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The peracid oxidation of tetramethylallene, 1,l-dimethylallene, and 1,2-cyclononadiene has been studied. 
The products of these reactions are rationalized in terms of initial formation of an allene oxide followed by com- 
petitive partitioning of this reactive species between valence isomerism to the related cyclopropanone and further 
oxidation to a dioxaspiropentane derivative. In  addition to combining with the carboxylic acid generated 
during the oxidation to produce a-acyloxy ketones the cyclopropanones suffer further reaction with peracid to 
yield p-lactones or undergo “oxidative decarbonylation” to the corresponding olefins which are usually trans- 
formed into their epoxides under the reaction conditions. The dioxaspiropentanes also add carboxylic acid 
yielding a-acyloxy a’-hydroxy ketones. Thus, an excess of peracetic acid in buffered methanol gives 1, 8, and 
12 as important products from tetramethylallene. 1,2- 
Cyclononadiene is transformed to 20, 22, 23, and cyclooctene by peracid in methylene chloride. 1,l-Dimethyl- 
allene gives 30, 31, 32, and 33 under these conditions, but only acetone and methyl acetate in methanol solvent. 

A similar reaction under acidic conditions yields only 9. 

We have previously reported on the peracetic acid 
oxidation of tetramethylallene in methylene chloride 
solution.2 The formation of products 1-4 in this 
reaction was rationalized in terms of reactive inter- 
mediates 5 and 6 which are derived by straightforward 
mono- and di-epoxidation of the starting allene. Rea- 
sonable transformations of allene oxide 5 and dioxide 
6 were postulated to lead t o  the observed products. 
This early study provided no information concerning 
the interesting possibility of valence isomerism of 
allene oxide 5 to cyclopropanone 7. Subsequent work 
has resulted in the isolation and characterization of 
authentic allene oxide d e r i ~ a t i v e s ~ - ~  and an example of 
a spiro dioxide.6 Furthermore, the type of valence 
isomerism illustrated by the transformation of 5 to 7 
has received experimental ~onf i rmat ion .~ ,~  The present 
paper is concerned with further studies on epoxidation 
of simple allenes. 

Merely changing the solvent from methylene chlo- 
ride t o  methanol results in a striking modification of 
the product mixture derived from tetramethylallene. 
Thus, when 3 equiv of peracetic acid in methylene 
chloride was added t o  a methanol solution of the allene 
containing sodium carbonate, a minimum of nine prod- 
ucts could be isolated and identified unambiguously. 
As in the earlier study the major product was acetoxy 
ketone 1 (47%). However, an important amount 
of tetramethylethylene oxide (8) (37%) was found, 
as were isolable quantities of the following materials : 
acetone, pinacolone (7%), methoxy ketone 9 (2%) , 
methyl 2,2,3-trimethylbutanoate (10) (l%), methyl 
a-hydroxyisobutyrate (3%) , hydroxy methoxy ketone 
11 (2%), and 3-hydroxy-2,2,3-trimethylbutanoic acid 
P-lactone (12) (1%). 

I n  methanol there is a sharp decrease in the products 
attributed to reactive intermediate 6 .  For example, 
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ketone 2 is not observed as a product in methanol, 
whereas it amounts to about 40% in a comparable 
methylene chloride experiment. Indeed, the only 
product directly attributable t o  6 in the first reaction 
is ketone 11. (The acetone and methyl a-hydroxy- 
isobutyrate are probably secondary products of 11 
derived by peracid oxidation and methanolysis of 
intermediate 13.) The reaction is observably slower 
in methanol, probably a result of hydrogen-bonding 
interactions between the solvent and peracid.a Ap- 
parently, the intervention of competing processes 
prevent substantial conversion of 5 into 6 in methanol. 
In addition to retarding the epoxidation, the polar 
hydroxylic solvent may aid the competing reactions 
for the consumption of the allene oxide by the solvation 
of polar intermediates involved in these processes. 
Of course, methanol is also available as a nucleophile 
for reaction with reactive intermediates. Among the 
new epoxidation products are four which have suffered 
skeletal rearrangement, namely pinacolone, epoxide 
8, ester 10, and lactone 12 (see Chart I ) .  An attrac- 
tive rationalization for these products invokes cyclo- 
propanone 7 as an important intermediate.g In  
methanol 7 exists almost exclusively in the form of 
its hemiketal 14, but reactions involving the small 
amount of the free ketone presumably present at  equi- 
librium are known.g The base rearrangement of 7 
to give ester 10 is amply do~umented .~  Simple Baeyer- 
Villiger oxidation likewise presents a reasonable path- 
way to lactone 12. This latter compound is, however, 
stable to the reaction conditions thereby ruling out a 
route to epoxide 8 by way of 12 (e.g., decarboxylation1° 
followed by epoxidation of the tetramethylethylene 
thus produced). Nonetheless when an authentic 
sample of 14 was subjected to the reaction conditions, 
a product mixture consisting of 8 (55%), methoxy 
ketone 9 (24%), acetoxy ketone 1 (ll%), pinacolone 
(473, and rearranged ester 10 (6%) was obtained. 
A trace of material with the appropriate glpc character- 
istics for tetramethylethylene was also detected, but 
this probably arises from decomposition of lactone 12 
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CHART I 
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undcr the glpc conditions. A control cxpcriment 
dcmonstratcd that this olefin is rapidly transformed to  
epoxidc 8 under the reaction conditions. Thcse re- 
sults suggest an “‘oxidative dccarbonylation” path- 
way”,’* for thc conversion of 7 into the olefin precurser 
of epoxidc 8, most likely via fragmentationl3 of the 
intermediate peracid adduct 15. It is noteworthy 
that this rcaction does not go through the 0-lactone 12, 
a possibility that has not bcen excluded in other cx- 
amples of “oxidative decarbonylation.” 

