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ABSTRACT 

A new bis-layered supported ionic liquid catalyst (SILCA) loaded with palladium 

was designed and successfully applied for the Heck reaction of iodobenzene 

and methyl acrylate. The silica modified catalyst with first ionic liquid layer 

consisting of covalently anchored imidazolium bromide up on which attached 

second layer made of pyridine-carboxylic acid balanced with 

tetramethylguanidinium cation raised a catalyst with high activity. High turnover 

frequencies of 22 000 were achieved in reactions with a low palladium loading 

as 0.009 mol % indicating on palladium dimerization when higher amounts were 

used. The TMG cation had a purpose to recapture and stabilize the Pd 

nanoparticles thus followed a release and catch mechanism. In order to get a 

full understanding of the catalyst structure and behaviour, the catalyst was 

characterized by means of nitrogen physisorption, thermal gravimetric analysis, 

infrared spectroscopy, scanning electron and transmission electron 

microscopes, solid-state NMR, X-ray photoelectron spectroscopy and 

inductively coupled plasma spectroscopy. The catalyst preserved good activity 

in six cycles. 

Keywords: Heck reaction; Supported ionic liquid catalyst; Palladium; Turn-over 

frequency; Catalyst characterization 
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1 Introduction 

 

Growing demands for different kinds of molecules in fine-chemical industry and 

drug production cannot be any more satisfied from natural sources, and the 

question is should it be considered that today technologies can offer alternative 

routes to different chemicals. From economical aspect, extraction and isolation 

of molecules that preserve certain functionalities is cumbersome, much cheaper 

is just to produce them, favorably in–situ. The Heck reaction catalyzed by the 

palladium and conducted in the presence of base presents a significant tool in 

synthetic chemistry. It was firstly introduced by Mizoroki [1] and described by 

Heck [2] almost half a century ago. The Heck reaction is C-C coupling reaction 

between various olefins and aryl, vinyl or allyl halides, triflates or acetates to 

yield the molecule with preserved olefin double bond. It is usually conducted in 

polar solvents at elevated temperatures, in slight excess of base and alkene in 

order to compensate their losses due to the evaporation [2,3]. 

As well as many other organic reactions, the Heck reaction faces a challenge to 

abound volatile organic solvents and transfer the reaction into more ecologically 

acceptable and controllable environment. Ionic liquids (ILs) have emerged and 

with the time evolved into something that can replace bulk solvents and provide 

many other advantages in processes involved with reactions, separation, 

electrochemistry etc. In the very beginning [4–8] ionic liquids were ignored and 

for the first time acknowledged a century ago [9], at which time they were 

described as salts, therefore purely consistent of ions that are in liquid state at 

temperatures below 100 °C and with no significant vapor pressure. From that 
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moment on, they slowly started to draw attention of the scientific society and got 

a huge swing 30 years ago when few research groups started to study and 

promote them [10–20]. Ionic liquids are characterized to be polar, water 

immiscible, thermally stable, non-volatile, non-flammable and task-specific 

compounds with wide liquidus range. However, in line with recent studies these 

too generalized properties which were mainly derived for most popular ILs 

based on imidazolium cation had to be updated [21]. Features as such cannot 

be prescribed to complete order of these organic compounds, especially when 

one becomes aware of the tremendous number of ILs that can be designed. 

Even though each group of ILs has to be separately defined, there are few 

features which unify all of them: they consist of ions only, their melting 

temperature is lower than the decomposition temperature and they can be ‘task-

specified’ to meet specific requirements. Furthermore they can be utilized in 

catalyst design.  

The first Heck reaction in ionic liquids was conducted in tetraalkylammoinum 

and phosphonium salts without addition of phosphonium ligands [22]. 

Compared to usual organic solvents for this reaction such as DMF, DMA, NMP 

or acetonitrile, the ionic liquid [Bu4N]Br was found to be a good medium, giving 

competitive results [23,24]. Commonly used imidazolium [C4mim]PF6 and n-

hexylpyridinium [C6Pyr]PF6 ionic liquids also present an attractive alternative 

[25]. Based on these findings during the next decade new compounds like 

tetramethylguanidine acetate and hexafluorophosphate ([HTMG]OAc, 

[HTMG]PF6) [26], pyridyl-functionalized imidazolium-based [27] and 

ethanolamine-functionalized [28–30] ionic liquids were synthesized and applied 
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in different Heck reactions with various palladium catalysts and alkaline 

compounds. It was concluded that ionic liquids are beneficial for the product 

isolation and with ability to act as a base and ligand in Heck chemistry. 

Parallel to ILs development, new ligands for Pd were investigated giving C, N, C 

pincer bis-carbene complexes [31] and pyrimidine-functionalized N-heterocyclic 

carbenes [32,33] as alternative replacement for toxic and expensive phosphine-

containing ligands. 

In chemical engineering the ubiquitous interest is to heterogenize catalytically 

assisted reactions and diminish the use of expensive materials whether it is 

metal, ligand or solvent. In conjunction with this concept, ionic liquids and 

metals can be deposited on carrying materials, forming a supported ionic liquid 

catalyst or SILCA. Within SILCA the amount of ionic liquid is kept on such a low 

level that the mass transfer limitations due to viscosity are avoided, but still 

sufficiently enough to preserve their bulky characteristics. In this way the 

supported ionic liquid that interacts with the active metal, is the phase where 

reaction takes place, while the bulk solvent is used to deliver and overtake 

reactants/products. 

