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Abstract

A versatile and novel catalyst, CuO nanoparticles immobilized over functiedathesoporous silica
(nCuO-FM S), has been synthesized over an organically modified mesoporous silica framework following
a facile synthetic route. The surface of the silica support (SBA-153tigfafted with 3-aminopropyl silane
group and then further functionalized witis(4-formylphenyl)amine. The reaction is performed in such a
way that few -CHO groups remain free for further functionalization. Fintllg, CuO nanoparticles
immobilized mesoporous silica is obtained by a one pot reaction betweemnth®rialized silica, 2-
aminophenol and Cu&lThe product obtained has been used as a catalyst for the synthesis of symmetrical
diselenide in presence of KOH as base and dimethyl sulphoxide (DMSO) as the sbleenatérials have

been characterized thoroughly by powder X-ray diffraction, nitrogen adsorptiorpties studies,
transmission electron microscopy, thermal analysis, and different spectroscopigueshiihe Cu content

of the sample has been determined by atomic absorption spectrophotometric (AAS) dralgaists of

the catalytic studies have been identified and estimatédMR spectroscopy. Almost 78% isolated yield
could be achieved at 363 K within 3 hours of the reaction and the catly€d-FM S, can be recycled at

least up to five catalytic cycles.

Keywords: Mesoporous silica, functionalization, CuO nanoparticle, heterogeneous catalyst, Se-Se

coupling



Introduction

It is known that metal containing heterogeneous catalysts are advantageoukeoveorhogeneous
counterparts due to multiple reasons like recyclability, easy recoverysiifgite accessibility and often
economic with respect to conventional catalysts which can be used just for one time. Howevag igachi
atypical problem for heterogeneous catalytic systems and in such cases it bedficudtstaiascertain
whether the metal ion bound to the solid support or the metal ion leached istiutien is responsible
for catalyzing the reaction. To overcome this problem, the metal ion should gtioteghct with the
heterogeneous support so that it does not get detached from the solid framewaykhdutiquid phase
catalytic process. Different types of solid suppetts polymers! zeolite? alumina? silica} graphené,
mesoporous carbdngarbon nanotub€ésmetal-organic frameworkmetal oxide nanoparticlésgtc.10-12
have been used for the successful syntheses of heterogeneous catalysts. Among tpeseussiicas
often chosemssolid supports because of their better interaction with the metal centeascasgibility to
the substrates. This takes place due to their large surfaégveinezn significantly increases the efficiency
of the catalysts. Apart from this, it is also possible to tune the pore size of theamess silica matrias
per the specific requirement. Siltesdbased structures are generally robust and thermally and chemically
stable. Functionalization of their framework can be done easily to introduce hydropghdiiough
insertion of various organic moieties. Moreover, if such organic functiimsadire heteronuclear molecules
then various heteroatoms like N, O, S can be introduced into the matakislg their advantage.
Introduction of such groups can modify affinities of the functionalized silicadbasaterials towards
specific substrates as well as tune the overall acid base character of the framework.

Metal centers can interact and get attached to such modified framexada/alent interaction or hard-
soft interaction based on the heteroatoms that can be chosen judiciously to solve the purpose.

Over the last two decades and also at present, a considerable amount ofhasebegn focused
on research based on the use of nanostructured metal based catalysts. Such eamlgbisnm their
potential utility and played pivotal role in several types of organic syrghaed methodologies.
Nanoparticles based metal catalysts exhibit special properties and haveiwdkstihgsical, chemical,
magnetic and optical properties which are completely different from théicbuhter-part$? This can be
attributed to their relatively larger surface area compared to the samémbagk form and the Quantum
effects that begin to dominate their behavior at the nanosaaléhese qualities, nanoparticles have been
in use extensively for applications in the fields of catalysis, electronics arahfsotn the field of organic
syntheses, metal oxide nanoparticles based catalysts are known to be very effedtivéful due to their
various advantages of a heterogeneous catai{/sthey are superior over the conventional metal catalysts
because of their greater surface exposure, high reactivity and high thesist@nce thus exhibiting higher

product yields with better atom economy. Copper oxide (CuO) nanoparticle is dmese important



classes of materials which have been used as catalysts for the development of a nuwnipniof
transformations. The effectiveness of using CuO nanopatrticle-based catalyst daresh of organic
synthesis is well documented in the literatt§ré.

