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Abstract—The sterol diol fraction from the lipids of organ-pipe cactus, Stenocereus thurberi, was separated
into five compounds: macdougallin, peniocerol, cyclostenol, stenocereol and thurberol. The last three com-
pounds have not been described before. All compounds were characterized by physical and spectroscopic

properties.

INTRODUCTION

The organ-pipe cactus, Stenocereus thurberi [1], is a
large columnar succulent growing in southern
Arizona and north-western Mexico whose decaying
stems are one of the breeding sites for Drosophila
mojavensis in the Sonoran Desert [2]. The cactus is
rich in acidic triterpene glycosides and lipids [3-5].
The latter, which comprise 10-17% of the dry weight
of large stems, consist of neutral oleanene and lupene
mono-, di- and triols, a small amount (0.07%) of phy-
tosterols (cholesterol, campesterol, sitosterol) and a
large proportion of dihydroxysterols [5]. All of these
are partially esterified with medium-chain fatty acids
[6]. The ratio of non-saponifiables to fatty acids in the
lipid fraction varies, but is usually about 2:1. The
sterol diol fraction, 34% of the non-saponifiables and
2.6% of the cactus dry weight, elutes from Si gel
columns with 1:1-2:1 ether-light petroleum (l.p.) after
removal of di- and trihydroxytriterpenes with solvent
mixtures of lower polarity [5].

RESULTS AND DISCUSSION

The five sterol diols in this fraction (R, 0.03, 6:4,
hexane-EtOAc, R, 0.65, 90:10:1, CHCl;-MeOH-
HOACc) could not be adequately resolved by GC as
free alcohols (RR,,, 1.83-2.00), TMS-ethers
(RRtTMSchoI. 1.32—142) or diacetates (Rthhol.ac 1.80-
2.09). Chromatography of the free diols or their
acetates on AgNO,-TLC plates first made us aware of
the complexity of the mixture and was the best way
of assessing purity during subsequent CC and crys-
tallization of the five compounds (Table 1). Two of
these, macdougallin (5) and peniocerol (7), had been
previously isolated from underground tubers of night-
blooming cereus cacti [7-10]. We named the other
three, which have not yet been described, cyclostenol
(3), stenocereol (4) and thurberol (6) (Fig. 1).

Peniocerol (7) and macdougallin (5) diacetates were
readily separated from the remaining diol diacetates
and each other with 2-5% ether-light petroleum or
CH,CIl, on 20% AgNO;-Si gel columns and identified
by their physical and spectroscopic properties [7-9].

Stenocereol (4) diacetate was purified by repeated
chromatography on 109% AgNOs-Si gel columns with
CH,Cl, and crystallized from MeOH: 'H NMR and
MS spectra suggested its structure to be 24-dehy-
dromacdougallin diacetate and this was substantiated
by reduction of the compound to macdougallin
diacetate and ozonolysis to acetone.

Thurberol (6) diacetate, whose UV spectrum (Aqax
248) suggested an 8, 14-diene, was quite unstable to
AgNO;-Si gel CC and tended to elute with stenocereol
diacetate. It was finally purified as the more stable
dibenzoate which, when freed of most of its im-
purities by AgNO;-Si gel chromatography with 1.5:1
l.p.—ether, was crystallized from EtOH-CcHs. The
spectra (UV, NMR, MS, IR) of thurberol diacetate all
supported its structure as 14-dehydropeniocerol. The
dibenzoate was hydrogenated under non-isomerizing
conditions to peniocerol dibenzoate and the diacetate
to 3B,6a-diacetoxy-5a-cholest-8(14)-ene in the
presence of HOAc.

Cyclostenol (3) was the last sterol diol to be
recognized as a component of the mixture. It is
present in smaller quantities than the other four diols
in the cactus and could only be seen as a separate
spot after careful AgNO,-TLC chromatography of
the diacetates with CH,Cl,. Slow CC of 3g of a
diacetate mixture of macdougallin, peniocerol and
cyclostenol with 8:1-4:1 Lp.~CH,Cl, followed by
CH.CI, gave mixtures of various ratios of the three
compounds plus a small amount (~ 25 mg) of oily
cyclostenol diacetate that was relatively free of the
other two compounds. This sample gave an MS
fragmentation pattern similar to macdougallin
diacetate and its "H NMR spectrum showed no vinyl
protons but two doublets at §0.20 and 0.45 suggestive
of cyclopropyl protons. These data immediately sug-
gested the structure to be a diacetoxy 4, 4'-des-
methylcycloartane and led to the purification of larger
amounts of the compound by epoxidation of con-
taminating macdougallin and peniocerol diacetates
with m-chloroperbenzoic acid (m-PCBA) followed by
CC. It was then easy to crystallize cyclostenol
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Fig. 1. Structures and possible biosynthetic pathways of the 38, 6a-dihydroxysterols in organ-pipe cactus.

diacetate and convert it to the pure free diol and
dibenzoate.

