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ABSTRACT

The microwave assisted oxidative degradation of a lignin model phenolic dimer  [1-(4-hydroxy-3-methoxyphenoxy)-2-(2-methoxyphenoxy)-propane-1,3-diol, 1] catalyzed by Co(salen)/SBA-15 is reported. The model compound 1 investigated was prepared through a multistep synthesis and characterized by 1H-, 13C-NMR, and GC-MS studies. The catalyst was prepared by immobilizing [N,N(-bis(salicylidene)ethane-1,2-diaminato]Cobalt(II), Co(salen) complex on to the periodic mesopore channels of siliceous SBA-15. Powder X-ray diffraction data revealed that the host retains its hexagonal mesoporous structure after immobilization. Nitrogen adsorption-desorption data and DR UV VIS spectral analysis revealed that the Co(salen) is anchored onto the inner surface, presumably through silanol groups. Cobalt content in the final catalyst was found to be 16 µmol g-1. The activity of the Co(salen)/SBA-15 was investigated for the oxidation of 1 in the presence of hydrogen peroxide as oxidant, both under microwave and conventional heating. Under microwave activation, the phenolic dimer was selectively oxidized to 2-methoxy phenol with very high TON. On the other hand, conventional heating led to oligomerisation of the dimer and resulted in mixture of products. 

Keywords: Lignin oxidation, (-O-4 phenolic dimer, Microwave, Co(salen)/SBA
Corresponding address 
Current address: Department of Chemistry, Utkal University, Vanivihar, Bhubaneswar 751 004, Odisha, India. Email:susha777@rediffmail.com.

1. Introduction

Lignin is an aromatic biopolymer, which occurs as an integral cell wall constituent of all vascular plants including the herbaceous varieties. Chemically, it is a polymer of phenyl propanoids and largest abundant aromatic biomass available on earth [1]. Conventional applications of lignin includes as fuel, adhesive material and source of vanillin [2]. It is evident that under controlled degradation it can yield a spectrum of low molecular weight aromatic compounds.  A recent report released by the US department of energy has envisaged that lignin will serve the purpose of a renewable resource having applications, such as fuel, source of macromolecules and aromatic chemicals [3]. Under its long term plan it has been projected that catalysis will be an important technology in obtaining an array of low molecular weight aromatics through selective oxidation/degradation of lignin. However, the structural complexity of lignin in wood tissues seriously hinders studies of its degradation mechanism. The common way for elucidation of lignin reaction pathways is to use either monomeric or oligomeric (mostly dimeric) phenyl propane structures as lignin models. Also lignin model compounds having different linkages have been earlier investigated in order to understand the oxidation behavior [4]. Lundal et al have studied the oxidation behavior of β–O-4 non-phenolic dimer catalyzed by lignin peroxidase L3 and mixture of products were obtained [5]. Similarly, β–O-4 lignin model compound (e.g., veratryl glycerol-β-vanillate ether) catalysed by Correna unicolor laccase was studied by Cho et al. [6] to obtain vanillic acid and isovanillin. Polyoxometalates were also used as catalyst for the oxidation of lignin model phenolic as well as non-phenolic dimers to obtain mixture products [7].