Organochalcogen compounds are known to function as biologically active molé&des have
been used as reaction intermediates and reagents in various organic syfithégmrt from thesethe
organoseleno compounds have found important applications as antioxidant, anti-ulcer and anti-
inflammatory agent¥3!Several organoseleno compounds have been used as therapeutic agents in the
treatment of cancer and various infectious diseases and as apoptosis ifdéidtesse compounds also
play a vital role in the fields of materials science and nanotechn#tétfyor such immense contribution
of the organoseleno compounds (especially the diselenides) across several fipiplicafion, there is
considerable demand for the preparation of these compounds both in academia and Adostyngly,
several methods have been developed for the syntheses of diselenide corfffukdeng these, a
method developed by Braga.al is particularly interesting where diselenide compounds have been
synthesized usmpowder CuO nanoparticlas catalyst!* In line with this, we have tried to design
mesoporous silica based heterogeneous catalyst containing immobilized CuO nanopardal@oinke
commercially available CuO nanoparticle powder to perform catalytic reactamiadeo the formation of
diselenides. We have prepared CuO nanoparticles immobilized over functionalized mesaplica
(nCuO-FMS) through a one-pot synthetic strategy (Scheme 1). CuO nanoparticles are spontaneously
formed in situ under the reaction conditions in presence of titig4-formyl phenyl)amine grafted
mesoporous silica, 2-aminophenol and GuBCuO-FM S has been used as a catalyst for the cost effective
syntheses of diselenide compounds, including diaryl diselentdesuld be established that the presence
of a catalytic amount of this CuO nanoparticle-based catalyst immensely inflillenpeogress of the
reaction, where as in absence of the catalyst the reaction does not pfactexbest of our knowledge,
this is the first report of a CuO nanoparticle based heterogeneous catatiist $gpntheses of diselenides

using a neat, facile and innovative technique.

Experimental Details

Materials and physical measurements

All the chemicals used in the syntheses have been obtained from commercial sadinegsdawithout
further purification.FT-IR spectra of the samples have been collected on a Spectrum Two, Perkin Elmer
spectrometer using attenuated total reflectance (ATR) method. Thermogravenelyses (TGA) have

been performed under:ldtmosphere (flow rate: 50 cc/min) from room temperature to 1073 K (at heating
rate of 2 K/min) using a Perkin Elmer STA-6000 thermal analyzer. Low aiddrigle powder X-ray

diffraction patterns of the samples have been collected on a Bruker D-8 Advaregahfieter using Ni-



filtered Cu-Ka radiation (A = 1.5406 A) at 40 kV and 40 mA). N sorption isotherms of the samples are
measured using a NOVA 2200e Surface Area and Pore Size Analyzer, QuantachrammeirisftUSA at

77 K. Before performing the measurements, the samples are degassed for 8-12 h at 3632383
depending on the nature of the samples and the specific surface areas are obtgjiBrdnasiier-Emmett-
Teller (BET) method. For obtaining the pore size distributions, non-loeasity functional theory
(NLDFT) model has been used. The transmission electron microscopic (TEM) images have been recorded
in a JEOL JEM-1400 transmission electron microscope. The sample grids for TEM have been pyepared
putting one drop of the dispersion of the samples in ethyl alcohol on an amorphmrs azated copper

grid of 400 mesh. Solid stat®C CP and?*Si MAS NMR spectra have been recorded in a
CHEMAGNETICS 300 MHz CMX 300 spectrometer. A Kratos Axis Ultra DLD systemusesd to collect

X-ray photoelectron spectra (XPS) using monochromati€AX-ray source operating at 120 W (10 mA

x 12 kV). Data has been collected with pass energies of 160 eV for survey spectra and 20 eV for the hig
resolution scans with step sizes of 1 eV and 0.1 eV, respectively. The system has kated opéhe
Hybrid mode, using a combination of magnetic and electrostatic lenses and acyeirezh area of
approximately 306« 700 umi. A magnetically confined charge compensation system has been used to
minimize charging of the sample surface, and all spectra have been taken with a 90° take of angle. A base
pressure ota. 1x10° Torr was maintained during collection of the spectra. Data was analysed using
CasaXxPsS (v2.3.23) after subtraction of a Shirley background and using modified \&&gitivity factors

as supplied by the manufacturer. Atomic absorption spectrophotometric (AAS) $tankekeen carried

out in PinAAcle 900F, Perkin Elmer atomic adsorption spectrometer. For preparipte solution, 0.04

g of nCuO-FMS has been dispersed in 2 ml of DTPA (diethylenetriaminepentaacetic daitijrsand

the volume was made up to 20 ml by addition of distilled water. Then theosoh#ts been shaken for 2
hours and filtered to obtain a colorless filtrate. This filtrate has been ugté famalysis'H NMR spectra

have been collected in CDQolvent using a 400 MHz Bruker spectrometer wittamethylsilane (6 = 0)
asinternal standard. The chemical shifts have been expressed in parts iper ®)illMass spectra have

been obtained using a Thermo ISQ QD EIl Gas Chromatograph-Mass Spectrometer (GC-MS) System.