The mps, optical rotations and AgNO,-Si gel TLC
mobilities of the five sterol diols, their diacetates and
dibenzoates are given in Table 1. The lower R, of
cyclostenol diacetate on AgNO,-TLC plates than that
observed for the unsaturated macdougallin and

peniocerol diacetates is probably due to distortion of
the orientation of the equatorial 38 and 6a acetoxy
groups by the cyclopropane ring to make them more
polar in cyclostenol diacetate than in the other two
derivatives. This is supported by shifts of the 3« and
68 protons and of the 6-acetoxy methyl protons in
the '"H NMR spectrum of cyclostenol diacetate when
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Table 1. Chromatographic mobilities, melting points and specific rotations of the sterol diols, diacetates and dibenzoates
from organ-pipe cactus

Sterol Derivative AgNO,;-TLC Mp, vacuum, corrected [a]¥ (C3,.CHCL)
Rchol. deriv.
Diol 0.63* 222-223° +42°
Cyclostenol (3) Diacetate 0.441 96-98° +58°
Dibenzoate 0.58% 196-198°, clears 199° +83°
Diol 0.63 150.5-151.5° +72°
Stenocereol (4) Diacetate 0.21 114.5-116° +53°
Dibenzoate 0.23 165-166° +102°
Diol 0.62 174-175° lit. [9] 173-174.5° +69° lit [7] +72°
Macdougallin (5) Diacetate 0.54 126-127.5° lit. [9] 124-126° +56° lit. [7] +55°
Dibenzoate 0.60 150.7-151° +104°
Diol 0.51 190-190.5° (sinters 174°) +2°
Thurberol (6) Diacetate 0.14 106.5-108° +10°
Dibenzoate 0.15 186-188° +73°
Diol 0.55 183°, clears 203-205° lit. [7] 181- +49° lit. [8] +53°
183°
Peniocerol (7) Diacetate 0.51 51.5-52° lit. [7] 50-51° +41° lit. [8] +42°
Dibenzoate 0.58 210-211° lit. (8] 202-204° +95°

*Diols, Ronoresterals 9515 EtOAc-HOAc 2 X . tDiacetates, Repl, acetstes CH2Clz 3 X . iDibenzoates, Repor. benzoates CH2Cl2 1%

compared to these absorptions in the other four

compounds (Table 2).

The 600-1000 and 1100-1200 cm™' regions of the IR
spectra of the five sterol diol diacetates are shown in
Fig. 2. The other regions of their spectra are all alike
except for a very small cyclopropane peak at
1650 cm™ in the spectrum of cyclostenol diacetate.
Cyclopropyl absorption of this derivative at 900 cm™"
and the band at 803cm™ for the A®' system in
thurberol diacetate are the principal distinguishing
features in these spectra.

The "H NMR spectra of the diacetates are given in
Table 2 and are as expected from the structures
assigned to the five compounds. The downfield shift
of the 18-CH; resonance is in accord with the cyclo-
artane skeleton [11] of cyclostenol diacetate and the
changes in its resonances at C; and C¢ have been
noted above. This spectrum also lacks the 7a-H
resonance at § 2.5-2.6 caused by a combination of the
6a-acetoxy group and A*® unsaturation in the four
other compounds. The spectrum of stenocereol
diacetate closely resembles that of macdougallin
diacetate except for the two vinyl methyl groups
(Ca.27) and the vinyl proton on C,,. The C;s methyl
protons in thurberol diacetate are also shifted
downfield because of the A bond [12] and its vinyl
proton at C,s is barely split by the adjoining protons
on Ci. The spectrum of peniocerol diacetate also
resembles that of macdougallin diacetate except for
the C;, resonance at 8 0.90 and the effect of this
group on Cy;z (8 0.69 in macdougallin and 0.59 in
peniocerol diacetate).

The mass spectra of the sterol diol diacetates are
given in Table 3. The base peaks are all M*™-2HOAc
or M'—-(2HOAc +Me). The M*-side-chain (SC)
fragments are variable and is not accentuated in the
A* unsaturated stenocereol diacetate because of A*®
unsaturation in the nucleus [13].