Soon after introducing this inspiring concept [34–37] it was employed for Heck 

reaction of iodbenzene and acrylate in [C4mim]PF6 layer immobilized on silica 

with n-decane [38] and H2O [39] as a solvents. The interesting aspect was the 

simplicity of the impregnation method for a reactions which proceed in a liquid 

phase. The ability of imidazolium ion to act as an N-heterocyclic carbene ligand 

was then used to affix Pd for the support. In this case, silylated 
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methylimidazoium chloride was covalently anchored on the SiO2 [40] and SBA-

16 [41] surface. On the other hand, if it is preferred first to functionalize silica, 

metal can be introduced just by dissolving it with IL and re-layering [42] or again 

with help of covalently anchored IL [43]. 

In this article we report synthesis of a new type of SILCA with bis- ionic liquid 

layer grown up one on another. The layer contains N-heterocyclic carbene 

palladium complex in its primary ionic liquid layer upgraded by pyridine linker 

with acidic head which is balanced with tetramethylguanidinium cation in a 

secondary layer. The catalyst gave rise to a huge activity in the Heck reaction 

and one of the best turnover frequencies reported in literature till now. The 

separation and recyclability was simple without any significant loss of the 

activity after five cycles.  
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2 Experimental 

 

Iodobenzene, methyl acrylate, triethanolamine, dimethylformamaide, (3-

chloropropyl)trimethoxysilane and palladium(II) chloride were purchased from 

Alfa Aesar. N-methyl-2-pyrrolidone, imidazole, 6-bromo-nicotinic acid, 1,1,3,3- 

tetramethylguanidine, sulfuric acid, sodium hydroxide, sodium bicarbonate and 

dimethyl ether were supplied by Sigma Aldrich. Other chemicals were obtained 

from common commercial sources. All the chemicals were used as obtained, 

without further purification. 

 

All the experiments were performed in flat bottom glass vial tubes (8 ml volume) 

with Teflon cup screw and magnetic stirrer. The vials were heated up in oil bath, 

submerged in it just above the level of the reaction mixture leaving the upper 

part of the vial not heated. Temperature of the oil was monitored and reported 

as a temperature of the reaction with assumption that the temperature 

differences were minimal due to small volumes and good stirring. In a typical 

experiment, the determined amount of SILCA and 1 ml of solvent was 

introduced directly into vials, followed by the addition of 1 mmol of aryl halide, 

base (1.5 mmol) and olefin (1.5 mmol). The starting point of the reaction was 

set as the point when the temperature reached the preset value and the 

reaction was let to run until completion or it was quenched at a certain time by 

submerging the vial into the ice bath. 

2.1 Chemicals 

2.2 General Heck reaction procedure  
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The progress of the reactions was monitored with TLC and analyzed by GC. All 

the experiments were repeated at least two times, and the average values are 

reported. The experimental error was ± 2 %. 

 

The reaction slurry was firstly diluted with DMF and separated from the catalyst 

with a centrifuge leaving organic layer rich with products. To remove all formed 

salts and products deposited on the catalyst we continued with washing the 

catalyst with DMF and centrifuging. At the end all the DMF was combined to 

give 4 vol. % diluted aliquot. 

To recover the catalyst it was flushed with diethyl ether and dried in air at 100 

°C for 30 min. This catalyst was reused in next cycle without removal from the 

vial or stored at ambient conditions for characterization. 

 

Bis-layered SILCA consisted of 3-imidazolbromide nicotinic 

tetramethylguanidinium ionic liquid on SiO2 loaded with palladium (SiO2-Im/Br-

Nic.Ac/TMG-PdCl2) was synthesized according to Scheme 1. 

2.3 Products extraction and catalyst recovery 

2.4 Catalyst synthesis 
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Scheme 1. Synthesis of SiO2-Im/Br-Nic.Ac/TMG-PdCl2. 

2.4.1 Silica functionalization 

In a first step calcined SiO2 was functionalized with a procedure reported in 

literature [44]. In a round bottom flask, under nitrogen atmosphere, (3-

chloropropyl)trimethoxysilane was reacted with support in refluxing toluene for a 

24 h. A modifying agent was introduced dropwise in a ratio of 5 mmol per 1 g of 

support. The obtained material (SiO2-Cl) was washed with ethanol in a Soxhlet 

apparatus, vacuum dried at 80 °C for 8 h and dried at 100 °C for 3 h. 

This 3-chloropropylated silica was further immobilized with imidazole. In a round 

bottom flask well grinded imidazole (20 mmol, 1.3616 g) was first dissolved in 

30 ml of anhydrous toluene at 90 °C. To a stirred solution 2 g of modified 
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support was added and let to react for 24 h under reflux conditions and N2 

atmosphere. The material was then separated by filtration in a Soxhlet nimble, 

flushed with hot toluene and washed with ethanol for 24 h in the Soxhlet 

apparatus to yield white solid (SiO2-Im). The procedure is presented as reaction 

1) and 2), respectively, Scheme 1. 

2.4.2 Synthesis of (3-imidazoliume propylated nicotinic acid) bromide 

supported SiO2 

6-Bromo-nicotinic acid was anchored to functionalized SiO2 via multistep route 

presented in Scheme 1 (reaction 3) and Scheme 2. 

