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Abstract:



A series of first-row transition-metals combined with ethylenediamine tetraacetic acid (EDTA), as metal-based N,O-chelating ligands, at the surface of ferrite magnetic nanoparticles (MNPs) was prepared by a co-precipitation method. Those EDTA functionalized MNPs with general formula Fe3O4@EDTA-M2+ [M = Mn2+ (1), Fe2+ (2), Co2+ (3), Ni2+ (4), Cu2+ (5) or Zn2+ (6)] were characterized by FTIR (Fourier Transform Infrared) spectroscopy, powder XRD (X-ray Diffraction), SEM (Scanning Electron Microscope), EDS (Energy Dispersive Spectrometer), VSM (Vibrating Sample Magnetometer) and TGA (Thermal Gravity Analysis). The application of the magnetic NPs towards the microwave-assisted oxidation of several alcohol substrates in a solvent-free medium was evaluated. The influence of reaction parameters such as temperature, time, type of oxidant, and presence of organic radicals was investigated. This study demonstrates that these MNPs can act as efficient catalysts for the conversion of alcohols to the corresponding ketones or aldehydes with high selectivity and yields up to 99% after 2 h of reaction at 110 °C using t-BuOOH as oxidant. Moreover, they have the advantage of being magnetically recoverable catalysts that can be easily recycled in following runs.
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1. Introduction


Fine chemistry products, such as agro-chemicals, drugs and fragrances, require ketones and/or aldehydes as starting materials, which can be obtained by oxidation of alcohols [1,2,3]. Nowadays it is imperative to convert alcohol substrates into the desired more oxidized forms, to fulfill the demand of the market, in a sustainable manner. The oxidative chemical process should not generate large amounts of waste materials or use hazardous oxidizing agents and should occur in a catalytic-mediated system [4,5,6,7]. Hence, it is also highly desirable to develop cheap catalysts.



Heterogeneous catalytic systems tend to be a better alternative to homogeneous ones, since an active and stable catalyst in a different physical phase can be more easily recovered from the reaction medium and reused. In the homogeneous systems, this feature is harder to achieve constituting a major drawback [8,9,10]. Even in heterogeneous catalytic systems the recovery of the catalyst can present handicaps. Significant quantity losses of the desired materials (catalyst and/or products) can occur using the most common well-established separation procedures such as centrifugation and filtration. In addition, serious limitations are encountered in applying traditional separation methods to the recovery of nanocatalysts (size range below 100 nm) [8]. Ultra-centrifugation can mitigate these limitations, but represents a significant extra cost.



In order to overcome some separation issues and reduce operational costs, magnetic nanoparticle-supported catalysts have been studied. Advantages in using these materials rely mainly on the high accessible surface area (increase of active sites/weight of catalyst) and the easy separation with the usage of an external magnet. Magnetic nanoparticles like magnetite (Fe3O4) have been explored due to such advantages and its simple and cheap preparation protocol [11,12,13,14]. In addition, a gain or enhancement of physical-chemical properties can be achieved by functionalizing the surface of magnetite, introducing new compounds such as gum Arabic [15], chitosan [16], humic acid [17] or diethylenetriamine [18]. The common coating of magnetite with carbon and silica offers higher mechanic and thermal stability, and allows the incorporation of active species on the modified surface [19,20,21,22,23,24,25]. Functionalized magnetic catalysts can exhibit comparable (and sometimes even enhanced) activity with that of their corresponding homogeneous analogues [26].



Recently, the preparation of magnetite coated with ethylenediamine tetraacetic acid (EDTA) to be used as nano-adsorbent for the removal of Cu(II) from aqueous solution [27] and of Fe3O4@EDTA-Cu(II) magnetic nanoparticles (MNPs) as catalysts for direct oxidative amidation of alcohols [28] and oxidative coupling of formamides with β-dicarbonyl compounds [29] has been reported.



To our knowledge, EDTA functionalized magnetite type MNPs have not been studied towards oxidation of alcohols. In addition, microwave (MW) irradiation heating which constitutes an appealing alternative energy source (generating heat evenly throughout the reactor) enhancing product purity, selectivity, and yield as well as being more energy efficient and economical in comparison to conventional heating methods has not been applied on such MNPs type [6,30,31]. Moreover, ferrite-type materials have shown absorption for MW frequencies contributing to better catalytic performances [14,32]. Therefore, the investigation of the catalytic performance of magnetite surface functionalized materials for MW-assisted oxidation of alcohols is of great significance.



Herewith, we report the preparation of a series of first-row transition-metal (coordinated via N,O-moieties of EDTA) with modified surface of magnetite MNPs and their application as reusable catalysts for the selective oxidation of alcohols into the corresponding aldehydes or ketones in an added solvent-free medium using t-BuOOH as oxidant. This easy protocol overcomes some problems of homogeneous and conventional heterogeneous conditions. The easy removal of the catalyst makes the procedure very simple and eco-friendly.




