Catalytic hydrogenation of aromatic nitro compounds   using polymer–supported palladium-2-methylimidazole complex
Abstract

                 Polymer–supported palladium-2-methylimidazole complex catalyst has been synthesized using chloromethylated polystyrene beads cross-linked with 6.5% divinylbenzene as support and  was characterized by elemental analysis, IR spectroscopy,  TG analysis, XPS, SEM, bulk density and surface studies by BET method. Swelling studies in different solvents was also investigated. The synthesized catalyst was used for hydrogenation of nitrobenzene and few of its derivatives under ambient conditions.  Results reveal that the electronic as well as steric effect of the substituent  control the rate of hydrogenation of nitro group in the studied substrates and a  linear relationship exists between the reactivity of substrates and Hammett substituent  constant The reaction kinetics was studied by varying the catalyst, substrate concentration and temperature. A plausible hydrogenation mechanism has been proposed. The catalyst was recycled six times without any loss in activity and metal leaching.
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1. Introduction:

Aromatic amines which are important intermediates for the synthesis of various chemicals are generally prepared by hydrogenation of aromatic nitro compounds.  Transition metal complexes have been found to catalyze hydrogenation of various nitro compounds in homogeneous medium [1-4].  As transition-metal complexes are often expensive to prepare and recent interest in development of environmentally benign synthesis has evoked interest in development of polymer-supported metal complex catalysts. These catalysts offer a number of advantages over traditional solution phase reactions where   the catalyst can be easily recovered from reaction mixture by simple filtration and can be recycled. A variety of solids are used as supports to immobilize catalysts on them.  Among them polymers which are chemically inert, non-toxic, stable and recyclable are important. Selection of suitable polymer support for synthetic use is essential. Anchor metal complexes on the polymer supports are reported and successfully used as catalysts for hydrogenation, oxidation, dehalogenation, epoxidation, polymerisation etc,. [5-10]. In this context chloromethylated polystyrene beads cross-linked with 6.5% divinylbenzene which contain highly reactive chloromethyl functional group can be readily converted to other functional group or by attaching  a ligand metal salts can be anchored on to it to form a supported metal complex catalyst. By changing the ligands and metal salts a wide range of supported metal complex catalysts can be prepared which can be used for different reactions [11-14]. Recently we have used various polymer supported catalysts for hydrogenation of olefins, nitro compounds and Schiff bases. [15-17].
Present work has been focused on synthesis and characterization of polymer-supported palladium 2-methylimidazole complex catalyst and its use as heterogeneous catalyst for hydrogenation of various aromatic nitro compounds under ambient conditions [18-20]. The influence of various parameters such as concentration of catalyst and substrate, temperature on the rate of reaction was studied. Based on the results a plausible hydrogenation mechanism has been proposed.  The dependency of substrate reactivity on substitution of nitrobenzene with few functional groups has been examined [18].  The catalyst was recycled six times without any loss of efficiency or leaching of metal. 
2. Experimental

2.1 Materials, Methods and Equipment

Chloromethylated polystyrene beads cross-linked with 6.5% divinylbenzene (PS-DVB) was obtained as a gift by Thermax India Ltd, Pune, India. Palladium chloride was procured from Arora Matthey Ltd, India. All the substrates and solvents were purified before use. The IR spectra were recorded using a Shimadzu FTIR-8500S spectrometer and far-IR spectra by using a Perkin Elmer-Spectrum 1000 FTIR spectrometer. Surface area was measured using a Nova 1000 instrument in nitrogen atmosphere. TGA studies were carried out using a Perkin Elmer-Diamond instrument under inert atmosphere. Scanning electron micrographs were recorded on a Leica S440i.  HPLC studies were recorded using a Shimadzu-Prominence 2A with C18 column and UV detector. GC-MS were recorded with a Shimadzu GC-MS instrument. C, H and N analyses were carried out using a Thermo Finnegan Eager 300 and a Elementar Vario EL III, Carlo Erba 1108. Palladium content was determined using a GBC Avanta-PM atomic absorption spectrophotometer. Photoelectron spectra were recorded on a ESCA-3000 electron spectrometer, equipped with a hemispherical electron analyzer using the Al K( radiation (1486.6 eV) X-ray source. The neat complex [Pd(MeImz)2Cl2] (MeImz = 2-Methylimidazole) was prepared according to a literature method [21].
2.2 Preparation of the polymer-supported palladium-2-methylimidazole catalyst 

