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An efficient six-stage synthesis of bicyclic keto lactone 5, a valuable intermediate for conversion into analogues
of the sesquiterpene antitumor lactone vernolepin, has been developed.

The sesquiterpene antitumor lactone vernolepin (1)2 and
its congener vernomenin (2) have elicited considerable syn-

thetic attention. Several groups have reported interesting
syntheses of the prototype a-methylenevalerolactone 3,3-6
which has been shown to possess mildly cytotoxic properties,*
and we have applied the Norton cyclocarbonylation process’
to a synthesis of the prototype a-methylenebutyrolactone 4.1
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Grieco® and Danishefsky? have recently reported total syn-
theses which yield vernolepin and vernomenin in ratios of 3:1
and 2:1, respectively.

To date, most of the synthetic approaches have involved
elaboration of the cis-fused é-valerolactone system by scission
of the Co—C3 bond of an angularly functionalized trans-bicy-
clo[4.4.0]decane. In this paper, we report a completely dif-
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ferent approach to this problem in the synthesis of keto lac-
tone 5, a promising intermediate for further elaboration into
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natural products 1 and 2, as well as analogues of these inter-
esting compounds.

Our basic synthetic plan is outlined below, where R’ is a
synthon for an acetic acid unit, -CH;COOH, and R” is a
synthon for a hydroxymethyl unit, -CH>OH. In our plan, R’
would be added as an electrophile and R” as a nucleophile.

As a starting material for our work, we have used the 1,3-
cyclohexanedione enol ethers 610 and 7.11 Alkylation of the
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kinetic enolate, following the procedure of Danheiser and
Stork,12 with a variety of alkyl halides affords compounds 8-12

6, R= CHQCHQ
7,R = CH,CH(CH,),
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8, R = CH;CH(CH,); R’ = CH,CO,C,H;
9,R = CH,CH; R’ = CH,CO,C(CH,);
10,R = CH,CH(CH;); R’ = CH,CH=CH,
1, R = CH,CH; R’ = CH,CH=CHCH;
12 R = CH,CH;; R’ = CH,CH==C(CH,),

in yields of 55, 99, 98,12 81, and 90%, respectively. Each of the
R’ groups are, in principle, convertible to acetic acid side
chains by either hydrolysis or oxidation.

As masked hydroxymethyl groups, we initially explored the
use of phenylthiomethyllithium (13),13 methylthiomethylli-
thium (14),14 and methoxymethylmagnesium chloride (15).15

CeH;SCH,Li CH,SCH,Li CH,OCH,MgCl
13 14 15

We soon discovered that organometallic reagents 13-15 are
not suitable for the introduction of a one-carbon unit into
compounds 8 or 9. For example, treatment of keto ester 8 with
lithium reagent 13 gave only recovered starting material, even
under conditions which have been used for the reaction of
compound 13 with other esters and ketones.!3P It may be that
keto ester 8 undergoes exclusive enolization, due to the in-
ductive effect of the second carbonyl group. On the other
hand, Grignard reagents such as 15 react indiscriminately at
both carbonyl groups, even with tert-butyl ester 9.
Therefore, we turned our attention to allylated enol ether
10. This material reacts smoothly with phenylthiomethylli-
thium (13) to give sulfide 16, after hydrolysis of the initial
adduct with dilute aqueous acid. However, an attempt to re-
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place the phenylthio group by iodo, following Corey’s proce-
dure (CH3], Nal in DMF or DMA),6 gave enone 18 in nearly
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quantitative yield. Presumably, iodide 17 is an intermediate
in the conversion of 16 to 18. It is probably deiodinated by
iodide ion by the following process:
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However, even the iodide produced in the initial methyl-
ation reaction is sufficient to reduce 17, for the same result is
obtained when sodium iodide is omitted from the reaction
mixture.

