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Abstract 

A new heterogenous catalyst has been synthesized by immobilization of a copper 

complex on dipyridyl-pyridazine functionalized periodic mesoporous organosilica 

(dppz-vPMO). This ordered support was firstly prepared by a co-condensation 

reaction between vinyltriethoxysilane and 1,2-bis(trimethoxysilyl)ethane and 

further post-functionalized through a hetero Diels-Alder reaction with 3,6-di-2-

pyridyl-1,2,4,5-tetrazine. Techniques such as XRD, N2 isotherms, TEM, 13C NMR, 

XPS and DRIFT, among others, were employed to characterize the surface 

functionalized materials. These results have proven the ordered mesostructure of 

the materials as well as the presence of novel nitrogen-chelating heterocyclic 

compounds in the pore surface after the post-modification process. Additionally, it 

has been confirmed the successful anchoring of a copper complex on the dipyridyl-

pyridazine (dppz) ligands. The resulting material was evaluated as heterogenous 

catalyst in the epoxidation of styrene using tert-butylhydroperoxide (TBHP) as 

oxidant. Under optimized reaction conditions, Cu@dppz-vPMO showed a high 

styrene conversion (86.0 %) and a remarkable selectivity to styrene oxide (41.9 %). 

Indeed, this catalyst provided excellent catalytic results in terms of stability, 

reaction rate, conversion and selectivity compared to other bipyridine-like copper 

catalysts. 

 

Keywords: periodic mesoporous organosilicas; Diels-Alder reaction; dipyridyl-

pyridazine; copper complex; epoxidation reactions.  



1. Introduction 

Epoxidation of olefins is one of the most relevant reactions in organic synthesis 

since the resultant epoxide products are important and versatile intermediates for 

the synthesis of a wide variety of fine chemicals, pharmaceuticals, agrochemicals, 

and perfumes, among others[1–4]. While traditional methods for the synthesis of 

epoxides are characterized by using stoichiometric amounts of harmful oxidants 

(peracids) and generate enormous wastes[5–7], the recent synthetic methodologies 

in this field are focused to overcome them. Thus, the use of safer oxidizing agents, 

such as tert-butyl hydroperoxide (TBHP), molecular oxygen or hydrogen peroxide 

in the styrene epoxidation opens an economic and environmental alternative. 

However, their characteristic low reactivity and selectivity in this type of reaction 

when they are used alone has led to the use of such oxidants in combination with 

transition-metal catalysts[3,8]. Over the last decades, a wide variety of ions, oxides 

and complexes of transition metals have been explored through homogeneous 

catalytic processes. Despite these systems lead to high yields in the epoxidation 

reactions, their immobilization on solid supports have gained much more attention 

from an environmental and economical perspective due to their potential 

applications in industry[9–14]. Nowadays, the development of efficient 

heterogenized catalytic systems for the epoxidation of olefins remains a 

challenge[4,15–17]. Different types of porous materials, such as zeolites[18], 

polymers[19], mesoporous silicas[14], activated carbons[20] or MOFs[21] have 

been employed as supports of transition metal complexes for liquid phase 

epoxidation of olefins.  

Studies on epoxidation reactions catalysed by heterogenized Schiff-bases and other 

Cu(II)-complexes catalysts have received a great deal of attention during recent 



years. Depending on the support, different synthetic approaches have been adopted 

to integrate them on their framework for the oxidation of olefins. Thus, Spodine et 

al.[22] were the first who reported the synthesis of a MOF with Cu(II) centers 

coordinated to bipy (2,2’-bipyridine) and H4btec (1,2,4,5-benzenetetracarboxylic 

acid) ligands as a heterogeneous catalyst for oxidation reactions. More recently, 

Cu species have been incorporated within the framework of a Ga-[23] and Zr-based 

metal organic framework[24] with bipyridine linkers by a post-synthetic 

modification method with CuCl2 and CuBr2, respectively. Furthermore, another 

family of ordered porous materials that have attracted a great interest due to their 

unique features are mesoporous organosilicas. The first attempts were based on the 

confinement of copper (II) complexes with bipyridine ligands in the mesoporous 

channels of MCM-41 for oxidation de alkenes[25,26]. Later, a more developed 

strategy involved the covalent attachment or grafting of organic compounds within 

the mesochannels of silica materials and subsequent complexation with copper. 

