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that  we become familiar with the properties of the oxygenated 
derivatives of BHT. 

Registry No.-2, 38895-88-4; 3, 66483-19-0; 3,3-dimethyl-l.,2- 
butanediol bis(p-nitrobenzoate), 66483-13-4. 
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Anthracene is reduced by CO-Hz0, CO-H~O-HZ, or Hz at 425 "C and an initial pressure of 1500 psi to dihydro- 
anthracene, 1,2,3,4-tetrahydroanthracene, and methylbenzohydrindene. Hydrocracked products and dimers are 
formed to a minor extent. The hydrogen donor solvent, tetralin, promotes rearrangement and cracking. Tetralin 
also increases the formation of methylbenzohydrindme, but does not influence the overall conversion. Ferrous sul- 
fide promotes rearrangement and cracking while lowering the overall conversion. Sodium carbonate retards the re- 
action. Dihydroanthracene disproportionates to anthracene and tetrahydroanthracene under the reaction condi- 
tions. The principal reduction product of quinoline mder similar conditions is 1,2,3,4-tetrahydroquinoline. Frag- 
mented aniline derivatives, dimeric quinoline species, and methylated compounds are also found in the reaction 
mixture. Hydrogen is most effective as a reducing gas, and carbon monoxide must have water present to accomplish 
the reduction. Iron sulfide and sodium carbonate prclmote the carbon monoxide reductions. 

Carbon monoxide is a versatile feedstock in that it can 
be used to synthesize a variety of chemicals such as sodium 
formate, methanol, ketones, adipic acid, aldehydes, ethylene 
glycol, glycidic acids, and hydrocarbons. This is in spite of the  
fact that  it contains the strongest covalent bond known which 
exceeds that of nitrogen gas by 30 kcal/mollJ and acetylene 
by 27 kca l /m~l .~ .*  Carbon monoxide is now recognized as a 
superior reducing agent for the liquefaction of lignite4-7 and 
other materials.*,9 With benzophenone, there is evidence thiit 
it  reacts via the  formate ion in basic solutions.s 

Anthracene reduction has been studied using hydrogen and 
hydrocracking  catalyst^.^^-^* Blom e t  al.13 have reported 
dihydroanthracene and tetrahydroanthracene are formed 
under more mild hydrogenation conditions. As the conditions 
become more severe, isomerization to substituted indane and 
hydrocracking to naphthalene and benzene derivatives 
occur. 

Since pyridine is more readily reduced than benzene,15 it 
is not surprising that the  pyridine portion of quinoline is se- 
lectively saturated. However, in acid media, the  benzo group 
of quinoline can be selectively reduced.l6 Hydrogenation to  
decahydroquinoline is d i f f i~u1 t . l~  Ring rupture to give 3- 
methylindole, N-methyl-o -toluidine, and o -toluidine occurred 

0022-3263/78/1943-2991$01.00/0 

when quinoline was reduced over nickel in the vapor phase at 
260-380 OC.16 Catalytic hydrogenation of quinoline can also 
give alkylated anilines.ls 

Carbon monoxide can alkylate molecules also. Under 
Fischer-Tropsch-like conditions, a synthesis gas mixture of 
carbonrmonoxide, nitrogen, and hydrogen containing piper- 
idine gave C ~-*-alkylpiperidines.~g 

The  study herein described utilizes three sets of reducing 
gases with and without potential catalysts to reduce quinoline 
and anthracene, models for portions of the lignite structure. 
Quinoline assumes additional importance in model compound 
studies in relation to denitrification processes so important 
t o  coal conversion studies. 

Expe r imen ta l  Sec t ion  

Batch Autoclave Reductions. All the reductions were done in two 
250-mL Hastelloy alloy C batch autoclaves (Autoclave Engineers, Inc.) 
using a heater designed to accommodate both autoclaves simulta- 
neously and mixing achieved by rocking. Each autoclave contained, 
when specified, a catalyst, solvent, water, and reducing gases. The time 
of each run was 2 h at 425 "C not including heat-up and cool-down 
times. The initial charging pressure at  room temperature was 1500 
psi. 

