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Abstract

A novel magnetic nanocomposite was prepared by ibilimation of a cobalt complex of a
synthetic polya-amino acid on F©,-doped graphene oxide (GOa@PAA Co(ll)) and
was demonstrated to be a highly efficient catafgstthe epoxidation of olefins in mild
conditions. PAA was synthesized through a mulpstenthesis, first by a poly condensation
reaction of salicylaldehyde followed by the Strackeynthesis. The synthesized
nanocomposite was characterized by various analydied spectroscopic methods including
FTIR, ICP, XRD, EDX, XPS, FE-SEM, TEM, TGA, VSM aml_S analyses. A wide variety
of olefins could be tolerated toward epoxidatiorntha presence of molecular oxygen without
the need for any co-reductant. The magnetic nanposite could be readily separated by a
magnet from the mixture and reused for severaldimighout any significant reactivity loss,
which represents its potential for practical andustrial application. Also, the scalability of
the process was investigated in this work.

Keywords: Graphene oxide, Epoxidation, &, Nanocatalyst, Magnetically recyclable,
Gram-scale

1. Introduction

Epoxides are one of the key and versatile interatedifor manufacture of fine chemicals
including plasticizer, perfumes, cosmetics, epoxgsins, pharmaceuticals, etc. [1].
Traditionally, epoxides are synthesized by stoigtatric amount of oxidizing reagent such as
potassium monoperoxysulfate [2] and organic pesa¢8]. These peroxides are not only
toxic, corrosive and harmful, but also generatectaxaste products, which limited their
application in industrial aspects as well as inotabory due to the safety issues. So, the
researches were conducted to use more conveniasity diandling and environmentally
friendly oxidants such as molecular oxygen, TBHPaad hydrogen peroxide [3,4]. In order
to exploit the advantage of these oxidants for efaiion, as the easily accessible and green
oxidants, there is a need for a transition metabider to oxygen transfer [5]. Various
catalytic systems based on transition metals haaen kldeveloped recently such as: (1)
Fe/mpg-GN,4 (mesoporous carbon nitride) [6], (2) mesoporousattatxide [7], (3) zeolites
[8], (4) nickel complexes [9], (5) Mn(ll) and (lIomplexes [10], (6) Mn-porphyrin [11], (7)



Cuw(oxalate)(1,10-phenll, [12], (8) [MO(T]S-C3H5)BI'(CO)2{IPrN:C(H)Q,H4N}] [13], and
(9) Rhp(tpa), (tpa = triphenylacetate) [14].

Despite various progress in this topic, howeverstad the reported methods are involve
expensive reagents, unsatisfactory yield, low $®igg non-environmentally benign, using
co-reductant, harsh reaction conditions, etc. Iitivaoted that two excess possible products
could be obtained in result of the epoxidation ofadefins bearing BH (Scheme 1) [15],
which is not suitable for practical aspects. Sadifig a highly efficient catalytic system with
high selectivity and toxicity, which involves greehemistry considerations seems essential.
Application of nanomaterials as a solid support ttu¢heir high ratio of surface to volume
are well known for decades [16,17]. Among themphgeme oxide (GO) with the interesting
properties such as sheet structure, nano-size diorewith high surface area, high thermal/
chemical stability and possibility of functionaltman with various organic compounds
become as one of the most suitable solid supportorganic synthesis [3,4,18further
improvement in heterogeneous catalysts led to tepgpation of magnetic nanoparticles that
facilitates the separation of catalyst with an mdémagnetic field [19]Fe0, nanoparticles
are one of the most applicable and popular magmetnoparticles due to their widespread
applications in various fields of area such aslgstand medicine [5,20]. Some advantages
are associated with them including low cost, higkermal stability, non-toxic, chemical
stability, strong magnetization, and high crystalistructure, which conducted them for
magnetization of other solid supports; this is aadnstrategy for magnetization of solid
supports (in this case nano graphene oxide), wha been used extensively in the last

decades [3,19].
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Scheme 1Epoxidation of cyclohexene catalyzed by the tr#orsimetal catalytic systems

