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Highlights
» gold nanopatrticles supported on modified bentomité modifiedsilica.

» Liquid phase oxidation of cyclohexene mainly to y2lohexene-l-one and 2-
Cyclohexene-1-ol.

» A high conversion (92%) and a high selectivity (97% 2-cyclohexene-1-one was
obtained.

» TEM images show that the immobilized gold nandplas on modified silica have
diameter around 5-10 nm.



Abstract: In the present work, the selective liquid phasielaton of cyclohexene mainly to
2-cyclohexe-1-one has been investigated over galtbparticles (GNPs) with molecular
oxygen in a solvent-free condition. Gold nanopéaticwere synthesised on two modified
supports of silica and bentonite. In this respéa surface of silica and bentonite was
modified with organic ligands consist of thiol amdoester groups. The catalysts were
characterized by TEM, XPS,,;Ndsorption/desorption, FT-IR, and CHNS techniqU&sv
images show that the gold nanoparticles over medlifientonite and silica have diameters in
the range Of 50 and less than 10 nm, respectifély.results show that the catalytic activity
of gold nanoparticles over modified silica, Si@A-Acrylate-Thioamide-Au (0), is much
better than the gold nanoparticles immobilized be modified bentonite, MEDPT@CP-
bentonite-Au (0). The catalytic activity over SiPA-Acrylate-Thioamide-Au (0) recycled
catalyst remained at a satisfactory state aftérast 4 cycles. Activity tests were carried out
in an autoclave under solvent-free conditions. fdeeo to obtain maximum conversion, the
reaction parameters such as reaction temperatdréiraa were optimized. Under optimized
conditions, a maximum of 92% conversion and 97%d#iity was achieved with the SiO
pA-Acrylate-Thioamide-Au (0) catalyst.

Keywords : Nanogold catalyst; Cyclohexene oxidation; Moleculxygen; Heterogeneous
Catalysis.



1. Introduction

The catalytic aerobic transformation of alkenego irvalue-added oxygenated
derivatives is still a challenge in the modern ctstiym and industry world [1-4]. In particular,
the oxidation of cyclohexene is often inefficierst there is a C=C bond and four éllylic-H
atoms in the cyclohexene molecule. Oxidation oflayexene is an important organic
reaction for the synthesis of chemical intermediatke 2-cyclohexene-1-ol and 2-
cyclohexene-1-one used in the manufacture of hajhes pharmaceuticals [5]. A greater
demand for these oxidation products and increasedrommental concerns warrant the
introduction of catalytic systems using heterogeisecatalysts and the environmentally
friendly oxidants such as molecular oxygen or hgédroperoxide [6-8]. The use otL®, is
really appreciated because the only by-productagewy but the relatively high cost obGh
severely hinders its wide application in catalygiadation [9]. On the other hand, catalytic
systems using heterogeneous catalysts and molemujgen as the oxidant resulted in three
important advantages: the facility to separate dhilyst after the reaction, lower energy
costs and a higher stability of the irreversiblecteon over oxidation products [10,11]. In this
research, supported gold nanoparticles over matlifentonite and modified silica have been
used. Bentonite has long been used as catalyan[Bhs support for many catalysts, because
it is a green support, chemically inert and thetlyatable. The silica-supported metal
catalysts have advantages over the other heterogsrmtalysts, since they show excellent
properties such as high stability (chemically amertnally), good accessibility, and also due
to the fact that organic groups can be literallghaored to the surface to provide catalytic
centers [9-12]. Herein, and in continuation of previous works [13,14], we wish to report
the activity of two new catalysts and compare tpe#ference in this important reaction.