The other pathways available for the lignin degradation are by use of photochemical energy [8], gamma irradiation [9], and TiO2 as photo-catalyst in presence of UV light etc [10]. However, most of these processes are either non-selective or the catalyst cannot be reused.  In this regard, major challenge remains to develop a robust catalyst which can be selective, effective and recyclable. Crestini et al. have studied the oxidation behavior of lignin model phenolic dimer over Mn(TMePyP)/clay/HBT based heterogeneous catalytic system, however several products were obtained [11,12]. In this regard, molecular sieve based heterogeneous catalytic systems appear to be a promising alternative for selective degradation of lignin structure.  Moreover, the catalyst can be recovered and reused. In continuation to our previous work on phenolic monomers [13,14] we have extended our studies to dimer compounds. The dimeric structures modeling phenolic terminals and non-phenolic lignin–aryl ether structures represent ~ 40-55% of inter unit linkages in lignin.  In the present study we have chosen lignin model phenolic dimer [1-(4-hydroxy-3-methoxyphenoxy)-2-(2-methoxyphenoxy)-propane-1,3-diol, 1] for reactivity studies.
The catalytic activity studies of lignin model compounds assisted by microwave and conventional (thermal) were investigated, using aqueous H2O2 as an oxidant.  In the present study we have chosen mesoporous SBA-15 as support material for the immobilization of Cobalt (II)-salen complex catalyst.  SBA-15 was preferred over other silica analogues owing to its tuneable mesoporus structure (50–300Ǻ), high surface area (often >600 m2g–1), pore volume (>0.5–1.2 cm3g–1), higher wall thickness (>30–60 Ǻ), and most importantly it possesses excellent hydrothermal stability (stable up to 923 K in water) [15].  Among the metal complexes studied for oxidation of lignin model molecules, Co(II)salen complexes were found to be  highly active and robust.  The intrapore confinement of Co(II) salen within the mesopores of SBA-15 can yield an ideal heterogeneous catalytic system for the study.  We opted for microwave assisted reactions realising the fact that microwave assisted reactions are often highly selective, efficient and less time and/or energy consuming [16,17].  
2. Experimental

2.1.  Synthesis of phenolic (-O-4 lignin model compound

Lignin model phenolic dimer was prepared with very high purity from acetovanillone through a multistep (scheme 1) synthesis route, in a modified procedure reported earlier [8]. The structure of 1 was confirmed by 1H-,13C-NMR and GC-MS studies. The details of characterization are discussed below (section 3.2). 

2.2. Catalytic activity studies

The catalyst was prepared and characterized as per the procedure already reported [13]. The reactions were performed inside a microwave tube and irradiated at 300W on a CEM discover microwave reactor for the time specified in Table 1. The products were analysed by an Agilent auto sampler gas chromatograph, equipped with a Agilent HP-5 column (30 m×0.25mm×0.25mm). The product (2) was identified by comparing with authentic sample.  

3. Results and discussion

3.1. Catalyst characterization and activity studies

The details of catalyst preparation, characterization and nature of active sites have been discussed earlier [14]. XRD results confirmed the formation of well ordered, uniform SBA-15 mesoporous channels and Co(salen) is immobilized within the pore channels of SBA-15.  The Nitrogen adsorption-desorption studies and diffuse reflectance uv-vis analysis further supported intrapore confinement of the Co(salen) complex. The cobalt content in the Co(salen)/SBA-15 material was found to be 16 µmol Co per gram of catalyst. 

Oxidation of 1 (Scheme 2) resulted in selective production of 2-methoxy phenol (2) and the results are given in Table 1. 
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Scheme 2: Microwave assisted reaction of 1 over Co(salen)/SBA-15
It was observed that the compound is much stable under MW activation in absence of catalyst and oxidant (entry 6). However, homogeneously catalyzed reaction (entry 7) in presence of Co(salen) gave 2 with much lower TON as compared to the heterogeneous phase (entry 1-5).  The results clearly indicate that active sites are isolated and highly stabilized within the mesoporous SBA-15 support. The reactivity attains maximum TON after 30 min of reaction. Under conventional heating for 24 h, we obtained polymeric products of high molecular weight and not identified.
Table 1: Oxidation of 1 over Co(Salen)/SBA-15
	Entry
	Reaction                                                          duration (min)
	TON (1)

	1                                                2                                                  3                                                4                                                 5                                                           6                                                       7
	10                                           20                                   30                               40                                60                                  20                                20
	55                                      67                                61                               61                               55                                 --                                               12


3.2.  Characterization of phenolic dimer, 1
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  Scheme 1: Synthesis of lignin model dimer 1.
Step 1. Preparation of 1-(4-benzoyloxy-3-methoxyphenoxy)ethanone, 
 1H-NMR ((, ppm): 2.62 (s, 3H, OCCH3); 3.88 (s, 3H, OCH3); 7.24-8.20 (m, 8H, aromatic)