2. Results


2.1. Catalysts Characterization


2.1.1. FT-IR Spectra


The 1–6 MNPs FTIR (Infrared Spectroscopy) spectra were recorded (Figure S1 in Supplementary Materials) and in Figure 1 we depict those of magnetite (Fe3O4), magnetite coated with EDTA (0) and magnetite surface functionalized with complex of EDTA-Mn2+ (1) MNPs. The common bands below 600 cm−1 are due to the spinel structure and peaks around 565 cm−1 correspond to the intrinsic vibrations of octahedral coordinated metal ions in the spinel structure (MNPs Fe-O stretching vibration) [13,14]. The broad band at ca. 3400 cm−1 and that at ca. 1631 cm−1 reveal the presence of hydroxyl groups.


Figure 1. FT-IR (Fourier Transform Infrared) spectra of Fe3O4, Fe3O4@EDTA (0) and Fe3O4@EDTA-Mn2+ (1) MNPs in the range of 4000 and 400 cm−1.
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In the 0 MNPs spectrum the broadening of the signal near 3000 cm−1 is ascribed to the C–H stretching. The enhancement of the peak at 1620 cm−1 and the presence of small signals at ca. 1100–1000 cm−1 concern the C=O and C–N stretching, respectively. This proves the EDTA functionalized surface of the MNPs [27].



The fact that the dication metal ion (Mn2+ in spectrum (1) of Figure 1) interacts with the organic moiety at the surface of magnetite results in the shifting of the C=O vibration (1462 cm−1). The presence of the peak at 866 cm−1 suggests the COO-metal complex formation [28].




2.1.2. XRD


XRD (X-ray Diffraction Pattern) pattern of Fe3O4, Fe3O4@EDTA (0) and 1 MNPs are shown in Figure 2. 1 MNPs XRD pattern was taken as a representative example of 1–6 (Figure S2, Supplementary Materials) to evidence that the phase of the pure magnetite with a spinel structure with the EDTA-metal complex functionalized surface is not changed. The angle position and relative intensity of all diffraction peaks matched with crystalline magnetite spinel structure (JCPDS 75-1609) and are also in agreement with previous reports [13,28]. The six lattice planes of magnetite at 2θ 30.2° (2 2 0), 35.4° (3 1 1), 43.1° (4 0 0), 54.5° (4 2 2), 57.1° (5 1 1), and 62.6° (4 4 0) are identified in the spectrum (Figure 2). The organic amorphous material at the surface of the MNPs can be detected by the presence of wide peaks (ca. 2θ = 18°).


Figure 2. X-ray diffraction patterns of Fe3O4, Fe3O4@EDTA (0) and Fe3O4@EDTA-Mn2+ (1) MNPs.
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Average crystallite size of magnetite (18 nm) and 1–6 MNPs (6–8 nm) was determined by considering the full width at half-maximum (FWHM) of diffraction based on Scherrer equation with XRD data (D = 0.94 λ/(β cosθ), where D is the average particle size of the crystallites, λ is the incident wavelength, θ is the Bragg angle and β is the diffracted full width at half maximum (in radians) caused by crystallization).




2.1.3. TEM and SEM-EDS (Scanning Electron Microscopy-Energy Dispersive X-ray Spectroscopy


Representative TEM (Transmission Electron Microscopy) and SEM micrographs of magnetite NPs and 0–6 MNPs are shown in Figure 3. The micrographs exhibit nanocrystalline irregular spherical shapes for all prepared materials with a lower primary size range (3 to 15 nm) regarding the 0–6 MNPs in comparison to magnetite (10 to 30 nm). It is clear the aggregation grade of all materials, which is an effect of the co-precipitation method used for the preparation of these MNPs [28]. Comparison between TEM and SEM data leads to conclude that particle aggregation effect is more pronounced in magnetite particles due their magnetic properties. The coated surface with the EDTA (0) seems to inhibit the aggregation effect, which results in an increased roughness at the surface (lower size semi-spherical particles). Similar morphology in 1–6 MNPs can be found. EDS results confirm that the samples contain Mn, Fe, C and O for 1, Fe, C and O for 2, Co, Fe, C and O for 3, Ni, Fe, C and O for 4, Cu, Fe, C and O for 5, Zn, Fe, C and O for 6 (Figures S3–S9 and Tables S1–S7, Supplementary Materials). C and N elements were not detectable (low quantity) by the SEM equipment constituting a limitation. The atomic percent of the immobilized transition metal at the surface of the 3–5 MNPs was ca. 3% and for 1 and 6 ca. 4% and 7%, respectively. Regarding 2 MNPs, it is not possible to distinguish between the iron atoms from the core and those on the surface (attached to the organic moieties). Mapping experiments of 1 and 5 MNPs are presented in Figure 4, suggesting that the corresponding transition metal ions are present at the surface of the MNPs in a well-distributed way and uniform density/concentration.