In recent years, an increasing interest has beenteld to the catalytic potential of
gold catalysts. Gold nanoparticles are excelletalgst for oxidation of hydrocarbons and
when its particles are small enough they are stiché@at can perform the oxidation process
by using molecular oxygen. According to many difer studies, the catalytic activity and
selectivity of supported gold nanoparticles depepan the support and preparation method.
Among the various techniques for obtaining suppbrtmld catalysts, co-precipitation,
deposition-precipitation, vapor-phase depositioo.sputtering are the most important and
applicable ones. In this work, the gold nanopaticlvere synthesized in an efficient and
gentle condition. In the first stage, the surfatbeantonite and silica was modified by a new

pincer-type ligand; this organic ligand consistshodl and thioester groups. Clearly, we have



modified the surface of bentonite and silica byadi#nt methods but the pincer! parts of the
two ligands are identical, so that one would exjpleat the gold nanoparticles are trapped in
comparable environment. Advantages of this methied(d) a very mild condition (pressure
and temperature) has applied during the synthesisanoparticles. (2) By increasing or
decreasing the molar ratio of the ligand on théaser of the support, it is possible to control
the size of provided nanopatrticles. (3) Bonds betwthiol and thioester groups with gold
nanoparticles are probably coordination bonds whaises gold nanoparticles to have a very
stable attachment to the support. In this work, lvee investigated the activity of the
synthesized gold nanoparticles in the oxidationyaiohexene. The reactions were conducted
in the solvent-free conditions by using moleculgygen as a cheap and green oxidant. One
of the catalysts has shown a desirable activity seldctivity that will be discussed in the

following sections.

2. Experimental Section
2.1. Materials

The parent bentonite had the following chemical position (in wt%): SiQ (65.04),
Fe0; (1.67), MgO (1.87), AlO; (13.61), CaO (2.01), Ti£X0.19), NaO (2.26), kO (0.75).
It was obtained from Salafchegan mine (Salafchedeam). SiQ (400 mesh), n-cetyl
pyridinium bromide (CP), methyl acrylate, dodecylaey and ethanedithiol were purchased
from Merck and used as received. The metal precuksiCl; (99%) was obtained from

Aldrich. All other chemicals used this study wefeanalytical grade.

2.2. Characterization techniques

Transmission electron microscopy (TEM) was carmed on the powder samples
with a Tecnai F30TEM operating at an acceleratiolgage of 300 kV.

BET surface area and pore size distribution weeasured on a Micromeritics
Digisorb 2600 system at196 °C using Nas adsorbate. Before measurements, the samples
were degassed at 450 °C.

FTIR spectra of the catalyst were recorded on &CJA FTIR 680 plus spectrometer
with the KBr pellet method.

BEIFEN 3420 gas chromatograph equipped with a d@Ector was used to identify
the reaction products. The column was a 30 m HPHwA&h 0.32 mm i.d. and Qubn film



thickness. The initial temperature was 170 °C fanih. The GC was then ramped at 10
°C/min to 280 °C, and hold for 1 min at that tengtere. The products of the oxidation of
cyclohexene were confirmed by GC/MS (Fisons Inseémts 8060, USA).

2.3. General procedures
2.3.1. Purification of the raw bentonite

Since SEM and XRD analysis revealed the presehsguoificant amounts of quartz
and feldspar, the raw material (Salafchegan betgpnvas purified using the following
procedure. Bentonite slurry (5 wt %) in water waspared and swollen at room temperature
under continuous stirring. After 5 h, the suspemsi@as diluted to 2 wt % by the addition of 1
mol/dn? NaCl solution. The suspension was stirred ovetrégidl then decanted. This ion-
exchange procedure was repeated three times wih aCl solution. Finally, the solid was
washed free of chloride ions. In the last washistiying was stopped and the particles
contained in the suspension were separated frongulaetz and feldspar precipitates and
centrifuged. The resulting cake was dried at roemperature. The cation-exchange capacity
(CEC) of the Na-bentonite was 0.7 mequiv/g, as measusing the Ming and Dixon method
[15]. The specific surface area of the unmodified-éntonite, as determined by, N

adsorption (single point method), was 6§gnPurification increased this value to 123(gn
2.3.2. Preparation of monolayer bentonite

To obtain bentonite with monolayer surfactant cage (organobentonite), the
purified Na-bentonite was modified with n-cetyl @ynium bromide (CPB) solution (cmc;
critical micelle concentration = Idmol/dnt) with a concentration below the cmc (5 X0
mol/dnt). Thus, 2 g of Na-bentonite was dispersed in 1@00fCPB solution (20% w/w
ethanotwater, pH 6) and the resulting dispersion was shdhkr 48 h and centrifuged. The
solid was washed with water to remove excess ofsiimactant and surfactant loosely
attached to the bentonite particles, then driedam temperature. The specific surface area
of the monolayer bentonite, as determined byaNsorption (single point method) was 26
m?/g.

