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Abstract-The influence of steric factors on the autoxidation of aldehydes having tertiary formyl 
groups has been investigated. These afford nor-derivatives by loss of carbon monoxide, and carboxylic 
acids. Steric interactions have been shown to at&t strongly the ratio between carboxylic acid and 
nor-derivatives and, in addition, to increase the autoxidation rate. For the tirst time, formation of 
formates from aldehydes by autoxidation conditions. has been demonstrated. 

Very recently we have reported’ that the autoxida- 
tion of the daxial diterpene aldehyde torulosal (la) 
leads, to the acid lb and to nor-compounds lc, Id, 
Ie, If and 2. 

The presence of nor-compounds was explained 
in considering the formation of the tertiary radical 
at C, (3), through loss of carbon monoxide from lg 
which is the first step of autoxidation.’ Subsequent 
reaction of 3 with atmospheric oxygen and abstrac- 
tion of H’ from a second aldehyde molecule then 
produces the hydropcroxides lc and Id. Reduction 
of lc and Id affords the alcohols le and If and de- 

laR=CHO R’ = CH, 
lb R = COOH R’ = CH, 
lcR=OOH R’ = CH, 
ldR=CH, R’=OOH 
leR=OH R’ = CH, 
If R = CH, R’=OH 
lgR=QO R’ = CHI 

hydration of these latter leads to the olefins 2. 

W 
. 

3 

tPrepared from commercially available 4b, by LAH re- 
duction to 4l and controlled Jones oxidation. 

$‘Ihe autoxidation reactions were performed under the 
same experimental conditions as used for la. 

OAU the yields are referred to the starting aldehydes. 
Tin addition, a small amount (243%) of more polar com- 

pounds, which exhibited the characteristic absorptions 
(IR, UV) of aromatic ketones, was observed. This fraction 
therefore consists of a mixture of I-oxo-compounds 
which however. was not further examined because of its 
complexity. . 

“Actually, the olefins 5 were obtained, after chromatog- 
raphy. together with the unreacted starting aldehyde. The 
subs&eit LAH reduction of the mix& alIowed the 
separation of 5 from the dehydroabietinol (4f) formed. 

Furthermore, we suggested the tertiary nature of 
the formyl group and the 1.3 diaxial interaction be- 
tween this group and angular methyl group as main 
factors responsible for the behaviour of la. The ter- 
tiary nature of the formyl group could favour the 
formation of the stable radical 3, by loss of carbon 
monoxide from lg. Moreover, the, 1,3 diaxial in- 
teraction between formyl and angular methyl group 
could be directly responsible for the loss of carbon 
monoxide. In fact, the formation of the planar radi- 
cal 3 leads to a large steric relief of the molecule 
owing to the elimination of the above-mentioned in- 
teraction. In order to check the role played by such 
interaction we have now examined the autoxidation 
of a number of aldehydes having a tertiary formyl 
group: dehydroabietic aldehyde (4a). a diterpene 4- 
aldehyde having an equatorial formyl group; the 
conformationally mobile l-methylcyclohexan- 
carboxy-aldehyde (9a); the acyclic pivalaldehyde 
(trimethylacetaldehyde). 

Dehydroabietic aldehyde (4a)t was found to be 
much more stable than torulosal (la), when kept in 
contact with air without solvent.* Working up of 
autoxidation crude product after 24 hr led to the 
isolation of starting aldehyde 4a (45%),9 of the re- 
lated acid 4b (20.4%) and of other several neutral 
compounds:ll 4c (l-8%), 4d (9*6%), 6a (4.5%). 4e 
(1.2%). 6b (0.6%) and 5’ (4.8%). 

Nor-olefins 5. Structure 5 was assigned on the 
basis of elemental composition, of spectroscopic 
characteristics and through gas-chromatographic 
comparison with the olefins from the oxidative de- 
carboxylation’ of dehydroabietic acid (4b). 

Formate 4c. The oily formate [aID + 27.9” was as- 
signed structure 4c on the basis both of elemental 
composition and of spectroscopic properties. In ad- 
dition the alkaline hydrolisis of 4c quantitatively led 
to the alcohol 4e. 