Most of the studies reported the functionalization of highly ordered 2D-hexagonal 

mesoporous silicas, such as MCM-41 and SBA-15 materials, with 3-

aminopropyltriethoxysilane followed by its condensation with a suitable aldehyde 

to produce a coordinating Schiff-base ligand[27–29]. Although these heterogenous 

systems have shown to be effective for liquid phase oxidation of olefins, it is well 

known the drawbacks associated to grafting procedures. As an alternative to 

mesoporous organosilicas, the synthesis of periodic mesoporous organosilicas 

(PMOs) is able to produce well-ordered mesoporous structures with a uniform 

distribution of the organic functionality into the pore walls[30–32]. Since their 

discovery, a wide variety of metal and metal complexes have been directly 

integrated during the PMO synthesis or alternatively, through post-modification 



processes for catalytic applications[33]. Copper complexes have been successfully 

supported on ionic liquid based PMO materials for the synthesis of 

propargylamines or polyhydroquinolines through the three-component coupling 

reaction of amines, aldehydes and alkynes[34] or Hantzsch reaction[35], 

respectively. More recently, Inagaki et al.[36] reported the immobilization of a Cu 

complex on a periodic mesoporous organosilica containing 2,2’-bipyridine ligands 

as bridging organic groups. The resulting catalysts were evaluated in the 

Mukaiyama epoxidation of cyclohexene as a model radical reaction. To the best 

our knowledge, no more examples of copper supported PMO materials have been 

described.  

As above-mentioned, the presence of organic moieties in the PMO framework 

allows these materials to be modified through organic reactions. One of the 

reactions that have been extensively investigated by our research group is the 

Diels-Alder reaction. The double bonds on the walls of an ethenylene-bridged 

PMO have acted as dienophiles for the Diels-Alder reaction with common dienes, 

such as cyclopentadiene and anthracene[37], pyrrole derivatives[38] and 

tetrazine[39,40]. This latter diene gave rise to dipyridyl-pyridazine moieties on the 

PMO surface, which can form interesting chelates with metal ions. Following this 

approach, we have recently investigated the synthesis of mesoporous silica materials 

decorated with dipyridyl-pyridazine (dppz) ligands, which were further attached to 

lanthanide (Ln3+) complexes (Ln3+ = Er3+, Yb3+, Nd3+ or Eu3+/Tb3+ mixture) and 

used as potential ratiometric thermometer materials[40,41]. 

Herein, we report the preparation of a novel periodic mesoporous organosilica 

(PMO) with ethane bridges in the silica framework and pendant vinyl groups in the 

pore channels, which was post-functionalized with dipyridyl-pyridazine moieties 



through a hetero Diels-Alder reaction with 3,6-di-2-pyridyl-1,2,4,5-tetrazine. 

Subsequently, this material was grafted with a Cu2+ complex for producing a 

suitable heterogenous catalyst for epoxidation reactions.  

 

2. Experimental 

2.1. Synthesis of vinyl-functionalized ethylene-bridged PMO (vPMO) 

Periodic mesoporous organosilica was synthesized according to the procedure described 

in literature for the synthesis of thiol-functionalized mesoporous ethane-silicas with some 

modifications[42]. Typically, Pluronic P123 (EO20PO70EO20, MW = 5800, Sigma–

Aldrich) (0.5 g) and KCl (3.49 g) were dissolved in HCl solution (16.5 mL, 2M) and H2O 

(3.75 mL) under vigorous stirring at 45 ºC. Next, a mixture with a molar composition 

ratio of 80 % of 1,2-bis(trimethoxysilyl)ethane (BTME, 2.84 mmol) and 20 % of 

vinyltriethoxysilane (VTES, 0.71 mmol) was added dropwise to the above solution. The 

reaction mixture was stirred at 45 ºC for 24 h and following aged at 100 ºC under static 

conditions for 24 h. The white solid product was recovered by filtration and thoroughly 

washed with distilled water. To remove the surfactant, 1 g of as-synthetized material was 

refluxed in a solution containing 50 mL ethanol and 1 mL HCl solution (37%) for 24 h. 

This process is repeated twice, the white solid was recovered by filtration, washed with 

acetone and dried under vacuum at 100 ºC. The material synthesized was named vPMO. 

2.2. Post-functionalization of vPMO by Diels-Alder reaction with 3,6-di-2-pyridyl-

1,2,4,5-tetrazine.  