Accepting this evidence for thc involvcmcnt of oyclo- 
propanone 7 leads to the suggetion that 7 is formed by 
isomerization of the initially formed allcnc oxide. 
Subsequently performed studies have dcmonstratcd 
clearly the operation of this type of transformation 
with other a l l ~ n c s , ~ ~ ~  thereby bolstering substantially 
this dcduction. Evidently an important reaction pf 
allene oxide 5 in methylene chloride is further cpoxida- 
tion to dioxide 6, whcrcas this process is not competitive 
with the isomcrirm of 5 to 7 in mcthanol. If this latter 
transformation involvcs the intcrmediacy of zwitterion 
16 or some closely related species (e.g., its protonated 
form 17), the accelerating effect of a polar hydroxylic 
solvent can be readily appreciated. 

An experiment performed by adding 1 cquiv of pcr- 
acid slowly to a methanol solution of the allene gave a 
product mixture containing 1 (72y0), 9 (9%), 10 (9%), 
and 11 (go/,), but no epoxide 8. I n  the abscnce of 
C X C ~ S S  oxidizing agent the cyclopropanonc was evi- 
dently converted into altcrnatc products in accord with 
expcctations based on thc mechanism claborated above. 

A dramatic variation in the reaction was again ob- 
served when the sodium carbonate buffer was omitted 

(11) J E. Baldwln and J. H. I. Cardellla, Chem. Commun., 558 (1968). 
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and a small amount of sulfuric acid was added to the 
reaction mixture. These conditions resulted in me- 
thoxy ketone 9 as the only oxidation product. Under 
acidic conditions methanol is the best available nucleo- 
phile and its addition occurs cleanly. This addition 
can conceivably operate on either allene oxide 5 or cyclo- 
propanone 7, although protonation and isomerization 
to stablized cation 17 probably precedes nucleophilic 
attack. Hemiketal 14 provides yet a third potential 
source of 17 in the presence of acid. 

I n  order to  better define the chcmistry of 7, this 
intermediate was generated undcr different conditions 
by thc irradiation of Production of the cyclo- 
propanone in the preseqce of equivalent amounts of 
methanol and acetic acid in methylene chloride gen- 
erated only acetoxy ketone 1. A similar experiment to  
which a trace of strong acid had bcen added resulted 
in a 18 : 84 ratio of 1 to methoxy ketone 9. Performing 
the photolysis in a methanol solution of sodium acetate 
yielded 1 (87%) in addition to small amounts of Q 
and 10. These results accord well with thk proposed 
role of 7 as the product precursor in the peracid oxida- 
tions discussed above. Howevcr, the unavailability 
of allcnc oxidc 5 for independent observation rcndcrs 
it difficult to cxplorc the possibility that  this spccies 
might be transformcd to products without isomcriza- 
tion to 7. Conversely, valence isomerization of 7 
to 5 prior to product formation cannot bc ruled 0 ~ t . l ~  

Rationalization of the variation in products in thc 
photolysis experiments involtcs the formation of an 
ion pair botwecn 17 snd acctatc as the important step 
in tho addition of acetic acid to 7 in the first cxpcri- 
mcnt. Collapse to covalent product 1 follows logically. 
I n  the prcscnco of strong acid, free 17 is generated and 
combines with the best available nucleophile, methanol. 
The preponderance of acctatc product in mt:thanolic 
sodium acctatc solution is also explicable in terms of 
nucleophilic competition for thc reactivc electrophilic 
species which is probably zwitterion 16. 

The behavior of 1,2-cyclononadicnc (la), a 1,3- 
disubstituted allcnt:, towards pcracid oxidation was 
also studied.l5 Reaction of 19 with 1 cquiv of pcr- 
acetic acid in methylcnc chloride solution, followed by 
glpc isolation yielded cyclooctcnc, unrcactcd 19, 
cyclooctenc oxidc (20), and 1,2-cyclononadionc (21) 
in an 11: 18:29:44 ratio. Column chromatography 
of the crude product produced a small amount of an 
additional material which is tentativcly idcntificd as 
0-lactone 22 on the basis of its spectral charactcristics, 
most notably a carbonyl band a t  5.47 p in the ir and 
loss of C02 as an important mass spectral fragmcnta- 
tion. Utilizing 3 cquiv of peracid resultcd in a 31:89 
mixture of 20/21 as the only important products obscrvcd 
by glpc. However, examination of the crude reaction 
mixtures demonstratcd that diono 21 was not present, 
but rather the data wcrc consistcnt with the presence 
of an acetate cstcr, most probably 23a (uide infra). 

One equivalent of m-chloropcrbcnzoic acid (MCPBA) 
transformed 19 into a 12:4:84 mixture of 19/20/21 
as viewed by glpc analysis. In  this instance crystal- 
line 23b was isolated from thc reaction mixture and 

(14) There is no concrete evidence for the presence of detectable amounts 
of the allene oxide isomer in etluilibrium \vitti 7.’ 

