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ABSTRACT 

The selective conversion of saturated linear hydrocarbons at ambient temperature to a-olefms 
and dihydrogen and other transformations of organic molecules involving the direct scission of 
carbon-carton bonds are described. Activated wood charcoals containing trace metals were 
subjected to microwave radiation in the presence of liquid hydrocarbons at room temperature. 
Long-chain hydrocarbons were converted with high selectivity to a series of terminal olefins. For 
example, at less than 30% conversion, n-hexadecane yields n-C3 to n-Cj4 a-olefins and light 
gases, predominately ethylene, and dihydrogen. Extensive conversion of linear hydrocarbons 
leads to substantial yields of a-olefins, diterminal diolefins, and ethylene. Product distributions 
are consistent with a pathway for olefin formation from linear hydrocarbons at room temperature 
that does not involve free radical formation. The method is effective for carbon-carbon bond 
cleavage in and conversion of a wide array of linear and branched hydrocarbon feedstocks to 
hydrogen, ethylene, and olefins. Saturated organic hydrocarbons containing functional groups (- 
OH, -CN, -CO,H, -CO,CH,) undergo carbon-carbon bond scission and olefin formation with 
substantially intact functional groups. Cyclic alkanes and terpenoid hydrocarbons under ring 
cleavage, contraction, and ring isomerization reactions. In the presence of small amounts of 
water, cycloalkanes are converted to cyclic alcohols and ketones. The method makes possible 
selective chemical transformations involving the direct cleavage of saturated carbon-carbon 
bonds at room temperature. 

INTRODUCTION 

The direct cleavage of strong carbon-carbon bonds to effect selective synthesis of lower 
molecular weight hydrocarbons is a primary goal of research in heterogeneous and homogeneous 
catalysis. Methods for the selective, direct cleavage of strong carbon-carbon bonds, particularly 
at ambient temperature and atmospheric pressure, are scarce. Most approaches involve some 
degree of thermal hydrocracking to effect strong bond scission and structural isomerization, or 
the involvement of transition metal catalysts capable of activation of a hydrocarbon via oxidative 
addition of a hydrocarbon C-H bond to a coordinatively unsaturated metal system. Previous 
work with microwave-activated catalysis has involved creation of high local temperature regimes 
leading to thermal cracking and reforming involving free radicals, ions, carbenes, atoms and 
other reactive intermediates. Solution phase microwave promoted chemical transformations have 
generally dealt with either dielectric heating of the substrate or catalyst,3 or with reactions carried 
out using a vapor phase plasma.4 These approaches using dielectric heating involve the creation 
of "hot spots" in the catalyst surface that promote chemical transformations through local high 
temperature regimes.5 Thus, thermolysis of methane over a glowing microwave catalyst 
produces ethylene, acetylene, propylene, hydrogen and soot reminiscent of simple thermal 
pyrolysis.3d Under more controlled conditions of low power irradiation, ethylene and acetylene 
may be prepared from methane and hydrogen with significant selectivity.' While previous studies 
have demonstrated that light organic gases can be converted under plasma initiation conditions, 
no previous work has explored the utility of microwave activated catalysis in bond-breaking 
transformations of large organic molecules and functionalized alkanes. Thus, in this work we 
present results of a study of low-power microwave irradiation of an activated carbon catalyst that 
leads to carbon-carbon bond cleavage and olefin formation from linear alkanes without formation 
of characteristic organic pyrolysis products. High yields of olefins and hydrogen result from a 
range of hydrocarbon precursors and functionalized hydrocarbons. Organic structures are 
demonstrated to exhibit significant chemical selectivity in carbon-carbon bond scission reactions, 
in part due to the ability of the liquid organic medium to rapidly quench high energy 
intermediates. 

EXPERIMENTAL 

Microwave Conversion of Hexadecane To Olefins. Hexadecane (2 g) was mixed with activated 
charcoal (0.5 g) in a reaction tube and subjected to microwave radiation (20 min) at 60% power 
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(ca. 30 watts) at 2540 MHz using the apparatus shown in Figure 2. The total volume of the 
gaseous products were measured by the gas burette, and both gaseous and liquid products were 
analyzed by GC, GCiIR and GC/MS. Products were identified by comparison of their Gc 
retention times, GCDR and GCMS of authentic samples that were available. When the authentic 
samples were not available, products were identified by their GCiIR and GCMS which showed 
similarities to those of authentic homologous compounds. Gaseous and liquid products are 
shown in Table 1. 

Microwave Promoted Reaction of Polyethylene in the Presence of Wood Char. A sample of low 
density polyethylene (2 g) was heated to melt (>130"C) and mixed with activated charcoal (0.5 
g) and subjected to microwave radiation for 2 minutes. The products were identified by means 
of GC, GCiIR and GC/MS and comparison with authentic materials. With extended irradiation, 
the molten polymer could be completed converted to volatile products consisting primarily of 
ethylene, along with hydrogen, and minor yields of light olefins and hydrocarbons. 