The organic ligand 3,6-di-2-pyridyl-1,2,4,5-tetrazine (dppz) was synthetized according to 

a previously reported procedure[40]. This compound was used as diene in the surface 

Diels-Alder reaction of vinyl-functionalized ethylene-bridged PMO. Thus, 0.6 g of 



vPMO was added to a mixture containing 0.5 g of 3,6-di-2-pyridyl-1,2,4,5-tetrazine and 

40 mL of dodecane. The reaction mixture was stirred at 150 ºC for 13 days under inert 

atmosphere. The resulting material was collected by vacuum filtration and washed with 

chloroform. In order to remove possible unreacted diene physically adsorbed into the 

pores, the material was refluxed in chloroform during 24 h. This procedure was repeated 

twice. Then, the solid was collected by vacuum filtration and dried at 100 ºC. Finally, the 

solid product was aromatized using NaNO2 as oxidant to dehydrogenate de 

dihydropyridazine ring of the surface adduct. Thus, 0.15 g of material were dissolved in 

7 mL of acetic acid and in small portions 0.21 g of NaNO2 were added. The mixture was 

kept under stirring at 65 ºC for 2 h. Then, the solid was recovered by vacuum filtration, 

washed with ethanol twice and dried at 100 ºC overnight. The final material was named 

dppz-vPMO. 

2.3. Immobilization of Cu complexes on the surface Diels-Alder adducts. 

To immobilize Cu complexes on the surface of Diels-Alder adducts[24], 0.063 g of 

CuCl2·2H2O were dissolved in acetonitrile (15 mL) and then 0.1 g of dppz-vPMO were 

added to the solution. The mixture was stirred at room temperature for 24 h. Afterwards, 

it was filtered and washed several times with chloroform to guarantee the complete 

removal of any physisorbed copper salt. The material was dried under vacuum at 100 ºC 

and named as Cu@dppz-vPMO. 

2.4. Characterization techniques 

X-ray powder diffraction (XRD) patterns were collected on a Bruker D8 Discover A25 

diffractometer using Cu Kα radiation (λ = 1.5406 Å) with an applied voltage and current 

of 40 kV and 300 mA, respectively. Nitrogen adsorption experiments were carried out at 

-196 ºC using an Autosorb-iQ MP/MP-XR instrument. Prior to the measurements, all the 



samples were degassed at 120 °C for 24 h. Specific surface areas were calculated from 

the linear regions of Brunauer-Emmett-Teller (BET) plots (P/P0 = 0.1-0.20). Pore size 

distributions were obtained using the density functional theory method (DFT) (DFT 

kernel: silica, cylindrical pores, nonlinear DFT (NLDFT) equilibrium model). Raman 

spectra were acquired with a Renishaw Raman instrument by excitation with green laser 

light (532 nm). High-resolution Transmission Electron Microscopy images were recorded 

on a JEOL JEM 1400 microscope at an accelerating voltage of 300 kV. The diffuse 

reflectance infrared Fourier transform spectra were recorded on a Perkin-Elmer 2000 

FTIR spectrometer equipped with a diffuse reflectance environmental chamber (Harrick) 

connected to a temperature controller. The sample was heated in situ from room 

temperature to 150 °C under nitrogen. Spectra were collected between 1000 and 4000 cm-

1. The 13C CP/MAS NMR spectra were recorded on a Bruker Avance III HD 400 WB 

spectrometer at 100.61 MHz. Chemical shifts were referenced to tetramethylsilane 

(TMS). X-ray photoelectron spectroscopy (XPS) were recorded on a SPECS Phoibos 

HAS 3500 150 MCD X-ray photoelectron spectrometer with a monochromatic Al anode 

(1486.7 eV). Accurate binding energies have been determined with respect to the position 

of Si 2p at 103.4 eV. XPS survey spectrum was collected at a pass energy of 60eV, while 

high-resolution XPS spectra were obtained at a pass energy of 40 eV and a resolution of 

0.1 eV. UV-vis spectra were recorded on an UV-visible diffuse reflectance 

spectrophotometer Varian Carey IE UV-vis equipped with a 110 nm integration sphere. 

ICP-MS analysis was performed on a Perkin Elmer NexIONTM 350X ICP Mass 

Spectrometer”.  

2.5. Epoxidation of styrene  

Epoxidation reaction of styrene was carried out in a two necked round-bottom glass 

reactor equipped with a magnetic stirring bar and a reflux condenser. Toluene and 



nitrobenzene were used as solvent and internal standard, respectively[24]. Typically, 50 

mg of catalyst was added to a solution containing styrene (0.058 mL, 0.5 mmol), tert-

butyl hydroperoxide (TBHP, 0.2 mL, 0.5 mmol), nitrobenzene (0.082 mL, 0.8 mmol) and 

toluene (2 mL). Afterwards, the reaction mixture was kept under stirring at 90 ºC for 1 h. 

