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Table II. Enzymatic Hydrolysis of Nucleotide Products from 
Sodium Naphthalene Reductions 

Compd 

dTpT 
dTpTpT-

PT 
dTpTpT-

PTpT 

OD 
of 

267 units 
sample 

10 
14 

17 

Nucleoside 

From snake 
venom enzyme 

1.06 
3.1 

3.9 

::Nucleotide ratic 

From spleen 
enzyme 

0.9 
3.5° 

4.0 

> 

Calcd 

1 
3 

4 

" In this experiment 93% of the substrate was hydrolyzed and 
7% remained undegraded. In all other cases the initial nucleotide 
was hydrolyzed completely and only thymidine and thymidine 
phosphate were found. 

(71% based on an extinction coefficient of 36 400 for this tetramer 
and on starting triester, 1.37 ^mol). Another reaction gave a 69% yield 
of dTpTpTpT. 

dTpTpTpTpT. Chain extension of compound 7 (from the second 
synthetic sequence; 70 mg, 0.038 mmol) was accomplished by reaction 
with 3 prepared from 5'-0-phenoxyacetylthymidine (54 mg, 0.143 
mmol) by the same procedure used for constructing 7. The resulting 
products were analyzed (after extraction of the 3'-3' dinucleotide 
isomer derivative with four portions of 10% ethanol in water and before 
purification on silica gel) by gel filtration on a Bio-bead column. The 
elution pattern indicated good conversion to the protected pentamer 
(Figure 2). Purification of the main portion obtained from the ex
tractions by chromatography on silica gel plates using ether-chloro-
form-ethanol (1:1:2 v/v/v, four developments) afforded 1235 OD267 
units (69% based on an extinction coefficient of 46 900) of purified 
pentamer: Xmax 267 nm and Amjn 243 nm; R/ (THF) 0.05; 
^/(CHCl3-C2H5OH-C2H5OC2H5 1:1:1) 0.06. Deblocking by use 
of sodium naphthalene in HMPA as described above, using 101 OD267 
units of the protected pentamer, yielded 57.5 OD2g7 units (59%) of 
dTpTpTpTpT; Rm

dpT 0.81; R/ (solvent A) 0.012, R/ (solvent F) 0.30. 
The elution pattern for fractionation of the reaction products is given 
in Figure 3. 

Enzymatic Degradation. The nucleotide products were hydrolyzed 
by use of snake venom phosphodiesterase and by spleen phosphodi
esterase by conventional procedures.23 The products were charac
terized by paper electrophoresis and chromatography (solvent A). For 
quantitative analysis, they were eluted from the paper (solvent A) and 
determined by the absorbance at 267 nm. The results are given in 
Table II. 
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Abstract: A synthesis of (±)-strigol (24) and (±)-4'-epistrigol (25) has been carried out by formylation of (±)-l«,4a-dihy-
droxy-7,7-dimethyl-4,5,6,7-tetrahydroindan-2a-acetic acid 7-lactone (21) followed by alkylation of the resulting hydroxy-
methylene lactone (2) with the bromobutenolide 4. Similarly prepared were (±)-4-epistrigol (25) and (±)-4,4'-diepistrigol 
(26). Resolution of (±)-21 was accomplished by its conversion into the diastereomeric 3j3-acetoxyandrost-5-ene-17$-carboxyl-
ate derivatives. Using the same reaction sequence as for the racemic series, ( + )-21 was converted into ( + )-strigol and ( + )-4'-
epistrigol while (—)-21 yielded (—)-strigol and ( —)-4'-epistrigol. Routes to 21 from both a-cyclocitral (11a) and /3-cyclocitral 
(lib) via the common intermediate methyl 3-oxo-2,6,6-trimethylcyclohex-l-ene-l-carboxylate (9b) are described. 

Witchweed (Striga lutea Lour.) is an angiospermous root 
parasite that attacks corn, sorghum, sugarcane, rice, and more 
than 60 other important crop plants and weeds of the grass 
family.4 Striga species occur commonly in the Eastern 
Hemisphere and inflict serious crop damage in many parts of 
the world.4,5 The discovery of witchweed in the United States 
in 1956,6 the first report of this pest in the Western Hemi
sphere, has been a matter of concern. 

The germination of the seeds of witchweed, which may lie 
dormant for 15-20 years, is induced by a stimulant released 
by the roots of the host plant.5 This stimulant is also released 
by certain other plant species which are not parasitized by 
witchweed.7-9 Cook et al.10 isolated this germination stimulant, 
strigol, from the root exudates of cotton {Gossypium hirsutum 
L.) and determined its structure and relative configuration as 
depicted in 1 " largely by spectroscopic and x-ray crystallo-
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graphic data.12 Strigol is an extremely active compound, 
concentrations of 1O-11 M being capable of stimulating seed 
germination, and it has been suggested that strigol may be 
representative of a new class of plant hormones.12 

Biological studies with strigol have been impeded by its 
unavailability, since the natural material can be obtained in 
only minute quantities after tedious isolation and purifica
tion.10 We therefore endeavored to devise a practical, chemical 
synthesis of this molecule to make it available in quantities 
sufficient for investigative purposes. Preliminary reports of the 
synthesis of racemic strigol were communicated from our 
laboratory' and elsewhere.13 We now report the experimental 
details successfully employed for the preparation of gram 
quantities14 of ^/-strigol and its isomers as well as the method 
of resolution employed for the synthesis of strigol in its optically 
active enantiomeric forms. 

In approaching the synthetic problems presented by strigol, 
we viewed the molecule as a condensation product of hy-
droxymethylene lactone 2 and an alkylating agent such as 
bromobutenolide 4. As the stereochemistry of O-alkylation of 
(3-dicarbonyl compounds can be strongly influenced by solvent 
properties,15 it seemed likely that the stereochemistry about 
the enol ether bond could be influenced to give a favorable ratio 
of the E and Z isomers. To test this crucial final step in the 
synthetic sequence, we examined the alkylation of the model 
hydroxymethylene lactone 716 with the bromobutenolide 4, 
which was prepared by a three-step process: photochemical 
oxygenation of 3-methyl-2-furoic acid17 in ethanol18 with 
subsequent stannous chloride reduction of peroxides gave 
lactone acetal 5;19 hydrolysis of 5 in boiling water yielded lactol 
6;19 and treatment of 6 with carbon tetrabromide and tri-
phenylphosphine20 gave 4 in 47-50% overall yield. 

The alkylation of the model lactone 7 with 4 under the ini-

H3C CH; 

R1 R2 

2 , R 1 = O H 1 R 2 = H 

3, R1 = H; R2 = OH 

O O 

A^CHOH + TV"" 

Jycn, 
X 
4,X = Br 
5,X=OC2H5 

6, X = OH 

7 Br 

tially tried conditions (K2CO3 in hexamethylphosphoric tri-
amide at ambient temperature) proved to be highly selective 
for the desired E isomer, the only product detected being the 
diastereomeric mixture 8 (90% yield). The stereochemical 
assignment was based on the NMR signal for the alkoxy-
methylene vinyl proton of 8, which appeared as a doublet (J 
= 2.4 Hz) at (5 7.37. This value is in good agreement with the 
analogous highly deshielded proton in strigol at 5 1 Al (d, J = 
2.4 Hz).12 The assignment o f f stereochemistry to the alkyl
ation product 8 has been supported by subsequent reports.13,21 

No effort was made to separate these diastereomers. 
With the assurance afforded by this favorable finding, the 

synthetic problem was essentially reduced to the preparation 
of hydroxymethylene lactone 2. We considered that this syn
thetic fragment could be derived from methyl 2,6,6-trimeth-
ylcyclohex-l-en-3-one-l-carboxylate (9b) with citral (10) as 

CHO 
1. PhNH2 

2. 95% H2SO1,-20°C 

H3C CH3 

- X C H 0 
CH3 

11a 

H3C CH3 

• 5C -CH3 

lib 

the ultimate starting material. Proceeding by known meth
ods,22 citral was converted to its anil and was cyclized with 
sulfuric acid at —20 0 C to afford a mixture of a-cyclocitral 
(11a) and ^-cyclocitral ( l ib) . As had been previously noted,23 

it was possible to alter the product ratio of these two isomers. 
Conducting the reaction under an atmosphere of air produced 
a 60% yield of cyclocitrals with the ratio of 1 la/1 lb being 1:3 
(reported23 48%; 2:1), whereas conducting the reaction under 
nitrogen altered the ratio of 11a/l ib to 10:1 (reported23 15:1). 
Since a-cyclocitral is readily converted to £J-cyclocitral by base 
treatment, either 11a or l i b (94%, reported23 72%) could be 
produced in good yield from citral, and both were used in 
separate routes to 9b. 