2.3.3. Yynthesis of s,s-bis(2-mercaptoethyl)-3,3"-(dodecylazanediyl) dipropanethioate
(MEDPT)

For modification of the monolayer bentonite we haged MEDPT. This compound
was prepared as mentioned below. In the first Siepg (29.1 mmol) dodecyl amine and 15
g (174.2 mmol) methyl acrylate were refluxed in B methanol under a nitrogen
atmosphere for 24 h. Subsequently, 2.2 mL (26.2 ihethanedithiol was added to the
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mixture which was then refluxed for 2 days underdtmosphere. The product 'shss(2-
mercaptoethyl)-3,/3dodecylazanediyl) dipropanethioate (MEDPT) waspasated and
purified by column chromatography. IR (KBr)madcm?®, 2852(s), 2559(m), 1638(m).
Elemental analysis % calculated fof843NS,O,, C = 54.89, H=8.94, N =2.91, S = 26.61
and observed % was C = 55.22, H=9.17, N = 2. 8%r 26.97. Mass (m/z): 481 (Scheme
1).

2.3.4. Preparation of bilayer bentonite (MEDPT @ CP-bentonite)

To obtain the bentonite with bilayer surfactanterage, the monolayer bentonite was
modified using MEDPT solution (cmc = T0mol/dnt) with a concentration below the cmc
(5 x 10* mol/dnT). Thus, 0.1 g of the monolayer modified bentomites dispersed in 20 mL
of MEDPT solution (20% w/w ethanelater, pH 6). The resulting dispersion was shdken
48 h and centrifuged. The solid was then washel wiéter to remove excess surfactant and
surfactant loosely attached to the bentonite dagjcthen dried at room temperature. The
specific surface area of the bilayer bentonitedet®rmined by Madsorption (single point
method) was found to be 25ty

2.3.5. Preparation of immobilized gold (0) on modified bentonite (MEDPT @ CP-bentonite-
Au (0))

To prepare this catalyst, 0.05 g MEDPT@CP-bentonéde completely suspended in
100 mL n-hexane for 24 hours on a magnetic stitham 290ul AuCl; solution (1x1G M)
was added very slowly (1l each time) to the mixture during 12 hours. Durihig period,
the solution was shaken with constant speed. MEB®@tonite that now contains golden
nanoparticles was isolated and dried at ambienp¢eature, and in the next step by passing
hydrogen gas over the catalyst in a fixed bed ceast for 3 hours and at 230 °C, Au(lll)
was reduced to Au (0).
2.3.6. Preparation of immobilized gold (0) on modified silica catalyst (SiO,-pA-Acrylate-
Thioamide-Au (0))

The silica (400 mesh) was refluxed in EtOH witim&gthoxysilyl propylamine for 24
h and was soxhlted for removing the unreacted nadderAfterward the modification of
support was done by the refluxing it with methylrndate in MeOH for 24 h. Then
ethandithiol was added, and the mixture was retluoe another 24 h. At the final step the



gold nanoparticles was immobilized on the modif@lica using the procedure explained

above for preparation of Au nanoparticles on medifoentonite.

2.3.5. General procedure for oxidation of cyclohexene

In order to perform cyclohexene oxidation, a reactvas designed as follows: 10 mL
cyclohexene with 0.05 mg of the catalyst was tramefl to a steel reactor and the substrate
was oxidized by oxygen by modifying the reactiomgpaeters such as temperature, oxygen
pressure, reaction time and amount of the catalysthould be mentioned that after
separating the catalyst, the reaction mixture wiaged in methanol and injected to the GC.
The products were analyzed using GC-MS (Shimadzb0Q®, DB1 column). Identification
of products was done by comparing the GC reteritrars of expected products with those

of standard samples.