Sample aliquots (0.2 mL) were taken out from the mixture and diluted with toluene. The 

products were analysed and quantified in a Varian gas chromatograph with a capillary 

column (VF-1MS, 15 m x 0.25 mm ID) and a flame ionization detector (FID) and using 

standard compounds. After the reaction, the catalyst was filtered off, washed with 

acetonitrile and dried under vacuum at 90 ºC, and then reused directly without further 

purification. The recyclability of the Cu@dppz-vPMO catalyst was investigated during 

five consecutive runs.  

One blank reaction was carried out without adding any catalyst under the same 

experimental conditions.  

 

3. Results and discussion 

3.1. Synthesis and characterization of materials 

The copper (II) complex was immobilized on dppz-vPMO support as illustrated on 

Scheme 1. Firstly, vinyl-functionalized ethylene-bridged PMO (vPMO) was prepared by 

co-condensation reaction between 1,2-bis(trimethoxysilyl)ethane (80 %) and 

vinyltriethoxysilane (20 %) using P123 as template under acidic conditions. Next, the 

pendant double bonds of vPMO acted as dienophiles in a hetero Diels-Alder reaction with 

a substituted tetrazine (3,6-di-2-pyridyl-1,2,4,5-tetrazine, dptz), giving rise to the 

formation of surface dipyridyl-pyridazine (dppz) units. Thus, the dppz-vPMO support 

was functionalized with nitrogen-based chelating heterocycles providing suitable ligands 



for anchoring Cu(II) complexes. The copper complex on dipyridyl-pyridazine 

functionalized PMO was finally synthesized by coordinating the copper salt 

(CuCl2·2H2O) with dppz-vPMO support.  

 

 

Scheme 1. Synthesis procedure of Cu@dppz-vPMO catalyst. 

The XRD diffraction pattern of vinyl-functionalized ethylene-bridged PMO (vPMO) 

displayed a low peak (100) at 2θ = 0.9 and two small second-order (110) and (200) peaks 

at higher incidence angles, characteristic of materials with 2D-hexagonal pore 

mesostructure (P6mm) (Fig 1). After Diels-Alder reaction with 3,6-di-2-pyridyl-1,2,4,5-

tetrazine, the resulting dppz-vPMO material showed a similar diffraction pattern, 

indicating that the mesoscopic ordering of the parent material remained intact after the 

surface modification reaction. Likewise, after immobilization of Cu-complexes on the 

dipyridyl-pyridazine units, the initial ordered mesoporous structure was preserved[41]. 

These results indicate the great stability of the pristine mesostructure after Diels-Alder 



and immobilization reactions. Recently, Inagaki et al. reported that the mesostructure 

ordering of bipyridine-bridged PMO during the immobilization of Cu-complexes was 

damaged when the solid was dispersed in protic solvents, such as methanol and water[36].  

 

                         Fig 1. XRD patterns of vPMO, dppz-vPMO and Cu@dppz-vPMO.  

The nitrogen adsorption-desorption isotherms of the different materials are shown in Fig 

2. All materials exhibited type-IV isotherms with H1-type hysteresis loops at relative 

pressures of 0.5-0.7, confirming the presence of uniform cylindrical mesopores. The 

average pore diameter and narrow pore size distribution of the PMO materials confirmed 

the presence of pores in the mesopore range (Fig 2, right). Textural properties (SBET, Vp 

and Dp) of the periodic mesoporous organosilica materials are listed in Table 1. vPMO 

has a high SBET of 849 m2 g-1 and pore volume of 0.86 cm3 g-1. After Diels-Alder reaction, 

a slight decrease of surface area and pore volume were appreciated. In addition, the 

immobilization of the copper complex on the surface Diels-Alder adducts gave rise to a 

higher decrease of SBET (421 m2 g-1) and pore volume (0.50 cm3 g-1). The pore wall 

thickness increased after Diels-Alder reaction with the tetrazine derivative due to the 



volume occupied by the organic fragments. Similar results were previously reported in 

this type of reaction with the same diene and other dienophiles[39,40]. 

 

Fig 2. N2 adsorption-desorption isotherms (a) and pore size distributions (b) of periodic 

mesoporous organosilica materials.  

 

Table 1. Physicochemical properties of synthesized periodic mesoporous organosilicasa 

Sample d100 

(nm) 

a0 SBET  

(m2 g-1) 

V  

(cm3 g-1) 

Db 

 (nm) 

tc  

(nm) 

vPMO 9.2 10.6 849 0.86 6.6 4.0 

dppz-vPMO 9.6 11.1 715 0.78 6.6 4.5 

Cu@dppz-vPMO 9.7 11.2 421 0.50 6.6 4.6 

a d100, (100) spacing; SBET, BET surface area; V, pore volume; D, pore diameter; t, wall 

thickness. 
b calculated by the DFT method 
c calculated from (a0 – D), where 𝑎0 = 2𝑑100/√3

 

 

In addition to the PXRD and nitrogen sorption measurements, TEM images corroborated 

the structural ordering of the synthesized materials (Fig 3). TEM images of vPMO 



revealed the highly ordered hexagonally array of straight mesoporous channels. These 

uniform pore channels were retained after functionalization and complexation processes. 