In the first route (Scheme I) a-cyclocitral (Ha) was treated 
with m-chloroperoxybenzoic acid to give the epoxide 12 (90% 
yield), which was then reacted with pyrrolidine in ether to give 
hydroxy aldehyde 13 in 76% yield. Oxidation of 13 with Jones 
reagent24 afforded 9a in 45-55% yield accompanied by 20-30% 
of material in which the highly hindered aldehyde function 
remained unoxidized. While the hindered carboxylic acid 
function in 9a remained unaffected by both methanol-sulfuric 

Scheme I 

11a 
ArCO1H 

H3C CH3 / ~ \ H3C CH3 

V.CHO J^ y^CHO 

^ < T ^ C H 3 y ^ C H 3 

13 

H3C CH: 

'CrOa/HjSO., 

COOR 
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Scheme II 

H3C CH3 H3C CH3 

V CO2R Y CO2R 

™ — [Y ^ ^ [ Y 
^ ^ C H 3 Y ^ C H 3 14a, R = H 

b, R = CH3 

Br 

15a,R = H 
b, R = CH3 

XH 2 O; NaHCO3 

9a 
o r •*• 

9b 

Cr(VHjSO, 

H3C CH3 

V^-CO2R 

rcH-
16a, R = H 

b, R = CH3 

acid and methanol-boron trifluoride etherate,25 esterification 
was achieved with methyl iodide and potassium carbonate 
giving 9b in quantitative yield. 

The second route to 9b (Scheme II) proceeded from /3-cy-
clocitral ( l ib) and was originally an attempt to repeat a pub
lished procedure.26 These efforts were frustrated at every step 
by yields substantially lower than those reported. However, 
by various modifications, an acceptable route to 9b was de
veloped. In the first step, vigorous agitation of l i b under an 
oxygen atmosphere gave the acid 14a in 45-50% yield with no 
recovered starting material (reported26 62.5% yield with 37.5% 
recovered l ib) . To improve this step, the reaction was con
ducted in the presence of 5% platinum on carbon at reduced 
temperatures, giving 14a in 70% yield. Bromination of 14a gave 
15a in 45-50% yield (reported26 65-70%), and hydrolysis of 
15a in boiling water gave 16a in 70% yield (reported26 91%). 
Jones oxidation24 then gave 9a in 95% yield. The disappointing 
yield of the bromination step was markedly improved by first 
converting 14a into its methyl ester 14b with methyl iodide and 
potassium carbonate. Reaction with bromine in chloroform 
then afforded in nearly quantitative yield the bromide 15b 
which was hydrolyzed to 16b in 70% yield. At this stage it was 
mandatory to purify 16b chromatographically to remove small 
amounts of impurities which seriously interfered with a sub
sequent step (vide infra). Jones oxidation24 of 10b gave 9b 
quantitatively. 

The first step in the conversion of 9b to hydroxymethylene 
lactone 2 (Scheme III) consisted of functionalization of the 
C-2 methyl group to enable construction of the five-membered 
ring. Thus, the keto ester 9b was treated with TV-bromosuc-
cinimide in carbon tetrachloride to give the bromide 17b in 
nearly quantitative yield with no evidence of competitive 
bromination at C-4 adjacent to the carbonyl group. When 9b 
from the second method of preparation (Scheme II) was used 
in this step without purification at the stage of 16b, the reaction 
totally failed. Purified material behaved normally, however. 
It was presumed that the unidentified impurities functioned 
as efficient radical traps and blocked the reaction path. The 
acid 9a could also be efficiently brominated to 17a, although 
this material was less suitable for subsequent transformations 
due to a tendency to internally alkylate the carboxylic acid to 
form a lactone. In the case of 9a, chromatographic purification 
of precursors was unnecessary since both 16a and 9a were 
isolated as crystalline solids. 

To form the five-membered ring, 17b was reacted with ex
cess dimethyl sodiomalonate in methanol resulting in alkyla-
tion and cyclization to give a mixture of the /3-keto ester 18 and 

Scheme III 

NBS. CCl. 
or 1 

9b 

H3C CH3 

. (V* 
SrS Ii i 

O Br 
17a, R = H 

b, R = CH3 

1.Na+CH(CO1CHj), 
'• '-*-

H3C CH3O 

2. HOAc 

H3C CH3O CO2H 

.COXH3 

CO2CH3 

R1 R2 

21, R1 = OH; R2 = H 

22,R2 = H;R2 = OH 

its enolic tautomer 19 in 80-86% yield. The ratio of these 
tautomers in the solid product varied from run to run, and while 
we were not able to obtain the keto form 18 free of its tautomer, 
we were able to recrystallize selected samples to obtain the enol 
form 19 essentially free of the keto form. 

This mixture of 18 and 19 was alkylated with methyl bro-
moacetate in the presence of potassium carbonate, and the 
alkylation product was heated with hydrochloric acid in acetic 
acid, resulting in hydrolysis and decarboxylation to give the 
diketo acid 20 in 72% yield. A variety of reducing agents 
(LiAlH.4, NaBH4, borane-tetrahydrofuran, catechol-borane, 
sodium bis(2-methoxyethoxy)aluminum hydride, lithium 
tri-'err-butoxyaluminum hydride, potassium tri-sec-butyl-
borohydride, H^-PtC^, and zinc-chlorotrimethylsilane) were 
tried in an attempt to reduce the carbonyl functions at C-I and 
C-4 of 20 or its corresponding methyl ester. The general result 
of these efforts was either a complex mixture of products or 
simply the reduction of the C-4 carbonyl with the highly hin
dered carbonyl at C-I remaining intact. However, a very 
modest yield of lactones 21 and 22 was obtained by reduction 
of 20 with borane-tetrahydrofuran. The exception to this 
general failure was diiisobutylaluminum hydride (DIBAH), 
which cleanly reduced 20 in methylene chloride. After acidi
fication and column chromatography on silicic acid, a mixture 
of hydroxy lactones 21 and 22 (ca. 1:1) was obtained in 63% 
yield. This purified mixture could be crystallized to give 21 in 
26% yield; the mother liquor was then chromatographed on 
alumina to give 22 as an oil and additional quantities of 21. 
With reductions on a scale of 10 g or more, 21 could be isolated 
in 22% yield by direct crystallization from the crude product 
mixture without resorting to a prior cleanup chromatographic 
purification. For best results, it was important to use 3.5 equiv 
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Scheme IV 

H3C CH3 o -

Ri R2 

•CHOH + „ 

2,R1 = OHiR2 = H 
3,R1 = HiR2 = OH 

H3C CH, 

23, R1 = OH; R2 = H 
25, R1 = H; R, = OH 

H3C CH 

24, R1 = OH; R2 = H 
26, R1 = H; R2 = OH 

of DIBAH and to maintain the temperature initially at —70 
0 C or less. While the possibility exists for recycling 22 to give 
additional amounts of 21, this scheme was not explored. 

