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The air oxidation induced by $°Co v radiation of cholest-4-en-38-ol, 5a-cholest-6-en-38-o0l, and 5e-cholest-7-
en-3(-ol yielded allylic hydroperoxides and other oxidized derivatives. The A%-sterol gave cholest-4-en-3-one, 63-
hydroperoxycholest-4-en-3-one, 38-hydroxycholest-4-ene 6«-hydroperoxide, and cholest-4-ene-38,6a-diol. The
Ab-sterol gave cholesterol 7a- and 78-hydroperoxides, the epimeric cholest-5-ene-38,7-diols, 38-hydroxycholest-
5-en-7-one, and 5a-cholest-6-ene-38,5-diol but no 38-hydroxy-5a-cholest-6-ene 5-hydroperoxide. The A7-sterol
gave the epimeric 38-hydroxy-5a-cholest-7-ene 6-hydroperoxides, the epimeric 5¢-cholest-7-ene-33,6-diols, 38-
hydroxy-5a-cholest-7-en-6-one, and cholesta-5,7-dien-38-ol. Pyrolysis of either A7-6-hydroperoxide gave the cor-
responding Sa-cholest-7-ene-33,6-diol, 38-hydroxy-5«-cholest-7-en-6-one, and cholesta-5,7-dien-38-0l. Reaction
pathways for oxidations by radiation-induced processes of the isomeric A%, A%-, A% and A"-sterols and for their
photosensitized oxidations in which singlet molecular oxygen is implicated were compared.

We have recently demonstrated that radiation-induced
oxidation of the A®.sterol cholesterol (1a) by air afforded
the epimeric 7-hydroperoxides 1b and le,? with the quasi-
equatorial* 78-hydroperoxide l¢ predominating. In con-
trast oxidation of cholesterol by excited-stage (singlet) mo-
lecular oxygen yielded the 5a-hydroperoxide 3b as major
product, with small amounts of the epimeric 33-hydroxy-
cholest-4-ene 6-hydroperoxides 2b and 2¢ but with neither
7-hydroperoxide 1b nor l¢ formed.? This distinction in
major products formed provides a means of differentiation
between participation of ground-state or of singlet molecu-
lar oxygen in chemical and enzymic® reactions.

Although the mechanism of attack of singlet molecular
oxygen on steroid olefins has been extensively studied,
free-radical oxidations by ground-state molecular oxygen
have not received systematic attention. In order to deter-
mine whether additional distinctions between free-radical
and singlet molecular oxygen oxidations of sterol olefins
existed, as well as to provide additional substrates for use
as probes in reactions in which cholesterol was unsuited, we
examined the oxidation of cholest-4-en-33-0l (2a), 5a-cho-
lest-6-en-38-0l (3a), and 5a-cholest-7-en-33-0l (4a) induced
by v radiation of 9Co for comparison with their previously
reported behavior toward singlet molecular oxygen.

Oxidation of the A4-38-alcohol 2a yielded cholest-4-en-
3-one (5a) as major product, with 63-hydroperoxycholest-
4-en-3-one (5b) as the major hydroperoxide product. Small
amounts of the 6a-hydroperoxide 2b were also formed. The
A4-3-ketone 5a was stable to °Co  radiation, but irradia-
tion of the pure A*-68-hydroperoxide 2¢ yielded 5b along
with previously recognized thermal decomposition prod-
ucts cholest-4-ene-33,68-diol (2e) and 38-hydroxycholest-
4-en-6-one (6).> Accordingly, the 63-hydroperoxide 5b did
not derive from 5a but must have derived from 2c¢. Inade-
quate amounts of the 6a-hydroperoxide 2b precluded
study of its radiation stability.

Formation of the 6-ketone 6 as a thermal decomposition
product from 2¢ was previously supported by detection of
its pyrolysis products cholest-4-ene-3,6-dione (7) and 5a-
cholestane-3,6-dione (8) among pyrolysis products from
2¢.? Direct observation of 6 following irradiation of 2¢ now
clearly establishes this reaction pathway of the 63-hydro-
peroxide 2¢. However, pyrolysis of the 688-hydroperoxide
5b also gave the 3,6-diketones 7 and 8 as prominent prod-
ucts, a point previously suggested but not examined.? Deri-
vation from 5b of the saturated 3,6-diketone 8 must involve
intermediate formation of 68-hydroxycholest-4-en-3-one
(5¢) which then rearranges to 8. Formation from 2¢ of the
A4-3,6-diketone 7 may occur by three pathways— 2¢ to 5b
to 7, 2¢c to 5b to 5¢ to 7, or 2¢ to 6 to 7—whereas that of the
saturated 3,6-diketone 8 may be by two pathways—2c¢ to
5b to 5¢ to 8 and 2¢c to 6 to 8.