The five sterol diols in organ-pipe cactus fall into a
logical biosynthetic sequence (Fig. 1). Squalene is
cyclized to cycloartenol (1) and a small portion of this
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Fig. 2. IR spectra of the sterol diol diacetates in the ranges
of 1200-1100 and 1000-600 cm™".

is eventually converted to cholesterol, campesterol
and sitosterol [S]. Most of the cycloartenol however
is hydroxylated in the 6a position and the 4, 4-methyl
groups are removed to form 6a-hydroxy-4, 4'-des-
methylcycloartenol (2). This compound was not
isolated but the appearance of a minor spot on
AgNO;-TLC just below stenocereol (4) diacetate in
one of the many fractions obtained from various
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organ-pipe cacti worked-up during this study makes
US DERSVE 12 ZEITOSPECT IR2T 1T MVSE ave been L0 2.
At the time we thought it was an artefact of steno-
cereol, the structure of which had not yet been
established.

Diol 2 is then reduced to cyclostenol (3) or its
cyclopropane ring is opened [14] to form stenocereol
(d) and either of these can be metabalized to mac-
dougallin (5). The latter is then demethylated at C,4
[15] to form the 8, 14-diene thurberol (6) which in turn
is reduced to peniocerol (7). The isolation of thur-
bero) 1ogether with macdougaihin and peniocero) from
the same plant strongly supports the hypothesis that
8, 14-dienes rather than R(ld)}-monoenes [16] are the
intermediates in the removal of 14a-methyl groups
during steroi biosynthesis and that the next step in
tte sequence 1s reducrion of the 47*** doubdie bond
[17].

The A® > A’ isomerization which follows in normal
sterol biosynthesis is presumably inhibited by ihe
6a-OH group of peniocerol and the biosynthesis
stops with this diol. The early 4, 4'-demethyiations
and ba-nydroxyiation in this sequence may aisa
prevent attack of S-adeaosylmethionine an C,4 of the
unsaturated diols 2 and 4 and thereby maintain the
cholesterol side-chain in these compounds.

The literature on naturally occurring 6-hydroxy-
sterols 1s sparse, Besides peniocerol and mac-
dougallin {7-10] only 6B-hydroxycampest-4-en-3-one
and the corresponding stigmastene isomer have been
isolated from plants {18, 191 and the latter and stig-
masta-4, 22-dien-3-on-63-o0l were among the products
obtained by oxidation of sitosterol and stigmasterol
by a soil pseudomonad [20]. A number of side-chain
oxidized 38, 6a-dihydroxy-A®'"-sterols were present
as saponins in the crown-of-thorns starfish [21] and
ergosta-8, 24(28)-dien-38, 6a-dict (24-methylenepeni-
ocerol) has recently been identified in a A®*—A’
blocked yeast mutant [22]. We have investigated the
lipid fraction of agria cactus (Stenocereus gummosis),
a plant related to organ pipe [1] and the principal host
for Drosophiln mojnrvensis in Baja Cahifornia, and i
also appeared to contain at least two of the sterol
diols described here (H. W. Kircher and L. Chernetz,
unpublished work).

EXPERIMENTAL

Mps, in vacuo, corr., were taken in capillary tubes with a
Thomas-Hoover apparatus; [a]} (C-3, CHClL) with a
Rudolph DP-06-01 polarimeter; MS 70 eV, direct inlet with
a Varian 311-A; IR, 2.5% in CS;; 'H NMR in CDCl;; UV in
EtOH.

AgNO;-TLC plates were prepared by dipping Merck
aluminium sheet Si gel coated plates in 10% AgNO;—4:1

EtOH-H,O followed fv activation at ((¢° for 20 min;

solvents are given as footnotes to Table 1.

Sterol diols were isolated from saponified organ-pipe cac-
tus ipids oy CT 37 and separated vy crystaliization from
acetone into fractions containing various ratios of the five
diols. The diols were acetylated and separated on AgNO,;-Si
gef columns as follows.

Nomenclature. Cyclostenol (3), 14a-methyi-9,19-cyclo-Sa-
cholestan-38,6n-diol; stenocereol (4}, I4a-methyl-Sa-
cholesta-8,24-dien-3 8,6 a-diol; macdougallin (§), 4a-methyl-
Sa-cholest-8-en-38,6 a-diol; thurberol (6), Sa-cholesta-8,14-
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dien-3B,6a-diol; and peniocerol (7), Sa-cholest-8(9)-en-38,6 -
.