After the autoclaves were cooled and decompressed. the organic 
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Table I. Mass Spectral Data for 1,2,3,4- 
Tetrahydronaphthalene Compared With the Mass 
Spectrum of the Compound Thought to be 1,2,3,4- 

Tetrahvdroanthracene 

1,2,3,4- 1,2,3,4- 
tetrahydronaphthalene tetrahydroanthracene- 

m le  a intensitv mle a intemitv 
re1 re1 

132 0 
131 1 
117 15 
116 16 
115 17 
104 28 
103 29 
91 41 

62 182 0 
1 2  181 1 
1 2  167 15 
4 166 16 
9 165 17 

100 154 28 
8 153 29 

43 141 41 

100 
20 
113 
1 1  
18 
3'1 
11 
34 

" Mass of fragment(s) lost. 

and water layers were separated. The organic layers were filtered 
through sintered glass funnels and analyzed by gas chromatography. 
The autoclaves were cleaned by washing with acetone, scrubbing with 
steel wool, washing with a soap solution, and rinsing with distilled 
water. 

The gas chromatograph used in this study was a Varian Aerograph 
90-P. The column was 0.25 in. X 10 ft 5% Carbowax with Chromosorb 
W as a column support, and the column temperatures were 50 to 220 
"C. The internal standard was methyl benzoate. The conversion 
percentage was obtained by subtracting the amount of unconverted 
starting material from 100. The averages of the duplicated results were 
normalized to the conversion percentage and entered in the tables. 
The precision variation in the yields is f6%. 

Mass spectral (MS) and GC/MS analysis of reaction mixtures were 
performed using methods developed for coal-derived liquids. The 
column used was 3% OV 17 on Chromosorb W-HP packed in a I/a in. 
0.d. by 10 ft. stainless steel column. The chromatograph was a Varian 
Model 2740 with a splLtter which directed of the column effluent 
to the flame ionization detector and 2/3 to  a duPont Model 21-491B 
low resolution mass spectrometer. Mass spectra were recorded for 
each peak which appeared in the chromatograms. Compounds were 
identified by their mass spectra or retention times. Authentic samples 
were used for comparison where possible. The GC temperature was 
programmed from 70-275 "C at 8 OC/min, and the helium flow rate 
was 30 mL/min. The amount of sample solution injected was 0.5 
CtL. 

Low voltage MS was performed using an AEI MS 30 mass spec- 
trometer equipped with a 325 "C heated glass inlet. A 2-3-mg sample 
was introduced into the mass spectrometer and vaporized. After the 
intensities had attained stable values, at least six spectra were re- 
corded and the intensities were averaged. The source pressure was 
approximately 2 X lo'+ Torr, and an ionizing voltage of 1O.Cl V was 

used for obtaining low voltage spectra at a resolution of 1000. High 
resolution spectra were obtained at a resolving power of approximately 
7000 and an ionizing voltage of 70 V. An AEI DS 50 data system was 
used for collecting and manipulating low voltage and high resolution 
data. The high resolution mass spectra confirmed the presence of the 
dimeric and methylated compounds indicated by GC/MS analysis. 

Sodium carbonate was supplied by Mallinckrodt, Inc., St. Louis, 
Mo. Ferrous sulfide (99.999%) was purchased from Research Or- 
ganichnorganic Chemical Corporation, Sun Valley, Calif. Dihydro- 
anthracene was supplied by Pfaltz and Bauer, Inc., Stanford, Conn. 
The structure of 1,2,3,4-tetrahydroanthracene is postulated on the 
basis of its relative retention time and mass spectrum fragmentation 
pattern comparison to  that of 1,2,3,4-tetrahydronaphthalene, cf. 
Table I. Dihydroanthracene proved identical to an authentic sample 
of 9,lO-dihydroanthracene by GLC retention time and mass spectrum 
fragmentation pattern. 

Results and Discussion 

The reduction results of anthracene under 11 conditions 
and 9,lO-dihydroanthracene under 2 conditions are given in 
Table 11. Table I11 presents data from GLC-mass spectrom- 
etry analysis of the  anthracene reaction products (run 3 in 
Table 11). The  mass spectrometrically determined "tetrahy- 
droanthracene" of Table I11 is a mixture of 1,2,3,4-tetrahy- 
droanthracene and methylbenzohydrindene as shown by GLC 
analysis. 