Fischer esterification of 6-bromo-nicotinic acid (Scheme 2, 3a). This 

synthesis is slightly modified literature procedure [45]. In the glass batch reactor 

with dean-stark apparatus and magnetic stirrer 6-bromo-nicotinic acid (3 mmol, 

0.606 g) was dissolved in 10 ml of methanol. The mixture was cooled in ice bath 

and added dropwise 1.5 ml of concentrated H2SO4. The suspension was than 

heated to refluxing conditions and under vigorous stirring reacted overnight. 

After cooling down, 5 ml of H2O was added and then to neutralize the acid, 

saturated NaHCO3 solution was added. The mixture was transferred to a 

separation funnel and the product was extracted with dichloromethane (3*30 ml) 

as a bottom layer. Dichloromethane was evacuated in rotary evaporator at room 

temperature to obtain 6-bromo-nicotinic acid methyl ester as a white solid (0.43 

g, 66 %) with m.p. 65-67 °C. 1H-NMR (500.20 MHz, CDCl3, 25 °C): δ = 8.97 (dd, 

JH2,H4 = 2.4 Hz, JH2,H5 < 1 Hz, 1 H, pyH2), 8.13 (dd, JH4,H5 = 8.3 Hz, 1 H, pyH4), 

7.59 (dd, 1 H, pyH5), 3.96 (s, 3 H, -OCH3). 13C-NMR (125.8 MHz, CDCl3, 25 °C): 
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δ = 165.1 (-CO2CH3), 151.4 (pyC2), 146.9 (pyC6), 139.2 (pyC4), 128.1 (pyC5), 

125.3 (pyC3), 52.6 (-OCH3) (for more detailed see Supplementary material). 

Functionalization of 3-imidazolepropylated SiO2 with 6-bromo-nicotinic 

acid methyl ester (Scheme 2, 3b). The reaction of 6-bromo-nicotinic acid 

methyl ester with imidazole groups was done in refluxing DMF. The reaction 

itself was inspired by the reaction of bulky imidazole and chloro-sibling 

compound performed by others [46], while the workup and extraction was 

simplified to correspond the heterogeneity of new system [47,48]. In the glass 

batch reactor with dean-stark apparatus and magnetic stirrer 6-bromo-nicotinic 

acid methyl ester (3 mmol, 0.6481 g) was dissolved in 30 ml of DMF followed 

with addition 2 g of SiO2-Im. The mixture was heated to refluxing conditions and 

the reaction kept for 24 h under N2 atmosphere and vigorous stirring. The solid 

product was separated and repeatedly washed with dichloromethane and 

ethanol to remove non-reacted ester followed with drying at 70 °C for 3 h. 

Hydrolysis of 3-imidazolbromide nicotinic methyl ester functionalized SiO2 

(Scheme 2, 3c). All the material synthetized in the previous step was dissolved 

in 30 ml of methanol. Followed by dropwise addition of 2.5 ml of 1 M NaOH. 

The suspension was heated to refluxing conditions and under vigorous stirring 

reacted overnight. After cooling, the slurry was acidified with 1M HCl untill 

pH=2-3. The solid product was separated with a centrifuge and repeatedly 

washed with H2O and ethanol to remove the non-reacted ester. The final solid 

was then dried at 70 °C for 3 h and then at 100 °C prior to the use in the next 

step. The obtained supported ionic liquid layer of 3-imidazolbromide nicotinic 

acid on SiO2 was a white solid (SiO2-Im/Br-Nic.Ac). 
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Scheme 2. 3a) esterification of 6-bromo-nicotinic acid, 3b) synthesis of 3-imidazolbromide 

nicotinic methyl ester functionalized SiO2, 3c) hydrolysis of 3-imidazolbromide nicotinic methyl 

ester functionalized SiO2. 

2.4.3 Synthesis of tetramethylguaindinum ionic liquid layer on SiO2-Im/Br-

Nic.Ac 

Reaction 4 presented in Scheme 1 is supposed to simulate the common route 

in the ionic liquid synthesis where a simple neutralization takes place and yields 

salt. For the heterogeneous reasons three equivalents of base were used 

instead of the equimolar ratio.  

To the 30 ml ethanol solution of 1,1,3,3-tetramethylguanidine (10 mmol, 1.5118 

g) 2 g of SiO2-Im/Br-Nic.Ac (all obtained from previous step was slowly added). 

The reactor was then sealed and repeatedly washed with diethyl ether to 

remove non-reacted TMG. The final solid was dried at 70 °C for 3 h and then at 

100 °C for 3 h. Obtained was supported ionic liquid layer of 3-imidazolbromide 

nicotinic tetramethylguanidinium on SiO2 (SiO2-Im/Br-Nic.Ac/TMG). 

2.4.4 Palladium impregnation 

In glass batch reactor 0.2 mmol of PdCl2 (0.03547 g) was dissolved in 150 ml of 

methanol. Followed with addition of 2 g SiO2-Im/Br-Nic.Ac/TMG (all obtained 
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from previous step). Reactor was sealed and slurry stirred 8 h at room 

temperature. After reaction completion solid product was separated with 

centrifuge and repeatedly washed with ethanol and diethyl ether to remove 

physical absorbed PdCl2. Final solid was dried at 70 °C for 3 h and at 100 °C for 

3 h. Pale yellow SILCA powder SiO2-Im/Br-Nic.Ac/TMG-PdCl2 was obtained 

(Scheme 1, reaction 5). 