Figure 3. TEM (top) and SEM (bottom) micrographs of Fe3O4, Fe3O4@EDTA (0) and Fe3O4@EDTA-M2+ [M2+ = Mn2+ (1), Fe2+ (2), Co2+ (3), Ni2+ (4), Cu2+ (5), Zn2+ (6)] MNPs.
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Figure 4. SEM mapping experiments on Fe3O4@EDTA-Mn2+ (1) MNPs: (a) raw micrograph; (b) overlap of the raw micrograph with Mn element detection; (c) C element detection; (d) Fe element detection; (e) O element detection; (f) Mn element detection. SEM mapping experiments on Fe3O4@EDTA-Cu2+ (5) MNPs; (g) raw micrograph; (h) overlap of Fe, O and Cu elements detection; (i) C element detection; (j) Fe element detection; (k) O element detection; (l) Cu element detection.
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2.1.4. TGA (Thermal Gravimetric Analysis)


Features of the thermal stability of magnetite, Fe3O4@EDTA (0) and Fe3O4@EDTA-Mn2+ (1) MNPs are illustrated in Figure 5. Magnetite (Fe3O4) exhibits thermal stability up to 220 °C. However, in the temperature range of 220–300 °C it shows a weigh loss of ca. 2%, mainly due to the loss of residual water [27] or likely due to the formation of a crystallized Fe3O4 phase and the phase transformation from cubic Fe3O4 to tetragonal [33], resulting in the released of lattice oxygen. 0 MNPs revealed a significant weight loss of ca. 17% from 80 to 330 °C that corresponds to the decomposition of the organic structure made of molecules of EDTA. Above 350 °C there is no considerable change of weight, which implies that only the iron oxide core (Fe3O4) remains at this stage. This behavior is indicative that the organic moieties of EDTA are indeed incorporated at the surface of Fe3O4 MNPs. The weight loss pattern of 1 MNPs shows a partial decomposition of the organic moiety from 80 to 330 °C corresponding to ca. 8% mass loss. The temperature range of 330 to 520 °C (weight percentage of ca. 4%) concerns the formation of manganese oxide. Above 520 °C the weight loss pattern reaches a plateau, which is indicative that only iron and manganese oxides are present. Similar behavior was found for 2–6 MNPs (Figure S10, Supplementary Materials).


Figure 5. Thermogravimetric curves of Fe3O4 (magnetite), Fe3O4@EDTA (0) and Fe3O4@EDTA-Mn2+ (1) MNPs.
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SEM mapping and TGA analysis prove the high level of coating of the Mn(II)-EDTA complex on the MNPs.




2.1.5. VSM (Vibrating Sample Magnetometry)


The magnetic properties of 0–6 MNPs were studied by VSM at room temperature. Figure 6 presents the magnetization as a function of applied field (Oe) the full field range −100 < H < 100 kOe at 300 K. Mass normalization is by total sample mass. To compare the surface modification influence on the magnetic properties of 0–6 MNPs, magnetite MNPs were also measured.


Figure 6. Magnetization curve at T = 300 K as a function of magnetic field on Fe3O4, Fe3O4@EDTA (0), Fe3O4@EDTA-M2+ [M2+ = Mn2+ (1), Fe2+ (2), Co2+ (3), Ni2+ (4), Cu2+ (5), Zn2+ (6)] MNPs. Inset shows the magnetization curve (normalized by its maximum) as a function of the temperature for Fe3O4, 0, 2 and 5 MNPs under a field 300 Oe. Samples with lower magnetizations present superparamagnetic behavior above a blocking temperature of ~50 K.
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As expected, magnetite revealed a high saturation magnetization (Ms) of 74 emu/g, while this value is significantly lower for 0 MNPs (14 emu/g). MNPs 1–6 show a wide range of saturation magnetizations (15–60 emu/g). One should remark that the mass normalization in Figure 6 relates to the total mass of the samples, including EDTA coating. Since this amounts to about 17% or less of the mass, this is not the main factor for the observed reduction of the normalized magnetization.



One can identify two families of behavior by observation of the curvature of M vs. H curves of the MNPs. Magnetite, 1 and 5 MNPs present a fast initial increase of magnetization and higher curvature on the approach to magnetic saturation. This leads to the highest saturation values (74, 46 and 60 emu/g respectively). The remaining five MNPs, with the lowest saturation magnetizations (14–24 emu/g), present a much smother curvature on the M vs. H curves, suggesting a Langevin function like behavior, characteristic of a superparamagnetic state.



This distinction is further supported by the temperature dependence of the magnetization measured at a small H of 300 Oe (on heating), for which representative results are presented in the inset of Figure 6, normalized by each individual maximum value. From the first family (magnetite and 5 MNPs), both show a M vs. T curve compatible with the ferrimagnetic behavior of magnetite, with a monotonous decrease, with negative curvature. The second family has a more complex behavior, with the typical superparamagnetic positive curvature (magnetization proportional to inverse temperature) above a blocking temperature around 50 K where a maximum is clearly observed.



However, irrespective of the main type of behavior, all MNPs present negligible magnetic hysteresis, with very small coercive magnetic fields (Hc < 5Oe) so that magnetic agglomeration effects are very small, as in superparamagnetic state.



