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Abstract 

Unimolecular decompositions of acyclic ethers through a pericyclic mechanism, i.e., alcohol elimination, 
have been shown to play a crucial role in the high-temperature combustion of these compounds. The pro- 
duction of new fuels derived from biomass has led to a renewed interest into the combustion chemistry of 
ethers. A large fraction of ethers produced as potential biofuels features a cyclic structure. The pericyclic 
reactions in these cyclic structures, with or without a lateral alkyl group, remains unknown. In this work, we 
performed a systematic theoretical study on the pericyclic reactions in acyclic and cyclic ethers. Envisaged 

concerted reactions includes the classical alcohol formation and a H 2 eliminations that was recently shown 

to play a non negligible role in the thermal decomposition of tetrahydrofuran (Verdicchio et al., 2015). The- 
oretical calculations performed in this work demonstrated that H 2 elimination in acyclic ethers is negligible. 
In the case of cyclic ethers (tetrahydrofuran and tetrahydropyran), the branching ratio of the unimolecular 
pericyclic reactions strongly depends on the presence of a lateral alkyl group bonded to the carbon atom in 

position 2. If an alkyl group is present, the alcohol formation is favored through an exo 4-center rearrange- 
ment, that we newly defined in this work. If no lateral alkyl group is available in position 2, endo alcohol 
formation and H 2 eliminations are equivalently important. Reaction rate rules were established to include 
pericyclic decomposition reactions in detailed chemical kinetic models of ether combustion. 
© 2016 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 
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1. Introduction 

Ethers have attracted a great interest as promis- 
ing transportation fuels produced from biomass 
[1] . Ether compounds that can be used as addi- 
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tives or biofuels can be divided into two categories: 
acyclic and cyclic ethers. Acyclic ethers, dimethyl 
ether (DME: (CH 3 ) 2 O) and its derivatives, are well- 
known octane improvers produced from alcohols. 
Cyclic ethers, either saturated or unsaturated fu- 
rans, are mostly produced from catalytic treatments 
of lignocellulosic biomass. The potential of these 
compounds have led to a large number of stud- 
ies aiming to unravel their combustion chemistry 
at the molecular level. Tran et al. [2] listed all the 
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detailed kinetic models available for these com- 
pounds in their 2012 review. Since then, a ki- 
netic mechanism on dibutyl ether (DBE: (C 4 H 9 ) 2 O) 
has been published [3] , and new versions of pub- 
lished combustion kinetic models of ethers are pro- 
posed regularly in the literature [4–6] . Those studies 
showed that unimolecular eliminations are crucial 
in the high temperature combustion chemistry of 
acyclic ethers (larger than DME). 

Danby and Freeman first detected ethanol as a 
product of diethyl ether (DEE: (C 2 H 5 ) 2 O) thermal 
decomposition in 1958 [7] , and ascribed its forma- 
tion to the reaction 

C 4 H 10 O → C 2 H 5 OH + C 2 H 4 (1) 

where the mechanism of formation of ethylene and 

ethanol was unknown but probably first order. In 

1963, Laidler and McKenney proved that the for- 
mation of the products of reaction ( 1 ) occurred 

from a molecular elimination in DEE [8] and sub- 
sequently proposed a rate constant with an acti- 
vation energy of 83.8 kcal mol −1 and a frequency 
factor of 2.75 ×10 18 s −1 . Fifteen years later, Fou- 
caut and Martin [9] measured a rate constant of 
1.0 ×10 13 s −1 exp( −62.2 (kcal mol −1 )/RT) between 

763 and 798 K. Large discrepancies can be ob- 
served between these rate parameters and those 
proposed by Laidler and McKenney. A compari- 
son of the two rate constants at 800 K, where the 
experimental temperature bounds are the closest, 
ultimately leads to a factor of 2.9 (Foucaut and 

