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Abstract: Chemical modification of seed oil-derived hydroxy and epoxy olefinic fatty acid methyl esters (FAMEs) is an essential step for tailoring these materials into feedstocks required for possible new niche market applications, especially in the polymer industry. Hydroxy and epoxy olefinic FAMEs have demonstrated their ability to undergo self-metathesis in the presence of a Ruthenium-based catalyst to form, respectively, a dihydroxy and a diepoxy olefin in a single step along with the corresponding dicarboxylic acid ester. These products are potential starting materials in the polyurethane, epoxy resin and polyester industries. A slight drawback, however, is the lower yield in difunctionalised olefins from the epoxy substrate due to a competing olefin isomerisation reaction. 
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Introduction

The limited supply and the escalating price of petroleum have led to increased demand for seed oils and their derivatives in nonfood applications. This poses a challenge for scientists and engineers to improve the fatty acid composition of these oils for niche markets and to develop processes for converting these alternative feedstocks to high value intermediates and finished products (Murphy, 1995). Particularly noteworthy is the limited availability of fatty acids that are functionalised in the fatty acyl chain with ricinoleic acid being the only commercially available functionalized fatty acid which is naturally occurring and derived mainly from the castor bean oil (Cuperus and Derksen, 1996). Functionalised fatty acids, and in particular those that bear the hydroxyl and the epoxy functionalities, are in demand due to their versatile nature and their ability to be tailored to meet structural requirements for industry applications. Unfortunately the major seed oils such as rapeseed, sunflower, soybean and palm oils do not have the necessary functionality that gives them unique chemical properties associated with the hydroxyl and epoxy groups. In such cases attempts have been made to introduce such functionalities using chemical manipulation (Clarke, 2001, Narine et al. 2007, Warwel et al. 2001). Table 1 shows fatty acid composition of seed oils from potential oilseed crops with hydroxy and epoxy functionalities. Hydroxyl groups are required for polyurethane formation for a wide range of applications and the epoxy groups for the epoxy resin formation (Clarke, 2001). Polyurethanes are made from the reaction of a dihydroxy compound or polyol with a diisocyanate monomer. A chemical manipulation of the monohydroxy fatty acid or ester would, therefore, be necessary to convert this substrate to a dihydroxy monomer for polymerization purposes. Narine et al. (2007), for example, prepared polyurethane elastomers from the reaction of canola oil-based polyols, prepared by ozonolysis and hydrogenation, with 1,6-hexamethylene diisocyanates. 
In this paper, we report a one-step conversion of ricinoleic acid methyl ester (RAME) to a diol and a dicarboxylic acid ester and of vernolic acid methyl ester (VAME) to a diepoxy olefin and a dicarboxylic acid ester via a self-metathesis reaction catalysed by RuCl2(PCy3)2(=CHPh), G1, and RuCl2(PCy3)(H2IMes)(=CHPh), G2, complexes commonly known as Grubbs first and second generation catalysts, respectively. The effects of the nature of substituent (hydroxyl and epoxy groups) and the catalyst on the yields of difunctionalised olefins were evaluated. Ricinoleic acid is produced in castor by the direct hydroxylation of oleic acid, a reaction catalysed by a highly efficient fatty acid hydroxylase (Castor Oil Dictionary). The epoxy group in vernolic acid is said to result from the insertion of an oxygen atom at the ∆12 double bond of linoleic acid bound to phosphatidylcholine in seeds of E. lagascae and Vernonia galamensis (Bafor et al., 1993; Liu et al., 1998) with metabolic studies showing that cytochrome P450 enzyme is involved in vernolic acid synthesis in seeds of E. lagascae (Cahoon et al., 2002). For this study olefin metathesis was a reaction of choice since (1) cleavage at the C=C bond to give difuntionalised compounds occurs with relatively high selectivity (Scott, 2007) (2) Grubbs catalysts are active at moderate reaction temperatures and tolerant towards different functional groups (Grubbs, 2004) and (3) the desired products could be formed in a single step. 
Table 1. Fatty acid composition of seed oils from potential oilseed crops with hydroxy and epoxy fatty acids 
	Seed oil
	Main Constituent
	Formula
	Content (%)