Oxidation of the A8-38-alcohol 3a gave unexpectedly the
epimeric cholesterol 7-hydroperoxides 1b and lec as major
products, the 78-hydroperoxide l¢ predominating. The
secondary oxidation products cholest-5-ene-33,7a-diol
(1d), cholest-5-ene-33,76-diol (le), 5a-cholest-6-ene-33,5-
diol (3c), and 33-hydroxycholest-5-en-7-one (9) were also
formed. However, no 5«-hydroperoxide 3b was detected.
The 5a-hydroperoxide 3b was fairly stable to %°Co v radia-
tion in air, with less than 10% being converted to a mixture
of 1b, l¢, 1d, le, and 3c. Accordingly, were 3b formed from
3a initially, 3b would have survived and been detected.
Thus, initial formation of 3b with complete allylic rear-
rangement to lb, epimerizatior of 1b, and thermal decom-
position of 1b, 1¢, and 3b cannot account for the presence
of 1b, le, 1d, le, and 3c as products from 3a. Residual par-
ent sterol 3a recovered after 89Co irradiation was not con-
taminated with detectable amounts of cholesterol; so the
product 7-hydroperoxides 1b and le did not derive by ini-
tial isomerization of the Af-double bond to the A® position,
followed by oxidation of cholesterol thereby formed. Rath-
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er, initial generation from 3a of a mesomeric free-radical
species 10 from which the A5-7-hydroperoxides 1b and le
were derived appears to be the case. The quasiequatorial
78-hydroperoxide l¢ predominated, as it does in the radia-
tion-induced oxidation of 1a.? The secondary products 1d,
le, and 9 are clearly accounted for as thermal decomposi-
tion products of the initially formed 7-hydroperoxides 1b
and 1¢.3%7 The 38,5a-diol 3¢ must derive by allylic rear-
rangement of the A%.7q-alcohol 1d in that the parent 5a-
hydroperoxide 3b was not implicated.

Oxidation of the A7-sterol 4a yielded a complex mixture
of products including four peroxides, two of which were
prominent and which could be recovered. The major hydro-
peroxide was 38-hydroxy-5a-cholest-7-ene 63-hydroperox-
ide (4¢); the other was the epimeric 6a-hydroperoxide (4b).
The 68-hydroperoxide 4c¢ was also found in commercial
samples of 4a which had been stored for some time in the
laboratory.® Identity of the A7-6-hydroperoxides was estab-
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lished by sodium borohydride reduction to the correspond-
ing alcohols, thus 4b to 4d and 4c to 4e.

Other products formed from 4a were the epimeric A7-
38,6-diols 4d and 4e, the A7-6-ketone 11, and cholesta-5,7-
dien-383-ol (12), all recognized as thermal decomposition
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products of the parent 6-hydroperoxides 4b and 4c. Pyroly-
sis of the 8a-hydroperoxide 4b gave the corresponding 6a-
alcohol 4d, the 6-ketone 11, and the 5,7-diene 12 as major
product. Pyrolysis of the epimeric 68-hydroperoxide 4c
gave likewise the 68-alcohol 4e, the 6-ketone 11, and the
5,7-diene 12, also as major product.

The A7-33,6-diols 4d and 4e both survived pyrolysis in
part, but both were dehydrated to the 5,7-diene 12 as chief
product. The 33,63-diol 4e additionally was epimerized to
4d, dehydrogenated to the 6-ketone 11, and dehydrated to
a nonpolar derivative, presumably cholesta-2,4,6-triene or
cholesta-3,5,7-triene. Thermal epimerization of the 68-al-
cohol 4e but not of the epimeric 6a-alcohol 4b taken with
the greater number of pyrolysis products from 4e infers the
less stable quasiaxial conformation for the 68-hydroxy
group. However, in distinction to the A5.7a-oxygenated
sterols 1b and 1d,%472 neither the A7-6-alcohols 4d and 4e
nor the A7-6-hydroperoxides 4b and 4c were epimerized in
acetone solutions.

The 5,7-diene 12 detected as the major pyrolysis product
from 4b, 4c, 4d, and 4e was present as a minor component
among the oxidation products from 4a. The instability of
12 in air is notorious, and irradiation of 12 yielded a very
complex mixture of oxidized products including sterol per-
oxides, some of which had chromatographic properties sim-
ilar to uncharacterized sterol peroxide derivatives derived
by irradiation of 4a. The two unidentified peroxides from
4a may include the theoretically possible 9a- or 14«-hydro-
peroxides of 4a or the A8-5a,8a4-epidioxide derivative of the
5,7-diene 12,