Martin’s rate is higher than Laidler and McKen- 
ney). In 2008, Yasunaga et al. [10] studied the py- 
rolysis of ethyl tert-butyl ether (ETBE: C 2 H 5 –O–
C(CH 3 ) 3 ) behind reflected shock waves and showed 

that the 4-center elimination of alcohol is domi- 
nant in the initial decomposition steps of ETBE. 
They calculated the high-pressure rate constant for 
this pericyclic reaction, using quantum chemistry, 
at the MP4/cc-pVTZ//MP2/cc-pVTZ level of the- 
ory. It can be noted that no treatment of internal ro- 
tors was reported by the authors. The computed ki- 
netic parameters of this reaction were subsequently 
used for reaction ( 1 ) in an experimental and mod- 
eling study on DEE pyrolysis and combustion [11] . 
Their computed rate constant was reported to be 
approximately three times higher than that of Fou- 
caut and Martin. Very recently, Al Rashidi et al. 
[12] calculated the high-pressure limit rate constant 
for the 4-center pericyclic elimination of butanol in 

dibutylether using CBS-QB3 and G4 level of the- 
ory. Internal rotations were treated using the ap- 
proximation of Pitzer and Gwinn [13] , based on re- 
laxed scans performed at the B3LYP/6-31 + G(d,p) 
level of theory. The lowest critical energy computed 

by these authors is 67.7 kcal mol −1 (G4 at 0 K) 
which is 7.7 kcal mol −1 higher than the one calcu- 
lated by Yasunaga et al. (MP4/cc-pVTZ//MP2/cc- 
pVTZ at 0 K). The total high-pressure limit rate 
constant calculated by Al Rashidi et al. at 800 K 

is 3.56 ×10 −6 s −1 , which is lower by a factor of 28 
compared to the value reported by Foucaut and 

Martin. 
The role of the pericyclic elimination of al- 

cohol in cyclic ether has almost not been stud- 
ied in the literature. In the case of unsatu- 
rated cyclic ethers, i.e., furan derivatives, this 
kind of elimination seems not to be possible. In 

our work on 2,5-dimethylfuran (2,5-DMF), no 

4-center elimination transition state was optimized 

at the B3LYP/cbsb7 level of theory despite our 
attempts [14] . In the case of saturated cyclic 
ethers, three studies can be mentioned. Mosham- 
mer et al. [15] proposed a detailed chemical ki- 
netic model to simulate the combustion of 2- 
methyltetrahydrofuran (2-MTHF) in flames. In 

their model, eliminations reaction from the fuel are 
included, leading to the formation of formalde- 
hyde and butene, acetaldehyde and propene or ace- 
tone and ethylene. No detail was given for the de- 
termination of these reactions and their associ- 
ated kinetic parameters. Verdicchio et al. [16] theo- 
retically explored the unimolecular decomposition 

of tetrahydrofuran (THF) and envisaged a molec- 
ular elimination, similar to the one presented in 

reaction ( 1 ) 

tetrahydrofuran → CH 2 CHCH 2 CH 2 OH (2) 

where the cyclic structure of THF leads to the 
formation of but-3-en-1-ol, an unsaturated alco- 
hol. This elementary step involves a bicyclic tran- 
sition state structure, where the H-atom bonded to 

the carbon 3 is transferred on the oxygen atom. A 

computed energy barrier of 80.4 kcal mol −1 was 
reported by the authors for reaction ( 2 ) at the 
CBS-QB3 level of theory. Verdicchio et al. also 

reported an original H 2 elimination reaction in 

THF leading to a zwitterionic C 4 H 6 O cyclic species 
that further isomerizes to 2,3-dihydrofuran. It was 
shown, in this study, that the H 2 elimination is com- 
petitive with the pericyclic rearrangement yield- 
ing the unsaturated alcohol. Tran et al. [17] pro- 
posed a combustion and pyrolysis kinetic model 
for tetrahydropyran (THP) that included unimolec- 
ular decomposition reactions of the fuel based 

on analogies with the work of Verdicchio et al. 
[16] . They calculated a high-pressure limit rate con- 
stant at the CBS-QB3 level of calculation (includ- 
ing 1-DHR treatment of internal rotors), and re- 
ported a computed rate constant of 4.20 ×10 5 T 

2.6 

exp( −73.3 (kcal mol −1 )/RT) s −1 . The fitted activa- 
tion energy of 73.3 kcal mol −1 is lower than the 
similar pericyclic reaction in THF by 7 kcal mol −1 . 
These authors did not envisaged the H 2 elimination 

reaction in their model. It can be noted that no per- 
icyclic reaction is included in the kinetic models of 
THP combustion proposed by Labbe et al. [18] and 

that Dagaut et al. [19] considered lumped molecu- 
lar elimination in their mechanism, based on exper- 
iments performed on THF. 
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