Synthesis of NCuUO-FM S

Mesoporous silica, SBA-15, has been used as the solid support for the prepartt®n@iO-FMS
catalyst. For synthesis of SBA-151.7 g of Pluronic P123 (poly(ethylene glycol)-blockpoly( propylene
glycol)-block-poly(ethylene glycol) block copolymer) was taken in a polypropyletiteekand 62 ml b
water was added to it. The mixture was vigorously stirred until aP##3 dissolved analclear solution
was obtained. Then 6 g of 35% HCI solution was added to the mixture and kept again undefostitsing

min. Finally, 3.5 g of tetraethyl orthosilane was added drop wise to the mgscigiar solution and the



reaction mixture was stirred for another 20 h at 313 K. The resulting whiteagdieated at 373 K for 20
h without stirring in the polypropylene bottle under air-tight condition. Then kiie wixture was cooled
to room temperature, filtered and washed with water several times followed yagkhings with ethyl

alcohol. The white product was dried under vacuum and then calcined at 773 K for 10 koflosviof

air to obtain the mesoporous SBA-15.
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Scheme 1 Synthesis ohCuO-FM S

In the next step, 3-aminopropy! units were grafted on the surface of SBA-15rimgsitiO g of the
mesoporous silica with 1.5 g of 3-aminopropyl triethoxy silane (3-APTES) owtinighloroform at room
temperature underNatmosphere. The mixture was then filtered and the product was washed repeatedly
with chloroform and then dichloromethane. Finally, tiNH, functionalized SBA-15 was obtained after

drying the product in vacuum. Further modification of the amine functionalized silica was oaitrieith



tris(4-formyl phenyl)amine, a trialdehyde (Scheme 1), which was prepared through Vilsmeier-Haack
formylation reaction of triphenylamine and phosphorus oxychloride following reported pretettuthis

step, the trialdehyde and thBH; functionalized SBA-15 were refluxed for 4 h in methanol and the molar
ratio was kept 1:1, so that tw@HO groups of the trialdehyde remain free for further functionalization.
The light yellow coloured product that resulted was filtered and washed rdpegtadnethanol until the
filtrate became colourless.

For synthesizingnCuO-FMS, the tris(4-formyl phenyl)amine functionalized SBA-15, 2-
aminophenol and Cugivere taken in methanol in a round bottom flask. The molar ratio of thenéac
was maintained at 1:2:2. Then the reaction mixture was refluxed for 4 hthdeolour of the solution
gradually darkened due ta situ formation of CuO nanoparticles. The solid product was then isolated
through filtration, washed repeatedly with methanol to remove any excess redeitaaityg, the brown
coloured CuO nanoparticles immobilized functionalized mesoporous si@aQd-FMS) was obtained
after drying the product under vacuum.

Catalysis

In a typical catalytic reaction batch, 0.5 mmol of iodobenzene, 1 mf@dBaler and 1 mmol of KOH
were taken together in a round bottom flask in presence of 2.0 ml of DMSO as solvent at 363 K and under
nitrogen atmosphere. The reaction was initiated with the addition of 20 nigu@-FM S as the catalyst
intoit. The reaction was allowed to continue for the desired time and the solid catalyst wateddpam
the reaction mixture by centrifugation and washed repeatedly to remove the orgdnitt from it. Then
the product wsextracted in ethyl acetate, washed thoroughly with brine solution and watenfipiete
removal of the inorganic part. The solid product was isolated through evaporatiersolfvent and purified
by column chromatography in petroleum ether/ethyl acetate mixture. The igoddtedf the final product

in pure form was obtained after solvent evaporafitwe. structure of the product isolatedseharacterized
byH NMR spectroscopy in CDgsolvent. In addition to thi&C and GC-MS studies were used to identify
the product, determine the percentage conversion and turnover frequency and fiongbx@mine the
recyclability of the catalyst, it was separated out from the reaction mixture afiptetimn of the reaction
by centrifugation. The recovered catalyst was washed repeatedly with ethy adetat and used again

for another catalytic cycle of S&ecoupling.



