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Synthesis of Racemic Loliolide
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Racemic loliolide (XIII) and its diastereoisomer (XI) were synthesized from 2-bromo-—
2,6,6-trimethylcyclohexanone (II). The syntheses provide unequivocal confirmation for
the proposed structure (I).

Loliolide was isolated from Lolium perenne®® and assigned the structure 1.2 On the
other hand digiprolactone, isolated from Digitalis purpurea, was independently established
the structure as I and confirmed to be identical with lololide which
HO 0 was also isolated from Fumaria officinalis® and Digitalis lanata.®
O  In a previous short communication,” we have already reported the
synthesis of racemic loliolide, which has corroborated the proposed
structure. The present paper is concerned with a full account of the
experiments. Recently another synthesis of racemic loliolide in a
different route was reported.®
Dehydrobromination of 2-bromo-2,6,6-trimethylcyclohexanone (II)® with  lithium
bromide and lithium carbonate in dimethylformamide gave the a,f-unsaturated ketone (I11)%
in 919, yield. Allylic bromination of III with N-bromosuccinimide afforded the bromo-
ketone (IV), which was heated with silver acetate in benzene to give the acetoxy-ketone (V)
in 759, yield. Hydrogenation of V over 5%, palladized charcoal in ethanol yielded the desired
saturated ketone (VI)1» having absorptions at 1736 and 1709 cm~ in the infrared spectrum in
509, vield, together with 2,6,6-trimethylcyclohexanone (VII), which was assumed to be
obtained by hydrogenolysis of V and identified with an authentic specimen.®
Bromination of VI in acetic acid in the presence of hydrobromic acid furnished the acetoxy-
bromoketone (VILI), mp 78—74°, in 769, yield. The structure of VIII was verified by its
spectral evidences: absorptions at 1745 and 1709 cm™ in the infrared spectrum; a proton re-
sonance peak at C, in the nuclear magnetic resonance (NMR) spectrum!® at 4.43c as a heptet
with coupling constants (J=>5.0 and 10.0 cps) due to an axial proton.?® Thus the stereoche-
mistry of the product should be represented by VIII, if the cyclohexane ring is assumed to be
in the chair conformation. Treatment of VIII with sodium methoxide in absolute methanol
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afforded the epoxide with the absence of carbonyl bands in the infrared spectrum. Hydroly-
sis of the crude epoxide with aqueous methanol containing a few drops of dilute sulfuric acid
yielded a mixture of two diastereoisomers of 2,4-dihydroxy-2,6,6-trimethylcyclohexanone,
which was separable into pure components (IX), mp 65—67°, and (X), mp 90—90.5°, by
chromatography on silica gel, in 399, and 6%, yields respectively.

We have been interested in the condensation of a-ketol (XIV) with lithium ethoxyacety-
lide' and the subsequent treatment with acid into a,f-butenoclide (XV) in a fair yield.1s)
According to this procedure, the main product
dihydroxy-ketone (IX) was condensed with lithium
ethoxyacetylide in anhydrous ether at —30°. Treat- OH g
ment of the resulting crude carbinol with dilute R@
sulfuric acid in tetrahydrofuran afforded the bute-
nolide (XI), mp 80.5—82°, in 849, yield. In agree-
ment with structure XI, the product exhibited X1V
" absorptions at 3571, 3425, 1741, 1629 and 866 cm-1! Chart 3
in the infrared spectrum and at 218 my. in the ultra—
violet spectrum. Its NMR spectrum showed a peak at 5.85r as a triplet of triplets due to an
axial proton® at C,. For loliolide has been reported to have an equatorial proton at C,,249)
the butenolide (XI) must be a diastereoisomer of loliolide. This conclusion also leads to the
establishment of the stereochemistries of dihydroxy-ketones, (IX) and (X), described above,
namely two hydroxyl groups in IX are cis to each other and those of X are frans.

It has been reported?® that the keto-lactone, derived from loliolide by Jones oxidation,
could be reduced stereoselectively into loliolide with sodium borohydride. Accordingly, oxi-

14) J.F. Arens, “Advances in Organic Chemistry Methods and Results,” Vol. II, Interscience, New York,
1960, p. 203.