Microwave Promoted Conversion of Diacid Esters. Dimcthyl-1,6-hexancdioic acid ester 
(Dimethyladipate). 0 . lg  of charcoal and 1 g of substrate were irradiated for 2 hours at 50W. 
The major products (30% conversion) were methyl acrylate, methyl butenoate, and methyl 
pentenoate, formed in the ratio 20:5:1. These products composed 85% of the product mixture. 
Minor products methyl proprionate, methyl butanoate, and methyl pentanoate were formed as 
15% of the reaction mixture. Hydrogen was not quantitated in the reaction. These results suggest 
that dimethyl adipate was cleaved to form methylacrylate with 65% selectivity. 
Dimethylmalonate. 0.15g wood char and 2.5 g substrate were irradiated for two hours. This 
resulted in less than 4% conversion to gaseous products and less than ca. 1% conversion to liquid 
products (methanol and methyl acetate). Diethylsuccinate. 0.15 g wood char and 2.5 g substrate 
were irradiated for two hours. About 10% conversion to gaseous products (CO,, CH,, C,H,, 
C,H,) and 2% conversion to ethanol and ethylacrylate occurred. 

Microwave Irradiation of Methvl Palmitate. Methyl Palmitate , 1 g and wood char, 0.1 g, were 
irradiated for 1 hour. Products included gases (C,H,, C2H,, H, and CO,) accounting for 6% of 
starting ester and liquids accounting for 14% of the starting ester. The liquid products consisted 
of a series of terminal olefins, n-C,H,CH=CH, through n-C,,H,,CH=CH,, along with a series of 
corresponding terminal olefins substituted with an ester group, CH,O,C(CH,),CH=CH, ,114-12. 
The esters were each produced in yields comparable to its corresponding simple terminal olefin 
cleavage pair. This indicates that the ester group remained intact during the carbon-carbon 
scission reaction. 

Microwave Irradiation of Octadecanol. 1-Octadecanol, 1 g, and pine char, 0.05 g, were 
irradiated at ca. 50 W for one hour. At ca. 30% conversion, products consist of light gases (ca. 
50%), the major component of which is ethylene, and liquids (ca. 50%). The liquid products 
were composed of a series of terminal olefins and a corresponding series of terminal olefins 
possessing a terminal hydroxyl group (C, - C,,). The hydroxylated hydrocarbon terminal olefins 
and hydrocarbon terminal olefins were formed in approximately equal yields. 

Microwave Irradiation of Cvclododecane. Cyclododecane (damp with water, or dried, by 
exposure of a solution of hydrocarbon in CH,CI, to anhydrous MnS0.h 1 E. and white Dine char 
caialyst, 0.05-0.1 g, were-warmed to ca. 160°C to melt the &xyhy&ocarbon aftkr which 
irradiation (ca. 50 W) was carried out for 20 min. Dry cyclododecane underwent ca. 21% 
conversion in 10 min, yielding gaseous products (11%) and liquid products (loyo). 'The liquid 
products include ring contraction products (22%), acyclic terminal olefins (56%), and acyclic 
diterminal olefins (14%). The gaseous products contained hydrogen (16%), methane(4%), 
ethylene (48%), ethane(2%), acetylene (12%), propylene(8%), butene(3%) and butadiene(7%). 
Damp cyclododecane gave cyclododecanol (19%) and cyclododecanone (26%) as major 
products, in addition to hydrocarbon products. In the absence of moisture, the products were as 
follows: ' C,, Products: I-dodecene (14%); C,, Products: Cyclodecane (21%), l-methyl-2- 
propylcyclokxane (2%), n-butylcyclohexane (4%). ldecene (10%) and 1,9- decadiene(l%); C, 
Products: I-nonene (4.6%), 13-nonadiene; C. Products: Cyclooctane (19.5%), 1 -octene(7.5%), 
1,7-octadiene (2%); C, Products: 1 -hepfene(3%), 1,6-heptadiene (1.6%); C, Products, 
cyclohexane (2%). 

RESULTS AND DISCUSSION 

Ambient Temuerature Conversion of Linear Hydrocarbons. Low power microwave irradiation 
of liquid hydrocarbons in the presence of a catalyst, activated wood charcoal, leads to the 
remarkably selective production of a-olefins. In the case of hexadecane, conversion up to ca. 
30% leads only to a-olefins and light gases, mainly ethylene. Above 30% conversion, the 
formation of diterminal diolefins becomes significant, and further conversion of lighter olefins to 
ethylene occurs. Ultimately, ethylene is the major product from hydrocarbons, with small yields 
of acetylene from further conversion of ethylene and butadiene. The terminally unsaturated 
hydrocarbons, C3-Cl3, formed from hexadecme are shown in Fig. 1 and Table 1. The gaseous 
products gave a 47% yield while the liquid products showed a 10% yield, see Table 1. The most 
notable features of the reaction include ( I )  the formation of a-olefins from linear alkanes with 
only trace levels of hydrocarbons, (2) the absence of internal (non-terminal) olefins, and (3) the 
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absence of alkyl radical termination products (saturated alkanes of higher molecular weight than 
the Parent hydrocarbon). GC analysis of the products of hexadecane reaction and those of other 
linear hydrocarbons gave no more than trace quantities of simple hydrocarbons and no detectable 
longer chain (> C,J hydrocarbons. Linear alkanes would have been formed in radical-radical 
termination reactions. Shorter chain fully saturated hydrocarbons would have been formed in 
radical-radical termination reactions and in absbaction reactions. Finally, some internal (non- 
terminal) olefm should have formed from disproportionation of secondary alkyl radicals formed 
in a radical forming initiating process. The absence of these products rules out the buildup Of 
appreciable concentrations of free alkyl radicals as might be expected in a simple pyrolytic free 
radical mediated bond scission mechanism, at least in the nominally ambient temperature 
reactions. 