(15) Subsequent to initiation of this work, a publication on the same 
subject appeared: W. P. Reeves and G. G. Sl.roebel, Tetrahedron Lett., 
2945 (1971). 
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shown to decompose cleanly to dione 21 upon injection 
onto the glpc column. An experiment performed with 
3 equiv of p-nitroperbenzoic acid (PNPBA) gave a 
product mixture indicating an 18:72 ratio of 20/21 
by glpc, but from which crystalline 23c was isolated. 
This ester also yielded 21 cleanly by glpc decomposi- 
tion. 

These results can be accommodated within the gen- 
eral framework of allene epoxidation mechanisms as 
depicted in Chart 11. Epoxidation of 19 leads to the 
reactive allene oxide intermediate 24, which serves as 
a branching point for further reaction. On one hand, 
24 is further epoxidized to a second reactive species, 
spiro dioxide 25, which is the precursor of the major 
product 23 by addition of the appropriate acid. This 
pathway to 23 is supported by the isolation and char- 
acterization of an analogous compound in a different 
allene epoxidation.6 Of course, dione 21 is a secondary 
decomposition product of 23 formed only upon injec- 
tion into the gas chromatograph. It is noteworthy 
that 23 (analyzed as 21 by glpc) increases in relative 
quantity as the amount of peracid increases. The 
other mode of reaction for 24 involves valence isomeri- 
zation to cyclopropanone 26. This hypothesis is 
supported most strongly by the presence of lactone 22, 
its further peracid oxidation product, in the crude prod- 
uct mixture. However, the major path.way for utili- 
zation of this reactive species is "oxidative decarbonyla- 
tion" yielding cyclooctene and its epoxide 20 by yet 
another peracid oxidation. The isolation of cyclo- 
octene itself in the reaction utilizing 1 equiv of per- 
acetic acid is particularly significant since, in the reac- 
tions of tetramethylallene, the corresponding olefin 
was only postulated as an intermediate on the way to 
epoxide 8. The relative efficiencies of the two product- 
forming routes from 24 as a function of available per- 
acid is consistent with a balanced competition between 
valence isomerization and further epoxidation of 24. 

It was somewhat surprising to note that 24 does not 
give appreciable quantities of the simple carboxylic 
acid adduct 27, normally the major product from al- 
lene epoxidations. An understanding of this obscrva- 
tion is complicated by the ambiguity of the mecha- 
nistic pathway leading to this type product, which can 

conceivably be generated by addition of acid to  either 
an allcne oxide or cyclopropanone intermediate. The 
methylene chain of 24 is situated such as to retard 
S~2- type  attack at  the saturated epoxide center, a 
feature which could account for the predominance of 
other processes. Alternatively, reaction of cyclo- 
propanone 26 with acid via a cationic intermediate 
analogous t o  17 may be impeded by the paucity of 
stabilizing alkyl groups. It is not presently known 
what role is played by the strain inherent in these 
medium-ring derivatives. 

Finally, it is now clear that dione 21 is not a primary 
product of the peracid oxidation as had been sug- 
gested earlier by Reeves and Stroebcl.lb The nature 
of this unanticipated transformation of 23 merits 
brief consideration. A most intriguing possibility 
involves pyrolytic 1,3 elimination of carboxylic acid 
t o  give hydroxycyclopropanone 28, the anticipated 
tautomerism of which produces the dione. A related 
1,3 elimination has been suggested t o  account for the 
pyrolytic conversion of 2-acetoxycycloalkanones into 
ring-contracted olefins, carbon monoxide, and acetic 
acid.16 An alternate mechanism calls for tautomeriza- 
tion of 23 to isomeric keto1 29 prior to 1,2 elimination 
of acid and subsequent tautomerization t o  21. Ex- 
perimental differentiation between these possibilities 
is not obvious. 

The geminally disubstituted compound, 1,l-di- 
methylallene, was also briefly examined. The addi- 
tion of this allene to 3 equiv of peracetic acid in methyl- 
ene chloride solution proceeded with the evolution of 
COz and the formation of 3-acetoxy-3-methyl-2-buta- 
none1' (30) and isobutylene oxide (31) as major prod- 
ucts. Appreciable quantities of acetone and 3-hy- 
droxy-2,2-dimethylpropanoic acid @-lactone (32) were 
also isolated. The relative proportions of thc latter 
four products were 50: 25 : 17 : 8. In  addition the pres- 
ence of the isomeric @-lactone 33 was indicated by 
nmr examination of the crude product which displayed 
signals a t  the same chemical shifts as an authentic 
sample. Furthermore, 33 was shown to lose CO, under 

(16) R. G .  Carlson and J. H. Bateman, J .  Om.  Chem., 32, 1608 (1967). 
(17) J. Boeseken, R e d .  Trav. Chim. Pays-Bas, 54 ,  657 (1935). 
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the reaction conditions. Lactone 32 was stable to 
similar treat,ment. Interestingly the use of methanol 
as solvent with an excess of peracetic acid gave only 
acetone and methyl acetate as products. 