The facile thermal elimination reactions of 4b, 4e, 4d,
and 4e yielding the 5,7-diene 12 provoke recollection of the
conversion of the A7-sterol 4a to 12 by liver microsomal en-
zymes, which conversion requires molecular oxygen.® An
enzyme-molecular oxygen complex has been suggested!?
which moderates cis elimination of the 5a- and 6a-hydro-
gens,!! the 6a-hydrogen being removed as a proton and not
as hydride ion.'? Although the A7-6-alcohols 4d and 4e are
converted by liver microsomal enzymes to cholesterol, pre-
sumably via the 5,7-diene 12, they do not appear to be nat-
ural intermediates,'%®13 and speculations regarding in-
volvement of sterol peroxides or hydroperoxides have been
made.* In view of experimental evidence for the participa-
tion of cholesterol 20a-hydroperoxide in the biosynthesis of
3B3-hydroxpregn-5-en-20-one from cholesterol in the adre-
nal cortex,!® the possibility that the A7-6a-hydroperoxide
4b serves as an intermediate in the bioconversion of 4a to
12 should not be overlooked.
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The radiation-induced oxidations of 2a, 3a, and 4a thus
took different courses from one another, and only the oxi-
dation of the A7-3-alcohol 4a followed the same direct
course of abstraction of the allylic methylene hydrogens
and formation of both epimeric allylic hydroperoxides
without double bond migration, as found for cholesterol.?
The marked preference for formation of the quasiequator-
ial 78-hydroperoxide lc from cholesterol was not seen in
the case of the isomeric sterols 2a, 3a, and 4a. Rather, more
nearly equal amounts of epimeric hydroperoxides were
formed. For 2a the product ratio (2b + 2d):5b was 1:1; for
3a the ratio 1b:lc was approximately 1:2; for 4a the ratio
(4b + 4d):(4¢ + 4e) was 3:5.

Radiation-induced oxidations of 2a, 3a, and 4a take dif-
ferent courses from their previously reported oxidations by
singlet molecular oxygen. Reaction of the A4-sterol 2a with
singlet molecular oxygen is complex,18 with the A4-3-ketone
5a and 4a,5-epoxy-5a-cholestan-3-one (13) as major pro-
ducts.162 However, the variable amounts of 5a found rela-
tive to the epoxy ketone 1316<-¢ and our present demonstra-
tion of the ease with which 5a is formed from 2a by radia-
tion-induced free-radical attack of molecular oxygen

suggest that 5a also arises from 2a in photosensitized oxi- -

dations by hydrogen atom abstraction and free-radical at-
tack of molecular oxygen and not by attack of singlet mo-
lecular oxygen.!” Formation of the epoxy ketone 13 from
singlet molecular oxygen attack on 2a via the putative in-
termediate  3-hydroxy-5a-cholest-3-ene  5-hydroperox-
ide'6a< would then be the likely event.

Attack of singlet molecular oxygen on the ASf-sterol 3a
and on the 38-acetate of 3a yielded the expected A®-7a-
hydroperoxide 1b and the 38-acetate of 1b, respectively, as
major product.!® Small amounts of epimeric 78-hydro-
peroxide l¢ were also apparently formed but not noticed.!®
By contrast free-radical oxidation of 3a gave the same ep-
imeric A5-7-hydroperoxides 1b and le but with the quasi-
equatorial 78-hydroperoxide 1¢ predominating.

Singlet molecular oxygen attack on the 33-acetate of the
A7-sterol 4a proceeded by abstraction of the 14a-hydrogen
and formation of 38-acetoxy-5a-cholest-8(14)-ene 7a-hy-
droperoxide (14) as initial product, which itself was oxi-
dized by singlet molecular oxygen to yield 38-acetoxy-5a-
cholest-14-ene 7a,8¢a- and 7«,83-dihydroperoxides.!6¢ The
AT-sterol 4a also consumed two molecules of oxygen in pho-
tosensitized oxidations, but products were not isolated. It
would seem likely that the same course of oxidation be
taken for both 4a and its 33-acetate however. The point of
attack and the sensitivity to further oxidation of the initial-
ly formed hydroperoxide are thus in total distinction to the
behavior of 4a in radiation-induced free-radical oxidations.

These results establish that the A7-sterol 4a as well as
cholesterol, but not the A%- and Af-sterols 2a and 3a, may
serve as probes in test of the electronic excitation state of
molecular oxygen involved in chemical and enzymic reac-
tions.

Experimental Section2?

Irradiation Conditions. Pure crystalline samples of the parent
sterols 2a, 3a, and 4a were irradiated in glass beakers open to the
air for 16-20 hr (2.7 X 105 rads/hr) with °Co 4 radiation from a
Gammacell 200 (Atomic Energy of Canada Ltd., Ottawa), after
which time the samples were recrystallized from methanol-diethyl
ether. Recovered parent sterol free from detectable oxidation
products was again irradiated and recrystallized. Irradiation and
recrystallization were repeated several times to provide adequate
amounts of oxidation products. Mother liquors containing oxida-
tion products were evaporated under vacuum, and the combined
residues were chromatographed on 1.0-mm thick chromatoplates
using benzene-ethyl acetate (1:1) with triple development. Sterol
components were detected and characterized by their thin-layer
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chromatographic mobility factors R (vs. the indicated parent ster-
ol 2a, 3a, or 4a as unit mobility), color response to sulfuric acid
spray, sterol peroxide test, and ultraviolet light absorption. Each
resolved component was excised from the chromatoplate and elut-
ed with acetone for further purification and for identification.