It is interesting to notice that by the co-precipitation method, the formation of the magnetite core and the EDTA coating taking place simultaneously brings the EDTA interference in the crystallization step of iron oxide nanoparticles (Fe3O4@EDTA had lower magnetization as compared with that of bare Fe3O4). Such differences may be accounted by changes in the size of the individual MNPs. Saturation of magnetization decreases as particle sizes are reduced due to enhancement of the surface spin effects. Moreover, as particle size decreases the coercivity vanishes and the MNPs present a superparamagnetic state at room temperature [28].



Summarizing, all MNPs exhibit nearly superparamagnetic behavior, with magnetization saturation values high enough and coercive fields low enough to easy manipulate the MNPs with a conventional external magnet, as it is illustrated in Figure 7 for 1 MNPs. In the end of the alcohol oxidation. 1–6 MNPs can be magnetically collected together from the reaction solution. Then those MNPs can be washed and transferred to a new reaction medium and re-dispersed with a slightly shake to catalyze once more a new reaction run.


Figure 7. Magnetic manipulation of Fe3O4@EDTA-Mn2+ (1) MNPs using an external magnet.
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2.2. Catalytic Performance


The 0–6 NPs were tested as catalysts for the MW-assisted oxidation of alcohols with t-BuOOH in an added solvent-free medium. With the growing concern to bring out a more environmentally friendly chemical process, the use of a solvent-free synthetic protocol is of great significance. In addition, the heating mode through MW irradiation that requires low power and possibility to enhance the activity of alcohol oxidation reactions [6,7,14,34,35,36,37,38,39,40,41] is a feature to take into account. In order to find the optimized reaction conditions, 1-phenylethanol was selected as a model alcohol substrate to oxidize (Scheme 1). t-BuOOH was used as the oxidant (chosen because it is a powerful oxidant among peroxidants and in view of the low hazardous grade of the formed by-product tert-butyl alcohol). Typically, reactions were performed with a t-BuOOH/1-phenylethanol molar ratio of 2:1, under 10 W MW irradiation, at 80 °C, for 0.5 h. In all the experiments 1-phenylethanol was oxidized to the corresponding ketone (acetophenone) in a selective manner (>99%).



In order to select the best catalyst among the prepared 1–6 MNPs to focus our attention on the following reaction parameters studies, a quick reaction screening was performed and the results are illustrated in Table 1. In the absence of any catalyst only 2% residual conversion of 1-phenylethanol to acetophenone was recorded (Table 1, entry 1). Using organic coated magnetite 0 MNPs as catalyst yielded 6.5% of acetophenone (Table 1, entry 2). Under the same reaction conditions the activity of the metal-EDTA complex functionalized catalysts, 1–6 MNPs, were screened. From these results, 1, 3 and 5 (entries 3, 5 and 7, respectively) were identified as the most active catalysts among the prepared MNPs. Hence, we focused our study using 1, 3 and 5 MNPs as catalysts.



Table 1. Solvent-free MW-assisted oxidation of 1-phenylethanol to acetophenone in the absence and presence of 0–6 MNPs as catalysts.a. MW: microwave.







	
Entry

	
Catalyst

	
m/mg

	
Yield b/%






	
1

	
none

	
-

	
1.7




	
2

	
Fe3O4@EDTA (0)

	
30.1

	
6.5




	
3

	
Fe3O4@EDTA-Mn2+ (1)

	
29.1

	
27.4




	
4

	
Fe3O4@EDTA-Fe2+ (2)

	
29.9

	
10.5




	
5

	
Fe3O4@EDTA-Co2+ (3)

	
29.8

	
31.1




	
6

	
Fe3O4@EDTA-Ni2+ (4)

	
30.0

	
7.2




	
7

	
Fe3O4@EDTA-Cu2+ (5)

	
30.0

	
14.3




	
8

	
Fe3O4@EDTA-Zn2+ (6)

	
29.9

	
7.0








a Reaction conditions: 1-phenylethanol (2.5 mmol), t-BuOOH aq. 70% (5.0 mmol), T = 80 °C, MW irradiation (10 W power), t = 0.5 h. b Moles of acetophenone per 100 mol of 1-phenylethanol; selectivity >99%.








Attempts to promote the catalytic performance of 1, 3 and 5 MNPs systems by adding the organic radical TEMPO ((2,2,6,6-tetramethylpiperidin-1-yl)oxidanyl) (2.5% mol vs. 1-phenylethanol) were unsuccessful since no obvious changes in the obtained yield of acetophenone were recorded. The addition of known C·and O-radical traps, CBrCl3 and Ph2NH (2.5% mol vs. 1-phenylethanol), respectively, resulted in a serious lack of product formation (below 1% of acetophenone), proving the radical nature of the catalytic system using t-BuOOH [42,43]. On the basis of this results the free radical mechanism illustrated in Scheme 2 is proposed. The oxidation of 1-phenylethanol is mediated by tert-butylperoxyl and tert-butoxyl radicals [36,41,44] that can be produced upon oxidation or reduction of t-BuOOH with the MNPs (catalyst), as shown in Equations (1) and (2) [45,46]. Either t-BuOO· or t-BuO can perform H-abstraction from the alcohol substrate. However, in a t-BuOOH rich medium it is more likely that t-BuO· transforms into t-BuOO, upon H-abstraction from the peroxide [47,48]. Hence, t-BuOO radical should be the main responsible one for the free-radical H-abstraction from the substrate.