3. Results and Discussion

As a general view, we have modified two hydrophsiipports with organic moieties,
and investigated the cyclohexene oxidation on tiepared catalysts with molecular oxygen
in solvent-free conditions, or in other words, ionApolar conditions. Polanski et al. [16]
investigated oxidation of cyclohexene on Au nantiplas supported on different supports in
water as media, and discussed the influence of suppettability on conversion and
selectivity of the reaction. In the present work,nbodifying the two supports, i.e., silica and
bentonite, by organic moieties they would be atllestispend very well in solvent-free
conditions. Therefore, the observed activity of ttealysts should be largely due to
wettability of the catalysts by the substrate amdetular oxygen as oxidizing agent.

3.1. Modification of bentonite

s,s-bis(2-mercaptoethyl)-3;4dodecylazanediyl) dipropanethioate (MEDPT) was
immobilized on a modified bentonite starting froma-Nentonite with monolayer n-cetyl
pyridinium cation coverage (CP-bentonite). The sohef the process is shown in Scheme 2.
Immobilization of MEDPT proceeded smoothly on thenwolayer modified bentonite.
MEDPT surfactant consists of a 12 carbon chain iandble to put its alkyl chain part
between hydrophobic chains of the CP-surfactamisfact, we could imagine that its
stabilizing factor is hydrophobic interactions difet alkyl chain of the MEDPT and
hydrophobic part of the CP-surfactants. From theNSHanalysis (Supplementary data), it
was estimated that the final modified bentonite,, IMEDPT@CP-bentonite, contained 0.57
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mmol CP-surfactant and 0.24 mmol MEDPT surfactamtgzam of the final solid. The final

modified bentonite was designated as MEDPT@CP-béertas mentioned before.

The specific surface area of the catalysts wassiigeted in different steps by BET
technique. According to the data of Table 1, by paring the surface area of the parent
bentonite with the surface area of the modifiedtteite, i.e., CP-bentonite, it clearly shows
that the surface area of the modified bentonitedeaseased, as expected. After loading the
MEDPT surfactant on the CP-bentonite, and immabijzgold nanoparticles on it, the
surface area has not been changed to a large ektefact, one would expect that when
bentonite becomes bilayer by the MEDPT surfactaateoules, they should not probably
occupy new spaces on the bentonite, and thereferehauld not expect that the surface area

changes too much.

Fig. 1 represents the FTIR spectra of several sssngtiarting from Na-bentonite to
bilayer modified bentonite. The peaks correspontiindpe Si-O-Si vibration in the bentonite
spectrum (Fig. 1a) appears as a strong band iratige of 1000-1100 ch the band at 920
cm™ is due to Al-OH. The peak at 1637 ¢rand the broad band at 3446 tmere assigned
to the bending and stretching modes of adsorbeérwedspectively. The strong bands at
around 3619 cfh are due to the lattice OH stretching modes [1Te FTIR spectra of
modified bentonites as monolayer and bilayer (Elg.and 1c) display new peaks at 1473-
1488, 1577, 2854-2927, and a peak at 2567  amas attributed to the thiol stretching

vibration [18-20] which confirms the presence @ thiol groups (Supplementary data).

3.2. Modification of silica

The preparation procedure to obtain the catalgsoutlined in Scheme 3. We
employed silica with mesh size 400 as the suppdrich was activated at 500 °C for 3 h in
oven. The resulting silica was then functionalizedh 3-aminopropyltrimethoxysilane,
followed by condensation with methyl acrylate anthaeedithiol, respectively, via
nucleophilic substitution. Upon completion, theuliag solid was filtered off, and to remove
unreacted reactants the obtained modified silica washed with methanol for 24 h in a
continuous extraction apparatus (Soxhlet) to givi©,PA-Acrylate-Thioamide. The
modified silica was characterized by elemental ysial(CHNS) (C 12.45%, H 2.26%, N
1.06%, S 10.28%).
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The FTIR spectra of SK) SiO-pA, SiO-pA-Acrylate, and Si@pA-Acrylate-
Thioamide are compared in Fig. 2. The FTIR spectnfn8iO, (Fig. 2a) exhibits strong
bands in the range of 1000-500 tndue to the silica skeleton. The characteristitdsaof Si-
O and O-H are observed at 1087 and 3200-3508 cespectively. In the FTIR spectrum of
SiOx-pA (Fig. 2b) the peak at 2850-3000 and 3200-3400 show the existence of the
aliphatic segments and Nigroups, respectively. Moreover, by condensatioetbénedithiol
with SiO,-pA-Acylate (Fig. 2c), the strong peak appears 5871cni® is attributed to the
sulfamide group in Si@pA-Acrylate-Thioamide.