 

The thermogravimetric analysis (TGA) of the catalyst was done on CHAN D-200 

instrument in the temperature range of 20 - 700 °C with a heating rate of 10 °C 

min-1 under Ar atmosphere. The specific surface area and pore volume 

measurements were done by means of nitrogen physisorption with Carlo-Erba 

instrument, 1990 Sorptometer. The BET equation and Dollimore-Heal method 

were used for calculations. Prior to the analysis, samples were outgassed for 3 

h at 150 °C. The surface modification of the support was monitored with infrared 

spectroscopy (FT-IR) on ATI Mattson FTIR. Samples were pressed into pellets 

and dried at 100 °C. Elemental analysis was performed with energy-dispersive 

X-ray spectroscopy (EDX), while the morphology and palladium deposition were 

followed with scanning electron microscopy (SEM). Coupled EDX-SEM 

analyses were done on a Zeiss Leo Gemini 1530 with a Thermo-NORAN 

vantage X-ray detector. Imaging of the catalyst was performed with 

transmission electron microscopy (TEM) on JEM 1400 plus (120 kV, 0.38 nm) 

equipped with OSIS Quemesa 11 Mpix bottom mounted digital camera. The 

solution state 1H and 13C NMR spectra were recorded at 298 K with a Bruker 

Avance-III HD 500 MHz spectrometer equipped with a Bruker SmartProbe™. 

2.5 Catalyst characterization  
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As the solvent, deuterated chloroform with 0.03 % tetramethylsilane (TMS) as 

internal standard was used. CP MAS 13C and 29Si NMR spectra were obtained 

with a Bruker AVANCE-III HD 400 MHz spectrometer. The powdered sample 

was spin at 5 kHz spin rate in a Bruker 1H broadband double-resonance 4 mm 

CP MAS probe. For 13C, the proton 90° high-power pulse was 2.9 µs and 

contact time 2 ms. The recovery delay time was set to 2 s and 10000 scans 

were accumulated. For 29Si, the proton 90° high-power pulse was 2.5 µs and 

contact time 2 ms. 

The binding energies of all compounds and oxidation state of palladium in ionic 

liquid was investigated with X-ray photoelectron spectroscopy (XPS). A Perkin-

Elmer PHI 5400 spectrometer with monochromatized Mg Kα 945 was used; the 

X-ray source operated at 14 kV and 200 W. The pass energy of the analyzer 

was 35.5 eV and the energy step 0.1 eV. Samples were outgassed overnight in 

high vacuum (8*10-9 mbar) before scanning. The peak fitting was performed 

with the program XPS Peak 4.1. The background was corrected with the Shirley 

function. The metal content at the catalyst was determined by inductively 

coupled plasma optical emission spectroscopy (ICP-OES) with Optima 4300 DV 

optical atomic emission spectrometer. The recovery delay time was set to 90 s 

and 1000 scans were accumulated. 

The Heck reaction progress was analyzed with GC system HP 6890 Series with 

HP-5, 5 % Phenyl methyl siloxane capillary column (30.0 m * 320 µm, 0.25 µm) 

equipped with FID. The injector temperature was 280 °C while gas flow was 9.5 

ml min-1. Column was heated from 40 °C to 250 °C with 10 °C min-1 heating rate 
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and at the other end detector was at the constant temperature of 300 °C. 

Hexadecane was used as internal standard. 
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3 Results and discussion  

FT-IR was used as a first tool for catalyst study during the preparation process 

and obtained spectra are presented in Figure 1. The most evident peaks are the 

ones at 470, 810, 1090 and 1215 cm-1 denoted to SiO2, as well as those at 

1635 and 3450 corresponding to Si-OH and H-OH stretching of adsorbed water. 

After the first reaction where (3-chloropropyl)trimethoxysilane was anchored on 

the SiO2 surface, peaks at 1635 and 3450 disappeared which indicates that the 

silanol groups were occupied with modifying agent. In following step, chlorine 

was exchanged with imidazole ring and this reaction broth changes in signal at 

1670 cm-1 which is assigned to C=C stretching. With nicotinic acid peak at 1575 

cm-1 belonging to C=N vibration of pyridine ring confirmed new ionic liquid layer 

formed, together with a very broad acidic CO-H peak that dominated at around 

3400 cm-1. The disappearance of this peak was obvious when TMG was 

introduced and protonated (light blue line in Figure 1, a). However, this peak 

was recovered after the PdCl2 introduction implying on hydrogen migration 

between the acidic head of the IL layer and TMG (Figure 1, a). 

Spectrum of the catalyst recovered after Heck reaction did not show difference 

compared to the fresh one indicating that layer is firmly bonded and stable in 

reaction conditions (see Figure 1, b). 
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Figure 1. FT-IR spectra of catalysts on different preparation stages (a) and after one reaction 

cycle (b). 
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Elemental analysis of fresh and recycled catalysts gave information of catalyst 

content. As presented in Figure 2. Carbon, nitrogen, oxygen and bromine were 

present as a part of the formed IL layer, and they retained even after reaction. 