Pyrolysis Conditions. Analytical gas chromatography of 2b, 4b,
4c, 4d, 4e, 3b, and 12 was conducted in the usual manner7ab22 to
obtain characteristic patterns of pyrolysis products. Gas chroma-
tography of 1-mg samples, dissolved in 200 ul of acetone, was con-
ducted for collection of all pyrolysis products in a single glass cap-
illary.?! The pyrolysis products were then chromatographed on a
chromatoplate using benzene-ethyl acetate (1:1) with triple devel-
opment and visualization in the same manner described for irra-
diation products. Pyrolysis products were eluted with acetone and
recovered by evaporation of the solvent under vacuum for further
purification and for identification.

Oxidation of Cholest-4-en-38-0l (2a). From 75.3 mg of 2a, mp
132-133°, irradiated and recrystallized, there was recovered 58.1
mg of pure 2a, mp 131-133° (lit. mp 128-132°232), Chromatogra-
phy of the mother liquors resolved five components characterized
and identified as follows: (a) R 1.13, yellow color, ultraviolet light
absorbing, 5a; (b) R 1.08, yellow color, positive peroxide test, ultra-
violet light absorbing, 5b; (¢) R 1.00, pink color, 2a; (d) R 0.72, tan
color, positive peroxide test, 2b; (e) R 0.56, tan color, positive per-
oxide test; and (f) R 0.32, tan color 2d.

Cholest-4-en-3-one (5a). Fraction a derived from irradiation of
2a was recovered and crystallized from methanol, yielding 2.1 mg
of 5a, mp 79-81° (lit. mp 76-82°23); ¢t 2.33; identical with au-
thentic 5a by uv, ir, tlc, and gc comparisons.

Irradiation of pure 5a for 24 hr with 6°Co radiation did not af-
ford chromatographically detectable alteration products.

668-Hydroperoxycholest-4-en-3-one (5b). Fraction b derived
from 2a recovered from the acetone eluate yielded 1.0 mg of 5b,
homogeneous by thin-layer chromatography, identified by its
characteristic pyrolysis pattern with components at ¢t g 0.38, 1.48,
1.98 (2e), 6.65 (8), and 7.14 (7). Identity of 5b was further estab-
lished by reductions to 2e and to 5c¢.

Irradiation of 0.2 mg of 2¢ for 18 hr yielded a mixture of prod-
ucts, chief among which were 2e, 6, and 5b, all identified by their
thin-layer chromatographic properties.

Cholest-4-ene-33,65-diol (2e). A small amount of 5b (derived
from 2a) in methanol was reduced with an excess of sodium bor-
ohydride, yielding the 33,63-diol 2e, R 0.31 in benzene-ethyl ace-
tate (1:1); steel blue color with 50% sulfuric acid; pyrolysis pattern
tr 0.44, 0.81. and 2.00; identical in these properties with those of
an authentic sample of 2e.5

66-Hydroxycholest-4-en-3-one (5c). A small sample of 5b
(derived from 2a) was reduced with sodium iodide and acetic acid,
yielding 5¢, R 0.62 in benzene—ethyl acetate (1:1); yellow color with
50% sulfuric acid; pyrolysis pattern ¢ g 6.65 (8) and 7.14 (7); identi-
cal in these properties with those of an authentic reference sample
of 5¢.

38-Hydroxycholest-4-ene 6a-Hydroperoxide (2b). Fraction d
derived from 2a yielded 0.7 mg of 2b, homogeneous by thin-layer
chromatography, identified as such by its characteristic pyrolysis
pattern on gas chromatography: ¢t 1.48, 1.98 (2d), 6.66 (8), and
7.14 (7), and by reduction to 2d.

Cholest-4-ene-38,6a-diol (2d). (A) From 2a. Fraction f from
irradiated 2a yielded 0.3 mg of 24, identified as such by its chro-
matographic properties R 0.32 in benzene-ethyl acetate (1:1); tan
color with 50% sulfuric acid; pyrolysis pattern tg 0.44, 0.80, and
2.04; identical in these properties with those of an authentic refer-
ence sample of 2d.5

(B) From 2b. A small sample of 2b derived from irradiation of
2a was reduced with an excess of sodium borohydride in methanol,
yielding the 343,6a-diol 2d, R 0.32 in benzene-ethyl acetate (1:1);
tan color with 50% sulfuric acid; pyrolysis pattern ¢y 0.44, 0.81,
and 2.04; identical in these properties with those of an authentic
reference sample of 2d.%

Fraction e derived from 2a was recovered on evaporation of the
acetone eluates, yielding 0.2 mg of an unidentified sterol peroxide
characterized by a characteristic pyrolysis pattern tr 0.37, 1.92,
and 2.66. From fraction ¢ 5.3 mg of unaltered parent sterol 2a, mp
130-133°, was recovered.

Oxidation of 5a-Cholest-6-en-33-0l (3a). Irradiation of a 3.2-
mg pure crystalline sample of 3a (free from la and other detecta-
ble sterols) was conducted for 20 hr. Direct thin-layer chromatog-
raphy of the entire irradiated sample without prior recrystalliza-
tion to recover 3a resolved six zones: (a) R 1.00, orange-red color,
3a; (b) R 0.74, instant blue color, positive peroxide test, 1b and l¢;
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(c) R 0.62, no color, ultraviolet light absorbing, 9; {d) R 0.53, in-
stant blue color, 3¢ (trace only); (e) R 0.42, instant blue color, le;
(f) R 0.35, instant blue color, 1d.