Cobalt complexes and generally Co-based catalyStems have received attention due to
their well-known potential for oxidation progranteing cheap and accessible, and non-toxic
nature [21]. Herein, in accordance with green clsamiconsiderations and also importance
and application of useful epoxides in organic sgaib, we plan a multiphase nanocomposite
with decoration of a Co(ll) complex of a synthepoly a-amino acid onto magnetic
graphene oxide as an highly active heterogeneogmetiaally recoverable catalyst for the
efficient free-coreductant gram-scale-€poxidation of olefins in mild conditions. This
system not only benefits from advantages of a so#do-support with high aspect ratio
(graphene oxide), but also utilizes from the presesf PAA as a strong ligand on its surface
that is responsible for high durability and acinaf the catalyst.

2. Experimental
2.1. Materials and apparatus



All chemicals were obtained from Sigma and Flucppser and used as received without
further purification. All the solvents were distitl and dried before use. Progress of the
reactions and purity of products were monitoredthip layer chromatography (TLC) on
silica gel and/or gas chromatography (GC) on a 8tru-14B gas chromatography equipped
with HP-1 capillary column and Nas carrier gas. For GC analyses, anisole was aseah
internal standard. Purification of imines and oxénveas achieved by recrystallization from
ethanol. FTIR spectra were obtained using a JASCORF4600 spectrophotometer using
KBr pellet. The'H NMR (250 MHz) and*CNMR (62.9 MHz) spectra were recorded on a
Bruker Avance DPX-250 spectrometer in Cp@hd DMSOéds as solvent. Transmission
electron microscopy (TEM) images were taken on &@hEM208 microscope and was
operated at 100 kV. The presence of the elemergsdetected by EDX spectroscopy using
field emission scanning electron microscope (FE-SBEMOL 7600F), equipped with a
spectrometer of energy dispersion of X-ray from @dfinstruments. Size distribution of the
nanoparticles were measured by dynamic light stagtgDLS) analysis on a HORIBA-
LB550 instrument. TGA of the samples have beenoperdd on a NETZSCH STA 409
PC/PG in nitrogen atmosphere with a heating rateddfC /min in the temperature ranges of
25-1000 °C. The magnetic behavior of the samples @emducted on Lake Shore vibrating
sample magnetometer (VSM) at room temperature. égperiments were accomplished
using VARIAN VISTA-PRO CCD simultaneous ICP-OES tmsnent. Conversion and
epoxide selectivity was measured according toaHeviing equations 1,2 [1,5]:
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initial mol%
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2.2. Preparation of PAA
In order to preparation of poly{amino acid) (PAA), firstly, poly salicylaldehyd®$A) was

prepared according to a previously reported proeefiy5,20]. PSA (0.1 gM , =2226) was

added to 20 mL of water, then NaCN (0.5 g, 10 mnaok) NHCI (0.5 g, 10 mmol) were
added to the reaction mixture. The reaction wakixefl at 50°C for 12 h. The resultant

orange product (mp > 40, M = 2400), poly@-amino nitrile)3, was isolated by simple

filtration followed by drying into oven (58C) for 5 h. Poly@-amino nitrile) was transformed
to poly(@-amino acid) by hydrolysis of nitrile groups; 0.213 was added to 15 mL of water
along with several drops of,80,, and the mixture was refluxed at 8C for 12 h. The
mixture reaction was cooled to room temperature readralized with 0.5 N KOH solution.
Poly(a-amino acidy, was filter off, drying and isolated as a stabbevder (mp > 400C).
Scheme 2 shows the preparation of PA¥a a multistep synthesis.

2.3. Preparation of GO
Graphene oxide (GO) was prepared according to afisddHummer’s method from purified
natural graphite [22,23].

2.4. Preparation of GO/F&04 hybrids

GO-FegO, hybrid was preparedia a chemical co-precipitation method according te th
slightly modified literature procedure [24,260/Fe0, NPs were prepared with a mass ratio
of 1: 5 (GO: FeSQ). This premium ratio provides a suitable respomdor a magnetic field
for the readily separation of the NPs [4]. In ai¢@bprocess, GO (25 mg) was first sonicated



in 150 mL deionized water for 10 min. The mixturasastirred and heated to 80 in an oil
bath. Then, NEFOH 25% solution was added dropwise to the mentic@odation until the pH
adjusted to 11. Then, Fea@H,0 (125 mg) along with sodium dodecyl sulfate (SD&ye
added into the aqueous dispersion of GO solutibe. résulting mixture was stirred under N
atmosphere for 24 h at 8€. The GO/FgD, nanoparticles were collected by an external
magnetic field followed by washing with deionizedter several times in order to eliminate
the excess iron salts. Finally, the product wasasdgpd by a simple external magnet, then
dried in vacuum (40C) for 4 h (Scheme 2).