Functionalisation of PS-DVB was carried out  by treating  PS-DVB with  2-methylimidazole , in a mixture of 1:1 toluene and acetonitrile  on a hot water bath maintained at 50oC for 60 hours [18].The functionalised beads were filtered and washed by Soxhlet extraction using ethanol as a solvent. The beads were treated with ethanolic solution of palladium chloride at 500Cfor 10 hours.  Beads were filtered and finally washed by Soxhlet extraction using ethanol and dried (Scheme 1) [22, 23].  The polymer supported complex was activated by treating with ethanolic solution of sodium borohydride, washed several times with methanol and vacuum-dried [24]. 
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Scheme 1. Preparation of the polymer-supported palladium-2-methylimidazole catalyst.

2.3 Hydrogenation procedure
All the reactions were carried out using methanol as a solvent at 596 mm Hg hydrogen pressure in a glass reactor. In a typical experiment, the catalyst was added along with the solvent into the reactor, flushed with hydrogen and evacuated. A known quantity of the substrate was injected and the system was opened to hydrogen gas burette. The reaction was monitored by hydrogen uptake at different intervals of time [24]. The reaction mixture was then filtered, evaporated to dryness and the resulting solid was recrystallized. Products obtained were identified using HPLC, IR spectra and GC-MS [26]. A blank reaction was also carried out for all the substrates without using the catalyst.
Abbreviations:  

PS-DVB: Chloromethylated polystyrene beads cross-linked with 6.5% divinylbenzene, PSMeimz: PS-DVB functionalised with 2-methylimidazole, PSPdMeimz: PSMeimz treated with palladium chloride, PSPdMeimz-actv.: PSPdMeimz treated with methanolic solution of sodium borohydride, PSPdMeimz -rec:  Recycled catalyst,  [Pd(MeImz)2Cl2] (MeImz = 2-Methylimidazole), NB: nitrobenzene, PNA: p-nitroaniline, PNP: p-nitrophenol, PNT: p-nitrotoluene, PNBA: p-nitrobenzoic acid, PDNB: p-dinitrobenzene and PCNB: p-chloronitrobenzene.                             

3.  Results and discussion

3.1 Characterization of the catalyst


Catalysts that are prepared need to be characterized before use and various experimental techniques are used for this purpose.
3.1.1 Surface area and porosity of the catalyst

  In heterogeneous catalysis the reaction occur on the surface. Solid catalysts are generally porous in nature and the pores play a very important role in their adsorption behavior [27]. They have large surface area due to their porous nature .Surface area and porosity of a supported catalyst was determined by BET method at all stages of catalyst preparation and  is tabulated along with apparent bulk density in Table1. Changes in surface area, pore volume and pore diameter after functionalisation and activation of the catalyst was observed which may be due to surface reconstruction and blocking in pores of the polymer-support. No significant changes were observed after recycling which indicates that agglomeration of active species has not taken place during recycling. Bulk density of the support has increased due to functionalisation and anchoring of metal salt on it.  
Table 1. 

Physical properties of polymer-support and polymer supported catalyst.

	
	Pore volume

(cm3/g)
	Surface area

(m2/g)
	Pore diameter  

Å
	Apparent bulk density

(g/cm3)

	PS-DVB
	0.042
	28
	59.67
	0.323

	PSMeimz
	0.052
	22
	48.12
	0.332

	PSPdMeimz
	0.029
	27
	44.25
	0.487

	PSPdMeimz-actv.
	0.030
	22
	54.20
	0.489

	PSPdMeimz–rec.
	0.035
	22
	47.45
	0.468


3.1.2 SEM 

Scanning electron micrographs of PS-DVB (Figure1.a) and PSPdMeimz-actv (Figure1.b) were taken to study the surface of the polymer support and the catalyst [28]. Change in morphology of the activated catalyst was observed when compared with the support. The morphological changes could be due to reconstruction of the surface during catalyst preparation.          .
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Figure 1.a. Scanning electron micrograph of PS-DVB.
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Figure 1.b.  Scanning electron micrograph PSPdMeimz-actv.
3.1.3. TGA studies 

Thermal stability of the catalyst was studied by TG analyses in an inert atmosphere with heating rate of 10oC/min up to 500oC. The TGA curve for PSPdMeimz-actv. is shown in Figure 2. The weight loss below 100oC is due to the moisture content which was found to be 13%. No significant weight loss has been observed till 225oC.  No changes in TGA were observed after recycling the catalyst [29].
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Figure 2.   TGA curve of PSPdMeimz-actv.
3.1.4 Swelling studies

Swelling studies for polymer-supported catalyst was carried out in different solvents at room temperature [9]. Swelling of the catalyst was found to be maximum in methanol.