Results and discussion
FT-IR spectra and thermal studies

TheFT-IR spectra of SBA-15, 3-APTES functionalized SBA-15, trialdehyde loaded SBA-15 and
nCuO-FMS are recorded by ATR technique with the powdered samples and the results are shown in Fig.
1. The spectra of 3-APTES functionalized SBA-15 (Fig. 1(A)b) shows a broad band in the region of 3747
2929 cm* which may appear due to the presence of amine group and methylene moikeéeswhbpropyl
group?® For the trialdehyde loaded SBA-15 (Fig. 1(A)c) two additional peaks aris@4gcnt* and 1698
cn!, which indicate the formation of azomethine bond and the presence of free aldehyde groups,
respectively, in the materi&l.FornCuO-FM S (Fig. 1(A)d), the peak at 1698 cndisappears indicating
complete conversion of freeCHO groups to C=N. The band at 1647cindicates the retention of
azomethine moiety. The peakaa. 1595cn* may be due to the presence of aromatic C=C units which are
present both in trialdehyde loaded SBA-15 ar@uO-FMS. For clarity, the region of interest for
trialdehyde loaded SBA-15 amCuO-FM S has been given in Fig. 1(B).
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Fig. 1 (A) FT-IR spectra of (a) SBA-15, (b) 3-APTES functionalized SBA-15, (c) trialdehyde loaded
SBA-15 and (dnCuO-FMS; (B) Magnified region of plot ¢ and d.

Thermogravimetric analyses have been carried out with the powder saffpBs-a5, 3-APTES
functionalized SBA-15, trialdehyde loaded SBA-15 afliO-FM Sin the temperature range of 303-1073
K to examine thermal stability of the frameworks (Fig. 2). The high thermalistaifithe silica support,
SBA-15 (Fig. 2a) is quite clear from the curve, where only 4% weight loss tialoesyp to 1073 K, mostly



due to loss of adsorbed solvent and other molecules. Such high stability maké$ S&BAtential candidate

to act as the catalyst support. The thermal stabilities of the otheresaognl be ascertained fromithe
corresponding TGA plot¥:51 All the orgarically modified materials (Fig. 2b-d) show stepwise weight loss
corresponding to the nature and amount of the functional groups present and thssr@s#inues to take
place at 1073 K. For all the samples the first step of weight loss 8f4 % takes place at around 373 K
which can be assigned to the physisorbed water molecules. For the 3-APTES functionalized SBA-15 (Fig.
2a), there is another step of weight-loss corresponding to the removal oh@aopyl moieties in the
sample, between the temperature range of 530 to 820 K. The TGA profiletoéltehyde loaded SBA-

15 (Fig. 2c) also shows similar trend, but the weight-loss is higher in thisdoas® removal of 3-
aminopropyl as well as the trialdehyde units. The catal@iO-FM S (Fig. 2d), loses more weight in this
temperature region du removal of the 2-aminophenol units, in addition to the other organic
functionalities, which plays an important role in stabilization of the CuO nanopartictes. also be seen
from the plot that the material loses onty 5.5% of its weight up to 413 K and thus can be considered to
be stable at least up to this temperature for its use as a catalyst. The peofdotagmnalization in each
step can be calculated from the data. The studies also give the amount of loa@ing on the silica
framework for each material. It can be calculated that 0.76 milimole of 3-APTES hasdde on 1.Q

of SBA-15 and the amount of trialdehyde and 2-aminophenol is 0.18 milimole/g and (lidd&lery,

respectively.
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Fig. 2 Thermogravimetric study @¢a) SBA-15, (b) 3-APTES functionalized SBA-15, (c) trialdehyde
loaded SBA-15 and (d)CuO-FMS.



Mesoporosity and microstructure

The powder X-ray diffraction patterns SBA-15, 3-APTES functionalized SBA-15, triadédbgded SBA-

15 andnCuO-FMS are given in Fig. 3All the samples are found to show 2D-ordered hexagonal
mesostructure which is evident from the presence of three distinct diffrpetiés assigned to (100), (110)
and (200) planes along with a very weak one for (210) pferieélowever, the intensities of the peaks get
lowered and the ordering of pores are affected in the materials with ghadct@bnalization. In addition

to this, reduction of pore size takes place which is indicated byo$hiiit peaks to higher 28 values. The

wide angle diffraction pattern efCuO-FM S has been shown in Fig. 4. Several diffraction peaks can be
observed which has beindexed in the figure and correspond to the characteristic planes of* ThQs,

it is conclusive from the figure that CuO nanoparticles have been formed in the material.
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Fig. 3 Powder X-ray diffraction patterns of (a) SBA-15, (b) 3-APTES functionalized SBA-15, (c)
trialdehyde loaded SBA-15 and @fuO-FMS.
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Fig. 4 Wide angle powder X-ray diffraction patternrdl€uO-FM S,

Nitrogen physisorption analysis can be used to determine the total surface area, pore size and pore volume
of nanoporous materials. Nitrogen adsorption/desorption isotherms have been measuretbalSBAK

15 and all the other samples obtained after each step of functionalization. Fromhémerisathown in Fig.