Nor-alcohols 6b and 4e. Both 6b and 4e were 
crystalline, m.p. 64-66”. [alD+51” and m.p. 89-91”, 
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4a R = CHO; 4eR=OH 
4b R = COOH; 41 R = CH,OH 
4eR=OCHO; 4gR=OOAc 
4dR=OOH; 4hR=OAc 

Hydroperoxides 6a and 4d. The crystalline hyd- 
roperoxide 6a had m.p. 103-105”. [alo + 77-7” while 
the oily one 4d had [alo+ 14-5”. The above struc- 
tures, besides the elemental composition were 
based on chemical and spectroscopic properties. 
Both 6a and 4d were easily transformed by reduc- 
tion into the corresponding alcohols 6b and 4e.* 

[alD+4Y respectively. Both were identified by to alcohol 9e, and then used to determine the olefins 
comparison with authentic samples.‘.’ 10; the formate 91 and the alcohol 9e separately. 

The amount of 10 was determined on a portion by 
measuring the volume of hydrogen absorbed by the 
mixture when subjected to catalytic hydrogenation 
according to Brown.” 

Autoxidation of the aldehyde 9a was carried out 
until its complete consumption (3 days) in order to 
prevent experimental difficulties depending on the 
presence of starting aldehyde among the autoxida- 
tion products. t 

CHs 
R 

--.. ,.* 0 
10 

The crude autoxidation material, after removal of 
a polymeric, ether-insoluble fraction, readily 
afforded crystalline 9c8 (61.2%) m.p. 38-39” and a 
neutral fraction. The neutral components !Jd (O-7%), 
9e (7.1%). 91 (9.1%) and 10 (l-I%) were identified 
by comparison (GLC, NMR) with authentic sam- 
ples.e” 

9 
9aR=CHO 
9b R = CH,OH 
9eR=COOH 
WR=OOH 
9eR=OH 
9fR= OCHO 

The amount of hydroperoxide W was directly de- 
termined by iodometric titration” of a portion of 
the neutral fraction. The remaining part was treated 
with excess FeSO,, to reduce the hydroperoxide 9d 

Chromatography of another portion allowed the 
separation of the crystalline alcohol 9e m.p. 24-25” 
from the olefins 10 and from the formate !R. The 
weight of 9e was then corrected fc? the quantity 
due to the previous reduction of the hydroperoxide 
w. 

Finally, formate 91 was determined by treatment 
of a third portion with an excess of LAH. followed 
by chromatographic isolation of the alcohol 9e. The 
increase in the weight of 9e as compared with that 
previously determined gave the amount of 91. 

*Both 4d and 6s could he easily acetylated to give the 
related wresters. However, only the equatorial perester 
4g [aJo - 2-6“ could lx obtained as a pure compound. The 
axial perester 6e, instead, spontaneously rearranged to the 
hydroxy-ketone 7~. Structure ‘la was confirmed by trans- 
forming this latter into the &Lunsatured ketone 8.’ 

7a R = H,BOH 
7bR=O 

\ 8 

IThe preparation of aldehyde 9~ has been reported.’ 
Nevertheless, we found more convenient to prepare it 
from the alcohol !3b* using dicyclohexylcarbodi-imide and 
dimethylsulphoxide.’ 

IThis value is not very accurate because of the partial 
overlapping of Me-signals. 

QR=OOH 
6bR=OH 
6eR=OOAc 

The autoxidation of volatile pivalaldehyde was 
carried out in a closed flask connected with a rub- 
ber balloon full of air. The autoxidation was found 
to be very slow: after seven days starting aldehyde 
was still present in 24% amount. NMR examination 
of the crude product showed peaks corresponding 
to trimethylacetic acid, t-butyl alcohol and t-butyl 
formate. The eventual presence of t-butyl hyd- 
roperoxide could not be demonstrated by NMR be- 
cause of overlapping peaks. On the other hand, 
iodometric titration” of the mixture showed that 
oxidizing substances such as t-butyl hydroperoxide 
were present in less than 0.6% amount. Integration 
of the NMR spectrum of the mixture showed the 
three major products to be in a 7-S : 1: 1 ratio.$ 

The identity of all the products was also con- 
firmed by gas-chromatographic comparison with 
authentic samples. Furthermore, the mixture was 
reduced by LAH and the reduction product was 



Autoxidation of terpenic aldehydes-II %5 

found to consist of a mixture of neopentyl alcohol 
and t-butyl alcohol in a 5-4: 1 ratio (NMR. GLC). 