Palladium was loaded and detected as a PdCl2 salt; nevertheless, these 

chlorine anions were exchanged with iodine in the first Heck cycle. The 

elemental percentages were calculated without the carbon content due to 

limitation introduced with the analytic practice. This disallows a quantitative 

study of the catalyst, but still based on the results listed in Table 1 it is indicated 

that the IL layer is stable during the reaction because nitrogen, oxygen and 

bromine amount did not change significantly. Traces of fluorine appeared as an 

impurity. 
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Figure 2. EDX analysis of fresh (a) and recycled catalysts (b). 

Table 1. Elemental analysis of fresh and used catalysts. 

 N O F Si Cl Br Pd I 

Sample atom % 

SiO2-Im/Br-Nic.Ac/TMG-

PdCl2 
13.86 68.76 0.00 16.85 0.27 0.09 0.17 0.00 

SiO2-Im/Br-Nic.Ac/TMG-

PdCl2 - spent  
15.44 65.76 1.00 17.44 0.00 0.09 0.07 0.21 

 

The decomposition temperature of solid samples were analyzed with TGA and 

illustrated in Figure 3. The initial weight loss in the range from room temperature 
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to 220 °C was attributed to physically absorbed water in the catalyst pores and 

also some other volatiles (for the spent catalyst). In case of fresh and used 

catalyst this was 2.5 % and 6.0 % of the catalyst weight while in case of pristine 

silica this was about 1.5 %. The organic moieties in the IL layer start to 

decompose at the 265 °C and continue to do so until 510 °C. At 450 °C the 

decrease of weight was assigned to the decomposition of the methoxy side 

groups [49]. A similar thermal behavior of modified silica has been reported 

elsewhere [50]. From TGA thermogram the loading of IL can be estimated to be 

8 wt % which corresponds to 0.1621 mmol g-1 grafted amount. 

 

Figure 3. TGA of fresh SiO2-Im/Br-Nic.Ac/TMG-PdCl2 and spent catalysts. 

The surface area measurements are presented in Table 2. With the modification 

surface area decreased from 414.65 m2 g-1 to 333.66 m2 g-1 which is still a 
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relatively high value. The modification also affected the pore volume and 

diameter that decreased from 0.58 cm3 g-1 (6.60 nm) to 0.33 cm3 g-1 (5.46 nm) 

indicating that the organic groups were successfully anchored inside the pores 

of the pristine material and the mesoporosity was preserved. After the first Heck 

reaction, the recycled catalyst did not show any significant decrease in the 

surface area; however, the pore volume was drastically diminished. In our 

opinion, this indicates on catalyst poisoning due to the formation of salts from 

the Heck cycle. A moderate increase in the nitrogen amount after the reaction 

can also indicate on the salt formation (Table 1). Thus, for catalyst recycling 

repeated washing with a polar solvent is necessary.  

Table 2. BET surface area and pore characteristics of support and catalyst. 

Sample SBET (m g-1)a Vp (cm3 g-1)b dp (nm)c 

SiO2 414.65 0.58 6.60 

SiO2-Im/Br-Nic.Ac/TMG-PdCl2 333.66 0.33 5.46 

SiO2-Im/Br-Nic.Ac/TMG-PdCl2 - spent  329.82 0.16 4.92 

a Specific surface area, b Pore specific volume, c Average pore diameter. 

The successful propylation of the SiO2 surface was confirmed with 29Si NMR 

and results are presented in Figure 4. The peak at -57.9 ppm (T3 band) 

confirmed that most of the alkane chains were anchored to the surface via two 

Si-O-Si bonds. Additionally some of the chains was connected to the surface 

trough one and three bonds (peaks at -50.7 and -67.1 ppm). However, the large 

peak at -101.3 ppm pointed out that many of the silanol groups (Q3 units) 

stayed unchanged and this was expected because the IL loading was 8 % 

(estimated with TGA). Similar results have been reported in literature [50]. 
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Figure 4. 29Si CP MAS NMR spectra of propylated surface of silica. 

To have a final proof of the IL layer formations we performed solid state 13C 

NMR. The carbon atoms originally belonging to the 3-chloroprpylated chain 

have peaks at 7.7, 23.0 and in 49.7 ppm region (see Figure 4). The imidazole 

carbon coordinated with N atoms showed up at 136.2 and two other carbons 

are overlapping in 122.0 ppm region [41]. The carbon atoms belonging to the 

nicotinic acid were detected downfield with the most polarized carbon belonging 

to the acid group appeared at 171.4 ppm due to the deshielding in the presence 

of the tetramethylganidinium cation in vicinity of oxygen atom. Those carbons 

bonded to nitrogen are at 151.8 and a stronger peak at 143.8. The peak at 

137.6 ppm was assigned to the carbon opposite to the nitrogen atom in pyridine 
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ring. As showing Figure 4, carbon no. 11 is expected to give week signal that is 

overlapping with signal of imidazole carbons (136.2 ppm region) which would be 

in agreement with theoretical predictions and earlier studies [51]. The carbon 

atoms belonging to TMG cation are detected at 160.9 ppm and 37.5 ppm, later 

one belonging to the methyl groups. In addition to these two, at 157.4 ppm one 

more peak was detected after the TMG immobilization. We assume that this 

one belongs to the fraction of TMG that eventually forms ionic liquid with 

bromine as anion. Which indicate that TMG is not strictly attached to end chain 

of grafted IL layer but that there is a free flow in between the two different 

anions appearing in site. 

