 N adsorption—desorption isotherms of (a) Fes0s@DA@Cu* and (b) Fes0.@DA@RU**

nanocomposite catalytic system

The magnetic properties of the Fes0.@DA@Cu* and Fes0.@DA@Ru?* catalytic

systems were determined by a vibration sample magnetometer (VSM). The and magnetic
hysteresis curves of both the systems are shown in Fig. 7. The magnetization Vs applied field

curve for the catalyst system shows that the particles are superparamagnetic at room temperature.



The VSM curve for Fes0.@DA@Cu* shows that its saturation magnetization value was 40
emu/g without the observation of hysteresis curves, indicating the typical superparamagnetic
behaviour. The saturation magnetization of Fes0s@DA@Ru?* is 30 emu/g that is large enough
for the separation of the catalyst by applying an external magnetic field. This superparamagnetic
behaviour for both FesOs nanoparticles supported catalytic systems indicate the suitability of

nanosized Fe3O4 as catalyst support for the magnetic separation.

60 .

40 .

20 i

0

20 k 4

Magnetization (emu/qg)

Fe,0,-DA-Cu’
2+
Fe,0,-DA-Ru

-60 F

-2x10° -1x10° 0 1x10° 2x10°
Applied magnetic field (Oe)

Fig. 7 Room-temperature magnetization curve of Fe:0.@DA@Cu” and
FesOs@DA@RuU? catalyst system

The amount of Cu in Fes0.@DA@Cu catalyst was estimated from atomic absorption
spectroscopy analysis and it was found to be 5 wt%. No significant loss in the Cu amount was
found after five repeated reactions. Further, the concentration of Ru in FesOs@DA@RUu?" as
estimated by atomic absorption spectroscopy analysis was 8.47 wt% before reaction. To monitor

the changes in the composition of the catalyst, Ru ion concentration was estimated after 3 cycles



of reaction and found to be 6.31 %. This ~25 %loss of Ru is attributed to the leaching during the
reflux condition and is an issue that needs to be addressed in future.

The photographic image of the catalyst system is shown in Fig. 8 (a). The FesOs-DA-M**
catalyst is well dispersed 1-4 dioxane solvent. This better homogeneity of the catalyst in
reaction medium enhances the reactivity when compared with conventional
heterogeneous catalysts. After reaction the catalyst is easily separable from reaction

medium by applying an external magnetic field Fig. 8 (b).

Fig. 8 Photographic image of (a) highly dispersed FesOs@DA@Cu* catalyst in 1-4

dioxane (b) catalyst separated under the influence of magnetic field.

Catalytic Performance of FesOs@DA@Cu* catalyst

The prepared magnetically recoverable and reusable catalyst was applied for carrying out
the Cu-catalyzed azide—alkyne cycloaddition (CUAAC) reactions leading to the regioselective
formation of 1,2,3-triazoles. Phenylacetylene and benzyl azide were chosen for the purpose of
optimizing the reaction conditions for the cycloaddition (CUAAC) reactions. The optimization

was started by changing the amount of the catalyst. As shown in Table 1, no product was formed



in the absence of the catalyst after 24 h of the reaction (entry 1). The best yield was obtained

with 20 mg of the catalyst (entry 3). With a further increase in the catalyst amount, the yield of

Table 1. Optimization of reaction condition of cycloaddition reactions

N
TS O, OO0
Fe;0,@DA@CuU* -N

3 mmol 1 mmol
Entry Ag::;l;z tof Solvent Tel?)%e)rature Time (h) Isola(t;:/:)i)Yield
(mg)
i 1,4- dioxane 80 24 | e
2 40 1,4- dioxane 80 24 10
3 20 1,4- dioxane 80 12 926
4 40 1,4- dioxane 80 12 96
5 20 Water 80 12 55
6 20 Wate(rl:: f)tham' 80 24 55
7 20 Ethanol 80 24 95
8 10 1,4- dioxane 80 24 85
9 5 1,4- dioxane 80 24 75
10 20 1,4- dioxane 80 24 | e
(Fes0,@DA) '

the product was found to remain unchanged (entry 4). Among the various solvent systems

chosen to carry out the cycloaddition reaction, It was found that the most effective solvent

system for the cycloaddition reaction using our catalyst was 1,4-dioxane (entry 3). The

optimization table shows that the highest yield of 96 % was obtained with 20 mg of catalyst in 1-

4 dioxane for 12 h at 80 °C. It is also worth mentioning that no byproducts were observed under

the optimized conditions. The progress of the cycloaddition reactions was also tested using



dopamine modified FesO4 (without Cu) to confirm that the observed activity is only due to the
Cu (I). The use of dopamine modified Fe3O4 (without Cu) showed no conversion after 24 h. This
confirms that our catalyst system Fes0O4@DA@Cu® exhibits excellent catalytic activity for
azide—alkyne cycloaddition.