Fe3O4@EDTA-M2+ + t-BuOOH→Fe3O4@EDTA-M+ + t-BuOO + H+



(1)






Fe3O4@EDTA-M+ + t-BuOOH + H+→Fe3O4@EDTA-M2+ + t-BuO·+ H2O



(2)





The use of a conventional heating (oil bath) method was evaluated as it is shown in Figure 8, Figures S11 (Supplementary Materials) and S12 (Supplementary Materials) for 1, 3 and 5 MNPs, respectively. In general, the activity was enhanced upon increasing the temperature up to 110 °C. For 5 MNPs full conversion (99% yield of acetophenone) is reached at 6 h and 110 °C, in comparison with 77% (80 °C) and 79.2% (140 °C) yields obtained at the same reaction time. The second and third most active catalytic systems at 110 °C were 1 and 3 MNPs, which produce acetophenone in a yield of 95% and 85%, respectively, after 6 h. Screening at the highest temperature, 140 °C, resulted in a slightly increase of activity till 1 h reaction time, whereafter the corresponding yield of acetophenone was lower than at 110 °C and even lower than at 80 °C after 15 h. The increase in activity with temperature is expected on kinetic basis and can enhance the formation of radical species (t-BuOO· and t-BuO) that will further interact with the alcohol substrate and promote the oxidation reaction [6,7,41]. However, at 140 °C, overoxidation and/or decomposition of the oxidant can result in a lower yield of acetophenone.


Figure 8. Acetophenone yields vs. reaction time in the solvent-free traditional heated oxidation of 1-phenylethanol using Fe3O4@EDTA-Mn2+ (1) as catalyst. Reaction conditions: catalyst (30 mg), 1-phenylethanol (2.5 mmol), t-BuOOH aq. 70% (5.0 mmol). a Moles of acetophenone per 100 mol of 1-phenylethanol (GC yield), >99% selectivity.
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The influence of the heating mode was evaluated by comparison of the yields of acetophenone formed under the same reaction conditions using the traditional heating (oil bath) or MW-induced heating at 110 °C for 1 MNPs (Figure 9) and 5 MNPs (Figure S13, Supplementary Materials) catalytic systems. Through MW-induced heating, full conversion of 1-phenylethanol was reached must faster (3 h) than in the experiments with traditional heating (ca. 6 h). Moreover, for instance, at the reaction time of 2 h, a much higher yield of acetophenone was attained using MW irradiation, 95% (1 MNPs) and 93% (5 MNPs), than heating with an oil bath, 68% (1 MNPs) and 71% (5 MNPs).


Figure 9. Acetophenone yields vs. reaction time in the solvent-free traditional heated and MW-assisted oxidation of 1-phenylethanol using Fe3O4@EDTA-Mn2+ (1) as catalyst. Reaction conditions: catalyst (30 mg), 1-phenylethanol (2.5 mmol), t-BuOOH aq. 70% (5.0 mmol), T = 110 °C. a Moles of acetophenone per 100 mol of alcohol substrate (GC yield), >99% selectivity.
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Under the achieved optimized reaction conditions the scope of alcohol substrates was tested using 1 MNPs as catalyst (Table 2). All the alcohol substrates were oxidized to the corresponding aldehydes or ketones in a selectivity manner (>99%). The overoxidation of aldehydes to the corresponding carboxylic acids or other competing reactions was not observed. Secondary aromatic alcohols (Table 2, entries 1 and 3) were oxidized in a larger extent than primary ones (Table 2, entries 2 and 4) due the higher stability of the radical organic species formed upon H abstraction. Primary alcohols can exhibit lower steric hindrance, but the lower radical intermediate stability accounts for the lower reactivity.



Table 2. Solvent-free MW-assisted oxidation of various alcohols using 1 MNPs as catalyst a.







	
Entry

	
Substrate

	
Product

	
Yield b/%






	
1

	
1-Phenylethanol

 [image: Catalysts 07 00335 i001]

	
Acetophenone

 [image: Catalysts 07 00335 i002]

	
95.1




	
2

	
Benzyl alcohol

 [image: Catalysts 07 00335 i003]

	
Benzaldehyde

 [image: Catalysts 07 00335 i004]

	
69.8




	
3

	
Benzhydrol
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Benzophenone

 [image: Catalysts 07 00335 i006]

	
87.5




	
4

	
Cinnamyl alcohol
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Cinnamylaldehyde

 [image: Catalysts 07 00335 i008]

	
68.3




	
5

	
Cyclopentanol
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Cyclopentanone

 [image: Catalysts 07 00335 i010]

	
96.2




	
6

	
Cyclohexanol
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Cyclohexanone

 [image: Catalysts 07 00335 i012]