For the final stages of the synthesis (Scheme IV), 21 was 
condensed with methyl formate in the presence of sodium 
hydride to give 2 (78% yield), which was then alkylated with 
bromobutenolide 4, under the same conditions used for the 
model compound 7, to give a mixture of the two diastereomers 
23 and 24. This mixture was separated chromatographically 
giving 23 in 27% yield and 24 in 18% yield. These diastereo
mers were essentially identical by NMR, ir, uv, and mass 
spectra and differed only in their melting points and chroma
tographic behavior. On thin layer chromatography (silica gel, 
chloroform-acetone, 4:1) the slower moving isomer had an Rf 
value of 0.2 and migrated at the same rate as an authentic 
sample of natural strigol,27 while the faster moving isomer had 
an Rf value of 0.32. The melting point of the slower moving 
isomer (mp 203-205 0 C dec) was also in agreement with its 
assignment as (±)-strigol (23) since it compared favorably 
with that of natural (-f)-strigol (reported12 mp 200-202 0 C 
dec) while the melting point of the faster moving isomer (mp 
178-180 0C) differed considerably and was thus assigned the 
structure of (±)-4'-epistrigol (24). Furthermore, the relative 
biological potencies of the two isomers were in agreement for 
their assigned structures: concentrations required for 50% seed 
germination (Striga lutea Lour.) were 1 0 - ' 2 M for (±)-4'-
epistrigol (24) and 10~16 M for (i)-strigol (23).28 

In a similar fashion, 22 was condensed with methyl formate 
to afford 3 (75% yield), which was likewise alkylated with 4 
to give a mixture of (±)-4-epistrigol (25) and (±)-4,4'-diep-
istrigol (26). These diastereomers were separated chromato
graphically, and both showed ir, uv, and mass spectra identical 
with those for 23 and 24. However, the NMR spectra for 25 
and 26 (identical with each other) differed somewhat from 
those for 23 and 24, particularly in the position and multiplicity 
of the signal of the C-3 protons. 

AcO' 

(+)-diastereomer 28b 

[a] D25+2.52° (CHCl3) 

KOH 

(-)-21 

[a]D25-8.61° (CHCl3) 

I 
(—)-stri'gol 

[a]D25-279° (CHCl3) 

(—)-diastereomer 28a 

[a]D25 - 73.1° (CHCl3) 

KOH 

( + )-21 
[a] D25 +8.28° (CHCl3) 

I 
(+hstrigol 

[a] I)25 +293° (CHCl3) 

After completing the synthesis of (±)-strigol, we turned to 
the problem of preparing strigol in its optically active forms 
and to establish which of the two antipodes, (+) or (—), cor
responds to natural strigol. Another goal of this phase of the 
work was to determine the absolute stereochemistry of the 
natural form of strigol. Resolution was accomplished at the 
stage of hydroxylactone 21 (Scheme V) by forming diaste
reomeric esters on reaction of racemic 21 with ( + )-30-ace-
toxyandrost-5-ene-17/3-carboxylic acid chloride (27) in pyri
dine. The diastereomers 28 were separated by chromatogra
phy, and the esters were hydroiyzed with potassium hydroxide 
in methanol to give, after chromatography on alumina, ( + )-
hydroxy lactone 21 (aD +8.28°) and (-)-hydroxy lactone 21 
( a D - 8 . 6 1 ° ) . 

Following the synthetic sequence used for the elaboration 
of racemic strigol, (—)-21 was formylated and condensed with 
bromobutenolide 1 yielding the expected two diastereomeric 
strigols, which were chromatographically separated. One of 
these isomers, (-)-strigol (mp 193-194 0 C), possessed the 
chromatographic mobility and spectral properties of natural 
strigol, but its circular dichroism (CD) curve was clearly that 
of the optical antipode. The second isomer, mp 165-166 0 C. 
was identified as (—)-4'-epistrigol, as it possessed the same 
chromatographic behavior as the racemic modification. Sim
ilarly, ( + )-21 was formylated with methyl formate and al
kylated with 4 to yield another diastereomeric pair, again 
separated chromatographically. One of these isomers was 
characterized as (+)-4'-epistrigol. The second isomer, mp 
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— ( + J - S T R I G O L (NATURAL) 

2n 

X (nm) 

Figure 1, The CD curves of (+)-strigol (2.31 X 10~4 M, naral configu
ration) and (-)-strigol (1.84 X 1O-4 M) in methanol. 

200-202 0 C , was characterized as (-t-)-strigol since its uv, ir, 
NMR, CD,27 and mass spectra were identical with those of 
natural strigol. The melting point and chromatographic be
havior were also supportive. The CD curves of synthetic 
(+)-strigol (natural configuration) and (—)-strigol are shown 
in Figure 1. 

The question which remained was whether the absolute 
configuration of (-(-)-strigol was AR,A'S or 4S,4'i? as depicted 
below. We attempted to resolve this question by the application 
of the methods of Nakanishi29 and Horeau30 to hydroxy lac
tones (—)-21 and (+)-21. Figure 2 represents the CD curve of 
enantiomer (—)-21 induced by copper hexafluoroacetylace-
tonate (Cu(hfac)2).29 Based on the signs of the CD extrema 
in the 305-355-nm region, one would surmise that (-f)-strigol 
bears the 4R,A'S configuration. However, analysis of these 

, 0 ,0 
H3C CH3 o - / H3C CH3 

CH3 

(4R,4'S) (iSA'R) 

hydroxy lactones using Horeau's method30 led to the opposite 
conclusion. When (+)-hydroxy lactone (21) was acylated with 
an excess of a-phenylbutyric anhydride, the rotation of the 
recovered a-phenylbutyric acid was (—), indicating 5 con
figuration for (+)-21. Conversely, (+)-a-phenylbutyric acid 
was recovered after acylation of (—)-21. Thus, it appears that 
the problem of absolute configuration of (+)-strigol may best 
be settled by x-ray crystallography. Preparation of an ester 
derivative of (—)-21 containing a heavy atom is currently in 
progress. 

Experimental Section31 

4-Bromo-4-hydroxy-2-methyl-2-butenoic Acid Lactone (4). A so
lution of 3.09 g (27 mmol) of 4,4-dihydroxy-2-methyl-2-butenoic acid 

-5 J 

X (nm) 

310 320 330 3W 
i I I l _ 

350 

Figure 2. The induced CD resulting from a mixture of 1.04 X 10"4 M 
Cu(hfac)2 and 9.0 X 10~4 M (-)-hydroxy lactone 21 in CCl4. 

lactone18'19 (6) and 11.2 g (34 mmol) of carbon tetrabromide in 35 
ml of dry dichloromethane, stirred under nitrogen with cooling in an 
ice-water bath, was treated with a solution of 7.8 g (30 mmol) of tri-
phenylphosphine in 20 ml of dichloromethane by dropwise addition 
over a period of 40 min. After stirring for an additional 5 h at 0°, the 
liquid was decanted, and the solid triphenylphoshpine oxide was rinsed 
twice with ether. The decanted liquid and ether rinses were combined 
and chilled in an ice-water bath to crystallize out additional amounts 
of triphenylphosphine oxide. After again decanting and rinsing with 
ether, the solvents were evaporated, and the residue was distilled in 
vacuo to give bromobutenolide 4 (3.25 g, 68%): bp 54 0C (0.4 mm); 
ir (film) 1778 (C=O), 1650 cm"1 (C=C); uvmax (95% C2H5OH) 
212 nm (( 12 600); NMR (CDCl3) S 1.98 (3, t , / = 1.6 Hz), 6.83 (1, 
pentet, J = 1.6 Hz), 7.20 (1, pentet, J = 1.6 Hz). the compound was 
too unstable for elemental analysis. 