38-Hydroxycholest-5-ene 7-Hydroperoxides (l1b and lc).
Fraction b derived from 3a recognized to contain 1b and lc¢ by
thin-layer chromatography was reduced with sodium borohydride
in methanol, and the product 36,7-diols 1d and le were identified
as such by additional thin-layer and gas chromatographic analyses.
Based on relative intensity of color response of the 38,7-diols 1d
and le to 50% sulfuric acid spray the 78-hydroperoxide le was
present in approximately twice the amount as 1d. No 3¢ indicative
of the presence of 3b among the hydroperoxide products from 3a
was detected despite a careful search.

Identity of fractions ¢, d, e, and f from 3a containing 9, 3¢, le,
and 1d, respectively, was achieved by additional thin-layer and gas
chromatographic analyses. Behavior identical with that of authen-
tic reference sterols was obtained in each case. Identity of recov-
ered 3a was carefully checked by thin-layer chromatography using
benzene-ethyl acetate (7:3) with triple ascending development,
which technique resolved 3a (R 0.93) from la (R 1.00). No la was
detected in 3a recovered from fraction a.

A 2.1-mg sample of 3b was irradiated for 20 hr. Analysis of the
sample indicated that approximately 90% of the 5a-hydroperoxide
3b was unaltered and that only approximately a 10% conversion of
3b to a mixture of 1b and lc¢ had occurred. Traces of the epimeric
38,7-diols 1d and le and of the 38,5«-diol 3¢ were also detected.

Oxidation of 5a-Cholest-7-en-38-0l (4a). From 715 mg of pure
4a, mp 120-122°, free from 12, irradiated, a total of 215 mg of 4a,
mp 119-121° (lit. mp 118-127°2%2), was recovered by recrystalliza-
tion. The combined mother liquors were complex, but nine dis-
crete zones were resolved for characterization and recovery work,
as follows: (a) R 1.25, purple color, containing several components,
not examined further; (b) R 1.00, tan turning purple color, 4a;% (c)
R 0.85, tan color, positive peroxide test, 4¢;2¢ (d) R 0.81, tan color,
positive peroxide test, 4b;?* (e) R 0.77, yellow color, ultraviolet
light absorbing, 11; (f) R 0.60, tan color, positive peroxide test, not
examined further; (g) R 0.50, tan color, positive peroxide test, not
examined further; (h) R 0.35, tan color turning purple, 4e; (i) R
0.30, tan color turning purple, 4d.

38-Hydroxy-5a-cholest-7-ene 6a-Hydroperoxide (4b). Frac-
tion d derived from 4a was rechromatographed several times using
benzene-ethyl acetate (1:1) with triple development. Elution of
the R 0.81 component with acetone yielded 6.8 mg of 4b, homoge-
neous by thin-layer chromatography but which could not be crys-
tallized. The 6a-hydroperoxide 4b was characterized by thin-layer
chromatographic mobility, R 0.81, in benzene—ethyl acetate (1:1)
and by a characteristic pyrolysis pattern which included major
components at t g 1.21, 3.08, 4.07, 5.68, 6.17, and 7.18.

38-Hydroxy-5a-cholest-7-ene 65-Hydroperoxide (4¢). From
fraction ¢ crude 4¢ was recovered which was rechromatographed
several times on both 0.25 and 1.0 mm thick chromatoplates using
the system benzene-ethyl acetate (1:1) with triple development,
yielding 13.4 mg of pure 4c. Recrystallization of the sterol from
methanol gave the analytical sample of 4c, mp 145-149°: Ppmax
(KBr) 3375, 3150, 1650, and 1055 cm™!; pyrolysis pattern ¢g 1.20,
3.00, 4.06, 5.69, 6.16, 7.17.

Anal. Caled for Co7H4603: C, 77.46; H, 11.08. Found: C, 77.74; H,
10.89. ‘

A commercially obtained sample of 4a stored as received for
some months in the laboratory was recrystallized from methanol-
diethy! ether, and the mother liquors were chromatographed on
thin-layer chromatoplates using benzene-ethyl acetate (1:3) with
double development. The parent sterol 4a was recovered from a
zone at R¢ 0.71. The major peroxide zone at B¢ 0.64 was identified
as 4c by additional thin-layer and gas chroma®ography. A third
component at B¢ 0.57 was identified as the A7-6-ketone 11 by thin-
layer and gas chromatography.

5a-Cholest-7-ene-38,6a-diol (4d). (A) From d4a. Fraction i
from irradiation of 4a was eluted and the sterol recrystallized from
methanol, yielding 8.5 mg of pure 4d, mp 186-188° (lit. mp
192°;252 mp 178-179° and 185-186°;13b mp 114°25b); pyrolysis pat-
tern tr 1.20, 1.49, 2.88, and 3.08; identical with authentic 4d pre-
pared by hydroboration of 12252 by ir, tlc, and gc comparisons.