Table 1 shows the specific surface area of the @upBiG-pA-Acylate, and SiQ@
pA-Acrylate-Thioamide. Modification of silica to ¢hstage that we have synthesized;SiO
pA-Acylate, decreased the specific surface are@rdstingly, by adding MEDPT to SiO
pA-Acylate the surface area increased to some e#iahmight be reasonable, because if we
accept that MEDPT does not occupy any new spacthersilica and only decreases the

hydrophilic nature of the support, one should withe slight increase in the surface area.

3.3. Immobilization of gold nanoparticles on modified bentonite and modified silica

MEDPT@CP-bentonite (0.5 g) was dispersed in drexane (100 mL) and stirred
for 24 h under nitrogen. Then 300 ¢f aqueous solution of Aug(concentration = 1x19
M) was added to the mixture during 12 h. The migturas stirred for another 24 h under
nitrogen, and then the solid was separated by ibegdtion, washed with ethanol and ether.
Finally, the solid was dried at room temperaturéutmish the corresponding MEDPT@CP-
bentonite-Au(lll) sample. Then the as-prepared $amps treated in a stream of hydrogen at
230 °C for 3 h to yield MEDPT@ CP-bentonite-Au(O)atgst. No diffractions were detected
for Au NP species from powder XRD patterns afterétiuction which indicates Au loading
is too low or the nanoparticles are too small ire tbatalyst. Inductively coupled
plasma/atomic emission spectroscopy (ICP-AES) amalyf the obtained catalyst showed

that the Au weight percentage in the catalyst wa2%.

To immobilize the gold nanoparticles on the SfA-Acrylate-Thioamide support,
1.0 g of the support was dispersed in dry n-hexa@® mL) and stirred for 24 h at room

temperature under nitrogen. Then 300ofitan aqueous solution of AuQconcentration =
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1x10° M) was added to the mixture during 12 h. The nrixtwas stirred for another 24 h
under nitrogen, and then the solid was separatezkbirifugation, washed with ethanol and
ether. In this way, a new catalyst containing gatd, SiQ-pA-Acrylate-Thioamide-Au (lII)

was prepared. Similar to the procedure used fouatah of Au(lll) in MEDPT@CP-

bentonite-Au(lll), we treated the Si(pA-Acrylate-Thioamide-Au(lll) sample in a strearh o
H, at 230 °C for 3 h to prepare SiPA-Acrylate-Thioamide-Au(0) catalyst. Inductively
coupled plasma/atomic emission spectroscopy (ICB)A&nalysis of the obtained catalyst

showed that the Au weight percentage in the catalgs 1.02%.

The TEM images (Fig. 3) show the distribution af Aanopatrticles in the range of 5-
10 nm size on the surface of modified silica, andamparison with the Au nanoparticles on
the modified bentonite (Fig. 4), the size of narmtipkes are smaller by at least a factor of

five.

Finally, the SEM photographs of the both catalgsésshown in Fig. 5. By comparing
the surface area of Na-bentonite with the surfacea aof modified bentonite i.e.,
MEDPT@CP-bentonite catalyst, it has lost about 86fcits surface. The silica by
modification has lost about 20% of its surface. YW@uld this mean? This means that for
modification of bentonite more carbon is addedh® bentonite than that added to silica for
modification. It should also be mentioned that éinganic moieties used for modification of
bentonite are naturally much more hydrophobic. &we, one would expect that bentonite

becomes more hydrophobic and fluffier!