5, it is possible to establish the mesoporous structures of SBA-15, 3-APTES furesibr&BA-15,
trialdehyde loaded SBA-15 amCuO-FM S. The BET surface area, pore volume and pore size of all the
samples have been presented in Table 1. Comparing these data, we can conclude thatlaayesaheain

BET surface area takes place with gradual functionalization over the mesopBriS support. This is
expected as the surfaces become occupied by various organic and inorganic moieties wite@\eéry
functionalization. The pattern of the isotherms for all the samplepdsity with a steep increase in the

higher pressure region because of capillary condensation. This is a characteristic of the mesoporous nature
of the material§>*® The isotherms of all the samples exhibit H1 type hysteresis loops betvee Bt

values of 0.6 and 1.0 which is attributed to the presence of well-defined cylindriealzomels as well

as intercrystallite adsorptidAThe average pore diameter of the starting mesoporous SBA-15 from the
NLDFT model is 7.86 nm (Inset of Fig. 5). Pore sizes of the functionalized aiatésilow a gradual
descending trend as incorporation of functional groups on the pore walls ofdghsgdport inhibits access

of nitrogen gas molecules into the pores. Similar decreasing trend is alseeddgerthe pore volume of

the samples.



Table 1 Surface area, pore volume and pore size of the samples at various stages

Sample BET surfacearea Porevolume Poresize
(m?g) (cc/g) (nm)
(&) SBA-15 732 0.966 8.15
(b) 3-APTES functionalized SBA-15 366 0.652 7.45
(c) Trialdehyde loaded SBAS 243 0.315 5.95
(d) nCuO-FMS 133 0.205 4.75
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Fig. 5 Nitrogen adsorption desorption isothermgafSBA-15, (b) 3-APTES functionalized SBA-15, (c)
trialdehyde loaded SBA-15 and @FuO-FMS. For clarity, the Y-axis values have been increased by
100, 100 and 50 cc/g for plot a, b and c, respectively. Adsorption points are marked by filled symbols and
desorption points by empty symbols.
Inset: NLDFT Pore size Distribution @&') SBA-15, (b") 3-APTES functionalized SBAS, (¢')
trialdehyde loaded SBAS and (d') nCuO-FMS. Y-axis values have been increased by 0.3, 0.25 and
0.15 cc/nm/g, for plota’, b’ and ¢’, respectively.

The transmission electron microscopic (TEM) images of SBA-15, trialdehyde loaded SBA11Gw#Dd
FMS are shown in Fig. 6. The image for SBA-15 (Fig. 6a) confirms the formation of aoneid
hexagonally arranged mesoporous structure as desirable for an appropriate solid support. Up

functionalization the long range ordering of the pores is decreased to some extengrhtwveetasic



hexagonal structure is retained quite well. The TEM imageCeiO-FM S is shown in Fig. 6¢. Spherical
CuO particles with diametea. 6-7 nm could be seen dispersed throughout the matrix of the mesoporous
silica confirming thdn situ generation of the nanoparticles. Thus, powder X-ray diffractiersoRption
experiments and TEM image analyses of the samples establish their micrastamctunmesoporosity. In
addition to that, the formation of CuO nanoparticles over the functionalized Silpgzort can also be
established from the studieshe amount of Cii present imCuO-FM S has been ascertained from atomic
absorption spectrophotometric study. It has been found that 1.@ui-FMS contains 2.096 x 10

mole or 13.32 mg of Gt

Fig. 6 TEM images of (a) SBA-15, (b) trialdehyde loaded SBA-15 and@)O-FM S and (d) reused
nCuO-FMS.

Solid state NMR studies
The chemical environments around the silicon atom in the synthesized materials hastadiedn
by 2°Si MAS NMR and the results are given in Fig. 7. For SBA-15, peaks are obtaiteed bt1.65 and



-103.17 ppm (Fig. 7a) which can be assigned to then@ @ silica centers of the Si(OS{PH)s» units.
For the 3-APTES functionalized SBA-15 (Fig. 7b), apart from peaksfan@Qsilica species, additional
peaks appear at —67.0 and —58.06 ppm due to incorporation of the aminopropyl groupin the matrix. The
chemical environment of the starting silica support changes due to suchradfiiiminopropyl group
and tle new peaks can be attributed to tie(BiO)%Si-R-Si(OSi}) and 7 ((HO)(OSi)Si-R-Si(OSi)(OH))
species?® respectively. The spectra for other two samples, trialdehyde loaded SBA-hEa@dFM S
(Fig. 7c and d, respectively), show similar pattern as the 3-APTES modifidelSBvhich indicates
formation and retention of imine bonds in both the samples. A margiftaiglof peak position is observed
for nCuO-FM S (Fig. 7d) due to formation of CuO nanoparticles which are stabilized by K amdups
of the functionalized silica framework through non-covalent interactfdis.

2gj
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Fig. 7 Solid state°Si MAS NMR spectra of (a) SBA-15, (b) 3-APTES functionalized SBA-15, (c)
trialdehyde loaded SBA-15 and @fuO-FMS.