	
96.7




	
7

	
Cycloheptanol
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Cycloheptanone

 [image: Catalysts 07 00335 i014]

	
96.8




	
8

	
Cyclooctanol

 [image: Catalysts 07 00335 i015]

	
Cyclooctanone

 [image: Catalysts 07 00335 i016]

	
98.8




	
9

	
Isoborneol
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Camphor

 [image: Catalysts 07 00335 i018]

	
90.2




	
10

	
Fenchyl alcohol
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Fenchylaldehyde

 [image: Catalysts 07 00335 i020]

	
66.6




	
11

	
1,2-Cyclohexanediol

 [image: Catalysts 07 00335 i021]

	
1,2-Cyclohexanedione

 [image: Catalysts 07 00335 i022]

	
91.3 c




	
12

	
1,4-Cyclohexanediol

 [image: Catalysts 07 00335 i023]

	
1,4-Cyclohexanedione

 [image: Catalysts 07 00335 i024]

	
73.2 c








a Reaction conditions: catalyst (30 mg), alcohol substrate (2.5 mmol), t-BuOOH aq. 70% (5.0 mmol), MW irradiation (10 W power), T = 110 °C, t = 2 h. b Moles of aldehyde or ketone per 100 mol of alcohol substrate; selectivity >99%. c Selectivity ca. 92%.








Secondary alicyclic alcohols were oxidized with yields over than 95% (Table 2, entries 5–8), with cyclooctanol exhibiting a slightly higher reactivity than the other alcohols with shorter carbon rings with a lower capacity to form radical intermediate structures [41]. Moreover, camphor is produced in a higher yield from isoborneol (90%) than fenchaldehyde from fenchyl alcohol (67%) (Table 2, entries 9 and 10), conceivably on account of steric effects.



The catalytic behavior of 1 MNPs was extended to the oxidation of two isomeric diols (Table 2, entries 11–12), 1,2- and 1,4-cyclohexanediols. The vicinal diketone (91.3%) was formed in higher yield than the 1,4-diketone (73.2%). This tendency was expected in vic-diols [41]. Excellence in selectivity was not accomplished in diols oxidation (ca. 92%), due the formation of other species, such as hydroxyl ketones, or even hydroxyoxepanones (Baeyer-Villiger mechanism type) in harmony with other reports [41,49,50].



Recycling experiments were carried out under the same optimized conditions using 1 MNPs (Figure 10). The catalyst is magnetically recovered easily after the reaction, washed, dried and then added to a new reaction step up. Therefore, further operations, such as filtration or centrifugation, were dispensable. The catalyst was recycled 5 times in the oxidation of 1-phenylethanol without a considerable loss of activity. In order to verify the absence of leaching during the oxidation reaction the following test was performed: after 30 min of reaction the 1 MNPs were magnetically removed from the reaction solution yielding 26% of acetophenone. The reaction was then left to proceed without the catalyst during more 6 h and no significant increase of yield was observed.


Figure 10. Solvent-free MW-assisted oxidation of 1-phenylethanol to acetophenone using Fe3O4@EDTA-Mn2+ (1) as catalyst before and after reaction (up to 5 recycles). Reaction conditions: catalyst (30 mg), 1-phenylethanol (2.5 mmol), t-BuOOH aq. 70% (5.0 mmol), T = 110 °C, t = 2 h. a Moles of acetophenone per 100 mol of alcohol substrate (GC yield), >99% selectivity.
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In comparison with other reported magnetic-based catalysts bearing first-row transition-metal(s) employed for the oxidation of 1-phenylethanol, the prepared 1 and 5 MNPs are more efficient (Table 3). Most of the already-reported catalytic systems from Table 3 present high selectivity for acetophenone. However, in view of efficiency, in which yield and reaction time are key factors, just cobalt-chitosan (Table 3, entry 5) seems to be comparable with our 1- and 5-based catalytic systems. Besides the use of lower temperature (80 °C) and O2 as oxygen source, the methodology with cobalt-chitosan requires the use of a salt in stoichiometric amount and an organic solvent. In that sense, our synthetic protocol constitutes a better alternative since there is no need for solvent or additives. Moreover, despite the higher temperature used (120 °C vs. 80 °C), MW-irradiation consumes much lower energy than conventional heating.



Table 3. Comparison of 1 and 5 MNPs with other magnetic-based first-row transition-metal catalysts for the oxidation of 1-phenylethanol to acetophenone.