Anthracene is pyrolytically stable under the conditions of 
these reductions, cf. run 1, Table 11. With reducing gases, the  
principal products of the  anthracene are tetrahydroanthra- 
cene (42-59%), 9,lO-dihydroanthracene (14-23%), and an  
isomer of tetrahydroanthracene, methylbenzohydrindene 
(7-17%). Cracking occurs to give 3-8% of naphthalenes, bi- 
phenyl, and benzenes (Table 111) along with ca. 1% dimeri- 
zation. Methylation occurs to a minor extent forming meth- 
ylanthracene. 

In regard to  reducing gases for anthracene in the absence 
of added potential catalysts, hydrogen alone is the  superior 
performer giving a 97% conversion and 59% yield of tetrahy- 
droanthracene (run 2 of Table 11). Water (run 4) reduces the  
conversion and product yields for all but dihydroanthracene. 
This implies the  reduction sequence: anthracene - dihy- 
droanthracene - tetrahydroanthracene and cracked prod- 
ucts. Carbon monoxide and water (run 5 )  give comparable 
conversions to that of hydrogen and water, lower yields of 
dihydro- and tetrahydroanthracene and higher yields of 
rearranged and cracked products. The  blend of carbon mon- 
oxide, water, and hydrogen (run 6) offers merely an averaged 
response. 

Table 11. Reduction of Anthracene (A)" and Dihydroanthracene (D)" at 425 "C 

dihydro- 
run/ anthracene, %, tetrahydro- methylbenzo- cracked, conversion, 

1/(A) Ar, HzO Na2C03 3.6 (D) 0.0 0.0 0.0 3.6 
2/(A) HZ none 13.6 (D) 59.0 16.2 7.9 96.7 
3/(A) CO,'Hq none 16.3 (D) 41.5 14.8 4.3 76.9 
4/(A) Hz, €I20 none 17.2 (D) 56.2 11.9 6.0 91.3 
5/(A) CO, " 2 0  none 13.3 (D) 53.2 16.9 7.4 90.8 
6/(A) CO, " 2 0 ,  H2 none 15.3 (D) 55.0 13.1 6.3 89.7 
7/(A) Hz, € 3 2 0  Na2C03 23.1 (D) 52.3 6.8 3.4 85.6 
8/(A) CO, H 2 0  Na2C03 20.3 (D) 52.7 8.5 3.9 84.6 
9/(A) CO, W20,Hz NazCO3 21.8 (D) 51.9 8.7 4.5 86.9 

10/(A) CO, H20, H2 Na2C03 13.7 (D) 38.9 20.0 16.2 88.8 

11/(A) CO, HzO, H2 FeS 14.8 (D) 33.4 16.2 8.6 73.0 

13/(D) Hz, €320 NaZC03 9.3 (A) 56.9 9.6 5.0 80.0 

(compd) gas catalyst or anthracene, % anthracene, % hydrindene, % % % 

(with tetralin) e 

12/(D) Hz, €I20 none 8.7 (A) 53.3 8.3 5.4 75.7 

(1 0.15 mol. b 9,10-Dihydroanthracene supplied by Pfaltz and Bauer, Inc., Stanford, Conn., containing 7% anthracene. Each gas 
Weight percent. e 0.15 a t  750 psi, except when hydrogen and carbon monoxide are used simultaneously, then each are a t  375 psi. 

mol of which 73% was converted principally into naphthalene (47%) plus ca. 26% fragmented products. 
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Table 111. GLC-Mass Spectral  Analysis of the  Anthracene 
- Reaction Solution (Run 3, Table 11)" 

probable probable 
comDd wt. % comod wt. % 

dimer of anthracene 0.5 anthracene 39.5 
methylanthracene 0.2 methylbiphenyl 1.0 
octahydroanthracene 0.5 dimethylnaphthalenes 0.2 
hexahydroanthracene 1.7 biphenyl 0.1 
tetrahydroanthracene 44.1 methylnaphthalenes 0.6 
dihydroanthracene 11.6 

a These results were based on one specific reaction solution. 

The presence of the base sodium carbonate reduced the 
overall conversion, reduced the yields of rearrangement #md 
cracking products, maintained the yield of tetrahydroan- 
thracene, and increased the yield of dihydroanthracene, cf. 
runs 7-9 with 4-6, Table 11. This infers the reduction se- 
quence: anthracene - dihydroanthracene - tetrahydraan- 
thracene - rearranged and cracked products by further re- 
tarding the reduction from that  caused by water. 