13C CP MAS NMR studies have been performed with the materials having organic canténts
the spectra are shown in Fig.8. Spectrum for 3-APTES functionalized SBA-15 (Fig. 8a) showatpeaks
9.71, 22.39, 29.17 and 42.86 ppm. The signal at 42.86 ppm may be attribtitedarbon adjacent to the
amine group, the signals at 29.17 and 2288 may appear due to the o and B carbon atoms with respect
to the-NH; group and the signal at 9.71 ppm for other aliphatic carbon atoms. For the trialdehyde loaded
SBA-15 (Fig. 8b) several new peaks emerge at 10.47, 21.84, 42.88.88dopm for the aliphatic carbon



atoms andat 151, 164.84 and 128.95 ppm for the aromatic carbon atoms. Two characteristics peaks
at183.72 and 199.78 ppm appear due to the formation of C=N bond (imine bond) and &hdefrgde

group, respectively. From this spectrum we can conclude that Schiff baserreasttaken place between

the trialdehyde and 3-APTES loaded silica and at the same time residual free afglelypdeare also
present. FonCuO-FM S (Fig 8c¢), the peaks corresponding to aliphatic and aromatic regions are found to
remain almost intact. However, two new peaks appear at 147.76 and 163.67 ppm which may be attributed
to the aromatic carbon attached to the phendlEl group and imine bond formation, respectively. The
peak at 163.67 ppm confirms complete conversion of the resi@t# groups of trialdehyde to C=N after

condensation with 2-aminophenol.

13C

250 2CI)O 1éO 1(I)O 50 0 -50
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Fig. 8 Solid state*C CP-MAS NMR spectra df) 3-APTES functionalized SBA-15, (b) trialdehyde
loaded SBA-15 and (¢)CuO-FMS.

XPS analysis

The wide scan and fitted XPS spectran@GUO-FM S has been shown in Fig. 9. The survey spectrum (Fig.
9a) reveals the presence of Si, C, O, N and Cu in the material, in agreemehewetipected elemental
distribution. The Cu(2p) spectra (Fig. 9b), reveals two states withnigiratiergies of 934.6 eV and 932.1
eV and assigned to the Cw2gtates, for Cu(ll), in CuO and reduced Cu respelgtithe lower binding energy
species, we attribute to the reduction of the ¢eflecies during analysi&$3Fig. 9c and 9d show the multiple

states of oxygen and carbon present within therrabt€he peak at 532.7 eV is assigned primarilpit®



bonds, although the presence of carbon-oxygenifunscat this energy also cannot be discountedp@hks at
531.1 and 533.8 eV can be ascribed to inorganie@tiand organic oxygen, respectively. The binding
energies of different types of carbon presenténstimple have been illustrated in Fig. 9d. Fodindispeaks
appear at 284.3, 284.7, 286 and 287.1 eV and askigrthe presence of C=C, C-C, C-O and C=0 spicies
NCuO-FMS, respectively?®

01
ls a Cu 2p b

= =
c c
S C1s S
g | g
- S
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> l >
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0 Si 2s n
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Fig. 9 XPS spectra aiCuO-FM S (a) wide scan, (b) Cu 2p core-level, (c) O 1s core-level and (d) C 1s
core-level.
Catalytic studies



The catalytic efficiency ohCuO-FMS has been studied for Se-Se coupling reaction under different
reaction conditions (Table 2). To begin with, different amounta@iO-FMS are used to study the
reaction between iodobenzene (0.5 mmoljpdavder (1.0 mmol) and KOH (1.0 mma) 2.0 ml dimethyl
sulphoxide (DMSO) at 363 K under nitrogen atmosphere to find out the maximum ¥ikeéd product
obtained is 1,2-diphenyl diselenidga]. The reaction did not produce significant amount of the product
when 1 mg ohCuO-FMS s used fothe catalytic reaction (entry 1). With gradual increase in the amount
of the catalyst to 2, 5 and 19g (entries 2-4), the yield was found to increase slowly to 25, 46 and 64%,
respectively. When the amount m€uO-FMS is increased to 20 mg the yield reached to 78% (entry 5)
and this is the maximum value at the given temperature. When the amount of catatystased further

to 30 mg the product formation is not affected much and the yield is 79% (entry 6).iThan be
established that 20 mg oCuO-FMS is sufficient for achieving the best yield &4 for this optimization
reaction under the specified conditions. After this, the base is alte@d;i&replaced by NaOH and the
yield is found to be lower at 67% (entry 7). Then the reaction is carriebyathianging the solvent to
dimethyl formamide (DMF) and acetonitrile (EN), and the yields reduce to 73 and 63% (entries 8 and
9), respectively. Finally, the reaction is perfornadifferent temperatures. Increasing the temperature to
373 K did not improve the amount of product fean(78% vyield, entry 10) while by decreasing the
temperature to 33R a lower yield (55%, entry }1s obtained.