The autoxidation rates exhibited by the al- 
dehydes considered in this paper, are generally 
lower than that of torulosal (la). In addition, a main 
difference between the behaviour of torulosal (la) 
and of aldehydes 40, 9a and pivalaldehyde lies in 
the presence of formates (4c, 91 and t-butyl for- 
mate) among the autoxidation products. The forma- 
tion of formates is not common in the autoxidation 
reactions of aldehydes, and can be interpreted 
(Scheme 1) in a way similar to that suggested16 for 
the formation of formates from aldehydes and hyd- 
rogen peroxide. The retention of configuration in 
the case of 4c suggests a Baeyer-Villiger type 
mechanism which should lead to the formate, 
through the intermediate hydroxy-peroxide 11. This 
view also accounts for the absence of formate 

SCHEME 1 

my1 group. It is evident, however, that this be- 
haviour is dramatically enhanced when conforma- 
tionally rigid aldehydes. with the formyl group 
afkcted by marked steric interactions, are consid- 
ered. Furthermore, in this case the autoxidation 
rate rapidly increases, thus accounting for the well 
known lability’ of daxial diterpene aldehydes. 

M.ps are uncorrected. IR spectra were determined on a 
Perkin Elmer 157 spectrophotometer on CHCl, solns. 
NMR spectra were recorded on a Perkin Elmer R 12 A 
spectrometer, with Th4S as an internal standard, in CDCI, 
solns. Rotations were taken for CHCl, solns at r.t. with a 
Perkin Elmer 141 polarimeter. PLC and TLC were per- 
formed on Silica-gel F, (Merck). Silica-gel O.OSO.20 mm 
(Merck) or alumina (Woelm, grade III unless otherwise 
specified) were used for column chromatography. GLC 
was run on a Perkin Elmer 881 (FZD) chromatograph. 

among the autoxidation products of torulosal (la). 
In fact, in this case initial attack of an R-GGH 
species, with the consequent tetrahedrization of the 
formylic carbon, appears to be much more hindered 
because of the axial position of formyl group. 

All the results obtained have been summarized in 
Table 1, in which previously reported results’ con- 
cerning the autoxidation of torulosal (la) have been 
also included, with two significant percentages for 
each aldehyde. In the “normal’* column the percen- 
tages of carboxylic acid and of formate (when pres- 
ent) were reported; in the “anomalous” column, we 
instead reported the percentages of all the products 
formed in the autoxidation process by loss of car- 
bon monoxide (hydroperoxides, tertiary alcohols 
and olefins). Examination of these results shows 
that the “anamalous” behaviour of aldehydes in the 
autoxidation reaction should be considered rather 
general, at least for aldehydes having a tertiary for- 

Autoxidation of dehydmabietic aldehyde (4a). A hexane 
solution of pure 4a (2.3 g) was evaporated in a 500 ml flask 
to give a thin crystalline layer, kept 24 hr at r.t. The crude 
autoxidation product was subsequntly dissolved in Et,0 
and rapidly extracted with 2N Na,CO, (3X5Oml). 
Acidification (12N H,SO.) of the combined alkaline 
layers gave dehydroabietic acid (4b) (47Omg) m.p. 
180-181” (from benzene). The neutral fraction was then 
absorbed on ahrmina: the elution with benzene (13Oml) 
yielded a less polar fraction A (1.15 g) consisting of olefins 
5 and unreacted 4a. whereas the elution with absolute 
Et,0 yielded a complex mixture (499mg) which, subse- 
quently rechromatographed on silica-gel (15 g). atforded 
four fractions: B (50 mg; hexane-Et20 98 : 2; 85 ml) con- 
sisting of formate 4c; C (324mg; hexane-Et20 97:3; 
300 ml) mainly consisting of hydroperoxides 4d and 6s; D 
(58 mg; hexaneEt10 8: 2; 85 ml) consisting of alcohols 4e 
and 6b; E (55 mg; hexane-Et20 7 : 3; 120 ml) a complex 
mixture (TLC): v,. 1685 cm-‘, A=” 253, 303 nm. 

Nor-olefins 5. Fraction A was reduced by LiAlIL and 
the crude product chromatographed on alumina (35g). 

Table l* 

aldehyde “normap’ “anonlalous” 
carboxylic acid formate 

t0nl10sal (Ill) 16.7 - 65.1 
dehydroabietinat (4a) 37.1 3.3 37.6 
I-methylcyclohexan 
carboxy-aldehyde (9a) 61.2 9.1 8.9 
pivalaldehyde 78.9 10.6 10.6 

*Yields are based on unrecovered aldehyde. 
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The elution with hexane (140 ml) gave the mixture of 
isomeric olefins 5 (112 mg): (Found: C 89.52; H 10.36, 
C&I, requires: C 89.70; H 10.30%); MW 254 (MS) identi- 
cal (GLC: 6’ x f” glass column with 3% SE-38 on chromo- 
sorb G 80+ 100 mesh) with the olefins from oxidative de- 
carboxylation’ of the acid 4b. Subsequent elution with 
hexane-Et20 8 : 2 (350 ml) then gave dehydroabietinol(4f) 
[alo+53’ (c l-7) (1033mg) identical with an.authentic 
sample. 