3.1.5 Elemental analysis 

Elemental analysis at different stages of preparation of the catalyst was carried out and the data are tabulated in Table 2.  Presence of nitrogen in PSMeimz determined the extent of functionalisation of PS-DVB. Palladium content was determined by stripping the bound palladium complex from the support and analyzed using atomic absorption spectrophotometer. Palladium content remained almost unchanged even after recycling the catalyst for six cycles. 

Table 2.

 Elemental analysis of polymer support and polymer-supported catalyst.

	
	% C
	% H
	% N
	% Pd

	PS-DVB
	69.50
	5.78
	-
	-

	PSMeimz
	57.86
	5.37
	8.02
	-

	PSPdMeimz
	54.59
	5.64
	6.01
	12.29

	PSPdMeimz-actv:
	55.54
	5.22
	7.01
	12.27

	PSPdMeimz -rec
	55.28
	6.43
	7.11
	12.00


3.1.6 Infrared spectral studies
   
The IR spectra of PS-DVB, PSMeimz, PSPdMeimz, PSPdMeimz-actv., PSPdMeimz-rec and [Pd(MeImz)2Cl2 were recorded in nujol and a comparative study was made (Figure 3).  The peak at 1265 cm-1 for PS-DVB due to – CH2Cl (Spectrum A) has decreased in intensity on functionalisation [30].  The peak at 3170 cm-1   corresponding to υN-H of 2-methylimidazole disappeared on functionalisation indicating the bonding of 2-methylimidazole  to the support through – CH2 –. The  decrease in intensity of band at 833 cm-1 corresponding to υC-Cl of PS-DVB after functionalisation  further confirms the bonding of 2-methylimidazole with PS-DVB (Spectrum B). [Pd(MeImz)2Cl2] exhibited υN-H at 3304 cm-1 (Spectrum F). This peak is not found in the polymer supported complex catalyst since the complex has bonded to polymer support through nitrogen.   No significant changes in the spectral features were observed for PSPdMeimz (Spectrum C) , PSPdMeimz-actv. and PSPdMeimz-rec.  A high intense peak at 326 cm-1 in the far-IR spectrum recorded for PSPdMeimz-actv. has been assigned to Pd-Cl stretching. 
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Figure 3. IR - spectra of (A) PS-DVB, (B) PSMeimz. , (C) PSPdMeimz. , (F) [Pd(MeImz)2Cl2].
3.1.7. XPS Studies

 
To find the oxidation state of the metal in PSPdMeimz.and PSPdMeimz-actv. XPS were taken (Figure 4). PSPdMeimz. exhibited two peaks with binding energies 337.7 eV (3d5/2) and 342.9 (3d3/2) indicating the +2 oxidation state of palladium (Spectrum C). For PSPdMeimz-actv. the peaks were found at 337.9 (3d5/2) and 343.0 (3d3/2) indicating the presence of palladium in +2 oxidation state (Spectrum D) [24, 31].  
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Figure 4. XPS spectra of (C) PSPdMeimz. and (D) PSPdMeimz-actv.
3.2 Hydrogenation reaction

When palladium-2methylimidazole complex was used as catalyst for hydrogenation of nitro compounds, it resulted in separation of metal from the reaction mixture during the course of the reaction. When the polymer-supported palladium-2-methylimidazole catalyst was  used for the reduction of nitrobenzene and few of its derivatives it was found that during the reaction metal does not leach out from the polymer support and was found to be intact even after recycling for six times. Since the swelling of the catalyst and the solubility of hydrogen is maximum in methanol all the reactions were carried out using methanol as solvent at 596 mm Hg of hydrogen pressure. Since the activity of the activated catalyst (D) was more compared to (C), the activated catalyst was used for hydrogenation reactions [24]. The products were identified by HPLC, GC-MS and IR spectral studies [26]. To determine the effect of substitution at the para position of nitrobenzene on hydrogenation, few derivatives with -NH2, -OH, -CH3, -COOH and -NO2 groups were chosen [14, 18].  The steric effect of substituents on rate of hydrogenation was studied by comparing the hydrogenation rate of different isomers of nitroaniline and nitrobenzoic acid [32]. When PCNB was used as the substrate, during the hydrogenation dechlorination was observed giving aniline as the product [33]. Hence the effect of chloro group on the rate could not be determined.
Scheme 2.  Hydrogenation of aromatic nitro compounds
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Kinetic studies