2.5. Preparation of GO/Fe0,@PAA-Co(ll) complex

For the preparation of GO/f@,@PAA complex, 20 mg of GO/E@, in 50 mL DMF was
ultra-sonicated for 1 h, and then 0.2 gNgN-dicyclohexylcarbodiimide (1.0 mmol, DCC)
and 4-dimethylaminopyridine (DMAP) along with 0.5 afj PAA were added into the
solution. The resultant mixture was stirred for &th80 °C under N atmosphere. The
product, GO/FgO,@PAA 7, was separated using an external magnetic fieddrxashed with
water for several times until the pH reached toafd then dried into oven (68C).
Complexation of cobalt to GO/ge,@PAA was takes place by sonication of
GO/FeO,@PAA (1.0 g) in 20 mL EtOH followed by addition Gfo(OAc) (10 mg) to the
solution. The mixture was stirred at room temperatar 2 h. The produ® was purified as
same as the previous step using an external madiedd.

2.6. General procedure for catalytic epoxidation of olehs by GO/FeO,@PAA-Co(ll)

In a typical run, in a three-necked round-bottoaskl equipped with a Qg inlet (bubbling
15 mL/min, 1.0 atm.), a condenser and a magnegstar, a mixture of styrene (10.0 mmol)
and catalys8 (50 mg, 0.2 mol%) were stirred in GEN (10 mL) at 60°C. The reaction
progress was monitored by TLC. Upon reaction cotrgpie the catalyst was magnetically
filtered, and the residue was directly subjectedst® instrument to quantify the epoxide
product. Moreover, the desired epoxide product wasfied by column chromatography
followed by identification by'H NMR and**C NMR spectra. Activity of the catalyst was
expressed by turnover frequency (TOF) as well asiter number (TON) [1,5].
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Scheme 2Synthesis of pon(AA)

3. Results and discussion

3.1. Catalyst characterization

According to GPC analysis of the prepared pwlg(nino nitrile), M, = 2400, it could be
calculated that the present nitrile functions peteyof poly@-amino nitrile) is 17/2400 = 7



mmol. So, assuming that all of the nitrile groupe eonverted to acid; the potamino
acid) contain 7.0 mmol acid functions per gram ARP

FTIR spectra of 5-chloromethyl salicylaldehy@e3, 4, GO 6), 6, 7, and8 are shown in Fig.

1. The characteristic peaks at 725481 cnit, and some series vibrations at 2900-2950
cm™ are related to C-Cl (Str.), C-H (Aliphatic, Benday)d C-H (Aliphatic, Str.) vibrations,
respectively, which completely confirmed the chlosghylation of salicylaldehyde (Fig. 1a)
[1,5,20]. The polymerization of 5-chloromethyl sglaldehyde causes to a large reduction of
O-H stretching vibration intensity at 3400 t¢mconfirming that the polymerization takes
place through the ether bond formation (Fig. 1).[Zhe preparation ak-amino nitrilevia