Formate 4c. Rechromatography of fraction B on silica- 
gel (3 g) with hexaneEtZO 98 : 2 (30 ml) gave the pure oily 
formate 4e (39mg): [aln+27+Y (c 1); MW 300 (MS); 
(Found: C 7998; H 9.20. C&I,02 requires: C 79.95; H 
9.3%); v,. 1195 cm-‘; r 2.08 (lH, s. -OCHO), 844 (3H, 
s. methyl at C.). The hydrolisis of 4e by 10% ethanolic 
KOH for 2hr quantitatively afforded the corresponding 
alcohol 4e m.p. 89-91”. 

Hydroperoxides 68 and 4d. Fraction C was re- 
chromatographed on silica-gel (10 g) with hexane-Et20 
(98: 2). The first 200 ml eluted the crystalline.axial hy- 
droperoxide 6a (104mg) m.p. 103-105” (from hexane): 
[ctlo+77*P (c l-2); MW 288 (MS); (Found: C 79.18; H 
9.63. Cl&InOl requires: C 79.12; H 9.7%); V_ 

3500 cm-‘; r 8.73 (3H. s, C, methyl), 864 (3H, s, methyl 
at C,). Further elution with 3OOml of the same solvent 
then gave oily equatorial hydroperoxide 4d (22Omg): 
[ah,+ 14.5” (c 2): MW 288 (MS): (Found: C 78.89: H 9.65. 
C9HU02 requires: C 79.12; H.9:7%); v,. 3506cm-‘; T 
8.81 (3H, s, C, methyl), 884 (3H, s, methyl at C,). The 
purity of both 6s and 4d was shown to be more than 98% 
by icdometric titration.” The pure 4d, when treated with 
pyridine-acetic anhydride at r.t. overnight, gave the oily 
perester 4g: [alD-2*6” (c 2). 

Nor-alcohols 6b and 4e. Fraction D was absorbed on 
silica-gel (2g) and elution with hexane+Et,O (85: 15 
24 ml) afforded the crude 6b whose purification by PLC 
gave the pure crystalline alcohol (14mg) m.p. 64-66”, 
[a]n + 5 1” (c l-8) identical with a specially prepared’ sam- 
ple. Subsequent elution with hexaneEtZO (8: 2) (20 ml) 
gave the crystalline alcohol 4e (30 mg) m.p. 89-91” (from 
hexane). [ah, +45” (c 1.9) identical with a sample coming, 
by alkaline hydrolysis, from the acetate 4h obtained in the 
oxidative decarboxylation’ of 4b. 

Reduction of the hydmperoxides 6s and 4d. The reduc- 
tion of both 6a and 4d. to give respectively the alcohols 6b 
and 4e, was performed by either LiAlH. or FeSO,. In the 
first way, solutions of either 6a or 4d in peroxides-free 
Et20 were refluxed with an excess of reagent for 2 hr and 
the reaction mixtures then worked up in the usual way. In 
the second way, the above solutions were shaked with an 
excess of sat. FeSO. for 3 hr at r.t. In both ways, reduc- 
tions were quite quantitative. 

Acetylation of 6s: hydmxyketone 7a. The hydroperox- 
ide 6a was acetylated in the same conditions as 4d. The 
crude product (70mg showing an IR absorption at 
1789 cm-‘) was absorbed on silica-gel and the elution with 
benzene-Et20 (92: 8) (25 ml) led to the oily hydroxy- 
ketone 70 (38mg): [a],+40.3” (c 1); MW 288 (MS); 
(Found: C 7899; H 968. C&&O, requires: C 79.12; H 
9.7%); v, 1712 and a broad band at 3450-3550cm-‘). 

a&unsaturated ketone 8. The hydroxyketone 7a 
(57 mg), in acetone, was oxidized at 0” by Jones reagent. 
The usual work up quantititatively yielded the diketone 7b 
which was directly dissolved in EtOH (1 ml), added of 5% 
KXO, (1 ml) and refluxed for 3 hr under N1. Chromatog- 
raphy (silica-gel; benzene-E&O; 94:6) of the crude prod- 
uct afforded the pure oily 8 (29mg): [a],+ 151.8” (c l-3); 

MW 268 (MS); (Found: C 85933; H 8.89. C&.0 requires: 
C 85.02; H 9.01%); v, 1678 cm-‘; AZ 256nm (c 13570); 
T 8.69 (3H, s, c, methyl), 768 (3H, s. -COCH,). 