We reasoned that if we could cause the conversion of 16 to
17 to occur more rapidly, relative to the annoying reduction
of 17, we might realize the selective synthesis of this com-
pound. Since the rate-limiting step in the conversion of 16 to
17 is probably methylation of the sulfur, we turned to the more
basic methylthio group. As a model, enol ether 7 was allowed
to react with methylthiomethyllithium (14) to obtain sulfide
19. Our anticipation was realized when we found that iodide
20 is produced in yields of up to 90% by refluxing sulfide 19
in a 1:1 mixture of methyl iodide and benzene for 20 h.
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Treatment of iodide 20 with silver acetate yields acetate 21.
Unfortunately, this material reacts with lithium dimethyl-
cuprate (a model for our planned vinylation process) to yield
mainly the reduced enone 22, accompanied by approximately
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15% of enone 23. Reductive removal of the acetoxy group in
this reaction is not surprising, since such a good leaving group
should be expelled rather readily from the radical anion
supposed to be an intermediate in this reaction:1?

OAc OAc

A Al
k©¢0 Mefuli | k@/o_ + Me,Cu
o
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o
MeCu_ U + Me,Cut

Similar reductions have subsequently been reported.18

It seemed that replacing the acetoxy group by a poorer
leaving group, such as alkoxy, might alleviate this problem.
However, because of the delicate nature of the desulfurization
reaction and low yields encountered in displacements of the
allylic iodide 20, we turned to a more direct method of intro-
ducing the desired alkoxymethyl group. Methoxymethyl-
magnesium chloride proved to be admirably suited for this
purpose. Treatment of compound 12 with this reagent in
methylal for several hours at room temperature, followed by
hydrolysis with dilute acid, affords enone ether 24 in 80% yield.
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Enone 24 does indeed react smoothly with lithium dimeth-
yleuprate, giving a 92:8 ratio of ketones 25 and 26 in 94% yield;
no reductive removal of the methoxy group is observed.1® The
stereoselectivity observed in the addition of lithium dimeth-
ylcuprate to 24 was expected on the basis of analogy to the
reaction of 3,4-dimethylcyclohex-2-en-1-one with lithium
divinylcuprate, which affords the adduct with the vinyl trans
to the C-3 methyl in greater than 95% yield.?!

Compounds 25 and 26 provided us with an excellent op-
portunity to test our proposed elaboration of the two func-
tionalized side chains into the desired -lactone. Treatment
of the diastereomeric mixture with ozone in methylene chlo-
ride at —78 °C followed by Jones oxidation?? of the ozonide
affords a mixture of diastereomeric acids (27) in 55% yield.
Treatment of the crude acid mixture with boron tribromide
in methylene chloride at —70 °C affords lactones 28 and 29
(86:14 ratio) in 90% yield.
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With a method for construction of the é-lactone in hand,
we turned to introduction of the potential angular vinyl group.
Enone 24 reacts smoothly with lithium divinylcuprate, af-
fording adducts 30 and 31 in a ratio of 94:6 (76% yield).

CH,4

24

(#),CuLi

31

However, numerous attempts to achieve selective fission of
the trisubstituted double bond in this attractive intermediate
were unsuccessful. For example, selective ozonization could
not be achieved. Compound 30 does react selectively with
m-chloroperoxybenzoic acid to yield oxirane 32 (a diastereo-
meric mixture), but attempts at cleavage to an aldehyde met
with failure, due to the propensity of 32 to rearrange to the
isomeric isopropyl ketone 33.

CH,0 CH
172 o 12 o
m-CPBA H,10, 0
30 —— O —

32 33

In an attempt to thwart this annoying rearrangement, we
prepared oxirane 36, via intermediates 34 and 35. This oxirane
does undergo the desired periodic acid cleavage, but the only
product which may be isolated from the reaction is the bicyclic
aldol 37.