13C-NMR ((, ppm): 26.54 (COCH3), 56.05 (OCH3), 111.47 (aromatic), 112.97, 122.91, 128.57, 128.92, 130.32, 133.71, 135.94, 144.08, 151.59 (aromatic), 164.24 (CO), 196.98 (ArCO).GC-MS (m/e values, %): 270 (M+, 49), 255 (7%), 151 (10%), 122 (15%), 105 (100%), 77 (24%), 51 (7%)

Step 2. Preparation of 1-(4-benzoyloxy-3-methoxyphenoxy)-2-bromoethanone, 

1H-NMR ((, ppm): 3.88 (s, 3H, OCH3); 4.44 (s, 2H, CH2); 7.26-8.20 (m, 8H, aromatic)

13C-NMR ((, ppm): 30.53 (CH2Br), 56.12 (OCH3), 112.34 (aromatic), 122.36, 123.36, 128.78, 130.35, 132.67, 133.80, 144.77, 151.91 (aromatic), 164.11 (C6H5CO), 190.26 (CO).

GC-MS (m/e values, %): 350 (M+, 30); 270 (27), 255 (11), 151 (23), 135 (7), 122 (7), 105 (100), 77 (23), 51 (7).

Step 3. Preparation of 1-(4-benzoyloxy-3-methoxyphenoxy)-2-(2-methoxyphenoxy)-ethanone, 
 
1H-NMR ((, ppm): 3.88 (s, 3H, OCH3); 3.90 (s, 3H, OCH3), 5.35 (s, 2H, CH2); 6.86-8.23 (m, 12H, aromatic).

13C-NMR ((, ppm): 55.79 (OCH3), 56.02 (OCH3), 72.09 (OCH2), 111.82-151.78 (aromatic), 164.11 (ArCO), 193.53 (CO). GC-MS (m/e values, %): 393 (100), 271 (20), 255 (6), 105 (66).

Step 4. Preparation of 1-(4-hydroxy-3-methoxyphenoxy)-2-(2-methoxyphenoxy)-3-hydroxy)-propan-1-one, 
1H-NMR ((, ppm): 3.78 (s, 3H, OCH3); 3.85 (s, 3H, OCH3); 4.00 (s, 2H, CH2); 5.34-5.36 (m, 1H, CH); 6.78-7.61 (m, 7H, aromatic).  

13C-NMR ((, ppm): 55.76 (OCH3), 56.03 (OCH3), 63.69 (OCH2), 84.12 (OCH), 110.71-151.14 (aromatic), 194.80 (CO). 
GC-MS (m/e values, %): 318 (6), 301 (100), 289 (8), 151 (38), 124 (5), 108 (6), 77 (5), 53 (7).

Step 5. Preparation of 1-(4-hydroxy-3-methoxyphenoxy)-2-(2-methoxyphenoxy)-propane-1,3-diol, 

1H-NMR ((, ppm) : 1.9-2.0 (br s, 1H, OH); 2.90-3.00 (br s, 1H, OH), 3.40-3.85 (m, 2H, CH2); 3.89 (s, 3H, OCH3); 3.90 (s, 3H, OCH3); 4.0-4.2 (d, 1H); 5.80-5.86 (d, 1H, OH); 6.87-7.20 (m, 7H, aromatic).

13C-NMR ((, ppm): 55.81 (OCH3), 55.88 (OCH3), 60.66 (CH2OH), 60.94 (OCH2), 73.88 (ArCH), 76.67 (ArCHα), 87.05 (HCOAr), 89.22 (ArCHβ), 109.38-151.12 (aromatics).