 

Figure 5. 13C CP MAS NMR spectra of SiO2-Im/Br-Nic.Ac/TMG. 
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Before going deeper in the catalyst characterization, the prepared catalytic 

material was screened under different conditions in the benchmark reaction of 

iodobenzene and methylacrylate to give methyl cinnamate as the main product. 

In the first study the solvent, base and temperature were optimized. When 

reaction was performed without solvent (Table 3, entry 1), only a small amount 

of the product was detected. Different solvents showed that the reaction 

proceeds much better in polar aprotic solvents (entries 2-8) compare to protic 

ones (entries 9, 12, 13) and their mixtures (entries 10 and 11), while nonpolar 

solvents almost hindered reaction (entries 14, 15, 16). To distinguish between 

the DMA and NMP as best solvents, the raction was conducted with a reused 

catalyst for additional three cycles, and in the third cycle, NMP showed a much 

better performance giving 70 % yield of cinnamate. In the following stage, we 

studied the influence of different organics (entries 18-27) and inorganic bases 

(entries 28-32) and their mixture (entry 33). As expected the use of a base was 

necessary (entry 17). Tertiary amines gave the best results out of which 

triethanolamine outperformed the other ones (entry 21) resulting in complete 

conversion in the second Heck cycle and, therefore, became an obvious choice. 

To inspect the temperature influence the reaction was tested at room 

temperature and at 50, 80 and 120 °C, respectively (entries 34-37). At 

temperatures less than 100 °C, the reaction could not proceed. On the other 

hand, the reaction was completed in 5 minutes at 120 °C, so in further 

experiments this was fixed as the reaction temperature.  
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Table 3 Reaction condition optimization for Heck reaction of iodobenzene and methylacrylate. 

 

Entrya Solvent Base T (°C) time 

(min) 

Yield (%)b 

1 / Et3N 100 15 5 

2 DMF Et3N 100 15 92 

3 DMSO Et3N 100 15 52 

4 DMA Et3N 100 15 100 (98, 87, 12)c 

5 Acetonitrile Et3N 100 15 11 

6 NMP Et3N 100 15 100 (100, 87, 70)c 

7 THF Et3N 100 15 4 

8 Et3N Et3N 100 15 2 

9 H2O Et3N 100 15 3 

10 DMF+H2O (4:1) Et3N 100 15 29 

11 DMF+H2O (1:4) Et3N 100 15 5 

12 (EtOH)3N Et3N 100 15 32 

13 EtOH Et3N 100 15 2 

14 Toluene Et3N 100 15 2 

15 Heptane Et3N 100 15 1 

16 Decane Et3N 100 15 2 

17 NMP / 100 10 1 

18 NMP Et3N 100 10 100 (29)d 

19 NMP Pr3N 100 10 100 (91)d 

20 NMP Bu3N 100 10 100 (88)d 

21 NMP (EtOH)3N 100 10 100 (100)d 

22 NMP Pyridine 100 10 0 

23 NMP Imidazole 100 10 8 
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24 NMP TMG 100 10 1 

25 NMP Bu-TMG 100 10 1 

26 NMP DBU 100 10 0 

27 NMP DBN 100 10 0 

28 NMP K2CO3 100 10 30 

29 NMP Na2CO3 100 10 83 

30 NMP NaHCO3 100 10 2 

31 NMP NaOAc 100 10 5 

32 NMP NaOH 100 10 30 

33 NMP Et3N+Na2CO3 (1:1) 100 10 100 

34 NMP (EtOH)3N r.t. 30 0e 

35 NMP (EtOH)3N 50 30 0e 

36 NMP (EtOH)3N 80 30 0e 

37 NMP (EtOH)3N 120 5 100 

a Reaction conditions: iodobenzene 1.0 mmol, methylacrylate 1.5 mmol, base 1.5 mmol, Pd 

0.09 mol % (detected by ICP-OES), solvent 1 ml. b Isolated yield of main product based on 

iodobenzene, detected with GC. c 2nd, 3rd and 4th reaction cycle (reaction time 30 min, 

temperature 120 °C). d 2nd reaction cycle (reaction time 10 min, temperature 120 °C). e 

Monitoring with TLC. 

Under the optimized reaction conditions, we studied the amount of catalyst and 

the reaction versatility as summarized in Table 4. In the first set of experiments 

(entries 1-5), the reaction was initially catalyzed with Pd loading as low as 

0.00009 mmol (0.009 mol % related to iodobenzene) and further with a higher 

Pd content up to 0.0018 mmol (0.18 mol %). Catalyst appeared to be highly 

active for iodobenzene with different alkenes, while a decline of activity was 

observed for bromo- and chlorobenzene due to their thermodynamic restrictions 

(entries 6-13). Turnover frequency for our benchmark reaction was calculated to 
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be about 22 000 h-1 for low loading and around 16 000 h-1 for higher catalyst 

loading. In our opinion the reason for deviation from first order kinetic in this 

case can be due to formation of Pd dimers that slowly agglomerate as 

palladium black. On the other hand, when small amount of palladium is used, all 

the Pd is utilized in the reaction cycle and the activity is preserved. This 

deviation from 1st order kinetics was also hypothesized in other studies [52] 

where it was found out that the reaction rate depends on the catalyst amount 

and is between half and first order, depending on the substrate ratios. Beside 

the fact that the best activity was achieved with 0.009 - 0.018 mol % of Pd (1 - 2 

mg of catalytic material), we decided to conduct our study with higher loadings 

of palladium (0.09 mol % Pd, 10 mg of catalytic material) in order to decrease 

the influence of experimental errors. 