 

Fig 3. TEM images of vPMO (a), dppz-vPMO (b) and Cu@dppz-vPMO (c).  

The presence of both organic moieties, i.e. bridging ethylene groups in the silica 

framework and vinyl groups in the channel pores, on the parent material as well as the 

resulting surface Diels-Alder adducts on dppz-vPMO have been confirmed by DRIFT 

and solid-state 13C CP/MAS NMR measurements (Fig 4). DRIFT spectrum of vPMO (Fig 

4a) showed bands at 3050 and 1591 cm-1 associated to =CH and C=C stretching vibrations 

of vinyl groups, respectively. Additionally, several signals in the C-H stretching region, 

below 3000 cm-1, are characteristic of the ethylene bridges in the silica framework and 

the remaining surfactant into pores. After Diels-Alder reaction, dppz-vPMO showed 

additional vibrational signals associated to the C=N stretching (1560 cm-1) and skeletal 

vibrational (1360 - 1600 cm-1) of the dipyridyl-pyridazine units[43]. 



The solid-state 13C CP/MAS NMR spectrum of vPMO (Fig 4b) showed an intense signal 

at 5 ppm and signals at 130 and 137 ppm corresponding to the Csp3 and Csp2 of the ethane 

and vinyl groups, respectively[44,45]. Additionally, signals at 21 and 58 ppm could be 

assigned to non-hydrolysed methoxy (-OCH3) and ethoxy (-OCH2CH3) groups remaining 

after the synthesis procedure. Small signals at 71 and 76 ppm are characteristic of P123 

surfactant residues, still present in the pores after three successive extractions. After 

Diels-Alder reaction, new signals appeared in the aromatic region (149 – 125 ppm) 

corresponding to the aromatic carbons present in the surface adducts[39]. 

 

Fig 4. DRIFT spectra (a) and 13C CP/MAS NMR spectra (b) of vPMO and dppz-vPMO. 

XPS measurements were performed to obtain surface information of the samples and 

confirm the incorporation and oxidation state of copper. Survey spectrum of dppz-vPMO 

(Fig 5a) indicated the presence of Si, C, O and N in the surface analysis of the sample. 

After copper immobilization on the dipyridyl-pyridazine adducts, additional signals 

associated to Cu were present for the Cu@dppz-vPMO sample. The N1s XPS spectrum 

(Fig 5b) for dppz-vPMO only exhibited a component centered at 400.6 eV attributed to 



the nitrogen atoms in the pyridine and pyridazine rings[46]. A slight shift (0.3 eV) of the 

binding energy toward a higher value was observed after copper complexation, in 

accordance with the electronic interaction between copper and nitrogen atoms in the 

sample. Furthermore, the Cu2p XPS spectrum (Fig 5c) for Cu@dppz-vPMO showed two 

characteristic peaks at 934.8 and 954.6 eV, which correspond to Cu2p3/2 and Cu2p1/2, 

respectively. The appearance of shake-up satellite bands at 940-950 eV confirmed the 

presence of Cu2+ [14,47].  

 

Fig 5. XPS spectra of dppz-vPMO and Cu@dppz-vPMO: (a) survey scan, (b) N1s and 

(c) Cu2p. 

 

The presence and coordination of the copper complex was further corroborated using UV-

vis diffuse reflectance spectroscopy. Fig 6 shows UV-vis diffuse reflectance spectra of 
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dppz-vPMO and Cu@dppz-vPMO. The material dppz-vPMO exhibited two adsorption 

bands in the region of 260-320 nm and 500-600 nm which are attributed to the π-π* and 

n-π electronic transitions of dipyridyl-pyridazine units[48]. After copper immobilization, 

the UV-vis diffuse reflectance spectrum of Cu@dppz-vPMO exhibited a wide adsorption 

ranging from 300-500 nm, with maxima centered at 320 and 380 nm. These bands could 

be assigned to ligand to metal charge transfer (LMCT). Furthermore, it showed a 

relatively broad band in the range of 600-800 nm, which may be attributed to the d-d 

transition at the metal centre. Similar adsorption patterns were observed for Cu2+ 

complexes with N- and O-donor Schiff base ligands anchored on mesoporous silica[29].  