15) Z.Horii, M. Hanaoka, Y. Tamura, S. Saito, and N. Sugimoto, Chem. Ind. (London), 664 (1964); Z. Horii,
M. Hanaoka, Y. Yamawaki, Y. Tamura, S. Saito, N. Shigematsu, K. Kotera, H. Yoshikawa, Y. Sato,
H. Nakai, and N. Sugimoto, Tetrahedron, 23, 1165 (1967).
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dation of the butenolide (XI) with Jones reagent gave the keto-lactone (XII), mp 69—70°,
which was reduced with sodium borohydride in methanol to afford racemic loliolide (XIII),
mp 138—139°, in 859, overall yield. The product showed absorptions at 3585, 3418, 1736,
1626 and 865 cm~! in the infrared spectrum and at 213 mp. in the ultraviolet spectrum. In

TasLe I. The NMR Spectra of Racemic Loliolide (XII)
and Its Diastereocisomer (X) (v—value)

Compound C-Methyl =CH ~ CHOH
X 8.72s, 8.68s, 8.41s 4.27s 5.85t-t (J=11.8, 3.7)
XM 8.69s, 8.49s, 8.17s 4.27s 5.63q (/=3.6)
s: singlet t—t: triplet of triplets q: quintet J: in cps
H Me M the NMR spectrum, a proton at C, ap-

cemic loliolide was shown to be identical
XTa XIIIa with natural loliolide in the infrared and
ultraviolet spectra and in retention time
in gas-liquid chromatography.6:17
The stereochemistry of loliolide (I) is supported by the comparison of the NMR spectra of
racemic loliolide (XIII) and its diastereoisomer (XI). As mentioned above, a proton at C,
of XIII resonated as a quintet at lower field than did that of XI as a triplet of triplets.
Further more two of the methyl signals in XIII were shifted to the lower field than those in XI.
These data indicate the 1,3-diaxial relationship'® of hydroxyl group at C, and two methyl
groups at C, and C, of XIIT as well as a chair conformation of the cyclohexane ring. The
stereochemistries of XI and XIII are thus those depicted in XTa and XIIIa respectively.

Me OH e ;
0. - Me 0 peared at 5.63tv as a quintet due to an
HO o0 H =0 equatorial proton.® The synthetic ra-
Me Me

Chart 4

Experimental

Melting points and boiling points are uncorrected. The extracts were dried over Na,SO, unless
otherwise specified. ‘

2,6,6~Trimethyl-2-cyclohexenone (III) To a solution of II® (8.7 g)in dimethylformamide (100 ml)
was added LiBr (5.5 g) and Li,CO, (7.9 g) and the mixture was heated at 120° under stirring in a stream
of N, for 2 hr. The cooled reaction mixture was poured into ice water and extracted with ether. The ether
layer was washed with 109, HCl and water. Evaporation of the dried extract and distillation of the residue
yielded the unsaturated ketone (III, 5.0 g (91%)) as a colorless oil, bp 62—64° (12mmHg). IR w3
cm~!: 1669 (unsaturated ketone), 873 (double bond). The 2,4-dinitrophenylhydrazone was recrystallized
from EtOH as red needles, mp 153—154°. Anal. Caled. for C,;H,,O,N,: C, 56.59; H, 5.70; N, 17.60. Found:
C, 56.51; H, 5.78; N, 17.72. ,

4-Bromo-2,6,6-trimethyl-2-cyclohexenone (IV)——A solution of III (6.5 g) in anhydrous CCl, (30 ml)
was refluxed with N-bromosuccinimide (8.2 g) in the presence of a small amount of benzoyl peroxide until
N-bromosuccinimide was completely converted into succinimide. The succinimide formed was filtered
off and the filtrate was evaporated. Distillation of the residue yielded the bromo—ketone (IV, 8.8 g (86%))
as a yellow oil, bp 95—98° (7 mmHg). IR »°% cm1: 1675 (unsaturated ketone), 1631 sh, 863 (double
bond). Anal. Caled. for CH,,0OBr: C, 49.81; H, 6.04. Found: C, 49.54; H, 5.99. »

4-Acetoxy-2,6,6-trimethyl-2-cyclohexenone (V) A solution of IV (8.8 g) in anhydrous benzene (75 ml)
was stirred with AgOAc (13.6 g) at room temperature for 3 hr and then at 60° for 3 hr. After cooling, the

16) Gas-liquid chromatography was carried on Perkin-Elmer gas chromatograph model 800, employing
SE-30 column (column temperature 150°).

17) The NMR spectrum of racemic loliolide was identical with published one? of active Joliolide.