Again, as in the absence of sodium carbonate (runs 5 i3nd 
6 with 4, Table 11), the presence of carbon monoxide and water 
(runs 8 and 9 with run 7) gives comparable conversions to that 
of hydrogen and slightly higher yields of rearranged iind 
cracked products. The  yields of dihydro- and tetrahydroan- 
thracene remain about the same on changing reducing gases 
(runs 4, 5 ,  6 and 7, 8, 9). Thus  carbon monoxide and water 
probably reacts through several reaction pathways, one of 
which is via the shift reaction. 

The presence of the hydrogen donor solvent tetralin 
maintained the anthracene conversion yields (run 10 vs. 9, 
Table 11) and promoted fragmentation and rearrangement a t  
the expense of dihydro- and tetrahydroanthracene yields. 
Ferrous sulfide reduced the conversion more than did sodium 
carbonate and, in contrast to  sodium carbonate, it further 
enhanced rearrangement and cracking (run 11 vs. 9 and 6). 

T o  check the reaction sequence order, 9,lO-dihydroan- 
thracene was exposed to the conditions of the anthracene re- 
action, and it did form the expected products (runs 12 and 13, 
Table 11). In addition, anthracene was formed which implied 
tha t  dihydroanthracene disproportionates during the re- 
duction. With the exception of anthracene, the distribution 
of products in the dihydroanthracene reaction mixture ,3p- 
proximate tha t  of the anthracene reaction solutions. Hence 
the reduction sequence now becomes: anthracene == dilly- 
droanthracene -+ tetrahydroanthracene - rearranged and 
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cracked products. These conclusions are in accord of the 
postulated pathways for anthracene reduction of Blom et  a l l 3  
and Quader e t  al.14 

The results of quinoline reduction under 14 conditions are 
illustrated in Table IV. The  complex mixture of reaction 
products from run 8, Table IV, are illustrated in Table V. 
1,2,3,4-Tetrahydroquinoline is the major reaction product. 
As with anthracene, dimerization and methylation occurs. 
Products of lower molecular weights than quinoline and those 
with higher molecular weights than quinoline have been 
gathered together in the table with the exception of 1,2,3,4- 
tetrahydroquinoline. Quinoline, itself, is thermally stable 
(runs 1 and 7, Table IV). 

In the absence of added possible catalysts and water, hy- 
drogen gas is superior to  carbon monoxide for converting 
quinoline into products, Le., Hz (run 3) > H p C O  (run 2) >> 
CO (run I), Table IV. Carbon monoxide does not reduce 
quinoline to any appreciable extent. The presence of water 
aids the carbon monoxide reductions of quinoline (runs 4 and 
5 with runs 1 and 2) but  has no effect on the hydrogen one. 
These results are consistent with the carbon monoxide re- 
duction proceeding through the shift reaction, and that  hy- 
drogen is the principal reducing agent. 

The base, sodium carbonate, does promote the carbon 
monoxide reduction conversion, cf. run 4 vs. 8, Table IV, bu t  
did not influence the product distribution. Sodium carbonate 
has little effect on the carbon monoxide-water-hydrogen 
reduction, cf. run 5 vs. 9, and has a negative effect on the hy- 
drogen reduction, cf. run 6 vs. 10. 

The neutral catalyst, iron sulfide, is slightly superior to  
sodium carbonate for catalyzing the carbon monoxide re- 
duction conversion and promotes fragmentation and dimer- 
ization to a greater extent, cf. runs 8 with 11 and 9 with 12, 
Table IV. Therefore, base strength is not the only factor for 
the quinoline reduction catalysis. The hydrogen donor solvent, 
tetralin, has little effect on the reduction conversions of 
quinoline, cf. runs 12 with 13 and 9 with 14. 

Since the quinoline product distribution for the hydrogen 
reduction differs little from that  of the carbon monoxide re- 
duction, the methylation carbons most probably originate 
from the fragmentation process of the heterocyclic ring of 
quinoline. However, carbon monoxide must be considered as 
an alternate source.18 

The dimer products of quinoline and anthracene presum- 
ably originate from radical processes and represent a possible 
mechanism for the "repolymerization" thought to occur 
during the liquefaction of coals. 