 

Fig 6. UV-Vis diffuse reflectance spectra of dppz-vPMO (a) and Cu@dppz-vPMO (b) 

materials. 

The nitrogen content in dppz-vPMO determined by elemental analysis was 0.18 mmol g-

1. Furthermore, the copper loading for Cu@dppz-vPMO calculated by ICP-MS was 0.13 

mmol g-1. Accordingly, the Cu/N ratio on the catalyst was 0.72, slightly higher to the 

theorical one (Cu/N = 0.5). This would confirm the coordination of some cupper species 

on the free silanol groups at the pore surfaces of dppz-vPMO[49]. 



3.2. Catalytic activity in styrene epoxidation 

As above-mentioned, the olefins epoxidation is an interesting organic reaction to produce 

value-added chemicals. In this work, Cu@dppz-vPMO was employed as heterogenous 

catalyst in the styrene reaction with tert-butyl hydroperoxide (TBHP) as oxidant. The 

conversion of styrene and the selectivities to different products are displayed in Table 2. 

Obviously, the blank reaction gave a lower conversion (19.3 %) as resulted from the 

autoxidation of styrene by TBHP. Without any catalyst, non-formation of styrene oxide 

(SO) was appreciated. When CuCl2 was essayed as homogeneous catalyst, the conversion 

of styrene was 50.5 % but SO was not obtained. Interestingly, our heterogenous catalytic 

system, Cu@dppz-vPMO, reached a higher conversion (59.1%) and a remarkable SO 

selectivity of 18.8 %. Other oxidants, such as hydrogen peroxide and oxone, were tested 

in the styrene oxidation. Under similar conditions, the oxidation reaction did not proceed 

with oxone as oxidant. Unlike, a styrene conversion of 67.0 % and a high selectivity to 

BZ (87.6 %) was obtained using H2O2 as oxidizing agent. 

 

Table 2. Catalytic activities for selective oxidation of styrene 

Entry Catalyst Oxidant Conversion 

(%) 

Selectivityd (%) 

    SO BZ AP BO 

1 Blanka TBHP 19.3 - 63.9 24.6 11.6 

2 CuCl2*2H2O
a TBHP 50.5 - 76.7 - 23.4 

3 Cu@dppz-vPMOa TBHP 59.1 18.8 58.3 4.3 18.6 

5 Cu@dppz-vPMOb H2O2 67.0 3.5 87.6 8.6 0.3 

6 Cu@dppz-vPMOc Oxone -- --- --- --- --- 

7 Cu@dppz-vPMOe TBHP 73.1 36.1 45.9 3.4 14.6 

aReaction conditions: 50 mg of catalyst, 0.5 mmol of styrene, 1 mmol of TBHP, 2 mL of solvent 

(toluene); reaction temperature, 90 ºC; reaction time, 1 h.  
bReaction conditions: 50 mg of catalyst, 0.5 mmol of styrene, 1 mmol of H2O2 (30%), 2 mL of 

solvent (acetonitrile); reaction temperature, 90 ºC; reaction time, 1 h.  
cReaction conditions: 50 mg of catalyst, 0.5 mmol of styrene, 1 mmol of Oxone (dissolved 0.8 ml 

of water), 2 mL of solvent (toluene); reaction temperature, 90 ºC; reaction time, 1 h.  



dSO = styrene oxide, BZ = benzaldehyde, AP = acetophenone, BO = benzyl alcohol 
eOptimized conditions: 50 mg catalyst, 0.5 mmol styrene, 2 mmol TBHP, 2 mL solvent (toluene), 

reaction temperature 100 ºC, reaction time 1h. 

 

 

Based on the experimental findings of this work and previous literature[15,22,29,50], a 

plausible reaction mechanism for epoxidation of styrene with TBHP over Cu@dppz-

vPMO catalyst has been proposed in Scheme 2. The mechanism begins with the formation 

of oxygenated intermediary species (Cu(III)-peroxo) (I) after the coordination of TBHP 

to the Cu(II) centre. Later, the reaction between the double bonds of styrene and species 

I can occur by two possible reaction pathways according to the observed products. The 

dominant reaction path (Path 1) consists of a concerted oxygen transfer, giving rise to the 

cyclic intermediate (II) and t-butanol. Subsequently, the cleavage of the Cu-O bond yields 

styrene oxide (SO) together with the simultaneous regeneration of the Cu (II) centre. 

