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2 N aqueous sodium hydroxide. The solution was acidified with
dilute hydrochloric acid and extracted thoroughly with ether. The
solution was dried (MgSO,) and filtered, and the solvent was
removed at reduced pressure to afford a solid which was re-
crystallized from acetone to yield 23 (0.27 g, 1.3 mmol, 59%): mp
205 °C; IR (CHCly, cm™) 3600-2800, 1715, 1698, 1420, 1167; H
NMR (Me,CO-dg, 200 MHz) § 11.3 (1 H, br), 7.4-7.0 (4 H, m),
3.44 (1 H,dd, J = 8.6,6.0 Hz), 2.84 (1 H, t, J = 8.6 Hz), 2.64 (1
H, dd, J = 8.6, 6.0 Hz).

Methyl 2-Oxo-3,4-benzobicyclo[3.1.0]Thex-3-ene-6-endo-
carboxylate (24). Keto acid 23 was esterified as described for
22. Recrystallization of the solid product from ether afforded
pure 24 (no yield was obtained): mp 104 °C; IR (CHCl;, cm™)
1735, 1712, 1605, 1200, 1161; 'H NMR (CDCl,, 200 MHz) § 7.6-7.2
(4H,m), 3.39 (3H, s), 3.30 (1 H, X of ABX, Jsx = Jpx = 7.3 Hz),
2.68 (2 H, AB of ABX, J,p = 7.3 Hz); 1¥C NMR (C¢Ds, 15.04 MHz)
6197.7,167.8, 146.7, 137.4, 133.2, 125.9, 123.2, 51.7, 41.4, 31.4, and
28.7 (one aromatic carbon is obscured by solvent); mass spectrum,
m/e (M*) caled 202.0630, obsd 202.0638.

4-Oxa-6,7-benzotricyclo[3.3.0.0°%]oct-6-en-3-one (25). Keto
acid 23 (118 mg, 0.631 mmol) was dissolved in 10 mL of dry THF,
and the solution was cooled to —40 °C. Methyllithium (1.2 mL
of a 1.05 M solution, 1.26 mmol) was added dropwise and stirring
was continued for 2 h at —40 °C. The cooling bath was allowed
to expire, and the solution was stirred at room temperature for
8 h. Acidification of the solution with dilute hydrochloric acid
and extraction with ether followed by drying (MgSO,) and removal
of the ether at reduced pressure afforded a solid product. The
solid was dissolved in 5 mL of acetone and cooled to 0 °C. A
solution of triethylamine (97 uL, 0.69 mmol) and methyl chlo-
roformate (59 uL, 0.76 mmol) in 1 mL of acetone was added
dropwise via syringe. Stirring was continued for 90 min at 0 °C
and 30 min at room temperature. The acetone was removed at
reduced pressure, and ether was added. The ether solution was
washed sequentially with water and brine and dried (Na,SO,) and
the solvent removed at reduced pressure to yield a yellow oil which
was subjected to flash chromatography (15 X 8 ¢m column, 30%
acetone in hexanes v/v). Slightly yellow 25 was eluted in 10-mL
fractions 5 through 10. Removal of the solvent at reduced pressure
afforded 25 (50 mg, 0.27 mmol, 42%): mp (ether/hexane) 103
°C; IR (CDCl,, cm™) 1757, 1255, 998; 'H NMR (CDCl;, 200 MHz)
674-7.1(4H,m),3.35 (1 H,t,J =6.0),297 (1 H,dd, J = 6.0,
8.0 Hz), 2.75 (1 H, dd, J = 6.0, 8.0 Hz), 1.93 (3 H, s); 3*C NMR

(C¢Dg, 15.04 MHz) 6 170.8, 146.7, 140.7, 129.2, 127.1, 125.1, 121.1,
91.6, 45.0, 39.4, 33.4, 18.9; mass spectrum, m/e (M*) caled 186.0681,
obsd 186.0681.

Photolysis of 25. A solution of lactone 25 (10 mg, 0.05 mmol)
and CD;CN (0.5 mL) was placed in a 5-mm o.d. quartz tube and
deoxygenated by purging with a slow stream of nitrogen. The
tube was then placed in the cavity of a Rayonet photochemical
reactor and irradiated at 254 nm. After 16 h of irradiation, ca.
50% conversion to 1-methylnaphthalene was observed by 'H
NMR. No other products were observed.