	Castora
	Ricinoleic acid
	C18:1-OH
	90.0

	Euphorbia lagascaeb
	Vernolic acid
	C18:1>O
	64.0

	Vernonia galamensisc
	Vernolic acid
	C18:1>O
	80.0

	Vernonia anthelminticab
	Vernolic acid
	C18:1>O
	67.0

	Stokesia laevisd
	Vernolic acid
	C18:1>O
	74.1

	Cephalocroton cordofanuse
	Vernolic acid
	C18:1>O
	62.0

	Bernadia pulchellaf
	Vernolic acid
	C18:1>O
	91.0

	Dimorphoteca pluvialisb
	Dimorphecolic acid
	C18:2-OH
	62.0

	Lesquerella densipiliad
	Densipolic acid
	C18:2-OH
	50.7

	Lesquerella grandiflorab
	Lesquerolic acid
	C20:1-OH
	60.0

	Lesquerella lindheimerid
	Lesquerolic acid
	C20:1-OH
	72.6

	Lesquerella fendlerid
	Lesquerolic acid
	C20:1-OH
	53.2

	Lesquerella auriculatad
	Auricolic acid
	C20:2-OH
	32.0


aCastor oil dictionary, bVan Loo (2000) and Veldsink J.W. 2000), cBaye et al. (2005), d Kleiman (1990), eBarucha and Gunstone (1955), fSpitzer et al.(1996)
Methods
Materials and Apparatus
Ricinoleic acid methyl ester (99%), vernolic acid methyl ester (≥99%) and a reagent grade dichloromethane (DCM), RuCl2(PCy3)2(=CHPh), RuCl2(PCy3)(H2IMes)(=CHPh) were purchased from Sigma-Aldrich. Ethyl vinyl ether was purchased from Fluka. The fatty acid esters were treated with activated alumina and stored under N2 at a subzero temperature. Gas chromatographic (GC) analysis was performed on a Varian Star 3400 CX GC equipped with a DB-624 capillary column (J&W Scienctific, 30 m x 0.53 mm) and a flame ionisation detector (FID). The oven temperature for the GC was programmed from 150°C (0.1 min) to 260°C (10 min) at a rate of 15°C/min. The injector temperature was set at 270°C and the detector temperature at 300°C with N2 as carrier gas. The mass spectra were measured on a Varian Saturn 4D gas chromatograph-mass spectrometer (GC(MS) with a Varian Star 3400 CX GC equipped with a WCOT fused silica J&W DB-5 column (30 m x 25 mm; film thickness 0.25 (m). 
Metathesis experiments
All manipulations were performed using standard Schlenk techniques under N2 atmosphere. In a typical experiment 16.4 mg of G1 (0.02 mmol) or 6.3 mg of G2 (0.0074 mmol) was dissolved in 2.0 mL of DCM,  in a glass reactor fitted with a thermometer and a rubber septum, followed by the addition of 2.0 mmol substrate for G1 or 0.74 mmol for G2. Samples were withdrawn by a syringe at regular time intervals, quenched by the addition of a few drops of ethyl vinyl ether (Buchowicsz and Mol, 1999), and analysed by GC(FID. 

Analysis
The substrate conversions were determined from the formula (1-Cs)/ΣCi using the corrected peak areas (Ci) of the GC analyses (Marvey, 2003; Ackman, 1964). Yield(%) was calculated as (Cx/ΣCi)x100 and selectivity as %PMP/((%PMP,%SMP)x100, where PMP and SMP are primary and secondary metathesis products, respectively. Reaction products were analysed by GC(MS (electron impact mode) and by spiking with authentic samples.
Results and Discussion