(B) From 4b. A solution of 3.5 mg of 4b in methanol was treated
with an excess of sodium borohydride and the product recovered,
yielding 2.7 mg of 4d as colorless crystals, mp 184-188°; identical
in spectral and chromatographic properties with an authentic ref-
erence sample of 4d.

(C) From Pyrolysis. Pyrolysis of 4b, 4¢, 4d, and 4e yielded a
component recognized as 4d by thin-layer chromatography. Elu-
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tion and thin-layer chromatography confirmed the presence of 4d,
further recognized by its characteristic pyrolysis pattern which in-
cluded components at ¢ g 1.20 (12), 1.49, 2.88, and 3.08 (4d).

5a-Cholest-7-ene-38,68-diol (4e). (A) From 4a. Fraction h
from irradiation of 4a was eluted and recrystallized from metha-
nol, yielding 11.3 mg of 4e, mp 204-207° (lit. mp 207-209°;1%2 mp
204-207°13%): pyrolysis pattern tr 1.19, 1.48, and 3.00; identical
with authentic 4e prepared by sodium borohydride reduction of
11130 by ir, tlc, and ge comparisons.

(B) From 4c. A solution of 3.4 mg of 4¢ in methanol was re-
duced with an excess of sodium borohydride and the product re-
covered, yielding 2.3 mg of pure 4e, mp 205-207°; identical in spec-
tral and chromatographic properties with those of an authentic
reference sample of 4e.

(C) From Pyrolysis. Pyrolysis of 4¢ and 4e yielded a compo-
nent recognized as 4e, Elution from the chromatoplate and addi-
tional thin-layer chromatography confirmed identity as 4e, further
recognized by its characteristic pyrolysis pattern which included
components at tg 1.19 (12), 1.48, and 3.00 (4e).

38-Hydroxy-5a-cholest-7-en-6-one (11). (A) From Irradia-
tion of 4a. Fraction e obtained by irradiation of 4a was rechroma-
tographed on 1.0 mm thick chromatoplates using chloroform-ace-
tone (23:2) with triple ascending development. The ultraviolet
light absorbing zone was eluted with acetone, yielding 28.5 mg of
11, mp 195-197° (lit. mp 196-197°;26 mp 162-164°13b); ty 4.07,
5.69, 6.17, and 7.16; identical with authentic 11 by uv, ir, tlc, and gc
comparisons.

(B) From Pyrolysis of 4b, 4c, and 4e. Pyrolysis of 4b, 4e, and
4e gave in each case a component with thin-layer chromatographic
properties of 11. Elution of the component gave chromatographi-
cally homogeneous 11, identified by comparison of spectral and
chromatographic properties with those of an authentic reference
sample of 11.

Cholesta-5,7-dien-38-0l (12). (A) From Pyrolysis of 4b, 4c,
4d, and 4e. The major pyrolysis product from 4b, 4c, 4d, and 4e
was eluted from the thin-layer chromatoplate with acetone and
crystallized from methanol, yielding 12, typically characterized by
mp 148-150° (lit. mp 142-150°23a); ¢ ¢ 1.20; identical with authen-
tic 12 by uv, ir, tlc, and gc comparisons.

(B) From Irradiation of 4a. Fraction b obtained by irradiation
of 4a was eluted with acetone and crystallized from methanol,
yielding 228 mg of 4a, mp 119-122° (lit. mp 118-127°233), recog-
nized as containing the 5,7-diene 12 as contaminant by chromato-
graphic and spectral data. Thin-layer chromatography of the re-
covered 4a using benzene-ethyl acetate (6:1) with triple develop-
ment resolved 4a at Ry 0.66 (tan color turning purple with 50% sul-
furic acid) and 12 at R 0.70 (steel blue color). Absorption of the
recovered 4a fraction exhibited A\y.(EtOH) 271.5, 282, and 293
nm characteristic of 12, From the absorbance of the 282-nm band
approximately 0.3% of 12 in the recovered 4a sample was indicat-
ed.

Acknowledgment. The authors gratefully acknowledge
the aid of Professor G. O. Schenck, Max Planck Institute,
Muilheim a.d. Ruhr, in providing a copy of the dissertation
of Dr. W. Eisfeld.

Registry No.—1b, 2846-29-9; 1¢c, 36871-91-7; 2a, 517-10-2; 2b,
41-209-89-6; 2d, 15013-60-2; 2e, 570-88-7; 3a, 22420-06-0; 4a, 80-
99-9; 4b, 52718-87-3; 4¢, 52555-46-1; 4d, 2259-91-8; 4e, 2259-90-7;
5a, 601-57-0; 5b, 2207-76-3; 5¢, 570-89-8; 11, 14858-06-1; 12, 434-
16-2.

References and Notes

(1) Paper XXX| of the series: Y. Y. Lin and L. L. Smith, J. Label. Com-
pounds, in press. Financial support of these studies was kindly provided
by the Robert A. Welch Foundation, Houston, Tex.

(2) Robert A. Welch Foundation Postdoctoral Fellow, 1972-1974.