Alkylation of Hydroxymethylene Lactone 7 with Bromobutenolide 
4. To a mixture of 308 mg (2.0 mmol) of l'-(hydroxymethylene)-
2a-hydroxycyclopentane-1 a-acetic acid 7-lactone (7)'6 and 290 mg 
(2.1 mmol) of anhydrous potassium carbonate in 2 ml of hexa-
methylphosphoric triamide, stirred under a nitrogen atmosphere at 
ambient temperature, was added 410 mg (2.3 mmol) of bromobu
tenolide 4. The reaction mixture was stirred for 30 h at ambient 
temperature and was then diluted with water and extracted three times 
with ethyl acetate. The combined extracts were washed three times 
with water and once with saturated "NaCl solution. The dried 
(Na2SO4) extracts were concentrated under reduced pressure to give 
460 mg (92%) of oily product 8, which was nearly pure by NMR 
analysis. Column chromatography (silica gel, ethyl acetate-benzene 
gradient) afforded pure material: ir (CHCl3) 1782,1737,1675 cm-1; 
NMR (CDCl3) <5 1.72 (6, complex), 1.98 (3, t, J = 1.6 Hz), 3.47 (1, 
m), 4.95 (1, m), 6.17 (1, pentet, J = 1.6 Hz), 7.37 (1, d, J = 2.4 Hz). 

2,6,6-Trimethylcyclohex-l-ene-l-carboxaldehyde (lib). To a so
lution of 100 g of KOH in 1.5 1. of methanol, stirred under nitrogen 
at 0-5 0C, was added all at once 333 g (2.19 mol) of a mixture of a-
and (3-cyclocitrals (Ha and lib, ratio ca. 10:1). After stirring for 12 
min, the mixture was poured into 2 1. of 10% NaCl solution. The 
mixture was extracted with ether, and the combined ether extracts 
were washed with water and saturated NaCl solution. The ether layer 
was dried (Na2SO4) and concentrated, and the residue was distilled 
in vacuo, collecting the fraction boiling at 90-94 0C (1 2 mm) (313 
g, 94% yield; lit.22 91 -93 0C (12 mm)). NMR analysis indicated the 
product to be ca. 4% 11a and 96% lib. 

2,3-Epoxy-2,6,6-trimethylcyclohexane-l-carboxaldehyde (12). A 
solution of 307 g (1.77 mol) of ra-chloroperbenzoic acid, technical, 
85% in 2 1. of methylene chloride was added over 30 min to a solution 
of 204.5 g (1.21 mol) of 2,6,6-trimethylcyclohex-2-ene-l-carboxal-
dehyde (Ha) in 0.5 I. of methylene chloride maintaining a temperature 
of 20-30 0C. Stirring was continued for an additional 2 h, whereupon 
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excess peracid was destroyed by addition of 500 ml of 10% aqueous 
Na2SO3 solution. The mixture was made alkaline by the addition of 
aqueous Na2CO3 solution, and the methylene chloride layer was 
separated and washed with water and saturated NaCl solution. After 
drying (Na2SO4) and concentrating, 217 g (96%) of crude epoxide 
12 was obtained and used in the subsequent transformation without 
further purification. 

In a separate experiment, the product was distilled to afford pure 
epoxide 12: bp 74-77 0C (1.0 mm); calculated mass for Ci1)H16O2 
168.11503, found m/e 168.11497; ir (film) 2715 (O=CH), 1720 cm-' 
(C=O); NMR (CDCl3) <5 0.93 (6, s), 1.15-1.7 (2, m), 1.35 (3, s), 2.05 
(3, m), 3.12(1, t, J = 2 Hz), 9.75(1, d, J = 5 Hz). 

3-Hydroxy-2,6,6-trimethylcyclohex-1 -ene- 1-carboxaldehyde (13). 
Pyrrolidine (21 ml) was added to a solution of 217 g (1.29 mol) of 
crude epoxide 12 in 1 1. of ether, and the mixture was stirred under 
nitrogen at ambient temperature for 3 h. After washing with water 
and saturated NaCl solution, the ether layer was dried and concen
trated. The oily residue was distilled under vacuum giving a forerun 
and the main fraction of hydroxy aldehyde 13 (157 g, 7 3% based on 
11a): bp 122-128 0C (1.0 mm) (lit.32 bp 90-100 0C (bath) (0.001 
mm)); calculated mass for C10H16O2 168.11503, found m/e 
168.11497; ir (film) 3420 (OH), 1675 (C=O), 1605 cm"1 (C=C); 
NMR (CCl4) 5 1.15 (3, s), 1.20 (3, s), 1.1-2.1 (4, complex), 2.20 (3, 
s), 4.08 (1, broadened t, J = 6 Hz)1 4.72 (1, s, OH), 10.17 (1, s); uvmax 
(CH3OH) 245 nm (e 10 100). 

3-0x0-2,6,6-trimethylcyclohex-l-ene-l-carboxylic Acid (9a). 
Hydroxy aldehyde 13 (157 g, 0.935 mol) was dissolved in 1.5 1. of 
acetone, and while maintaining a temperature of 0-5 0C, 250 ml of 
Jones reagent24 was added over ca. 9 h. After stirring in the cold for 
an additional 1 h, excess oxidant was destroyed by the addition of 
2-propanol. Sufficient water was added with stirring to dissolve the 
chromium salts, and most of the acetone was removed by distillation 
under reduced pressure. Water (1 1.) was added, and the mixture was 
extracted with four 250-ml portions of ether. The combined extracts 
were washed with water and extracted with 10% aqueous NaHCOs 
solution. The basic extract was acidified with 6 N hydrochloric acid 
and extracted with ether. The ether extract was washed with water 
and saturated NaCl solution and dried. Concentration under reduced 
pressure gave 108 g (63.5%) of crude, solid keto acid 9a. Recrystal-
lization from benzene afforded 85.6 g (50%) of pure 9a: mp 187-189 
°C(lit.26mp 1920C). 

2,6,6-Trimethylcyclohex-l-ene-l-carboxylic Acid (14a). To a 
mixture of 500 mg of 5% platinum on carbon and 750 ml of heptane, 
stirred under oxygen in an ice-water cooling bath, was added dropwise 
over 2 h 152 g (1.0 mol) of 2,6,6-trimethylcyclohex-1 -ene-1 -carbox-
aldehyde (lib), while maintaining a temperature of 0-5 0C. Stirring 
in the cold was continued until O2 uptake ceased (17 h): total O2 up
take was ca. 16.3 1. The mixture was filtered through Celite, diluted 
with ether, and extracted with 5% aqueous NaOH solution. The 
aqueous extracts were washed with ether, acidified with concentrated 
HCl, and extracted with ether. The acidic ether extracts were washed 
with water and saturated NaCl solution. The mixture was dried and 
concentrated, and the white, solid residue was dried under vacuum 
to constant weight to give 116.5 g (69.5% yield) of 14a (mp 90-92 0C) 
of satisfactory purity for further transformations. Recrystallization 
from hexane brought the melting point to 102-104 0C (lit.33 104-106 
0C). 

Methyl 2,6,6-Trimethylcyclohex-l-ene-l-carboxylate (14b). A 
mixture of 1156 g (6.87 moles) of 2,6,6-trimethylcyclohex-l-ene-l-
carboxylic acid, 960 g of anhydrous potassium carbonate, 1075 g of 
methyl iodide, and 4 1. of acetone was stirred at room temperature for 
48 h. The mixture was then concentrated under reduced pressure. 
Water was added to the residue, and the mixture was extracted with 
ether. The combined ether extracts were washed with water and sat
urated NaCl solution and dried. Evaporation of the solvent gave 1240 
g of methyl ester 14b. Distillation afforded pure material (1050 g, 
83.9% yield): bp 46-48 0C (0.05 mm); ir (film) 1730, 1660 cm-'; 
NMR (CCl4) <5 1.07 (6, s), 1.79(3, s), 1.28-2.16 (6, complex), 3.72 
(3,s). 

Anal. Calcd for CnH18O2: C, 72.49; H, 9.96. Found: C, 71.90; H, 
9.80. 