The self-metathesis reaction of ricinoleic and vernolic acid methyl esters was investigated in the presence of Grubbs Ruthenium catalysts G1 and G2 with the aim of producing difunctionalised olefins suitable for polymerization purposes. The effects of the nature of the substituent and the catalyst on the yields of difunctionalised olefins were evaluated. 
Self-metathesis of ricinoleic acid methyl ester
RAME was metathesized in the presence of G1 with a RAME/G1 molar ratio of 100.  The two primary products obtained in DCM at 20ºC were 9-octadecene-7,12-diol (m/e = 284) and dimethyl-9-octadecene-1,18-dioate (340) as depicted in Scheme 1. A substrate conversion of 39.6% and a selectivity of ~100% were obtained after 4h. No secondary metathesis products were observed hence it can be assumed that no olefin isomerisation reaction occurred in competition with the expected metathesis reaction. The reactivity of RAME was lower than the reported literature reactivity for methyl oleate whose conversion was 49% (Marvey et al., 2008) but comparable to the results obtained by Buchowicz and Mol (1999) in the absence of the solvent. 
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In the presence of G2 and with RAME/G2 molar ratio of 100, a conversion of 48.4% was obtained after 4h with selectivity of ~100%. This indicates a significantly higher catalyst activity compared to G1 with the reactivity of RAME being comparable to the reported methyl oleate reactivity under similar reaction conditions (Marvey et al., 2008). Figure 1 compares the yields obtained for 9-octadecene-7,12-diol in the metathesis of RAME with G1 and G2. Figure 2 compares the activities of these two catalytic systems. Clearly G2 was more active and more resistant to deactivation by the hydroxyl group than was G1. Consequently the yield for 9-octadecene-7,12-diol was higher in the presence of G2 than was the case for G1. The obtained primary metathesis products are attractive feedstocks in the polymer industry. Warwel et al. (2001) were, for example, able to convert dimethyl-9-octadecene-1,18-dioate and other dicarboxylic acid esters by condensation polymerization to polyesters. In this reaction a dicarboxylic acid ester reacts with a diol (ethylene glycol, 1,4-butanediol, or 1,4-bis(hydroxymethyl)cyclohexane) in the presence of a Lewis acid catalyst, Ti(O-n-Bu)4, at 150-200ºC. Macrolides and civetone have also been synthesized from dimethyl -9-octadecene-1,18-dioate (Mol, 2002) or its diethyl counterpart (Tsuji and Hashigushi, 1981). Civetone has a musk odor and makes an important ingredient of musk perfumes. Meanwhile, 9-octadecene-7,12-diol, is an attractive starting material for polyurethane formation.
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Self-metathesis of vernolic acid methyl ester 
VAME was metathesized in the presence of G1 with a VAME/G1 molar ratio of 100. In addition to the two primary products, namely, 6,7,12,13-diepoxy-9-octadecene (m/e = 280) and dimethyl-9-octadecene-1,18-dioate (m/e = 340) (Scheme 1), two additional secondary metathesis products were obtained. The two secondary methathesis products are methyl 10,11-epoxy-7-hexadecenoate (m/e = 282)  and dimethyl 7-hexadecenedioate (m/e = 312). A substrate conversion of 23.5 % and a selectivity of 57.4% were obtained. The presence of secondary metathesis products is evidence of a competing olefin isomerisation reaction alongside the metathesis reaction. The reactivity of VAME was much lower than that of RAME and so was the yield for the primary metathesis compounds. When metathesised in the presence of G2, a conversion of 58% was obtained for VAME with selectivity of 57.8%. This indicates a much higher catalyst activity than was depicted by G1 and a much higher reactivity than RAME or methyl oleate under similar reaction conditions (Marvey et al., 2008). Figure 3 compares the yields obtained for 6,7,12,13-diepoxy-9-octadecene  in the metathesis of VAME with G1 and G2. Clearly the yield for the diepoxy compound was higher in the presence of G2 than was the case for G1, thus suggesting a higher activity and higher functional group tolerance by G2 compared to G1.  