Photolysis of 19. A solution of anhydride 19 (10 mg, 0.05
mmol) and CD3CN (0.5 mL) was placed in a 5-mm o.d. quartz
tube and deoxygenated by purging with a slow stream of nitrogen.
The tube was then placed in the cavity of a Rayonet photochemical
reactor and irradiated at 254 nm. After 20 min of irradiation,
ca. 4% conversion to 25 was observed by 'H NMR. A trace of
1-methylnaphthalene was observable by capillary GC. No other
products were observed. Photolysis for 16 h resulted in 30%
conversion to lactone 25, and a trace of (ca. 1%) of 1-methyl-
naphthalene was observable by 'H NMR. No other products were
observed.

Solution Thermolysis of 25. A solution of lactone 25 (10 mg,
0.05 mmol) and solvent (0.5 mL) was sealed in a 5-mm o.d. Pyrex
tube and heated in a silicone oil bath. The tube was then opened
and its contents were analyzed by !H NMR. If necessary, the
tube was resealed for further thermolysis. In both Me,CO-dg and
C¢Dg 25 was found to be stable at temperatures below 200 °C.
Lactone 25 was found to decompose to unidentifiable products
over a period of several hours at 200 °C.

Vapor-Phase Thermolysis of 25. A sample of lactone 25 was
sublimed (90 °C, 0.2 mmHyg) through a 300 °C Pyrex tube (20
cm X 1.5 em) packed loosely with quartz wool. The pyrolysate
consisted of a yellow oil which was collected in a cold trap at -78
°C. Analysis by '"H NMR showed 1-methylnaphthalene to be the
sole identifiable product (ca. 30%).
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Synthesis of several stereoisomeric ketones possessing the tricyclic 5-8-5 nucleus characteristic of the ophiobolin
and ceroplastin sesterterpenes is described. Hydrindenebutenolides 15a,b and 16a,b bearing epimeric butenyl
and (E)-pentenyl side chains were prepared from ¢rans-hydrindanone 6 via the bromo Vilsmeier reaction, Grignard
addition, and lithiation—carboxylation and were separated by chromatography. Sensitized irradiation of 15a,b
and 16a,b effected intramolecular {2 + 2] cycloaddition to tetracyclic lactones 17a,b, 20a,b and 21a,b. The
corresponding keto acids underwent reductive cleavage of the cyclobutane ring with lithium-ammonia to form
5-8-5 keto esters 19 or acids 25, 35, and 40. Iododecarboxylation followed by removal of iodine by either reductive
replacement or dehydroiodination afforded a stereoisomeric series of dodecahydro-4,9a-dimethyldicyclopenta-
[a,d]cyclooctan-1-ones (27, 28, 30, 87, and 43) and decahydro-4,9a-dimethyldicyclopentala,d]cyclooct-4(or 5)-
en-1-ones (29, 38, and 39a, and 42). The anti or syn relationship of the C-3a/C-9a (C-6/C-11 by ophiobolane
numbering) substituents and the complete stereochemistry of the anti 5-8-5 ketones were established through
an X-ray crystal analysis of one iodo ketone (26¢) and various interconversions. The stereochemistry of reactions
at C-8 and C-2, A/B ring fusion equilibrations, and the conformation of various 5-8-5 ketones are discussed.

The ophiobolins (e.g., ophiobolin F, 1)! and the cero-
plastins (e.g., ceroplastol I, 2)2 comprise two families of

0022-3263/85/1950-3541$01.50/0

naturally occurring sesterterpenes that have in common
a tricyclic dicyclopenta[a,d]cyclooctene nucleus bearing

© 1985 American Chemical Society



3542 J. Org. Chem., Vol. 50, No. 19, 1985

a steroid-type sidechain at C-14.3* The three rings in the
ophiobolins have the cis/syn/trans stereochemistry at
C-6/C-2/C-11/C-10, whereas the trans/anti/trans orien-
tation obtains in the ceroplastins. The same angular 5-8-5
ring system, albeit with different locations of double bonds,
is found in the fusicoccin (e.g., fusicoccin A, 8, R = sugar),>®
cotylenins (similar to 3),” and cycloaranosene (4)% di-
terpenes.

The novel structures, intriguing biosynthetic origins, and
wide-ranging biological activities of these isoprenoid me-
tabolites have stimulated efforts to synthesize the basic
5-8-5 ring system.>! Important problems to be addressed
in this connection are methods for forming the medium-
sized B ring, stereochemical control at the ring-juncture
positions, and regioselective placement of double bonds
and/or functionality. Key reactions previously used to
construct the central eight-membered ring include en-
amine-acetylene ring expansion of a trans-hydrindanone
ester,? nucleophile-induced fragmentation of bridged tri-
cyleic keto tosylates,’® and oxy-Cope rearrangement of

(1) (a) Nozoe, S.; Morisaki, M.; Fukushima, K.; Okuda, S. Tetrahedron
Lett. 1968, 4457-58. (b) Nozoe, S.; Morisaki, M. J. Chem. Soc., Chem.
Commun. 1969, 1319-20.