The kinetics of hydrogenation of the few nitro aromatics were studied by following the hydrogen uptake at 596 mm Hg hydrogen pressure. The rate of hydrogenation was calculated from the slope after plotting the volume of hydrogen uptake by the substrate as a function of time [34]. The dependency of the rate on variables like catalyst, substrate concentration and temperature was studied in detail for all the substrates.
3.2.1 Effect of catalyst concentration

The influence of catalyst concentration on the rate of hydrogenation was carried out over a range of 1.46x10-3 to 5.92x10-3 mol dm-3 Pd at constant substrate concentration of 33.3 x10-3 mol dm-3 at a temperature of 30oC with 596 mm Hg hydrogen pressure using methanol as solvent. The plot of log (initial rate) against log [Catalyst] is depicted in Figure 5. Order of the reaction determined from the slope of the plot showed that all the substrates followed first order kinetics [35]. 
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Figure 5.   Dependency of rate of hydrogenation on [catalyst]

3.2.2 Effect of substrate concentration

The influence of substrate concentration on the rate of the reaction was studied in the range of 3.33.x10-3 to 33.3x10-3 mol dm-3 of substrate at 30oC and at 596 mm Hg hydrogen pressure with a constant catalyst concentration of 5.92x10-3 mol dm-3 Pd for all the substrates in methanol. The plot of log (initial rate) against log [substrate] is given in Figure 6. Order of the reaction in this concentration range for all the substrates was found to follow first order [36].  
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Figure 6.  Dependency of rate of hydrogenation on [substrate].


Based on the results obtained, a probable mechanism is proposed for the hydrogenation reaction (Scheme 3).  
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   A rate law derived for the above mechanism is given in equation 1. 
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The nearly parallel relationship in Figure 6 indicates that the mechanism of hydrogenation is the same for the studied substituted systems [37].   
.3.2.3 Dependency of the rate on Temperature


Rate of hydrogenation reactions for all the substrates were studied in the range of 30oC to 45 oC with a constant catalyst concentration of 5.92x10-3 mol dm-3 Pd, substrate concentration of 33.3x10-3 mol dm-3 in methanol at 596 mm Hg pressure of hydrogen. The rate of the reaction was found to be dependent on temperature (T) of the system. Activation energy and activation entropy were calculated from the slope of Arrhenius plot of log(initial rate) against 1/T (Figure 7) [26,4]. The results are tabulated in the Table 3. 
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Figure 7:   Effect of temperature – Arrhenius plot.

 Table 3.

 Activation energy, Activation entropy values for hydrogenation 

	
	NB
	PNA
	PNBA

	Activation energy  (kJ/mol)
	21.06
	12.07
	26.11

	Activation entropy  (J/Kmol)
	-274.13
	-302.93
	-258.35



Activation energy values indicates higher activity of the catalyst. The lower activation entropy indicates low mobility of the substrate molecules. Substrate molecules when bonded to the catalyst surface have lost all translational degrees of freedom and probably gained only three vibrational degrees of freedom [37,38]. Further, activation of the substrate with the catalyst may be due to localization of the substrate on the catalyst surface and this localized interaction may be necessary for the hydrogenation reaction. 

3.2.4. Dependency of substrate reactivity and the substituents.  


In this part of the work an attempt was made to survey the applicability of linear relationship between reactivity of substrates and Hammett substitutent constant.
.All the reactions were carried out with a constant 5.92x10-3 mol dm-3 Pd, 33.3 x10-3 mol dm-3 substrate concentration at a temperature of 30oC with 596 mm Hg hydrogen pressure using methanol as solvent. 
The reactivity of nitro group in substituted nitro aromatics may depend both on the presence of electron-releasing or electron-donating groups attached to the aromatic ring and from the steric effect contributed by the attached group. When the hydrogenation of nitrobenzene was studied by varying the para substituents with different groups like –NH2, -OH, -CH3, -COOH and –NO2, it was observed that the order of rate of hydrogenation was nitrate compounds with electron-donating groups > nitrobenzene > nitrate compounds with electron-withdrawing groups.  The results indicate that electron-withdrawing groups are not favorable to activate the nitro group in the benzene ring to undergo hydrogenation. A linear relationship (Figure 8) exists when log (initial rate) was plotted against Hammett substitutent constant (σpara).  [37-41] .
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Figure 8. Relationship between Hammett substitutent constant and catalytic activity.