Figure 4 compares the total yield for PMP obtained in the metathesis of RAME and VAME in the presence of G1 and G2. It can be seen that lower yields in PMP were obtained in the metathesis of VAME compared to RAME for both G1 and G2 catalytic systems; an observation consistent with the lower selectivity (57.8%) obtained with VAME due to SMP formation. The diepoxy olefin, 6,7,12,13-diepoxy-9-octadecene, obtained is an interesting starting material for the synthesis of epoxy resins. The latter are widely used as coatings and adhesives. Polyols for polyurethane formation could also be produced from polyepoxides by means of an acid-catalysed ring opening of the epoxides (Sherringham et al., 2000). The presence of more than two hydroxyl groups on the fatty acyl chain would allow for cross-linking to occur and give the polymer an extra rigidity. The only drawback, however, was the lower yield in diepoxy olefin and the corresponding diester due to a competing isomerisation reaction. 



Summary and Concluding Remarks
Modification of seed oils and their derivatives is usually a necessary step for tailoring these materials into structural forms that are required for nonfood applications. Olefinic fatty acid esters from naturally occurring hydroxy and epoxy seed oils have demonstrated their ability to undergo self-metathesis to form high-value difunctionalised intermediates in a single step. High-value substances synthesized include an olefinic diol (from ricinoleic acid ester), a diepoxy olefin (from vernolic acid methyl ester) and a dicarboxylic acid ester. The dihydroxy olefin has potential applications in the polyurethane industry whilst the diepoxy olefin is an attractive feedstock for the epoxy resin market. The dicarboxylic acid ester is, on the other hand, a useful starting material in polyester formation. The presence of secondary metathesis products in the VAME product stream is an indication that double bond isomerisation occurs in competition with the desired metathesis reaction. This is a slight drawback in that a lower yield in diepoxy olefin and dicarboxylic acid ester is obtained. 
Future Research Directions
We envisage utilizing feedstocks obtained via olefin metathesis reaction of seed oil-derivatives in formulating polymers with improved or new material properties. 
Acknowledgement

This work was financially supported by the National Research Foundation of South Africa (NRF). 
References
1. Ackman, R.G. 1964. Fundamental groups in the response of flame ionization detectors to oxygenated aliphatic hydrocarbons, Journal of Gas Chromatography, pp. 173-179

2. Bafor M., Smith M.A., Jonnson L., Stobart K., Stymne S. 1993. Biosynthesis of vernoleate (cis-12-epoxyoctadeca-cis-9-enoate) in microsomal preparations from developing endosperm of Euphorbia lagascae. Archives of Biochemistry and Biophysics 303: 145-151

3. Barucha K.E., Gunstone F.D. 1955. The component acids of Cephalocroton cordofanus (Meull.-Arg) seed oil, Journal of the Science of Food and Agriculture, 7(9): 606-609

4. Baye T., Becker H., v. Witzke-Ehbrecht S. 2005. Vernonia galamensis, a natural source of epoxy oil: Variation in fatty acid composition of seed and leaf lipids, Industrial Crops and Products 21: 257-261

5. Buchowicz, W., Mol, J. 1999. Catalytic activity and selectivity of Ru(=CHPh)Cl2(PCy3)2 in the metathesis of linear olefins. Journal of Molecular Catalysis A: Chem. 148: 97-103

6. Burdett K.A., Harris L.D., Margl P., Maghon B.R., Mokhtar-Zadeh T., Saucier P.C., Wasserman E.P. 2003. Renewable monomer feedstocks via olefin metathesis: fundamental mechanistic studies of methyl oleate ethenolysis with the first generation Grubbs catalyst, Organometallics 23(9): 2027-2047

7. Cahoon B.C., Ripp K.G., Hall S.E., McGonigle B. 2002. Transgenic production of epoxy fatty acids by expression of a cytochrome P450 enzyme from Euphorbia lagascae seed, Plant Physiology 128: 615-624

8. Castor Oil Dictionary section of CastorOil.in, http://www.castoroil.in/reference/ glossary/ricinoleic_acid.html, date accessed: 30 April 2008

9. Clarke A., 2001. Low-cost synthesis and evaluation of polymers prepared from oil-seed rape and Euphorbia lagascae oils. In Home-Grown Cereals Authority (HGCA) Project Report No. OS47, pp. 1-21

10. Cuperus, F.P., Derksen J.T.P. 1996. High value-added applications from vernolic acid, pp. 354-356. In: J. Janick (ed.), Progress in new crops. ASHS Press, Alexandria, VA