Methyl 3-Bromo-2,6,6-trimethylcyclohex-l-ene-l-carboxylate 
(15b). A solution of 91.0 g (0.5 mol) of ester 14b and 500 ml of chlo
roform was stirred under a nitrogen atmosphere and illuminated with 
a 100-W tungsten lamp. While maintaining a temperature below 10° 
with an ice-water bath, a solution of 31 ml (92 g, 0.60 mol) of bromine 

and 100 ml of chloroform was added dropwise over a period of 2 hr. 
Stirring was continued at 10° or lower with illumination for another 
45 min, and the reaction mixture was then concentrated under reduced 
pressure to give 133g(ca. 100%) of crude bromo ester 15b, which was 
used in subsequent transformations without purification. 

In a separate run, distillation of the crude product afforded the 
analytical sample: bp 98-100 0C (1.0 mm); calculated mass for 
CnHi7BrO2 260.04124, found m/e 260.04126; ir (film) 1730 cm'1; 
NMR (CDCl3)S 1.08 (3, s), 1.16 (3, s), 1.79 (3, s), 1.3-2.4 (4, com
plex), 3.77 (3, s), 4.63 (l,m). 

Methyl 3-Hydroxy-2,6,6-trimethylcyclohex-l-ene-l-carboxylate 
(16b). Crude bromo ester 15b (358 g, prepared from 250 g (1.37 mol) 
of ester 14b) was added to 2.5 1. of boiling water under a nitrogen at
mosphere. A solution of 124 g of sodium bicarbonate in 500 ml of 
water was then added dropwise over 1.5 h to maintain a slightly al
kaline pH in the reaction mixture. The mixture was then cooled in an 
ice-water bath and extracted with ether. The combined ether extracts 
were washed with water and saturated NaCl solution, dried, and 
concentrated in vacuo to give 280 g of crude 16b containing small 
amounts of bromo ester 15b and unidentified, nonpolar impurities. 
The crude product was placed on a 6 X 70 cm column of silica gel, and 
the column was washed with benzene until the bromo ester and the 
nonpolar impurities were absent from the washings (as determined 
by TLC in chloroform-acetone, 9:1). The product 16b was then eluted 
with benzene-ethyl acetate (1:1), and the product fractions were 
pooled and concentrated in vacuo to give 165 g (61%) of hydroxy ester 
16b. Earlier fractions containing both product and impurities were 
combined and rechromatographed to give an additional 55 g (20%) 
of 16b for a total yield of 81% of pure hydroxy ester 16b: bp 85-89 0C 
(0.03 mm) (lit.26 100 0C (bath) (0.01 mm)); calculated mass for 
CnHi8O3 198.12559, found m/e 198.12556; ir (film) 3400 (OH), 
1726(C=O), 1710cm-' (sh); NMR (CDCl3) S 1.10 (6,s), 1.76(3, 
s), 1.3-2.1 (4, complex), 2.42 (1, s, -OH), 3.76 (3, s), 3.98 (1, m). 

Methyl 3-Oxo-2,6,6-trimethylcyclohex-l-ene-l-carboxylate (9b). 
a) By Esterification of Keto Acid 9a. A mixture of 114 g (0.626 mol) 
of 3-oxo-2,6,6-trimethylcyclohex-l -ene-1 -carboxyiic acid, 114 g of 
anhydrous potassium carbonate, 120 ml of methyl iodide, and 1 1. of 
acetone was stirred at room temperature for 24 h. The mixture was 
then concentrated under reduced pressure. Water was added to the 
residue, and the mixture was extracted with ether. The combined ether 
extracts were washed with water and saturated NaCl solution and 
dried (Na2SO4). Evaporation of the solvent gave 122 g of methyl ester 
9b of satisfactory purity for further transformation. Distillation gave 
pure material (121 g, 98.5% yield): bp 72.5-74.5 0C (0.02 mm); ir 
(film) 1727. 1678, 1620, 1430, 1312, 1236, 1053, 1018, 930, 867, 840, 
799, 743 cm-1; NMR (CCl4) 5 1.22 (6, s), 1.65 (3, s), 1.92 (2, m), 2.50 
(2, m), 3.83 (2, s); uvmax (CH3OH) 232 nm (e 10 200). 

Anal. Calcd for CnH16O3: C, 67.32; H, 8.22. Found: C, 67.63; H, 
7.96. 

b) By Jones Oxidation of Hydroxy Ester 16. To a solution of 127 
g (0.64 mole) of 16 and 1 1. of acetone at 10-15 0C under nitrogen was 
added 200 ml of Jones reagent with stirring. Addition was completed 
in 40-45 min. lsopropyl alcohol was then added to destroy the excess 
Jones reagent. Most of the acetone was evaporated and water was 
added to the green residue. The product was extracted with ether (4 
X 250 ml) and the extract was washed with water and brine and dried. 
Evaporation of the solvent gave 123.5 g (98%) of methyl ester 9b of 
satisfactory purity. 

Methyl 2-Bromoethyl-6,6-dimethyl-3-oxocyclohex-l-ene-l-car-
boxylate (17b). A mixture of 122 g (0.62 mol) of undistilled keto ester 
9b, 13 3 g of /V-bromosuccinimide, and 700 ml of carbon tetrachloride 
was refluxed under nitrogen with illumination under a 125-W tungsten 
lamp. After 1 h, the reaction was judged complete by the floating 
succinimide. The cooled reaction mixture was filtered and concen
trated to give 172 g (100%) of bromide 17b as a yellow oil. This 
product contained 2-3% of unreacted starting material as the only 
major impurity by NMR analysis and was used in subsequent trans
formations without further purification. Pure 17b was obtained by-
vacuum distillation: bp 122 0C (0.4 mm); ir (film) 1728, 1684, 1613, 
1430, 1245, 1150, 1118, 1082, 1025, 982, 878, 820, 798 cm"1: NMR 
(CCl4) & 1.27 (6, s), 1.93 (2, m), 2.58 (2, m), 3.92 (3, s), 4.03 (2, s); 
uvmax (CH3OH) 230 (e 8580), 245 nm (shoulder) (t 7780). 

Anal. Calcd for CnH15O3Br: C, 48.01; H, 5.50. Found: C, 48.29; 
H, 5.52. 

Methyl l,4-Dioxo-7,7-dimethyl-4,5,6,7-tetrahydroindan-2-car-
boxylate (18) and Enol 19. To a solution of 92 g (1.7 mol) of sodium 
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methoxide in 850 ml of methanol, stirred at room temperature under 
nitrogen, was added 238 g (1.8 mol) of dimethyl malonate. The mix
ture was cooled in an ice-water bath to 5 0 C and was maintained at 
this temperature as a solution of 116.5 g (0.42 mo!) of methyl 2-bro-
momethyl-6,6-dimethyl-3- oxocyclohex-1 -ene-1 -carboxylate (17b) 
in 200 ml of methanol was added dropwise. After the addition was 
completed (ca. 1 h), the cooling bath was removed, and the mixture 
was stirred under nitrogen at room temperature for 24 h. The reaction 
mixture was then refluxed under nitrogen for 6 h to ensure complete 
reaction. After cooling in an ice bath, the reaction mixture was neu
tralized by dropwise addition of acetic acid. The mixture was poured 
into water and extracted with three portions of benzene. The combined 
benzene extracts were washed twice with water, twice with saturated 
N a H C O 3 solution, four times with water, and once with saturated 
NaCl solution. The dried benzene extracts were concentrated under 
reduced pressure to remove benzene and part of the excess dimethyl 
malonate. The partially solidified residue was crystallized from ethyl 
acetate to give 86.23 g (86%) of a mixture of 18 and 19 (mp 150-154 
0 C) . The proportions of the keto and enol forms in the isolated solids 
varied from run to run judging by the NMR spectra, although the 
latter usually predominated. This solid product was used in the sub
sequent transformation without further purification. 