The comparative study of different isomers of nitroaniline and nitrobenzoic acid shows that the hydrogenation rate is in the order of para- > ortho- > meta- substituted isomers (Figure 9). This trend may be due to the reason that introduction of substitutent in the meta position and ortho position hinders the preference of close approach of the substrate molecule to the surface of the catalyst due to steric hindrance during hydrogenation.  It can be concluded that the electronic effect as well as steric effect of the substitutent controls the rate of hydrogenation of nitro group in the studied substrates [32, 42]. 
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Figure 9. Relative hydrogenation rate for isomers of nitroaniline and nitrobenzoic acid.
3.2.5. Sequential hydrogenation of m-Dinitrobenzene

The hydrogenation of m-Dinitrobenzene (MDNB) was carried out with 5.93x10-3 mol dm-3 Pd, 33.3 x10-3 mol dm-3 MDNB at a temperature of 30oC with 596 mm Hg hydrogen pressure using methanol as solvent (Figure 10). In the initial stages (50 min.) the reaction was highly selective for m-nitroaniline and only a very small amount of m- phenylenediamine was formed. At later stages when most of the MDNB is reacted, m-nitroaniline was reduced to m- phenylenediamine. Preferential adsorption affinity of MDNB with catalyst to that of m-nitroaniline could be responsible for the preferred hydrogenation of MDNB to m-nitroaniline in the system [1, 43].

.
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Figure 10. Sequential hydrogenation of m-Dinitrobenzene. ( -□- m-Dinitrobenzene, -●- m-nitroaniline, -►- m- Phenylenediamine).
Percentage conversion of various substrates with supported palladium-2-methylimidazole complex catalyst is listed in table 4.  All the reactions were carried out with a constant 5.92x10-3 mol dm-3 Pd, 33.3 x10-3 mol dm-3 substrate concentration at a temperature of 30oC with 596 mm Hg hydrogen pressure using methanol as solvent. 
	Substrates
	Products
	Time (min)
	Percentage conversion a

	Nitrobenzene
	Aniline
	180
	72

	p-Nitroaniline
	p-Phenylenediamine
	100
	70

	o-Nitroaniline
	o-Phenylenediamine
	120
	70

	m-Nitroaniline
	m-Phenylenediamine
	120
	82

	p-Nitrophenol
	p-aminophenol
	100
	79

	m-Nitrophenol
	m-Aminophenol
	120
	80

	p-Nitrotoluene
	p-Toluidine
	70
	72

	p-Nitrobenzoic acid
	p-Aminobenzoic acid
	100
	75

	o-Nitrobenzoic acid
	o-Aminobenzoic acid
	100
	80

	m-Nitrobenzoic acid
	m-Aminobenzoic acid
	120
	80

	m-Dinitrobenzene
	m-Phenylenediamine
	180
	84


a Conversion based on the HPLC analysis. 

Table4. Percentage conversion of various substrates with supported             palladium-2-methylimidazole complex catalyst.

4. Test for metal leaching from polymer support and recycling efficiency of the catalyst. 
  
One of the main objectives of synthesizing polymer supported metal complex catalyst is to recycle the catalyst. The catalyst was reused for six cycles at a constant catalyst concentration of 59.2x10-4 mol dm-3 Pd, PNBA concentration of 33.3x10-3 mol dm-3 at 30oC with 596 mm Hg of hydrogen pressure. There was no change in the percentage of palladium in the catalyst when metal estimation was carried out at the end of first cycle and at the end of sixth cycle. Further, no traces of palladium were found in the reaction mixture at the end of the reaction. These results support that metal does not leach from the catalyst. These results indicate that the initial rate remained almost constant for over six cycles without any loss in efficiency of the catalyst. 
1. Conclusion 

Synthesized polymer–supported palladium-2-methylimidazole complex under ambient conditions can be used successfully to hydrogenate nitrobenzene and few of its derivatives to their corresponding amines. Recycling experiments show that no metal leaching occurred and the catalyst maintains its activity for over six cycles. Reactivity of nitro group is dependent on the nature and position of the substitutent in the benzene ring. Results indicate that electron-donor groups in para- position of nitrobenzene enhance the rate and the electron-withdrawing groups hinder the nitro group hydrogenation. When PCNB was used as substrate, both hydrogenation and dechlorination resulting in formation of aniline, proceeds simultaneously. Sequential hydrogenation of nitro group was observed when MDNB was used as substrate.
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