Conversion of Polvethvlene and More ComDlex Organic Structures. At the higher temperatures 
used to melt polyethylene (1 80 "C), saturated hydrocarbons were formed as minor products in 
addition to the major products, a-olefins, see Fig. 3. The production of alkanes is consistent with 
participation of the finctional equivalent of diradicals or radical pairs resulting in 
disproportionation leadiig to the observation of alkane formation. 

Conversion of Diesters. Dimethyl adipate, 1, was found to react much faster than 
diethylsuccinate, 2, and dimethyl malonate, 3, which was nearly inert to the reaction conditions. 
Dimethyl adipate reacted with about 65% selectivity to give central carbon-carbon bond cleavage 
yielding methyl acrylate. These observations suggest that surprisingly selective transformations 
involving cleavage of strong carbon-carbon bonds are made possible by microwave activated 
catalysis. 

I 2 3 

Conversion of Cvclic Hvdrocarbons. The reaction of cyclododecane, carried out at 1OO"C, Icd to 
ring contraction products cyclodecane and cyclooctane in high yields at short reaction time. This 
implies that both products are first-generation products, and suggests a path for sequential loss of 
ethylene units, via the functional equivalent of a diradical pathway, as indicated in Figure 5. 
This would M e r  seem to suggest that linear alkanes would form alkyl radicals by simple 
followed by multiple ethylene scission events and a terminating hydrogen atom elimination: 

CH,(CH,CH2)x* -+ CH,(CH,CH,),,* + n C,H, -+ CH,(CH,CH,),,.,CH=CH, + H- 

Such a scheme would be consistent with the substantial yields of ethylene at low overall 
conversion of linear hydrocarbons, but it would appear inconsistent with the absence of alkyl free 
radical products, e.g., the absence of alkane products from abstraction, combination, and 
disproportionation. 

The microwave irradiation of a char catalyst at low power levels is accompanied by the emission 
of flashes of light. A number of reaction pathways can be proposed for fragmentation of alkanes 
in the local high temperature plasma regime generated in such a catalyst discharge zone. Among 
a variety of possibilities, the creation of a coordinatively unsaturated metal site can be envisioned 
to undergo oxidative insertion into alkanes leading to olefin and dihydrogen formation, see 
Figure 4. 

Catalvst Lifetime. Wood char catalysts exhibited long lifetimes under the conditions of liquid 
phase hydrocarbon conversion. The wood char catalysts could be used repeatedly by recharging 
the reactor cell (Fig. 2) with hydrocarbon substrate. The catalyst could be irradiated at low 
power (ca. 50 W) with no drop in activity after up to eight hours. Thus, the method is suitable 
for continuous conversion of hydrocarbons and other substrates to olefins and hydrogen. 

Summary. The direct cleavage of strong carbon-carbon bonds, leads to a wide variety of 
potential natural product, biomass, carbohydrate, cyclic and acyclic hydrocarbon bond cleavage 
reactions, many of which can be envisioned to occur with sufficient chemical selectivity to be of 
synthetic use. In addition, the present results indicate the potential for use of microwave 
activated catalysis for the oxidation of hydrocarbons to ketones and alcohols. 
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Figure la. GLPC Chromatogram of Gaseous Products from the Microwave Irradiation of 
Hexadecane in the Presence of Wood Char. 

, 

Figure lb .  Glpc Chromatogram of Liquid Products from the Microwave Irradiation of 
Hexadecane in the Presence of Wood Char. 

Figure 2. Apparatus for the Microwave Irradiation of Hydrocarbons. 
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Table 1. Products from Microwave lrradiation of Hexadecane in the Presence of Wood Char. 

a - a-w-diolefins 

b - u-olefins 

c - saturated hydrocarbon 

Figure 3. Products Formed from the Catalytic Microwave Oxidative Fragmentation of 
Polyethylene. 
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Do d ec e n e Cyclodecane (+ Cyclooctane (I 
other Products) other Products) 

Figure 4. Biradical Mechanism for Hydrocarbon Conversion. Biradical Formation (a) followed 
by sequential ethylene loss (b,c) with product formation by disproportionation (d) or 
ring closure (e$). 
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Figure 5. Metal-Centered Catalysis Mechanism for Oxidative Fragmentation of Alkanes. 
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