(2) Iitaka, Y.; Watanabe, 1.; Harrison, L. T.; Harrison, S. J. Am. Chem.
Soc. 1968, 90, 1092-93.

(3) (a) Cordell, G. A. Phytochemistry 1974, 13, 2343-64. (b) Canonica,
L.; Fiecchi, A. Res. Prog. Org. Biol. Med. Chem. 1970, 2, 49-93.

(4) The ophiobolane positional numbers and ring letters shown in 1
are used throughout the discussion section of this paper. The basic 5-8-5
nucleus is named as tetradecahydrodicyclopentala,d]cyclooctene by
Chemical Abstracts. The Chemical Abstracts names of all compounds
are given as headings in the Experimental Section. Representative
Chemical Abstracts names are also given in the title and abstract.

(5) (a) Hough, E.; Hursthouse, M. B.; Neidle, S.; Rogers, D. J. Chem.
Soc., Chem. Commun. 1968, 1197-98. (b) Ballio, A.; Brufani, M.; Casi-
novi, C. G.; Cerrini, S.; Fedeli, W.; Pellicciari, R.; Santurbano, B.; Vaciago,
A. Experientia 1968, 24, 631. (c) Barrow, K.; Barton, D. H. R.; Chain,
E.; Ohnsorge, U. F. W.; Thomas, R. J. Chem. Soc. C 1971, 1265-71. (d)
For a leading reference to the literature on fusicoccins, see: Ballio, A. In
“Advances in Pesticide Science”; Geissbuhler, H., Ed.; Pergamon Press:
Oxford, 1979; p 366-72.

(6) For studies on fusicoccin biosynthesis, see: (a) Banerji, A.; Hunter,
R.; Mellows, G.; Sim, K.; Barton, D. H. R. J. Chem. Soc., Chem. Commun.
1978, 843-45. (b) Barrow, K. D.; Jones, R. B.; Pemberton, P. W.; Phillips,
L. J. Chem. Soc., Perkin Trans. 1 1975, 1405-10.

(7) (a) Sassa, T.; Takahama, A.; Shindo, T. Agric. Biol. Chem. 1975,
39, 1729-34. (b) Sassa, T.; Togashi, M.; Kitaguchi, T. Ibid. 1975, 39,
1735-44. (c) Sassa, T.; Takahama, A. Ibid. 1975, 39, 2213-15.

(8) Borschberg, H. J. Ph.D. Dissertation, Eidgenossischen Technischen
Hochschule, Zurich, Switzerland, 1975.

(9) (a) Dauben, W. G.; Hart, D. J. J. Org. Chem. 1977, 42, 922-23. (b)
Hart, D. Ph.D. Dissertation, University of California, Berkeley, California,
1977.

(10) (a) Boeckman, R. K.; Bershas, J. P.; Clardy, J.; Solheim, B. J. Org.
Chem. 1977, 42, 3630-33. (b) Das, T. K.; Dutta, D. C.; Bernassau, J. M.
J. Chem. Soc., Perkin Trans. 1 1977, 1287-95.

(11) Paquette, L. A.; Andrews, D. R.; Springer, J. P. J. Org. Chem.
1983, 48, 1147-49.
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divinyl cyclobutanols.! However, none of the reported
syntheses have succeeded in establishing the stereochem-
istry of the ophiobolins or ceroplastins at all four ring-
juncture positions.

We have developed an alternative synthetic approach
to the 5-8-5 nucleus based on annelative two-carbon ring
expansion!? of a trans-hydrindanone precursor (F). Thus,

Br 5
-
OHC
E

butenolide D, available via Grignard addition and car-
boxylation of bromo aldehyde E, should undergo [2 + 2]
photocycloaddition to C. Reductive cleavage of the cy-
clobutane ring in the derived keto acid B gives rise to the
5-8-5 nucleus (e.g., A). It will be noted that the stereo-
chemistry at C-6 is dictated by the configuration of the
alkenyl sidechain at C-3 in butenolide D, which is in turn
established by a Grignard addition to E. Although this
approach does not afford an opportunity to control the C-6
stereochemistry, access would be gained to both configu-
rational forms. Another concern in this scheme is re-
gioselective introduction of the 7,8-double bond of the
ophiobolins and ceroplastins. Initially it was hoped that
this could be accmplished via an allenyl lactone D'? and
methylene cyclobutanes C and B (R’ = =CH,). The
purposes of the research described below were to synthesize
5-8-5 ketones having both the syn and anti C-6/C-11
relative configurations via the annelative ring-expansion
approach and to determine the stereochemistry and
thermodynamic stability of A/B ring-fusion isomers.