Chart I11 provides the familiar rationale for the 
observed results. As usual, epoxidation of the allene 

CHART I11 

ZCH3 
AcO - 0 * 37 33 32 

is the presumed initial step. In  the case of this un- 
symmetrical allene, it is assumed that the normal 
accelerating effect of alkyl substituents will direct 
peracid attack t o  the more substituted double bond 
yielding 34. It is possible that valence isomerism 
interconverts 34 and its isomer 35, but transformation 
to cyclopropanone 36 is probably the prevailing process. 
Acetoxy ketone 30 arises by addition of acetic acid to 
the cyclopropanone and/or the allene oxide a9 dis- 
cuswd above. The lactones are Baeyer-Villiger prod- 
ucts of the former and epoxide 31 is presumably derived 
from isobutylene also formed by peracid oxidation of 
36. The availability of a sample of 36 allowed con- 
firmation of the 36 -+ 30 reaction with acetic acid.l* 
Reaction of 36 with 40% peracetic acid in acetic acid 
at  -78" resulted in rapid gas evolution (presumably 
COz) and the production of 30. 

A conceiv- 
able route to the observed products involves nucleo- 
philic addition of peracid to one of the intermediates 
leading t o  37, which could serve as a source of acetone 
and methyl acctate by the indicated fragmentation. 
The role of the solvent in directing reaction along this 
new pathway is not altogether clear, although several 
reasonable hypotheses can be put forth. 

In conclusion, strong circumstantial evidence has 
been accrued for the involvement of cyclopropanones 
in the epoxidation reactions of representative allenes. 

The oxidation in methanol is puzzling. 

Experimental Section 
General.-All nmr spectra were recorded on a Varian A-60 

spectrometer using CCl, as solvent. Infrared spectra were ob- 
tained as liquid films with a Perkin-Elmer Infracord Model 137 
spectrophotometer. Gas chromatography (glpc) was performed 
on Aerograph A600 (flame ionization detector) and A700 (pre- 
parative) instruments. The analytical columns were 5 f t  X 
I/S in. 15yo Carbowax 20M on 60/80 Chromosorb W and 5 f t  X 
I/S in. 10% SE-30 on 80/lOO Chromosorb W; preparative columns 

(18) We thank Professor Turro for kindly providing us with this sample. 

were 10 or 20 f t  X */a in. 15% Carbowax on 60/80 Chromosorb 
W. Percentage composition data on product, mixtures were esti- 
mated by peak areas and are uncorrected for compound response 
except where noted. Anhydrous magnesium sulfate was used 
as a drying agent. 

Peracetic Acid Solutions.-Acetic acid was removed from 
commercially available 40% peracetic acid by adding the per- 
acid dropwise to a cold mixture of excess anhydrous sodium 
carbonate suspended in methylene chloride. After the mixture 
was stirred for 45 min, the inorganic salts were removed by 
suction filtration through a layer of glass wool and anhydrous 
magnesium sulfate. The peracid solution was used immediately 
in the oxidation reaction. Nmr analysis indicated a 95: 5 mix- 
ture of peracetic and acetic acids. When peracid is mentioned 
below, this implies that the given amount of 40% peracetic 
acid was treated according to the above procedure and used as 
the resulting acetic acid-free methylene chloride solution. 
Titration indicated that the total oxidizing activity of the per- 
acid was undiminished.19 

Epoxidation of Tetramethylallene with 3 Equiv of Peracetic 
Acid in Methanol.-To an ice-cold mixture of tetramethylallene 
(2.0 g) and sodium carbonate (20 g) in 80 ml of methanol was 
added 12 g of peracetic acid. After stirring for 3 hr, the excess 
peracetic acid was destroyed by the addition of 2-methyl-2- 
butene. The reaction mixture was then filtered and the solvent 
removed on the flash evaporator to  give 2.4 g of crude material. 
Glpc analysis indicated nine reaction product9 in addition to a 
small amount of unreacted allene. All the components were 
isolated by preparative glpc. These were acetone, tetramethyl- 
ethylene oxide, pinacolone, methyl 2,2,3-trimethylbutanoate, 
methoxy ketone 9, methyl or-hydroxyisobutyrate, methoxy 
hydroxy ketone 11, acetoxy ketone 1, and 3-hydroxy-2,2,3-tri- 
methylbutanoic acid p-lactone (12). 

In one experiment the relative product percentages (excluding 
acetone) were determined by calibrated glpc analysis: 8 (37%), 
pinacolone (7%), 10 ( l % ) ,  9 (27,), methyl a-hydroxyisobutyrate 
(3%0), 11 @%I, 1 (47%), and 12 (1%). 

Epoxidation of Tetramethylallene with 1 Equiv of Peracetic 
Acid in Methanol.-Peracetic acid (2.0 g) was added very slowly 
to an ice-cold solution of allene (1.0 g )  in 30 ml of methanol. 
After 4 hr a negative peracid test was obtained, and the reaction 
solution was poured into saturated sodium bicarbonate. The 
aqueous layer was extracted with methylene chloride and dried. 
A crude product of 1.4 g was obtained after solvent removal on 
the flash evaporator. Four products were isolated by preparative 
glpc and identified as acetone, 1, 11, and 10. A fifth component 
was identifiedas9byglpcretention time. Theratioof 1/11/10/9 
was 72:9:9:9. 
3-Hydroxy-2,2,3-trimethylbutanoic Acid p-Lactone (12).- 