(3) L. L. Smith, J. |. Teng, M. J. Kulig, and F. L. Hill, J. Org. Chem., 38, 1763
(1973).

(4) J. ). Teng, M. J. Kulig, L. L. Smith, G. Kan, and J. E. van Lier, J. Org.
Chem., 38, 119 (1973).

(5) M. J. Kulig and L. L. Smith, J. Org. Chem., 38, 3639 (1973).

(6) (a)J. |. Teng and L. L. Smith, J. Amer. Chem. Soc., 95, 4060 (1973); (b)
L. L. Smith and J. I. Teng, ibid., 96, 2640 (1974).

(7) (a) J. I. Teng, M. J. Kulig, and L. L. Smith, J. Chromatogr., 75, 108
(1973); (b) L. L. Smith, M. J. Kulig, and J. |. Teng, Steroids, 22, 627
(1973).

(8) L.L. Smithand F. L. Hill, J. Chromatogr., 66, 101 (1972).

(9) (a) G. J. Schroepfer and I. D. Frantz, J. Biol. Chem., 236, 3137 (1961);



3402 J. Org. Chem., Vol. 39, No. 23, 1974

(b) M. E. Dempsey, J. D. Seaton, G. J. Schroepfer, and R. W. Trock-
msn, ibid., 239, 1381 (1964); (c) M. E. Dempsey, ibid., 240, 4176
(1965).

(10) (a) S. M. Dewhurst and M. Akhtar, Biochem. J., 105, 1187 (1967); (b) M.
Akhtar and M. A, Parvez, ibid., 108, 527 (1968),

(11) (a) A. M. Paliokas and G. J. Schroepfer, Biochem. Biophys. Res. Com-
mun., 26, 738 (1967); (b) A. M. Paliokas and G. J. Schroepfer, J. Biol.
Chem., 243, 453 (1968); (c) M. Akhtar and S. Marsh, Biochem. J., 102,
462 (1967).

(12) D. J. Aberhart and E. Caspi, J. Biol. Chem., 246, 1387 (1971).

(13) (a) W. E. Harvey and K. Bloch, Chem. ind. (London), 595 (1961); (b) M.
Slaytor and K. Bloch, J. Biol. Chem., 240, 4598 (1965).

(14) (a) A. M. Paliokas and G. J. Schroepfer, Biochim. Biophys. Acta, 144,
167 (1967); (b) A. Fiecci, M. Galii Kienle, A. Scala, G. Galli, R. Paoletti,
and E. Grossi Paoletti, J. Biol. Chem., 247, 5898 (1972).

(15) (a) J. E. van Lier and L. L. Smith, Biochim. Biophys. Acta, 210, 153
(1970); 218, 320 (1970); (b) J. E. van Lier and L. L. Smith, Biochem. Bio-
phys. Res. Commun., 40, 516 (1970).

(16) (a) A. Nickon and W. L. Mendelson, J. Org. Chem., 85, 1894 (1963); 87,
3921 (1965); (b) E. J. Corey and W. C. Taylor, J. Amer. Chem. Soc., 86,
3881 (1964); (c) W. Eisfeld, Dissertation, Gottingen, 1965, p 63; (d) D. R.
Kearns, R. A, Hollins, A. U. Khan, R. W. Chambers, and P. Radlick, J.
Amer. Chem. Soc., 89, 5455 (1967); (e) D. R. Kearns, R. A. Hollins, A.
U. Khan, and P. Radlick, ibid., 89, 5456 (1967); (f) R. W. Murray and M.
L. Kaplan, ibid., 91, 5358 (1969).

(17) Formation of 5a from 2a suggested as arising from participation of the
124" excited state of molecular oxygen rather than the first 'Ag excited
state’64¢ has since been qualified.’® Although hydrogen atom abstrac-
tion by excited dye molecules had previously not been thought likely, 6
free-radical oxidation initiated by the 3(n,x*) sensitizer has recently
been posited.'é2

(18) (a) K. Golinick, T. Franken, G. Schade, and G. Dorhofer, Ann. N. Y.
Acad. Sci., 171, 89 (1970); (b) C. S. Foote, ibid., 171, 105 (1970); (¢} D.
R. Kearns, ibid., 171, 106 (1870).

(19) A. Nickon and J. F. Bagli, J. Amer. Chem. Soc., 81, 6330 (1959); 83,
1498 (1961).