(12) (a) Baker, W. R.; Senter, P. D.; Coates, R. M. J. Chem. Soc.,
Chem. Commun. 1980, 1011-12. (b) Coates, R. M.; Senter, P. D.; Baker,
W. R. J. Org. Chem. 1982, 47, 3597-3607.
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Synthesis of Hydrindene Butenolides

The previously known!® trans-hydrindanone 10 was
prepared in 11 steps (18.5% overall yield) from the Wie-
land-Mischer ketone (5)!4% as outlined in Scheme I
Lithium chloride induced elimination'® of the p-toluene-
sulfonate of 6 followed by ketalization afforded octalone
ketal 7. Oxidation of 7 by the Lemieux~Rudolf method,!’
Dieckmann cyclization of the resulting diester, and chlo-
ride-induced decarboxylation!® furnished ketal 9. The
carbonyl group on the five-membered ring was removed
by Wolff-Kishner reduction, and the cyclohexanone was
liberated by hydrolysis with hydrochloric acid. The bromo
Vilsmeier reaction?® of hydrindanone 10 provided a single
crystalline bromo aldehyde 11 in 47-52% yield. It was
initially assumed that the Vilsmeier reaction would occur
via the 5,6-enol (rather than the 4,5-enol) to give 11 (rather
than its regioisomer), in accord with the well-documented
tendency of trans-decalones and 5a-cholestan-3-ones to
undergo preferential enolization at C-2.® This assumption
was subsequently verified by X-ray crystallography (see
below).

Addition of 3-butenyl-, 3,4-pentadienyl-, and (E)-4-
pentenylmagnesium bromides'? to aldehyde 11 afforded
mixtures (ratios 1.2-1.5:1) of epimeric bromo alcohols

(13) Djerassi, C.; Marshall, D.; Nakano, T. J. Am. Chem. Soc. 1958,
80, 4853-17.

(14) Newman, M. S.; Ramachandran, S. “Organic Syntheses”; Wiley:
New York, 1973; Collect. Vol 5, p 486-9.

(15) We wish to thank Brian Rogers for preparing large quantities of
this compound.

(16) Heathcock, C. H.; Ratcliffe, R.; Van, J. J. Org. Chem. 1972, 37,
1796-1807.

(17) Milewich, L.; Axelrod, L. R. Org. Synth. 1976, 55, 67-70.

(18) Krapcho, A. P.; Lovey, A. J. Tetrahedron Lett. 1973, 957-960.

(19) Arnold, Z.; Holy, A. Collect. Czech. Chem. Commun. 1961, 26,
3059-3073.

(20) (a) Fieser, L. F.; Fieser, M.; “Steroids”, Reinhold Publishing Corp.:
New York, 1959; p 276-9. (b) House, H. O.; Trost, B. M. J. Org. Chem.
1965, 30, 1341-8. (c) House, H. O. “Modern Synthetic Reactions”, 2nd
ed.; W. A. Benjamin: Menlo Park, CA, 1972; p 465, 561. (d) Malhotra,
S. F.; Moakley, D. F.; Johnson, F. Chem. Commun. 1967, 448-449.
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12a,b, 13a,b and 14a,b, respectively (Scheme II). The
polarity difference (AR, 0.03) of the isomers on silica gel
was sufficient to allow complete separation by medium-
pressure liquid chromatography or partial separation by
flash chromatography.? The less polar and predominant
isomer in each case exhibits a somewhat lower field singlet
for the angular methyl group (A§PC3 = 0.03-0.05) in the
NMR spectrum. The stereochemistry of 14a and 14b was
established by an X-ray crystallographic analysis to be
presented later. The stereochemistry of 12a,b and 13a,b
is assigned by analogy. A small amount (ca. 10%) of the
primary alcohol resulting from competing reduction of 11
by the homoallylic Grignard reagents was separated in the
chromatography and reoxidized to 11 with pyridinium
chlorochromate (95% ).2?