Tetramethylcyclobutane-l,3-dione (10 g) was pyrolyzed by 
passing through a vacuum flow system at 700" and 0.2 mm. The 
dimethyl ketene was trapped in a solution of 150 ml of acetone 
and 1.3 g of freshly distilled boron trifluoride etherate maintained 
at -7'5". After 1 hr the reaction mixture was allowed to come 
to room temperature, and 2 g of dicyclohexylamine was added 
to  destroy the boron trifluoride etherate. The solvent was 
removed on the flash evaporator to give crystalline material. 
Washing with cold hexane gave 4.3 g of a white crystalline ma- 
terial which was recrystallized from carbon tetrachloride to give 
pure 12:20 mp 127-128"; ir 5.49 p ;  nmr 6 1.50 (s, 6 )  and 1.29 

Reaction of 12 with Peracetic Acid.-To an ice-cold mixture 
of 0.5 g of 12, 2 g of sodium carbonate, and 0.1 g of benzene 
(internal standard) in 10 ml of methanol was added 0.8 g of 
peracetic acid. After 2.5 hr the reaction mixture was washed 
with saturated sodium bicarbonate and dried. The solvent was 
removed by distillation. Nmr and glpc analysis indicated that 
12 had not been destroyed. 

Epoxidation of Tetramethylallene in the Presence of Sulfuric 
Acid and Methanol.-A solution of 2.0 g of peracetic acid con- 
taining 10 drops of concentrated sulfuric acid was added a t  a 
moderate rate t o  an ice-cold solution of 1.0 g of allene in 30 ml 
of methanol. After 2 .5  hr the reaction solution gave a negative 
peracid test. The solution was poured into saturated sodium 
carbonate, the aqueous layer was extracted with methylene 
chloride, and the extract was dried. A crude yield of 0.7 g was 

(s, 6).  

(19) F. P. Greenspan and D. G. Maokellar, Anal. Chem., 20, 1061 (1948). 
(20) 0. Natta,  G. Mazaanti, G. Pregaglia, and M. Binaghi, J .  Amw. 

Chem. SOC., EL?, 5511 (1960). 
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obtained upon removal of the solvent. Glpc analysis indicated 
the presence of two components which were identified as 9 (4370) 
and 4-methoxy-2,4-dimethyl-2-pentene (57%). There was less 
than 1% of 1. 

Photolysis of 18 in the Presence of Acetic Acid and Meth- 
anol.-A methylene chloride solution (400 ml) containing 10.0 g 
of 18,4.3 g of acetic acid, and 2.3  g of methanol was irradiated for 
1.25 hr using a 450-W Hanovia Type L medium-pressure quartz 
mercury vapor lamp fitted with a Pyrex filter. The resulting 
clear solution contained a single product identified as 1. There 
was less than 1 %  of 9. 

Photolysis of 18 in the Presence of Methanol, Acetic Acid, and 
Sulfuric Acid.-A methylene chloride solution (400 ml) con- 
taining 10.0 g of 18, 4.3  g of acetic acid, 2.3 g of methanol, and 
12 drops of concentrated sulfuric acid was irradiated as described 
above for 1.23 hr a t  which point t,he reaction solution darkened. 
The solvent volume was reduced by flash evaporation, and the 
solution was washed with saturated sodium bicarbonate and 
dried. Glpc analysis indicated two reaction products which were 
identified as 1 and 9 in the ratio of 16:84. 

Photolysis of 18 in the Presence of Sodium Acetate.-A solu- 
tion of 18 (2 g)  and sodium acetate (13 g)  in 26 ml of methanol 
was photolyzed with 3000-11 light in a Rayonet photochemical 
reactor for 24 hr.  The reaction solution was then poured into 
water, extracted with methylene chloride, and dried. After 
removing the solvent by flash evaporation, 2 g (if crude product 
wus obtained which glpc analysis indicated to  be 87% of 1. 
There was less than 3% of 9 or 10. 
l-Methoxy-l-hydroxy-2,2,3,3-tetramethylcyclopropane ( 14).21- 

A solution of 10 g of 18 in 400 ml of dry methanol was irradiated 
at 0" for 3 . 3  hr as described above. After the disappearance of 
starting material was indicated by glpc, the solvent was removed 
cautiously on the flnsh evaporator to  give a clear, colorless liquid 
which was shown by nmr to contain 85% of 14: ir 5.79, 8.21, 
8.80, !).03, and 9.11 p ;  nmr 6 3.34 (s) and 1.05 (s) .  (Con- 
taminants were 10 and methyl isobutyrate.) This material was 
stored a t  -20" and subsequent reactions were performed without 
further purification. 

Reaction of 14 with Sodium Carbonate .-Approximately 1 g of 
14 was added to a slurry of 4 g of sodium carbonate in 25 ml of 
methanol and 25 ml of methylene chloride a t  0". After stirring 
for %5 hr, the reaction mixture was filtered and washed with satu- 
rated sodium bicarbonate solution; the organic layer was dried. 
The solvent was removed cautiously to give unchanged starting 
material. 

Reaction of 14 with Peracetic Acid.-To approximately 1 g of 
14 and 4 g of sodium carbonate in 25 ml of methanol at 0" was 
added approximately 1.4 g of peracetic acid in 25 ml of methylene 
chloiide. After 4 hr a t  0" the reaction mixture was diluted with 
methylene chloride and filtered. The organic layer was washed 
with saturated sodium bicarbonate and dried. Analysis indi- 
cated 53Cj, of 8, 2476 of 9, 11% of 1,4% of pinacolone, and 6% of 
10. 