18) Y. Kawazoe, Y. Sato, M. Natsume, H. Hasegawa, T. Okamoto, and K. Tsuda, Chem. Pharm. Bull.
(Tokyo), 10, 338 (1962).
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precipitate was filtered and washed with benzene. The combined benzene layers were washed with aqueous
NaHCO; solution and water. Evaporation of the dried benzene layer and distillation of the residue yielded
the acetoxy-ketone (V, 6.9 g (87%)) as a pale vellow oil, bp 119—122° (15 mmHg). IR »°% cm=1: 1736,
1233 (acetoxyl), 1678 (unsaturated ketone), 1637, 859 (double bond). Amnal. Clacd. for C,,H,,0;: C, 67.32;
H, 8.22. Found: C, 66.74; H, 8.23.

4-Acetoxy-2,6,6-trimethylcyclohexanone (VI) and 2,6,6-Trimethylcyclohexanone (VII) Compound V
(5.0 g) was hydrogenated in EtOH (100 ml) over 5% Pd-C (1.5 g) at atmospheric pressure and room temper-
ature. After the cessation of H, uptake, the catalyst was filtered off and the filtrate was evaporated. Distilla-
tion of the residue yielded two oily fractions, bp 65—67° (14 mmHg) and bp 125—127° (14 mmHg). The
lower boiling fraction (VII, 1.4 g (85%)) was identified with authentic specimen.® The higher boiling
fraction (VI, 2.5 g (50%)) was the desired ketome. IR #3%% cm-—1: 1736, 1241 (acetoxyl), 1709 (ketone).
Anal. Caled. for C;,H,0,: C, 66.64; H, 9.15. Found: C, 66.50; H, 9.27.

4-Acetoxy-2-bromo-2,6,6-trimethylcyclohexanone (VIII)——A solution of Br, (1.3 g) in AcOH (3 ml) was
added dropwise to an ice—cooled solution of VI (1.6 g) in AcOH (3 ml) containing one drop of 489, HBr with
stirring.  After the color of Br, disappeared, water (15 ml) was added to the reaction mixtutre with continued
stirring and cooling. The mixture was extracted with ether and the extract was washed with aqueous
NaHCO; solution and water. Evaporation of the dried extract and chromatography of the residue on
alumina with benzene gave the crystals, which were recrystallized from #-hexane to yield the bromo-ketone
(VIIIL, 1.7 g (76%)) as colorless needles, mp 73—74°. IR »2% cm~1: 1745, 1239 (acetoxyl), 1709 (ketone).
NMR 7: 8.79 (3H, singlet, C-Me), 8.39 (3H, singlet, C—Me), 8.09 (3H, singlet, C-Me), 7.89 (3H, singlet,
—OCOCH,), 4.43 (1H, heptet, J=5.0, 10.0 cps, -CHOAc). Anal. Calcd. for Cy,H,,0,Br: C, 47.69; H, 6.19.
Found: C, 48.03; H, 6.37.

2,4-Dihydroxy-2,6,6-trimethylcyclohexanone (IX) and (X) To an ice—cooled solution of Na (0.6 g) in
absolute MeOH (13 ml) was added VIII (3.7 g) dropwise. The reaction mixture was allowed to stand at
room temperature for 24 hr, diluted with water (50 ml), extracted with ether and dried over anhydrous
K,CO,.  Evaporation of the extract gave the crude epoxide (2.2 g), which was added dropwise to 659%,
MeOH (5.5 ml) containing a few drops of conc. H,SO,. Water (4 ml) was added and the reaction mixture
was allowed to stand at room temperature for 1 hr and diluted with water (20 ml). - The mixture was made
alkaline with aqueous KOH solution, saturated with NaCl and extracted with ether. The dried extract
was evaporated and the residue (1.9 g) was chromatographed on silica gel (20 g). Elution with CHCI, gave
crystals, which were recrystallized from petroleum benzine—acetone to yield the dihydroxyketone (IX,
0.9 g (39%)) as colorless needles, mp 65—67°. IR »%% cm~1: 3571, 3460 (hydroxyl), 1701 (ketone). NMR
v: 8.77 (3H, singlet, C-Me), 8.73 (3H, singlet, C-Me), 8.55 (3H, singlet, C-Me), 5.69 (1H, heptet, J=4.8,
9.6 cps, -CHOH). Anal. Clacd. for C;H,,0,: C, 62.76; H, 9.36. Found: C, 62.95; H, 9.27. Elution with
AcOEt gave crystals, which were recrystallized from petroleum benzine-acetone to yield the dihydroxy-
ketone (X, 0.14 g (6%)) as colorless needles, mp 90—90.5°. IR S50 cm-—1. 3559, 3413 (hydroxyl), 1761
(ketone). NMR z: 8.78 (3H, singlet, C-Me), 8.70 (3H, singlet, C-Me), 8.58 (3H, singlet, C-Me), 5.61 (1H,
heptet, J=4.7, 9.4 cps, -CHOH). Aunal. Calcd. for C,H,,0,: C, 62.76; H, 9.36. Found: C, 62.85; H, 9.15.