(20) Melting points were taken on a calibrated Kofler block under microscop-
ic magnification. Infrared absorption spectra were recorded over the
range 400-4000 cm™" on 1.5 mm diameter KBr disks incorporating the
sample using a Perkin-Elmer Model 337 spectrophotometer equipped
with a beam condenser lens. Ultraviolet light absorption spectra were
recarded on 95% ethanol solutions using a Cary Modet 14 spectropho-

Alston and Shillady

tometer. Thin-layer chromatography was conducted with 20 X 20 cm
chromatoplates of silica gel HF 54 (E. Merck GmbH., Darmstadt), 0.25
and 1.0 mm thick, using specified solvent systems. Thin-layer mobility
factors R for products derived from parent sterols 2a, 3a, or 4a were
measured using the appropriate parent sterol as unit mobility. Sterols
were detected by viewing under 254-nm light, followed by spraying with
N,N-dimethyl-p-phenylenediamine for peroxides,® and finally by
spraying with 50% aqueous sulfuric acid and heating for full color dis-
play. Gas chromatography was conducted on 1.83 m long X 4 mm di-
ameter silanized glass U-tubes packed with 3% SP-2401 on 100-120
mesh Supelcoport (Supeico Inc., Bellafonte, Pa.) using a Hlewlett-Pack-
ard F&M Model 402 gas chromatograph equipped with a hydrogen
flame ionization detector. Injection temperature was 250°; column tem-
perature was 230°; detector temperature was 250°. Nitrogen was used
as carrier gas at a flow rate of 20 mi/min. Retention time data (tg) are
expressed in terms of cholesterol as unit retention time in all cases.
Preparative gas chromatography was achieved by collection of effluxing
components in glass capillaries as previously described.?!

(21) J. E. van Lier and L. L. Smith, J. Chromatogr., 38, 7 (1968).

(22) J. E. van Lier and L. L. Smith, Steroids, 15, 485 (1970).

(23) Literature melting point and ultraviolet light absorption data for the com-
mon steroids were obtained, respectively, from (a) J. Jacques, H.
Kagan, and G. Qurisson, ‘‘Tables of Constants and Numerical Data,”
Vol. 14, Pergamon Press, Oxford, 1965; (b) L. Dorfman, Chem. Rev.,
53, 47 (1953).

(24) Chromatographic resolution and differentiation by color display of the
parent sterols 1a and 4a as well as of their major hydroperoxides
formed by radiation-induced oxidation are achieved using benzene-ethyl
acetate (18:7), as follows: 1a, red color, R 1.00; 4a, orange-red color, R
0.91; 1b, instant blue color, R 0.52; 1c¢, instant blue color, R 0.57; 4b,
tan color, R ~0.37; 4c, tan color, R 0.39. The chief product 3a of sin-
glet molecular oxygen attack on 1a is not resolved from 1b but the cor-
responding 33,5a-diol 3¢ is readily resolved from 1d and from 1e in a
variety of solvent systems. The putative initial product of singlet molecu-
lar oxygen attack on 4a as well as the secondary dihydroperoxides
formed is resolved from 4b and 4c using multiple irrigation with ben-
zene-ethyl acetate (18:7).

(25) (a) L. Caglioti, G. Cainelli, and G. Maina, Tetrahedron, 19, 1057 (1963);
(b) D. J. Aberhart, J. G. Lloyd-Jones, and E. Caspi, Phytochemistry, 12,
1065 (1973).

(26) L. Tokés, G. Jones, and C. Djerassi, J. Amer. Chem. Soc., 90, 5465
(1968).

A Reexamination of the Origin of Regioselectivity in the Dimerization of

Acrolein. A Frontier Orbital Approach

Peter V. Alston*

E. I. du Pont de Nemours & Company, Analytical Research Group, Spruance Plant, Richmond, Virginia 23261
Donald D. Shillady

Department of Chemistry, Virginia Commonwealth University, Richmond, Virginia 23284

Received March 18, 1974

The relative frontier orbital coefficient magnitudes of acrolein were determined from ab initio SCF molecular
orbitals. These frontier orbital coefficients favor the experimentally observed regioisomer in the dimerization of
acrolein. Various all valence electron semiempirical SCF MO methods agree with the ab initio calculations on the
origin of regioselectivity in the reaction. First-order charge interactions were not useful in predicting the regiose-
lectivity of the reaction. Generalized rules for the prediction of the regioselectivity in cycloadditions involving
three terminal carbon atoms and one terminal oxygen atom are given.

The regioselectivity in the dimerization of acrolein has
been of theoretical interest !5 over the last several years.
Salem? found that Hickel orbital interactions favored re-
gioisomer Il whereas only rcgioisomer I occurs experimen-
tally. A later calculation by Devaquet and Salem* using =

CHO CHO
~
G =,
~ CHO
i I

SCF MO’s and including first-order charge interactions as
well as overlap was found to be in agreement with the ex-
perimental results. However, the major contribution (60-
70%) to the stabilization of I relative to II arose from the
electrostatic term. This is confusing because consideration

of the = charge densities of acrolein would lead to the
wrong prediction.! There is also some question about the
reliability of the overlap energy term in this calculation be-
cause it predicts that the exo approach is more stable than
the endo for regioisomer II. This prediction is contrary to
orbital symmetry considerations®? and experimental evi-
dence,? which indicate that the endo configuration is more
stsble than the exo. Later, Eisenstein, et al.,! was success-
ful in predicting the observed regioisomer I using a frontier
orbital approach based on Hiickel orbitals. However,
Houk? has recently found that various molecular orbital
methods disagree on the relative coefficient magnitudes of
the HOMO of acrolein. Consequently, the origin of the reg-
ioselectivity in the dimerization of acrolein is presently un-
clear. In this paper, we have reexamined this reaction