the Strecker synthesis was characterized by agpeak at 2110 cthrelated to CN (nitrile)
groups (Fig. 1c). Moreover, two characteristic geak3500 and 3550 ¢huemonstrating the
presence of primary amine groups (Stretching vidina). Elimination of the sharp peak refer
to nitrile at the spectrum @, confirmed clearly their transformation to carblixycids (Fig.
1d). This reduction along with a red shift of thmiae groups in FTIR spectrum of pod(
amino acid), could be related to the formation @CC NHs', that is characteristic for a
typical amino acid [26]. Fig. 1le, shows the FTipeatrum of graphene oxide. A peak at
1735 cni was assigned to the stretching vibration of C=Ocfarboxylic groups (Fig. 1e).
The intense bond at 3422 ¢nis attributed to the stretching vibration of hydybgroups of
GO surface. The peak at 1626 tmepresents C=C stretching vibrations for aromatigs
related to the non-oxidized graphene oxide fram&y®r]. Advent of a strong absorption at
572 cm' at GO/FgO, FTIR spectrum indicates the Fe-O (Str.) nanopagjaonfirming the
incorporation of Fg04 NPs on the GO. Another characteristic peak wasedteaction of O-H
bond intensity due to the decoration og®gon the graphene oxide (Fig. 1f). Fig. 1g shows
the amide bond linkage inat 1622 crit. A shoulder at 1635 cimcould be attributed to free
C=0 carboxylic bonds. Also, vibrations about 1400 aepresents the bending vibration of
methylene groups in the polymer (Fig. 1g). Redurctiothe intensity of peaks at carboxylic
region, confirmed the successful coordination obatb cations through these functional
groups as indicated in Scheme 3 (Fig. 1h). Fumbee, advent of a series of packs at ~479
cm* shows the Co-O bond stretching vibration [28], frating the successful coordination
of Co (Scheme 3).
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Scheme 3Synthesis of GO/R®,@PAA Co(ll) complex

The magnetic property of the samples was studied/8¥l analysis. The samples give
suitable and satisfactory response to the appliednetic field (Fig. 2A). No hysteresis
phenomenon was found for the samples, which isactenistic for the superparamagnetic
nanoparticles [29]. These results confirmed theoriporation of FgO, NPs on GO. For



comparison, R, NPs were separately prepared and studied by V3 .ahalyses show 78
emu.g', 65 emu.d, and 32 emu:d saturation magnetization for §&, GO/FeO,, and
GO/FeO,@PAA-Co(ll) respectively (Fig. 2A, a-c). The resuibdicate a large reduction in
magnetization for the cataly8 which represent the functionalization of GO ircleatep
(Fig. 2A-c).
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(e)

(b)

(D

(c) [€:9)

Transmittance (%)
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“ Wavenumber (cm) . "~ Wavenumber (ém") |
Fig. 1FTIR spectra of (a) 5-chloromethyl salicylaldehy(®, poly salicylaldehyde?j, (c) poly@-
amino nitrile) @), (d) poly@-amino acid) 4), (e) GO §), (f) F&0J/GO (6), (g) GO/FeO,@PAA (7),
(h) GO/FgO,@PAA-Co(ll) (8)

The samples were further characterized by TGA amalyTGA spectrum of GO/E@,
indicates three main weight losses (Fig. 2B-a)th first stage, a slow weight loss takes
place near 80C correspond to 9% weight loss due to desorptionvater [18].Another
weigh loss occurs around 220vith a mild slope, which last to 44C. This 18% weight loss
exhibited the vaporization and decomposition ofougs functional groups (Fig. 1a) on GO
framework (Fig. 2B-a). Finally, decomposition of @0 groups provide 12% weight loss
above 60C0C in agreement with the literature [3,18]. An ent&mnent in thermal stability of
GO/FeO,@PAA was observed, demonstrating the influence hd toated PAA on
GO/Fg0O, hybrid. Again, the small weigh loss is due to tleease of water on the
GO/FeO,@PAA at 180°C (10% weight loss). The main weight loss in terapge range of
550-820°C represents the decomposition of PAA on the G§WIEFE-ig. 2B-b) This weigh
loss is equal to 40% and confirming the loading am@f PAA on the NPs. Coordination of
cobalt to GO/FgO,@PAA-Co(ll) showed an enhance in its thermal siigbilwhich the
overall weight loss was found to be 52% at 10G0(compared to GO/E@,@PAA-Co(ll)



with 57% weight loss). This difference may be htited to the coordinated cobalt in the
GO/FeO,@PAA-Co(ll) (Fig. 2B-c). Also, the peak refer toetldecomposition of polymer
takes place in lower temperatures with a mildepe)dhat could be attributed to the effect of
coordinated cobalt to PAA.