3.4. Catalytic performances

3.4.1. Effect of catalyst and temperature

Oxidation of cyclohexene was carried out over MEI@JP-bentonite-Au (0), and
SiO,-pA-Acrylate-Thioamide-Au (0) catalysts. In factabyhexene was chosen because this
molecule could be oxidized in two positions, bothGCbond and allylic positions; of course
oxidation of allylic positions are more importain. this reaction we also used oxygen as a
green and cheap oxidant. Moreover, because oxidagiaction was conducted in absence of
solvent the importance of the reaction has doubldw results summarized in Table 2,
indicate that the conversion and selectivity of lohiexene oxidation with the SipA-
Acrylate-Thioamide-Au (0) catalyst containing 1026 Au was much higher than that with
the MEDPT@ CP-bentonite-Au (0) catalyst containing26wt% Au. As an overall view, the

12



silica supported catalyst displayed 55% higher alyekene oxidation than bentonite
supported catalyst. As TEM images of the two gatalshow the size of nanogolds in silica
supported catalyst are smaller than the nonogaltisel bentonite basis catalyst by a factor of
five, and also the silica supported catalyst hasuah higher surface area, and clearly these
characteristic properties have a large effect aiversion and selectivity.

The reaction temperature has also an impact dah betivity and selectivity
especially on Si@pA-Acrylate-Thioamide-Au (0) catalyst. It shoul@ weminded that the
boiling point of cyclohexene is 83 °C at atmospheressure, and we have done the reaction
under the pressure of oxygeno¢P= 8-13 bar). Therefore, at 80 °C one would expleat
cyclohexene was in the liquid phase in the reactonditions, and its contact with the
catalyst might be in optimal condition. As a mattdr fact, by increasing the reaction
temperature to 80 °C, selectivity to cyclohexena2-has increased to 97%. However, the
MEDPT@CP-bentonite-Au (0) catalyst was not effitiem this regard! By increasing the
temperature to 95 °C we did not lose the activithe catalyst because of high pressure of
oxygen that increased the boiling point of cycladmex Interestingly, like our previous work
in oxidation of cyclohexene [14], the optimum temgiare for oxidation 80 °C was chosen,

because of energy saving!

3.4.2. Effect of oxygen pressure

The efficient operating pressure for both catalysts been obtained. As a matter of
fact, the two catalysts have different optimal pues. The best operation pressure for,SiO
pA-Acrylate-Thioamide-Au (0), and MEDPT@CP-bentenftu (0) catalysts was 13 and 8
bars, respectively. It is interesting that these tatalysts have different optimum pressure.
As a matter of fact, the bentonite supported catdlgs a much lower surface area, and it will
be saturated with oxygen at lower pressure, ancethauld be less room for substrate.
Therefore, by increasing the pressure of oxygerhigher values one should expect a

decrease in conversion in comparison with theas#igpported catalyst (Table 3).

3.4.3. Effect of reaction time

Table 4 shows the effect of time on the cyclohexexidation with molecular oxygen
over the two catalysts. Clearly, 8 h was choseth@sest time for the oxidation reaction over
silica supported catalyst, and 10 h was the besbéatonite supported catalyst. Again this

has something to do with surface area. The catdhgdthas more surface area has more
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chance to convert the cyclohexene to productssheoater time. Also the SipA-Acrylate-
Thioamide-Au (0) catalyst shows much more selegtito 2-cyclohexene-1-one in different
condition than the MEDPT@CP-bentonite-Au (0) cataly

3.4.4. Effect of amount of catalyst

To study the effect of amount of catalyst, thedaxion reaction was carried out at 80
°C, oxygen pressure, 17 bar and the reaction tihte fo From the results summarized in
Table 5, it is observed that catalyst loading oind§is appropriated to run the reaction with
SiO,-pA-Acrylate-Thioamide-Au (0) catalyst. However, ithe case of MEDPT@CP-
bentonite-Au (0) catalyst by using 100 mg of théabest the conversion increased to some
extent, but because of the low selectivity of tlagatyst we did not bother to show more
curiosity. We demonstrated in our previous work][ff#at 1,2-dichloroethane is the best
solvent for the reaction. Thus, using this solventiversion and selectivity to ketone reached
90% and 55%, respectively. Comparing these data sailvent-free conditions, a significant

decrease in selectivity was observed under sol@mdition.