	
Entry

	
Catalyst

	
Reaction Conditions

	
Yield a/%

	
Selectivity b/%

	
Reference






	
1

	
Fe3O4

	
O2, 80 °C, 18 h, toluene

	
76

	
100

	
[51]




	
2

	
Fe3O4

	
t-BuOOH, MW 120 °C, 2 h

	
51.2

	
>99

	
[14]




	
3

	
Cu-FPZ

	
NaHCO3, TEMPO, O2, 60 °C, 12 h, acetonitrile

	
54

	
99

	
[52]




	
4

	
Fe3O4@Cu3(BTC)2

	
Na2CO3, TEMPO, O2, 75 °C, 12 h, acetonitrile

	
7

	
>99

	
[53]




	
5

	
Cobalt-chitosan

	
K2CO3, O2, 80 °C, 4 h, p-xylene

	
95

	
100

	
[54]




	
6

	
Mn@MNP

	
t-BuOOH, 110 °C, 4 h, dimethyl sulfoxide

	
4

	
86

	
[55]




	
7

	
Fe3O4@mSiO2/NH-PV2W

	
H2O2, 80 °C, 8 h, toluene

	
40

	
99

	
[56]




	
8

	
Fe3O4@EDTA-Mn2+ (1)

	
t-BuOOH, MW 110 °C, 2 h

	
95.1

	
>99

	
This work




	
9

	
Fe3O4@EDTA-Cu2+ (5)

	
t-BuOOH, MW 110 °C, 2 h

	
93.3

	
>99

	
This work








a Moles of acetophenone per 100 mol of 1-phenylethanol). b Selectivity based on acetophenone (desired product per 100 mol of converted substrate). Cu-FPZ = copper-doped Fe3O4@poly(4-vinylpyridine-codivinylbenzene)@ZIF-8. Mn@MNP = aminosalicylidene manganese complex bearing terminal alkynyl with azide-functionalized shell–core magnetic nanoparticles. Fe3O4@mSiO2/NH-PV2W = divanadium-substituted Keggin phosphotungstic acid H5PV2W10O40 on mesoporous silica coated Fe3O4 core-shell nanoparticles. TEMPO = organic radical, 2,2,6,6-tetramethylpiperidine 1-oxyl.








Our transition-metal EDTA functionalized magnetite nanocatalysts constitute an optimization of the magnetic ferrites previously reported by us [14]. Among the ferrite materials, magnetite exhibited the most promising chemo-physical properties, such as higher magnetization, turning it the easiest material to manipulate using an external magnet. The surface of Fe3O4 was functionalized by coating with EDTA. This transformation allowed limiting the aggregation effect between nanoparticles (Figure 3) that would reduce the available surface area. Therefore, a higher specific area was obtained meaning more active sites per unit mass able to catalyze the reaction. At the same time, the chelating atoms of EDTA, N and O allowed the complexation of transition ion metals on the surface of the nanoparticles (Figure 4) that served as active sites for alcohol oxidation (Scheme 2). Importantly, these improved features occur without loss of the magnetic properties (Figure 6). Therefore, the catalytic performance of EDTA functionalized materials allowed reaching full conversion of 1-phenylethanol what was not achievable with the previous reported transition metal ferrites [14] applying the same solvent-free MW-assisted oxidation methodology.





3. Experimental Section


3.1. Materials and Instrumentation


All the chemicals were obtained from commercial sources (Aldrich, Darmstadt, Germany) and used as received. Infrared spectra (4000–400 cm−1) were recorded on a Vertex 70 (Bruker) instrument in KBr pellets (Ettlingen, Germany). The catalytic tests under MW irradiation were performed in a focused microwave Anton Paar Monowave 300 reactor (10 W), using a 10 mL capacity reaction tube with a 13 mm internal diameter, fitted with a rotational system and an IR temperature detector.



The structural properties of synthesized nanoparticles were analyzed by powder X-ray diffraction (PXRD) (Bruker, Ettlingen, Germany) on a D8 Advance Bruker AXS (Bragg Brentano geometry) theta–2theta diffractometer using Cu (Kα) radiation (wavelength: 1.5406 Å) and a secondary monochromator, operated at 40 kV and 40 mA at room temperature in the range of 2θ from 10 to 80° with a scan speed of 0.02°/s. Aluminum sample holder was used.



The particle size and morphology of the surfaces of sample were analyzed by transmission electron microscopy (TEM) Hithachi 8100 (Austin, TX, USA) and scanning electron microscopy (SEM) Hithachi S2400 instrument (Austin, TX, USA) with Bruker light elements and energy-dispersive X-ray spectroscopy (EDS) detector (Austin, TX, USA). The samples were coated with Au-Pt in an ionization chamber.



Thermal gravimetric analysis (TGA) experiments (Perkin-Elmer, Waltham, MA, USA) were performed using a Perkin-Elmer Instrument system (STA6000) with a heating rate of 20 °C min−1 over a temperature range of 30–800 °C under flowing compressed dinitrogen atmosphere.



Magnetic properties were studied using a cryo-free vibrating sample magnetometer (VSM) from Cryogenics (London, UK) that allows measurements in the temperature range of 2–320 K, under magnetic fields up to 100 kOe (10 Tesla), with sensitivity and reproducibility of the order 10–4 emu, depending on the field range and sweep rate.