Table IV. Reduction of Quinoline" 

1,2,3,4- higher 
reducing tetrahydro- fragmen- mold conver- 

run agentb solvent a catalystsC quinoline, %d tation, %d w t  products, % sion, % e  

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 

co 
CO--H2 
H2 
CO-H20 
CO-HZO-H~ 
Hz-H~O 

CO-HzO 
CO-HzO-Hz 
H2-H20 
CO-Hz0 
CO-HzO-Hz 
CO-HzO-H:! 
CO-HzO-Hz 

none 

none 
none 
none 
none 
none 
none 
none 
none 
none 
none 
none 
none 
tetralin 
tetralin 

none 
none 
none 
none 
none 
none 
NazC03 
NazC03 
NazC03 
NaZC03 
FeS 
FeS 
FeS 
NazC03 

0 
21 
42 
9 

28 
44 
0 

31 
31 
20 
28 
39 
41 
24 

0 
3 
6 
1 
4 
6 
0 
3 
3 
2 
6 
6 
2 
3 

0 
12 
15 

2 
11 
13 
0 
7 
7 
7 

11 
14 
15 
9 

1 
36 
63 
12 
43 
63 
1 

41 
41 
29 
45 
59 
58 
36 

a 0.15 mol. Each gas at 750 psi, except when hydrogen and carbon monoxide are used simultaneously, then each are at 375 psi. 
0.015 mol. Normalized to converted quinoline. e Based on converted quinoline. 
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Table V. GLC-Mass Spectral Analysis of the Quinoline 
Reaction Solution (Run 8, Table IV) 

probable probable 
compd wt, % compd wt, % 

tetrahydroquinoline 0.01 hexahydro- 0.7 

dihydroquinoline 0.04 tetrahydro- :!6.4 

quinoline dimer 0.6 dihydroquinoline 1.7 
tetrahydromethyl- 0.02 quinoline 63.2 

dimethylquinoline 0.3 dimethylaniline 0.5 
tetrahydromethyl- 1.1 indan 0.6 

dimer qui n o 1 in e 

dimer quinoline 

quinoline 

quinoline 

quinoline 
dihydromethyl- 0.3 methylaniline 3.3 

methylquinoline 0.4 aniline 0.6 
methylnaphthalene 0.2 

References and Notes 
(1) L. Brewer and E. Bracken, Chem. Rev., 61, 425 (1961). 
(2) J. Drowati and R. E. Honig, J. Phys. Chem., 61, 960 (1957). 
(3) W. A. Chupka and C. Lifshitz, J. Chem. Phys., 48, 1109 (1968). 
(4) H. R. Appell and I. Wender, Am. Chem. SOC., Div. Fuel Chem., Prepr., 12, 

220 (1968). 
(5) H. R. Appell, I. Wender. and R. D. Miller, Am. Chem. Soc., Div. Fuel Chem., 

Prepr., 13, 39 (1969). 
(6) H. R. Appell, I. Wender, and R. D. Miller, Chem. I d .  (London), No. 47, 1703 

(1969). 
(7) H. R. Appell, private communication. 
(8) D Jones, R. J. Baitisberger, K. J. Klabunde. N. F.  Woolsey, and V. I .  

Stenberg, J. Org. Chem., 43, 175 (1978). 
(9) V. A. GOlodov, D. V. Sokel'skii', and S. A. Titova, Dokl. Akad. Nauk SSSR, 

224,623 (1975); B. L. bymore, J. A. Kaduk, and J. A. Ibers, Prw. lnt. Conf. 
Coord. Chem., 16th 4.13 (1974); G. F. Gerasimova, I. S. Sazonova, A. V. 
Rozlyakova, G. M. Alikina, R. V. Bunina, and N. P. Keier, Kinet. Katal., 17, 
1009 (1976); A. Sood, C. W. Quinlan, and J. R. Kittrell, lnd. Eng. Chem., 
Prod. Res. Dev., 15, 176 (1976); and R. J. H. Voorhoeve, J. P. Remeika, 
and L. E. Trirnble, Ann. N.Y. Acad. Sci., 272, 3 (1976). 

(IO) S. A. Qader and G. R. Hill, Am. Chem. SOC., Div. Fuel Chem. Prepr., 14, 
84 (1970). 

(1 1) R. F. Sullivan. C. J. Egan, and G. E. Langlois. J. Catal.. 3, 183 (1964). 
(12) S. A. Qader, J. Inst. Pet., London, 59, 178 (1973). 
(13) P. W. E. Blorn, J. Dekker, L. Fourie, J. A. Kruger, and H. G. J. Potgieter, J. 