Preparation of the afdehyde 9a. The alcohol 9b (16g), 
dissolved in anhydrous benzene (488 ml) and dimetbvl sul- 
foxide (480 ml),~was added of dicyclohexylcarbodi-imide 
(88.8 g). anhydrous pyridine (11.5 ml), trifluoroacetic acid 
(7.7 ml) and stirred at 70” for 3 hr under NI. A white crys- 
talline solid precipitated. The suspension, after cooling, 
was diluted with benzene (500 ml) and the solid filtered 
otI. The clear solution was severally washed with water 
and the most of the solvent evaporated. Distillation of the 
oily residue under r.p. gave a main fraction boiling at 
76’/15 mm Hg consisting of aldehyde 9a (10 g): MW 126 
(MS); (Found: C 76.02: H 11.31. C,H,.O requires: C 
76.14; H 11.18%); v, 1720, 2650cm-‘: T 0.53 (1H. s. 
-CHO), 980 (3H, s. -CH,). 

Autoxidation of 9a. The liquid aldehyde 9a (Sg) was 
kept, without any solvent and with slow magnetic stirring, 
in a large flask until the aldehyde disappeared (NMR after 
72hr). The crude autoxidation product was then treated 
with Et,0 and 1350 mg of polymeric substances remained 
dissolved in the flask. The ethereal solution was rapidly 
extracted with 2N NaXO, and, after evaporation of the 
solvent under r.p., gave a neutral fraction (168Omg). 
Acidification (12N H,SO,) of the alkaline layers then gave 
the crystalline acid 9c (4.9mg) m.p. 38-390 (subl.) com- 
pared with an authentic sample. the neutral fraction con- 
sisted of W, 9e, 91 and 10 which were identical 
with authentic samples (NMR. GLC: 6’ X? glass column 
with 10% diethylene glycol succinate on chromosorb W 
HMIX 80 f 100 mesh). 

Hydroperoxide 9d. Part of the neutral fraction (300 mg) 
dissolved in AcOH (4ml) was added to a little sat 
NaHCO, and KI soln and shaken for few min in the dark; 
the iodine evolved was then titrated with 10e2N Na&O. 
(15.2 ml) corresponding to 10 mg of 9d. The dosages of the 
other neutral compounds were performed on a mixture in 
which the hydroperoxide 9d had been pre-reduced by 
shaking the neutral fraction in Et,0 with sat FeSO, at r.t. 
for lhr. 

Part of the above W-free mixture (300 mg) dissolved in 
glacial CH,COOH (3 ml) was hydrogenated in a Brown 
microhydrogenator using Pt02 as catalyst. HZ was ab- 
sorbed (346 ml) corresponding to 15 mg of 10. No pres- 
ence of olefinic protons was detected (NMR) in the hy- 
drogenated product. 300 mg of the above W-free mixture 
were absorbed on neutral alumina (grade IV): elution with 
light petrol. (50 ml) gave a fraction (179 nuz) consisting of 
o1efin.s 10 and for&ate 91. Fur&r elucon with light 
wtrol-Et20 (95:5) (60 ml) afforded tbe alcohol 9e 
(118 mg) m.p. ‘24-25” identical with an authentic sample. 
Deduction of the weight corresponding to the reduction of 
9d (= IO mg) from the total, gave for 9e a yield of 7.1%. In 
such conditions, pure samples of 91 and 9e were quantita- 
tively recovered. Part of the W-free mixture (200 mg) was 
reduced, by excess LiAlH., and the crude product ab- 
sorbed on neutral alumina (grade IV). Light petrol-Et*0 
(95 : 5) (30 ml) eluted the alcohol 9e (166 mg). Deduction of 
both the weight due to the reduction of W (= 6 mg) and 
that of the alcohol 9e already present in the mixture 
(= 73 mg), gave for 91 a yield of 9.1%. 

Autoxidation of piualaldehyde. Fbre liquid pivalal- 
dehyde (5 g) was kept, with slow magnetic &r&g. in a 
flask connected with a rubber balloon full of air. After 
seven days, the NMR spectrum of the product showed 
unreacted aldehyde (24%) and peaks respectively 