XRD patterns of GO, GO/E®, and GO/FgD,@PAA-Co are shown in Fig. 3A. GO presents
an amorphous peak a®210.8 related to (001) plane, that is characteristictiigr graphene
oxide [4]. Fig. 3A-a, shows the XRD pattern of G&(®, with six characteristic peaks &2
30.3, 35.5, 43.2, 53.8, 57.5, 62.9, which were assigned to their indices (220), (311)
(440), (442), (511), and (440) respectively [3H]ese reflections were in agreement with the
crystal structure of F®, NPs (JCPDS no. 19-0629). As shown in Fig. 3A-b, itltensity of
the peak at 10%8is largely reduced. This behavior suggests that BE* ions act as a
reducing agent for graphene oxide [3,19]. The atystructure of the cataly® was also
demonstrated the peaks forsBg crystal structure as well as a new amorphous pe&B=
11.5.This peak could be assigned to the amorphous PAmparison with the GO/E@,
XRD pattern, that is coated on the GO frameworkti&rmore, the results also proved that
the functionalization of GO/R®, with PAA doesn’t lead to the phase change aOg&Ps.
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Fig. 3. (A) XRD patterns of (a) GO, (b) GO/kay, (c) GO/FgO.@PAA-Co. (B) EDX spectrum of
GO/FeO,@PAA-Co (Il). (C) High resolution normalized XPS Zinspectrum of GO/RO®,@PAA-
Co (I

The presence of elements in the cataBystas detected by EDX analysis. As shown in Fig.
3B, the elements C, O, N, Co, and Fe were detewatleith confirming the structure & The
high resolution XPS Co2p spectrum of GQBgPAA-Co(ll) revealed the oxidation state
of Co (Il) ions in the catalyst. As shown in FigC,3the Co2p, and Co2p; lines were
appeared at 797.2 eV and 781 eV respectively, whaffirms that Co(ll) is the only
component in GO/R©,@PAA-Co(ll) and all Co ions are in +2 oxidationtsta

The amount of cobalt in GO/F@:@PAA-Co(ll) was also determined by ICP analysisaluhi
is 0.40 mmol.g. This amount was completely in agreement and stersie with the results
from TGA analyses (Fig. 2B-c).
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The morphology of the NPs was studied by FE-SENr&pie. As shown in Fig. 4a,b, the
iImages clearly demonstrated the chemical depostfdre;Os NPs on GO framework. The
results from TEM analysis, also, confirmed the pragon of GO/FgO,@PAA-Co(ll)
hybrid with an average size of 28 nm for the plsiqFig. 4c). The results obtained from
DLS analysis (Fig. 4d), revealed that the main dis&ribution of the NPs are in the range of
25-30 nm. The mean size of the NPs was found t@em with a deviation of 8.2, in
agreement with the corresponding TEM image.

3.2. Optimization of reaction parameters



To explore the catalytic activity of GO/Kk&@PAA-Co(ll), the epoxidation reaction of
olefins was conducted in the presence of GEIEH@PAA-Co(ll). First, for optimization of
the reaction conditions, effective parameters weah the reaction such as temperature,
solvent, oxygen flow rate, and catalyst amount vatoelied over the epoxidation of styrene
as a model reaction. As shown from the spectragn3; all mentioned parameter played a
crucial role in the epoxidation reaction. Acetafetand DMF afforded the most efficiencies
among the used solvents with 93% conversion (Fa. & seems that high dielectric
constants associated with thegr36.46, 38.25 for CECN and DMF respectively) are
responsible for this excellent efficiencies. Thiegerty is in agreement with the proposed
radical mechanism in the next section involves palabstrates and intermediates. Low
conversions for epoxy styrene were obtained in DIEBDH, and MeOH. It worth noted that
the selectivity is strongly depend on the solvditte highest selectivity was obtained for
EtOH (Fig. 5a, 98%). Then, the model reaction wagfgomed in various amount of the
catalyst (Fig. 5b). The most possible efficiencysvebtained when the reaction was carried
out in the presence of 0.2 mol% of GOBg@PAA-Co(ll). Didn’t found any significant
influence on selectivity at other catalyst amoufsygen flow rate of 15 mL/min and 6C
(CH3CN) give epoxy styrene with high efficiency (Fige)5The selectivity linearly dropped
in higher Q concentrations or temperatures. It may be duerametion of side oxidation
products in these conditions.