Metallation of the bromo alcohols 12a,b and 14a,b with
3.5 equiv of tert-butyllithium in tetrahydrofuran (THF)
from -95 to —45 °C followed by inverse addition to carbon
dioxide in THF at —78 °C and hydrolysis'? afforded the
corresponding alkenyl butenolides 15a,b and 16a,b in
57-75% yield. Also formed was 10-20% of the debro-
minated alcohol, evidently arising from self-protonation
of initially formed vinyllithium reagent by the hydroxyl
proton.? This side reaction was suppressed and the yields
of 16a,b were improved to 90% by preformation of the
magnesium salt of 14a,b with methylmagnesium bromide.
Attempts to prepare lactones bearing allenyl side chains
from 13a,b or the corresponding tetrahydropyranyl ether
of 13a were uniformly unsuccessful, in contrast to the
corresponding cyclohexenyl analogue.!?” Evidently the
allene group undergoes rapid addition (or cyclization?)
with the organolithium reagents, affording a complex
mixture of byproducts. The inability to obtain the allenyl
butenolides was unfortunate, and raised uncertainty over
the prospects for regioselective introduction of the 7,8-
double bond.

Photocyclization of Hydrindene Butenolides

A preliminary investigation into the photochemistry and
reductive ring opening was first conducted with buteno-
lides 15a,b to avoid stereochemical complications from the
additional methyl group in 16a,b. Irradiation of 15a in
p-xylene and 15b in acetone effected smooth [2 + 2] cy-
cloaddition to 17a (88%) and the stereoisomeric 17b (66%,
structure not shown). Lactone 17a was converted to keto
acid 18 by hydrolysis and oxidation of the carboxylate

o _H
| d : 1, NoOH
Sa p-xylene o 2.NagRuOgq
88% H 68%

anion with sodium ruthenate.'??* The IR spectrum of 18
displays peaks at 1735 and 1700 cm™ for the cyclo-
pentanone and carboxylic acid carbonyl groups, consistent

(21) Still, W. C.; Kahn, M.; Mitra, A. J. Org. Chem. 1978, 43, 2923-5.

(22) Corey, E. J.; Suggs, J. W. Tetrahedron Lett. 1975, 2647-50.

(23) For precedent that bromine-lithium exchange may be faster than
protonolysis, see Taylor, R. Tetrahedron Lett. 1975, 435-6.

(24) Lee, D. G.; Hall, D. T.; Cleland, J. H. Can. J. Chem. 1972, 50,
3741-3.
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with the fused (rather than bridged) mode of cycloaddition.
Keto acid 18 was reduced with lithium in liquid am-
monia, and the product was esterified with diazomethane,
affording a 4:2:1 mixture of isomeric keto esters according
to GC analysis. Equilibration of the mixture with 0.1 M
sodium methoxide in methanol at reflux gave predomi-
nantly one isomer, tentatively assigned a trans A/B ring
fusion in analogy with results described below.
Irradiation of 16a in p-xylene proceeded at a rate com-
parable to that of 15a and 15b, giving a 3:2 mixture of
isomeric lactones 20a and 20b (86%) differing in the

0 H 0 H

16 J’.—._
a p-rylene 0\ + Q
s LK, HY

200 32 20p

'Gb;m 3 @' "3
58 %

configuration at the secondary methyl group. In contrast
16b underwent photocyclization at about one-third the rate
of 16a and afforded a 1:9 mixture of lactones 21a and 21b
in somewhat lower yield (58%). The major isomer (21b),
mp 141-144 °C, was readily obtained in pure form by
crystallization. A small amount of the minor isomer was
isolated by chromatography and crystallization.

The stereochemistry of photo lactones 21a and 21b
follows from the X-ray structure determination of iodo
ketone 26c. The configuration of the secondary methyl
group in 20a and 20b is assigned on the basis of NMR
chemical shifts. The methyl group lying over the lactone
7 system is assumed to be the one at higher field (5¢pc CHe
20a, = 1.16, 20b = 0.93; 21a = 1.29, 21b = 0.94). i
assignment, albeit tentative, is consistent with the ap-
parently slower hydrolysis of 20b% owing to steric hin-
drance of the lactone carbonyl by the eclipsed methyl
group and the stereoselectivities observed in the subse-
quent reactions of the methyl epimers (see below). It is
apparent that loss of the original E double bond configu-
ration occurred in these photocyclizations. Presumably
bond rotation of a diradical intermediate is competitive
with or faster than ring closure.!>*® The predominant
formation of stereomutated cycloadduct 21b probably
reflects steric interactions in the transition state for cy-
clization to its isomer 21a. It is reasonable to suppose that
the cyclobutane ring will pucker so as to enhance the axial
and equatorial alignment of the vicinal, exocyclic bonds
with respect to the cyclohexane ring. In the case of 20a
this deformation relieves steric congestion by twisting the
secondary methyl away from the cyclohexane ring, whereas
in 21a puckering increases steric repulsion by forcing the
methyl group over the ring.