Additionally, the ring-opening of the epoxide by attack of TBHP can form the peroxide 

III and IV, resulting in the formation of benzyl alcohol (BO) and benzaldehyde (BZ), 

respectively. This latter could also be formed by direct oxidation of BO with 

TBHP[51,52]. Furthermore, the oxidation of styrene to acetophenone (AP), also detected 

as reaction product, proceeds via the formation of intermediate peroxo metallocycle 

species (IV) that are formed by the interaction of the peroxo group with the double bonds 

of styrene molecules (Path 2).  

 



 

Scheme 2. Proposed mechanism for styrene epoxidation reaction over Cu@dppz-vPMO 

catalysts using TBHP as oxidant. 

 



The recycling test of Cu@dppz-vPMO catalyst was conducted for five successive cycles 

under the foresaid reaction conditions. As shown in Fig 7a, the selectivity to all products 

was kept practically constant during the successive catalytic cycles. Although the styrene 

conversion remained stable (ca. 60%) during the catalytic cycles, a slight drop of 

conversion was appreciated in the third cycle. This could be ascribed to the blockage of 

the active sites by some products molecules that remained adsorbed on the catalyst surface 

after its filtration and washing. Indeed, the catalytic activity was recovered in the 

following runs. These results confirmed the high stability of the copper complex on 

dipyridyl-pyridazine functionalized PMO material in the styrene epoxidation reaction, 

similar to other copper-supported mesoporous materials reported in literature[36,50]. 

Furthermore, N2 adsorption-desorption isotherms (Fig. 7b) and TEM image (Fig. 7c) of 

Cu@dppz-vPMO after the first and fifth catalytic cycle, corroborated the high 

mesostructural stability of the material under the oxidative conditions employed.  



 

Fig 7. (a) Recycling test of Cu@dppz-vPMO in the styrene epoxidation reaction for five 

cycles. Reaction conditions: 50 mg of catalyst, 0.5 mmol of styrene, 1 mmol of TBHP, 2 

mL of solvent (toluene); reaction temperature, 90 ºC; reaction time, 1 h. (b) N2 adsorption-

desorption isotherms of Cu@dppz-vPMO after one reaction cycle. (c) TEM image of 

Cu@dppz-vPMO after five reaction cycles.  

 

To optimize the reaction conditions, the effect of various reaction parameters - solvent, 

temperature and substrate/oxidant molar ratio - that may affect the conversion and 

selectivity of the styrene epoxidation was examined (Fig 8). Initially, in order to evaluate 

the influence of the solvent, the epoxidation reaction was performed with a molar ratio of 

1:2 (styrene:TBHP) and different solvents (acetonitrile, benzonitrile, dichloromethane, 

dimethylformamide and toluene) (Fig 8a). Using acetonitrile and benzonitrile at 80 and 



90 ºC, respectively, a higher styrene conversion was obtained. Previous studies have 

reported that nitriles, with a high dielectric constant, are excellent solvents in styrene 

epoxidation with TBHP due to an increased solubility of the reactants and therefore a 

better accessibility to the active sites of the catalyst[53,54]. No SO was obtained in 

acetonitrile, being BZ the major reaction product. The selectivity to SO increased up to 

15 % in benzonitrile. Unlike, using dichloromethane and dimethylformamide as solvents 

at 40 and 120 ºC, respectively, the conversion was found to be zero. The highest SO 

selectivity (18%) was reached in toluene.   

To evaluate the influence of the temperature on styrene epoxidation, it was performed at 

60, 80, 90 and 100 ºC in toluene (Fig 8b). The higher the temperature, the higher the 

conversion and selectivity to SO. This positive trend in conversion and selectivity with 

temperature is consistent with previous reports that also found that vinyl C-H bonds of 

styrene molecules were more active at higher temperatures[28]. Additionally, another 

reaction parameter widely studied in the epoxidation reaction is the styrene/TBHP molar 

ratio[50] (Fig 8c). A remarkably improvement on the styrene conversion from 73 % to 86 

% was obtained when increasing the styrene/TBHP molar ratio from 1:2 to 1:4. Also, the 

selectivity towards the epoxide increased to a great extend from 30 to 41.9 %. 
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Fig 8. Effect of reaction parameters on the epoxidation of styrene with TBHP (conversion 

and SO selectivity are indicated in filled and dashed bars, respectively) (a) Effect of 

solvent (ACN=acetonitrile; DMF=dimethylformamide; DCM=dichloromethane 

PhCN=benzonitrile;), (b) Effect of reaction temperature and (c) Effect of styrene/TBHP 

molar ratio. Reaction conditions: (a) styrene, 0.5 mmol; TBHP, 1 mmol; solvent, 2 mL; 

catalyst, 50 mg; T = 90 ºC; t = 1h; (b) styrene, 0.5 mmol; TBHP, 1 mmol; toluene, 2 mL; 

catalyst, 50 mg; t = 1h (c) styrene, 0.5 mmol; toluene, 2 mL; catalyst, 50 mg; T = 100 ºC; 

t = 1h. 