Table 2 Optimization of the catalytic conditiohs

nCuO-FMS

Temperature, N,

I Se__ /@
o se
Se?, Base, Solvent

Entry nCuO-FMS Base  Temperature Solvent Isolated TON TOF
(in mg) (K) Yield (%)

1 1 KOH 363 DMSO trace - -

2 2 KOH 363 DMSO 25 29.82 9.940
3 5 KOH 363 DMSO 46 54.87 18.288
4 10 KOH 363 DMSO 64 76.35 25.445
5 20 KOH 363 DMSO 78 93.03 31.011
6 30 KOH 363 DMSO 79 94.23 31.409
7 20 NaOH 363 DMSO 67 79.91 26.638
8 20 KOH 363 DMF 73 87.07 29.023
9 20 KOH 363 CH:CN 63 75.14 25.05
10 20 KOH 373 DMSO 78 93.03 31.011
11 20 KOH 333 DMSO 55 65.60 21.867

aA|l the reactions are carried out for 3 h with 0.5 mmol of substrate, 1.0 8¢hahd 1.0 mmol of base

bYields determined by NMR spectroscopy

To study the time dependent conversion of iodobenzene to 1,2-diphenyl diselenide, the reaction in

DMSO solvent is then carried out for different time periods (Table 8aritbe seen that the conversion

increases marginally as the reaction time is increased from 3 h to 6192 Andfter 12 h the isolated yield
obtained is 83% (entry 4) which is little better than the 78% vyield thaitined within 3 h (entry 1) of

the reaction. So, it can be concluded that if the reaction time is increasgitltteedo not increase

significantly, and thus in the present study the reaction time has been optimized at 3 h. However, it should

be noted that isolated yields are always lower than the actual conversionétiarsimce some amount

of the product is lost during the process of work-up, isolation and purificatrofathe final reaction

mixture.



Table 3 Time dependent conversion of iodobenzene in catébgiBe coupling reacticén

| nCuO-FMS (20 mg) Se /@
oy ,
Se®, KOH, DMSO

363 K, N,

Entry Time (h) Isolated Yield (%) TON TOF
1 3 78 93.03 31.01

2 6 80 95.42 31.81
3 9 81 96.61 32.20
4 12 83 99.00 33.00

aThe reaction has been are carried out in 10 ml of acetonitrile as sw@ltle@t5 mmol of iodobenzene,®
mmol of S& powder and 5.0 mmol of KOH, at 363 K using 0.1 qnGUO-FMS as catalystYields
determined by NMR spectroscopy

After determining the optimized reaction condition, the conversions have bel cat using
various substituted iodobenzenes to produce the corresponding 1,2-diphenyl diselenideete(ihatbie
4). When 4-methyl iodobenzene and 3-methyl iodobenzene are used the productg;tdl@diselane
(3b) and 1,2-dim+tolyldiselane 8c), are obtained with very good yields of 77 and 75%, respectively. To
explore the scope of substrate for the reactions, substituted iodobenzenes witht diftenes (-F, -Cl, -
Br, -CR;) have been studied. 4-fluoro iodobenzene reacted to forim s{4&fuorophenyl)diselenide3f)
with 74% vyield, 4-chloro iodobenzene formed hig&4-chlorophenyl)diselenided¢) with 76% yield and
4-bromo iodobenzene formed 1h&4-bromophenyl)diselenide3f) with 75% vyield. 3-trifluoromethyl
iodobenzene gives 112s(3-(trifluoromethyl)phenyl)diselenide3) as the product with 72% yield\
heterocyclic iodo compound, 2-iodothiophene, has also been used for the study. The product, 1,2-
di(thiophen-2-yl)diselenide3p), is obtained and the yield is 73%. Thus, it is observed that iodobenzene

with no substituent gives the finest result among the substrates.



Table 4 Catalytic Se-Se coupling reactions using different substrates

=
| CuO-FMS (20 —R
S ORI o |
i LIS
= Se%, KOH,DMSO R __
363 K, N,

: 3a, 78%° 3b, 77% \©/ 3¢, 75%

o 0 [T o @ 0l T
3d, 74% 3e, 76% 3f, 75%

FsC
Se e
fj S
39, 72% 3h, 73%

Entry R/Substrate Isolated Yield (%)° TON TOF
3a -- 78 93.03 31.01
3b 4-CHs 77 91.84 30.61
3c 3-CHs 75 89.46 29.82
3d 4-F 74 88.26 29.42
3e 4-Cl 76 90.65 30.22
3f 4-Br 75 89.46 29.82
39 3-CR 72 85.88 28.63
3h 2-iodothiophene 73 87.07 29.02

&The reactions have been carried out for 3 h in 2 ml of DMSO as solvénd &immol of the respective
substrates, 1.0 mmol of §eowder and 1.0 mmol of KOH, at 363 K using 20 mg@iO-FM Sas catalyst.
bYields determined by NMR spectroscopy

The!H NMR, *C NMR, "Se NMR and mass spectra are given in supplementary information with the

structure of the corresponding compounds.