5-8-5 Ketones (C-6/C-11 Anti)

The conversion of crystalline lactone 21b to 5-8-5 ke-
tones having the anti relationship between the C-6 hy-
drogen and the C-11 methyl will be discussed first. All
attempts to hydrolyze 21b to water-soluble carboxylates

%

[[[= o

(25) A pure sample of 20a was recovered after hydrolysis and sodium
ruthenate oxidation of the 20a,b mixture. Presumably the recovery of
20a occurred because of a slower, incomplete hydrolysis in the first step.

(26) Becker, D.; Nagler, M.; Hirsh, S.; Raman, J. J. Chem. Soc., Chem.
Commun. 1983, 371-3.
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salts for ruthenate oxidation were unsuccessful, evidently
owing to steric congestion of the carboxyl group and/or
insolubility of this highly crystalline substance. However,
this oxidation could be achieved efficiently in three steps
(overall yield, 68%) as shown in Scheme III. Reduction
of 21b with lithium aluminum hydride in THF (80 °C, 1.5
h) furnished diol 22, which was selectively oxidized in high
yield to cyclic hemiketal 23 with sodium hypochlorite in
dioxane-acetic acid at 25 °C.2" Oxidation of diol 22 with
either chromic acid in acetone® or pyridinium chloro-
chromate? in dichloromethane gave predominantly lactone
21b as well as other unidentified products. The desired
keto acid 24 was obtained by chromic acid oxidation?® of
23. The lack of a carbonyl stretching frequency in the IR
spectrum of 23 and the presence of only one carbonyl
absorption at 1754 cm™ in the IR spectrum of 24 indicate
that these compounds exist in the cyclic forms shown.

Reduction of lactol 24 with a minimum amount (3 equiv)
of lithium in refluxing ammonia—-THF provided a 45:15:40
mixture of keto acids 25a, 25b, and 25¢ in good yield. The
presence of three of the four possible isomeric keto acids
was evident in the 0.5 and 1.1 ppm region (CHCH; and
CH; groups) of the 360-MHz 'H NMR spectra. The
mixture of isomers was equilibrated with sodium meth-
oxide in methanol at 1ncrea51ngly hlgher temperatures
(0-50 °C), and the change in the isomer content was
monitored by 'H NMR. A final 85:15 mixture of keto acids
25c¢ and 25d was formed, and the ratio did not change even
after prolonged heating. Recrystallization of this 85:15
mixture provided a pure sample of keto acid 25¢, mp
180-181 °C, as well as a 70:30 mixture of C-8 epimers 25¢
and 25d. Slnce keto acid 25¢ remained unchanged when
treated with sodium methoxide in methanol at 50 °C, it
appears that no carboxyl epimerization occurred under
these conditions. The assignments of the configuration
of 25a—d with respect to the ring-juncture stereochemistry
seems secure on the basis of the correlations discussed
below. A tentative assignment of stereochemistry at the
carboxyl bearing carbons is based on the prediction that

(27) Stevens, R. V.; Chapman, K. T.; Weller, H. N. J. Org. Chem. 1980,
45, 2030-2.

(28) Djerassi, C.; Engle, R. R.; Bowers, A. J. Org. Chem. 1956, 21,
1547-49.



4,9a-Dimethylhydrodicyclopenta[a,d]cycloocten-1-ones

COeH

NaOMe
s
MeOH
COsH
22y
NaOMe ¥
Him m Huy,
" H
0 0
25b 25d

the major products 25a and 25¢ would be those derived
from protonation of the carboxylate dianion from the
presumed least hindered direction, i.e., syn to the C-7
proton. The 45:15:40 ratio appears to be the result of
kinetically controlled protonations since a variety of
quenching procedures, such as inverse addition of the
trianion into a solution of a proton source, failed to im-
prove the percentage of cis—fused keto acids 25a and 25b
that was formed in the reductive-cleavage reaction.

Iododecarboxylation® of three different mixtures of keto
acids 25 with lead tetraacetate and iodine in carbon tet-
rachloride afforded mixtures of iodo ketones 26a-c
(Scheme IV). The iodides were separated by high-per-
formance liquid chromatography on an analytical silica gel
column. The structure and stereochemistry of each iodide
(except for 26a at C-8) were determined by the correlations
discussed below. It is clear from entries 2 and 3 (Table
I) that keto acids 25¢ and 254 differ only at the carbox-
yl-bearing carbon and that the configuration at C-8 in the
keto acid has no influence on the ratio of the products.
The generally accepted mechanism for this type of iodo-
decarboxylation proceeds via a radical intermediate; thus,
the stereochemistry of the resulting iodides should be in-
dependent of the configuration of the carboxyl group from
which it was derived.?®