A sample containing nearly all enol 19 was recrystallized from ethyl 
acetate to give the analytical sample: mp 156.5-158 0C; ir (KBr) 3250 
(br, OH), 1690, 1658, 1604 cm"1; NMR (CDCl3) 5 1.40 (6, s), 1.95 
(2, m), 2.53 (2, m), 3.27 (2, s), 3.83 (3, s), 10.25 (1, bs). 

Anal. Calcd for C n H 1 6 O 4 : C, 66.08; H, 6.83. Found: C, 66.24; H, 
6.79. 

l,4-Dioxo-7,7-dimethyl-4,5,6,7-tetrahydro-2-indanacetic Acid (20). 
To a solution of 21.3 g (0.09 mol) of the diketo ester (containing 
varying amounts of keto and enol forms 18 and 19) in 400 ml of tet-
rahydrofuran, stirred under nitrogen at room temperature, was added 
26.0 g of anhydrous potassium carbonate followed by 25 ml of methyl 
bromoacetate. The mixture was stirred under nitrogen for 48-84 h 
as required for the reaction to be complete. The extent of reaction was 
determined by thin layer chromatography (AI2O3 plates; CHCl 3 -
acetone, 4:1). The mixture was diluted with water and extracted with 
three portions of ether. The combined ether extracts were washed 
successively with water, saturated NaHCO 3 solution, and water. After 
concentrating under reduced pressure, the residue (29.1 g) was dis
solved in a solution of 350 ml of glacial acetic acid and 350 ml of 6 N 
HCl. The solution was heated to boiling under nitrogen with slow 
distillation for 3 h. The dark reaction mixture was cooled, diluted with 
water, and extracted with ethyl acetate. The combined extracts were 
washed with water and saturated NaCl solution. The dried extracts 
were concentrated, and the residue was crystallized from benzene to 
give 12.75 g (mp 136-137 0C) of diketo acid 20. A second crop of 2.63 
g (mp 135-136 0 C) was obtained from the mother liquors for a total 
yield of 72%. Recrystallization from benzene afforded pure material: 
mp 136.5-137 0C; ir (KBr) 3600-2800, 1737, 1695, 1657OrT1; uvmax 

(95% C 2H 5OH) 260 nm (e 13 300); N M R (CDCl3) 5 1.33 (6, s), 
1.84-2.2 (2, m), 2.4-3.3 (7, m), 10.6 (1, brs). 

Anal. Calcd for C n H 1 6 O 4 : C, 66.08; H, 6.83. Found: C, 66.37; H, 
6.85. 

Treatment of the acid 20 with ethereal diazomethane gave the 
corresponding methyl ester as an oil: ir (film) 1735, 1705, 1685 cm - 1 . 

Reduction of Diketo Acid 20. To a solution of 3.54 g (15 mmol) of 
diketo acid 20 in 200 ml of methylene chloride, stirred under nitrogen 
at —70° or less (solid C02-acetone cooling bath), was added 35 ml 
of a 1.5 M solution of diisobutylaluminum hydride in toluene (52.5 
mmol) dropwise so as to maintain a temperature of —70° or less. After 
stirring for 2 h in the cold, excess hydride was destroyed by dropwise 
addition of 100 ml of 20% sulfuric acid (Caution! Heat and frothing!). 
The mixture was diluted with water and extracted with methylene 
chloride. The combined extracts were washed with water and satu
rated NaCl solution and dried. Concentration afforded 3.25 g of crude 
product which was chromatographed on silica gel (ethyl acetate-
benzene gradient) to give 2.1Og (63%) of a mixture of hydroxy lac
tones 21 and 22 (ratio ca. 1:1). This mixture was crystallized from 
benzene-hexane giving 0.87 g of la,4a-dihydroxy-7,7-dimethyl-
4,5,6,7-tetrahydroindan-2a-acetic acid 7-lactone (21): mp 143-144 
0C; NMR (CDCl3) 5 1.08 (3, s), 1.14 (3, s), 1.4-3.0 (9, complex), 4.12 
(1, t, J = 5 Hz), 5.48 ( l ,d , J = 6.8 Hz); ir (CHCl3) 3600 and 3480 
(OH), 1764 c m ' 1 (lactone C = O ) . 

Anal. Calcd for C13H18O3: C, 70.24; H, 8.16. Found: C, 70.30; H, 
8.15. 

The stereochemistry of 21 was established by its conversion to 
(±)-strigol. 

The filtrate was chromatographed on neutral alumina column (2 
X 25 cm). The column was eluted with a gradient system consisting 
of 500 ml of ethyl acetate-benzene (5:95) in the mixing chamber and 
500 ml of ethyl acetate-benzene (50:50) in the reservoir chamber. 
Concentration of fractions gave la,4/3-dihydroxy-7,7-dimethyl-
4,5,6,7-tetrahydroindan-2a-acetic acid 7-lactone (22) as an oil: cal
culated mass for Ci 3H 1 8O 3 222.1256, found m/e 222.1258; ir (CHCl3) 
3600 (OH), 1760 (lactone C = O ) ; NMR (CDCl3) 5 1.09 (3, s), 1.13 
(3, s), 1.4-9.0 (9, complex), 4.18 (1, t, J = 4.9 Hz), 5.49 ppm (1, d, 
J = 5.4 Hz). 

Formylation of Hydroxylactone 21. Methyl formate (20.0 ml) was 
added to a stirred mixture of sodium hydride (7.6 g, 50% suspension 
in oil) and hydroxy lactone 21 (5.5 g) in 200 ml of dry ether under 
nitrogen at ambient temperature. After 24 h of stirring, another 5.0 
ml of methyl formate was added, and stirring was continued for an
other 8 h. The mixture was diluted cautiously with 10% NaHCO 3 

solution and extracted with ethyl acetate. The aqueous layer was 
acidified with 10% HCl solution and extracted with ethyl acetate. The 
acidic extract was washed with water and saturated NaCl solution 
and concentrated under reduced pressure to give 5.8 g (92.8%) of 
hydroxymethylene lactone 2. Before concentrating the ethyl acetate 
extract small amounts of hydroxymethylene lactone crystallized which 
was difficult to redissolve: mp 205-207 0 C dec; ir (KBr pellet) 3300 
(OH), 1720 and 1675 cm"1 (carbonyls); N M R (Me2SO-^6) 6 7.45 
( l , d , 7 = 2.0 Hz). 

Anal. Calcd for C14H18O4: C, 67.18; H, 7.25. Found: C, 67.02; H, 
7.05. 

Formylation of Hydroxy Lactone 22. In the same manner as de
scribed for 21, hydroxy lactone 22 (166 mg) was treated with sodium 
hydride and methyl formate in ether to give 133 mg of crude hy
droxymethylene lactone 3, which was used in the subsequent trans
formation without purification. 

AIkylation of 2 with Bromobutenolide 4. Bromobutenolide 4(175 
mg) was added to a mixture of crude hydroxymethylene lactone 2 (137 
mg), anhydrous K2CO3 (154 mg), and hexamethylphosphoric tri-
amide (5 ml) with stirring under nitrogen at ambient temperature. 
After 10 h of stirring, another 100 mg of bromobutenolide 4 was 
added, and stirring was continued for another 10 h. The reaction 
mixture was then diluted with water and extracted with ethyl acetate. 
The extract was washed with water and saturated NaCl solution and 
dried. Solvent was removed under reduced pressure giving 222 mg of 
crude product. TLC showed the presence of excess unreacted 4 and 
two additional components. This mixture was cleanly separated by 
chromatography over a silica gel column (2 X 20 cm). The column 
was eluted with a gradient system consisting of 300 ml of benzene in 
the mixing chamber and 300 ml of benzene-ethyl acetate (50:50) in 
the reservoir chamber. The slower moving component, R/ = 0.2 
(CHCl3-acetone, 4:1), was crystallized from ethyl acetate-hexane 
giving 55 mg (27%) of (i)-strigol (23): mp 202-205 0 C dec; calcu
lated mass for C1 9H2 2O6 346.14154, found m/e 346.14202; the ir, uv, 
NMR, and mass spectra were identical with those for natural ( + )-
str igol . , 2NMR:5 l . !0(3 ,s ) , 1.18 (3, s), 1.3-2.18 (4, complex), 2.02 
(3, t, J = 1.5 Hz), 2.70 (2, br d, / = 6.4 Hz), 3.63 (1, m), 4.16 (1, br), 
5.50 (1, dq.y = 7.8, «1.5 Hz), 6.13 (1, pentet, J = 1.5 Hz), 6.92 (1, 
pentet, J = 1.5 Hz), 7.45 (1, d, J = 2.4 Hz). 