Reaction of 14 with Peracetic Acid in the Presence of Tetra- 
methylethy1ene.-To approximately 1 g of 14 and 5 g of sodium 
carbonate at 0" was added 1.4 g of peracetic acid in 23 ml of 
methylene chloride. Immediately after the peracetic acid 
solution was added, 60 mg of tetramethylethylene was introduced 
into the reaction flask. After stirring a t  0" for 4 hr, the reaction 
mixture was processed as in the preceding experiment. Glpc 
analysis indicated that 60% of the product was 8 and no tetra- 
methylethylene remained. 

Reaction of 19 with Peracetic Acid.-To a slurry of 1 g of 
anhydrous Na2C03 and 500 mg of 19 in 5 ml of CHZC12 at 0" was 
added 1 equiv of peracetic acid in 20 ml of cold CH2C12. The 
niixture was allowed to warm to room temperature and stirred 
for 8 hr a t  which time a negative starch-iodide test was obtained. 
The mixture was filtered and the solvent was removed from the 
filtrate to give 543 mg of a do r l e s s  oil: ir 2.8,  5.47, 5.60, 5.73, 
5.80, and 8.0  p ;  ninr 6 2.04 (s) and 3.6 (m).  Analytical glpc 
showed four major peaks in a ratio of 11:16:29:44. The first 
two materials were identified as cyclooctene and unreacted 
st,artirig material by glpc and mass spectral comparisons with 
authentic samples. The remaining peaks were isolated and 
identified as 20 and 21: ir 3.87 p ;  nmr 6 2.64 ( t ,  4,  J = 6 He), 
1.83 (m, 4) ,  and 1.47 (m, 6) .22  
__-_ 

(21) 1'. A. Leermakors, G. F. Vesley, N. J.  Turro, and D. C. Neokers, 

(22) A .  J. 13lomtiuist, L. H. Liu. and J .  C. Bohrer, ibid., 74, 3643 (1952). 
J. Amer. Chem. Soc., 86, 4213 (1964). 

Column chromatography of the crude reaction mixture on 
silica gel gave a small quantity of a further product tentatively 
identified as 22: ir (ccl4) 5.47 p; nmr 6 4.42 (m, l ) ,  3.36 (m, l ) ,  
and 2.2  (m, 12); mass spectrum m/e (re1 intensity) 154 (6) ,  110 
(la),  96 (121), 80 (18), 63 (42), 50 (64), and4G (100). 

A similar reaction using 3 equiv of peracid for 2 days gave a 
20/21 ratio of 31:69. 

Reaction of 19 with MCPBA.-To 1.8 g of 19 in 10 ml of 
CHzCl2 a t  0" was added 2.4 g ( 1  equiv) of MCPBA in 30 ml of 
CHZC1,. After stirring for 40 min a copious white precipitate 
had formed and a negative starch-iodide test was obtained. 
The reaction mixture was filtered and the filtrate washed with 
NaHC03 solution after diluting with ether. The solution was 
dried and the solvent was removed to give 2.4 g of a light yellow 
oil which showed three peaks corresponding to 19, 20, and 21 in 
a 12:4:84 ratio by glpc. The addition of a small amount of ether 
resulted in the formation of crystalline 23b: mp 96-97.5" 
(dec); ir (CCI4) 2.85, 5.82, and 8.0 p ;  nmr (220 MHe) 6 7.96 
(s, l ) ,  7.89 (d, 1 ,  J = 6 Hz), 7.52 (d,  1 ,  J = 8 Hz), 7.36 (t ,  1 ,  
J = 10 Hz), 5.22 (d of d,  1, J = 10, 3 Hz), 4.65 (d of d,  1, J = 
6 ,  3 He), 3.34 (s, l ) ,  and 2.4-1.8 (m, 12); mass spectrum m/e 
(re1 intensity) 310 ( l l ) ,  154 (54), 139 (57), 12(i (64), and 98 (100). 

Anal. Calcd for ClsHls04Cl: C ,  61.84; 11, 6.16; C1, 20.59. 
Found: C,61.8;  H , 6 . 4 ;  C1,20.7. 

Injection of pure 23b unto a glpc column gave only 21. 
Reaction of 19 with PNPBA.-To 1 1 1  mg of 19 in 10 ml of 

CHZCI~  a t  0" was added 594 mg (3.5 equiv) of PNPBA in 5 ml of 
CH2C12. After stirring for 24 hr, ir indicated the absence of 19. 
Excess peracid was destroyed by the addition of trimethyl- 
ethylene, the mixture was filtered, and the filtrate was washed 
with NaHC03 solution and dried. Removal of the solvent gave 
207 mg of a yellow oil. Glpc showed a 20/21 ratio of 185'2: 
The addition of CCI4 resulted in the formation of a yellow solid 
which war recrystallized from ether-pentane to give light yellow 
23c: mp 92.5-93"; ir (CC14) 2.83, 5.79, and 7.85 p ;  nmr 6 
8.20 (s, 4) ,  5.38 (d of d ,  1 ,  J = 10, 4 He), 4.69 (d of d ,  1 ,  J = 
7, 2 Hz), 4.6 (s, l ) ,  and 2.6-1.1 (m, 12). 