11. Grubbs R.H. 2004. Olefin metathesis, Tetrahedron 60: 7117-7140
12. Kleiman, R. 1990. Chemistry of new industrial oilseed crops, pp. 196-203. In: J. Janick and J.E. Simon (eds.), Advances in new crops. Timber Press, Portland, OR.
13.  Liu L., Hammond E.G., Nikolau B.J. 1998. In vivo studies of the biosynthesis of vernolic acid in the seed of Vernonia galamensis, Lipids 33: 1217-1221
14.  Marvey, B.B., Du Plessis, J.A.K., Vosloo, H.C.M., Mol, J.C. 2003. Metathesis of unsaturated fatty acid esters derived from South African sunflower oil in the presence of a 3 wt% Re2O7/SiO2–Al2O3/SnBu4 catalyst, Journal of Molecular Catalysis A:Chem. Vol. 201, pp. 297-308

15. Marvey B.B., Segakweng C.K., Vosloo H.C.M. 2008. Ruthenium carbene mediated metathesis of oleate-type fatty compounds, International Journal of Molecular Sciences 9: 615-625

16. Mol, J.C. 2002. Applications of olefin metathesis in oleochemistry: an example of green chemistry, Green Chemistry 4: 5-13

17. Murphy D.J. 1995. New oils for old, Chemistry in Britain, 300-302

18. Narine S.S., Kong X., Bouzidi L. Sporns P. 2007. Physical properties of polyurethanes produced from polyols from seed oils:I. Elastomers, Journal of American Oil Chemists’ Society 84: 55-63
19. Scott S.L. 2007. Catalytic transformation of seed oil derivatives via olefin metathesis, HELIA 30(46): 133-142

20. Sherringham J.A., Clark J.A., Keene R.T. 2000. New chemical feedstocks from unsaturated oils, Lipid Technology 12: 129-132.

21. Spitzer V., Aitzetmüller K., Vosmann K. 1996. The seed oil of Bernadia pulchella (Euphorbiaceae) – A rich source of vernolic acid, Journal of American Oil Chemists’ Society 73: 1733-1735

22. Tsuji, J. and Hashigushi, S. 1981. Metathesis reaction of unsaturated esters catalysed by homogeneous tungsten complexes. Syntheses of civetone and macrolides, Journal of Organometallic Chemistry 218: 69-80
23. Van Loo E.N. 2000. Success factors and critical issues for the industrial use of vegetable oils, pp. 110-120. In: Stelter W., Kerckow B., Hagen M. (Eds), Chemical-Technical Utilization of Vegetable Oils (CTVO-NET) – Final conference proceedings. Bonn, Germany

24. Veldsink J.W. 2000. Success factors and critical issues for the industrial use of vegetable oils, pp. 121-128. In: Stelter W., Kerckow B., Hagen M. (Eds), Chemical-Technical Utilization of Vegetable Oils (CTVO-NET) – Final conference proceedings. Bonn, Germany
25. Warwel S., Brüse, F., Demes, C., Kunz, M., Rüsch gen. Klaas M. 2001. Polymers and surfactants on the basis of renewable resources, Chemosphere 43: 39-48
11/20/2008




Figure 1. Yield of 9-octadecene-7,12-diol vs reaction time in the metathesis of RAME with G1(○) and G2(□) [RAME/Ru = 100, T = 25ºC, Solvent: DCM]





�





Figure 2. Conversion of RAME vs reaction time in the presence of G1(○) and G2(□) [RAME/Ru = 100, T = 25ºC, Solvent: DCM]
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Figure 4.  Total yield for PMP obtained in the metathesis of RAME and VAME in the presence of G1 and G2 [RAME/Ru = 100, T = 25ºC, Solvent: DCM]
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Figure 3.  Yield of diepoxyoctadecene vs reaction time in the metathesis of VAME with G1(○) and G2(□) [VAME/Ru = 100, T = 25ºC, Solvent: DCM]
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Scheme 1. PMP resulting from the self-metathesis of RAME (X = -CH(OH)CH2-) or VAME (X = epoxy group)
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