The general applicability of the as prepared catalyst was also demonstrated in a variety of
reactions of azide derivative with terminal alkyne derivatives (Table 2). The reaction between
aliphatic/aromatic halides with acetylene derivatives in presence of sodium azide (Table 3) were
also performed. In all the cases, the transformation reaction was completed with very good
yields. Both aliphatic as well as aromatic azide and halides gave moderate to good yields of the
corresponding triazole derivatives. The *H NMR spectra of all the isolated products are given in
the Sl Fig 3.

Catalytic Performance of Fes0s@DA@Ru?* catalyst

The synthesized nanocomposite Fes0.@DA@Ru?" was used a catalyst for
transfer hydrogenation reaction of a series of aromatic ketones. In a typical reaction, 1 mmol of
substrate was taken in 20 mL 0.1 M KOH in 2-propanol. KOH in 2-propanol serves as a reaction
medium. The mixture was refluxed at 82°C for 18-24 h. Completion of the reaction was
monitored by thin layer chromatography (TLC). Table 4 gives the summary of observations of
transfer hydrogenation reaction of various aryl ketones over Fes0Os@DA@Ru?" catalyst. After
completion of the reaction the catalyst was easily separated by an external magnet. Separated
catalyst was then washed with acetone and dried in vacuum for further use. The *H NMR spectra

of all the isolated products are given in the SI Fig 4.



Table 2: Cycloaddition of alkyl azide with terminal alkynes in the presence of Fes0s@DA@Cu’*

catalyst
Fe;0,@DA@Cu*
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Table 3: Cycloaddition of alkyl halide with terminal alkynes in the presence of Sodium azide
and Fes04s@DA@Cu* catalyst.

\ Feso4@DA@CU
©/\ . (j/\BQL NaN; @\Nw
80°C, 12h

3 mmol 1 mmol 1.5 mmol 1,4 dioxane
Halied Acetylene - Isolated Yield
Entry derivatives derivatives Major Product (%)
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Table 4: Cycloaddition of alkyl azide with terminal alkynes in the presence of
Fes0s@DA@RuU?* catalyst
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Reusability test of FesO4@DA@M** catalyst system
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Fig 9. Reusability of Fes0.@DA@M** catalyst system

The advantages of the application of heterogeneous catalyst system over its homogeneous
counterpart is due to its easy separability, recyclability and reusability. Thus, it is extremely
important to investigate these parameters. The reusability of FesOs@DA@Cu'* was tested in the
synthesis of 1,4-substituted 1,2,3-triazoles by choosing the reaction between benzylbromide,
phenylacetylene and sodium azide under the optimized reaction conditions. The catalyst was
easily removed from the reaction mixture by the use of magnets and was washed with EtOH, and
dried. The recovered catalyst showed no loss of activity up to the fifth run, after which the
reaction started progressing slow due to the loss in its catalytic activity. When the rate of the
reaction was extremely reduced, the catalyst was recovered from the reaction mixture was
retreated. This regenerated catalyst exhibited the initial activity as a fresh catalyst. This

demonstrates an extremely good regenerative capability for Fes0O.@DA2Cu* catalyst system



(Fig. 9). The reusability of Fes0.@DA@RuU?** was investigated in the transfer hydrogenation
reaction under optimized conditions. The loss in the activity of the catalyst after third run is due
to the leaching of the catalyst, which is also in agreement with the AAS measurements discussed
above.

Conclusions

In conclusion, we have developed a simple and effective superparamagnetic
Fe304@Dopamine@Metal lons (Metal lons = Cu*,Ru?*) Nanocomposites as a heterogeneous
catalytic systems by stabilizing copper and ruthenium ions on the surface-modified iron oxide
nanoparticles. The synthesized Fes0.@DA@M** nanocatalysts have been used for the
cycloaddition reaction of azides and alkynes and transfer hydrogenation reactions respectively.
The use of an magnetic nanoparticle based heterogeneous catalyst is comparatively economical,
experimentally simple, and, therefore, appealing for industrial use. The developed catalytic
system is (a) reusable in up to five consecutive cycles without loss of catalytic activity and (b)
easily recoverable by simply using an external magnet. The simplicity, efficiency and easy
recoverability of the catalyst may lead to its applicability towards various scientific and
industrial prospects.
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