S. Afr. Chem. Inst., 28, 130 (1975). 
(14) S. A. Qader, D. B. McComber. and W. H. Wiser, Am. Chem. SOC., Div. Fuel 

Acknowledgment. We gratefully acknowledge tha t  this 
research was supported by the  United States Department of 
Energy on Contract No. E (49-18)-2211. 

1,2,3,4-tetrahydroant1,racene, 2141-42-6; anthracene, 12(,-12-7; 
9,10-dihydroanthracene, 613-31-0; methylbenzohydrindene, March 1976. 
37977-37-0; quinoline, !31-22-5; 1,2,3,4-tetrahydroquinoline, 63.5-46-1; 
CO-HzO, 40217-37-6; ICO-HzO-Hz, 66402-63-9; Hz, 1333-74-0. 

Chem. Prepr., 18, 127 (1973). 
(15) M. Freifelder. "Practical Catalytic Hydrogenation", Wiley-Interscience, 

New York, N.Y., 1971, pp 600-607. 
(16) R. C. Eiderfield, "Heterocyclic Compounds", Vol. 4, Wiley, New York, N.Y., 

1952, p 283. 
(17) F. W. Vierhapper and E. L. Eliel, J. Am. Chem. SOC., 96, 2256 (1974). 
(18) J. R. Katzer, B. C. Gates, J. H. Olson, H. Kwart, and A. B. Stiles, Quarterly 

Technical Progress Report, FE 2028-3 under ERDA Contract E(48-19)-2028, 

(19) H. Deckert, H. Koelbel, and M. Ralek, Chem. Eng Tech., 47, 1022 

Registry No.--1,2,3,4-Tetrahydronaphthalene, 119-64-2; 

(1975). 

Chemistry of Allene 

T. H. Chan* and B. S. Ong 

Department of Chemistry, McCill L'niuersity, Montreal, Quebec, Canada 

Receiued March 16,1978 

A gener,sl and facile method to the highly reactive allene oxides has been developed. 1-tert-Butylallene oxide is 
isolated and characterized. 1-Alkyl-, 3-alkyl-, and 3-aryl-substituted allene oxides, when similarly generated, suffer 
regiospecific nucleophilic epoxide opening to  give substituted ketones. On the other hand, 1-aryl- and 1,l-dialkyl- 
substituted allene oxides give products characteristic of cyclopropanones. These allene oxides, once generated, are 
believed t o  have undergone facile isomerization to cyclopropanones. The mechanism of the isomerization process 
is discussed. 

Allene oxide (1) is an  extremely unusual molecule. Within 
its simple framework, it has encompassed the  structural fea- 
tures of epoxide, double bond, and enol ether. Allene oxide is 
also highly strained. Several quantum mechanical calcula- 
t i o n ~ ~ - ~  have concluded that it has a higher energy content 
than cyclopropanone (2), a molecule already notorious for its 
instability and r e a ~ t i v i t y . ~  It is not surprising, therefore, to 
find that allene oxide is very reactive and has eluded isolation. 
Prior to our work, only two substituted allene oxides, 1,l- 
di-tert-butyllO and 1,1,3-tri-tert-butyl,'l3l2 both sterically 
encumbered, have been properly characterized. There are 
reasons, however, other than its intrinsic interest, t o  investi- 
gate the chemistry of allene oxide. Reactions at carbon-1 and 
carbon-3 of the allene oxide molecule should render it a useful 
synthon (eq 1). Furthermore, allene oxide is linked structur- 
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ally to its valence tautomers, cyclopropanone (2)8,9 and ox- 
yallyl (3),13 interesting species in their own right. The  rela- 
tionships between these isomers have not been entirely clear 
and are a problem of much current interest.14 There are two 
aspects t o  the problem; one is the  relative stability of these 
structures and the other is the mechanism of the isomerization 

process. An understanding of this problem would inevitably 
lead to a better understanding of the  fundamental nature of 
bonding in small-ring compounds and may cast light on the  
validity of some of the  theoretical calculations. 

One difficulty associated with the  study of the  chemistry 
of allene oxides is the lack of an adequate method of synthesis. 
A generally employed approach is by way of epoxidation of 
allenes, which, for all practical purposes, means the reaction 
of allenes with peracids (eq 2).15 This approach suffers the  
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