Catalytic performance of GO/F@,@PAA-Co(ll) was investigated toward a variety of
olefins including aliphatic, conjugated, cyclic,dam other hand, terminal or internal types
under obtained premium conditions. The results uiidg time, conversion, epoxide
selectivity and TOF were tabulated in Table 1. Tiethod demonstrated high efficiency in
terms of TOF and epoxide selectivity for all suats (Table 110a10m). Surprisingly,
epoxidation of substrates with two alkene functliypaakes place selectively on one of
alkene functional groups (Table 10j and 10m). Epoxidation of 3-methyl-1-(oxiran-2-
yh)but-3-en-2-one was selectively take placed antdrminal alkene functional group (Table
1, 10I), which represent chemoselectivity of the preseethod toward terminal alkenes than
the corresponding conjugate types. Also, the pegjmar of 10i and10k with high conversion
demonstrated that the method is suitable for epdxid of sterically hindrance olefins (Table
1, 10i and10K). It was observed that internal alkenes affordigghdr selectivity than other
terminal alkenes (Table 10b, 10d, 10€.

3.3. Control experiments

Some control experiments were conducted to show etkdusive catalytic activity of
GO/FeO,@PAA-Co(ll). For this goal, PAA-Co(ll) complex, graene oxide, F©,, and
Co(OAc) were used as catalyst in epoxidation reactionyoesae (10.0 mmol) in CECN in
the presence of moleculap @5 mL/min) at 60°C for 3 h. All the control experiments were
conducted under the same conditions. Table 2 shbe/scorresponding results. GO and
Fe;0,4 afforded inconsiderable efficiency for styrene xagdation. Also, the selectivity was
completely loss for them (Table 2).
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the epoxidation of styrene catalyzed by GQIz@&@PAA-Co(ll) for 3 h. Green curves demonstrate
epoxide selectivity for each study. Conditionsretye (10.0 mmol), solvent (10 mL).

Table 1 Epoxidation of alkenes by GO/f&,@PAA-Co(ll)?

o
R' A\ ,

R' = Alkyl, Aryl ,} Catalyst (0.2 mol%) R /S/

R = Alkyl, H R CH4CN, O, (1 atm.)

9 10 R

Entry Productl0 Time Conversion Yield sE(EIg)éit?veity TOF

(h) (%)° (%)° (%) (h°
1 10a 3 93 88 97 155
2 10b 3.5 96 92 97 137
3 10c 2.2 94 90 95 213
4 10d 2.5 96 93 98 192
5 10e 1 99 96 99 495
6 10f 8 96 90 95 60
7 10g 1 95 93 99 475
8 10h 7.5 98 94 79 65
9 100 24 92 86 86 19
10 100 1 96 93 80 480

11 10k 9 94 82 85 52



12 )W 101 45min 92 88 86 613

¢}

[e)
13 S 1om 1 92 90 84 460

#Reaction conditions: alkene (10 mmol), catalyss® g, 0.2 mol%), 60C, CH,CN (10 mL), Q
(L atm. bubbling 15 mL/min), time.

® |solated yield

°GC analysis; using an internal standard technidnésfle) and is based on alkenes.

4 Based on conversion

Co(OAc), provides a moderate efficiency and selectivityb[€a2). Coordination of cobalt
into PAA provides only 77 % conversion with lowesgivity (88%). In this regard, given the
presence of free @, NPs on GO surface in the catalyst, a synergetecefrising from
Fe;04, Co and PAA-Co complex immobilized on GO coulddoasidered. There is not any
detectable product in the absence of any catalyst. results illustrated the advantage and
superiority of the support and the designed streotm the catalytic behavior over all applied
reagents, which selectively conduct the epoxidatioalkene.

Table 2 The conversions and selectivities of styrene agaiian catalyzed by PAA-Co(ll) complex,
CO, Fg0O4, and Co(OAg) along with blank experiment

Catalyst PAA-Co(ll) GO FeO,’ Co(OAc) Blank
complexX

Conversion (%) 77 8 38 62 Trace

Selectivity (%) 88 35 57 75

4 PAA-Co(Il) complex was prepared by addition of Co&H,0O (10 mg) to 1.0 g of PAA in 25 mL
ethanol at reflux conditions. The reaction wagetirfor 3 h, then the complex filtered, washed and
dried at room temperature.