The faster moving component, Rf = 0.32 (CHCl3-acetone, 4:1), 
was crystallized from ethyl acetate-hexane giving 40 mg (18%) of 
(±)-4'-epistrigol (24): mp 178-180 °C; calculated mass for C1 9H2 2O6 

346.14154, found m/e 346.14170; ir, uv, and mass spectra were 
identical with those for natural (4-)-strigol.12 NMR: <5 1.10 (3, s), 1.17 
(3, s), 1.3-2.16 (4, complex), 2.02 (3, t, J = 1.5 Hz), 2.69 (2, br d, J 
= 6.3 Hz), 3.63 (1, m), 4.09 (1, br), 5.59 (1, dq, J = 7.8, «1.5 Hz), 
6.15(1, pentet, J = 1.5 Hz), 6.92 (1, pentet, 7 = 1 . 5 Hz), 7.44 (1, d, 
J = 2.4Hz). 

AIkylation of 3 with Bromobutenolide 4. Bromobutenolide 4(152 
mg) was added to a mixture of hydroxymethylene lactone 3(133 mg, 
0.532 mmol), anhydrous K2CO3, and 5 ml of hexamethylphosphoric 
triamide with stirring under nitrogen at ambient temperature. After 
stirring for 18 h, water was added and the mixture was extracted with 
ether. The ether extract was washed with water and saturated NaCl 
solution. The dried extract was concentrated, and the products were 
partially separated by preparative TLC (silica gel; CHCl3-acetone, 
4:1) to give (±)-4-epistrigol (25) and (±)-4,4'-diepistrigol (26). The 
isolated products were designated strigol isomers C and D since it was 
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not possible to establish their relative assignments between 25 and 26. 
The less-polar of these two products, C, Rf = 0.34, was crystallized 
from ethyl acetate-hexane: mp 182-184 0C; calculated mass for 
Q9H22O6 346.14154, found mje 346.14163; uv, ir, and mass spectra 
were identical with those for natural (+)-strigol; NMR was identical 
with that of (±)-4'-epistrigol, NMR: S 1.10 (3, s), 1.14 (3, s), 
1.24-2.12 (4, complex), 2.02 (3, t , / = 1.5 Hz), 2.34 (1, dt, J = 16.8, 
«2 Hz), 3.06 (l,dd, J = 16.8, 9.0 Mz), 3.63 (1, m), 4.16 (1, br t, J 
= 4.9 Hz), 5.55 (1, dd, J = 7.8, 1.5 Hz), 6.17 (1, pentet, 7=1.5 Hz), 
6.96 (1, pentet, J = 1.5 Hz), 7.46 (1, d, J = 2.7 Hz). 

The more polar product, D, Rf = 0.30, was obtained as a gum; 
calculated mass for C19H22O6 346.14154, found m/e 346.14163; uv, 
ir, and mass spectra were identical with those for natural (-t-)-strigol; 
NMR was identical to that for (+)-strigol, NMR: 5 1.10 (3, s), 1.14 
(3, s), 1.26-2.13 (4, complex), 2.02 (3; t, / = 1.5 Hz), 2.35 (1, dt, J 
= 16.8, «2 Hz), 3.09 (1, dd, J = 16.6, 9.3 Hz), 3.64 (1, m), 4.16 (1, 
brt, J = 5.1 Hz), 5.54(1, dd, / = 7.8, «2 Hz), 6.18 (1, pentet, / = 
1.5 Hz), 6.95 (1, pentet, / = 1.5 Hz), 7.45 (1, d, / = 2.4 Hz). 

3/3-Acetoxyandrost-5-ene-17#-carboxylic Acid Chloride (27). A 
solution of 2.02 g of 3/?-acetoxyandrost-5-ene-17/?-carboxylic acid 
in 10 ml of thionyl chloride was stirred at ambient temperature for 
4 h. Excess thionyl chloride was distilled off in vacuo leaving the acid 
chloride 27 as a pale yellow crystalline solid which was used with 
purification in the subsequent step. 

(+)-1 <*-((+)-30- Acetoxyandrost-5-ene-17/S-carbony loxy)-4a-hy-
droxy-7,7-dimethyl-4,5,6,7-tetrahydroindan-2a-acetic Acid 7-Lactone 
(28). The crude acid chloride 27, prepared from 2.02 g of 3/3-acetox-
yandrost-5-ene-17/3-carboxylic acid, was dissolved in 10 ml of pyridine 
and 5 ml of benzene and cooled in an ice bath. (±)-Hydroxy lactone 
21 (1.17 g) was dissolved in 5 ml of pyridine and added to the cold acid 
chloride solution. The mixture was stirred at ambient temperature 
for 24 h and then poured into 50 ml of ice-cold 6 N HCl solution. The 
mixture was extracted with CHCI3, and the extracts were washed with 
water and saturated NaCl solution. The dried extracts were concen
trated, and the residue was triturated with ethyl acetate and filtered 
to remove insoluble material. Concentration afforded 2.54 g of a 
mixture of diastereomers 28a and 28b. 

Separation of Diastereomers 28a and 28b. The diastereomers 28a 
and 28b were separated by preparative thin layer chromatography 
on silicic acid preparative plates using ethyl acetate-benzene (1:9) 
as the solvent system. Each plate was run six times and gave only 
partial separation of the two diastereomers. A mixture (2.54 g) of 28a 
and 28b was chromatographed on 16 preparative plates and after six 
developments using the above solvent system, the zones containing 
the diastereomers were cut into ten 4-mm bands. Purity of each 
fraction was checked by thin layer chromatography by running each 
plate four times in the same solvent system. The unresolved mixture 
of 28a and 28b (1.3 g) was recovered and further chromatographed 
on ten additional preparative plates. Once again the unresolved 
mixture (829 mg) obtained from the second run was chromatographed 
on eight or more preparative plates. After preparative chromatography 
on a total of 34 plates, the following five fractions were obtained: (1) 
isomer 28a, 303 mg; (2) isomer 28a containing a trace of 28b, 292 mg; 
(3) unresolved mixture, 386 mg; (4) 28b containing a trace of 28a, 216 
mg; (5) pure 28b, 671 mg. Total recovery 1.87 g (74%). The slower-
moving isomer, 28b (671 mg), was crystallized twice from ethyl ace-
tate-pentane affording 353 mg of pure 28b, mp 196-197 0C; [a]25D 
+ 2.52° (c 0.8, CHCl3); [a]25D -2.85° (c 0.9, MeOH). The faster-
moving isomer, 28a (303 mg), was similarly crystallized from ethyl 
acetate-pentane, yielding 186mgof pure 28a, mp 214-216 0C; [a]25D 
-73.1° (c 0.8, CHCl3); H

2 5D -59.1° (c 0.8, MeOH). 
Hydrolysis of 28b. Ester 28b (570 mg) was heated under reflux for 

12 h in 100 ml of 10% methanolic potassium hydroxide. After addition 
of 20 ml of water, the methanol was removed on a rotary evaporator. 
The reaction mixture was then acidified with 6 N HCl and extracted 
with four 50 ml portions of ethyl aceta.te. The combined ethyl acetate 
layer was washed with water and saturated NaCl solution, dried over 
sodium sulfate, and evaporated to dryness to yield 545 mg of solid 
residue. To separate the hydroxy lactone 21 from 3/3-hydroxyetienic 
acid, the residue was dissolved in ethyl acetate and passed over a 
neutral alumina (grade III) (2 X 20 cm). The hydroxy lactone was 
eluted from the column with 400 ml of ethyl acetate; after evaporation 
of the solvent, 187 mg of 21 was obtained. This lactone was crystallized 
from ethyl acetate-pentane to yield a sample, mp 102-104 0C; [a]25D 
-8.61° (c 1.4, CHCl3). 