For identification and quantification of the reaction species gas chromatographic (GC) measurements were carried out using a FISONS Instruments GC 8000 series gas chromatograph with a DB-624 (J&W) capillary column (FID detector) and the Jasco-Borwin v.1.50 software (Jasco, Tokyo, Japan). The temperature of injection was 240 °C. The initial temperature was maintained at 120 °C for 1 min, then raised 10 °C/min to 200 °C and held at this temperature for 1 min. Helium was used as the carrier gas. Reaction products were identified by comparison of their retention times with known reference compounds.




3.2. Catalyst Preparation


3.2.1. Synthesis of Fe3O4@EDTA


The MNPs Fe3O4@EDTA-M2+ [M2+ = Mn2+ (1), Fe2+ (2), Co2+ (3), Ni2+ (4), Cu2+ (5) or Zn2+ (6)] were prepared by adaptation of a reported co-precipitation method (Scheme 3) [28]. Anhydrous FeCl3 (1.6 g, 10 mmol) and FeCl2·4H2O (1.0 g, 5 mmol) were dissolved in 100 mL deionized water. Ammonia solution (aq. 30% v/v) was added dropwise till the solution reached pH = 12 while stirring at 80 °C. During the addition of aq. ammonia solution, EDTA (disodium salt dihydrate) solution (1.1 g, 2 mmol in 20 mL water) was added to this black suspension. The resulting black dispersion was continuously stirred for 1 h and then cooled down to room temperature and stirred for more 2 h. The resulting precipitate, Fe3O4@EDTA (0) MNPs, was isolated with the help of an auxiliary external magnet, and washed with deionized water three times.




3.2.2. Functionalization of Fe3O4@EDTA


50 mL water were added to 0, then MnCl2·4H2O (0.40 g, 2 mmol) and Na2CO3 (0.42 g, 4 mmol) were introduced to it and stirred at 40 °C for 6 h. The suspension was refluxed for 2 h. Finally, the Fe3O4@EDTA-Mn2+ (1) MNPs were once again isolated with the help of an auxiliary external magnet, washed with deionized water and ethanol three times before being dried in an oven overnight.



The above process was extended to the synthesis of Fe3O4@EDTA-M2+ (M = Fe2+ (2), Co2+ (3), Ni2+ (4), Cu2+ (5) or Zn2+ (6)) using the corresponding divalent metal chloride salts for that purpose.





3.3. General Procedure for the Peroxidative Oxidation of Alcohols


In a typical experiment, the alcohol substrate (2.5 mmol), t-BuOOH (70% in aqueous solution, 5.0 mmol) and catalyst 1–6 MNPs (30 mg) were introduced to a cylindrical Pyrex tube with a stirring bar, which was then placed in the focused microwave reactor. In the (2,2,6,6-tetramethylpiperidine-1-yl)oxidanyl (TEMPO)-mediated experiments, TEMPO (62.5 µmol, 2.5 mol % vs. substrate) was added to the reaction mixture. The system was stirred and microwave (MW)-irradiated (10 W) for 15 to 180 min at 80–110 °C. After the reaction, the mixture was allowed to cool down to room temperature. 150 µL of benzaldehyde (or cyclopentanone in benzyl alcohol oxidation) as internal standard and 2.5 mL of acetonitrile (to extract the substrate and the organic products from the reaction mixture) were added. The obtained mixture was stirred during 10 min and then a sample (0.5 µL) was taken from the organic phase and analyzed by GC using the internal standard method, so the yield and selectivity of the reaction can be calculated.





4. Conclusions


We have introduced a novel straightforward protocol for a solvent-free MW-assisted selective catalytic oxidation of alcohols to their corresponding carbonyl compounds based on transition metals complexed on the surface of functionalized magnetite with EDTA. Among these prepared superparamagnetic nanoparticles (3–15 nm), Fe3O4@EDTA-Mn2+ (1) and Fe3O4@EDTA-Cu2+ (5) exhibited the highest activity as catalysts towards the oxidation of 1-phenylethanol using aq. t-BuOOH at 110 °C, reaching full conversion in just 3 h of reaction. Tests with radical traps suggest a free radical-based catalytic cycle.



The simple preparation of cheap and stable transition metal-based ferrites, the use of nontoxic and inexpensive materials, the absence of organic solvents, the low power (10 W) MW irradiation for heating, the easy separation and recovery of the catalysts from the reaction medium and the convenient magnetic recyclability of the catalyst constitute real advantages of the present catalytic systems.



The application of these MNPs to different organic reactions is currently under investigation in our laboratory.
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Scheme 1. Solvent-free MW-assisted peroxidation of 1-phenylethanol to acetophenone in the presence t-BuOOH using 0–6 MNPs as catalysts. 
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Scheme 2. Proposed mechanism for Fe3O4@EDTA-M2+ [M2+ = Mn2+ (1), Fe2+ (2), Co2+ (3), Ni2+ (4) or Cu2+ (5)] MNPs catalyzed oxidation of 1-phenylethanol to acetophenone in the presence t-BuOOH. 
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Scheme 3. Preparation of Fe3O4@EDTA-M2+ [M2+ = Mn2+ (1), Fe2+ (2), Co2+ (3), Ni2+ (4), Cu2+ (5) or Zn2+ (6)] MNPs. 
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