The catalyst activities are presented as the turnover frequencies. When 

compared with similar catalytic systems found in literature and gathered in 

Table 5, our catalyst showed the best performance. In our opinion the reason 

for such a high activity is the stability of palladium species in the ionic liquid 

layer, where they are firmly bonded via NHC, CO and TMG ligands. Exposing 

the catalyst in close presence of halide activates Pd and releases it from the 

surface, where it is immediately recaptured after the reaction. Therefore we 

would also propose that a release and catch mechanism takes a place on our 

catalyst. 

Table 4 Catalyst amount optimization and reaction versatility tests. 

Entrya Aryl halide Alkene Pd 

(mmol)b 

Product 

(mmol)c 

time 

(min) 

TOF 

(h-1)d 
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1 Iodobenzene Me. Acrylate 0.00009 1.0000 30 22222 

2 Iodobenzene Me. Acrylate 0.00018 1.0000 15 22222 

3 Iodobenzene Me. Acrylate 0.00045 0.9371 8 15618 

4 Iodobenzene Me. Acrylate 0.0009 0.9762 4 16270 

5 Iodobenzene Me. Acrylate 0.0018 0.9479 2 15798 

6 Iodobenzene Bu. Acrylate 0.0009 0.916 60 1018 

7 Iodobenzene Styrene 0.0009 0.71 60 789 

8 Bromobenzene Me. Acrylate 0.0009 0.02 60 22 

9 Bromobenzene Bu. Acrylate 0.0009 0.02 60 22 

10 Bromobenzene Styrene 0.0009 0.02 60 22 

11 Chlorobenzene Me. Acrylate 0.0009 0 60 0 

12 Chlorobenzene Bu. Acrylate 0.0009 0 60 0 

13 Chlorobenzene Styrene 0.0009 0 60 0 

a Reaction conditions: arylhalide 1.0 mmol, alkene 1.5 mmol, base 1.5 mmol, solvent 1 ml, 

temperature 120 °C. b Pd content detected by ICP-OES.  c Isolated yield of main product based 

on aril halide, detected with GC. d Calculated as mmol of product per mmol of Pd in unit of time.  

Table 5. TOF numbers for similar catalytic systems found in literature for reaction of 

iodobenzene and methyl acrylate. 

Entry Catalyst Pd (mmol %)b T (°C) TOF (h-1)c 

1 SiO2-Im/Br-Nic.Ac/TMG-PdCl2a 0.009 120 22222 

2 SBA-TMG-Pd [53] 0.01 140 8400 

3 SBA-15-SIL-Pd(OAc)2 [42] 1.0 120 29 

4 Pd/SBA-15 nanocomposite [54] 0.04 140 2500 

5 SiO2-BisILs[PdCl42-] [55] 0.5 100 8 

6 SiO2 -Im. Cross Linked-Pd [56] 0.1 90 46 

7 Silica-Supported NHC-Pd/IL [40] 0.05 140 380 

8 PDVB-IL-Pd [57] 0.02 120 1212 

9 Pd–g-SILLP [58] 0.02 130 9375d 
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a This work. b Amount related to iodobenzene. c Calculated as mmol of product per mmol of Pd 

in unit of time. d TOF calculated at 50 % of conversion. 

To visualize the state of the catalyst, SEM and TEM imaging was recorded on 

fresh and recycled catalysts in one Heck cycle. From the SEM scans displayed 

in Figure 6 it is clear that the palladium particles were uniformly dispersed on 

the silica surface before the reaction while after being exposed to reaction 

conditions these particles were agglomerated. Looking deeper into the catalyst 

morphology by studying TEM images (Figure 7) it was found that before 

reaction, palladium particles were in the range of 12-18 nm but after the first 

reaction cycle this changed to the 32-52 nm range. The activity of reused 

catalyst was still extremely high. This renders us believe that during the course 

of the reaction, active Pd particles are released from the surface of the catalyst 

and when the reaction is finished, they are redeposited on the surface. 

Recaptured palladium assemble dimerized particles in grape-like formations. 

Since the activity of this palladium is still extremely high, we consider that the 

dimerized form represent a reservoir of the active species. 

The release and catch mechanism for the Heck reaction was already reported 

[56] and it comes from the ability of the moiety to retake Pd. In our case, the 

nitrogen containing and mainly the TMG molecule has a function to harvest 

leached Pd in the form of nanoparticles. To confirm this hypothesis, we 

prepared a catalyst in same manner as described above but without the TMG 

appendix. This catalyst was equally efficient in the first reaction cycle, however, 

when reused this catalyst completely lost its activity. The SEM analysis showed 

that Pd agglomerated into inactive nanoparticles with a particle size exceeding 
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100 nm (Fig.7, c). This indicates that positively charged nitrogen atoms in the 

imidazolium and pyridinum rings are able to keep the palladium metal in smaller 

clusters [58]. Nevertheless, after Pd is dimerized into more negative charges 

only tetramethylguanidinium cations are capable to keep Pd anions tight 

enough. This ability of TMG to behave as a ligand and stabilize Pd during the 

Heck reaction was demonstrated in bulk ionic liquids [59] and in the 

heterogenized form [53]. 
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Figure 6. SEM images of fresh (a) and spent catalyst (b). 
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Figure 7. TEM images and particle size distribution for fresh catalyst (a) and recycled catalyst 

(b). Recycled catalyst synthetized without TMG moiety (c). 