GC-MS (m/e values, %): 320 (9), 303 (37), 285 (47), 273 (100), 243 (3), 211 (6), 196 (3), 179 (37), 163 (98), 150 (62), 137 (49), 131 (7), 124 (83), 91 (5), 65 (6).
4. Conclusion
For the first time the oxidation behaviour of a lignin model (-O-4 phenolic dimer, 1 catalyzed by a mesoporous molecular sieve based heterogeneous catalyst is reported. Our preliminary studies revealed that Co(salen)/SBA-15 is an efficient and selective oxidation catalyst in the oxidation reaction of dimer, an important lignin model compound, under microwave irradiation. The microwave assisted oxidation reactions were found to be very selective and efficient, i.e., the reaction occurred with very high TON. The very high surface area and well defined pore structure of SBA-15 provides an ideal environment for the site isolation of active sites. The active Co(salen) complex seemed to be stabilised within the mesoporous host, rendering a supported catalyst much more active as compared to the homogeneous Co(salen)complex. On the other hand, the conventional heating led to oligomerisation of the dimer and resulted in high molecular weight products (products were not identified).  However, further spectroscopic investigations and detailed reactivity studies are needed to obtain a better insight into the chosen reaction. 
Acknowledgements


One of the authors (SKB) thanks to the Department of Science and technology, Govt. of India for the award of BOYSCAST fellowship. The scientific and technical assistance supported by the Green Chemistry Centre of Excellence, Univ. of York (U.K.) is gratefully acknowledged. 

References

  [1]  E. Adler, Wood Sci. Technol. 11 (1977) 169.

  [2] C.V. Stevens, in: C.V. Stevens, R.G. Verhe (Eds.) Renewable Resource Scope and   Modification for Non Food applications, John Wiley and Son, 2004, p. 160.

[3]  J.J. Bozell, J. E. Holladay, D. Johnson, J.F. White, Top Value added Chemicals from Biomass, Vol. II. Results of Screening for Potential Candidates from Biorefinery Lignin, US DOE, (2007), PNNL-16983.

[4]   C. Canevali, M. Orlandi, L. Pardi, B. Rindone, R. Scotti, J. Silipa, F. Morazzoni, J. Chem. Soc. Dalton Trans. (2002) 3007.  

[5]  T. Lundell, R. Wever, R. Floris, P. Harvey, A. Hatuka, G. Brunow, H. Schoender, Eur J. Biochem., 211 (1993) 391.

[6]  N-S, Cho, A. Leonowicz, A. Jarosz-Wilkolazka, G. Ginalska, H-Y, Cho, S-J, Shin, Y-J, Choi, S. Olga, J. Fac. Agr. Kyushi. Univ. 53 (2008) 7.

   [7]  V.A. Grigoriev, C.L. Hill, I. A. Wienstock, Polyoxometalates Oxidations of Lignin Models, In, ACS Symposium Series 785, Oxidative Delignification Chemistry: Fundamentals and Catalysis, Washington DC, American Chemical Society, Chapter 18, p. 297.

  [8]  C. Crestini, M. D’Auria, Tetrahedron, 53 (1997) 7877.

  [9] C.N. Chang, Y.S. Ma, G.C. Fang, A.C. Chao, M.C. Tsai, H.F. Sung, Chemosphere, 56 (2004) 1011.

[10]  S.J. Zhang, H.Q. Yu, L.X. Wu, Chemosphere 57 (2004) 1181. 

[11]  C. Crestini, A. Pastorini, P. Tagliatesta, Eur J. Inorg. Chem. (2004) 4477.

[12]  C. Crestini, A. Pastorini, P. Tagliatesta, J. Mol. Catal. A: Chem. 208 (2004) 195.

[13]  S.K. Badamali, J.H. Clark and S.W. Breeden, Catal. Commun. 9 (2008) 2168.

[14]  S.K. Badamali, R. Luque, J.H. Clark and S.W. Breeden, Catal. Commun. 10 (2009) 1010.

[15] 
D. Zhao, Q. Huo, J. Feng, B.F. Chmelka, G.D. Stucky, J. Am. Chem. Soc. 120 (1998) 6024.

[16]  C.O. Kappe, Angew Chem. Int. Ed. 43 (2004) 6250.

[17]  C.O. Kappe, Chem. Soc. Rev. 37 (2008) 1127.

_1347464806

_1347465159