® Fe,0, was prepared according to a previously reportedagture [29]

3.4. Mechanism studies

According our observations and other researchemsk\l1,30-32], a plausible mechanism
was suggested for the epoxidation of olefins witloleoular oxygen catalyzed by
GO/FeO,@PAA-Co(ll). The suggested mechanism is illustrate&cheme 4. In first, Co-
superoxo active radicals were generated by interact the catalyst with &(Scheme 4, Int.

). This was proved by taking XPS analysis of th&tare in situ, which the presence of both
Co(ll) and Co(lll) was detected to the mixture (FBA). Styrene is added to this Co-
superoxo intermediate through an oxidative additreaction, which led to the cyclic
intermediate 1l (Scheme 4). A cyclic peroxide radligntermediate 11l) could be formed from
intermediate Il and the catalyst is regeneratedifemext cycle. This peroxide interacts with
another styrene molecule to produce the desirekidpoproduct. However, the active
peroxide may be decomposed to form aldehyde amdaldehyde by-products (Scheme 4),
that is not completely consistent with the obsertgh selectivity in this work for all
substrates. Another rote is possibie the collapse of Il (Scheme 4, bold arrow), whieti to

a Co-oxo radical (Int. IV) and a desired epoxiddenole, based on the previously reported
mechanisms [33,34]. Intermediate 1V could be atgeracting with another styrene molecule
to form epoxide product. Given that high selecyivitbserved for the substrates, this rote
seems to be more probable. However, the formati@poxide could be takes place through
each routes and or a mixture of them. It worth ddteat the Co(ll) species are only species
in the mixture in end of the reaction according<®S analysis of the recovered catalyst after
reaction completion (Fig. 6A-b), which corroboratdsat the highly active plausible
intermediates Il and IV are consumed and/or decmsag during reaction.
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Scheme 4A plausible reaction mechanism for catalytic edaion of olefins using
GO/FeO,@PAA-Co(ll)

To support of the suggested radical mechanismmath&r control experiment, hydroquinone
as a strong and efficient radical scavenger wagdda the reaction mixture of styrene at
beginning {=0) as well as 1.5 h of the reaction. Progresshefreactions were monitored
every 30 min and the results were gathered in@Bg.As shown in Figure 6B, the reaction is
stopped immediately after addition of hydroquinoRerthermore, addition of hydroquinone
at start of the reaction, almost suppress the imragirogress. These results completely
confirm that the epoxidation reaction of olefinstatgzed by GO/FO,@PAA-Co(ll)
accomplished by active radical species as shov@tieme 4.

(A) " k-

g

1 ®)

2 8 8

-

=e— Normal reaction kinetic
—+— Hydroquinone ws added at /=1.5 h

=+ Hydroquinone was added at /=0

Intensity (a.u.)
Styrene oxide conversion (%)
2
E

W
=3

0 e
05 1 15 2 25 3
Reaction time (h)

e 800 Biug?ng energi\?ie\’) ” ”
Fig. 6.(A) (a) In situnormalized high-resolution XPS spectrum of the égetion reaction mixture of
styrene catalyzed by the GOB2@PAA-Co(ll) and (b) XPS spectrum of the recoverathlyst

(first cycle). (B) Reaction kinetics (green curaed effect of hydroquinone on reaction progress at
beginning (black curve) and at 62% conversion (bluwe) for the epoxidation reaction of styrene.

The magnetic nanocataly8tcould be easily recovered from the mixture andeeufor the
subsequent reactions without any significant redagtloss (Fig. 7a). The recyclability of the
catalyst was investigated for 6 consecutive rurisaa result, didn’'t found any significant
drop in selectivity, epoxide efficiency and catalyseld. In addition, a small metal leaching
was detected in each run that was negligible. €kalts clearly demonstrate the stability and
durability of the catalyst during the reaction. fiimve this, the recovered catalyst aftémén



was characterized by some techniques. VSM anatydise recovered catalyst demonstrated
a similar magnetic behavior as same as the comespy fresh catalystThere is not any
decrease in saturation magnetization. The resutt® valso confirmed the absence of any
magnetite leaching from the catalyst surface. furntore, the FE-SEM and TEM images
from the recovered catalyst revealed that the ysitapreserves its morphology and
distribution during several recycling.