Macdougallin (5). The diacetate was eluted from a 20g
mixture placed on a 1 kg 20% AgNO,-Si gel column with 2%
ether-1.p. (ight pewrolewmy and purified as the free Givi on a
Si gel column with 35% ether-l.p. followed by crystallization
from MeOH. The diacetate was also crystallized from
MeQOH aad the dibeazaate from EtQH.

Peniocerol (7). The diacetate eluted from AgNO;-Si gel
columns with 5% ether-l.p. after macdougallin diacetate and
was purified by crystallization from MeOH. The free diol
was crysiaWzed Yrom EIDY and Yve Openzoate irom
EtOH-C¢H,.

Stenocereol (4), The diagetate was punified on 2 Lkg M%
AgNO,;-Si gel column with 3:7 C,He-hexane and several
crystailizations from MeUH and EtOH. The free diol was
crystaffized from MeOAH-H.O and the dibenzoafe from
EtOH.

Stenocereol diacetate, 0.75 g, was hydrogenated in 40 mi
EtOH over 50mg P10, untii H, absorption ceased. After
removal of catalyst and solvent the residue was crystallized
from MeOH, mp and mmp with macdougaiiin diacetate
125.5-127.5". The mother tiquars were hydrotvsed with atkalt
to the diot, mp (MeOH) and mmp with macdougaltin 174
175°, which was benzoylated, mp (EtOH) and mmp with
macdougallin dibenzoate 149-150°.

Stenocereol diacetate, 0.5 g, was ozonized in 10 ml HOAc
at 10° for 10 min }23). The mixture was treated with Z2n and
H,O on the steam-bath and distilled. The distillate was
redistilied into a solution of 2, 4-dinitrophenylhydrazine and
the precipitate crystallized from MeOH, mp and mmp with
acetone 2, 4-dinitrophenylhydrazone 125-127° (air, corr.).

Thurberol (6). The diacetate was partially purified on 20%
AgNO,-Si gel columns with 20 and 30% benzene in hexane
and crystallized from MeOH but could not be separated
from stenocereol diacetate. The mixture was hydrolysed, the
dibenzoate prepared and the latter chromatographed in 2-g
quantities on 250 g 10% AgNO;-Si gel columns with 2:1 and
1.5:1 Lp.—CH,Cl, and crystallized from EtOH-CHCl,. The
diol was crystallized from CHClL;, and the diacetate from
MeOH, €32y 18000 (A*').

Thorbero) diaceiate was hydrogenaied overnight in E1OH
and HOAc over 10% Pd-C to 5a-cholest-8(14)-en-38, 6a-
diol diacetate, mp 140-141° (MeOH), lit. {24] 141-142°, The
IR spectrum no longer showed the 809 cm™ band due to the
A% gystem and the MS (m/z: 426, 411, 366, 351, 313, 211)
and NMR (& 0.78, 0.82, 0.89, 0.95, 2.00) matched those of an
authentic sample prepared in the same way from peniocerol
diacetate [8].

Thurberol dibenzoate, 0.54 g, was hydrogenated in 50 mi
EtOAc and 2ml Et;N over 150 mg 10% Pd-C for 20 hr.
After removal of catalyst and solvent the residue was
chromatographed on a 100 g 10% AgNO,;-Si gel column with
2:1 1p.—CH,Cl, and the product, peniocerol-dibenzoate
crystallized from EtOAc, mp and mmp 209-211°. The resi-
due in the mather liguars was fvdrolvsed, mp (EtQH.
MeOH) and mmp with peniocerol, sinters 184°, melts 201-
203°.

Cyciostenot {3). The diacetate was enriched oy siow
chromatography of mixtures containing macdougallin and
peniocerol diacetates on 10% AgNO;-Si gel columns with
8. {41 {p~CH,Cl, mixtures followed by CH,CL, ondy. A
series of products was obtained ranging from 50 to 90%
cyclostenol diacetate as judged by TLC spot intensities plus
a small amount of non-crystalline material that was con-
taminated with lower R; impurities. This was purified by Si
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gel CC with 5% ether-l.p. to yield ~25 mg of oily material
that appeared fairly pure by TLC. Its 'H NMR spectrum, &
0.20, 0.45 (2H, dd) and no vinyl protons and its mass
spectrum (M* 500) suggested the compound had a cyclo-
propane ring and was an isomer of macdougallin diacetate.
Small scale experiments with the five diol diacetates showed
that cyclostenol diacetate was the only one left unoxidized
with m-CPBA, Rys on 80:10:10 lp.—ether-HOAc: cyclo-
stenol diacetate 0.78, macdougallin diacetate epoxide 0.67,
peniocerol diacetate epoxide 0.63, thurberol and stenocereol
diacetate diepoxides 0.27.