 

Once the optimal reaction conditions have been established (solvent, toluene; 

temperature, 100 ºC; styrene:TBHP molar ratio, 1:4) for Cu@dppz-vPMO catalyst, it is 

worth mentioning the excellent yield achieved (86.0 %) and the remarkable epoxide 

selectivity (41.9 %). Furthermore, copper loading for the recycled catalyst was 0.125 

mmol g-1, which indicates that barely exists any leaching of copper species to the solution 

during epoxidation reaction. We have compared the catalytic performance of our catalyst 

with previously reported heterogeneous copper-based catalysts in the epoxidation of 

styrene with TBHP (Table 3). As can be seen, the performance of such catalytic systems 

depends directly on the active species of Cu (II) present on the support. Compared with 

those systems where copper is coordinated to nitrogen-chelating heterocyclic compounds 

comparable to the dppz ligands of our catalyst (i.e. bipyridine groups) (entries 2-3), 

Cu@dppz-vPMO (entry 1) possesses the highest styrene conversion and epoxide 

selectivity at shorter reaction times (1 h).  By contrast, those systems based on Cu(II) 

Schiff base complexes anchored onto two- dimensional (entry 5) or three-dimensional 

(entry 6) mesoporous silicas as well as graphene oxide (entry 7) showed slightly larger 

styrene conversions and much higher selectivity to epoxide than those over Cu@dppz-



vPMO. It is interesting to note that all of them required around 6-7 h or even longer 

reaction times to achieve these results for the epoxidation of styrene.  

 

Table 3. Comparison of the catalytic activity of Cu@dppz-vPMO with previously 

reported heterogeneous copper-based catalysts in the epoxidation of styrene with TBHP.  

 

Entry 

 

Catalyst 

 

Time 

(h) 

 

Temperature  

(ºC) 

 

Conversion 

(%) 

SO 

Selectivity 

(%) 

 

Ref. 

1 Cu@dppz-vPMOa 1 100 86.0 41.9 This work 

2 [Cu(H2btec)(bipy)]∞
b 24 75 23.7 71.0 [22] 

3 [Cu2(µ2-O)(4,4´-bpy)3 

(SiW12O40)(H2O)]c 

 

10 70 74.4 44.0 [55] 

4 CuYd 1 60 20.9 29.5 [56] 

5 Cu-AMMe 24 60 86.3 95 [29] 

6 Cu-NH2-KIT-6f 6 80 98.6 97.8 [50] 

7 Cu-NH2-GOg 7 80 94.3 99.0 [57] 

aOptimized conditions 
b[Cu(H2btec)(bipy)]∞: metal-organic framework [Cu(H2btec)(bipy)] (H4btec=1,2,4,5-

benzenetetracarboxylic acid; bipy= 2,2´-bipyridine) 
c[Cu2(µ2-O)(4,4´-bpy)3 (SiW12O40)(H2O)]: 3D Keggin-based coordination polymer 
dCuY: copper (II) phthalocyanine encapsulated in zeolite Y. 
eCu-AMM: copper (II) Schiff complex anchored mesoporous material with 2D-hexagonal 

structure. 
fCu-NH2-KIT-6: copper (II) Schiff complex onto amine-functionalized KIT-6.  
gCu-NH2-GO: copper (II) Schiff complex supported onto graphene oxide. 

 

 

 

  



4. Conclusions  

In summary, a novel heterogeneous copper-based catalyst was successfully synthesized 

through the immobilization of a copper complex onto periodic mesoporous organosilica 

containing surface dipyridyl-pyridazine ligands. XRD, TEM and N2 adsorption-

desorption results revealed that the ordered mesostructure of the parent material remained 

intact after post-functionalization and complexation. In addition, a detailed study of the 

surface functionalized materials by different characterization techniques confirmed the 

presence of N-chelating heterocyclic units in the surface pores resulting from the Diels-

Alder reaction as well as the subsequent anchoring of the copper complex. The resulting 

catalyst showed to be highly active in the epoxidation of styrene with remarkable 

selectivity to styrene oxide. Furthermore, it has been shown that Cu@dppz-vPMO 

catalyst exhibits a high stability under the reaction conditions and could be reused at least 

during five cycles without significant loss of its activity and selectivity.  
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