3.4.5. Reusability of the catalyst

One of the main advantages of heterogeneous stgayer homogeneous is that the
former can be recovered and reused. The GNPs/T@tdlyst could be easily separated from
the reaction mixture by centrifugation and thenhwviasvith organic solvent and subsequently
with water. The results of reusability are presdnte Table 6. Data showed that the
selectivity of their used catalyst remained uncleghafter four cycles, and then the catalytic
performance decreased gradually. As a matter af éaidation in the liquid phase is very
often subject of leaching phenomenon and the questbout the true nature of the catalytic
reaction (homogeneous or heterogeneous) is a nudttkybate. To answer this question, the
catalyst was separated from the reaction mixtucethen the reaction was continued without
the heterogeneous catalyst according to the metlesdribed by Sheldon et al. [21]. The
results show that the amount of leached metal iig v and its contribution to the total

activity of the catalyst in the cyclohexene oxidatreaction is probably negligible.
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In Table 7, we have compared the result obtaived previously reported catalysts
for oxidation of cyclohexene. Supporting differeBchiff-base metal complexes on
polymeric materials such as chloromethylated pgtgste (PS-DA-M; M = Cu2+, Co2+,
Ni2+, and Mn2+) [22], polyamidoamine (PAMAM-Mf) [23], CrMCM-41 [24], Au/HNTs
[25], Au/La-OMS-2 [26], and our previously reportednogolds over modified chitosan [14]
are some examples of catalysts which have been fasamkidation of cyclohexene under
solvent free conditions with molecular oxygen. A®wn in the Table 7, the catalyst $iO
pA-Acrylate-Thioamide-Au (0), reported in this wdnlas shown an excellent selectivity to 2-

cyclohexene-1-one.

4. Conclusion

In this work we have prepared two supports witmtaml anchoring ligands for gold
nanoparticles and compared their reactivity an@cseity for oxidation of cyclohexene
under solvent-free conditions and using molecuiggen as the greenest oxidant. The size of
gold nanoparticles on the SHPA-Acrylate-Thioamide-Au (0) catalyst was in ttenge of 5-
10 nm. These nanoparticles were well dispersedchamd shown a good reactivity (92%) and

selectivity (97%) to 2-Cyclohexene-1-one.
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Scheme 1. Synthesis of s'sis(2-mercaptoethyl)-3ddodecylazanediyl) dipropanethioate
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Figure 1. FT-IR spectra of bentonite (a) raw bentonite, (mnoiayer bentonite and (c)
bilayer bentonite [KBr pill].
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Figure 2. FT-IR spectra of (a) Silica gel, (b) SHPA, (c) SiQ-pA-Acrylate and SiQpA-
Acrylate-Thioamide [KBr pill].
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Figure 3. Gold nanoparticles immobilized on the modifiedcsili
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Figure 4. Gold nanoparticles immobilized on the modified logrite.
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Figure 5. SEM images of (a) MEDPT@CP-bentonite-Au (0), andSi®,-pA-Acrylate-
Thioamide-Au (0) catalysts.
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Tables

Table 1. BET analysis for modification of different supports

Entry Support Surface area

(m?g)

1 Raw Bentonite 63

2 Na-Bentonite 124

3 CP-Bentonite 26

4 MEDPT@CP-bentonite 25

5 Silica gel 480

6 SiO,-pA-Acrylate 375

7 SiO,-pA-Acrylate-Thioamide 378

Table 2. Oxidation of cyclohexene over MEDPT@CP-bentonite{B) and
SiO,-pA-Acrylate-Thioamide-Au (0) at various temperatsir

Catalyst Temperature selectivity
Conversion Cy-one% Cy-0l% Others%
Entry %
°c
1 Au- Bentonite o5 52 51 29 20
Au- Silica 94 78 0 22
2 Au-Bentonite 80 53 63 34 3
Au-Silica 92 97 3 0
3 Au-Bentonite 65 37 45 39 16
Au-Silica 87 74 10 4

Table 3. Effect of the oxygen pressure on the oxidationyaiohexene.

Pressure Conversion selectivity
Entry % Cy-one% Cy-0l% Others¥%
Catalyst (bar)
1 Au- Bentonite 15 37 51 30 19
Au- Silica 87 69 9 22
2 Au-Bentonite 13 38 47 28 25
Au-Silica 90 81 7 12
3 Au-Bentonite 10 40 46 32 22
Au-Silica 69 73 8 19
4 Au-Bentonite 8 53 63 34 3
Au-Silica 52 58 35 7
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Table 4. Effect of the reaction time on the oxidation of lojexene.