Anal. Calcd for CIGH~~OGN: C, 59.81; H, 5.96. Found: 
C,  59.8; H ,  5.8.  

Injection of 23c onto the glpc column gave a single peak with 
the retention time of 21. 

Epoxidation of 1 ,l-Dimethylal1ene.-To an ice-cold slurry of 
16.7 g of acetic acid-free peracetic acid and 27 g of sodium car- 
bonate was added slowly a methylene chloride solution of 2.0 4 
of the allene. After several hr the reaction mixture warmed ta  
room temperature and stirring was continued for a total of 70 
hr. The crude product was filtered, most of the solvent was 
removed by spinning band distillation, and the products were 
isolated by preparative glpc. The first component was 31; 
the second, acetone. The third component way 30 [ir 5.75, 
5.80, and 8.0 p ;  nmr 6 2.03 (s, 6)  and 1.41 (s, 6 )  (the 2.03 ab- 
sorption split into two equivalent singlets upon t,he addition of 
benzene to the nmr sample)] and the fourth was 3-hydroxy-2,2- 
dimethylpropanoic acid &lactone (32). In  one experiment the 
ratio of acetone/30/31/32 of 17:25:50:8 was determined by 
nmr. The appearance of absorption a t  6 3.18 and 1.53 in a 1:3  
ratio in the nmr of the crude product indicates the presence of 
33 * 

In  a similar epoxidation the allene was treated with 40% 
peracetic acid, and the evolving gases were passed through a 
solution of barium chloride. Rapid evolution of carbon dioxide 
was noted. 

Epoxidation of 1,l-Dimethylallene in Methanol.-To an ice- 
cold slurry of 1.0 g of allene and 15 g of sodium carbonate in 25 
ml of methanol was added 3 equiv of acetic acid-free peracetic 
acid. After 3 hr the reaction mixture was filtered and washed 
with saturated sodium bicarbonate solution. The aqueous 
phase was extracted with methylene chloride, and the combined 
organic layers were dried. Nmr and glpc andysis indicated that 
the only significant products were acetone and methyl acetate 
in 1:  1 ratio. 
3-Hydroxy-2,2-dimethylpropanoic Acid p-Lactone.23-Dimeth- 

ylketene war generated by the 700" pyrolysis of 10 g of 18 
in a flow system and collected in a Dry Ice trap containing 50 
mg of zinc chloride. Gaseous formaldehyde generated by 
heating 3.0 g of paraformaldehyde with a microburner was 
bubbled into the ketene-zinc chloride solution. The crude 
product was diluted with 20 ml of methylene chloride, stirred 

These compounds were identified by isolation. 

(23) H. E. Zaugg, Orp.  React., 7, 305 (1954). 
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over sodium carbonate for 1 hr, and filtered. The filtrate was 
distilled to give 2 g of material, bp 56-61' (19 mm), containing 
starting dione. A pure sample of 32 was obtained by preparative 
glpc: 

Reaction of 32 with Acetic Acid.-To an nmr sample of 32 
containing methylene chloride as an internal standard, was 
added 1 equiv of acetic acid. After 63 hr a t  room temperature, 
no reaction had occurred. In  a similar experiment 32 was 
treated with excess 40y0 peracetic acid with the same result. 
3-Hydroxy-3-Methylbutanoic Acid 0-Lactone (33).-Lactone 

33 was prepared as des~ribed:~4 ir 5.49,9.3, and 12.6 p (doublet); 
nmr 6 3.18 (s, 2 )  and 1.53 (s, 6).  

Reaction of 33 with Peracetic Acid.-To an nmr sample of 33 
in CHzClz (containing benzene as an internal standard) was 

ir 5.47,9.1, and 10.9 p; nmr 6 4.08 (s, 2) and 1.43 (s, 6). 

(24) T. L. Gresham, J. E. Jansen, F. W. Shaver, and W. L. Beears, 
J. Amer. Chem. Soc., 76, 486 (1954). 

added 4 equiv of 40% peracetic acid. Gas evolution was 
immediate and in 45 min 33 was completely gone. No new 
peaks appeared in the spectrum. 

Reaction of 36 with Acetic Acid.-A CHzClZ solution of 36 
was treated with 1 equiv of glacial acetic acid a t  -70". Glpc 
analysis showed a single component identified as 30. 

Reaction of 36 with Peracetic Acid.-A CHzClz solution of 36 
was treated with 2 equiv of 40% peracetic acid at -70". As 
the reaction warmed to room temperature, vigorous COz evolu- 
tion was observed. I r  analysis of the crude product indicated 
that acetoxy ketone 30 was the predominant product. 

Registry No.--12, 10008-69-2; 18, 933-52-8; 19, 
1123-11-1; 23b, 38202-51-6; 2 3 ~ ,  38202-52-7; 32, 
1955-45-9; R!ICPBA, 937-14-4; PNPBA, 943-39-5; 

25-4. 
tetramethylallene, 1000-87-9 ; 1,2-dimethylallene, 598- 

Photochemical Oxidations. VII. Photooxidation of Cyclohexylamine with Oxygen 
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The presence of a charge-transfer ultraviolet absorption band for an oxygen-saturated cyclohexylamine solution 
The absorption of light by this band causes cyclohexanone oxime and N-cyclohexylidine- 

The oxime is not the 
N-Cyclohexyl-1-hydroperoxycyclohexylamine, I-hydroperoxycyclohexylamine, and the 

has been reconfirmed. 
cyclohexylamine to be formed in the initial stages of the reaction, Le., to  0.6% conversion. 
precursor of the imine. 
cyclohexylamine-hydrogen peroxide adduct give only the imine under the conditions of the reaction. 