2,4-Dihydroxy-2,6,6-trimethyl-41--cyclohexaneacetic Acid y-Lactone (X1) A solution of ethoxy-
acetylene'®) (1.8 g) in anhydrous ether (8 ml) was added to a stirred solution of MeLi (prepared from ILi
(0.36 g) and Mel (3.6 g)) in anhydrous ether (15 ml) in a stream of N, at —15° over a period of 10 min. The
reaction mixture was stirred for an additional 15 min. To the mixture was added a solution of IX (0.9 g)
in anhydrous ether (10 ml) at —25° 30° under stirring over a period of 830 min. After the addition was
complete, stirring was continued for 2 hr at —30° and 3 hr at room temperature. The resulting complex
was decomposed with saturated aqueous NH,CI solution. The ether layer was separated and the aqueous
layer was extracted with ether. The combined ether layers were dried and evaporated to give a reddish
brown oil (1.0 g). A sclution of this oil in tetrahydrofuran (17.5 ml) was refluxed with 15%, H,SO, (2.5 ml)
for 15min. The solution was neutralized with NaHCO,, evaporated, and extracted with CHCl,. Evaporation
of the dried extract and chromatography of the residue (1.0 g) on silica gel (10 g) with CHCl, gave crystals,
which were recrystallized from petroleum benzine—AcOEt to vield the butenolide (X1, 0.3 g (349,)) as colorless
needles, mp 80.5—82°. IR »Zi% cm~': 3571, 3425 (hydroxyl), 1741 (unsaturated p-lactone), 1629, 866
(double bond). UV AE%® mu (log ): 213 (4.24). Anal. Caled. for CiH,0g: C, 67.32; H, 8.22. TFound:
C, 67.26; H, 8.25.

2-Hydroxy-4-0x0-2,6,6-trimethyl- 4% #-cyclohexaneacetic Acid vy-Lactone (XII) To a stirred solution
of XTI (100 mg) in acetone (1.5 ml) was added Jones reagent (0.2 ml) at room temperature. After 7 min,
the solution was diluted with water and extracted with AcOEt. The extract was washed with water and
dried. The solvent was removed and the residue was recrystallized from petroleum ether yielded the keto-
lactone (XII, 85 mg (85%)) as colorless needles, mp 69—70°. IR »°% cm—!: 1764 (unsaturated p-lactone),
1721 (ketone), 1631, 865 (double bond). NMR z: 8.68 (8H, singlet, C-Me), 8.56 (3H, singlet, C-Me), 8.39

19) E.R. Jones, G. Eglinton, M.C. Whiting, and B.L. Shaw, “Organic Syntheses,” 34, Wiley, New York,
1954, p. 46.
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(3H, singlet, C-Me), 7.53 (2H, singlet, CH,), 7.04, 7.31 (2H, AB quartet, J=13.8 cps, CH,), 4.04 (1H, singlet,
=CH). Awnal. Calcd. for C;H,,0;: C, 68.02; H, 7.27. Found: C, 68.08; H, 7.29.

Racemic Loliolide (XIII) To a stirred solution of XII (100 mg) in MeOH (8ml) was added NaBH,
(50 mg) at 0°. The mixture was stirred for 1 hr, diluted with water and extracted with ether. The extract
was washed with water and dried. Evaporation of the extract and recrystallization of the residue from CCl,
yielded racemic loliolide (XITI, 100 mg (100%)) as colorless needles, mp 138—139°. IR »3it" cm~': 3585,
3418 (hydroxyl), 1736 (unsaturated y-lactone), 1626, 865 (double bond). UV Az myu (log &): 213 (4.17).
Anal. Caled. for C;;H;40;: C, 67.32; H, 8.22. Found: C, 67.06; H, 8.03.

This product was identical with natural loliolide in IR (CHCly), UV and in retention time in gas-liquid
chromatography.
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