In contrast to the trans-fused isomers, the cis-fused keto
acids 25a and 25b furnished only one iodo ketone 26a, as
shown in entry 1. This experiment also showed that no
equilibration occurred under the reaction conditions. The
configuration of the iodo group in 26a is assigned on the
assumption that radical capture would occur syn to the
hydrogens at C-2, C-6, C-7, and C-10. Deiodination3® of
iodo ketones 26b and 26¢ with tri-n-butyltin hydride in
THEF at 25 °C furnished the same ketone (28) as shown
by comparisons of the 'H NMR and GC-mass spectra, as
well as TLC, GC, and HPLC characteristics. Reduction
of iodide 26a afforded the cis-fused ketone 27, which was
equilibrated to 28 with sodium methoxide in methanol at
25 °C.

Dehydroiodination of iodo ketone 26b with tetra-n-bu-
tylammonium bromide in refluxing acetone®! gave the
trisubstituted enone 29 (Scheme V). The AB ring fusion
of 29 was shown to be the same as ketone 28 by palladi-
um-catalyzed hydrogenation of the double bond. A 2:1
mixture of 28 and its C-7 epimer 30 was formed as de-
termined by the 360-MHz 'H NMR spectral properties and

(29) (a) Bacha, J. D.; Kochi, J. K. Tetrahedron 1968, 24, 2215-26. (b)
Barton, D. H. R.; Faro, H. P.; Serebryakov, E. P.; Woollsey, N. F. J.
Chem. Soc. 1965, 2438-44. (c) Sheldon, R. A.; Kochi, J. K. Org. React.
1972, 19, 279-421.

(30) Seyferth, D.; Yamazaki, H.; Alleston, D. L. J. Org. Chem. 1963,
28, 703-6.

(31) (a) Lloyd, D. J.; Parker, A. J. Tetrahedron Lett. 1971, 637-40. (b)
McLenhah, D. J. Tetrahedron 1975, 31, 2999-3010.
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Table I. Ratios and Yields of lodo Ketones 26a-c¢ from
Tododecarboxylation of Keto Acids 25a-d with Lead
Tetraacetate and lodine in Refluxing Carbon Tetrachloride
(Scheme 1IV)

iodo ketones (ratio)® yield, %
26a + 26b + 26¢ (50:20:30) 53

entry keto acids (ratio)®
1 25a + 25b + 25¢

(45:15:40)
2  25c¢ 26b + 26¢ (40:60) 70
3 25¢ + 25d (70:30) 26b + 26¢ (40:60) 80

2Ratios determined by integration of 360-MHz ‘H NMR spec-
tra. Error estimated to be £5%.

chromatographic comparisons. Attempted dehydroiodi-
nation of iodo ketone 26¢ effected only nucleophilic sub-
stitution of iodide to give bromo ketone 31 with apparent
retention of configuration. The stereochemistry of the
bromine is tentatively assigned on the basis of the simi-
larity of the NMR spectra of 26¢ and 31. The retentive
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Figure 1. (a) ORTEP plot of the molecular structure of iodo
ketone 26¢ from a single-crystal X-ray analysis. The non-hydrogen
atoms are depicted as 35% probability ellipsoids; the hydrogen
atoms were assigned small arbitrary thermal coefficients to avoid
overlap problems. (b) Line drawing of 26¢ showing crown con-
formation.

Table II. Internal Cyclooctane Dihedral Angles Observed
for Iodo Ketone 26¢ in the Solid State and Calculated for
Idealized Chair-Chair and Crown Conformers of
Cyclooctane

dihedral angle, deg®

keto iodide’  chair—chair® crown®
C-C bond 26¢ cyclooctane cyclooctane
C-1/C-2 82.1 66 87.5
C-2/C-6 96.5 105 87.5
C-6/C-7 82.3 105 87.5
C-7/C-8 63.8 66 87.5
C-8/C-9 73.4 66 87.5
C-9/C-10 92.3 1056 87.5
C-10/C-11 83.2 105 87.5
C-11/C-1 705 66 87.5

9The absolute values of the internal dihedral angle are given.
®Data are taken from X-ray analysis. ¢Data from ref 33a.

substitution apparently observed in this reaction may be
attributed to 1,5-hydrogen participation, a well-preced-
ented phenomenon in the solvolysis of cyclooctyl deriva-
tives.??