The ICP-OES tests showed that a fresh catalyst had a Pd loading of 0.96 wt. % 

or 0.090 mmol gcat
-1 which means that 90 % of the palladium that was used for 

the synthesis ended up immobilized in the catalyst, however we believe that not 

all of it was chemically bonded. After the reaction, recycled catalyst showed a 

decrease in Pd amount to 0.77 wt. % (0.085 mmol gcat
-1), and this leached 

palladium was detected in the solvent. We consider that the palladium leached 

during the reaction was the one that was physically absorbed on the catalyst 

surface as well as one that did not found the way back to the to the anchoring 

places on the catalyst surface because of possible contamination with salts 

formed in the Heck cycle. The catalyst prepared without TMG showed similar 
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results with initial Pd loading of 0.88 wt. % (0.083 mmol gcat
-1) and 0.77 wt. % 

(0.072 mmol gcat
-1) after the reaction. This implies that the role of TMG was 

merely to hinder formation of huge agglomerates and not just to retake released 

metal.  

 

Figure 8. XPS spectrum of Pd 3d of fresh SiO2-Im/Br-Nic.Ac/TMG-PdCl2 (a) and spent catalyst 

(b). 

The physical state of palladium in fresh and spent catalysts was determined by 

X-ray photoelectron spectroscopy. As displayed in Figure 8 both Pd(II) and 

metallic Pd(0) were detected in the catalyst. If the ratio of ionic to metallic 

palladium was compared before versus after reaction (Fig. 8, a) and b)) it is 

evident that after the reaction most of Pd(II) was reduced to Pd(0). This was 

ascribed to the abundance of nitrogen in ionic liquid layer. 

To investigate the catalyst recyclability we repeated the reaction of iodbenzene 

and methylacrylate in presence of 0.09 mol % of Pd and (EtOH)3N base in 

NMP, like presented in Table 4, entry 4. After each cycle the catalyst was 

washed with DMF to extract all the products, followed with diethyl ether washing 
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and drying. After drying, the catalyst was reused in the reaction (Table 6). A 

high activity was maintained in five cycles before the activity started to decrease 

and prolonged reaction times were needed to reach comparable conversion.  

Table 6. Catalyst amount optimization and reaction versatility tests. 

 

Entrya Cycle Yield (%)b 

1 1 100 

2 2 100 

3 3 100 

4 4 100 

5 5 100 

6c 6 100 

a Reaction conditions: iodobenzene 1.0 mmol, methylacrylate 1.5 mmol, triethanolamine 1.5 

mmol, NMP 1 ml.  b Isolated yield of main product based on iodobenzene, detected with GC. c 

Reaction time 7 min. 

Although a general opinion is that the agglomeration is responsible for the 

decrease in the activity of the palladium supported catalysts, we believe that 

this is not a primary reason, because in that case the catalyst might be 

deactivated after the first cycle, as agglomeration occurs. We consider that the 

decrease of the activity after five cycles indicates on catalyst leaching as well as 

poisoning of some kind. To gain more information we performed the studies at 

lower conversion by suppressing reaction before full conversion, this leaded to 

complete catalyst deactivation in following cycle, once more confirming the 

release and catch mechanism. As long as iodobenzene is present in slurry, 
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palladium will be in its homogenous form therefore not recovered by physical 

removal of the solid. Nevertheless, the catalyst deactivation mechanism is 

speculative at this level and would require more detailed analysis which will be 

conducted in upcoming studies. 
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4 Conclusions 

In the current study we disclosed a new catalytic system for the Heck reaction. 

Supported ionic liquid catalyst showed by far the best activity reported in 

literature for the reaction of iodobenzene and methyl acrylate, achieving TOFs 

of 22 000 h-1. The high activity was denoted to the multiple anchoring points in 

the ionic liquid layer that can stabilize active palladium via NHC, CO and TMG 

ligands. The mostly influential were the TMG ligands which were able to 

stabilize the Pd nanoparticles and limit the agglomeration to the 52 nm particle 

size or less. These particles are considered to be the reservoirs of the active Pd 

that catalyzes reaction via a release and catch mechanism. Extremely small 

amounts of palladium (0.009 mol %) were able to catalyze the reaction in a 

short time; on the other hand when this amount was increased the catalyst 

started to loss the activity probably due to the dimerization of Pd. Considering 

the Pd amount used in this study, the metal deposition was efficient and the 

utilization reached 90 %. For the upcoming studies the results will bring 

significant savings in the production costs. The described catalyst synthesis 

procedure gave SiO2 functionalized with nicotinic acid as an intermediate which 

can lead to new applications. The work provides solid ground for further 

investigations with bis-layered catalysts with different metals, building blocks 

and reactions. 
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