Because of these unexpected problems with conversion of
the allyl side chains to the desired acetic acid side chain, we
again turned our attention to precursors 8 and 9, in which the
carboxy group is already present. Continuing our search for
a functionalized one-carbon nucleophile which would add
selectively to the ketone carbonyl of one of these keto esters,
we examined the reaction of tert-butyl ester 9 with 2-lithio-
1,3-dithiane.23 We were gratified to find that selective addition
does occur, affording dithiane 38 in 51% yield after acidic
hydrolysis and chromatographic purification. However, we
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were unable to hydrolyze dithiane 38 or the monosulfoxide 39
under a variety of conditions.24
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The hydroxymethyl problem was eventually solved in a
most straightforward and elegant manner when we found that
keto ester 9 reacts with methylenetriphenylphosphorane
cleanly and in high yield to afford dienyl ether 40. Further-
more, we were pleased to find that this material is readily
oxidized by m-chloroperoxybenzoic acid in 95% ethanol25:26
to give the desired hydroxymethyl derivative 41. The overall
yield for the two-stage conversion of 9 to 41 is 65-77%.
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With the hydroxymethyl group in place and the acetic acid
side chain protected as the tert-butyl ester, it remained only
to introduce the angular vinyl group and close the §-lactone
to achieve our goal of keto lactone 5. After a few unsuccessful
attempts to carry out cuprate additions on the unprotected
alcohol, it became clear that the hydroxy group must be
temporarily blocked. Because of our earlier experience in the
reaction of enone ester 21 with cuprates, we decided to protect
this function as the trimethylsilyl ether. This is easily ac-
complished by treatment of compound 41 with trimethylsilyl
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Table I. !H NMR Parameters of Keto Lactone 5
6, ppm  Assignment Multiplicity J, Hz
Je,1=14.2
Jeo =9
1.78¢ Hs Jes =9
Multiplet Jes =53
(AB of ABXYZ) }Jr9=53
2.095¢ Hy J75=53
Jr8=86.5
2.26--2.46 H5, Hg, Hg Multiplet
2.486 Hio, Hi1 AB Av = 18.2¢ J1o,11 = 15.4
J3a=175
254"& Ha, Hy ABofABX  {Js5=171
2.82¢a Ju5 =865
4.11° Hl, H2 AB Av = 75.2¢ J1,2 =119
5.25¢ Hiy Jig13 =11
5.29¢ His ABC Ji2,14 = 18
5.72¢ Hyo J1314=0

@ Center of multiplét, not chemical shift. ® Geometric center
of the AB pattern. ¢ Ay is the difference between the chemical
shifts of A and B in hertz.

chloride and triethylamine in ether. In one preliminary ex-
periment, enone 42 was treated with lithium dimethylcuprate

Me,SiO
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t-BuOOC BN t-BuOOC
41 42
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28
in ether. After hydrolysis of the crude product with sulfuric
acid in aqueous 1,2-dimethoxyethane and chromatographic
purification, lactone 28 was obtained in 22% yield. This an-
gularly methylated keto lactone was spectrally identical with
a specimen prepared earlier by a different route (vide supra).
Treatment of enone 42 with vinylmagnesium bromide in the
presence of 50 mol % Cul, followed by acidic hydrolysis of the
crude product, affords the angularly vinylated keto lactone
5 in 60-85% yield from silyl ether 42. The stereoselectivity

Z 0
1 & ~\MgBr, Cul O
42 —W—*
O !
H
5

observed in the cuprate additions to 42 is impressive. High-
resolution TH NMR analysis of compound 5 reveals that it
contains at most 2.5% of the trans isomer.

An analysis of the coupling constants obtained from the
360-MHz 'H NMR spectrum of 5 reveals that it exists pre-
dominantly in the “nonsteroid” conformation. The spectral
parameters are summarized in Table I. The most enlightening

1. Me,CuLi
—
2. HO*
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values are the nearly equal values of J3 5 and J4 5. In the ste-
roid conformation, one of these couplings would be diaxial and
the other axial-equatorial.