The structure and relative stereochemistry of iodo ke-
tone 26¢ were rigorously established by an X-ray crys-
tallographic analysis. An ORTEP plot and an approximate
conformational representation of the molecule are shown
in Figure 1. The eight-membered ring adopts a crown-like
conformation which appears to be a hybrid between the
idealized chair—chair and crown conformations of cyclo-
octane.®® Table II lists the dihedral angles of the internal
cyclooctane bonds determined from the X-ray analysis and
the corresponding dihedral angles calculated for the
chair—chair and crown conformers of cyclooctane.?3?

The 360-MHz 'H NMR spectrum for 26¢ in solution
exhibits an 8-line multiplet for the proton on carbon
bearing iodine with J = 5.4, 4.3, and 2.5 Hz. These are in
rough agreement with coupling constants predicted from
the dihedral angles between the C-8 proton and the axial

(32) Nordlander, J. E.; Owuor, P. O.; Cabral, D. J.; Haky, J. E. J. Am.
Chem. Soc. 1982, 104, 201-6, and refs cited therein.

(33) (a) Hendrickson, J. B. J. Am. Chem. Soc. 1967, 89, 7043-46. (b)
Allinger, N. L.; Hirsch, J. A.; Miller, M. A,; Tyminski, I. J.; Van-Catledge,
F. A. Ibid. 1968, 90, 1199-1210. (c) Anet, F. A. L.; Basus, V. J. Ibid. 1973,
95, 4424-26.
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C-9 proton, the equatorial C-7 proton, and the equatorial
C-9 proton, in the solid state using the Karplus equation:3!
¢ = 39.2, 55.7, 75.2°; Jomeq = 5, 2, 0.2, Hz. Thus, the
solution conformation is probably quite similar to that in
the crystalline state. The epimeric iodo ketone, 26b,
presumably has a similar conformation with an equatorial
iodide. Using dihedral angles between H, at C-8 and H,
at C-9 (179°), H, at C-7 (49°), and H, at C-9 (64°), one can
predict the following coupling constants for the C-8 proton:
Joated = 9, 4, 2 Hz. The good agreement with the observed
values (Jpq = 9, 3, 3 Hz) supports the presumption that
26b and 26c have similar conformations. The NMR
spectrum of the cis iodo ketone 26a displays a multiplet
for the CHI group with J = 12.6, 9.4, 3.6 Hz (¢ = 180, 180,
51°) which indicates a boat-boat (or twisted boat—boat)
conformation for the cyclooctane ring (C-6/C-10 and C-
1/C-8, opposing bow positions), assuming the configuration
of the iodo group is correctly assigned.

5-8-5 Ketones (C-6/C-11 Syn)

Conversion of lactones 20a and 20b to 5-8-5 ketones
having the syn relationship between the C-6 proton and
the C-11 methyl was carried out by the same reactions
discussed in the previous section. Although ruthenate
oxidation of the 3:2 mixture of lactones 20a and 20b di-
rectly to a mixture of keto acids 34a and 34b was successful
(64%) in this case, the purification and analysis of products
from subsequent reactions were complicated by the mix-
ture of the methyl epimers. These difficulties were al-

(34) Jackman, L. M.; Sternhell, S. “Applications of Nuclear Magnetic
Resonance Spectroscopy in Organic Chemistry”, 2nd Ed.; Pergamon
Press: Oxford, 1969; 280-283.
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leviated when the three-step oxidation procedure described
above for lactone 21b was adopted and a chromatographic
separation of ketols 33a and 33b was achieved (Scheme
VI). Reduction of the 3:2 mixture of lactones 20a, and
20b with lithium aluminum hydride in THF (50 °C, 10
min) furnished a mixture of chromatographically inse-
parable diols, 32a and 32b. Hydrochlorite oxidation of the
mixture and separation of the two diastereomers by flash
chromatography (AR, 0.04) on silica gel afforded the cor-
responding ketols 33a and 33b. Although TLC and GC
analyses indicated that the crystalline ketol (33a, mp
141-144 °C) was pure, the 'H NMR spectrum of 33a in
chloroform-d revealed a 1:1 equilibrium mixture of the
hemiketal and ketol. Oxidation of 33a and 33b with
chromic acid in acetone proceeded smoothly at 25 °C,
although lactol 34b (IR 1745 cm™) was formed at a rate
approximately one-tenth that of keto acid 34a (IR 1740,
1705 cm™). The lower rate of oxidation of hemiketal 33b
can be attributed to a combination of the apparent lower
concentration of 33b in the ketol form as well as the steric
hindrance of the a-CH; group.

Reductive cleavage of lactol 34b with lithium in refluxing
ammonia afforded a 5:4 mixture of keto acids 35a and 35b
in 84% yield (Scheme VII). The appearance of the '