The various impure fractions of cyclostenol diacetate
were accordingly oxidized with an equal weight of m-CPBA
in 25vols CH,Cl, for 18 hr at room temp. The reaction
mixtures were evapd to dryness and partitioned between
satd aq. NaHCO; and ether. The ether solutions were
evaporated and the residues combined (17.5g) and eluted
from two 850 g Si gel columns with 5-15% ether-l.p. Resi-
dual m-chlorobenzoic acid was removed from the elute with
NaHCO, solution and cyclostenol diacetate crystallized
twice from methanol. The free diol was crystallized from
MeOH and the dibenzoate from EtOH followed by EtOAc.

Acknowledgements—We thank Dr C. Djerassi for spectra
and samples of macdougallin and peniocerol derivatives, Dr
R. B. Bates for assistance with NMR, The National Science
Foundation for a Science Faculty Fellowship (H.L.B.) and
for Grants DEB 74-19148A07 and DEB 7912924 to W. B.
Heed and H. W. Kircher for support of this work. Dr
Fumiko Rosenstein and Kristin Leiser also contributed by
assistance during a portion of this study.

REFERENCES

1. Gibson, A. C. and Horak, K. E. (1978) Ann. Mo. Bot.
Gard. 65, 999,

2. Heed, W. B. (1978) in Ecological Genetics: The Interface
(Brussard, P. F., ed.) p. 109. Springer, Berlin.

H. W. KIRCHER and H.

1.

12.

13,
14,

15.

16.

17.
18.

19.

20.

21.

22

23,

24.

L. Birp, Jr.

. Djerassi, C., Geller, L. E. and Lemin, A. J. (1953) J. Am.

Chem. Soc. 75, 2254.

. Kircher, H. W. (1977) Phytochemistry 16, 1078.
. Kircher, H. W. (1980) Phytochemistry 19, 2707.
. Bird, H. L., Jr. (1974) Ph. D. thesis, University of

Arizona.

. Djerassi, C., Knight, J. C. and Brockman, H., Jr. (1964)

Chem. Ber. 97, 3118.

. Djerassi, C., Murray, R. D. H. and Villotti, R. (1965) J.

Chem. Soc., 1160.

. Knight, J. C., Wilkinson, D. I. and Djerassi, C. (1966) J.

Am. Chem. Soc. 88, 790.

. Knight, J. C. and Pettit, G. R. (1969) Phytochemistry 8,

477.

Itoh, T., Tamura, T. and Matsumoto, T. (1975) Steroids
27, 275.

Campbell, C. E. and Kircher, H. W. (1980) Phyto-
chemistry 19, 2777.

Galli, G. and Maroni, S. (1967) Steroids 10, 189.

Cattel, L., Delprino, L., Benveniste, P. and Rahier, A.
(1979) J. Am. Oil Chem. Soc. 56, 6.

Ahktar, M., Alexander, K., Boar, R. B., McGhie, J. F.
and Barton, D. H. R. (1978) Biochem. J. 169, 449.
Pascal, R. A., Chang, P. and Schroepfer, G. J., Jr. (1980)
J. Am. Chem. Soc. 102, 6599.

Gibbons, G. F. (1974) Biochem. J. 144, 59.

Nair, M. G. and Chang, F. C. (1973) Phytochemistry 12,
903.

Achari, B., Chakrabarty, S. and Pakrashi, S. C. (1981)
Phytochemistry 20, 1444.

Mahato, S. B. and Banerjee, S. (1980) Experientia 36,
518.

Kitagawa, I., Kobayashi, M. and Sugawara, T. (1978)
Chem. Pharm. Bull. 26, 1852.

Pierce, A. M., Pierce, H. D., Jr., Unrau, A. M., Oelsch-
lager, A. C. and Woods, R. A. (1979) Lipids 14, 876.
Fagerlund, U. M. H. and Idler, D. R. (1957) J. Am.
Chem. Soc. 79, 6473.

Barton, D. H. R. and Rosenfelder, W. J. (1951) J. Chem.
Soc. 2381.