It is well known that some catalytic reactions wbanyway take place even if an actual
catalytic species is leached off from their matefgb,36]. Although, a negligible metal
leaching was found for the catalyst, to gain margght into heterogeneous nature of the
catalyst, hot filtration test was applied on thedelareaction. The catalyst was magnetically
removedin situ from the epoxidation reaction of styrene in LM in the presence of
molecular oxygen (15 mL/min bubbling) after 1 htloé reaction mixture (44% epoxy styrene
conversion). Reaction progress was monitored ed&rymin by GC instrument. Didn’t
observe any significant progress in epoxidationctvithe conversion reached to 46 % after 3
h. These results are in agreement with leachingiesuand confirm that the catalyst
completely act heterogeneously during the reaction.

35 40

. (b)
J i 3

0)

Leaching (¢

M (emu gt)

Run1 Run2 Run3 Run 4 Runs Run 6
Reaction run

‘M—
Do Yy ,,3200 nm

Fig. 7. (A) Recycling of GO/Fg,@PAA-Co for the oxidation reaction of styrene in N at 60°C
in the presence of moleculas.@B) VSM curve, (C) FE-SEM, and (D) TEM analysistioe
recovered catalyst aftef"@un.

3.5. Scalability of the method

To investigate the potential of the process fogdarscales, the epoxidation reaction of
styrene was selected as a model reaction. Theioragbs performed under the obtained
premium conditions with 200, 500, and 700 mmol tyfene. As presented in Table 3, the
results clearly demonstrated the direct scalabditythe process, which didn’'t found any

considerable loss in efficiency in term of time,ngersion or selectivity even at large

guantities (Table 3). However, a reasonable inBaamt loss in conversion was observed as
the amount of styrene rises; nevertheless, thetsatg was independent than the scale and
remained constant thoroughly.



Table 3Gram scale production of epoxy styrene using GEUF@PAA-CJ
Entry mmol of Time Conversion Selectivity

styrene  (h) (%) (%)
1 200 3 90 97
2 500 3 88 97
3 700 3 86 95

®The reactions were performed in a 1 L round botilask and the reactions were mechanically
stirred. All experiments were performed in the pres of 15 mL.mifi O, bubbling (~ 1 atm.) at 60
°C. For each entry, the amounts of {Nl and catalysB were proportional to the amount of styrene
|gsee “General procedure for catalytic epoxidatibalefins by GO/FgO,@PAA-Co(ll)).

GC yield.

4. Conclusion

In conclusion, a novel synthetic poty-amino acid-Co(ll) complex was immobilized on
magnetite graphene oxide (GO{Eg@PAA Co(ll)) and used as an efficient nanocatdiyst
selective epoxidation of olefins. A wide variety olefins were subjected to epoxidation
using the catalyst, which high to excellent conmers and selectivities were achieved for all
of them. The catalyst has a mean size of about 30(from FE-SEM, DLS and TEM
analyses) with saturation magnetization of 32 efhfppm VSM analysis) containing 0.2
mol%Cd" (from ICP and XPS analyses). Further charactedmatif the nanocatalyst was
obtained from FTIR, TGA, EDX, and XRD analyses. - i@reductant, gram scale, mild
reaction conditions (C¥CN, 60 °C), fast performance, selectivity toward epoxideduict,
durability (insignificant activity loss during sigonsecutive recycling), thermal stability,
magnetically recoverable, and high efficiency edexproducts were some of the advantages
of the present protocol, which make it suitableeralative method for the epoxidation
program. Furthermore, direct scalability for thegess in large quantities was found that is
applicable for industrial goals.
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Highlights

A novel Co(ll)-poly a-amino acid-modified graphene oxide was used for epoxidation of alkenes
Epoxidation of olefins was performed in absence of any co-reductant

The catalytic system controls epoxide selectivity and provide high efficiency

Epoxidation occurs through a radical mechanism.
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