In summary, we have achieved a viable synthesis of bicyclic
keto lactone 5, an attractive intermediate for conversion to
the natural products vernolepin and vernomenin and analo-
gues thereof. The synthetic route developed is short (six steps
from the readily available keto ether 6) and efficient (about
40% overall yield). Furthermore, the reactions involved are
easily adaptable to large-scale work (we have prepared ap-
proximately 100 g of keto lactone 5).

Experimental Section

Melting points and boiling points are uncorrected. The 'H NMR
spectra were determined on a Varian T-60 NMR spectrometer or on
a Bruker HXS-360 (Stanford Magnetic Resonance Laboratory). In-
frared spectra were determined on a Perkin-Elmer 137 infrared
spectrophotometer. Analytical and preparative gas-liquid phase
chromatography was performed using 0.125-in. stainless steel columns
(5 ft, 5% SE-30, and 10 ft, 10% FFAP). Low-resolution mass spectra
were obtained on a AEI MS-12 mass spectrometer, and high-resolu-
tion mass spectra on a CEC 21-110 mass spectrometer. Microanalyses
were performed by the University of California Microanalytical
Laboratory.

tert-Butyl 2-(4-Ethoxy-2-0xocyclohex-3-enyl)acetate (9). A
solution of enol ether 6 (140 g, 1.0 mol) in THF (250 ml) was added
dropwise to a —70 °C solution of LDA (1.2 mol) in THF (100 ml) over
30 min. The resulting solution was stirred for 45 min and a solution
of tert-butyl bromoacetate (205 g, 1.05 mol) in THF (100 ml) was
added over 30 min. The solution was allowed to warm to room tem-
perature and water (5 ml) was added. The mixture was evaporated
and the residue was taken into ether, washed with water and brine,
dried, and evaporated to 252 g (99%) of light yellow powder. This
material was sufficiently pure for use in the next reaction (NMR
identical with that of purified material; one spot on TLC, Ry 0.6,
ether). Furtheér purification may be effected by recrystallization at
—78 °C from petroleum ether: mp 68.5-70.5 °C; ir (CDCl3) 1733, 1664,
1613, 1190 cm~*; *H NMR (CDCls) 6 1.40 (t, 3 H), 1.53 (s, 9 H), 3.96
(quartet, 2 H), 5.38 (s, 1 H).

Anal. Caled for C14H2004: C, 66.11; H, 8.72. Found: C, 66.14; H,
8.51.

tert-Butyl 2-(2-Methylene-4-ethoxycyclohex-3-enyl)acetate
(40). Methyltriphenylphosphonium bromide (53.5 g, 150 mmol) was
added to a solution of sodium dimsylate (from 150 mmol of sodium
hydride) in 150 ml of dimethyl sulfoxide. The mixture was stirred for
several minutes, followed by addition of enol ether 9 (25.4 g, 100
mmol) in dimethyl sulfoxide (25 ml). After 3 h at room temperature,
the reaction was quenched by addition of water (300 ml) and petro-
leum ether (300 ml). After filtration, the aquéous phase was extracted
with petroleum ether and the combined organic layers were washed
with water and brine, dried, and evaporated to 22.0 g (85%) of 40 as
a colorless liquid: ir (film) 1733, 1639, 1186, 1143 cm~1; 'H NMR
(CCly) 61,12 (t, 3 H), 1.44 (s, 9 H), 1.73 (m, 2 H), 3.77 (quartet, 2 H),
4.53 (s, 2 H), 5.18 (s, 1 H); mass spectrum m/e (rel intensity) 252 (31),
196 (52), 195 (29), 151 (100), 123 (59), 57 (88); exact mass 252.1731
{calced for Cy3H240s, 252.1725).