Recyclability

The ability to recycle is the most attractive feature of a heterogeneous tcédatiitss work, to study the
recyclability ofnCuO-FM S in Se-Se coupling the reaction iodobenzene as the substrate has been studied
under the optimized condition. In each cycle, 0.5 mmol of iodobenzene, 1.0 mmé&lpof\@er and 1.0
mmol of KOH are taken in 2.0 ml of DMSO and the reaction is carried out at 363 K nitrdgen
atmosphere for 3 hlhen the catalysis recovered, regenerated and reused in the subsequent run. The
conversion (%) against the number of reaction cycles for the coupling has beerrgivig. 10. The
percentage conversions in five cycles are 78, 78, 75, 70 and 68%, respectively.dtsemn lihat the
efficiency of the catalyst remains more or less same in the first wlescyAfter that there is marginal drop

in the percentage of conversion in each step and after five dydé&8%. The gradual drop of conversion
from the first to the fifth cycle may be attributed to partial damagéeitesoporous structure of the
catalyst when it remains in the matrix of the catalytic system @opg period during the reactions. Thus,

it can be inferred that the catalyst has good recycling efficiency. The TEM imaggydetnCuO-FM S

is illustrated in Fig. 6d. It shows that the porous structure of the mesopdicausstrix is retained even

after the catalytic performance and the immobilization of the CuO nanopantigle’ also remains intact.

In addition to this, the surface area of the recycled catalyst is also not reduced to a largehechieadds

to the reusability of the material as catalyst.

80

Conversion (%)
D (@]
o o

N
o
1

1 2 3 4 5
Number of Cycles

Fig. 10 Recycling efficiency ohCuO-FM S for SeSe coupling using iodobenzene



M echanism

A plausible mechanisthcan be proposed for the Se-Se coupling reaction and it is shown in Scheme 2. In
presence of a base, selenium gives selenide or selenite anion and in a super basikK@W8&dium a
reductive dimsyl species is produced. The dimsyl species is responsible forna¢gidn of the desired
diselenide anion. This preformed anion is considered to be the active speaiesdiiv the catalytic cycle.

The formation of species andb take place by the ligand exchange with the diselenide anion and may
further generate complex Then, species may undergo reductive eliminatioa formation of initial
coupling producd and CuO nanoparticles mMCuO-FMS are regenerated. Thehprobably reacts with
another unit ob to form a new comple& Finally, the desired diselenide compodinsiformed by another

step of reductive elimination and the other unit of CuO nanoparticleESudd-FM S could be rgenerated.

The CuO nanoparticles thus recovered can be used in the next catalytic cycle.
R{l

Sez
R— Sez
(f)
R— SEZ
(d) (a)
@ =nCuO-FMS
R= alkyllaryllheteroaryl

R_Q\ = 1/CI/Br
(c) R—,

X
(b)
X Se,?”
) Se’
Se®+OH Se?” +Se0,2” + H,0

NS

Scheme 2 Plausible mechanism for organo diselenide synthesis



Conclusions

In this article, we have synthesized a mesoporous silica based catalyst withlised @O nanoparticles,
nCuO-FMS, using a facile synthetic route. The generation of CuO nanoparticles tookimplsite in
presence of 2-aminophenol, which also acted as a stabilizing support to the metalnixigs.pehe silica
support, SBA-15 and all other subsequent organically functionalized frameworks, includoegatiyst
have been characterized thoroughly to establish their structure. This CuO nalegpaottaining porous
silica with good specific surface area is found to catalyze Se-Se couplingmgagiroduce symmetrical
diselenides with high yields. Thus, it provides a simple and efficient methothdopreparation of
diselenides through crossupling reaction between selenium and aryl iodides. The process is
chemoselective and can be used to prepare a wide range of substituted symmetricalediselptaining
e.g. methoxy, carboxylate, hydroxyl, amino, aldehyde and bromo groups. The superior actitvity of
catalyst can be attributed to the nanoscale dimension of the CuO particlel as migh surface area of
the silica matrix which predisposes the substrates better at the catalgiitiaymetal centres. The catalyst
is cheaper than commercially available CuO nanopowder and due to its heterogeh@eus can be

economically used for several reaction cycles.
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