The destructive ability of a combination of oxygen 
and sunlight on organic substances is great and costly. 
We have been studying the consequences of light on 
charge-transfer (CT) complexes between various or- 
ganic materials1 and oxygen because these are instru- 
mental in a number of degradations. The most dra- 
matic demonstration to date is the fact that saturated 
hydrocarbons exhibit CT interactionszaabrO with molec- 
ular oxygen and the excitation of this uv absorption 
band causes product formation. le-g 

A distinction must be made between those oxidation 
reactions initiated by sensitization and those by ex- 
citation of the CT band though similarities in products 
and product composition may occur. Among the re- 
ports of dye-sensitized oxygenation of amines, Gaffron3 
found that erythrosin photosensitized the oxygenation 
of n-propylamine and chlorophyll photosensitized the 
oxygenation of n-isoamylamine. More recently 
Schenck4 reported that the dye-sensitized photooxy- 
genation of primary, secondary, and tertiary amines 
resulted in the uptake of one, two, or three molecules 
of oxygen, respectively, indicating that the number of 
CH groups a to the nitrogen determines the stoichi- 
ometry. The products of these reactions were amine 

(1) (a) R. D. Olson and V. I. Stenberg, Abstracts, Proc. N .  Dak. Acad. 
Sci., 50 (1963); (b) V. I. Stenberg, R. D. Olson, C. T. Wang, and N.  Kulev- 
sky, J .  Org .  Chem., 32, 3227 (1967); (e)  N. Kulevsky, C .  T. Wang, and V. I .  
Stenberg, ibid., 34, 1345 (1969); (d) V. I. Stenberg, C. T. Wang, and N. 
Kulevsky, ib id . .  31, 1774 (1970); (e) N. Kulevsky, P. V. Sneeringer, L. D. 
Grina, and V. I. Stenberg, Photochem. Photobiol., 12, 395 (1970): ( f )  N .  
Kulevsky, P. V. Sneeringer, and V. I. Stenberg, J. Org. Chem., 37, 438 
(1972); (9) V. I. Stenberg, P. V. Sneeringer, C. H. Niu, and N. Kulevsky, 
Photochem. Photoliiol., 16,81 (1972). 

(2) (a) D. F. Evans, J .  Chem. Soc., 345 (1953); 1351 (1957); (b) A. U. 
Munck and J. F. Scott, Nature (London), 177, 587 (1956); (c) J. C. W. Chien, 
J. Phys. Chem., 69,4317 (1965). 

(3) H. Gaffron, Chem. Ber., 60, 2229 (1927). 
(,4) G. 0. Schenck, Angew. Chem., 69, 579 (1957). 

hydroperoxides. Others have reported that a variety 
of reactions occur when amincs are irradiated in the 
presence of dyes and oxygen : a o x i d a t i ~ n , ~ - ~  dehydro- 
genation,'"!" and dealkylation.1° Kinetic studies on 
the oxygen uptake in the photosensitized oxidation of 
triethylamine have also been done.12 

In contrast, no work has been reported concerning 
the direct photooxidation of amines without sensitizers 
being present. Evansza has suggested that oxygen 
charge-transfer complexes could provide a plausible 
initial stage in these photooxidations. Since it is known 
that amines also exhibit CT bands with oxygen, we 
wished to determine the chemical consequences of di- 
rect absorption of light by the oxygen-amine charge- 
transfer band. A number of aliphatic amines, Le . ,  
primary, secondary, and tertiary, were photochemically 
oxidized with oxygen in the initial studies. All of the 
aliphatic amines tested reacted; however, since the 
primary aliphatic amines gave more simple product 
mixtures than secondary and tertiary amines, these 
were selected for the initial study. For primary 
aliphatic amines, our attention was focused on the 
photooxidation of cyclohexylamine because a procedure 
for the synthesis of the a hydroperoxide of cyclohexyl- 
amine was available. 

(5) R. F. Bartholomew and R. S. Davidson, Chem. Commun., 1174 (1970). 
(6) R. F. Bartholomew and R.  8. Davidson, J. Chen .  Soc. C, 2342 (1971); 

(7) R. E'. Bartholomew, R.  S. Davidson, and M. J. Howell, ibid., 2804 

(8) R. F. Bartholomew, R. D. G. Brimage, and R. 9. Davidson, ibid., 

(0) M. 11. Fisch, J. C. Gramain, and J. A. Oleson, Chem. Commun., 13 

(10) F. C. Schaefer and W. D. Zimmermann, J. Org. Chem., 31, 2165 

(11) E. G. E. Hawkins, J. Chem. Roc. ,  Perkzn Trans. 1, 13 (1972). 
(12) W. F. Smith, Jr., J .  Amer. Chem. Soc., 94, 186 (1972). 

2347 (1971). 

(1971). 

3482 (1971). 

(1970); 663 (1971). 

(1970). 