Hydrolysis of 28a. The ester 28a (180 mg) was hydrolyzed and 

isolated in a similar fashion giving 52 mg of (+)-hydroxy lactone 21, 
mp 103-104 0C; [a]25D +8.28° (c 1.3, CHCl3). 

Formylation of (-t-)-Hydroxy Lactone 21. Methyl formate (2 ml) 
was added to a stirred mixture of sodium hydride (100 mg, 50% sus
pension in oil) and (+)-hydroxy lactone 21 (82 mg) in 10 ml of dry 
ether under nitrogen at ambient temperature. After 24 h of stirring, 
the mixture was cautiously diluted with 10% aqueous sodium bicar
bonate solution and extracted with ethyl acetate. The aqueous layer 
was acidified with 10% HCl and extracted with ethyl acetate. The 
combined ethyl acetate extract was washed successively with water 
and saturated NaCl and evaporated to dryness to yield 90 mg of the 
product, which was used in the subsequent alkylation. 

(+)-Strigol via Alkylation of 2, Derived from (+)-Hydroxy Lactone 
with Bromobutenolide 4. Bromobutenolide 4 (100 mg) was added to 
a mixture of hydroxymethylene lactone 2 (90 mg), anhydrous KiCO3 
(100 mg), and hexamethylphosphoric triamide (2 ml) with stirring 
under nitrogen. After stirring the reaction mixture at 25° for 18 h, 
another 100 mg of 4 was added and stirring was continued for another 
18 h. The reaction mixture was then diluted with water and extracted 
with ethyl acetate. The combined ethyl acetate extract was washed 
with water and saturated NaCl, dried over sodium sulfate, and con
centrated to yield 82 mg of residue. This residue was dissolved in 
benzene and chromatographed on a silica gel column (2 X 20 cm). The 
column was eluted with a gradient system consisting of 300 ml of 
benzene in the mixing chamber and 300 ml of ethyl acetate-benzene 
(1:1) in the reservoir chamber. The slower moving component (+)-
strigol (25 mg), Rf = 0.2 (CHCl3-acetone, 4:1), was crystallized from 
benzene-pentane, mp 200-202 0C; H 2 5D +293.0° (c 0.15, CHCl3); 
CD, [0]229 +9.5 X 105; [0]2O4 -6.9 X 105. The faster moving com
ponent, Rf = 0.32 (CHCl3-acetone, 4:1) was obtained as a gum. 

Formylation of (—)-Hydroxy Lactone 21. Methyl formate (2.5 ml) 
was added to a stirred mixture of sodium hydride (200 mg, 50% sus
pension in oil) and (-)-hydroxy lactone 21 (140 mg) in 10 ml of dry 
ether under nitrogen at ambient temperature. After 24 h of stirring, 
the mixture was cautiously diluted with 10% aqueous sodium bicar
bonate solution and extracted with ethyl acetate. The aqueous layer 
was acidified with 10% HCl and extracted with ethyl acetate. The 
combined ethyl acetate extract was washed successively with water 
and saturated NaCl and evaporated to yield 154 mg of solid 
residue. 

(—)-Strigol via Alkylation of 2, Derived from (—)-Hydroxy Lactone 
with Bromobutenolide 4. Bromobutenolide 4 (150 mg) was added to 
a mixture of hydroxymethylene lactone 2, anhydrous K2CO3 (150 
mg), and hexamethylphosphoric triamide (3 ml) with stirring under 
nitrogen at ambient temperature. After 18 h of stirring another 150 
mg of 4 was added and stirring was continued for another 24 h. The 
reaction mixture was then diluted with water and extracted with ethyl 
acetate. The combined ethyl acetate layer was washed with water and 
saturated NaCl, dried (Na2SO4), and concentrated to yield 132 mg 
of residue. The residue was dissolved in benzene and chromatographed 
over a silica gel column (2 X 22 cm). The column was eluted with a 
gradient system consisting of 300 ml of benzene in the mixing chamber 
and 300 ml of ethyl acetate-benzene (1:1) in the reservoir chamber. 
The slower moving component, (—)-strigol (38 mg), Rf 0.2 
(CHCl3-acetone, 4:1) was crystallized from benzene-pentane: mp 
193-194 0C; H2 5D -279° (c 0.11, CHCl3); CD, [S]229 -8.92 X 105; 
[#]204 6.3 X 10s. The faster moving component (48 mg), Rf 0.32 
(CHCl3-acetone, 4:1) was also crystallized from benzene-pentane: 
mp 165-166 0C; [a]25D +145° (<: 0.09, CHCl3); CD, [0]242 -3.9 X 
105; [0]2O4 10.9 X 105. 
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Abstract: The major diterpenic component of the medicinal plant Croton californicus has been isolated and the structure de
termined by a combination of spectral and x-ray crystallographic studies. Methyl barbascoate (1) crystallizes in the space" 
group P2] (No. 4, C2

2) with two molecules in the unit cell. Cell constants at -164 0C are a = 9.224 (6), b = 10.049 (7),r = 
10.390 (7) A, and /3 = 112.44 (4)°. The structure was refined to R(F) = 0.048 and Rv1(F) = 0.058, with the goodness of fit 
1.05. The absolute stereochemistry was determined by circular dicroism comparison with ( — )-methyl hardwickiate. Methyl 
barbascoate is a member of the growing class of trans clerodanes. 

The spurge family (Euphorbiaceae) includes some 8000 
species which occur in tropical and temperate regions all over 
the world. The largest genus of the spurge family is that of 
Croton. Many of them are odorous and contain a milky juice 
which is more or less poisonous.2 The commercially available 
Oil of Croton derives from an Asiatic species Croton tiglium 
L. and is the source of phorbol esters, whose cocarcinogenic 
properties have been the object of numerous research efforts.3,4 

As a part of a general research program on the chemistry 
of terpenoids from the Euphorbiaceae, we have investigated 
an American species, Croton californicus} This pale olive-
green perennial herb is common in sandy areas of the Mohave 
Desert. Indians made a hot poultice of its powdered leaves as 
a pain reliever for rheumatism. 

The constituents of the ethanol extract of C. californicus can 
be directly compared with commercial Croton Oil by high 
resolution gas chromatography6 (Figure 1). The presence of 
a major diterpenic component in C. californicus which is ab
sent in C. tiglium is clearly evident. The isolation and structure 
elucidation of this component is now described. 

The ethanol extract of C. californicus was chromatographed 
on silica gel yielding the substance in question (—)-methyl 
barbascoate7 (1) as crystals, mp 152-153 0 C. This compound 
analyzed for C21H26O5 and was assigned the structure depicted 
in 1 (without stereochemistry) on the basis of the following 
spectral data. The infrared spectrum of 1 has carbonyl ab-

CH3O 

CH3O2C
 C H ' 

CH3O 

sorptions at 1715 and 1745 c m - ' due to unsaturated ester and 
5-lactone. Bands at 1500 and 875 cm - 1 indicate a /3-substituted 
furan ring which was confirmed by an ultraviolet maximum 
at 212 nm and NMR signals at 8 6.4 (1 H, m) and 7.4 (2 H, 
m). The NMR spectrum, in addition, showed the presence of 
two angular methyl groups at 5 1.02 and 1.27 and a methyl 
ester at 5 3.7. The vinyl proton appeared as a triplet (J = 1.5 

Wilson et al. / New Diterpene from Croton californicus 