. Conversion

Entry Catalyst Time (h) %

1 Au- Bentonite 16 56
Au- Silica 93

2 Au-Bentonite 10 53
Au-Silica 92

3 Au-Bentonite 8 28
Au-Silica 92
4 Au-Bentonite 6 17
Au-Silica 80

Cy-one%

48

74
63

81
52
97
71
97

selectivity

Cy-0l%

31

9
34

7
29
3
27
3

Others%

21

17
3

12
19

0
2
0

Reaction conditions: cyclohexene 10 mL; cataly86@ 80 °C. Au-Bentonite in 8 bar; Au-Silica in 13 bar.

Table 5. Effect of the amount of the catalyst on the oxiolaif cyclohexene.

amount of catalyst .
Conversion
Entry % Cy-one%
@)
1 Without catalyst 0 0
2 MEDPT-Bentonite without gold 5 35
(0.05)
Modified — Silica without gold 7 68
(0.05)
3 Au-Bentonite (0.05) 53 63
Au-Silica (0.05) 92 97
4 Au- Bentonite (0.10) 68 54
Au-Silica (0.03) 78 83

selectivity
Cy-nol%

0

28

10

34
3
25
7

Others%

0
37

22

3
0
21

10

Reaction conditions: Cyclohexene 10 mL; Au-Benten® bar; 10 h; 80C; Au- Silica, 13 bar, 8 h, 80 °C.

Table 6. Recycling of the catalysts.

Cycles Catalyst Conversion TOF
%

1 Au- Bentonite 53 3.65*10
Au- Silica 92 6.15*18

2 Au-Bentonite 52 3.58*1§
Au-Silica 90 6.02*16

3 Au-Bentonite 50 3.44*16
Au-Silica 90 6.02*16

4 Au- Bentonite 41 2.83*18
Au- Silica 89 5.95*16

5 Au-Bentonite - -
Au-Silica 85 5.68*10

selectivity
Cy-one% Cy-0l% Others%
63 34 3
97 3 0
58 33 10
95 3 2
53 35 12
91 4 5
56 32 12
91 3 6
90 2 8

Reaction conditions: Cyclohexene 10 mL; Au-Bente®it05, 8 bar; 10 h; 8T Au-Silica 0.05, 13 bar; 8 h; 80°C.
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Table 7. Catalyst activities of Au-silica, Au-bentonite argbme previously reported catalysts in the
cyclohexene oxidation.

Conversion Ketone selectivity

Cycles Catalyst & (bar) Temperature (°C)  Reaction time (h) (%) (%) Ref
1 GNPs/TChD 17 80 8 87 70 14
2 GNPs/TChD 17 80 8 72 62 14
1 AUHNTS 4 80 12 295 49 25
4 AUHNTS 4 80 12 295 49 25
1 Au/La-OMS-Z 4 80 24 48 44 26
4 Au/La-OMS-Z 4 80 24 44 49 26
1 PS-DA-Du’ 1 70 10 51.9 40.9 22
5 PS-DA-Du’ 1 70 10 41.6 325 22
1 Cr-MCM-41° 1 70 24 52.2 71.2 24
4 Cr-MCM-41° 1 70 24 415 74.2 24
1 Au-Bentonite’ 8 80 10 53 63 In this work
4 Au-Bentonite’ 8 80 10 41 56 In this work
1 Au-Silica’ 13 80 8 92 97 In this work
5 Au-Silica' 13 80 8 85 90 In this work

@ Reaction was done with 50 mg catalyst and 20 mtlobexene.

b Reaction was done with 200 mg catalyst and 2Gyulohexene.
¢ Reaction was done with 200 mg catalyst and 20 yelobexene.
4 Reaction was done with 2 mg catalyst and 2 mlotyxene.

¢ Reaction was done with 20 mg catalyst and 1 gobgxene.

! Reaction was done with 50 mg catalyst and 10aytlohexene
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