tert-Butyl 2-(2-(Hydroxymethyl)-4-oxocyclohex-2-enyl)-
acetate (41). A solution of enol ether 40 (32.0 g, 127 mmol) in 95%
ethanol (225 ml) was added at once to a stirred solution of m-chlo-
roperbenzoic acid (198 mmol) in 95% ethanol (700 ml). The temper-
ature of the mixture increased to 38 °C, then the mixture was stirred
for 2 h at ambient temperature. Sodium thiosulfate (35.0 g) and so-
dium bicarbonate (25.0 g) in water (125 ml) were added and the
mixture was stirred for 45 min, Most of the solvent (800 ml) was
evaporated at reduced pressure and the residue was taken into water
(1000 ml) and extracted with ether (3 X 300 ml). The ether was washed
with brine, dried, and evaporated to 27.5 g (90.2%) of alcohol 41 as a
light yellow oil. This material was somewhat unstable and was used
without further purification: ir (film) 3676, 1727, 1675, 1149 cm~%; 1H
NMR (CDCl3) 6 1.47 (5,9 H), 4.27 (s, 2 H), 4.53 (s, 1 H), 6.13 (s, L H);
mass spectrum m/e 226,

Anal. Caled for C13H2004: C, 64.98; H, 8.39. Found: C, 64.06; H,
8.35.

tert-Butyl 2-(2-(Trimethylsiloxymethyl)-4-oxocyclohex-2-
enyl)acetate (42). Triethylamine (34.9 g, 343 mmol) and trimeth-
ylsilyl chloride (37.0 g, 343 mmol) were added to a solution of alcohol
41 (46.0 g, 191.6 mmol) in ether (250 ml). After 2 h at room tempera-
ture, the mixture was filtered and evaporated. The residue was taken
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into petroleum ether, filtered again, and evaporated to 54.0 g (90.8%)
of silyl ether 42, a colorless oil. Owing to its hydrolytic instability, this
material was used without further purification: ir (film) 1730, 1678,
1248,1148 cm~1; 1H NMR (CCly) 6 0.24 (s, 9 H), 1.55 (s, 9 H), 4.38 (s,
2 H), 6.08 (s, 1 H).

cis-8a-Vinyloctahydro-3 H-2-benzopyran-3,7-dione (5). A
solution of vinylmagnesium bromide was prepared from magnesium
(8.3 g, 342 mmol) and vinyl bromide (40.2 g, 376 mmol) in THF (650
ml) and cooled to —5 °C. Cuprous iodide (32.5 g, 171 mmol) was added
and the resulting jet-black solution was stirred at =5 °C for 3 min,
then rapidly cooled to =70 °C. A solution of enone 42 (33.3 g, 107
mmol) in THF (100 ml) was added slowly and the mixture was stirred
for 1 h at =70 °C, then allowed to warm to 0 °C. Sulfuric acid (13 ml)
and water (40 ml) were cautiously added and the mixture was suction
filtered. The filtrate was evaporated and the residue was extracted
with chloroform. The combined extracts were evaporated and the
residue was dissolved in glyme (500 ml) and 10% sulfuric acid (300 ml).
This solution was refluxed for 4 h and the glyme was removed by ro-
tary evaporation. The aqueous residue was extracted with chloroform
and the combined extracts were washed with 5% sodium bicarbonate
and brine, then dried (MgSOy). The chloroform was evaporated to
yield 17.8 g (85.8%) of keto lactone 5 as tan crystals. Recrystallization
from ethyl acetate gave an analytical sample: mp 104-105 °C; ir
(CDClg) 1739, 1718, 1190 cm™1; TH NMR (CDCl3) § 2.48 (AB quartet,
J = 15.4 Hz, 2 H), 4.11 (AB quartet, J = 12 Hz, 2 H), 5.25-5.72 (ABC
pattern, 3 H), see Table I for complete spectral data; mass spectrum
m/e (rel intensity) 194 (6), 165 (6), 164 (39), 162 (9), 147 (11), 136 (14),
122 (79), 94 (38), 80 (50), 79 (100); exact mass 194.0943 (calcd for
C11H1403, 194.0939).

Anal. Caled for C1;H1403: C, 68.02; H, 7.27. Found: C, 67.88; H,
7.01.
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